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SUMMARY 

The performance of an ED basic unit is analyzed on the basis of irrevers- 
ible thermodynamics. The influence of the thickness of polarization layers, 
the distance between membranes, the concentration of dilute, and the 
current density as well as the transport coefficients of membranes on the 
current efficiency, CE, and the efficiency of energy conversion, 7, is 
shown. 

INTRODUCTION 

In this paper a simple description of the performance of an ED basic unit 
based on irreversible thermodynamics is given. The influence of the 
thickness of polarization layers, dp, the concentration of diluate, c”, the 
distance between membranes, de, and the electric current density, I, on the 
current efficiency, CE, and the efficiency of energy conversion, 7, is 
shown. The starting point are the definitions of CE and q for the one- 
membrane system, given below. 

CE is defined as the ratio of the increase of concentration difference 
across a real membrane to the increase of concentration difference across 
the ideal membrane, caused by the passage of a small amount of electric 
charge. As it was shown in [l], CE is equal to Fz,J,/I: 
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Here the ideal membrane is defined as a membrane across which only the 
electric transport of counterions takes place. 

v is the ratio of the output energy, .Z~AZ@~, to the input energy, ZAZ? 
rz31: 

J, Ac1,/vl 
rl=- zM 

(2) 

In the case of a cation-exchange membrane, AE is the difference of 
potentials across a membrane measured with electrodes reversible to anions 
(Eqn. (lo)), J1 is the flux of cations in the solvent-fixed frame of reference 

Jl = JT” - (cs lc,,j J,m 

< cJc,> is the mean concentration ratio defined by 

(3) 

(4) 

and AZ+, AZ,Q are the differences of chemical potentials of electrolytes and 
solvent across a membrane, respectively. 

Below the definition of CE and 7 are extended to the two-membrane 
system. 

THEORY 

The basic unit of an ED cell (i.e., a cation, CEM) and an anion- 
exchange (AEM) membrane with the three layers of electrolyte solutions 
(B,P), is shown in Fig. la. The polarization layers (P) are formed as a 
result of the different migration of cations in membranes and electrolyte 
solutions. The concentrations of solutions in the outer bulk layers (B’,B”‘) 
are the same and equal c’. The concentration profile is shown schematical- 
ly. The potentials on both edges of the system are p’ (E’) and (g”‘ (E”‘). 
The electric current is directed from right to left. 



141 

Fig. la. ED basic unit. 

The dissipation function for this system can be written as a sum of 
contributions from each layer 

@ = aB, + $,,cEM + aPCEM + +,,CEM + Q + G+,,,AEM + 

ch AEM + 'Pm, AEM + ‘B” 

(3 

The general formula for + is [4] 

+ = c JiAhi 
i 

(6) 

In isobaric conditions, for both a layer of electrolyte solution and a 
membrane (B, P, CEM, AEM), the relation between the flows in the 
solvent-fixed frame and the forces has the same form: 

Ji = C L,A~~ i= I,2 (7) 
k 

where Lik is the conductance coefficient in the solvent-fixed frame, and Apk 
is the difference of electrochemical potential of ion k across the layer or the 
membrane. 
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The set of Eqn. (7) can be transformed to 

Jl 4 = L,,& + L,~ @a> 

I = LEsA~$ + L&E (W 

where 

Acl, = v,Aji, + v2AjI& (9) 

AE = Afi,l%F = A$+F + Ap (10) 

4s = L,llv; Wa) 

L SE = LEs = F(Z1 L, 1 + %Ll,)‘V, UW 

LEE = F2 (t;L,, + 2y&12 + L22k!2 1 
WC) 

For the whole system: 1,2 denote cation and anion, respectively. 
Substituting Eqn. (8) written for each layer of the system, with the help of 
Eqns. (6) into (7), and having in mind that the difference of chemical 
potential of salt across each bulk layer is zero (Ac~s,n, = Als,n,, = Aps,nN =0) 
and J,, Z are constant, the following formula for 9 of the system is 
obtained: 

9 = J,lv, Ap,+IAE (12) 

where 

Jl = J,(CEM) - J,(AEM) = (z&t) (J,(AEM) - J2(CEM)) 

4 = gs (c”) - /.ds (c’) 

s = E”-E’ = (jYf2(c’) - jY2 (c’))/%F = A+Q 

(13) 

(14) 

(15) 



143 

Because of the same concentrations on the left and right sides of the 
system, the potential difference measured with electrodes reversible to 
anions, AE, is equal to the internal potential difference, A(p. Thus the 
efficiency of energy conversion, 7, and the current efficiency, CE, for the 
basic unit of an ED cell can be expressed by the same equations for the 
membrane only (Eqns. (1) and (2)), i.e., 

CE = d @c),-ca,mb 
d(Ac). = 

Fz, (Jt (CEM) - J, (AEM)) 

Ideal mb Z 
(16) 

rl=- ZAE = 

(J1 (CJW - J, (AEM))APJ~~ (17) 
ZAs 

The equation for CE (Eqn. (16)) is almost the same as that given in [5]. 
The only difference is that here the fluxes are in the solvent-fixed frame of 
reference, whereas in [5] the frame of reference is a membrane. As was 
shown in [ 11, the definition of CE (Eqns. (1) and (16)), based on the 
concentration changes, includes all the effects depressing the efficiency 

( i.e., electric transport of coions, diffusion of electrolyte, osmotic, and 
electroosmotic transport of water). 

METHOD OF CALCULATIONS 

To calculate J, and AE in the stationary state across an ion-exchange 
membrane with adjacent polarization layers, the method used by McCallum 
and Meares [6], which takes into account the concentration dependence of 
transport coefficients, was applied. Dividing the membrane with polariza- 
tion layers into n slices perpendicular to the direction of flows (Fig. lb), 
the n equations (8) written for the kth slice in the form of Eqns. (18a, 18b) 
are obtained: 

Jl ,k”l = ‘s,kACs,k + =,E,k”k (184 

’ = ‘E,kAc,,k + =EE,kAEk k=l n ,-**, W-9 



bulk 

il’ . . Bk-1’ im 'I,+1 . . : n 
Cl c-2 %*1 
91 92 

number of slice 
%+I 

Fig. lb. n-slice approximation of membrane with polarization layers. 

where 

h ‘&,k 
i,k = Lis k - 

’ ‘%,k 

i=s,E WC) 

In this division the membrane is treated as one slice, otherwise the three- 
force transport equations should be applied to the membrane phase [6], 
which would double the number of transport coefficients. As the Lik 
coefficients depend on the concentration, the set of Eqns. (18) has to be 
solved by an iterative procedure. 

DATA AND CONDITIONS OF CALCULATIONS 

The system 

Temperature is 298 K. The electrolyte solution: NaCl, - c’: 
0.5 mol/dm3; c”: 0.01 and 0.1 mol/dm3. The cation-exchange membrane 
was an interpolymer polyethylene (poly (styrenesulfonic acid)-co-divinyl- 
benzene) membrane KESD (Galena, Poland). The anion-exchange mem- 
brane was hypothetical, denoted as aKESD. The thickness of polarization 
layers was d,=lO-100 pm, with all layers being the same thickness. The 
distance between membranes was d,=O.2-2 mm. 
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Electrolyte solutions 

The lik coefficients for NaCl solutions were taken from [?I. As these 
coefficients relate fluxes and gradients of electrochemical potentials of ions, 
they were converted into L, from Eqn. (7) using the relation Lik=Z&hick- 
ness of electrolyte layer. For calculations the ZiR coefficients were approxi- 
mated by polynomials of different degrees as a function of c,. The activity 
coefficients were taken from [8]. 

Membranes 

The LSS, LsE, and LEE coefficients were calculated using the experimental 
data in [3,9] from Eqns. (19a-c): 

LEE = %?l xtl 

L ? SE = 1 ,app LEE’Fz1 ‘1 

4s = p* + Li?L~~ 

(194 

(19b) 

(19c) 

In Eqns. (19) K, is the specific conductivity of membrane, d, its thickness, 
fi,aP the apparent transport number of cations, and P* the permeability 
toe ficient, defined as P 

(194 

TABLE I 

Transport coefficients of KESD and aKESD membranes (fixed for the logarithmic 
mean of 0.5 and 0.02 mol/dm3) 

Membrane d,,,lmm T, ,aPP 

KESD 0.2 0.956 
aKESD 0.2 0.044 

K/Sm-’ P’AO-’ ms-’ 

0.71 1.1 
0.71 1.1 
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In the calculations the transport coefficients of the KESD membrane are 
fixed and correspond to the values for c =O. 125 mol/dm3 (the logarithmic 
mean of 0.5 and 0.1) (see Table I). The transport coefftcients for both 
membranes are the same, including the transport number of counterions 
(Q,,,(aKESD) = Zt ,,,,(KESD)). 

RESULTS AND DISCUSSION 

Limiting current density 

The limiting current density, Zlim, is defined as the current for which the 
concentration of solution at the surface of a membrane reaches zero. Based 
on the Nernst-Planck equation, the formula for Zli, is [lo] 

zb (cq = D(c” -c) /(i,,,, - te)dp (20) 

where D is the diffusion coefficient of electrolyte in the solution, tc the 
transport number of counterions in the solution, and C,C” the concentration 
of electrolyte at the membrane-solution interface and in the bulk solution, 
respectively. 

NaCI,, 25’C 

c’=O.5 rnol/drr? ’ 

oKESD 

I 1 1 I I , I , , 

0 0.02 0.04 0.06 0.06 0 

d,‘/krn-’ 

10 

Fig. 2. Limiling current density, Irim, vs. l/d,. 
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The dependencies of &,,,lc”, calculated according to Eqn. (20) (dotted 
line) and to the procedure described in the previous section (solid and 
dashed lines), are compared in Fig. 2. The agreement is good, although in 
Eqn. (20) the diffusion of electrolyte across the membrane and the concen- 
tration dependence of the transport coefficients in the solution is not taken 
into account. Because of the same transport properties of KESD and 
aKESD, the difference in II;, results from the different transport numbers 
of Na+ and Cl- ions in the solution. 

In practice, the calculated Zlim need not be reached because of the 
dissociation of water, especially at an anion-exchange membrane interface 
[11,12]. 

Concentration and electric potential profiles 

For the current densities close to the region of q_ (see Figs. 7 and 9), 
the concentrations at the membrane-solution interfaces are far from zero 
(for Z=30 A/m* c/c” =0.23 (CEM) and 0.66 (AEM); Fig. 3a). The 
observed faster drop of the concentration at CEM than at AEM can also be 
predicted from Eqn. (22). 

The profiles of electric potential, pk-_,., were calculated according to 
Eqn. (lo), which was rearranged to form Eqn. (21), 

pk - pr = Ek - Er - (k!,k-k,r)'?2F r=1,7 (21) 

under the assumption that Ah E Ap,/2, for Z=30 A/m* (Fig. 3b). Opposite 
to the concentration profiles, they are not linear on the dilute side of 
membranes. The higher growth of the electric potential at CEM compared 
to AEM results from the inequality tNa+ <tcl- for the NaCl solutions. 
Similar concentration and electrical potential curves were obtained recently 
by Gavach et al. [ 13,141, who solved the Nernst-Planck-Poisson equations. 

Potential drop and its components 

The total potential drop, Ap, is the sum of (1) the ohmic potential 
difference, A(p, (Eqn. (22b); Fig. 4) and (2) the non-ohmic potential 
difference, A(od (Eqn. (22~); Fig. 4), consisting of diffusion potentials in 
the polarization layers, Ac~~,~, and of the membrane concentration poten- 
tials, A(P+. 
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Fig. 3. a: Concentration; b: Electric potential profiles in polarization layers. 

AQ = AQ, + AQ~ (22a) 

AQd = A'pd,p + AQd,m 
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Fig. 4. Dependence of ohmic, AqO, and non-ohmic, APT, potential differences on I and dPS 

NaCI, 25% 6 

~‘-0.5 moldm” : 
I 

I I 

00 

’ I/Am-’ 
200 300 

Fig. Sa. Dependencies of A(~~lAy6. Fig. 5b. Dependencies of A+~~,,ldp~ on I. 

The contribution of Apd to Ap at I_=35 A/m2 is significant and 
amounts to 50-65% (Fig. 5a). The dominant part of A(pd is ASPS+. Because 
of tNa+ <tcl--, the diffusion potentials in polarization layers are directed 
opposite to Acpd,,, (Ay7&Apd> 1; Fig. 5b). 

Current eficiency and energy eficiency 

Because of energy losses in electrolyte solutions, particularly in diluate, 
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TABLE II 

CE and I for the membranes, calculated from K,, fI,app, P*, according 
??Gkat io?‘in [ 31 ;?klaq, 25 ’ C 

Membrane ? max wnax Zmax/A m-* 
c’=OS mol/dm’3 
C” =O.Ol mol/dm-3 

KESD, aKESD 0.83 0.88 65 
KESD + aKESD 0.68 0.77 72 

1.0 , 0.5 

NaCI., 25°C 
-a 

ho.5 moldm-’ 
0.8 - 0.4 

d.=0.5 mm 

c’=O.50 moldm-J 
0.6 - 0.3 

E - c 

0.4 - 0.2 

--- 0.10 

0.2 - 0.1 

0.0 d 
I I 

100 ZOO 

I/Ame2 l 

d 0.0 

Fig. 6a. Dependencies of current efficien- 
cy, CE. 

Fig. 6b. Dependencies of efficiency of 
energy conversion, q , on the current densi- 
ty, I, for different dp and c”. 

the efficiency of energy conversion is much lower than v_ for the 
membranes alone (compare Fig. 6b and Table II). 

Contrary to q, CE depends only on the transport parameters of the 
membrane, fl ,app, P*, and on the concentrations at the solution-membrane 
interfaces. It slightly depends on c” and is practically not affected by dp 
(Fig. 6a). 

It is characteristic that r] reaches a maximum at Z lower than Zk 
(Fig. 6b). The maximum is an effect of the increase of both CE and Ap 
(Fig. 4) with 1. The range of I, for which q>q_-0.01, amounts to 
25-45 A/m2 and is not very sensitive towards C” and dp (Fig. 7). 
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00 m 2b ’ 40 ’ ’ ’ ’ ’ ’ ’ 

&“~~ 
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Fig. 7. Dependence of I, for which q 2q_-0.01, on dP and c”. 

c’= 0.50 moldm” 
cl’= 0.01 moldm-’ 

NaCI, 25°C 
60 

c’=O.5 moldm” NaCI,, 25°C 

d,=50 fl 
9 \ 

0 I for q=qmor-O.O1 

e!3 - o.; ’ lb ’ 1; ’ 2b 
d,;rnrn ’ 

Fig. 8. Dependence of I) on the distance Fig. 9. Dependence of I, for which q 2 

between membranes, de. q_-0.01, on de. 

The influence of the membrane distance, de, on 7 is quite obvious: the 
thinner the electrolyte layers, the lower resistance and a higher v is 
observed. However, even for d,=O.2 mm, q hardly exceeds 0.4 (c” =O.Ol; 
Fig. 8). The range of Z for which 7 1 vmax -0.01 slightly depends on de and 
is almost identical for c” =O.Ol and 0.1 mol/dm3 (Fig. 9). 
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It should be stressed that the diluate is the main problem in electrodialy- 
sis (ohmic resistance, limiting current, dissociation of water and conse- 
quently the problem of insoluble hydroxides). To overcome these problems, 
ion-conducting spacers, ion-exchange resins placed in the diluate chambers, 
are proposed [B-17]. However, this case is not discussed here. 

Finally, it would be interesting to see how the transport coefficients of 
membranes themselves influence CE and v. For this reason the effkiencies 
were calculated under the following assumptions: 

fi+rr = 1 (CEM) and 0 (AEM, &,*rr= 1) 
double conductivity of membranes (3’2~~; it refers to 9 only) 
decreased permeability coefficient P (l/2 and l/20). 

It is seen (Figs. lOa,lOb) that: 
further increase of the transport numbers of counterions to the ideal one 
reflects in the slight increase of q and CE only 
increase of the conductivity of membranes has no effect on q 
the clue to the rise of q is the reduction of the permeability P*. Strongly 
diminished P* leads to high 7; however, the maximum of 3 is shifted 
towards the very low current densities (i.e., to a very slow desalting 
process), according to the previous statement by Kedem and Caplan [2]. 

NaCI, 25°C NaCI,, 2$“C 

0.6 

0.6 

c 

dp0.5 mm 

0.0 
I Ai, 

I I 

20 I/Ad 0 60 0.0 20 I/At?? 0 60 

Fig. 1Oa. CE for various hypothetical Fig. lob. Q for various hypothetical trans- 
transport parameters of membranes. port parameters of membranes. 
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