


1. INTRODUCTION

Investigation of diffusion of gés mixtures through various poly-
meric films (membranes) attracts great attention /1-4 . However;
there is a certain lack of scientific information on the problem of
gas transfer through membranes with small pores (less then 10 nm in
diameter). Importance of obtaining such information is, first of all,
connected with the possibility of attaining optimal correlation
between selectivity and filtration productivity of the membranes with
small pores. This investigation has been made in the hope to find out
the molecular mechanism of gas diffusion through the membranes with
hyperfine poresx.

Membranes with small pores are traditionally obtained by wet or
dry  formation of a polymeric film. In this way, for example,
cellulose acetate membranes wifh.pores 2.5-4 nm are made 2 . How-

~ever, interpretation of resulis obtained on such membranes is
difficult because of uncertainty of geometrical structure of chan-
nels. In this connection porous media having (if it is posaible) por-
es of regular geometry are more preferable. So-called nuclear membran-
es, which are widely used in various branches of science, technology
and every day life, belong to this class of materials /6_8/. These
unique in their structure membranes are obtained by irradiation of
thin (5-10 nm) polymeric films by fission fragments in nuclear
reactors or by bombardment by heavy charged particles in accelerators
with subsequent chemical treatment. At that, the most regular geomet-

ry of pores is attained by the latter method /8/,
Methods of obtaining nuclear membranes on the basis of poly~

carbonate and polyethylene terephthalate (PET) films with pore size
from several thousands to 1-2 nm have been worked out at present. Of
special interest are the membranes with pores less than 10 nm. In
this case channel dimensions are comparable with characteristic
dimensions of molecular interaction potentials and there arise
phenomena essentially influencing on the selective permeability to
gases.

The aim of the present work is the investigation of inert gases
separation effectiveness by nuclear PET membranes with hyperfine

*The results of this work were presented at the International Symposi-
um on Membranes for Gas and Vapor Separation, Suzdal (USSR), Feb. 27-

March 5, 1989. Abstract p. 112.
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‘porea prepared by two different methods. The experimental data are
interpreted on the basisg of a theoretical model considering structur-
al peculiarities of membranes, surface flows of non-localized adsorbed
gas molecules and carrying-effects between the adsorbed molecular
layer and the gaseous phase.

2. EXPERIMENT
2.1. Control apparatus of membrane permeability to gases

Measurements of nuclear PET membranes permeability to one-
component gases were made on the experimental apparatus with piston
and manometrical methods of gas flow determination. Principal schemes
are given in Figs.1 and 2, respectively.

Apparatus for membranes with the partly healed porous structure
is ghown in Fig. 1. Gas under pressure 0.0133 MPa (registered by
vacuum gage 9) flowed through the nuclear membrane 13 into the vacuum
part of chamber 11. The volume flow in the range (10f5-2-10—6) m3/s
was measured by a piston gas flow meter 6. The constant pressure in .

front of the membrane created by the movement of the piston was check-

ed by the capacitive micromanometer 3 (sensitivity 41073 Pa/C.p.s.)
with. the closed by~pass 5. The design of the capacitive micromanome-
ter is described in . Gas pumping was made by the adsorption

pump 19. .
Investigation of the gas flow through the nuclear PET membranes
obtained by the freeze-dryed method was performed on the apparatus
with the manometric scheme of gas flow measurement, Fig. 2. Gas in-
chamber 3 at 8 given pressure flows through the membrane 8 into
the previously vacuumed and measured volume 10. The rate of pressure
increase .in this volume was registered by the capacitive micromano-
meter 15 (sensitivity‘3-10'4 Pa/C.p.s.) whose output signal was
communicated onto the input of the frequency meter 16. To automatize
the process of measurement micro-computer 18 was used. Vacuum in the
~working units 'of the device was created by the backing pump 27,
diffusion pump 23 and vapor trap 21. ’

2.2. Permeability Measurement Method

-Agcording to the piston.scheme of the gas flow measurement
(Fig. 1), after opening the plug 12 in the chamber 11, gas at a cer-
tain drop of pressure flows through the membrane 13 into the vacuum.
The volume of the chamber 11 was chosen rather large ( ~1500 ccm);”

The compensation of the gas pressure decrease in front of the membra-
ne was made by a slow-speed movement of the piston. Pressure was kept

Fig. 1. Schematic view of experimental apparatus with piston gas

flow-meter. 1 -'pressurized container; 2,7,10,17,18 - valves; 3 =~
capacitive micromanometer; 4 ~ frequency meter; 5 -by-pass valve;
6 - measuring cylinder of piston gas flow meter; 8,16 - manometer

- valves; 9 — manometer; 11 - chamber; 12 - valve of nuclear membrane ;

13,14 -by-pass muff; 15 - vacuumgage; 19 - adsorption pump.

Fig. 2. Lay-out of experimental apparatus with manometric method of
gas flow measurement. 1 - pressurized container; 2,5,6,7,9,20,25 -
valves; 3 - pressure chamber; 4 - manometer; 8 < chuck with membrane;
10 - measuring volume; 11 - electromagnetic valve; 12 -by-pass valve;
13 - high vacuum chember; 14 - thermocouple and ionization trans~
formers; 15 - capacitive micromanometer; 16 - frequenéy meter; 17 -
block of time intervals; 18 —’computer; 19 - printer; 21 - vapor
trap; 22 - valve with.electromagnetic drive; 23 ~ diffusion pump;

24 - vacuum chamber; 26 ~ electromagnetic valve; 27 - backing pump.

constant with an accuracy to io.s%. The valve of the volume flbw
through the membrane was determined as:
0= D24l

L af v (1



where D is the piston diameter, Al is the value of the piston move~
ment during the time at.

According to the manometric method of gas flow measurements
(Fig. 2), it 1is necessary to watch the pressure increase in the
volume 10. The main difficulty of these measurements is in défermin—
ing the value of the volume 10, the expression for the gas volume
flow conteins :

-—AT‘g ! (2)
where AF)/At - 18 the rate of the pressure increase in the chember 10;
Vis the volume of the chamber 10;;% is the gas pressure in front of
the membrane.

In this connection it turned out to be useful to measure the rate
of the pressure increase in the volume 10 when helium flows into it
through a glass capillary of a known geometry (tangential impulse
accomodation coefficients of gas molecules on the surface of PET
membrane pores and that of glass capillaries within the experimental
error coincide /10/). As a result, the following expression was
obtained

( ST .
(3)

(here thé parameters relating to the capillary are marked by *).
A1l experiments (Figs. 1 and 2) were made at pressures which
satisfy the Knudsen law for the given membrane:

_1 Tdy 2-E aP
T OtE P,

where de; and l are the eftective gas dynamic diameter of pores and
membrane thickness; AP is the pressure drop; N is the total number
of pores; is the part of molecules diffusively reflected from the
pore walls - tangential impulse accomodation coefficiént.

According to this the mean effective diameter or the nuclear
membrane pores was determined by experimental values of helium flow
using exp. (4). Experiments on the permeability to hydrogen, nitrogen,
krypton, xenon (relative to helium) were performed on gases with
purity ~ 99.99% at room temperature.

N » 4)

2.3. Obtaining of nuclear PET membranes with hyperfine pores

PET film samples about 10 Mm thick irradiated by 132Xe ions
with the energy ~1 MeV/nucleon, were placed intc a conductometric

cell with solutlon 0.1 H WaOH at 80°C in it. In the process of etch-~

.ing the electroconductivity of the cell with membrane was reglstered

continually. Effective pore size was evaluated by the conductivity
value /11/. To aveid capillary contraction of pores less than 15 nm
in the process of drying the samplés were impregnated with easily
volatile organic liquids chosen experimentally and dried in freeze-
dryed way. Huclear PET membranes with effective pore size up to 2 nm
were obtained in this way.

tccording to mnother method nuclear membranes were etched up to
pore diameters 15+20 nm and dried in a usual way. Then the samples
were placed in a closed container and kept there for a long time.
At that gradual healing of PET membrane pores under the action of
laplas tensions occurred on the curved channels surface. The final
size of pores for some samples was 2-3 nm. To obtain pores of the
necessary size the healed membranes were subjected to periodical
pressure loading leading to the growth of pores with subsequent
unloading according to the method described in

The working surface of membranes was (0.71i0.03)10_S sq.m and
(0.95'50.02)10'4 sq.m for freeze-dryed membranes and for those with
a partly healed structure, respectively. The pore density evaluated
by the electron microscopic analysis is (3.2- O 4)107 =12 1/sq.m and
(4.8%0. 6)1012 1/3q.m (sample 1); (4.2= *o. 5)10 1/sq.m (sample 2) for
two various ways of obtaining membranes with hyperfine pores.

2.4. Measurement results

In the experiments volume flows of one-component geses Qi in
the Knudsen regime of flow were measured. By the values of Qg the
relative gas flow was determined as

( ) (5)

where P4|,P4 are molecular masses of investigated gases.
To describe membrane separative characteristics, the ideal
separation coefficient is usually used
OL'J -%L . ‘ (6)
Thus, one can conclude that a), is the ideal separation coef-
ficient of gases | and J relative ‘to the theoretical Knudsen value.

The experimentally obtained values 03| depending'on the effect-

" ive pores diameter d, , of the membranes prepared by two different

methods are given in Fig. 3. Here ‘one cen see that for the membranes



with d f:>5 ~6 nm Cd tends to 1, which corresponds to Knudsen gas
flow inside the pore space. With a gradual decrease of pore size the
relative ideal separation coefficient drops for the majority of gas
paira. The given phenomenon can be qualitatively described within the
framework of standrad "jump" diffusion model for gas molecules on the
channel surface . With the help of this model one can explain the
small growth of the coefficient a)f of the pair hydrogen-helium for
the membranes obtained by the freeze-dryed method with def= 2 nn.
However, one can see other experimental results as well. Thus,
with the decrease of pores size in the membranes with the partly heal-
ed structure the effectiveness of separation grows for pairs helium-
nitrogen and helium-argon. Besides, Fig. 3 shows that the values
for pairs helium-nitrogen and helium-xenon on the membranes obtained
by different methods do not conform. On the freeze-dryed membranes
there is a decrease of a), whereas on the membranes with partly heal-
ed pores there is a growtg As it will be shown later, these differenc-
es can be interpreted on the basis of the kinetic approach in the
consideration of gas flows in hyperfine pores.
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Fig. 3. Dependence of the relative ideal coefficigrt on the effective

gas dynamic pore diemeter: O,®,¥ (1,2,3) for the membranes with part-
1y healed pores; ®,V,0 (4,5,6) for freeze-dryed membranes; the gas
pairs: helium-nitrogen - 1 and 4; helium-xenon - 3 and 5; helium-
argon - 2; hydrogen-helium - 6; curves I,IIY and II are obtained for
the pairsrhelium-nitrogen. helium-xenon end'helium-argon on the basis
of exp. (19); curves IV and V are obtained for the peirs helium-
nitrogen and helium-xenon according to exp. (22).
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3. THEORY

Consider in detail the processes of gas transfer through a
single cylindrical channel with diameter d = def which satisfactorily
corresponds to the structure of the membranes with partly healed por-
es. As shown in /14/, the flows of free lf and adsorbed lQ gas

molecules through an arbitrary channel cross- -section can be represeia-

1 9n¢ 1 9ng
=%t 5 - Lra ™y ox

ted as:

(7

__»p 1,90t _p 1 9Ng
l(l— ?fuf ﬂab_x'j aa ng dx

where Ng and nu are denisities of free and adsorbed molecules; Kkl’
are kinetic coefficients.

Here orie supposes that the flow |0_cons1sts of non-localized
adsorbed gas molecules, and the collisions among molecules in phases
Q and f can be neglected. The cross kinetic coefficients EEf Zae f
describe isothermal carrying-effects /14/ and are due to the fact
that the tangentisl impulse transfer between phases Q and f takes
place during adsorption and desorption of molecules.

" Localized molecules do not take part in the transfer process
directly. Their influence can be seen only at a high degree of sur-
face filling by heavy gases at sufriciently low temperatures, when
the scattering of mobile gas molecules occurs not on the polymer
macromolecules of the membrane, but on the tightly bounded (localiz-
ed) gas molecules.

A large channel length (l/(j > 103) and a small pressure drop
allow one to consider that in any element of the channel leagth
sufficiently distant from the ends there is local equilibrium between
the gaseous and adsorbed phases. In this case:

1 9n¢ _ 1 0ng _ aP
WX C X LR @

The total molecule flow l through the channel cross—section is

|-|f+| —(wff-i'zwfu*aeaa) P 9
14/,

The kinetic coefficient afffcan be written as

&ff LV, S ?‘f ' (10



where S is the cross-sectional area of the channel; Vf is the mean
thermal velocity; Jf is the characteristic relaxation length of free
molecules in the channel.

We consider /11/ that the total energy of gas particles is
essentially changed only as a result of their inelastic collisions
with polymer atoms. Then the existence of a potential well close to
the channel surface leads to the distortion of .;]f and to the decrea-
‘ge of the efiective flow area Sf Indeed, the number of free molecul-
es incident on the ynit of channel suri_‘gce in the unit of time with
the velocity near V is equal toan(V)d3V (heref(V) is the
velocity distribution function of gas molecules d :dedVdeZ ) .
At the movement of gas molecules in the potential well of character-
istic depth with conserv'ation of total energy, their normal
velocity increases, i.e.,Vn :(Vn +2U/m)0 (M is the molecular
mass). The flow of particles nevertheless remains constant. Thus,

Vo HV 1BV =V £V B3V .

(11)
1’ ?
According to the law of energy consery_gtion Vnd3v :Vnd3V .

-

Then it follows from (11) that f(Vl)=f(V) . Whereas at a slight
difference of the system from the equilibrium state it means
!

, ng=n T, (12)
where N is the density of free gas molecules in the range of
static attraction potential U influence; k igs the Boltzman constant;
T is the absolute temperature; TZEXp(U/kT)EI'fC(U/kT)OS .

Let the surface potential have a form of a rectangular well with
the width h/2, and gas molecules be hard spheres with diameter dg .
Thus, the characteristic length of the gas molecules path d‘/z in
the surface potential field is less than h/2 by the sum of charact-
eristic thickness of localized layer A /2 and the value of molecular
radius d /2 (Fig. 4).

Thudg,

a” = h-(dg+A) . (13)

Then for bﬁ’ff one can write the following expression:

Rge = Ceeld-h)2(d-h+h)n Y,

(14)
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Fig. 4. Motion of gas molecules in the potential field of the
membrane channel surface. 1 - real trajectory; 2 - effective
~trajectory, 3 - gas molecule; 4 ~ channel surface

Surface flow of unlocalized adsorbed molecules is determined by
the coefficient /14/;

aEQQ=—117anf5030 ) (15)

where nQ is the density of unlocalized molecules; SQ is the cross-
sectional area of the circular region of their flow; )Q is the
characteristic relaxation length of adsorbed molecules.

Let E be the characteristic value of the potential barriers
preventing the movement of adsorbed gas molecules along the surface.
Then the value of density nuwith E<U can be evaluated by /15/:

nQ:nf(exp(U‘ag]-‘)) . (16)

~ + ‘
Considering that )Q.- Cud (here (Q is the constant), we obtain

Y * U-£ ]
Fagm 35 G20 -n)+dNexp(E-NngVy . om
Since the characteristic energy of unlocalized.adsorptive stat-
es of gas molecules is more than that of localized states by the
value E » one can expect that desorption and'adéorption of gas
molecules are mainly realized by more probable transitions between
the free and unlocalized states. In this case for cross kinetic

coefficients r = I using the estimation /14/, we get
fa=.%*a¢

mf0=Cffcu(d —h)zd*ﬁ an* ' (18)

where _ﬂ is the adsorption probability at a given temperature.



Thus, the relative ideal separation coefficient of any gas with
regard to helium for membrane consisting of N identical channels
with diameter d can be written in the following form:

L N EL )-A(1--h’/d)3+ |
g9-He He ° (19)

)y

h-d/2
d

o

B (1-h/d 24 < -
(1K1 g

where d°= d - dHéis the gas dynamic pore diameter by helium;de{.‘:do;

2d"(d,-h) + d*2 Exe );

- o - U
A= a1 2 el e Bt (—‘9“2

*Z[EX[J ( U‘:TE ) — 1]

B=2A(K+BCqd") :c%

‘To obtain (19) we supposed that helium is not practically adsorb-
ed on the cnammel surfece at room temperature

The given theoretical approach, first of all, relates to the
membranes with partly healed regular pores. The membranes obtained by
the freeze~dryed method are characterized by different values of the
separation coefficient and, therefore, such a simplified model feils.

One can suppose that in this case a circular sponge structure
with pores of ds<:|1 in diameter is formed around each cylindrical
channel. Such a structure can be formed at such etching times when
the diameter do of the channel does not exceed the diameter dsm of
the radiation damages region formed at irradiation of the FET film
by heavy ions. : '

If the etching process is stopped earlier the possibility of
obtaining the sponge structure in the track core is not excluded.

Most probably the occurrence of the sponge structure can be
expected not along the whole length of the track, but only in its
inner regions.

Suppose that the external diameter of a spopge gtructure is dSrn‘
In this case in (9) there appears an additional term lg :

10

where N is the density of gas molecules in the pores of sponge

~structure ( Ngz nu-).

The kinetic coefficient 3655 hes the .tollow1'1o form:

Xss :Tnsyfssshgvf , (21)

where SS: "—(d - do) is the cross-sectiozal area of the circular
sponge reglon- S is the nondimensionel permeability coefficient
equal to the ratio of the section area of the sponge structure pores
to its total section area'.]g is the characteristic relaxation
length of gas molecules in the sponge structure pores.

with d >'d the additional term IS in (9) aad (19) leads to
the expression for the relative ideal separation coefficient in the

form
O = Wo-pe* Fg/dolldsm /do12-1) |
He-g 14RO lldsm/d, -1~ * @2
where ‘ 3 EHE nS '
Fg l;. 2 EH “f XSXQ ’ FHe:XSdS .

Here the values do corresponding to the experimental values
are determined from the equation

gy = 63 (1+ Fiig/ doll dgrf a2 =1)] (23)

witn d of;ljs the relative separation coefficient does not depend on

wHe-g ~ FHe/ Fg

o!

4. INTERPRETATION OF EXPERIMENTAL RESULTS AND DISCUSSION

. The analytic expressions obtained for the separation coeffici-
ents were used to treat the experimental data. Exp. (19) was used to
interpret the functions CU (d )for the gas pairs: helium = argon,
helium - nitrogen and hell ~ xenon obtained on the membranes with
partly healed channels. In the general case exp. (19) includes
unknown parameters d h J3 . However, the coefficient
aL can be easily found in the extreme case w 0(. with d = h
Thus, ol = 0.92 with & ~ 0.96 and & = 1 (determined experiment-
ally) for the rest of gases. For gases with a small degree of the
surface filling by molecules the thickness of the unlocalized molecu-
les flow region is a meximum and equal *_
N - ’ q to d —h-(dg-dHe)-

1



Figure 3 shows the theoretical curves approximating the experi-
mental data (points 1,2 and 3) by the least squares method (LSM) with
three fitting parameters. For each gas, coqpidering the evaluation
of the surface filling degree, the value h_- d"was found before-
hand and the value & = 0.92 was set /10/. Gas molecule diameters
were taken from paper /16/: dHE= 0.18 nm,dAr = 0.27 nm, dN2=
0.32 mm, Oy, = 0.32 nm.

At room temperature the degree of gurface filling by argon and
nitrogen molecules is negligibly small. For these gases physically
non-contradictive pgxra.meters h B ﬁ) ’ CU and C are obtained at
the minimal velue h-d*=d _dHé A = 0). The degree of filling of
locelized states at the samé conditions for xenon, on the contrary,
is close to 1. The fact that the values h optaigfd as a result of
the experiment ;reatment are negative with h- d < 0.25 nm proves
it. The value N =d* = 0.4 nm ( & = 0.257 nm) is taken on the
assumption of the full filling of the localized adsorption centers
forming a two-dimensional periodic lattice with a spacing = 1 nm
/13/. The calculation results are given in Table 1. .

The first term in exp. (19) dominates with ddﬁ>h, the last one
with do S:CO- . The maximum contribution of the second term is in
the intermediate region of pore size and equals 0.65 with do ~ 1.6nm
for argon; 0.65 with do ~ 2.4 nm for nitrogen and 0.3 nm with
do ~ 2.9 nm for xenon.

The contribution about 80% to the value of coefficient B is
madé by the isothermal carrying-effects among free and non-localiz-
ed adsorbed gas molecules (Table 1). It follows from the expression
for coefficient E3 that the carring-effects do not depend on the
density of nonlocalized ges molecules but are determined only by
their mean macroscopic velocity along the surface (through Clausing

£

‘ Table 1
The main gas-permeability paremeters of nuclear membranes
with partly healed porous structure

Parameters "~ Argon Nitrogen Xenon
h, om 0.97 1.35 1.26

d’ nom 0.69 1.03 0.68

€ 1.23 1.39 1.59

u, s 2.4 2.8 8.0
U-E., kcal/mol 0.12 0.15 1.13

12

factor Cud*/l_ ) and by a part ﬁ) of the desorbed molecules in the
gas flow reflected by the surface. On the gontrary (see exp. (19)),
the contribution of the surface flow to g4hessentially depends on
the densgity nfland is very sensitive to the barrier heights E in
comparison with the well depthAU .

The competition of three mentioned contributions to the total
gas flow through the membrane leads to the appearance of a local
maximum in. the function aﬁp(do)for the pairs helium~-argon, helium-
nitrogen (curves 1, 2 in Fig. 3) and & minimum for the pair helium-
xenon (curve 3) in,the region d°~1.0-1.5 nm. With further decrease
in the diameter strong distortion of the potential field inside the
channels appears and exp. (19) fails.

To describe the gas transfer in xhe membrane obtained by the
freeze-dryed method exp. (22) derived on the assumption of the
existence of a sponge structure inside the track was used.

The treatment was performed by the LSM-method with three fitt-
ing parameters dsm’ Fg and FHE . The values for w;-H.(do) are taken
from the experiments on the membranes with a partly healed structure.
The calculation results are given in Table 2, and the curves are
shown. in Fig. 3 (for points 4 and 5).

Table 2 shows that the sponge region characteristics dSrnand
F}ie in exp. (22) do not depend on the kind of gas according to the
theoretical model within the experimental error. On the contrary,the
coefficient Fg_increases with the growth of molecular weight of an
investigated gas. The obtained values of dSnfatisfactorily agree
with the data of -other authors about the size of the radiation damage
region /11/. It is worth noting that exp. (23) at the above-mentioned
\ra.luesFi,_le and dSm has a solution do:: dS (the separate central
channel does not exist, the sponge structure occupies the whole track
region) even with de 2 2.1 nm. That is why the obtaining of freeze-
dryed membranes with def<:2 nm is impossible without essential ’

Table 2
Gas-permeability parameters of nuclear membranes
prepared by the freeze-dryed method

Parameters ilitrogen Xenon
dgm» oo 17.2 17.9-
Fg , nm 0.48 " 1.12
F s nm 0.3 0.34

He . s

13,



change in technology. Prom this point of view the method of partial
pores healing after etching of the sponge structure is more perspec-
tive. .

Influence of the sponge structure in nuclear membranes on
separation of various gases is seen from the curves in Fig. 3. With
the decrease of pore size the separation coefficient of the pairs
helium-nitrogen (curve I¥) and helium-xenon (curve V) drops. It is
connected with a high value of the sum'|Q and lf in the flow | for
a heavier gas. The similar behaviour for the pair helium-xenon
(curve III) is also observed for the membranes with partly healed
pores because of the high value of IQ for xenon. Nevertheless, the
absence of the sponge structure here does not lead to such a strong
decrease in the coefficient CUi'/( |S= 0).

The- observed increase in WJ;:in the experiments on the membranes
with partly healed pores for the’pairs helium-nitrogen and helium-~
argon (curves I and II), respectively, is due to the above-mentioned
mechanism of decreasing the effective cross sectionel area for a
free flow of heavy gas under the influence of the static potential
field in the channel. In this: case the decrease in flow I is not
compensated for by the growth of lu,.iherefore.the geparation effect-
iveness increases. The calculation gives the maximum relative ideal
coefficient of gas separation for the pair helium—nitr%gen a)ﬁ ~ 1.4
with Cjo ~ 1.5 nm,whereas for the pair helium~argon LUi'” 1.5 nm,
with d°~ 1 nm. Thus, unlike - freeze-dryed membranes, where CU|
lowers with decreasing (curve III), the gas separation coefficient
of the membranes with partly healed structure grows and reaches the
maximum (curve I). ’ .

Note that the given effect cannot be satisfactorily described
within the framework of the model suggested in /18/. According to 18{
there is an effective relaxation mechanism in the potential well
reglion for heavy gases. It leads to the fact that densities of free
gas particles outside the well and inside it are practically equal
(unlike, e.g. exp. (12)). '

Begides, on the membranes obtained by the freeze-dryed method
we can observe the growthvofCLﬁ'with the decrease of do for the pair
hydrogen-helium. The sponge structure is likely to play a positive
role in the hydrogen transfer increasing its flow at the expense of
IS . Unfortunately, the absence of the experimentalldata on

‘U)ﬁ1-H¢(d°) does not allow one to plot a corresponding theoretical
curve for Fh~Heand to evaluate the separation coefficients for
do < 2 nm. One can only suppose that the values of a)l for the
pair hydrogethelium for the membrane with partly healed pores turn

out to be less than for the samples dried by the freeze-dryed
method. :

It should be added that etching of membranes up to do >d5m
leads to the disappearance of the flow IS . Thus, even with do >
6.5 nm the data on the membranes obtained by two different methods
coincide within the experimental error.

CONCLUSION

Experimental investigation of the separation of a number of
inert gases on nuclear membranes with hyperfine pores has shown that
despite equal effective gas dynamic size of pores by helium, their
gas selective properties essentially depend on the method of making
the membranes. :

So, it was found out that for the membranes obtained by means
of partial healiﬁg of the porous structure smaller pore size (less
than 6 nm) leads to a larger relative ideal coefficient for the
pairs helium-argon and helium-nitrogen. For the membranes obtained
by the freeze-dryed method the corresponding separation coefficients
decrease. According to other investigated gas pairs different
membranes showed qualitatively similar results. These, at first
sight, obvious contradictions in the experimental data cannot be
explained by means of the traditional simplified approaches.

‘Consideration of surface effects from the kinetic point of view
with taking into account structural pecularities of the membranes,
potential fields and isothermal carring-effects between free and
adsorbed gas molecules enabled us to get theoretical expressions not
only explaining the obtained results but predicting gas selective
properties of membranes with smaller pores (less than 2 nm).

The authors are grateful to P.Apel for his help in preparation
and conductometrical control of the membrane samples with hyperfine
pores, as well as to Professor B.T.Porodnov for a number of critical

remarks.
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OBuynHHMkOB B.B. u ap. E12-89-254
HccnepoBaHue 3QPeKTUBHOCTM pa3feneHnA rasos

Ha AfepHbiX MeMbpaHax Cc ynbTpaMmanbiMKM Nopamu

NpoBegeHo aKcnepuMeHTanbHoe MccnegoBaHue 3(QPeKTUBHOCTH pasAeneHuA paga
MHEPTHHX ra3oB /Bopopopa, renqa, asoTta, aproHa, KpunToHa u KceHoHa/ Ha Agep-
Hex MembBpaHax n3a nonuaTuneHtTepedTanata ¢ paamepamn nop MeHee 10 HM. MonuMep-
Hoe MeMbpaHu YKa3aHHOro AMana3oHa NOp MOryT GuTb nonyyeHs Kak NIMOPUNbHBIM Cno-
coboM, TaK u npu YacTuWuHoM ''saneunBaHumn’’ NOPUCTONM CTPYKTYpH NOA AeiCTBMEM nan-|
NacoBCKWX HanpAXeHWi /KanunnApHaa KOHTpakuua/ ¢ nepBoHavanbHO HECKONbKO Gonb-
wHM pa3MepoM nop. O6HapyweHo, 4YTO MeMbpaHu C AnaMeTpoM nop GonbwuMm 6 HM npu
HOPMANbHBIX YCNOBUAX MMEOT WAeanbHuii KO3OOMUMEHT pasafeneHWn ra3os GnMakui
K TeopeTuuyeckoMy. llocTeneHHoe yMeHbWeHWE Pa3MepoB NOp BeAeT K pocTy npuBeaeH-
HOro - MAeanbHoro Ko3gdUUMEHTA pa3geneHua napsl renuii-BofopoA ANA MemGpaH, nony-
UEHHHX NMODMNLHHM CNOCOBOM, W Nap renvMit-aproH W renuit-aaor - Ana MemGpaH ¢ ya-
CTHUYHO KOHTpaKTMpoBaBwMMu nopamu. flo ApyruM MCCNEgoBaHHbLIM NapaMm raaoalHaGnn-
Aanocs napeHue KoIPPUUMEHTOB pa3peneHuA. [lpepnomeHa TEOPETHUECKAA MOAENs, no-
3BONALWAR onucaTs HaGNwAanWMecA 3aKOHOMEPHOCTW B paMKax MOBEPXHOCTHOW Auddy-
3UMU KOMNOHEHTOB C Y4YeTOM M30TepMUUYECKMX IPPEKTOB Memdpa3HOro yBNEUEHMA.

PaboTa BunonHeHa B JlaGopaTopuu AaepHux peakuwii OWUAN.

Mpenpust O6benHHEHHOro HHCTUTYTa ANEPHBIX Heotenosanuil. [ly6Gxa 1989

Ovchinnikov V.V. et al.
Investigation of Separation Efficiency for Gases
at Hyperfine Nuclear Membranes

E12-89-254

The experimental investlgatlion was carried out of separatlon efficliency
for a number of Inert gases (hydrogen, hellium, nitrogen, argon, krypton and
xenon)on nuclear polyethyleneterephthalate membranes with a pore size smaller
than 10 nm. Polymerlic membranes with pore size shown can be manufactured both
by the freeze-drying technique and by partially ""heallng' porous structure
under the actlon of Laplace stresses (capillary contaction from initially
larger pore size). It was found that membranes with pore diameter larger than
6 nm under normal conditions have the ideal separation ratio for the gases
at NTP close to the theoretical one. Gradual reduction of the pore size leads
to the growth of the non-dimensicnal ideal separation ratlo of hydrogen-he-
11um pair for membranes made by the freeze-drying method and of the hel fum~
argon and hel lum-nitrogen gas pairs for membranes with partially shrinked
pores. For other gas palrs a decrease In separatlion coefficlents was obser-.
ved. A theoretical model Is proposed which permits one to describe the obser-
ved behaviour within the framework of surface diffusion of components taking
into account the isothermal interphase entrainment effects,

The investiqation has been performed at the Laboratory of Nuclear
Reactions, JINR.
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