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1. Introduction

Membrane separationlor liquid and geseous media ia largely
baped on polymeric materiasls. Great success has been achieved in
oreating polymeric membranes of different structure and properties,
menufactured both by traditional methods (wet and dry forming) and
by physical or chemioal medification of pdlymers. For ina%auce, the
amorphous-orystelliine polyethylene terephthalate (PEILF) film is
successfully modified by crystalline or noncrystalline solvents/1/,
S0, the treatment of PETP by the water-acetone solvent leads to a
congiderable 1incremsse in the crystallinity rate of the polymer,
which in its turn leads to a greater number of defects of the poly-
meric matrix. This conselderably affects permeabllity of the sampl-
os 72/

An interesting approasch to polymeric modi t foution 1a propoped in
papers /3‘5/. vhere deformatlon ol the polymeric films in the
adsorption-eotive medium 1s investigated. It was found that deforma-
tion of glessy and crystalline polymer in H-propunole is acoomponiled
with formation of highly dispersed porous structure (microoracks were
about 10 am 1in size). In the last dscade polymeric membranes of a
new type appeared in the USSIL. They are nuclear microfilters with
the uniform structure and almoat oylinder-shuped pores /6/. Thene
filtretion materials are suitable for the ume ns the modelling porous
moedia owlng to, a possibllity of oheoklng the geometry of ldentioal
pores durlng any processes. lor example, in paper /1 the ohange in
the effective pore pize 1m used to investigute the thermo-wmodiliocn-
tion of the nuolenr PETY mombrunea tending to both decreuse and
increase in permeubllity. In paper (8/ a posslibllity of incrensing
the pore elze by applying the external load was shown [or the same
membranes. It turned out that the concentratlon of siressea appears
in the around-pore areas of the membrane under lond. Uuder certuln
condltions this louds to lurpge deformation of mround-pore zones of
the polymeric matrix and to the increase in permeability.

2. Apperatus and procedure

The deformation of the porous atructure of the PETPF nuolear
membranes loaded by the excessive gas pressure was lnvestigated by
the gas dynamice method at the experimental apparatus shown ache-
matioally in Fig. 1. The working ohamber 11 1s assembled of two
volumes fixed oun the common flange with the filter holder 13 with
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Fig.t.Schematic view of the ezperimental spparatus.l - gas cylinder;
2,7,40,17,18 — valves; 3 ~ capacitive micromencmeter; 4 - frequency~
meter; 5 - by-pass velve; 6 - graduated cylinder with piston;

8§ - msnometer; 11 - working chamber; 12 - nuclear membrane plug;
13,14 ~ by-pags plug; 15 - vacuum gage; 19 - adgorption pump.

the membrane. The membrane ssmples were loaded according to the
acheme of the biaxial tengion of a film st room temperature . The
dynamic vecuum on one side of the membrane was maintained by the
adsorption pump, but on the other side a gas (argon or xenon) was
fed in through the controlling valve to obiein the loading pressure
Fﬁ. In most cases the feed rate was about 0.13 MPa/min. It was
achieved when the plug 14 was opened. In some experiments fthere was
a "shock" loading, i.e. & gas was fed in with the plugs 12 and 14
cloged, the piug 12 of the membrane being then opened at the zerc
time. The PETP nuclear membrane ssmples endured from 2 %o 20 min in
the loaded state under the pressure Fl. The pressure P[ wag atabili-
zed with 'the help of the controlling valve 2.

The off-loading of the samples was carrdied out by opening the
by~pass valve. The rate of the pressure equalization in the working
chember was about 0.2-0.3 MPa/min.

After the loading and off-loading cycle ended, the gas flow
rate (at a small pressure difference) and its dependence on the time
from the beginning of the off-loading were measured in' order to
revesl the relaxation processes characteristic of polymeric films.
The pore size was checked by the steady gas flow method on the
apparatus shown in Fig. 1 /8/ after the visible relaxation processes
ended. The gas flow rate was determined with the help of the piston-
type flowmeter 6 and the capacitive micromanometer 3 comnnected with



the frequency-meter 4 /10/, the Sy-pasa valve 5 being closed. The
gas pressure drop before the membrane was compensated for by the
motion of the piston of the graduated cylinder 6 with keeping watch
on the micromanometer generator frequency. The volume gas flow rate
was found by the equetion

== (1)

where Al is the displacement of the piston of the piston-type
flowmeter for the time At';D is the diameter of the piston. To find
the effective pore size, it is convenient to use the flow rate (]*
in the form £ 0 p

Q = ' (2)
where F& is the gas pressure at the membrane inlet; AF)is the
pressure difference. The gas dynamics technique of measuring the
effective pore radius consisted in plotting the calibration curve
W= £(1g8) for a nuclear membrane with the known pore geometry.
(Here W is the non-dimensional flow rate; § is the rarefaction
parameter which includes the pore radius). Then one plots the func-
tion W= £(lg §) for & membrane with the unknown pore geometry and,
ag the dependence of the non-dimensional gas flow rate is a univers-
al curve /9/, one makea it coineident with the calibration function
by selecting R and finds the sought-for pore size. The error does
not exceed 5%, for pores over 20 nm.

3« Experimental results

The dependence R/Ro= f('pl) in Fig. 2 (Ris the gas—-dynamic
pore radius after the loading asnd off-loading cycle for the loading
presgure Pl H Ro ig the initial gas-dynamic pore radius of the
unloaded membrane) was determihed for the ssmples with the pore
density about 107 em™2 and the working surfaece (0.95%0.03) cm®. The
behavior of the curves ghows that there is no pore growth effect
when pl ig less than gome limit velue of 0.08-0.12 MPa. In this case
the deformations in the around-pore aress of the membrane sre elast-
ic and the growth of the pores is not irreversibleas When the loading
pressure exceeds the threshold value, the growth of the pores is
obgerved, it being the function of the initial radius Ro. As mention-~
ed in paper » the pores of the loaded membranes are noticeably
growing in @ize because siresses close to the yield stress of the
polymer appear in the iaround-—pore zones. These stresses cause a
plastic flow of the membrane material around the pores leading to
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Fig. 2. Experimental relation RIRO.-f(P[) for the samples with
N=107 en™? and 520.95 cm?. 1,2,3,4,5,R,=57; 75; 18.9; 10.8; 10.2 nm.

their growth. The dependence'of the increase in the membrane permea-
biiity on the initial pore redii is illustrated in Fig. 3. The ssmpl-
eg with the pore density about (3+4)‘108 cm'2 has equal surfaces.

The curves show that within the same pressure load the value of‘?/R;
sharply increases as the membrane pore radii decrease (leas than

10 nm)}. This figure alsc shows the dependence obtained for the sampl-
eg with the pore dengity about 1.107 cm™2. The comperison of the
curves allows the conclusion that the effect of the pore growth ias

a function not only of pland Ro, but alsoc of N, i.e. when the
initial porosity of a sample decreasges (with other conditions being
equal) & considerable pore growth is observed starting from a larger
value of Ro. The dependence of the pore growth effect in the membran-
es under load on the working surface of the samples was also found.
Figures 4 and 5 show the experimentel functions R/Ro=r(P[) and RIRozz
f(Ro) obtained by loading the membranes with working surface S =
0.196 cm® and the pore density of (3:4)10% cm 2. It follows from
curves in Fig. 4 the pore expangion effects, corresponding to the
dependences in Fig. 2, appear in the samples with s smaller working
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Fig. 3. Experimental relation R/R°=f(Ro) for the samples with
N=(3:4)10% cn™? and5=0.95 en. 1,2,3, P[=0.24; 0.32; 0.4 MPa;
4,P1 =0.4 MPa, Nx107 on™2.
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Fig. 4. Experimental relation RIR,:f(Pl) for the samples with [ =
(3:4)108 o2 and $=0.196 en?. 1,2,3,4,Re=5; 7; 10.5; 20.6 mnm -

surface at & greater pressure load. Thus, in this part of the paper
we have experimentally found the relation between the pore growth
effect in & nuclear membrane under the excess gas pressure load and
the initigl pore radius, pressure loading, pore density and working
gurface of a zample.
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}ig. 5. Experimental relationf?fR f(Ro) for the samples with [ =
(3:4)10% cn™? apd $=0.196 cm?. 1,2,3, Pi=0.4; 0.6; 0.75 ura; 4,P| =
0.4 MPa and N=107 cm2,

4. Viscoelastic properties
of polymeric membranes

As is known, polymeric materials are deformed in a viscoelastic
mgnner. In particular, their .viscoelastic properties are determined
by the dependence of the relative deformation of semples on the time
af action of the constant tenaion /11/. In experimentis on the loading
of the nuclear membranes the relazation character of the deformation
can be observed by the dependence of the gas flow rate through the
membrene on the loading end off-loading time, i.e. in loading and *
off-loading cyclea. The table lists the data of the gas flow rate
vs. the time for the sample with the‘Ro=(7-5tO.4) am, N=(3.6%0.5)x
10% em™? and S=(0.95%0.03) cm 2 obteined in e loading and off-loading
cycle. The loading was carried ocut by the "shock™ method. Argon was
uged as the working ges. The time of the loeding was about 20 minut-
es. : ’

If one writes down the equation for the volume gas flow rate in
the Fnudsen flow regime as

a-2 -srR3V AP Nz -€ ,
= t (3)
( 24 €
(here\ﬁ-is the mean thermal velocity of gas molecules- E is the
accomedation coefficient of the tsngentisl momentum on the pore
walls, for argon it is found to he 0.99 8 i L is the membrane
thickness: N is the total number of poresl then the cube root of the

T



Table
*
Experimental relation (l; f(t) in loading and off-loading cycle

IMP|l , Loading 0£f-loading
P ‘ *, 2 ) ]
& tmin [ Q%M10%, e?/s|R/R, [timin |Q%10%,en’/s R/R,
0.04 1.5 1.22 3 1.2
9.5 1.3C
20 1.31
0. 08 1.5 1.48 3 1.24
1" 1.57 15 1.21
20 1.61
0. 1 2 1.7 1.12 2 1.41
12 1.8 1.165 | 13 1.35
20 1.94 1175 | 47 1.33
0.2 1 14 2.27 7 7.36 1.83
5.5 15.8 2.37 17 6.48 1.75
12 16.5 2.40 40 5.81 1.69
19 16.9 2.41 56 5.65 1.67
D. 35 1 93.7 4.14 5 52.5 3.52
5 103 4.28 17 50.6
10 . 108 4.34 38 48.6 3.43
19 112 4.39 62 47.6
185 114 4,42 102 46.9 3.39

" " L]

ratio 0 /Oo ( Oo is the gas flow rate through the unloaded sample)
will yield the informetion about the ratic of the pore radii before
and after loading. So, Fig.6 represents the corresponding dependenc—
epn for the fourth and fifth loading and off-loading cycles. The
behavior of the curves shows that at the moment of the load applica-
tion the pore deformation process (growth) begina in a polymeric
nuclear membrane. The process develops in time and is cheracterized
by the elastic, elastic time-lag and irreversible deformation of the
plastic flow in the around-pore areas. The end of the development of
the elastic time~lag deformation of the polymer may be related to
the tending of the curves to a conditional plateau. The time of the
tending is about 0.3-0.5 h and is determined by both the geomeiric
and etrength features of the samples.

When the load is removed, the elestic deformation first vanish-
eg, and then the decrease in the pore size continues on account of

8
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Fig. 6. Experimental relation‘?/Ro=f(f) for the sample with
0=7.5 nm, N=3 10°% en™? and $=0.95 cn? in the fourth and £ifin
cycles of the loading and off-leading -

the elastic time-lag deformation of the polymer. Similarly to what
wag said above the visible relaxation processes in the membranes
finish 0.3-1.5 b after the losd is removed. At last the final pore
gize, exceeding the initial one, can be related only to the irrever—
sible plastic deformation of polymer in the around-pore areas of the
membrane. The described relaxstion process was observed in the
experiments with the nuclear membranes with the pore size larger
than 20 nm. The relaxation behavior typical of the membranes with
fine~gized channels is complicated by the surface tense effects
(Laplace pressure) and is not discussed here.

Thus, on the basis of the viscoelastic representation of the
deformation of the polymeric nuclear membrane it is shown that the
controllable pore growth in s membrane under loasd is related only
to the plastic deformation in the around-pore areas. This ia
characteristic of the membrane with the stable final gize of
channels in absence of the forces leeding to pore shrinksge /7/.

5. Conclusion

The loeding of the polymeric nuclear membranes by a pressure
difference {i.e. the leading pressure exceeds some threshold value)
leada to a considerable pore growth reaching hundreds pexr cent. The
dependence of the pore growth on the pressure load, initial pore
radius, pore density and working surface of the sample experimental-
ly determined,



The most stable behavior of the deformed membranes is observed
for the pore size larger than 20 nm, which is due to the absence of
the "healing" effects caused by the surfsce tension force {(Laplace
pregsure). The behaviour of the membrane under pressure load was
explained on the basis of the viscoelastic deformation consisting of
the elaatic, elastic time-lag and plastic components. The experiment-
sl investigation of a membrane in loading and off-loeding cycles
confirmed that the irreversible increase in the permeability is
caused by the plastic deformation appearing in the around-pore zon-
es. The relaxation processes in a PETP nuclear membrane at room
tempsrature cen last for 0.3-1.% h.

Finally, the suthors would like to thank O.L.Orelovich for the
experiments with scanning electron microscope JSM-840 that confirm-
ed our data, and Professor R.T.Porodnov for fruitful diacussions.
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