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IMPROVEMENT OF METHODOLOGY AND EQUIPMENT FOR DETERMINATION OF
HYDROGEN PERMEABILITY OF THIN FLAT METALLIC MEMBRANES

Abstract: The paper describes an improved technique for determining the hydrogen permeability of flat thin metal membranes, which
makes it possible to exclude the use of mass spectrometry during measurements. The technique is distinguished by the use of large-area
membranes (78.5 - 10-4 m2), which makes it possible to measure both large and small gas flows using a combined method. The method
of thermal conversion of the mass flow of gas into an electrical signal using calibrated flowmeters with an error of + 0, 9 % measures
limiting flows with a velocity of 0.36 dm®h or more. By the volumetric method, by determining the interval for the escape of hydrogen
bubbles from the capillary, the limiting fluxes up to 30 mm?/s are determined. The advantage of using a large area membrane is the ability
to determine the life of the membrane and the nature of its deformation during dilatation. The paper describes the developed equipment
for determination of hydrogen permeability at temperatures up to 650 °C and pressure up to 1 MPa. The equipment includes a furnace
with a retort and a heated membrane holder, a module for vapor conversion of gaseous hydrocarbons and a gas drying module. It is
equipped with safety systems that ensure the release of excess pressure and shut off the electric power supply of the furnace in the event
that the temperature exceeds a predetermined value. The equipment is universal and allows measuring hydrogen permeability using both
pure hydrogen and various gas mixtures under conditions of isothermal maintenance, smooth reduction and cyclic temperature change.
It is characterized by the convenience of mounting the membrane in the holder and holder in the camera. The sequence of work with the
developed equipment is resulted.
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Introduction. Hydrogen permeable membranes
are a rapidly developing field of science and technolo-
gy. They are widely in demand both in the composition
of single hydrogen separators and as part of a catalytic
membrane reactor. The introduction of technologies
based on membrane separation of hydrogen-contain-
ing gas mixtures obtained as by-products in industry or
in the steam conversion of gaseous hydrocarbons will
depend on their productivity and economic efficien-
cy. This technology becomes attractive only when the
membrane separators can achieve the required flow of
hydrogen, operating temperature, cost, durability and
resistance to contamination. The standards for these
characteristics were established by the US Department
of Energy [1], and membrane designers around the
world are striving to meet these criteria. The most im-
portant of which are: temperature ((250-500 °C), flow
(150 cm’/cm?* - min with dP (H,) 100 psia (0.69 MPa),
cost (~ $ 1000/m?) membrane service life (5 years).
At present, only the membranes of palladium-based
alloys correspond to the requirements for stability
and temperature range of operation, however, their
extremely high cost and insufficient hydrogen perme-
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ability require the search for new materials and mem-
brane designs.

Hydrogen permeability is measured by volumetric,
mass spectrometric, sorption, desorption, radiographic
or potentiostatic methods [2-9]. Predominantly in
the study of composite, i.e. consisting of 2 or more
layers, membranes are used methods of microgaso-
volumetric and mass spectrometric determination of
the hydrogen flow passing through the membrane [2,
10-11]. When measuring the flow of hydrogen by a
volumetric method, capillaries of different diameters
are used, in which the volume of gas released at a par-
ticular time is determined from the displacement of
the water droplet. This complicates the measurement
procedure, since it requires the selection of the capil-
lary section. In addition, the volume of the capillary
limits the measurement period. The minimum relia-
bly measured amount of hydrogen passed through the
sample by the method of measurement is 1°10~*cm?/¢c
[9]. The mass spectrometric method is more accu-
rate, but it is expensive and requires the use of more
sophisticated equipment. This makes it promising to
further simplify and improve the methodology and
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equipment for measuring the hydrogen permeability
of membranes.

The purpose of this work is to improve the meth-
odology and improve equipment for determining the
hydrogen permeability of flat membranes at different
temperatures and pressures.

Experimental part. Development of methodol-
ogy. Measurement of the flow rate of hydrogen. The
developed methodology should provide for the pos-
sibility of using simple measuring equipment. Thus,
the rejection of the mass spectrometer in the meas-
uring circuit makes it possible not only to simplify
the measurement process, but also to reduce the cost
of equipment for conducting experiments ten times.
However, to determine the flow of hydrogen, its value
should be sufficient to measure using electronic flow-
meters, or by visually observing the flow of hydrogen.
The latter is proposed to be determined by measuring
the period of the escape of hydrogen bubbles from the
capillary, dropped into water at a fixed depth.

The most acceptable for the price and accuracy
of measuring the gas flow is the method of thermal
conversion of the mass flow of gas into an electrical
signal. Thus, the regulators of mass flow rate RRG-
10 and RRG-12 offered on the market have an up-
per limit of gas regulation in nitrogen of 0.36 dm*/h
(100 mm?®/s) and can be calibrated to a higher flow rate.
At the same time, the systematic component of the
above basic error of gas flow conversion for RWG-10 is
+ 1.1%, and for RWG - 12 £ 0.9%. The time to establish
the readings of these flowmeters is 2 sec [12].

Determination of the interval of bubble outflow
from a capillary immersed in a vessel with water
allows measuring smaller flows. For example, with a
hole diameter of @ 1 mm and aslope 0f45°, the volume
of 1 bubble averages 30 mm?, and can be determined
fairly accurately by calibration. Accordingly, fixing
the bubble outlet at intervals of 1 or more seconds
allows the flow to be measured less than 30 mm?¥/s
with great accuracy. When the frequency of the for-
mation of bubbles more than 1 time per second there
is a measurement error. It consists of both the error of
measuring the period and increasing the volume of a
single bubble. The latter is due to the fact that the bub-
ble detachment requires a time of the order of 0.2 s
and in the case of a large gas flow, until it is separated
from the surface of the capillary, its overflow occurs.
Consequently, when bubbles exit with an interval of
less than 1 s, this method can not be used.

The calculation of hydrogen permeability P,
mol/s'm-Pa’’ when measuring the period of the ap-
pearance of hydrogen bubbles is made by the for-
mula 1.

V-5-107°

P=
VM't'S'(\/E_\/]?)’

where V —the volume of the bubble, mm?; d - membrane
thickness, m; VM — the molar volume of gas at the
temperature and pressure of the flow entering the
measuring device from the dm*/mole unit; T — the
bubble release time, s; P, — gas pressure on the mem-
brane surface inside the chamber, Pa; P, — pressure of
gas entering the measuring device, Pa; S — the area of
the membrane, m?.

Thus, the two methods for measuring hydrogen
flow can be used as the basis for the method for de-
termining the hydrogen permeability of membranes.
They can be used in combination or separately.

Area of the test membrane. The increase in the area
of the membrane in determining the hydrogen perme-
ability of the material from which it is made allows
not only to increase the accuracy of the measurement,
but also to simultaneously evaluate the effect of dil-
atation on the duration of membrane operation prior
to failure. It is obvious that when testing membranes
from expensive palladium this will increase the cost
of the experiment, however, in the case of testing the
membranes from niobium, tantalum, vanadium, etc.
The increase in material costs will not be significant.
By comparing the hydrogen permeability of niobium,
vanadium, tantalum, and a gas stream, which can be
measured by determining the interval between gas
bubbles, it has been found that for a circular mem-
brane the optimal working diameter is 80-100 mm.
The circular shape of the membrane is dictated by the
use of standard flanges and sealing rings to ensure a
sealed connection of the membrane to the measuring
unit.

Temperature and pressure. Equipment for deter-
mining the hydrogen permeability of thin flat metal
membranes should provide the ability to conduct
measurements in the range of 250-650 °C and pres-
sure from atmospheric and up to 1 MPa. In these in-
tervals, as a rule, the hydrogen permeability of palla-
dium, niobium, vanadium and tantalum membranes is
measured, while covering the recommended interval
for industrial use [1].

Gas permeable substrate. Upon contact with hy-
drogen, membranes based on niobium, tantalum, and
vanadium become brittle at temperatures above 400 ° C
for a short period of time (several dozen seconds) as
a result of the dissolution of hydrogen in their crys-
tal lattice. When a gas membrane with a thickness of
40-200 pm is applied to the surface of the gas pres-
sure, in the absence of a base on which the membrane
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“breaks”, its destruction will occur instantly, even
if its area is not large. At the same time, the base to
which the membrane adheres must ensure a stable re-
moval of the filtered hydrogen from its outer surface,
i. E. Should be characterized by sufficient porosity.
The material from which a gas permeable substrate
can be made should be characterized by inertness
with respect to hydrogen in the indicated temperature
range and minimally dissolving it in itself. A series
of search experiments on the selection of various ma-
terials from which the substrate can be made led to
the conclusion that chromium-nickel steel is optimal.
From its powdered sintering, it is possible to produce
gas permeable membrane substrates for industri-
al installations. For a laboratory installation for the
determination of hydrogen permeability, the use of a
stainless woven filter cloth, a plain weave with a mesh
size of 80-200 microns (GOST 3187-76), is optimal.
When conducting experiments in this pressure range,
this grid does not deform and stably ensures gas per-
meability at a high level.

Results and its discussion. Development of equip-
ment. Materials for the manufacture of the chamber,
pipelines and other units of equipment for determin-
ing the hydrogen permeability of metal membranes.
Analysis of literature data [13] showed that for the

|

manufacture of parts of the plant in contact with hy-
drogen at high temperatures and pressures, the most
suitable for such parameters as hydrogen solubility,
hydrogen embrittlement, strength, heat resistance,
price, manufacturability are chromium-nickel steels
AISI 304, AISI 321, AISI 316, AISI 310, etc. At a
relatively low price, they are characterized by heat
resistance, low hydrogen dissolution, are well weld-
ed and processed by cutting, seamless pipes of vari-
ous assortment, flanges, bends, etc. are manufactured
industrially.

To seal the membrane tightly to the installation using
pressure flanges, the gaskets can be made of copper or
aluminum. These materials used in similar equipment,
during numerous tests have shown the promise of fur-
ther application. To prevent damage to the membrane,
the gaskets must be in an annealed condition.

The sealing of the retort cover to prevent extrusion
when hydrogen is injected into the retort cavity and its
heating is suggested to be made from a fluoroplastic
sheet F-40 of grade “P”, which is an inert, non-po-
rous, heat-resistant material.

The design of the apparatus for determining the
hydrogen permeability of thin flat metal membranes.
The main unit of the unit for determining the hydrogen
permeability of flat membranes is a heated retort with a

heated membrane holder
(Figure 1), equipped

with piping systems for

gas supply, evacuation

9 10 and discharge of purified
gas, and an emergency
. gas discharge system.

In the design of the In-
stitute of Metallurgy and
Ore Benefication, the

retort has an internal di-

ameter of 208 mm with

;mﬂxgl
L

I

a wall thickness of 6 mm

=

and 1s made of steel AISI
316L. To prevent the re-

lease of hydrogen, in the

event of a breach of the

=7

O

integrity of the welded

seams of the bottom, it

has an additional bot-

1 — holder of a membrane; 2 — retort; 3 — the furnace; 4 — metal membrane; 5 — a branch pipe of hydrogen (argon);

6 — branch pipe for evacuation of the system; 7 — branch pipe for extraction of purified hydrogen; 8 — a manometer

(a vacuum gauge); 9 — protective valve; 10 — system of emergency removal of gaseous products; 11 — membrane
heater; 12 — gas cooling system; 13 — electronic gas flow meter RRG-12

Figure 1— Installation for testing flat thin metal membranes for hydrogen permeability
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tom with a branch pipe
to divert gas from the
furnace. The pipes used,
the bottom, the flanges
are designed for a max-
imum working pressure
of up to 1.6 MPa, while
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in the case of excess of 1 MPa, a safety valve 9 is trig-
gered, which releases the pressure by withdrawing gas to
the discharge line 10.

To mount the membrane a holder has been de-
signed (Figure 2), in which the sealing of the mem-
brane with a gas permeable substrate is achieved
by using spacers of flat aluminum washers 0.5 mm
thick. They are pressed against the body of the holder
by a flange with the help of pins. The holder is de-
signed for fastening membranes with dimensions
120x120 mm, after which the working part of the
membrane has a diameter of 100 mm.

By selecting the materials of the diaphragm hold-
er parts, during heating, additional flange clamping
is provided due to the difference in the temperature
coefficients of the linear thermal expansion of the at-
tachment body and the studs that tighten the flanges.
Since hydrogen is characterized by high thermal con-
ductivity, which increases with pressure, it was nec-
essary to equip the holder with an additional heater
designed to meet the requirements of safe operation
in order to maintain the specified temperature of the
metal membrane. Heat from the heater is fed through
a thick copper plate directly to the wall to which the
membrane adheres, which ensures a uniform temper-

Chamber oven

Hydrogen permable
membrane

Membrane holder

ature field across the entire plane of the membrane.

To evaluate the actual temperature of the mem-
brane, a chromel-alumel thermocouple is inserted into
the inner cavity of the holder, contacting the wall to
which a metal membrane adheres via a gas permeable
substrate. Maintenance of the pre-set temperature of
the heater and furnace is carried out with the aid of
the OWEN TRM-10 PID controllers controlling sol-
id-state relays. The temperature is measured by means
of chromel-alumel thermocouples located in the fur-
nace cavity and preheater.

The hydrogen or hydrogen-containing gas mixture
system, controlled by manually operated valves, in-
cludes a pressure gauge (vacuum gauge) for monitor-
ing the pressure, a tap for connecting the fore-vacuum
pump, a valve for the controlled pump and a valve for
emergency pressure relief.

From the furnace, the hydrogen inlet system is
separated by a cooler to cool the discharged gases,
in order to prevent their self-ignition and damage
to the seals in the valves. The refrigerator is cooled
by running water from the cooling system of the
furnace.

To dehydrate the incoming hydrogen or hydro-
gen-containing gas mixture, a special module is pro-

a - furnace with a membrane holder; b - membrane with sealing rings; ¢ - diaphragm between flanges

Figure 2 — Installation for determining the hydrogen permeability of thin membranes

49



Complex Use of Mineral Resources. No. 2. 2017.

1 - argon purification module, 2 - hydrogen dehydration module, 3 - membrane module

Figure 3 - Membrane modular plant for production of ultrapure hydrogen from gas mixtures

vided in the device for determining hydrogen per-
meability (Figure 3). It is a cylindrical vessel whose
outer walls are cooled by a freezer to -35 to -40 °C.
The inner cavity of the vessel is filled with aluminum
shavings, on the surface of which, when the gas is
inflated, condensation of moisture occurs.

To study the operation of hydrogen permeable
metal membranes under real conditions, a vapor con-
version system for gaseous hydrocarbons was creat-
ed, the principle of which is based on the industry-ap-
plied method of passing a vapor-gas mixture through
a nickel catalyst. As a result of the catalytic reaction,
a mixture of hydrogen with mono- and carbon diox-
ide is formed. The most intensive process occurs at
850-900 °C and pressure ~10 bar. The laboratory in-
stallation for the vapor conversion of gaseous hydro-
carbons is designed for a capacity of ~2 dm*/min at
10 bar (Figure 3). The installation for the precise pro-
portions of the vapor-gas mixture uses a dosing pump
and a flow meter. It provides protection systems that
include a double wall of the reactor for venting gases
to the emergency discharge system in the event of a
burnout of the working pipe and safety valves to re-
duce the pressure of the gases in the installation when
it exceeds 1 MPa. The external walls of the reactor are
heated in a tubular resistance furnace controlled by
the OWEN TRM-10 PID regulator. The gas obtained
as a result of steam conversion is passed through the
dehumidification module and can be stored in it as
in a receiver. When replacing the nickel catalyst with
titanium chips, this block can be used to purify argon
used in experiments on hydrogen permeability.

50

Procedure for conducting experiments to deter-
mine the hydrogen permeability of flat metal mem-
branes. After fixing the diaphragm, the holder with
the cover is mounted on the furnace, the heater and
thermocouples are installed. Vacuuming the cavi-
ty with the membrane to be separated, and then the
chamber of the furnace, is performed. This pumping
sequence is necessary to prevent the membrane from
breaking through. Further, the furnace chamber is dis-
connected from the vacuum pump and argon is poured
into it to flush the pipelines, after which the furnace
chamber is again evacuated. When the vacuum pump
is switched on, the oven is turned on and the chamber
is heated to the set temperature, after which the heat-
er power is connected and the temperature stabilizes.
Then, the furnace chamber is disconnected from the
vacuum pump and argon is introduced into the system
to atmospheric pressure, the membrane tightness is
checked according to the vacuum gauge. In the case
of the integrity of the membrane and the tightness of
its connection, in the cavity separated by a membrane,
hydrogen or argon is added to atmospheric pressure.
The branch pipe emerging from this cavity is switched
to a gas flow meter. Hydrogen or a hydrogen-contain-
ing gas mixture is introduced into the chamber up to a
given pressure. By means of a gas flowmeter or, in the
case of a small gas flow, by measuring the gas bub-
ble exit interval, a flow of hydrogen is measured. At
the same time, the change in the wall temperature to
which the membrane adheres is fixed. The experiment
is carried out before the membrane breaks, which can
be judged by a sharp increase in the flow of hydrogen.



According to the obtained data from formula 1, the
hydrogen permeability of the membrane is calculated.

At present, more than 120 experiments have been
carried out to determine the hydrogen permeability of
niobium tantalum homogeneous cross-section diffu-
sion-doped and composite membranes with a thick-
ness of 40 um. The conducted experiments showed
high efficiency of measurements using an electronic
flowmeter and a volumetric method. In addition to
hydrogen permeability, the period before failure was
determined, deformations on the membrane surface
caused by dilatation were recorded.

The developed installation made it possible to car-
ry out measurements under conditions of isothermal
maintenance, smooth reduction and cyclic tempera-
ture change. It is characterized by the convenience of
mounting the membrane in the holder and holder in
the camera, reliability.

Conclusions. Thus, the proposed technique and
the developed equipment allow, without the use of
mass spectrometry, to effectively measure the hydro-
gen permeability of thin flat metal membranes. The
design of the equipment meets the safety requirements
for working with hydrogen and hydrogen-containing
gases and allows measurements in a wide range of
temperatures and pressures.

The work was carried out within the framework of
the grant of the Ministry of Education and Science of
the Republic of Kazakhstan on the theme: No. 1628/GF4
“Development of hydrogen permeable membranes
based on niobium and tantalum alloys characterized
by high performance indicators”.
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XPYMNKOCTb  METanoB.

TYWIHOEME

Byn xymbicTa enwey KesiHOe MacCNeKTPOMETPAi manganaHan, >Xyka asblk MemOpaHanapAblH CyTeri ©TKi3rilTiriH aHbIKTayablH
XeTingipinreH agictemeci kenTipinreH. byn agicTeMeHiH e3renepaeH anbipMallbInbIFbl, KerieMi xafblHaH yrikeH MmembpaHanapabl nanga-
NaHbIn, apanac aic KeMeriMeH a3 >aHe Ken kernemaeri ra3 afblHbIH enLueyre MymkiHaik 6epegi. 0,31 xaHe ofaH Aa Ken blngaMabikTarbl,
LUEKTI aFblHFa AeWiHri LamMaaarbl WhIFbIMAbI erilley 3MeKTp CUrHanmeH kanubprey apkbirbl ra3fblH MaccarnblK LbIFbIMbIH KbIyrbIK Typ-
neHaipy agicimeH enweHeni. TyTiKWeaeH WbIKkaH kenipLuik wapnapabiH, 30Mm3/c AeniHri WeKTi aFbIMbIHbIH, LUbIFy MHTEPBarbl aHblKTana-
Obl. YrkeH kenempaeri membpaHaHbl nanganaHyablH, apTbIKLWbIbIFbl, MEMOapaHaHblH, cunaTTaMachbl MEH OHbIH KYyMbIC Jkacay pecypCblH
XoHe ynFato kesiHaeri AedopMaumACchiH aHbikTayFa MyMKiHAIK 6epeai. XKacanfaH cyTeri eTKisriLUTiKTi aHbIKTakTbIH KOHABIPFbI 650°C Tem-
nepatypara xaHe 10 Bap gewiH xymbic xacaybl xasbinFaH. Kypbinfbl MblHafan 6enwektepaeH Typaapl: neww, petopta, MembapaHaHbl
XbINbITY YCTaFbILLbl, ra3 Tapi3ai Oynbl KOHBEPCUS Mogyni XaHe kayinciaaik xxyneci. KoHapipFbl embeban 6onbin xacanfaH. OHpa Tasa cyTeri
oaHe Backa ras kocrnanapblH KonfaHbirn, M30TepMUSITbIK TEMNepaTypa XarffablHaa epKiH KeHe LUMKNAi Typae e3repTe oTbIpbIn cyTeri eT-
Ki3rilTiKTi aHblKTayFa 6onagbl. byn KoHAbIpFbI4a MembpaHaHbl GekiTkillke, BeKiTKILWTI Kamepara opHaTy YLUiH KOnawnnbl Xxafaan xacanfaH.
¥CbIHbINFAH KOHOBIPFbLIHBIH XXYMbIC >Kacay peTi KenTipinreH.

Tyninai ce3pep: cyTerieTKi3rilTik, aaicTeMe, eniley, KOHABIPFbI, )Kyka MembpaHa
PE3IOME

B paboTe onvcaHa ycoBeplUEHCTBOBaHHas MeTodvka OnpeaerneHvs BOLOPOAONPOHULAEMOCTU MIIOCKUX TOHKUX MeTanimyeckux
MeMbpaH, Mo3BONSIOLLAs UCKMIOYUTL UCMONb30BaHWE Macc-CNEKTPOMETPUM NpWU NPOBeAEHUN n3MepeHuii. Metogvka otnmyaercst uc-
nonb3oBaHnem MembpaH Gonbluoi niowaau (78,5-10 m2), 4To fenaet BO3MOXHbLIM MPY NOMOLLM KOMBMHMPOBAHHOIO MeToaa U3MepsiTe
Kak bonbLuve, Tak ¥ Manble NoToku rasa. Metogom TennoBoro Nnpeobpa3oBaHMs MacCOBOrO pacxofa ra3a B areKkTPUYECKUiA CUrHar ¢ uc-
nonb3oBaHWEM KanunbpoBaHHbIX PACXOAOMETPOB C NorpellHocTbio +0, 9% M3MepsitoTCst NpeaernbHble NOTOKM Co ckopocTbio oT 0,36 Am®/y
1 6onee. BontoMmomeTpuyeckm METOAOM MyTEM ONpeaerieHnss MHTepBana Bbixo4a My3blpbKOB BOAOPOAA M3 Kanuissipa onpeaensioTcs
npegenbHble notoku Ao 30 mm¥/c. MpenmMyLecTBOM NpuMeHeHns MeMbpaH GonbLLON NNOLWAAN SBMSIETCS BO3MOXHOCTb OnpeaeneHus
pecypca paboTbl MemBpaHbl 1 xapakTepa ee AedopmMauuy npu aunatauun. B paboTte aaHo onncaHne paspaboTaHHOro o6opyaoBaHus
Ans onpefeneHvs BoAOPOAONPoHMLaemMocT npu temneparypax go 650 °C u gasnenunm go 1 MMa. O6opyaoBaHve BkntoYaeT neyb C
peTopTON 1 NogorpeBaeMbIM AepxkateneM meMmopaHbl, Moayrnb NapoBOW KOHBEPCUM ra3oobpasHbIX YrneBogopOAoB Y MOAYIb OCYLLIEHUS
rasoB. OHO ocHalleHo cuctemamm 6esonacHoOCTH, obecnevnBaroLLMMy CTpaBnMBaHe U3ObITOYHOTO AaBIEHNS U OTKIIOYEHWE SNeKTpuye-
CKOrO MUTaHWs NMeYn B Criyyae NpeBbILLEHNS TEMNepaTypbl 3aAaHHON BenuumHbl. O6opyaoBaHMe YHUBEPCarbHO U NMO3BOMNSET NPOBOAUTL
n3mMepeHne BoAOPOAONPOHULIAEMOCTH C UCMOMb30BaHNEM Kak YMCTOro BOAOPOAA, Tak M pasfMyHbIX ra3oBbix CMeCeW, B YCIOBUSIX M30Tep-
MWUYECKOro noaaep)KaHusi, NNaBHOMO CHWXEHUS U LMKIIMYECKOTO M3MEHeHWst TemnepaTypbl. OHO xapakTepuayeTcs yao6CTBOM MOHTaxa
MeMOpaHbl B AepxaTenb 1 Aepxatens B kamepy. [puBegeHa nocrnefoBaTtenbHOCTb paboTbl ¢ pa3paboTaHHbIM 060opyaoBaHeM.

KntouyeBble cnoBa: BOAOPOAONPOHULIAEMOCTb, TOHKME MeTannnyeckue MeMmopaHsbl, nevb kamepHasi, MofyrnbHasi yCTaHOBKa, ra3oBble
cMmecu, HMobueBble 1 TaHTanoBble MeMbpaHbl, AU EDY3NOHHONErMPOBaHHbIE, KOMMNO3ULMOHHbIE MeMBpaHbl
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