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Transport of multi-charged cations through cation
exchange membrane by electrodialysis
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The electrodialysis of electrolyte solutions witffetently charged cations was investigated. It was
found that the fluxes of cations through cation hattge membrane in electrodialyzer separated by
alternating cation exchange and anion exchange mamp decrease with increasing charges of cafides.
dependence of fluxes on the current density has klescribed by the exponential saturated curves. Th
interpretation of the differences in the valuedlokes with different charges of cations was ralate the
stepwise mechanism of ion transport.

Keywords: lon-exchange membrane, Electrodialysis, lon trartspultiply charged ions, Stepwise
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NMepeHoc MHOro3apsaHbIX KATUOHOB Yepe3
KaTUOHOOOMEHHYI0 MeMOpaHy npu aneKkTpoananuse
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Pa3paboTan MeTOJ MHOTOCEKIIMOHHOTO 3JIEKTPOANANIN3A C YePEAYIOUIMMHUCS KATHOHOOOMEHHBIMH U
AHMOHOOOMEHHBIMH MeMOpaHaMH, KOTOPBIH Ja€T BO3MOXKHOCTH M3MEpPSTH NEPEHOC HCCIECIYyEeMOIro HOHa
yepe3 oAHy U3 MeMOpaH B IIMPOKOM MHTEpBalle IIIOTHOCTEH Toka. Hamu ObLT MccneoBaH epeHOC HOHOB C
pa3HbBIM 4HCIOM 3apsaoB (HATPUiA, KaNbUHi, ATFOMUHUIT) KaK (YHKLHIO TUIOTHOCTU TOKa. [IpH MIOTHOCTSX
BBILIE TIpeesIbHOM () y3MOHHON ObliIa IOJTyYeHa SKCIOHEHIINAIbHAS 3aBUCUMOCTh ITIOTOKOB OT IUNIOTHOCTH
TOKa BHJa KPUBOM HACBHILIEHHS, IPUYEM ITOTOKH KATHOHOB YMEHBIIAIHNCH C YBEINYCHUEM 3apsI0BOr0 YUCIIa
KaTnoHa. JlJ11 MHTepIpeTaluy yMEHBIICHUS BEJIMYMH ITOTOKOB KaTHOHOB C YBEJIMYEHHEM HX 3apsna Obuia
NPUMEHEHa MOJENb CTaJUHHOIO TPAHCIIOPTA, COITACHO KOTOPOH MHOTO3apsiAHBIC HOHBI MHTPHPYIOT B
HOHOCEJICKTUBHOW MeMOpaHe He OT OJHOTrOo (PMKCHPOBAHHOTO MOHA K COCEIHEMY, KaK OIHO3apsaHbIe, a
OTPBIBAIOTCS IPH JIEMEHTApPHOM TPAHCIIOPTHOM aKTe TOJIBKO OJHOI0 (PMKCHPOBAaHHOrO HMOHA. Benenctsue
9TOr0 MHOT'03apsiiHbIE WOHBI NPH CIIOHTAHHOM BO30YXKICHHUW SHEPrHH IPOXOJAWIIM MEHbIIEE PACCTOSHHE,
yeM ojHo3apsaHble. C IOMOIIBIO TEOPUHM KOHJICHCUPOBAHHOTO COCTOSIHUSI OBIJIO OOBSCHEHO pas3jinyuue
MOTOKOB MOHOB DPa3HOro 3apsija Kak 10 HpenesbHOro Iu(@y3noHHOTO, TaK M ISl CBEPXIIPEAEIHHOTO
1 dy3HOHHOTO TOKa.

KnaioueBble ciaoBa: 1OHOOOMEHHbIE MeMOpaHbl, OJEKTPOAWANN3, HMOHHBIH  TpPaHCIOPT,
MHOT03apsIHbII HOH, IpeAebHbIN TU(]y3HOHHBIH TOKa, CTaMHHBII MEXaHU3M TPAHCIIOPTa
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Introduction

Among main methods of electrochemistry of membnarceesses, electrodialysis
with ion-exchange membranes is the most econonfiicathe desalination of brackish
water with a concentration of less than 8 g/L Biackish water contains predominantly
doubly charged cations of alkaline earth metalsrifguthe electrodialysis of brackish
water in the area of intensive current density,ghenomenon of irreversible dissociation
of water molecules occurs [2], which leads to tlemegation of hydrogen ions at the
interface of solution and cation exchange membrand the hydroxyl ions on the
boundary layer of the anion exchange membranetanddlution [3]. Alkaline earth metal
cations migrating to solutions of concentrate catisthe electrodialyzer separated by
alternating cation exchange and anion-exchange marab and react with hydroxyl ions
to form precipitates of hydroxides and carbonatealkaline earth metal cations, which
block the flow of electricity, slow the mass traogpand generally stopped process with
increasing current density. The electrodialysisaftitions of singly charged ions has been
best studied, in which there is no passivation lg surface of a membrane. The
electrodialysis of solutions of doubly and triplgacged ions was rarely studied but it is
very important for our daily activity. The reasoor fthis is that the lack of adequate
research method, in which the membrane is not blbdiy precipitates of sparingly
soluble electrolytes of these cations. In this pape propose a method of electrodialysis,
in which the concentrations of solutions in altéim@adiluate cells differ substantially. The
basic principle of this method is the dependendeofing diffusion current density on the
concentration, which has been known in the clabsumaks of voltammeter. His work
allows studying the mass transport of ions throogtion exchange and anion exchange
membranes under asymmetric concentration polasizadsf membrane when the limiting
current density exceeding only in one of the irsteef bounding between membrane and
solution of concentrate cell. It allowed avoidifng tformation of precipitates, investigating
dependence of fluxes of cations of the electrotyteheir charges and studying the fluxes
of hydrogen ions generated at the interface oftgoiland cation exchange membrane.

Experimental

Figure 1 shows a diagram of electrodialyzer, whits been used in our
experiments. The apparatus is represented by smapartments divided by alternating
anion-exchange MA-41 and cation-exchange MK-40rbgeneous membranes products
of JSC "Shchekinoazot" between electrodes in whathode is made up of stainless steel
and anode is made from platinum. The source ottticarrent was AIP, which allows
providing the terminals of the apparatus with astant electric current as well as voltage.
The galvanostatic mode was used to apply a constaatric current. A high-impedance
voltmeter was used to measure the electrical palatitference between the terminals of
the electrodialyzer.

The test solution, containing 0.01 mol/L sodiumicicem or aluminum chloride is
passed from the bottom upwards through the dilcate4 of electrodialyzer. In other
diluate cells 2 and 6 a concentration of 0.5 molagtassium nitrate solution was fed. In
concentrate cells 1, 3, 5 and 7 0.02 mol/L of pstam nitrate solution was supplied. Such
choice of difference in concentrations of electredyand determining the dependence of
limiting current density on the concentration isngar to the well known equation of
llkovic polarography. This ensures that the exaegdif limiting current density in the
boundary layer of cation exchange membrane sepgraélls 4 and 5 is 50 times greater
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than it is happened to be in boundary layer of mexchange membrane separating cells 5
and 6. This large interval of current densitiestie solutions allows analyzing the
irreversible dissociation products of water molesulhydrogen ions) flowing to a solution
of cell 5 from solution of cell 4 which are not riealized by hydroxyl ions coming from
cell 6 as the irreversible dissociation productsvater molecules(hydroxyl ions) in this
cell is insignificant amount. Such a method alldasselective concentration polarization
of cation exchange membrane separating solutioreltsf 4 and 5. At the same time, the
chosen experimental conditions help to control lingting current density not to be

occurred on the anion-exchange membrane sepacagiisgs and 6.
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Fig.1. Scheme of electrodialyzer with alternatingpa exchange (A) and cation
exchange (K) membranes. 1- 7 - number of cells.

For the solutions collected from cell 5 of electedgizer, the analysis of sodium and
calcium ions was done using flame emission photemetf model [TAXK-1. The
concentration of aluminum ion in the solution coled from cell 5 was determined after
addition of aluminon as complexing agent using gitsan photometry model 2-FTC
photometer. The pH of the medium was measured fegtdpotentiometry using ion meter
EV-74 connected to glass electrode ESR-10101 aesaited and silver chloride electrode
as reference.

Results and discusions

Upon applying electric potential gradient to thetsyn of electrodialyzer, cations
start migrating from the even number of diluatdsc@l, 4 and 6 in the direction to the
cathode through cation-exchange membrane and amomise direction to the anode
through anion-exchange membrane. Electro-migratfocations from cell 4 to cathodic
cell has been limited due to their little permedpithrough anion-exchange membrane
separating cells 5 and 6.

Electrodialysis of the electrolyte solutions of wod chloride, calcium, and
aluminum was supplied at a constant linear flove @t 0.02 cm/s to a cell 4 at constant
electric current (galvanostatic mode). After theéaBsshment of the constant electric
potential difference, we have recognized that t{eetedialysis process takes place in the
steady state.

The results obtained from the direct continuousvflelectrodialysis of the test
solutions in a steady state are shown in Figuifehg.flux of singly charged sodium cation
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(1) was larger than that of doubly charged calcaation (2), and the flux of triply charged
aluminum cation (3) was the lowest.

The primary process in the transport of ions indased matter is thermal
fluctuation, the probability of which is expresdsdthe equation

n E
p =£ = exp(—k—ij, @)

Ng- The number of ions with enerfpy, Ng - the total number of ionsky - the

activation energyk - the Boltzmann constant, - the absolute temperature. Replacing the
statistical average over the ensemble averagetionery the ratio was obtained for the rate
of stochastic (Brownian) motion.
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Fig. 2. Dependence of fluxes of sodium (1), calc{@nand aluminum (3) ions
through cation-exchange membrane in the electiggigabf their chloride solution
on current density

V:'exp(_Eaj' (2)
7o KT

| - Distance of the elementary juntlp, - time of fluctuations in the equilibrium state.

When applying the system of generalized thermodymdarces into a direct motion of
ions, it defines the difference rates of electrgmation of ions in the direction of the
applied electric potential gradient and againsTite flux of ions through the membrane
was obtained by the equation

2
Ji=(V-v)C = "Gz F( grad¢)exp (—Ej, (3)
21'0 KT KT

in whichC; - concentration of ionsz; - number of charges of ibn F - Faraday’s
constant,@ -electric potential. Calculating the fluxes of $ousing equation (3) at present
time is impossible due to the lack of a method efsuring time of oscillations of counter
ions in the potential well of fixed ions, but ituseful to understand how the fluxes of ions
depend on their charges [4].

For a discussion of the flow of ions in an ion extage membrane we introduced a
model representing the stepwise mechanism of elacigration of multi-charged ions.
Fig. 3a shows a model of electro-migration of singharged cation through cation
exchange membrane. In this case with each jummtenion may go from one fixed ion
to the neighboring one. However, for the explamata electro-migration of multiply
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charged ion, it is important to understand thatghabability of fluctuations that ensures
separation of a counter-ion simultaneously fromfiakkd ions is extremely small and is
determined by the product of the small probabibfyseparation of counter-ion from a
fixed ion [5]

P=[]Ppi 4)

2+ 2+

Ca Ca
@ @
Fig. 3. Scheme of electro-migration of singly cletrgodium ion and doubly
charged calcium ion

Disparagingly small probability of simultaneous at#ting of multiply charged
counter-ion leads to the conclusion that it is gmesn the first step of separating multiply
charged ion only from one of the potential wellfiied ion. In this regard, the doubly
charged ion, having energy equal to the energyifaion passes only half-way between
the fixed ions (Fig. 3b). To go all the way equathe distance between the fixed ions it is
necessary to separate doubly charged counter-oon fine second fixed ion. Since singly
charged ion passes this distance in one jump,dgbaten (3) must be set to the valudor
singly charged ionl / 2 for doubly charged ions and, accordindly,3 for triply charged
ion. Considering in equation (3), the distance leetwfixed ions is presented in the form
of square, and this leads to a significant diffeezim the fluxes of differently charged
counter-ions. Multiplying the fluxes with the nunmbaf charges in equation (3) to some
extent compensates for these differences, butgtiie logical to explain the nature of the
differences between the fluxes of singly, doublg amply charged cations, as shown in
Fig. 2.

Conclusions

A method of electrodialysis with alternating ratibconcentrations of solutions in
the diluate cells was proposed for the study adcale transport of ions through one of the
membranes

It is shown that with increasing number of chargksounter-ions the fluxes of the
ions decrease. The dependence of the fluxes of aanthe current density is given by
exponential saturated curves. Stepwise mechani$nof[&ansport of multiply charged
ions was applied to interpret their transport rafarion-exchange membranes.
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