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ABSTRACT

A computer program is developed and a continuous ion exchange membrane process is sim-
ulated applying a constant voltage between electrodes. Inputting membrane characteristics,
electrodialyzer specifications and electrodialysic conditions into the program, the performance
of an electrodialyzer is predicted. Salt concentration in a desalted solution, current efficiency,
desalting ratio, water recovery, energy consumption, current density distribution, current den-
sity non-uniformity coefficient, limiting current density are evaluated. Influence of cell voltage
and salt concentration in a feeding solution on (1) the transport of ions (migration and diffu-
sion) and solutions (electro-osmosis and hydro-osmosis) across a membrane pair, (2) ohmic
and membrane voltage in a membrane pair and (3) electric resistance of membranes, desalting
cells and concentrating cells in a stack are discussed at the inlets and outlets of desalting cells.
Electro-osmosis, ohmic voltage and electric resistance of membranes are increased with the
increase of cell voltage and salt concentration of a feeding solution. Hydro-osmosis and mem-
brane voltage are remarkable at lower cell voltage and lower feeding solution concentration and
this phenomenon contributes to energy-saving in brackish water desalination. However, in this
circumstance, electric resistance of desalting cells is relatively high.

Keywords: Ion exchange membrane; Electrodialyzer; Continuous electrodialysis; Saline water
desalination; Limiting current density

1. Introduction

In an ion exchange membrane electrodialysis pro-
cess, cation exchange membranes, anion exchange
membranes, desalting cells and concentrating cells
are arranged alternately. Salt solutions are supplied
to the cells and an electric current is passed across
the membranes. Electrodialysis is a technique based
on the transport of ions through selective membranes
under an influence of an electrical field. Ion transfer
is caused by the diffusion, and electro-migration,
while solution transfer is caused by the electro-
osmosis and hydro-osmosis. Energy consumption is

caused by electric cell-pair resistance including solu-
tion resistance, membrane resistance and membrane
potential. An ion exchange membrane electrodi-
alysis system is classified to a continuous (one-pass
flow), batch and feed-and-bleed process [1-4], and
the performance of these processes was discussed
with computer simulation in the previous investi-
gation [5-7]. Among these processes, the continu-
ous process is the most fundamental one and it was
investigated so far as follows. Belfort and Daly [8]
constructed optimization routine for a continuous
electrodialysis plant. The algorithm was applied to
the Office of Saline Water test bed plant at Webstar,
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South Dakota and compared the actual cost and oper-
ation conditions. Aviriel and Zelighter [9] developed
a mathematical model for preliminary engineering
design and economical evaluation of a continuous
electrodialysis plant. Detailed cost computations
were performed resulting in capital investment and
annual operating costs. Lee et al. [10] developed a
computer simulation program for describing a con-
tinuous flow process and estimated investment and
operation costs. Further, electrodialysis plant was
designed and optimized in terms of overall costs
and the different parameters. Moon et al. [11] inves-
tigated ionic transport across membranes based on
one- and two-dimensional continuous electrodialy-
sis modeling using the principles of electrochemistry,
transport phenomena and thermodynamics. Fidaleo
and Moresi [12] simulated mass transfer, mass bal-
ance, potential drop and limiting current density in
a continuous operation based on the Nernst-Planck
equation. Sadrzadeh et al. [13] modeled continuous
flow desalination starting from a differential equa-
tion of steady-state mass balance and gives concen-
tration of dilute compartment or separation percent
for various voltage, flow rates and feed concentra-
tions. Nikonenko et al. [14] described electrodialy-
sis or electrodialysis reversal characteristics (the
mass transfer coefficient, the Sherwood number, the
degree of desalination and others) as functions of
four parameters (the inlet concentration, the solution
flow rate, the potential drop over a cell pair, length
of desalination channel). The reasonability of the
functions was discussed with experimental measure-
ments. Brauns et al. [15] developed simulation model
through solver software. Experimental verification
of the software was performed using industrial type
pilot plant. Limiting current density was theoreti-
cally evaluated in the model calculations for design
purpose and corrected with the experimental results.
In the previous investigation [5], we discussed the
continuous process operated applying a constant
electric current. Further the validity of the model for
a continuous constant mode was discussed by com-
puting with the performance (NaCl concentration
in concentrated solutions, energy consumption to
obtain 1 ton of NaCl) of continuous electrodialyzers
operated during 1 y in 7 salt-manufacturing plants
(output; 200,000 ton/y for each plant)[16]. The dif-
ferences of data between the computations and the
operations are assumed to be due to solution leak-
ages and electric current leakages generated in the
electrodialyzers, which are not taken into account in
the model. From the above discussion, the validity of
the computer simulation model was assumed to be
supported by the plant operations [16]. However, the

process is so often operated applying constant volt-
age, which is discussed in this investigation.

2. Continuous electrodialysis process operated applying
constant voltage

In Fig. 1, an electrodialyzer (effective membrane area:
S, number of desalting cells: N) is operated with constant
applied voltage V, and a salt solution (concentration; C; )
is supplied to the inlets of desalting cells at average linear
velocity u, . Ions and solutions transfer from desalting cells
to concentrating cells and their fluxes through a membrane
pair are given as ], and |, respectively. In desalting cells,
salt concentration is decreased from C; at the inlets to C |
at the outlets. Salt concentration change in desalting cells
causes current density change along the flow-pass from i,
at the inlets to i , at the outlets. Fig. 1 shows the current
density becomes I and I/S respectively at x and pl distant
from the inlets of desalting cells. Further, the figure shows
that J,, ], and average salt concentration C" and C” = |,/
J,, are the values at pl distant from the inlets of desalting
cells. Here, [ is flow-pass length of a desalting cell and p
is the dimensionless distance from the inlet of a desalting
cell at which current density is equal to the average cur-
rent density I/S of an electrodialyzer. u = (u, + u )/2 is
average median velocity in desalting cells. Salt solution in
the concentrating cells are extracted at p/ and discharged
to the outside of the electrodialyzer. Ionic constituent ratio
in the solution supplied is assumed to the same to that of
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| o . x =1 outlet !out
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De: Desalting cell, Con: Concentrating cell

K: Cation exchage membrane, A: Anion exchange membrane

J s, J v: Fluxes of ions and solutions across membrane pairs at x = pl

C', C": Electrolyte concentration in desalting and concentrating cells at x = pl
u= (LI in+u out)/2 Q = (Q in+Q out)/2

Fig. 1. Continuous electrodialysis process.
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seawater. The electrodialyzer in Fig. 1 is operated applying
constant voltage V, =V =V between electrodes.

3. Computer simulation program for electrodialysis
(ED program)

The algorism consists of the principle of mass trans-
port (Step 1), current density distribution (Step 2),
energy consumption (Step 3) and limiting current den-
sity (Step 4). The process is exhibited in Fig. 2 (Steps 1-3)
and Fig. 3 (Step 4). The program is developed on the
following assumptions.

1. In membrane characteristics appeared in the overall
mass transport equation (Egs. ((1) and (2)), the overall
transport number A, overall solute permeability u, over-
all electro-osmotic permeability ¢ and alternating electric
resistance r , are expressed by the empirical functions of
overall hydraulic permeability p (Egs. (3) - (6)).

2. Influence of temperature T on the performance of
an electrodialyzer is evaluated from the relationship
between T and p

3. Solution leakage and electric current leakage in an
electrodialyzer are negligible.

4. Direct current electric resistance of a membrane
includes the electric resistance of a boundary layer
formed on the desalting surface of the membrane due
to concentration polarization.

5. Frequency distribution of solution velocity ratio in
desalting cells is equated by the normal distribution.

6. Current density i at x distant from the inlets of desalt-
ing cells is approximated by the quadratic equation
(Eqg. (15)).

7. Voltage difference between the electrodes at the
entrance of desalting cells is equal to the value at the
exits (Eq. (16)).

8. Limiting current density of an electrodialyzer is
defined as average current densit I/S applied to an
electrodialyzer when current density reaches the
limit of an ion exchange membrane at the outlet of a
desalting cell in which linear velocity and electrolyte
concentration are the least.

9. Salt concentrations in concentrating cells are uniform
in the cells and the concentrated solutions are extracted
from concentrating cells to the outside of the process.

The program aims at determining the relationship
between the parameters in the figure and the principles
were already explained in detail in the previous investi-
gation [5], so we describe here the steps briefly.

3.1. Step 1: Mass transport (Fig. 2)

Ion exchange membrane electrodialysis is a process
for transporting ionic species across the membranes.

When a salt solution is supplied to an electrodialyzer and an
electric current is passed through it, ions and a solution in a
desalting cell are transported to a concentrating cell across a
cation and an anion exchange membrane. The fluxes of ions
J; and a solution ], are expressed by the following overall
mass transport equation [17,18].

Js=n(/F)=C"], = 4i—u(C" - C’) )
Jy=¢i+p(C"-C) @)

in which, 7 is current density, n current efficiency, F
the Faraday constant, C" and C” salt concentration in
a desalting and a concentrating cell, respectively. 1 the
overall transport number, u the overall solute perme-
ability, ¢ the overall electro-osmotic permeability and p
the overall hydraulic permeability.

On the basis of many saline water electrodialysis
operations incorporated with commercially available ion
exchange membranes and spacers, A (eqC™), i (cm s™)
and ¢ (cm’C') are known to be presented by the
following empirical functions of p (cm*eq's™).

A =9.208 x 10 + 1.914 x 105p 3)
11 = 2.005 x 10-5p 4)
¢ =3.768 x 10°p°2 — 1.019 x 102p (5)

The relationship between membrane pair alternating
electric resistance 2r,, (=7, + 7y, Q cm?) and p is
expressed by the following equation.

2r

e = 9-107 x 1072p™" (6)
Direct current electric resistance of an ion exchange mem-
braner, (r,fora cation exchange membrane and r, for an
anion exchange membrane) are estimated from r,, based
on the electrodialysis experiments (Appendix A), and the
following membrane pair direct current electric resistance
r is computed (subscript dire is deleted in Eq. (7)).

memb

roo=r. +r (7)

memb " K A
r, .., includes the electric resistance of a boundary layer
formed on the desalting surface of the membrane due to
the concentration polarization.

Salt concentration at the outlets of desalting cells
C’  and that in concentrating cells are introduced by the

out

following equations.

y o~ O

Cout - Czn %%’%—E (8)
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Fig. 2. Simulation of mass transport, current density distribution and energy consumption.

A= §(1/S) + u—pC’
B = A(I/S) + uC’

in which C” is salt concentration at x=pl in

desalting cells C’ and it is given by the following
. p

equation.

(10)
(11)

1 j max

21 YiC'p,j
£

c'=C, =—
PN

(12)
jin Eq. (12) denotes group j in the normal distribution of
solution velocity ratio & (Eq. (14)). Y}. is number of desalt-
ing cells in group .
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Fig. 3. Simulation of limiting current density.

Output of a desalted solution of an electrodialyzer

Qout 18

Quut = (auin - ]V)bN (13)

3.2. Step 2: Current density distribution (Fig. 2)

In a practical-scale electrodialyzer, solution veloci-
ties in desalting cells vary between the cells. In this
program, we assume that the frequency distribution of

the solution velocity ratio & (Eq. (14)) is equated by the
normal distribution.

(14)

Salt concentrations in desalting cells are decreased along
flow-passes and give rise to salt concentration distribu-
tion. It causes electric resistance distribution and cur-
rent density distribution. In order to determine current
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density distribution in an electrodialyzer, we assume
that current density i at x distant from the inlet of a
desalting cell is approximated by the following current
density distribution equation.

(15)

. =
z:a1+a2%§-a3 %E

To determine a,, a, and a, in Eq. (15), the following three-
simultaneous equations are set up [18-20] (Appendix B).

‘/in = Vout (16)
v,=V, 17)
éimmt = é’inp (18)

Cout is introduced from Eq. (16) and expressed by
Eq. (19). It equals to the outlet current density non-
uniformity coefficient {

out”

a + ap + ap’ -

(19)
B+ Bop + Bsp?

_ lout
Zout ==

Zinout =

G, is introduced from Eq. (17) and expressed by Eq. (20),
which equals to §

out”

Y1+ Yop + Yap?

20-30%)(1/5) 20

Zinp = ( = Cout

We determine a,, a,, a, with § =i /(I/S) (inlet electric

current non-uniformity coefficient), { ,i andi ;

= iin - al
Cin 1/ 1/S @)

_ oyt _ 3 tatag 27
G =7 1/s )
3.3. Step 3: Energy consumption [18,21] (Fig. 2)
Cell voltage is given by the following equation.
Vcell = VQ,in + Vmemb,in = VQ,uut + Vnwmb,out (23)
Ohmic voltage V,, and membrane voltage V, .. at the
inlets of desalting cells in Eq. (23) are given as;
Vﬂ,in = (r/in + 7/‘memh/in + r”)iill (24:)
jT @ Y'I’C"

Vinemp,in = 2tk +t4 =1

memb,in ( K A ) EF_ n Yzl‘nC;n (25)

in which, ¥, and r__ . are respectively electric resis-
in X memb,in .
tance of a solution and a membrane at the inlet of

desalting cell. r” is electric resistance of a solution in a

concentrating cell. 7 and r” include the influence of the
electric current screening ratio of a spacer € = (electric
current screening area of a spacer/membrane area).
t.and t, are the transport number of a cation and an
anion exchange membrane respectively. ¥, is the activ-
ity coefficient of ions dissolving in a solution at the inlets
of a desalting cell. y” is the activity coefficient of ions
dissolving in a concentrating cell.

Ohmic voltage V, , and membrane voltage V, .
at the outlets of desalting cells in Eq. (23) are given
by averaging the values for N cells integrated in an
electrodialyzer.

[Jlmax j max (|
VQ,out = DZ ero'ut,]' + z ermemb,out,j + I’"Nl:l
L= j=1 tl

(26)

. OO
><lout 53%

max

T "cr
Vmemb,out = 2(tK + tA - 1) %%Z In ’

]:1 y('mt,jcr;ut,j
o O
E9=
Energy consumption E is expressed as follows.

E = VcellI

Qout (28)

3.4. Step 4: Limiting current density (Fig. 3)

Limiting current density of a cation exchange mem-
brane is less than that of an anion exchange membrane,
because the mobility (transport number) of counter ions
in a solution for a cation exchange membrane is less
than that for an anion exchange membrane'. So the lim-
iting current density of an ion exchange membrane inte-
grated in an electrodialyzer, i, is given by the following
empirical equation established for a cation exchange
membrane.

A 1ty + ol
Him = (ml + m2uout) Cout 2o

(29)

When current density reaches the limit of a cation
exchange membrane i, atthe outlet of a desalting cell in
which linear velocity becomes the least among u_; u_
(u,, sharp), the average current density applied to an
electrodialyzer is defined as its limiting current density
(1/S),,, which is expressed by Eq. (30) introduced from
Egs. (22) and (29) [18,22].
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OO0 i (Mot MUt ) e\ na
S = A e )

in which C’* (C/ ,sharp)isC’ ,atu=u?,.
In Eq. (30), u/ is nearly equal to u, * for commercially
available membranes. Substituting u* =u/ in Eq. (30)

out
leads to:

(30)

[ — m + mZUiFrtl Céﬁt )nl+n2ui$\ (31)
ZOUI

in which C'? is C/ atu = u} given by;

ul=u, (1-30) (32)

in which ois the standard deviation of the normal distri-
bution of the solution velocity ratio & (Eq. (14)).

On the other hand, from the material balance in the
desalting cell in which linear velocity becomes the least,
the relationship between (I/S), and C/ is given as follows:

out

(33)

OO _ Oy (~ _ 4
%’%m - 57%"171 (Cm Cout)
Putting Eq. (31) = Eq. (33) and collecting C’, *into Z:

i
 \n R,
_ out

Z = (34)
Ci’n - C(’)ﬁt
@Zout ED ui#rtl L
Z, = 35
2~ Hei +muf B (35)
zZ=7 (36)

1 2

Foot note 1: Transport numbers t, of counter ions A for
example in a 25 °C 0.1 eq/dm? chloride solution are less
than those of Cl™ions 1 - ¢, for a cation exchange mem-
brane as follows; t, = 0.3854 for NaCl, t, = 0.4898 for
KdCl, t,, = 0.375 for MgCl,, t. = 0.4070 for CaCl,, t,, =
0.3168 for LiCl, t, = 0.406 for BaCl, t, = 0.8314 for HCI
[23]. These phenomena are due to smaller mobility of

cations in the solution.

4. Computation procedures

Computation is carried out using the following trial
and error calculation by adjusting control keys; I/5%,
Ve, C*on*u,prand CF

cell 7 out*

4.1. Step 1— Step 3 (Fig. 2)
e [/S*is adjusted to realize

v, =V*

cell = 7 cell

(37)

e C™*is adjusted to realize

1 j max

C':c;,:ﬁj:zlyjc;:c* (38)
* 1*is adjusted to realize

e n=FJ,/(/F)=n* (39)
* 1 is adjusted to realize

e u=(u, +u )/2=u* (40)
e p*is adjusted to realize

Cinont = iy (41)
4.2. Step 4 (Fig. 3)
C’* is adjusted to realize
Z =7, (42)

In the above computation, if an algorithm reaches a
decision point (diamond symbol), itis adjusted by chang-
ing control keys to realize the equations; Egs. (37)-(42)
given in the decision points. Then it loops back to an
earlier portion in the algorithm. The trial-and-error
calculation is repeated until all equations are satisfied.
The computation is finished within 10 minutes to obtain
one group of plots in the figures shown in this article.

5. Computation
5.1. Input data

A continuous process is assumed to be operated
applying constant voltage between electrodes. We
assume the following specifications of an electrodia-
lyzer operating with changing the level of C and V.

Salt concentration in a feeding solution (at the
inlets of desalting cells) C; = 0.03 eq/dm?® (brackish
water TDS 1,736 mg/Il), 0.2 eq/dm?® (11,574 mg/I),
0.4 eq/dm® (23,148 mg/Il), 0.6 eq/dm*® (seawater
34,722 mg/I).

Cell voltage V., =0.2,0.4, 0.6, 0.8, 1.0, 1.2 V/pair

Linear velocity at the inlets of desalting cells 1, =10 cm/s

Standard deviation of normal distribution of solu-
tion velocity ratio 0= 0.1

Flow-pass thickness in a desalting cells a = 0.05 cm

Flow-pass width in a desalting cell b = 100 cm

Flow-pass length in a desalting cell / = 100 cm

Membrane area S = bl = 10* cm? =1 m?

Number of desalting cells integrated in an electro-
dialyzer N = 300 cells

Opverall hydraulic conductivity of a membrane pair
p=1x10%cm'/eqs

Current screening ratio of a spacer € = 0.15
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o is influenced extremely by precision of part
dimensions of a stack and skill of stack assembling
work of an electrodialyzer and it is desirable to keep
o value as low as possible. An electrodialyzer is oper-
ated stably at o < 0.1 because the limiting current
density (I/S),,, is high. However, electrodialyzer oper-
ation becomes unstable at o > 0.2 because (I/S), is
lowered. ¢ = 0.1 inputted above is decided in rough-
and-ready manner referring to the experimentally
observed data. p values of commercially available ion
exchange membranes vary to some extent. p = 1 107
cm?/eq s inputted above is estimated to be a reason-
able and convenient value which was decided based
on the observed data.

5.2. Influence of cell voltage V , and salt concentration in a
feeding solution C’, on the performance of an electrodialyzer

Salt concentration at the outlets of desalting cell C’
is decreased with the increase of V_, and the decrease
of C’, (Fig. 4). Current efficiency 7 is increased with
the increase of V_,and C’, (Fig. 5). Desalting ratio « is
increased with the increase of V _, and the decrease of
C’. (Fig. 6). Water recovery Re is higher than 0.95, and
it is decreased with the increase of V_, and C’, (Fig. 7).
Energy consumption E is increased with the increase
of V_,and C’, (Fig. 8). Inlet current density non-uni-
formity coefficient {. and outlet current density non-
uniformity coefficient {  coverage 1 at lower V. {
is increased and { , is decreased with the increase of
V_,and decrease of C’, (Fig.9). Limiting current density

(1/S),,, is plotted against current density I/S taking V_, as
a parameter (Fig. 10). Intersections between the plot and
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Fig. 4. Salt concentration in a desalted solution.
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a l/Ss = (I/S), line show the real limiting current density
of the electrodialyzer (I/S),  operating in this investiga-
tion. (I/S), appears at over 0.7 V/pair (C’, = 0.03 eq
dm™), 0.8 V/pair (0.2 eq dm™), 1.0 V/pair (0.4 eq dm™)
and 1.2 V/pair (0.6 eq dm™).

5.3. Influence of cell voltage V., and salt concentration in
a feeding solution C/ on current density distribution, the
transport of ions and solutions across a membrane pair,
ohmic and membrane voltage in a membrane pair and electric
resistance in a stack

Current density i is plotted against dimension-less
flow-pass in desalting cells x/I in Fig. 11 which shows
i to be decreased with increasing x/I. This phenomenon
is remarkable at lower C; , and at higher V . Hence, it is
assumed that current density distribution contributes to
the stable operation of the electrodialyzer.

Flux of ions ], in Eq. (1) is separated into migration
]migr and diffusion | i S follow:

]S = ]migr + ]dzﬁ‘ (43)
S igr = M (44)
J dif = HAC (45)

]migr and J,. are computed at the inlets and outlets of
desalting cells. They are plotted against V _, putting
C’,,=0.03,02, 04 and 0.6 eq/dm?® in Fig. 12. ]diff takes
minus values and it is very small because of small p
values. | . increases with V_, and C’, , and further |

migr migr
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Fig. 11. Current density distribution.
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outlets. This phenomenon is caused by the electric cur-
rent increase at the inlets of desalting cells (Fig. 11).
Flux of a solution ] ,in Eq. (2) is separated into electro-

osmosis ], and hydro-osmosis J, ., as follows.

]V = ]Elusmu + ]hydrosmo (46)
]elosmo = ¢l (47)
]hydmsmo = pAC (4-8)

Joome @nd ]hy oo @€ computed at the inlets and
outlets of desalting cells and indicated in Fig. 13. It is
found that the ratio of ]hy oo 18 T€Markable at lower
V. ,and C’, . ] "is increased notably with V_, and
C’., and its values at the inlets are larger than those at
the outlets.

Fig. 14 shows V_, versus ohmic voltage V, (V,, . ; (Eq.
(24), V> Eq. (26)) and membrane voltage V, (V..
Eq. (25), Vo EQ- (27)). The figure reveals Eq. (23) to
hold. V, is generally larger than V  increased withC’,
and V_, and it causes the increase of energy consumption
as shown in Fig. 8. At lower C’, and V_,, however, V is
decreased while V  is relatively increased. Inspecting
Figs. 8, 13 and 14, it is understandable that energy
consumption decrease at lower V_, and C’, is due to
relative increase of J, , . and V|  which is generated
by concentration (chemical potential) difference between
concentrating cells and desalting cells and does not
accompany energy consumption. A low V_, operation
is reasonable in brackish water desalination also from

the stand point of a stable operation (cf. limiting current

R T T T T T T T T T T T T T ] 180
L 0.6 -
L inlet  outlet 1160
C 1120
¥ 71 80
C 1] 40
0
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Fig.12. Migration ] . and diffusion J ..

1igr

density (Fig. 10)), however we have to pay attention to
that it causes capital cost increase.

Electric resistance of membranes R , desalting
cells R” and concentrating cells R” integrated in a
stack including 300 pairs of cells (N = 300 pairs) are
computed and shown in Fig. 15. R” is very small
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inlet  outlet C,=06eq/dm® |

Rm R’ ,R” (103 Q cm?)

00 02 04 06 038
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Fig. 15. Electric resistance of membranes R , desalting cells
R”and concentrating cells R” in a stack.
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Fig.16. Influence of standard deviation of normal distribution
of solution velocity ratio on limiting current density.

and negligible in all circumstances. The ratio of R is
increased with C’, and it is predominant at seawater
electrodialysis (C’, = 0.6 eq/dm?. R’ is increased
at lower C’, and it is remarkable at brackish water
electrodialysis (C’, = 0.03 eq/dm?). From Fig. 15,
we understand that it is necessary to reduce electric
resistance of ion exchange membranes for decreasing

energy consumption in seawater electrodialysis. For
decreasing energy consumption in brackish water
electrodialysis, it is presumably necessary to reduce
R’ by incorporating with ion conducting spacers
[24-27].

5.4. Influence of standard deviation of normal distribution of
solution velocity ratio in desalting cells o

Changing the level of o as 0.05, 0.1, 0.2, 0.24, 0.25
and 0.28 and setting V_, = 0.4 V/pair and keeping other
parameters to the values described in Section 5.1, (I/S),
is computed and shown in Fig. 16. (I/S),  is found at
0=0.24(C’, =0.03 eqdm?),0.25 (0.2 eq dm™), 0.27 (0.4
eq dm™) and 0.28 (0.6 eq dm™). Excepting limiting cur-
rent density, the performance of an electrodialyzer is not
influenced by o [5-7].

6. Conclusion

Energy consumption in brackish water desalination
is decreased when it is operated under lower cell voltage.
This is because the process is operated with increased
hydro-osmosis and membrane voltage which does not
accompany energy consumption. For decreasing energy
consumption further in brackish water desalination, it
is necessary to reduce electric resistance of desalting
cells presumably by incorporating ion conducting spac-
ers. For decreasing energy consumption in seawater
desalination, it is necessary to reduce electric resistance
of ion exchange membranes. The process described in
this investigation is a single stage. We have to develop
hereafter the computer simulation of a multiple stage
saline water desalination process. Further we have to
investigate a feeding solution adding operation into
concentrating cells for preventing CaSO, scale precipita-
tion and decreasing electric current leakage. The com-
puting method described in this investigation provides
the technique to evaluate the performance of a batch
process and a feed-and-bleed process. The model makes
it possible to discuss optimum specifications and oper-
ating conditions of a practical-scale electrodialyzer.

Appendix A

Alternating current electric resistance and direct current
electric resistance of an ion exchange membrane

The electric resistance of an ion exchange membrane
is measured usually under an alternating current. It
is a property of the membrane only and referred here
as the alternating current electric resistance r, . In an



282 Y. Tanaka / Desalination and Water Treatment 22 (2010) 271-285

electrodialysis process, a direct current is passed across

the membrane, so we have to evaluate the direct current

r,.. for discussing electrodialysis phenomena. r, is esti-
ire alter

mated from r, as follows [21].

1. The membrane is integrated in a 2 cell apparatus and
low-concentration NaCl solutions (specific conductiv-
ity, x,,, (mScm™)) are supplied into the compartments.
Electric resistance of the membrane (r, (Qcm?)) is
measured passing a direct current. Eq. (Al) is the
empirical relationship between x,_and r), /r,, .

Da;ire 0

2
log %E: o+ a; log Kjpy + a3 (10g Klow) (A1)

2. A low-concentration NaCl solution (specific conduc-
tivity, k) and a high-concentration NaCl solution
(specific conductivity, &, ,) are supplied respectively
to the desalting side and the concentrating side of the
apparatus. The electric resistance of the membrane r,

is measured passing a direct current and subtracting

the influence of membrane potential. Eq. (B2) gives the

empirical relationship between k. /x _andr, /r

7

high! “low dire’” " dire®
Taire = 1 00 + p 2" & (A2)
Tdire low
3. r,, is calculated by multiplying Eq. (A1) by Eq. (A2)

and substituting 7, measured by an usual manner.
7. includes the electric resistance of a boundary layer
formed on the desalting surface of the membrane due

to the concentration polarization.

Appendix B
Current density distribution in an electrodialyzer

Current density distribution is presented by a
quadratic equation as Eq. (B1).

=k +lx+ ke (B1)

To determine k, k, and k, in Eq. (B1), the three-dimensional
simultaneous equation are set up as follows [19,21].

With a large number of membrane pairs integrated
in an electrodialyzer, the first three-dimensional

simultaneous equation, Eq. (B2) is realized.

Vm = Vout (BZ)
‘/in = Aliin + AZ (Bs)
‘/mz! = Bliout + BZ (B4)

A= 7+, + 7N (B5) (Eq. (24))
T nern g (B6) (Eq.
A2:2(tK+tA—1)%K;:—§\]In 3'%5 (25)

N N N
Bi= 3 Vs * 3 Wiy * 3 Vitwin #7'N (@)
1 1 1

(Eq. (26))
n I:l [ Uall D
R =2
1 out™~out,j
(Eq. (27))

v’ (r,,r. )and r” in Eqs. (B5) and (B7) are electric resis-
tance (Qcm?) of a desalting and a concentrating cell,

respectively, given by the following definitions.

po ax10% (BY)
(1-€)k

= % (B10)
- €&)K

€ the current screening ratio of a spacer. The electric
resistance of the concentrated solution r” is assumed to
be invariable in the system.

e (Fogr Tous) @0d v, (v, ., 7, ) in Eqgs. (B5) and (B7)
are electric resistance (Qcm?) of a cation and an anion
exchange membrane, respectively, evaluated at a direct
electric current (Appendix A).

Using Eq. (B2), the current density distribution

equation is introduced as:

4 =
z:a1+a2%%a3%—5

(B11) (Eq. (15))

& = (leout) %% Z, (B12)
a, = 2@3—(221“)(0“}%% 2225 (B13)
8 = -3 @z (20 +1) Gou} %% ZZE (B14)
z, =0 (B15)
A
Z, = AZA' By (B16)
1
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¢, is the outlet current density non-uniformity coeffi-
cient defined by:

Cout =

lout
1/S (B17) (Eq. (22))

Under the situation in which Eq. (B2) is realized,
¢ . is expressed by ¢

muu.‘

o+ app + azp?

Sout = Sinout = Bt Bt D (B18) (Eq. (19))
%% Z, (B19)

a, = -2 % 222§ (B20)
a =3 %%5' ZZE (B21)
B =1, % (B22)
g =-2(2z+1) (B23)
(B24)

B =3(2,+1) @%

where p is the non-dimensional distance x// at which
i = I/S is satisfied. Next, the voltage difference between
electrodes at inlets V. is equal to V at the point x = pl
distant from the inlets of desalting cells.

V.=V (B25)(Eq. (17))

Equation (B25) is the second three-dimensional
simultaneous equation, and V/ is expressed as:

Vv, =G %% G (B26)
< B27
Cl:z iTp,i z PK'J'+ZY]'VP'AJ+T"N (B27)
1
IjT N I:lyncn D
Cr=2(b +14 +1 E-@Y-H—, : (B28)
? ( e ) F T ! p,fcprf El

Under the situation in which Eq. (B25) holds, ¢ , is
expressed by ¢,

Vit V2P + y3p?

(B29) (Eq. (20))
2p-3p?)(1/59)

Sout = Zinp = (

h=(2s-1) R 2

(B30)
]
V=2 @—223)%5 224% (B31)
o0, O
V3—3§3_2)§'E" A= (B32)
7z, =8 (B33)
A
z,=-2"5 (B34)
A

Finally, the third three-dimensional simultaneous
equation is obtained from Egs. (B18) and (B29) as follows:
é,inout= gz’np (B35) (Eq (18))
Using the equations described above, we obtain ¢ ,

¢.w P a,a,and a,. ¢ is the inlet current density non-
uniformity coefficient defined by:

(B36) (Eq. (21))

{,and ¢  arerelated to a,, a, and a, as follows:

gy = 2 (B37) (Eq. (21))
1/S
ot = qt+ata (B38) (Eq. (22))
1/S
Symbols
a — flow-pass thickness in a desalting cell (cm)
b — flow-pass width in a desalting cell (cm)
C — electrolyte concentration (eq cm™)
E — energy consumption (kWh m™)
F — Faraday constant (Aseq™)
i — current density (A cm™)
I — electric current (A)
/s — average current density (A cm™)
Jus ~ — diffusion (eq cm™s™)
oo — €lectro-osmosis (cm*cms™)
ydrosmo. — hydraulic osmosis (cm*cm™s™)
wg  — migration (eq cm™s™)
s — flux of ions across a membrane pair (eq cm2s™)
Iy — flux of a solution across a membrane pair

(cm® cm™2 s™)
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[ — flow-pass length in a desalting cell (cm)

N — number of desalting cells in an electrodia-
lyzer

[4 — dimensionless distance from the inlet of a
desalting cell at which current density is
equal to the average current density I/S of an
electrodialyzer

Q — solution volumetric floe rate (cm?® s™)

r — electric resistance (Q cm?)

T s altering current electric resistance (Q cm?)

"y  — direct current electric resistance (Q cm?)

R — gas constant (] K™ mol™)

R, — electric resistance of membranes in a stack
(Q cm?)

R’ — electric resistance of desalting cells in a stack
(Q cm?)

R”  — electric resistance of concentrating cells in a
stack (Qcm?)

S — ion exchange membrane area (cm?)

t — transport number of ions in a membrane

T — absolute temperature (K)

u — linear velocity in desalting cells (cm s™)

v — voltage (V)

V., — cellvoltage (V pair”)

V. s — membrane potential (V pair™)

v, — Ohmic potential (V pair™)

x — distance from the inlet of a desalting cell (cm)

Y, — number of desalting cells in group j

Greek letters

Y — activity coefficient of electrolytes

£ — electric current screening ratio of a spacer

g — current density non-uniformity coefficient

n — current efficiency

A — overall transport number of a membrane
pair (eq A s™)

u — overall solute permeability of a membrane
pair (cm s™)

3 — linear velocity ratio of solutions in desalting
cells

AE — half of & value range of desalting cells

p — overall hydraulic conductivity of a mem-
brane pair (cm* eq s™)

c — standard deviation of normal distribution of
linear velocity ratio &

) — overall electro-osmotic permeability of a
membrane pair (cm® A s7)

Subscript

A — anion exchange membrane in inlet of a
desalting cell

j — group j in the normal distribution within the

range of §=A& < <& + A

K
lim
out

— cation exchange membrane

— limiting current density

— outlet of a desalting cell

— point x = pl distant from the inlet of a desalt-
ing cell

Superscript

’
“

*

#

— desalting cell

— concentrating cell

— control key

— desalting cell in which solution velocity
becomes the least
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