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ABSTRACT

We describe the transport of ions and dissociation of a single salt and a

solvent solution in an electrodialysis (ED) stack. An ED stack basic unit

is made of a two-compartment cell: dilute and concentrate. We use the

fundamental principles of electrochemistry, transport phenomena, and
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thermodynamics to describe mechanisms and to predict the performance of

the ED process. We propose and analyze three model formulations for a

single salt (KCl). The first and the second models are for a one- and

two-dimensional continuous ED, and the third examines batch ED. The

models include the effect of the superficial velocity in the boundary layer

near the ion-exchange membranes. We examine the diffusion and electro-

migration of ions in the polarization region and consider electromigration

and convection in the bulk region. We show that the ionic surface concen-

tration of both membranes in the dilute compartment is affected by two

parameters: flow rate and current density. We also show that in the dilute

compartment, concentration changes along the x-axis are greater than

along the y-axis because the ionic flux along the x-axis is greater and is

in the direction of the current. In simulations where the KCl dilute concen-

tration ranges from 200 to 500molm23 with a constant concentrate

concentration, the dilute voltage drop accounts for more than 36% of the

total voltage drop. This value is reduced to 7% as the dilute concentration

increases and contributions of both ion-exchange membrane drops account

for more than 50% of the total cell voltage drop. All the three models were

validated experimentally.

Key Words: Electrochemical modeling; Electrodialysis; Membrane;

Electrochemical separation; Ionic solution.

INTRODUCTION

Electrodialysis (ED) is an electrochemical process used for removing ions

in an aqueous solution. The application of an electrical potential difference

between two electrodes in contact with membranes and an aqueous ionic

solution generates an electric field. The electric field creates the basis for

the migration of ions across ion-exchange membranes. The basic ED unit

is a two-compartment cell, with dilute and concentrate compartments side

by side.

The ion-exchange membranes used in ED are thin, uniform sheets contain-

ing a fixed charge.[1] The fixed charges attached to the polymer chains of the

membranes reject ions of the same charge (co-ions).[2] As a result, the mem-

brane maintains a relatively high concentration of counter ions. These counter

ions carry most of the electric current through the (anion-exchange or cation-

exchange) membrane. The transport of counter ions occurs by diffusion and

by migration between the membrane and the surrounding solution.

The objective of this work is to understand and predict the transport

mechanisms of potassium chloride through ion-exchange membranes with

potential used in ED. Computer simulations of transport of potassium chloride

Moon et al.2532
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across ion-exchange membranes provide information on the behavior of ion

transport at the molecular level and for batch process.

In the present paper, the electrochemical transport phenomena of the ion-

exchange membranes were developed. The potassium chloride concentration

in the membrane was determined at any given position by a set of electroche-

mical parameters determined experimentally or found in the literature. On the

other hand, electrochemical models, which were studied in detail by consi-

dering the concentration profile, superficial velocity, voltage, and current

distribution, were applied to the study of continuous and batch ED.

A schematic illustration in Fig. 1 shows some of the ion fluxes present in a

cation-exchange membrane located between a dilute and a concentrate com-

partment. In reality, flow is three-dimensional (3-D) but can be approximated

as 2-D for modeling purposes. The solution being processed flows along the

y-axis and is perpendicular to a direct electrical potential (x-axis).

THEORETICAL CONSIDERATIONS

The following assumptions were made for the ED model: (1) quasi-steady

state; (2) concentration-independent diffusion coefficients, mobility, and

transport number; (3) complete dissociation of ions; (4) average boundary

layer thickness; (5) uniform flow distribution away from the boundary

layers (in the bulk fluids); (6) ideal membranes (100% exclusion of co-ions

in both ion-exchange membranes types); (7) incompressible fluid; (8) negli-

gible diffusion and migration (based on the Pe number, 8.0 � 106) along

the direction of the bulk flow in comparison with convective transport in

the solution phase; (9) negligible convective transport in the direction perpen-

dicular to the membranes in comparison with diffusion and migration in the

solution phase; and (10) identical voltage drop for each cell pair.

Model Around the Membranes

The Nernst–Planck equation is the basis for characterizing ion transport

in the solution phase:[3–7]

Ji ¼ ÿniuiCiFrQÿ DirCi þ Civ ð1Þ

The subscript i refers to species i; Ji, the flux of species i; ni, the valence of

species i; ui, the mobility of species i; Ci, the concentration of species i; rQ,

the potential difference; Di, the diffusion coefficient of species i; F, the

Faraday constant; and v, the fluid velocity.

Computational Modeling of Ionic Transport 2533
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The first, second, and third terms in Eq. (1) represent gradients in poten-

tial, concentration, and momentum, resulting in electromigration, diffusion,

and convection, respectively.[8]

Membrane Phase Mass Transport

We first consider the membrane phase mass transport. We use the KCl

(salt) and water (solvent) system as an example. For the single salt under

study, the ionic species are Kþ and Cl2. The mass flux of each ion in the mem-

brane, J̄i, is also represented by the Nernst–Planck equation, as follows:[2,9]

�JJi ¼ ÿ �DDi

d �CCi

dx
þ ni

�CCiF

RT

d �QQ

dx

 !

ð2Þ

Subscripts i ¼ 1, 2 refer, respectively, to Kþ and Cl2; D̄i, the diffusion coeffi-

cient of species i in the membrane; and C̄i and Q̄, the concentrations of species

i and the potential in the membrane, respectively.

Because of the electrostatic repulsion of co-ions by the fixed-charge

group, only the counter ions absorb onto the fixed-charge sites. Counter

ions migrate through a membrane when a potential gradient is applied and

are freely exchanged at these fixed-charge sites. We assume that each

absorbed counter ion is attached to an individual fixed-charge site. The con-

centrations of fixed-charge sites and absorbed counter ions adjust so that

any small-volume element of membrane remains electrically neutral:[5,10]

X

jnij �CCi ¼ QAM or QCM ð3Þ

QAM and QCM refer to the capacities of anion- and cation-exchange mem-

branes. For the single salt under study, each ion-exchange membrane type

has only one counter ion. The capacity of each ion-exchange membrane is a

known value. The current density, Ī, in the membrane is defined as:

X

ni �JJi ¼
�II

F
; in a single salt ni �JJi ¼

�II

F
ð4Þ

Based on the above assumptions, d C̄/dx ¼ 0 and reformulating Eq. (2)

gives the linear voltage drop, d Q̄/dx, in the cation- and the anion-exchange

membranes:

d �QQ
CM or AM

dx
¼ ÿ

RT �II

n2i F
2 �DDi

�CCi

; i ¼ 1; 2 ð5Þ
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Dilute and Concentrate Solution Phase Transport Along

the x-Axis (1-D Continuous Model)

Consider the mass flux of species i in either the dilute or the concentrate

boundary layers through a section of thickness Dx, width W, and height L, as

shown in Fig. 2.

A material balance for a transporting ion i in the boundary layer is

written as:

@Ci

@t
þ
@Ji

@x
¼ Ri ð6Þ

where Ri is the production rate of ion i by chemical reaction. Assuming that the

dissociation reaction of the single salt occurs instantaneously, the production

term is zero. Concentration in a solution changes so little in each pass through

a cell that a quasi-steady state can be assumed.[6] Therefore, the accumulation

term in Eq. (6) is also zero.

The boundary layer ionic transport equation can then be expressed as:

@Ji

@x
¼ 0 ð7Þ

We solve for a cell pair that consists of a dilute compartment and a con-

centrate compartment. The fluid flow forms boundary layers near each mem-

brane. As shown in Fig. 1, the solution flows upward (y-axis) in a compartment

and perpendicular to a direct electric potential (x-axis).

In a typical ED stack, a mesh or inert promoter of 0.76-mm thickness is

introduced between the individual membrane sheets to support the membrane

and to help control the feed solution flow distribution. This mesh provides the

maximum mixing of the solutions at the membrane surfaces[2] and increases

eddy transport of momentum and mass.[11] It is assumed that there will be

no significant fluid flow in the x-direction because the stack employs the

sheet-flow principle, where the solution flows parallel to the membrane to

improve the contact time between the solution and the membrane.[2] The

presence of a mesh in an ED compartment increases the mass transfer coeffi-

cient by a factor of 2–7. A correlation of the mass transfer coefficient kL, using

a mesh similar to that used in the ED stack, is given by Goodridge and

Scott:[11]

kL ¼ 1:25
Ds

de
Re0:46Sc1=3 ð150 , Re , 1500Þ ð8Þ

where Ds is the salt solution diffusion coefficient, and de is the hydraulic

diameter.

Moon et al.2536
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Therefore, in the boundary layers, mass transfer due to diffusion and

electromigration dominates. In the bulk solution, there is no concentration

gradient along the x-axis, and the ionic species move only by electromigration.

Thus, combining Eq. (1) and the one-dimensional material-balance, Eq. (7)

yields:

ÿDi

@2

@x2
ðCh;iÞ ÿ

@

@x
ðniDiCh;iÞ

F

RT

@Q

@x

� �

¼ 0 ð9Þ

where the subscript h refers to either the dilute or the concentrate compart-

ment. We use the Nernst–Einstein relationship[12] for ion transport in dilute

systems. This allows for the elimination of the ionic mobility, ui, as an inde-

pendent parameter (i.e., ui ¼ Di/RT).
Since the flow of charge is related to the current density I (Am22) in

solution,

I ¼ F
X

i

niJi ð10Þ

Rearranging Eq. (10) for each species, ion-exchange compartment,

and for

Ji ¼ D
@ðCh;iÞ

@x
ÿ ðniDiCh;iÞ

F

RT

@Q

@x

� �

;

we can write the following for the electrical potential:

@Q

@x
¼ ÿ

I=F þ
P2

i¼1 niDið@Ch;i=@xÞ
P2

i¼1 n
2
iDiCh;i

 !

RT

F
ð11Þ

To solve the differential Eq. (9) for species i and compartments h (Ci, h),

we must specify the initial and the boundary conditions. We use the

electroneutrality condition to decrease the total number of material-balance

equations to be solved. The variable x represents the distance coordinate in

a cell pair: x ranges from P1 ¼ 0 in Region I to P8 in Region VII, as indicated

in Fig. 3.

We divide each cell pair of the ED stack into seven regions, as follows:

Region I, boundary layer near anion membrane on the concentrate side;

Region II, anion membrane; Region III, boundary layer near anion membrane

on the dilute side; Region IV, dilute bulk region; Region V, boundary layer

near cation membrane on the dilute side; Region VI, cation membrane;

Region VII, boundary layer near cation concentrate side.
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The initial condition is as follows:

Cið jÞ ¼ C0
h;i; h ¼ C, D j ¼ P1, P4, P5, and P8 ð12Þ

The boundary conditions at x ¼ P2, P3, P6, and P7 are given by:

Jh;i ¼ �JJi for h ¼ C, D; i ¼ 2; x ¼ P2, P3

Jh;i ¼ 0 for h ¼ C, D; i ¼ 1; x ¼ P2, P3

Jh;i ¼ �JJi for h ¼ D, C; i ¼ 1; x ¼ P6, P7

Jh;i ¼ 0 for h ¼ D, C; i ¼ 2; x ¼ P6, P7

Kh;i ¼
�CCi

CiðxÞ
¼

QAM or CM

jnijCiðxÞ
for h ¼ C, D; i ¼ 1; 2; x ¼ P2, P3, P6, P7

ð13Þ

The initial conditions, Eq. (12), specify concentrations for ionic bulk

dilute and concentrate. The electric potential at x ¼ P1 is set to zero. We

choose the value for the electric potential because only potential differences

are meaningful.[13] The boundary conditions in Eq. (13) use fluxes at the

membrane–solution interface of each compartment to show charge transfer

of the ionic species.[14–16]

We solve Eq. (9) by a finite-difference method with the Newton–Raphson

iterative technique under restrictions of Eqs. (12) and (13) and the electro-

neutrality condition. Physical properties and parameters are listed in Table 1.

Figure 3. Schematic of regions in a cell pair.
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Cell Pair Potential

The cell pair potential is the sum of potential gradients in the bulk region

of the dilute compartment, the membrane compartments, and the boundary

layers:

@Q

@x
¼

@QRÿIV

@x
þ
@QAM

@x
þ
@QCM

@x
þ
@QRÿI

@x
þ
@QRÿIII

@x

þ
@QRÿV

@x
þ
@QRÿVII

@x
ð14Þ

In the bulk region of the dilute compartment (R-IV) there is no concen-

tration gradient; thus, the potential gradient obeys Ohm’s law[8] and is

given by:

@QRÿIV

@x
¼ ÿ

I
P

i jnijliCi

i ¼ 1; 2 ð15Þ

where li is the equivalent ion conductance. The potential difference across the

membrane thickness of the cation- and the anion-exchange membrane is given

by Eq. (5). The boundary layer potentials are given for R-I, R-III, R-V, and

R-VII by Eq. (11).

Table 1. Physical properties and parameters used in simulations.

Solution phase

Kþ diffusion coefficient (m2 sec21)[1,20–22] 1.95 � 1029

Cl2 diffusion coefficient (m2 sec21)[1,20–22] 2.03 � 1029

Cation exchange membrane, CM-1

Kþ diffusion coefficient (m2 sec21)[7] 1.35 � 10210

Membrane thickness (m)[7] 1.44 � 1024

Ion-exchange capacity, QCM (molm23)[7] 2.10 � 103

Anion exchange membrane, AM-1

Cl2 diffusion coefficient (m2 sec21)[7] 3.27 � 10211

Membrane thickness (m) [7] 1.37 � 1024

Ion-exchange capacity, QAM (molm23)[7] 1.52 � 103

Dimensions of the compartment channel

Length of channel (m) 17.5 � 1022

Width of channel (m) 11.3 � 1022

Thickness of channel (m) 8.2 � 1024

Average boundary layer thickness (m)[22] 5.3 � 1025
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Solution Phase Transport along the y-Axis

(2-D Continuous Model)

Consider the mass flux of species i in the coordinate element Dy of an ED

compartment (shown in Fig. 4). The concentration of species i is assumed to

be a function of position x and y. At steady state, the balance then becomes

dCh;i

dy
¼+

Jh;i

dnh
; h ¼ D,C boundary layer thickness ðdÞ � d ð16Þ

The compartment thickness is d; nh, the flow solution velocities in com-

partments D and C; and Jh,i, the flux of species i in the x direction obtained

from Eq. (9). The (þ) and (2) signs apply to the concentrate (C) and the

dilute (D), respectively.

In Eq. (16), diffusion and migration transport in the y-coordinate are

negligibly small compared with convective transport in the solution phase.

Based upon the Peclet number (8.0 � 106) calculations for potassium chloride

with a fluid velocity of 0.05m sec21, we assume that the diffusion transport on

the y-axis is negligible (concentration gradients are negligible in comparison

with concentration gradients along the x-axis).[17,18]

The initial conditions at the inlet of each compartment (h ¼ D,C) are:

y ¼ 0 Ch;iðxÞ ¼ Ch;iðxÞjin; x ¼ P1, P4, P5, P8 ð17Þ

Batch Model

Let us consider the batch process in which the dilute (feed) and the concen-

trate (product) solutions are circulating with pumps between the ED stack and

the tanks.[19] Assuming a pseudo-steady state approximation in the cell pair and

perfect mixing in the solution of the tanks,[7] one can write an overall balance in

the tank for the transport of the salt solution, KCl, and water (w) as follows:

Salt balance

dðVrCr;sÞ

dt
¼+Jh;s Sm N; r ¼ DT, CT ð18Þ

Initial condition

t ¼ 0 Cr;s ¼ Cr;sjt¼0; r ¼ DT, CT

Vr ¼ Vrjt¼0

ð19Þ
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Water balance

dðVrCr;wÞ

dt
¼+Jh;s Sm Na; r ¼ DT, CT ð20Þ

where t, the time; Vr, the dilute (DT) or concentrate tank (CT) volume; Cr,s and

Cr,w, the salt (s) and water (w) concentrations in either the dilute or the concen-

trate tanks; and Sm, the effective membrane area per sheet. N is the total number

of cell pairs in the electrodialysis stack, and a is an experimental value that

represents the ratio of moles of water per mole of salt transported through the

ion-exchange membranes from the dilute into the concentrate compartment.

Finally, Jh,s is the ionic flux obtained from the steady-state equation. The

signs (2) and (þ) refer to the dilute and concentrate tank balances, respectively.

Eqs. (18) and (20) can be combined to express the water concentration,

Cw, as a function of the solution density, rr, as:

dðVrrrÞ

dt
¼+Jh;sSmNð1þ aÞ; rr ¼ Cr;s þ Cr;w ð21Þ

Initial condition

t ¼ 0 rr ¼ rrjt¼0; r ¼ DT, CT ð22Þ

Further rearranging of Eqs. (18) and (21) provides a salt mass fraction Xr,s

relationship:

Xr;sjtþDt ¼
jVrCr;sjtþDt

jVrrrjtþDt

¼
salt massrjtþDt

solution massrjtþDt

¼
Cr;sjtþDt

rrjtþDt

; r ¼ DT, CT

ð23Þ

Eqs. (18), (21), and (23) represent six equations with eight variables:

CDT,s, CCT,s, VDT, VCT, XDT,s, XCT,s, rDT, and rCT. To solve these material-

balance equations, two additional relations are needed. These relations are

provided by the salt mass fraction Xr,s, which is also related to its density

rr. The following correlation was derived and rearranged by Treybal:[17]

rr ¼ 6772:1Xr;sjtþDt þ 995402;

r ¼ DT, CT; s ¼ KCl; rr ðgram of KCl mÿ3solutionÞ;

Xr;s ðgram KCl per 100 gram solutionÞ; ð24Þ
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RESULTS AND DISCUSSION

Steady-State Model Prediction Along x-Axis Near

Ion-Exchange Membranes

Dilute Concentration Effect

Five theoretical simulations were conducted for several KCl dilute con-

centrations. For all five simulations (100, 200, 300, 400, and 500molm23),

the current density was 650Am22 and the initial KCl concentrate concen-

tration was 100molm23. A typical KCl concentration profile along the com-

partment cell is shown in Fig. 5. This profile shows a sharp decrease of the KCl

concentration in the dilute compartment near the boundary layers and an

increase in the concentrate compartment near the membrane side. In the

boundary layer of the dilute compartment, the ion concentration is depleted

by the contribution of diffusion and electromigration as the ion transport

from the dilute to the concentrate compartment. On the other side of the mem-

brane in the concentrate compartment, the ion concentration near the mem-

brane surface is high because of the high ion-exchange capacity of the

Figure 5. Typical KCl concentration profile along an ED cell compartment.
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membrane. The KCl concentration in the concentrate compartment reduces

gradually with position as the ions move away from the membrane and are

mixed into the bulk solution.

Simulation results in Table 2 show that toward the anion-exchange membrane

in the boundary layer region (R-III), the Cl2 flux is 6.74 � 1023molm22 sec21

and zero for Kþ. Similarly, toward the cation-exchange membrane in the boundary

layer region (R-V), the Kþ flux is 6.74 � 1023molm22 sec21 and zero for Cl2. In

regions (R-III) and (R-V), the flux of Kþ and the flux of Cl2 are zero because they

are the co-ions of the cation- and the anion-exchange membranes, respectively. For

all these simulations, the current density remains constant.

As the KCl dilute concentration increases from 100 to 500molm23, the

cell voltage drop, DQ, decreases from 1.42 to 0.98V (Table 3). The cell

voltage decreases mainly because of an increase in the dilute bulk conduc-

tivity, which decreases the dilute bulk drop (DQR-IV) and the voltage drop

in Regions III and V. At the lowest KCl dilute concentration, the total

dilute drop [
P

(DQR-IIIþ DQR-IVþ DQR-V)] accounts for 36% of the cell

drop. At the highest KCl dilute concentration, this value is reduced to 7%.

When the KCl dilute concentration doubles, the dilute bulk drop decreases

by approximately one-half.

In these simulations, the anion- (DQAM) and the cation-exchange (DQCM)

membrane drops remain unchanged for a constant current density. The voltage

drop of the anion membrane is five times higher than that of the cation

membrane. The anion membrane drop is higher because of a lower counter ion

diffusivity and lower ion-exchange membrane capacity. The ion-exchange

membrane drop is proportional to the current and the membrane resistance. For

each membrane, the resistance is inversely proportional to the counter ion diffusiv-

ity of the membrane and its ion-exchange membrane capacity. For these simula-

tions, the AM-1 membrane capacity (1.52 � 103molm23) and the chloride

diffusivity (3.27 � 10211m2 sec21) through the anion membrane are lower than

that of the CM-1 membrane capacity (2.10 � 103molm23) and the potassium

diffusivity (1.35 � 10210m2 sec21) through the cation-exchange membrane.

At dilute concentrations higher than 200molm23, the membrane voltage

drop (DQAM and DQCM) accounts for more than 50% of the cell voltage drop.

This contribution to the cell voltage drop increases with increasing the KCl

dilute concentration, which decreases the resistance in both the dilute bound-

ary layers (R-III and R-V) and the dilute bulk (R-IV). For all these simu-

lations, the KCl concentration in the concentrate side is constant.

Current Density Variation

Simulations were done at three current densities (100, 250, and

500Am22). The initial KCl concentration in the dilute and the concentrate
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was 100molm23. A direct correlation of the current density with the flux was

observed for these simulations (Table 4). At the highest ionic flux

(5.18 � 1023molm22 sec21), where the current density is 500Am22, the

Kþ and Cl2 species reach (by diffusion and migration) the cation- and

the anion- exchange membrane surfaces faster than at the current densities

of 100 and 250Am22. The overall Kþ flux contribution is not shown in

Table 4. At the highest current density, the Cl2 membrane surface concen-

tration is 26molm23. At the lowest current density, 100Am22, the ionic

flux is the lowest (1.04 � 1023molm22 sec21). A lower ionic flux indicates

that ionic species reach the anion exchange membrane at a lower rate, result-

ing in a higher dilute surface concentration (94molm23).

Increasing the current density increases the cell voltage. For all these

current densities, the anion membrane drop, the bulk dilute drop, and the

concentrate drop collectively account for more than 82% of the cell voltage,

where 36% of the cell voltage corresponds to the anion membrane drop

(data not shown).

Concentrate Concentration Effect

The effect of the concentrate concentration was studied by maintaining the

current density at 650Am22 and the dilute concentration at 100molm23.

Results show that an increase in the concentrate concentration causes the parti-

tion coefficient at the membrane surfaces on the concentrate side to decrease.

The profiles of the ion partition coefficient on the concentrate side of the

anion and the cation-exchange membrane surface are shown in Fig. 6. Both

ion partition coefficients decrease as the KCl concentration increases. The

partition coefficient is the ratio of the membrane ion exchange capacity to its

counter ion membrane surface concentration. As the KCl concentration

increases, the counter ion surface concentration increases in the concentrate

side. At any given KCl concentration, the ion partition coefficient in the cation

Table 4. Effect of current density on the overall flux, cell voltage, and membrane

surface concentration.

Current density

(A m22)

Overall Cl2 flux near

cation membrane

(molm22 sec21)

Cell voltage

(V)

Cl2 anion

membrane surface

concentration

(molm23)

100 1.04 � 1023 0.196 94

250 2.59 � 1023 0.493 69

500 5.18 � 1023 1.011 26
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membrane is larger than in the anion membrane. In both ion-exchange

membranes, the counter ion concentration is proportional to their ion-exchange

capacity, with the cation membrane being the largest. Also, concentrations at

both the membrane surfaces on the concentrate side are comparable. This fact

explains the greater partition coefficient values of Kþ in the cation membrane

side. For all five simulations on the dilute side, the ion partition coefficients

remained constant because the initial KCl dilute concentration was unchanged.

Steady-State Model Prediction Along the x- and the y-Axes

The effect of three superficial velocities (0.02, 0.05, and 0.15m sec21) on

concentration, voltage drops, and flux was studied. These steady-state simu-

lations were carried out for a current density of 500Am22. The initial KCl

concentration in the dilute and the concentrate compartments was 100molm23.

Results show greater variation of the potassium chloride concentration

along the x-axis (perpendicular to the flow) than that of the y-axis (parallel

to the flow). Concentration changes along the x-axis are larger (. 50%)

because of the ionic flux, which is favored by the electric field and a low

superficial velocity. Along the y-axis, the variation of the concentration is

well below 2%. An increase in the superficial velocity decreases the contact

time of the fluid with the membrane surfaces, reducing the boundary layer

Figure 6. Variation of the ion partition coefficient and surface membrane concen-

tration with KCl concentration.
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thickness. No significant cell voltage changes are observed with variations in

the superficial velocity along the compartment height.

Batch Simulation

Three batch simulations at current densities of 700, 500, and 300Am22

were run for a KCl solution. Each batch simulation was run for a total of 10

cell pairs with AM-1 and CM-1 membranes. The effective membrane per

sheet was 0.02m22. The initial KCl concentration was 30 g L21 in the

dilute and 5 gL21 in the concentrate. The initial dilute and concentrate

volume of these simulations were 10 and 5L, respectively.

Results show that an increase in the current density leads to a decrease in the

time required to obtain the same degree of desalting. Faster desalination is

achieved at the highest current density of 700Am22. The time required for

obtaining a 50% desalting of the initial KCl mixture in the dilute tank at a

current density of 300, 500, and 700Am22 are 3300, 2000, and 1450 sec, respec-

tively. The KCl concentration and volume increased in the concentrate tank. The

primary explanation for volume changes during desalting by batch ED is ion

hydration. Computational results show an overall decrease in the KCl concen-

tration in the dilute tank (Fig. 7) and an increase in the concentrate tank (Fig. 8).

Figure 7. Potassium chloride concentration profiles in the dilute tank.
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CONCLUSIONS

All three models—one-dimensional continuous, two-dimensional continu-

ous, and batch—were validated experimentally. Computational simulations and

batch experimental runs were conducted under similar conditions and show a

good fit. One- and two-dimensional steady-state models were used as the

basis of the batch model.

The ionic surface concentration in both membranes of the dilute compart-

ment was affected by two parameters: flow rate and current density. A high

flow rate causes a small boundary layer thickness and a high ionic surface

concentration. When the current density is high, the ionic flux is also high,

and the ionic surface concentration is low.

Also, in the dilute compartment, it is found that concentration changes

along the x-axis are greater than along the y-axis because the ionic flux

along the x-axis is greater and is in the direction of the current.

In simulations where the KCl dilute concentration ranges from 200 to

500molm23 with a constant concentrate concentration, it is found that the

dilute voltage drop accounts for more than 36% of the total voltage drop.

This value is reduced to 7% at the highest dilute concentration. At a KCl

Figure 8. Potassium chloride concentration profiles in the concentrate tank.
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concentration higher than 200molm23, contributions of both ion-exchange

membrane voltages contribute more than 50% of the total cell voltage.

NOMENCLATURE

CR,i
0 Initial concentration of either dilute or concentrated

compartment (molm23)

CR,i Concentration of either dilute or concentrated

compartment (molm23)

Ci Concentration of species i (molm23)

C̄i Concentration of species i in the membrane (molm23)

Cr,s Concentration of salt in dilute and concentrate tanks

(molm23)

Cr,w Concentration of water in dilute and concentrate tanks

(molm23)

d Compartment thickness (m)

de Hydraulic diameter (m)

Ds Salt solution diffusion coefficient (m2 sec21)

Di Diffusion coefficient of species i in solution (m2 sec21)

D̄i Diffusion coefficient of species i in solution (m2 sec21)

F Faraday’s constant

I Current density in the solution (Am22)

Ī Current density in the ion-exchange membrane (Am22)

i Species 1 and 2

Ji Flux of species i (molm22 sec)

Jh,s Ionic flux at steady state condition

J̄i Mass flux of each ion in the membrane (molm22 sec)

j Electrodialysis stack position P1, P4, P5, and P8

h Dilute (D) or concentrate (C) compartment (m)

K Partition coefficient

N Total number of cell pairs

ni Valence of species i

Pe Peclet number

QAM Capacities of anion-exchange membrane (molm23)

QCM Capacities of cation-exchange membrane (molm23)

R Gas constant number (J Kmol21)

Ri Production rate of ion i by chemical reaction

Re Reynolds number

r Dilute (DT) and concentrated tank (CT) (m3)

Sc Schmidt number

Sm Effective membrane area per sheet (m2)
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s Salt species

T Temperature (K)

t Time (sec)

ui Mobility of species i, (cm2mol J21 sec21)

Vr Dilute and concentrate tank volume (m3)

w Water species

Xr,s Salt mass fraction

x x coordinate

y y coordinate

QR-IV Dilute compartment bulk region potential (V)

QR-I, QR-III,

QR-V, QR-VII

Boundary layer potential (V)

QAM Anion membrane potential

QCM Anion and cation membrane potential

a Ratio of moles of water per mole of salt transported

through the ion-exchange membrane

kL Mass transfer coefficient (m sec21)

rr Solution density (gm23)

v Fluid velocity (m3 sec21)

nh Flow solution velocity in dilute and concentrate

compartment (m3 sec21)

rQ Potential difference of the membrane (V)

Q̄ Potential in the membrane

Dt Time step change (sec)

li Equivalent ion conductance (cm2 ohm21 equiv.21)
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