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Abstract. Introduction. The processes of membrane separation and concentration belong to the
category of critical technologies for obtaining and processing the structural and functional materials for
water desalination. The supply of softened water to the reverse osmosis devices practically does not solve
the problem of membrane contamination with salt ions. The material, of which the membrane is made, has
a high affinity for the solvent (mainly water), and a low affinity for the dissolved component. The selected
objects and the subject of research - the diffusion of water salts on the surface of polyamide (PA) - allow
us to count on a possibility of confident membrane separation of the components of the aqueous solutions.
The prospects and advantages of polyamides membranes are determined on the basis of the analysis of the
kinetics of membrane separation, the polyamides membrane is resistant to the studied salt solutions. The
purpose of this work is to study the features and regularities of the mechanism of selective extraction of
salt ions from water by polyamide membranes. The methods of water purification are of great importance
in the selective extraction of salt ions from water, using polyamide membranes. Methodology. Polyamides
have a high selectivity with respect to salts, but the flow of water through them is slightly lower. At the
pH range of polyamides of 2.0 — 10, they withstand processing temperatures up to 100°C without
significant changes in the porous structure, allow a multiple regeneration, and are resistant to most acids,
depending on the pH of the medium. Results. According to the results of the pilot tests in the extraction of
salt ions from water, using polyamide membranes, it has been found that in the pH range of 6-7, the joint
presence of the main charged forms of salt ions is assumed. To prevent precipitation of larger forms, it is
necessary to work with the solutions, diluted by ions in the presence of the background electrolytes.
Conclusion. Thus, based on the results, it follows that the values of the diffusion coefficients of salt ions
in the membranes with the pore radii from 5 to 8 nm at pH of 6.5-7.5 are generally comparable to salt
ions. The revealed features of the diffusion of salt ions in the PA membranes (the exponential dependence
of the diffusion coefficient on the pore radius of membranes, the pH value) and comparison of the
obtained data with the available salts, make it possible to determine the prospects and conditions for their
separation in the PA membranes.
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1. Introduction

The processes of membrane separation and concentration belong to the
category of critical technologies for obtaining and processing the structural and
functional materials for water desalination. The supply of softened water to the
reverse osmosis devices practically does not solve the problem of contamination
of membranes with salt ions. The material, of which the membrane is made,
should have a high affinity for the solvent (mainly water) and a low affinity for
the dissolved component. The selected objects and the subject of the study - the
diffusion of water salts on the surface of polyamide (PA) - allow us to count on
the possibility of confident membrane separation of the components of the
aqueous solutions.

The prospects and advantages of the PA membranes are determined on the
basis of the analysis of the kinetics of membrane separation, the PA membrane is
resistant to the studied salt solutions [1-2]. The calculation of the selectivity
characteristics of membrane desalination, on the basis of the fundamental
physicochemical characteristics of the solution, permeate, is a difficult task due to
a large number of the influencing factors [3].

The purpose of this work is to study the features and regularities of the
mechanism of selective extraction of salt ions from water by polyamide
membranes. The methods of water purification are of great importance in the
selective extraction of salt ions from water, using polyamide membranes.

2. Experimental part

Polyamide has a high selectivity with respect to salts, but the flow of water
through them is slightly lower. At the pH range (cleaning pH) of 2.0 — 10 (1-12)
of PA, they withstand the processing temperatures up to 100° C without
significant changes in the porous structure, allow multiple regeneration, and are
resistant to most acids, depending on the pH of the medium. The PA membrane
has a sufficiently large thickness of up to 150 microns. Such thick membrane
films lead to a sharp decrease in the mass transfer rate. However, this effect is
compensated by an extremely high membrane surface per volume unit: the
specific surface area reaches 30,000 m?/m? [4,7-8].

It was found [1-3,10] that the diffusion mobility of ions in the PA
membranes is generally lower than in the free solutions, even in the region of
significant pore radii. A decrease in the pore size leads to a decrease in the
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diffusion coefficients, associated with the difficulty of moving ions in the wall
layers of the solution. At the same time, the difference in the properties of the
boundary layers from the properties of the bulk solutions is associated with the
structuring of water on the polymer surface [1-3,10,13-14]. The orienting action
of the polymer surface of the OH groups leads to the rearrangement and ordering
of the intermolecular hydrogen bond grid of the wall water, to the restriction of
the molecular mobility, to an increase in the viscosity of the boundary layers [12;
14], to a decrease in the solvent capacity and dielectric permittivity of water in the
small-radius pores [13].

Determination of the porosity or free volume of the membrane material is
one of the most important factors, determining the kinetics of the membrane
processes [3-5]. Thus, the determination of the internal diffusion coefficient in the
membrane directly depends on this characteristic [3, 12].

If we assume that the entire free volume of the polymer membrane is evenly
distributed over all the structural fragments, which make up the membrane
substance, we can introduce the concept of free volume per fragment (Figure 1).

bbb :

1- Polymer membrane, 2 - Water molecules
Figure 1- Location of the molecules of water on the membrane surface

There is hydrogen at the surface of the PA membranes, when in contact with
water, a hydrogen ion is formed:

H--H-0O-H
e

~0-H--H-O-H

(NH(CH»)sCO),

For the polymer membranes, whose macromolecules are constructed from
the alternating fragments with a certain mobility, the free volume can be defined
as the sum of the free volumes per each fragment of the structure:

z :ZNiVif’
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where Ni is the number of particles per volume unit.
The formula can also be written as [3]:

Vi =2 oVir.,
1

where @; is the volume fraction of the fragments of macromolecules, which

make up the membrane in its matrix.

The specific free volume, determined in this way per a structural fragment,
depends on the temperature, pressure and chemical nature of both the polymer
substance of the membrane itself and the nature of the substance diffusing in it.
When describing the effect of the molecular weight of the membrane substance
on the diffusion properties of the matrix, which determines the structure of the
membrane, the issues of the formation of the internal structure in the contact
zones of macromolecules on the inner and end sections of the polymer chains
should be separated.

It is known that there are two main ways of organizing macromolecules in
the polymer matrix of the membrane [3, 6-11]. In the first case, the ends of a
polymer chains are free, whereas in the second case, they are “stitched”.

Consider a case of free ends of the polymer chains in the matrix. As follows
from the statistical physics, in this case, the thermal motion of the free end
fragments of the polymer chains of the membrane matrix can be considered as
performing thermal motion in relative independence from the thermal motion of
the main part of the chains.

Suppose that the type of connection of the end fragments with the main part
of the chain can be defined as a hydrogen compound with salt ions (Figure 2).

Lo bbb

Fe’t

1-membranes, 2 - water molecules, 3- ion elements.

Figure 2 — The arrangement of the water molecules and ion elements
on the membrane surface
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3. Results and discussion

The efficiency of membrane filtration is determined by comparing the values
of the diffusion coefficients of the separated or extracted components of the
solutions [9-12]. After substances are dissolved in water, hydrate shells are
formed around their particles: ions, molecules, small associates, micelles (large
associates), i.e. all particles (with rare exceptions), being charged, tend to attract
and orient the dipole water molecules around them, i.e. distort or even destroy the
original structure of water.

The degree of manifestation of this tendency depends on the size of the
charge and the configuration of the particle. At the same time, a two-layer hydrate
shell appears around ions, polar molecules and micelles, consisting of a dense
layer of the oriented water molecules and a loose layer of the semi-oriented water
molecules. The dense layer of the hydrate shell can be considered to consist of
water clusters interconnected by hydrogen bonds, the structure of which is
specific depending on the nature of the hydrated particle. This layer is quite
strong, strictly ordered under the action of an electric field, and the water
molecules in this layer are “frozen”. In the process of electrolysis, it moves along
with the ion. An approximate calculation for the solutions with a relatively low
concentration (0.1-0.5M) provides the size of the secondary hydrate shell of 1.5-
2.0 nm (15-20 A), which is commensurate with the pore sizes of the semi-
permeable PA membranes.

The thickness of the layer is determined by the charge density of the ion
(particle), i.e. the ratio of the charge value of the ion (particle) to its diameter. The
average lifetime of water molecules in the hydrate shell depends on the nature of
the particle, the concentration of solutes and temperature. The boundary condition
for the occurrence of such a system (i.e., the concentration of the electrolyte in the
solution) is called the boundary of the complete hydration of the aqueous solution
(HAS). For different electrolytes, this concentration is in the range from 2.14 to
4.63 mol/l.

After pilot tests at 3-Energoortalyk JSC, the surfaces of the PA membranes
have been examined for the content and location of the element composition of
the concentrate on a scanning electron microscope (REM) (Figure 3).
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Figure 3 — The content and location of the elemental composition of the concentrate of the surface
of the PA membranes

When the salt cations and anions, contained in water, interact, the following
reactions occur:

1) Cations form hydroxides

Na*+2H,O — NaOH + H3;0%; Fe?* + 2H,0 — Fe(OH)*+ H;0*;
K*+2H,0 — KOH + H30*; Fe(OH)* + 2H,0 — Fe(OH), + HsO*;
Ca*" + 2H,0 — CaOH" + H30%; Fe3*+2H,0— Fe(OH)?" + H;0";
CaOH" + 2H,0 — Ca(OH),+H3;0*;  Fe(OH)?* + 2H,0— Fe(OH)," + H30*;
Ba?* + 2H,0 — Ba(OH)"+H:0"; Fe(OH),* + 2H,0 — Fe(OH)s; + HsO%;
Ba(OH)* + 2H,0O — Ba(OH),+H3z0*;  Cr3 + 2H,0 — Cr(OH) 2"+ H30%;
Mg?* + 2H,0 — MgOH*+H30%; Cr(OH)?* + 2H,0 — Cr(OH) 2" + H30%;
MgOH* + 2H,0 — Mg(OH), + Cr(OH);* + 2H,0—Cr(OH) s + H3O".
H30+;

2) Anions form acids
Cl'+ H,O — HCI + OH; NOs + H,O — H NOs+ OH";
COs?+ H,0 — HCO3 + OH; S04* + H,0 — HSOs + OH;
HCOs; + H,O — H,COs+ OH, HSOs + H,O — H,SO4+ OH'.

It is almost impossible to unambiguously establish the form of the existence
of particles and their quantitative correlation in the aqueous solutions [5]. In the

10



ISSN 1813-1107, eISSN 2710-1185 Me 4, 2022

pH range of 6-7, the joint presence of the main charged forms of salt ions is
assumed. To prevent the precipitation of larger forms, it is necessary to work with
the ion-dilute solutions in the presence of the background electrolytes, which,
unfortunately, does not meet the conditions of the membrane filtration
experiments which we have accepted. In this regard, we have limited ourselves to
studying the diffusion of the aqueous solutions of salt ion with pH = 6-7, counting
on the manifestation of partial (caused by an increase in pH) ion di/trimerization
in the mass transfer parameters, which should be accompanied by a decrease in
the measured diffusion coefficient.

4. Conclusion

Thus, based on the results of the study of diffusion in membranes, it is
possible to consider a possibility of structural transitions in the transported
systems.

In this work, the difficulties, connected with the qualitative description and
guantitative definition of the parameters of diffusion transport of the solutions of
salt ions in the polymer membranes, were solved, taking into account the pore
sizes of membranes and the pH of the solutions.

It should be noted, however, that the values of the diffusion coefficients of
salt ions in the membranes with the pore radii from 5 to 8 nm at pH = 6.5-7.5 are
generally comparable to salt ions. The revealed features of the diffusion of salt
ions in the PA membranes (exponential dependence of the diffusion coefficient on
the membrane pore radius, pH value) and comparison of the data, obtained with
the available salts, allow us to determine the prospects and conditions for their
separation in the PA membranes.
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Tyiiinaeme. Kipicne. MeMOpaHaiblK Geily >oHE KOHLEHTPALMSUIBIK YPHICTEp CYAbl TYIIBLIAHABIPYFa
apHaJFaH KYPBUIBIMIBIK >KoHE (YHKLIHOHAABIK MaTepualgaplbl OHAIpY MEH OHICYAiH MaHbI3/bI
TEXHOJIOTUSTAPBIHBIH CaHATHIHA >kaTafpl. Kepi ocMoc KYphUIFbIIAphIHA JKYMCAPTBUIFAH CyIbl Oepy Ty3
HOHIApBIMEH MeMOpaHaHBIH JIACTaHY MOCeNeCiH ic kys3iHme mremmeini. MemOpaHa sxacanraH
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MaTepHaN/bIH epiTKiliKe (HEri3iHeH Cy) »OFapbl )KaKbIHIBIFb JKOHE €pPIreH KOMIIOHEHTKE >KAKbIHIBIFbI
TemeH. Tawmanran oObekTinep MeH 3eprrey mnoni — mnonuamun (I1B) Oerinmeri cy Ty3aapbIHBIH
UG dy3usichl — Cyibl epiTiHALIEPAIH KOMIOHEHTTEPIH CeHIM/I MeMOpaHaIbIK 0671y MYMKIH/IITiHE CEHYTe
MyMKiHAiK Oepemi. [TommaMunari memOpaHamapiplH OosaliaFrbl MEH apThIKIIBUIBIKTAPhl MEMOpaHaHbIH
OesiHy KWHETHKAChIH Tajjay Heri3iHge aHbIKTalajabl, [OJHAMHUI MeMOpaHachl 3epTTEeNeTiH TY3
epitinginepine Te3imuinikke ue. Maxcamui. Byl *KyMBICTBIH MakcaThl — IMOJHAMUATI MeMOpaHaiap
apKbUIBI CyJaH Ty3 MOHJAPHIH IpIKTEN aly MEXaHH3MIHiH epeKIIENiKTepi MEH 3aHIbUIBIKTaphIH
3eprrey.Jlommamuari MemOpaHamap apKbUIBl CydaH Ty3 HOHAApbIH TaHJal alyfa CyIbl Ta3apTy
opicTepiHiH MaHBI3BI 30p. Memodonozuscer.IlonnamMunTep Ty3apra eTe CEIeKTUBTI, OipaK oiap apKbLIbL
OTCTIH Cy arbIHBI a3fan TeMeH Oonansl. 2—10 pH nuana3oHbIHZA MONMAMUITEP KEYEKTi KYpBUIBIMBIHZA
ajfrapibikrail esrepiccis 100°C-ka neifiHri eHzey TeMIiepaTypachlHa TeTel Oepe amajsl, OipHeme per
pereHepanusira MyMKIHIIK Oepesi skoHe opTaHbiH pH MoHIHE OaiilaHbBICThI KbIIIKBUIAAP/IbIH KOMIITIriHe
te3imai. Homuowceci.Ilonnamunri MemOpaHajapasl KOJNJaHy apKbUIbl CyIaH Ty3 HOHIAPBIH anyaa
TOXKIpHOETIK ChIHAKTAPBIH HOTIKenepl OoiibiHiia pH = 6-7 aliMarbiHIa Ty3 HOHAAPBIHBIH HETi3ri
3apsinTanFraH  (opMmanapbiHbIH  OipjeckeH Ooiybl aHBIKTaNAbl. YJKEeH (opMmaiapiaslH TyHOAChIH
OonapipMay VIIiH (OHIBIK SICKTPOIUTTEP/IH KATHICYBIMCH HMOHIAPMEH CYHBUITBUIFAH epITiHILIEpMEH
KYMBIC icTey Kepek. Kopuimeinoul.Ocbllaiiilia, HOTHXKeNepre cyiiene orsipbin, pH = 6,5-7,5 kesinge
KeyeK paauycTapbl 5-TeH 8 HM-Te JediHri MemOpaHanapiarbl Ty3 MOHAApPBIHBIH AU(QY3UIIBIK
KO3pULMEHTTEpIHIH  MOHJEpI o[eTTe Ty3 MOHAApbl YLIIH caibicThipMansl  Oomazxsl.  ITA
MeMOpaHaJapbIHAAFEl Ty3 MOHIAPBIHBIH IU(QY3UACHHBIH aHBIKTANFaH epekmenikrepi (qupdysus
k03 UIMEHTIHIH MeMOpaHalapablH KEeyeKTi paauycbiHa, pH MoHIHE SKCIIOHEHIMANIBI TOYEJIUIIr)
XKOHE AJIBIHFAaH MOJIIMETTEpAI YCTAIBIHFAH TY3JapMEH CalbICTBIPY OapbichiHma ITA memOpaHamapblHIa
Oosarrakrarsl THIMALTIT MEH OHBI KOJIIAHY JKarAaiiap/Ipl aHbIKTayFa 30p MYMKIH/IIK Oepei.
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HUCCIIEJOBAHHUE MEXAHU3MA CEJIEKTUBHOI'O HU3BJIEYEHUA HOHOB
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Pesiome. Bseoenue. Ilpouecchl MeMOpaHHOrO pas3feieHys U KOHLUEHTPUPOBAHMS OTHOCATCS K paspsmy
KPUTHYECKUX TE€XHOJIOTHH MONydeHHs: U 00pabOTKH KOHCTPYKIIMOHHBIX M (DYHKIIMOHAIBHBIX MaTepUaioB
Juist obecconuBanus BoJbl. [Tonaua Ha 0OPaTHOOCMOTHYECKHE anapaThl yMIT4€HHOH BOJBI IIPAKTHYECKH
He peraeT npoOiieMy 3arpsi3HeHUs MeMOpaH MOHaMM coyiell. Marepuaj, M3 KOTOPOIrO M3rOTOBJICHA
MeMOpaHa MMEET BBICOKOE CPOJICTBO K PACTBOPHTEINIO (IJIaBHBIM 00pa3soM K BOJE) M HU3KOE CPOJICTBO K
PacTBOPEHHOMY KOMIIOHEHTY. BEIOpaHHBIC 0OBEKTHI U IIpeAMeT HcceqoBaHus - 1uddy3us comeil Boasl
Ha moBepxHocTH  monuamupa (ITA) - HO3BOIAIOT paccUMTHIBATE Ha BO3MOXKHOCTH YBEPEHHOTO
MEMOPAaHHOTO pa3/iefieHHss KOMIIOHEHTOB BOJHBIX pPacTBOPOB. IlepcrmekTuBbl M NpenMylIecTBa
HONMAMUJHBIX MEMOpaH OIpPENeIIOTCS Ha OCHOBE aHAIM3a KUHETUKM MEMOpPaHHOTO pa3feleHH,
MeMOpaHa U3 HOJIMaMHIa MMEeT YCTOMYHBOCTh K MCCIEIYEMBIM COJIEBBIM pacTBOpaM. Llerbio NaHHOM
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paboTHI SABISCTCSA U3y4EHHE OCOOCHHOCTEIl M 3aKOHOMEPHOCTEH MEXaHHW3Ma CEICKTHBHOTO U3BIICUCHUS
HOHOB COJIeH U3 BOABI MMOJHAMHUIHBIME MeMOpaHaMu. Bolblioe 3HaueHHe UMEIOT METOIbI OUYUCTKH BOJIBI
IPU  CEJICKTHBHOM H3BJICYCHHHM HOHOB COJICH W3 BOJBI C IOMOIIBIO IOJHAMHIHBIX MEMOpaH.
Memooonozus. TlomuaMuns! 001aJal0T BBICOKOW CEIEKTHBHOCTBIO II0 OTHOLICHUIO K COJIIM, HO IIOTOK
BOJbI uepe3 HUX HeMmHoro Hike. [Ipu nuanazone pH 2-10 momuamuzabl BBIAEPKUBAIOT TEMIEPATypy
o06padotku 10 100°C 6Ge3 CyIIecTBEHHOr0 M3MEHEHUs TOPUCTOI CTPYKTYPBI, JOMYCKAIOT MHOTOKPATHYIO
pereHepanuo, yCTOHYMBBI K JEUCTBHIO OOJBIIMHCTBA KUCIOT B 3aBUcuMocTH OT pH cpeabl. MemOpana u3
ITA umerot nocTaTo4HO 0OMbBIIYI0 TOMIMHY A0 150 MkM. CTONb TOJNCTHIC MJICHKH MEeMOpaH MPUBOISAT K
PE3KOMY CHIDKEHHMIO CKOPOCTH MaccorepeHoca. OgHako 3TOT d(GQEeKT KOMIIEHCUPYETCs 4pe3BbIYaiiHO
BBICOKOHM MOBEPXHOCTHIO MEMOpaHbI B pacueTe Ha €AMHUIYY 00beMa: y/esbHasi OBEPXHOCTh JIOCTUTAeT
30000 m%/m3. Pesynomamst. Tlo pesyabTaTaM ONBITHO-IIPOMBIIUIEHHBIX HCTIBITAHME NPU H3BIECUEHUH
HOHOB COJICH U3 BOJIBI C MCIIOJIb30BAHHEM MOJIHAMUIHBIX MEMOpaH YCTaHOBJICHO, 4TO B oOnactu pH = 6-7
HPEJNONIaraeTcss COBMECTHOE IPHUCYTCTBHE OCHOBHBIX 3apsDKCHHBIX (opM HMOHOB coueil. [
HPEIOTBPAILCHYS BBIIAJCHNS B 0CaJOK Oosice KPyHHBIX (OpM HEOOXOMMMO paboTaTh ¢ Pa3baBICHHBIMU
[0 MOHAaM DPAcTBOPaMH B IPUCYTCTBHM (POHOBBEIX DIEKTPOIUTOB. 3akniouenue. TakuMm oOpa3oM, Ha
OCHOBaHHUH PE3yJIbTATOB CJICIYET, YTO 3HAUCHHs Kod(duImenToB nuddy3un HOHOB coleil B MeMOpaHax ¢
paauycamu op ot 5 1o 8 um npu pH =6,5-7,5 B 1esomM cousmepumsl Ui HOHOB couieil. BoisBieHHbIC
ocobennoctr auddysun uoHoB coneid B I[IA  MemOpaHax (3KCIOHEHIMAJbHAs 3aBHCHMOCTH
ko3 dunmenta muddy3un ot paguyca mop mMemOpaH, BenmuuuHa pH) M comocraBieHHe MOTYYEHHBIX
JIAaHHBIX C UMEIOLIUMHUCS COJIeH, MO3BOJIAIOT ONPEIENUTh NePCIEKTHBEI M YCIIOBUS UX paszaenenus B [1A-
MeMOpaHax.
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