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Abstract. In this work the generation of hydrogen ions in solutions of multi-charged cations was
study by ion exchange membrane electrodialysis. The pH of solution of cell 5 was measured for the
solutions containing sodium, calcium and aluminum chloride passing through cell 4 of the electro-
dialyzer to investigate irreversible dissociation of water molecules. And the fluxes of hydrogen ions
through cation exchange membrane separating cells 4 and 5 were investigated for each solution. The
flux of hydrogen ions in solution containing sodium chloride is higher than that of solutions contain-
ing calcium and aluminum chloride. This is because of the retention of water molecules in hydration
shell of solutions containing multi- charged cations is stronger than that of solution containing singly

charged cation.

Keywords: hydrogen ions generation, cation-exchange membrane, anion-exchange membrane,
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INTRODUCTION

T.R. E. Kressman and F. L. Tye in 1956 introduced
the concept of the limiting current density with elec-
tro-migration of ions through ion-exchange membranes
and they found that in contrast to the metal — solution
boundary layer, current flows through the ion exchange
membrane is due to the transport of ions across the
interface of the medium [1]. B. Cook found that the
flux of hydroxyl ions through the anion exchange
membrane substantially greater than the flux of hydro-
gen ions through the cation exchange membrane [2].
The difference in the rates of generation of hydrogen
and hydroxyl ions in the boundary layer of solution —
anion exchange membrane and solution — cation
exchange membrane leads to an increase in the pH of
solutions of concentrate cells of electrodialyzer sepa-
rated by the alternating anion and cation exchange
membranes. In the electrodialysis of an electrolyte
solutions containing singly charged cations, principal-
ly the change in pH does not affect the process, how-
ever, in the electrodialysis of the solutions containing
doubly and triply charged cations, the change in pH
leads to the formation of sparingly soluble hydroxides
in the concentrate cells of the electrodialyzer, which
blocks the surface of anion exchange membranes, and
increases the electrical resistance of the electro-mem-

brane system and contributes to the termination of
transport process.

In the study of the processes taking place in elec-
trodialysis, in the area of over limiting current density,
there was a problem of neutralization of hydrogen ions
by hydroxyl ions in solutions of concentrate cells. In
this connection, the pH measurement gives information
only about the flux of hydrogen ions through the cat-
ion exchange membrane and distorts the information
about the flux of hydroxyl ions that partially entering
into the neutralization reaction of hydrogen ions. In
the previous work done the method have been proposed
that allows measuring the fluxes of hydrogen ions
through cation exchange membrane and hydroxyl ions
through anion exchange membrane in electrodialysis
solutions of singly charged ions [3]. In the present
work, the flux of hydrogen ions through the cation
exchange membrane in electrodialysis of solutions of
multi-charged cations were investigated, which led to
the formation of precipitates of metal hydroxides and
inactivation of the membranes.

EXPERIMENTAL METHOD

Fig. 1 shows a diagram of an electrodialysis con-
taining seven compartments separated by alternating
anion exchange membranes MA-41 and cation ex-
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change membranes MK-40, manufactured by “Shchek-
inoazot”. Anion-exchange membranes were prepared
by compressing a mixture of a highly basic anion ex-
changer AV-17, having benzyltrimethylammonium ion
as a fixed group (2/3), and polyethylene as inert filler
material. Cation exchange membranes were prepared
by compressing strongly acidic cation exchanger
KU-2, having a sulfo-cation exchanger as a fixed group
(2/3), and polyethylene as inert filler material.
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Fig. 1. Schematic diagram of electrodialysis containing 7
sections. A — anion exchange membrane, K — cation ex-
change membrane
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Electrolyte solutions are dipolar electrical conduc-
tors of the second type, in which electric currents are
carried by the mass transport of cations and anions.
Fluxes of ions in solutions are related to the current
density with the relation (1) where ; is the current
density and ¢, is transport number of ions:

Ji,
J==L"1 1
o (1)

Unlike solutions, the ion exchange membrane is a
unipolar electrical conductor in dilute solutions of
electrolytes:

- jt
Ji=— 5 (2)
.
where 7, — the transport number of counter-ions in

the ion exchange membrane. In the boundary layer
between membranes and solutions, electrical fluxes of
counter-ions in the membrane and solution are not

equal due to a change in conductivity type from dipo-
lar to unipolar

3)

and the developed potential difference compensates
for the diffusion flux:

Jj(ti— f‘-) _
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where D, — coefficient of diffusion of electrolyte,
C, — concentration of solution outside the diffusion
boundary layer, C_— concentration of the solution at
the interface boundary layer,  — the thickness of the
diffusion boundary layer. From equation (4) for the
current density we obtain:

._zFD(C,-C,)
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Upon reaching the limiting diffusion current the

condition where C_ = 0 is attained, which is called a

mathematical approximation as a constant electric

current could not pass through zero interfacial concen-

tration. In the context of this approximation, the lim-

iting diffusion current density is determined. The

thickness of the diffusion boundary layer can be de-

termined by laser interferometry or it can be calculat-
ed by the equation (6) taken from [4]:

§=r‘(i]3’30_dh , 6)
3 %

where I — gamma function, d — inter-membrane
distance, 1 — path length in the cell of continuous
direct flow of electrodialysis, v — average linear flow
rate of the solution in that cell of electrodialyzer. Cal-
culation of the thickness of the diffusion boundary
layer at a linear flow rate of 0.017 cm/s for 0.01 mol/L
sodium chloride solution gave a value of 0.097 cm.
Substituting this calculated value in the equation (5)
the limiting current density was obtained to be
0.255 mA/cm? for the same solution in cation-exchange
membrane MK-40.

The test solutions of metal chlorides (sodium
chloride, calcium chloride and aluminum chloride) of
concentration 0.01 mol/L were supplied into cell 4 of
the apparatus with a linear flow rate of 0.02 cm/s, into
the diluate cells 2 and 6 a concentration of 0.5 mol/L
solution of potassium nitrate and into cells 1, 3, 5 and
7 a concentration of 0.02 mol/L potassium nitrate
solution were supplied. The cations of test solutions
were migrated from cell 4 to cell 5 through the cation
exchange membrane and anions of the solutions were
migrated to cell 3 through anion exchange membrane.

C(: _C.\- , (4)
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The pH of the solutions of cell 5 was measured poten-
tiometrically after collecting the outlet of the solutions
from the electrodialysis in 100 mL volumetric flask
using a glass electrode as indicator and silver chloride
electrode as a reference.

The special feature of the current method is that
the use of a large difference in the concentrations of
electrolytes in diluate cells 4 and 6, which were 0.01
and 0.5 mol/L respectively. Since the value of the
limiting current density is a linear function of the
concentration of electrolyte solutions, 50 fold differ-
ence in concentrations of the electrolytes in cells 4 and
6 allows the current density to exceeds its limiting
value in the boundary layer of cation exchange mem-
brane separating the solutions of cells 4 and 5, but in
this case the limiting current density in the boundary
layer of anion exchange membrane separating cells 5
and 6 was not attained.

RESULTS AND DISCUSIONS

Fig. 2 shows the dependence of the fluxes of hy-
drogen ion on current density for the solutions con-
taining cations of different charges. The highest flux
was obtained with the electrodialysis of electrolyte of
sodium chloride with 1—1 charges (1), less value of
the flux of hydrogen ion was observed in electrodial-
ysis of calcium chloride containing doubly charged
cation (2) and the minimum flux of hydrogen ions was
obtained during electrodialysis of aluminum chloride
solution (3) containing triply charged cation.
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Fig. 2. Dependence of the fluxes of hydrogen ions through
cation exchange membrane separating sections 4 and 5 on
the current density

Let us consider the causes for different rates of
generation of hydrogen ions. Fig. 3 shows a diagram
of the electro-migration of ions of electrolyte through
the cation exchange membrane. The cations of the
electrolyte solution migrate through selectively per-
meable cation-exchange membrane toward the cath-
ode. When the current density exceeds its limiting
value in the boundary layer, a process of irreversible
dissociation of water molecule takes place, which is
the only one of the dissociation products hydrogen ions
migrate irreversibly through the cation exchange mem-
brane into the adjacent concentrate stream 5 [5].

MK

Fig. 3. Scheme of electromigration of cations and irrevers-
ible dissociation of water molecule on the interface system
of cation-exchange membrane and the solution

Dissociation process involves the hydration of each
of the ions formed in the solution. The hydroxyl ions
remain in the solution of cell 4, which migrate toward
the anode, but on the way towards migration it meets
with hydrogen ions formed from irreversible dissoci-
ation of water molecules in the boundary layer between
the solution and the anion exchange membrane. As a
result of this, the irreversible recombination reaction
takes place to form water molecules. Principally this
process takes place in electrodialysis of the salt solu-
tions of singly as well as multi-charged cations. How-
ever, it was observed that the flux of hydrogen ions in
electrodialysis of salt solution of singly charged cation
have been significantly greater than the fluxes of hy-
drogen ions in the electrodialysis of the salt solutions
of doubly and triply charged cations (Fig. 2).

In the study of transport of hydrogen and hydroxyl
ions through the ion exchange membranes in the con-
dition of over limiting diffusion current, it was suggest-
ed that electro-migration of hydrogen and hydroxyl ions
from the boundary layer leads to its dehydration in the
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solution of their origin [6]. As a result, this process slows
down the irreversible dissociation of water molecules,
decreases the swelling of a membrane and consequent-
ly reduces the rates of electro-migration. However, in
place of migrated ions of water molecules into the
boundary layer, water molecules diffuse from bulk
solution of cell 4. The rate of diffusion of water mole-
cules into the boundary layer depends on the strength
of its retention in the hydration shell of the electrolyte.

In previously conducted quantum chemical calcu-
lation for energies of hydration of ions [6], it was found
that the hydration energy of ions depends on the num-
ber of charges of ions. Multiply charged ions have a
higher energy of hydration than singly charged ion and
hence strongly retain water molecules in hydration
shell. Singly charged ions are hydrated to a lesser
extent, which provides a fast diffusion flux of water
molecules into the boundary layer. Fig. 4 shows the
dependence of the fluxes of hydrogen ions on energy
of hydration of ions. Hydration energy of ions was
calculated using ab initio quantum chemical method
LCAO MO. The exponentially decreasing dependence
of fluxes of hydrogen ions through the cation exchange
membrane on the energy of hydration of ions was in-
vestigated in the electrodialysis of salt solutions of
differently charged electrolytes.
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Fig. 4. The dependence of the fluxes of hydrogen ion on the
hydration energy of cations

CONCLUSION

The pH of the solutions of cell 5 was measured
as a function of current density to investigate the
change in pH of the medium due to the transport of
hydrogen ions from cell 4 to cell 5 through cation-ex-
change membrane for the test solutions containing
sodium, calcium and aluminum chloride. It has been
shown that the fluxes of hydrogen ions increase
exponentially for all solutions with increasing cur-
rent density.

The dependence of the fluxes of hydrogen ions
generated in the boundary layer between cation-ex-
change membrane and solution was investigated for
salts of multi-charged ions on their charges, and it was
shown that the magnitude of fluxes of hydrogen ions
decreases with increasing the number of charges of
ions of electrolytes of diluate solutions.

The nature of the diffusion of water molecules into
the boundary layer between cation—exchange mem-
brane and the solution was established. The depend-
ence of fluxes of hydrogen ions on the retention of
water molecules by hydrated cations in hydration shell
was studied and it was shown that the fluxes of hy-
drogen ions decrease exponentially with increasing
energy of hydration of the ions.
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TEHEPALIUSI BOOJOPOJHBIX HOHOB HA MEXK®A3ZHOUN I'PAHUIIE
KATUOHOOBMEHHOI MEMBPAHBI 1 PACTBOPA
MHOI'O3APAIHOI'O JIEKTPOJIUTA ITPU JIEKTPOINAJIU3E
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AHHoTanus. Mexdas3Has rpaHIIIa HOHOOOMEHHOH MEeMOpPaHBI M PACTBOPA pa3ieisieT YHUTIOIAPHBIC
U JIMIIOJISIPHBIC MPOBOJHUKHU DJIEKTPUYECTBA BTOPOrO poja. Pa3HOCTh ANEKTPHUUECKUX TMOTOKOB
MPOTUBOMOHOB KOMIIEHCHUPYETCS MOJIEKYJSIpHO# tuddy3ueit. [Ipu mpeBbiiieHun mpeaeinbHoro aud-
(y3MOHHOTO TOKa MEPEeHOC AIEKTPUYECTBA OCYHIECTBISETCS] BOIOPOIHBIMUA HOHAMH, 00pa3yoIu-
MHUCS TP HEOOPATUMOI TUCCONMAIIMN MOJIEKYIT BOJBI Ha Mek(a3HOH rpaHHIle MEMOpaHa — pacTBOP.
E€ npuuuHoii siBisieTcst HeoOpaTuMast SJICKTPOMUTPALIUS BOAOPOAHBIX HOHOB Yepe3 KAaTHOHOOOMEH-
HYI0 MeMOpaHy Ipy [PUIIOKESHUH TPaAUeHTa IEKTPUUECKOro MoTeHuana. B padore npuBeaeHsl
Ppe3yJIbTaThl U3MEPEHHS [TOTOKOB BOIOPOIHBIX HOHOB Kak (DyHKIIHMiI MI0THOCTEH ToKa. [TokazaHo, 4To
MOTOKH BOZOPOIHBIX HOHOB IIPH AJICKTPOAUAIN3E COJIEH IKCIIOHEHIINAIBHO YBEINYUBAIOTCS C POCTOM
TUIOTHOCTH TOKA M YMEHBIIIAIOTCS C YBEJIMYCHHEM 3apsi/ia IPOTHBOMOHA. YCTAHOBIICHO, YTO IPUYHUHOM
YMEHbIICHUS TOTOKOB BOJOPOIHBIX HOHOB C YBEIMUCHUEM 3apsiia KATHOHOB SIBJISIETCS yBEIMYCHUE
MOH — JIUTIOJILHOTO B3aMMOJICUCTBHUS TIPH THAPATALINH, YISPKHUBAIOIEEe MOJIEKYJIbI BOJIbI IIPOTHBO-
MOHAMH Ha MeX(a3HOU IPaHHUIIC.

KaroueBble ciioBa: reHepanusa BOAOPpOJHbIX HOHOB, KaTHOHOOOMEHHAs M6M6paHa, aHMOHOOOMEHHAs
M€M6paHa, QJICKTPpOArAIN3, TUApATallUA, MHOT'O3apAAHBIC KATUOHBI.
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