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Influence of Salinity and pH of Solution on Partition
Coefficient of Ion at Solution-Charged Media Interface

Yoshimi SrIpa

Abstract

Influence of salinity and pH of solution on the partition coefficient of cesium; K, ¢, at solid-
liquid interface in charged media contacting with the saline solution was investigated based
on the equilibrium chemical reaction model with ion-exchange, dissociation of water and
dissociation of the fixed charge in the media. The K., was estimated by the theoretical
model simulation to be decreased with the increase of salinity and pH of solution. The K,
shows a constant value in dilute saline and acidic pH solution. When the salinity decreased
below 10°M, the K, ., tends to show a constant value (plateau region appears at small salinity
region). The plateau region of the K, extends to high salinity region with the decrease of
solution pH. The K, ., increases in each condition of salinity and pH in the media with larger
charge density.
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1. Introduction

In the previous work, a model that described unsteady state transport of ions through a
charged media with ion-exchange reaction was constructed (Seida et al., 2009). System of
the model is as follows. Suppose a through-diffusion test method configuration for
measurement of effective diffusion coefficient, D,, of target ion (B’) in a charged media with
ion-exchange, as described schematic diagram of the method in Fig.1. Schematic diagram of
the system with initial ion and potential distributions is shown in Fig.2. The media is
equilibrated with aqueous 1:1 type electrolyte salt (A'C) solution with its concentration, C;,.
The model equations describing the system are shown in Eqs. (1) ~ (13). The parameters
with overline indicate those in the charged media. The subscript 0 indicates initial value.
Transport of ions was considered based on Nernst-Plank model shown by eq.(1). First term
of right side of the Eq.(1) indicates diffusion of ion and the second term indicates migration
due to electric potential gradient that is produced by the transport of ions. Nernst-Einstein
relation was used for electrochemical mobility of ions (Eq.(2)). Egs.(3) and (4) indicate
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Fig. 1 Through-diffusion test configuration and breakthrough curve for determination of D,
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Fig. 2 Schematic diagram of ion and potential distributions of the system at initial condition

electro-neutrality and dissociation of water. Donnan equilibrium was supposed at the
interface between outer solution and the charged media. Partition of each ion and difference
of electric potential at the interface were determined based on Donnan equilibrium theory
(Eqgs.(5) and (6)). Electric potential distribution that is produced due to the transport of
ions was considered in the model. The counter ion, B* diffuses with ion-exchange with
original counter ion, A" of charged site X in the media. Eq.(7) indicates ion-exchange
equilibrium constant for the reaction. Eq.(1) was introduced into net charge balance shown
by Eq.(8) in order to obtain the equation for calculation of the electric potential distribution
based on the transport of ions. The obtained equation is the same form with the Poisson-

Boltzman equation.
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Boundary conditions

Equation for the calculation of D, in the through-diffusion test method

C =C, K" (i=A",C,t20,0<x<L)
C=C, (i: A*,C’,tZO,x:O,,L+)
Cp=Cyo(t20,2=0.)

Cp=0 (t20,2=L,)

t
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ALC,, ! 6

(10)
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(12)

(13)

(14)
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The partition of mobile ions between the charged media and contacting outer solution is
defined by Donnan ratio; K* (concentration ratio of mobile ions between in the outer solution
and in the charged media). In the case of 1:1 type electrolyte (A'C) simple system without
any competitive counter ions, the Donnan ratio of each ion can be shown in Eq.(15) as the
function of concentration of ion in the outer solution C, and the concentration of fixed charge
Z‘X when the ions in the charged media are mobile irrespective sorbed or not (Hanai, 1979).
The electric potential difference produced due to the Donnan equilibrium at the boundary

can be shown by Eq.(16). It is also the function of C, /Cy.

K = L
— 2 2 —
O[] 425 (15)
2C, C,) 2C,
ap- KT L [_—] Q)5 16
F C|\\ 2 Cy 2

The D, of diffusant B" is obtainable based on breakthrough curve in the through-diffusion
test under constant concentration in upper reservoir. The equation determining the D, from
the breakthrough curve in the through-diffusion method is shown in Eq.(14). From the
slope of breakthrough curve obtained from the model simulation, D, was determined. One
set of the equations was solved numerically using the initial and boundary conditions shown
in Egs.(9) ~ (13) to evaluate transport dynamics and reliability of the D, obtained by the
through-diffusion test method in the previous work. The model simulation gave results that
the D, determined by the breakthrough curve of through-diffusion test method increased
monotonically with decreasing salinity in the contacting solution. When the concentration of
target is small compared with the concentration of background salt in outer solution, K, of
the target at the solid-liquid interface closes to a constant value. Increase of D, of target with
the decrease of salinity in the contacting solution will occur due to the principle of
determination of D, based on the Eq.(14). However, the D, obtained by the procedure is not
true D, because it is obtained using concentration gradient determined based on the Donnan
equilibrium (influence of boundary condition setting). The D, value corrected by the
Donnan ratio K* gives true D, value in the simulation. This unexpected error is induced due
to the boundary condition determined based on the Donnan equilibrium theory. Research
from viewpoint of influence of pH and salinity of solution on the partition coefficient at the
interface will give an important insights into the phenomena that control the partition at the
interface.

In the present study, model analysis considering the influence of salinity (1:1 type support
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electrolyte) and pH of solution on partition of dilute Cs diffusant ; K, in charged media
contacting with saline solution was performed. The influence on the K., was examined

theoretically based on equilibrium chemical reaction model.

2. APPROXIMATED THEORETICAL MODEL OF Na-Cs-H
TERNARY ION-EXCHANGE SYSTEM

Binary model considering Cs-Na ion-exchange was not able to explain the saturation of
K, in dilute salinity condition. The K, at the solid-solution interface increased
monotonically with the decrease of salinity in the binary exchange model. Then, theoretical
model for Cs-Na-H ternary ion-exchange system was constructed. The model considers
mass balance of each ion, ion-exchange equilibrium between H and Na as well as between
Na and Cs, and dissociation (protonation) of charged site as a function of solution pH. The
mass balances for Na*, Cs* and X (fixed anionic charge site in the charged media) are shown

in Eqs.(17) ~ (19), respectively.

Cuw + Crx = Cr  +Crao (17)
Coo +Cex =Cry +Ceio =Cy (18)
éNax + CCSX + EHX =Q (19)

Equilibrium ion-exchange constants; K, ; for Na-Cs and H-Na exchange system are shown
in Egs.(20) and (21), respectively. Dissociation of water is shown in Eq.(22). Introducing
Egs.(20) and (21) into Eq.(19), Eqgs.(23) and (24) are derived using Egs.(17) and (18).
Then, Eq.(25) are derived introducing the Eqgs.(23) and (24) into Eq.(20). Eqgs.(23) and
(24) were calculated using Eq.(25) with given salinity (Cy,) and pH (Cy). Finally, K, , was
calculated using Eq.(26). When the concentrations of Na*, Cs’, and H" (solution pH) were

given, the K, ¢, can be determined.

K. CoC..

KCS-Na == _CSX - (20)
KNa CNaXCCS+

K,y = B - o (21)
KNa CNaXCH+

C.C =K (22)
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C _ QCN3~ - CNaX (CE3+ +KH—NaCH* ) (23)
o KCS»NaCNaX

Cox =C

T Ve CCs*

o) 24
~QC,, ~Cux(Cyp +KuniCyp + KeoniCoy. ) (24)

CsNa™ cg* 0
K

Cs-Na CNaX

b+ 244 (Cy, + Ky Oy )K e QC2,
2(CN3+ +KH—NaCH+)KCera (25)
b=-QC,, Keono+ Co + Kint G G + Ko G, G

Cs-Na “'Ng

CNaX =

_Cex 1
d,Cs CCS+ g/p

) —QCM+5N3X(CNH++KH_N3CH++K C )

Cs-Na™cs* 0
KCs—Na CNaX

(26)

~QC,, +Cyx (Cyp + KiinaCptKeonaC

_ Cs-Na Cs*,O)B

QC,. ~ Cux (Cp *KiniCy) £

Numerical calculation of the ternary ion-exchange model was performed as follows. First,
using equilibrium relation of Cs-Na and H-Na ion-exchange reactions, concentration of NaX
was calculated as a function of Na (salt) concentration and pH. Then, concentration of Cs
was calculated as a function of concentration of proton (pH) and NaX (Eq.(23). Next, from
the mass balance of Cs (Eq.(18)), concentration of CsX was calculated (Eq.(24)). The
partition coefficient K, ¢, at the interface was calculated using the calculated concentration of
Cs and CsX. The parameters used in the present simulation are summarized in Table 1.
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Table 1 The parameters used in the simulation

parameter value unit

Q 60, 30 mol/1
Kya 20

K 21.6

K, 21.88

Keona 39.810

Kiina 75.0

0 1600 g/1

€ 0.4034

K, 10 mol%/1*

3. Results and Discussion

Fig.3(a) indicates the calculated K, as the function of salinity and solution pH. The
results indicates that the K, decreased with the increase of concentration of Na (salinity).
When the salinity decreased below 10°M, the K, tends to show a constant value (plateau
region appears at small salinity region). The plateau region of the K, -, extends to high
salinity region with the decrease of solution pH. Fig.3(b) indicates the result in the case of
half charge density of the media compared with the case in Fig.3(a). The K, value
decreases in the small @ system. The results indicate that the K, saturates to a constant
value in dilute salt salinity and low pH condition.

In the case of measurement of effective diffusion coefficient D, in charged media by
through-diffusion test method, the boundary condition that determines concentration
gradient for diffusion of target in the media depends on the partition at the interface between
the contacting solution and the charged media. The gradient that should be used in the
calculation of the D, is not a simple concentration difference of target between upper and
lower reservoirs. The use of Eq.(14) needs consideration for the treatment of concentration
gradient for acceptable D, determination.
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Fig. 3 The simulation results (a) & =60, (b) @ =30

4. Conclusions

The K, at the interface between the charged media and the outer solution depends on
salinity and pH of contacting solution. At alkaline condition, the K, increases with
decreasing the salinity (concentration of NaCl) monotonically. The K, -, shows platue at
small salinity condition depending on solution pH. The plateau region of the K., extends to
high salinity region with the decrease of solution pH. When applying the Donnan equilibrium
at the interface between charged media and its outer solution, ternary ion-exchange model
gives acceptable results of partition at the interface.

Nomenclature

A: cross sectional area of media in through-diffusion test method [m?]

C:: concentration of ion species ¢ [mol/L]
C: concentration in solution [mol/L]
Cx-;:  concentration of species 7 adsorbed to the charge site X [mol/L]
C: initial concentration of spece ¢ [mol/L]
D,: effective diffusion coefficient [m?/s]
F: Faraday's constant [C/mol]
k: Boltzman constant [m’kg/s”/K]
K,;: partition (distribution) coefficient of species 7 at [kg/L]
K,;:  ion-exchange equilibrium constant (-]

K;: dissociation constant of species 7 [-]

K, : dissociation constant of water [mol’/1*]
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K*: Donnan ratio

L: thickness of charged media

é, P:  electric potential

Q: mole of charged site

Q(t) : amount of target in the lower reservoir

R: gas constant

t: time

T: absolute temperature

u: electrochemical mobility

X coordinate along media thickness
X: fixed charge

z: valency

a: retardation factor

I porosity

o: density of charged media

@ Donnan potential

Subscript

0: initial condition

Cs-Na: ion-exchange between Cs and Na
H-Na: ion-exchange between H and Na
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