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Abstract

We investigated the industrial use of ion exchange technology as well as the modeling of fixed bed, multicomponent ion exchange 

processes. In this paper we report on both fields of this research. We have developed a complex technology for the selective separation 

of the long-live radionuclides and the partial recycling of boric acid from radioactive evaporator bottom residue. A wastewater 

treatment system has been developed by using a cesium-selective inorganic ion exchanger. The selective separation of 137Cs, 134Cs 

from high salt concentration and strongly alkaline evaporator bottom residue in Paks NPP has a volume reduction factor of about 

3500–6500 at the value of the decontamination factor DF > 100, for the samples of four evaporator bottom residue tanks of the NPP. 

Some important classes of ion exchangers do possess uniform internal pore structures and bring all parts of the solíd structure 

into much closer contact with the liquid. Such materials are porous organic resins. For these types of exchangers, we have modified 

Mansour's multicomponent adsorption model and developed a computer program to describe multicomponent breakthrough, 

cocurrent, and counter-current elution curves for ion exchangers. In addition, we have developed a subroutine for the calculation of 

multicomponent ion exchange kinetics according to Nernst-Planck equation and successfully tested it. This subroutine will be added 

to the multicomponent ion exchange breakthrough and elution simulation program to have a real multicomponent ion exchange 

simulation program. In this paper we report about these research results too.
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1 Introduction
1.1 Radioactive cesium separation by a new selective 
ion exchanger in the liquid radioactive separation 
technology in the nuclear power plant Paks
In the Hungarian pressurized water reactor (PWR) type 
nuclear power plant (NPP) Paks, the radioactive waste 
water is collected in common tanks. These water streams 
contain radioactive isotopes in ultra-low concentration 
and inactive compounds as major components (borate 
1.7 g/dm3, sodium-nitrate 0.4 g/dm3, sodium-hydroxide 
0.16 g/dm3, and oxalate 0.25 g/dm3).

Up to the present, the low salinity solutions were evapo-
rated (by adding sodium-hydroxide) till 400 g/dm3 salt con-
tent (pH ≈ 13). There is about 6000 m3 concentrated evap-
orator bottom residue in the tanks of the PWR. To separate 
the radioactive isotopes ( 137Cs, 134Cs, 60Co are the major-
ity) from the inactive, salt content, a Liquid Wastewater 
Treatment Technology (LWT, see Fig. 1) was developed to 
treat this wastewater before solidification and disposal [1].

Although the selective separation of radioactive cesium 
isotopes from acidic or neutral solution is well solved and 
easy, from alkaline, high salt concentration solutions this is 
rather complicated. Only a few industrial scale process is 
known, using synthetic sorbents or cyanoferrate based sor-
bents [2]. In water-water energetic reactor (VVER) type NPPs 
the long-life radionuclides are present in very low chemical 
concentrations (10−9–10−12 mol/dm3 ) as ions, colloid parti-
cles, and in complex ethylenediaminetetraacetic (EDTA), 
oxalate, citrate forms. In this technology, first the SELION 
CsTreat cesium-selective ion exchanger was used for the 
selective separation of radiocesium isotopes ( 134Cs, 137Cs). 
CsTreat® was originally developed for treatment of high salt  
(240 g/dm3 NaNO3) evaporator concentrates at the Loviisa 
NPP in Finland. CsTreat® has later found several applications 
for the treatment of other types of waste solutions, too [2]. 
CsTreat beds have successfully purified both high-salt evap-
orator concentrates and dilute floor drain waters at NPPs in 
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Finland and the United States [3, 4]. It has been in use since 
1991 in many countries for the treatment of high-salt radio-
active evaporator concentrates, as well as in the Hungarian 
NPP Paks. However, the high complex content in the highly 
alkaline evaporator concentrates destroyed the cesium-se-
lective ion exchangers, so we needed first to diminish by oxi-
dation the amount of these complex compounds.

In 2008, we developed a new alkali hexacyanoferrate type 
cesium-selective granulated ion exchanger CsFix [5–7], 
which has very good stability at pH > 12 (see Fig. 2).

Additionally, we developed several modeling soft-
wares to simulate multicomponent fixed bed ion exchange 
breakthrough curves and cyclic use of porous and gel-type 
ion exchangers. Using these models, we are able to opti-
mize the industrial use of various types of ion exchangers. 
In this paper, we summarize our results in these fields.

1.2 Experiments and results
Based on CsTreat and this new cesium-selective ion 
exchanger stable at pH > 12 we have modified the liquid 
radioactive evaporator bottom residue treatment technol-
ogy at the NPP. The basic idea of the new technological 
scheme is the selective separation of all radionuclides 
before borate precipitation with inorganic sorbent mate-
rials or reagents in very simple processes without any 
prior neutralization or dilution. After the separation of all 
radionuclides, the inorganic salt content (borates, partially 
nitrates) could be separated with crystallization using 
nitric acid neutralization, and the inactive crystals could 
be treated as chemical waste, and only the small volume of 
radioactive components should be cemented. The approx-
imate volume reduction is 200. (Volume reduction is the 
volume ratio of the original and the concentrated by sep-
aration radioactive liquid). The developed modified tech-
nology consists of the following parts:

• First, the high salt content, strongly alka-
line (pH = 12–13) evaporator bottom residue is 
microfiltered.

• Then, the free complex forming compounds and the 
metal-EDTA, citrate, and oxalate complex content 
are oxidized with an underwater plasma torch. After 
2019 the oxidation is done with potassium perman-
ganate. After the oxidation step the complex content 
decreased significantly, and the Co isotopes were 
removed by precipitation and filtration as cobalt 
oxide-hydroxide.

• Selective separation of the radioactive cesium iso-
topes (137Cs, 134Cs) using ion exchange material in 
columns, stable at highly alkaline pH. So the radio-
activity content of the treated solution is so low, that 
its further processing leads to exempted waste.

• Crystallization of borates from the mother lye by 
neutralization with nitric acid.

Fig. 1 The liquid wastewater treatment technology (UWPT-Underwater 
Plasma Treatment)

Fig. 2 The new cesium-selective sorbent CsFix
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Since 2011 we have produced the CsFix, cesium-selec-
tive sorbent in 12 dm3 charges for the radioactive cesium 
separation in the NPP, from evaporator bottom residue 
solutions. Since then, Finnish and our CsFix sorbents 
have been used separately or combined into two columns. 
The ion exchange device at the NPP contains two 12 dm3 
shielded columns (see Fig. 3).

Two independent ion exchange columns can be oper-
ated in serial or in parallel connection, depending on the 
cesium activity of liquid waste. Sorbents are in the lead-
shielded steel column (radiation protection, transporta-
tion). 12 dm3 ion exchange columns fed with 10 BV/h (bed 
volume/hour) treated, ultrafiltered, and oxidized evapo-
rator bottom residue. Separation efficiency can be deter-
mined by regular sampling and High Purity Germanium 
Detector (HPGe) analysis. The 12 dm3 ion exchangers are 
fed by radioactive solution either separately or in series, 
depending on the activity and potassium content of the 
inflowing evaporator bottom residue.

Since 2011 29 ion CsFix exchanger column charges 
(29 × 12 = 348 dm3 ) were used in the NPP and purified 
approximately 2000 m3 of radioactive evaporator bottom 
residue from radioactive cesium isotopes.

For example, the breakthrough curve of the 12 dm3 
CsFix sorbent charge M1, and the radioactivity accumula-
tion curve of this column is shown in Figs. 4 and 5.

The column breakthrough (A/A0 > 0.1%) was at 
BV > 5500, and after that, the column served as a prefilter 
before a new sorbent column.

On 12 dm3 sorbent 2.36 × 1010 Bq radioactive 137Cs was 
accumulated.

1.3 Conclusion
Based on our modification of the original wastewater treat-
ment technology in the Hungarian NPP and on the develop-
ment of a new cesium-selective ion exchanger, stable at alka-
line pH, we get beneficial results summarized as follows:

• The use of the Finnish CsTreat, and our new CsFix 
cesium-selective ion exchanger eliminates the acid-
ification of the evaporator bottom residue before the 
cesium removal by ion exchange.

• Hence we can avoid the formation of the precipitated 
borate crystals contaminated with radionuclides of 
cesium etc., and the additional washing of the sepa-
rated crystals for radioactivity removal.Fig. 3 The ion exchange columns in the NPP

Fig. 4 137Cs breakthrough curve for the M1 column

Fig. 5 Fixed activity ( Bq  ) on column M1
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• According to measured specific activity data, we are 
able to release the dried solid borate crystals from 
the NPP, which could be removed from NPP as 
a non-radioactive borate containing chemical waste.

• The cesium-selective sorbents CsTreat and CsFix 
efficiently remove the radioactive cesium isotopes 
from the alkaline, high salt content evaporator bot-
tom residues with high volume reduction.

• The new cesium-selective ion exchanger, CsFix is 
successfully used together with the Finnish sorbent 
in the NPP radioactive wastewater treatment tech-
nology. The breakthrough (A /A0 > 0.1%) is usually 
higher than 5000 BV (60 m3 ) in case both of CsTreat 
or CsFix treated radioactive evaporator bottom resi-
due. Exhausted ion exchanger columns usually con-
tain higher than 1010 Bq separated 137Cs radioactivity.

2 Simulation of ion exchange breakthrough and elution 
curves
2.1 Introduction
At the Department of Chemical and Environmental Pro- 
cess Engineering (earlier Department of Chemical Tech- 
nology) of BME we have developed several programs and 
models for industrial use. As we discussed earlier, we con-
structed models and computer programs for the simulation 
of scaling in multicomponent geothermal water (program 
GEOPROF [8]), a model for the simulation of leaching 
processes from solid radioactive waste samples (ILT15, 
ILT20) [9, 10], and models for the simulation of multicom-
ponent sorption processes in packed columns [11, 12], and 
stirred bath [13]. We have also developed a simulation pro-
gram to describe multicomponent ion exchange kinetics 
according to the Nernst-Planck model in columns [14].

The goal of this research work is to describe and inves-
tigate the accuracy and reliability of multicomponent ion 
exchange models, to describe mass transfer processes, and 
to find effective solution methods for coupled partial dif-
ferential equations by finite difference techniques. Now we 
present the simulation results of these models developed.

2.2 Research work
In the field of ion exchange separation processes, particu-
lar attention is drawn to the simulation of exchange system 
behavior. A reliable simulation model is obviously of great 
help in verifying the diffusional behavior of different ion 
exchangers, which is a considerable reduction in experi-
mental work.

In the developed model, we modified Mansour 
et al.'s [15] multicomponent model for porous adsorbent 
and constructed a model for simulation of multicomponent 
ion exchange in fixed-bed by the description of multicom-
ponent concentration profiles in the spherical ion exchange 
beads as well as along the fixed bed column and the mul-
ticomponent breakthrough curves. The developed model 
uses constant diffusion coefficients for the solid phase 
and can calculate a complete ion exchange cycle series as 
feeding till breakthrough, backwash with water with co- 
or counter-current flow, and elution with an eluent ion with 
co-current- or counter-current flow. The results are mul-
ticomponent breakthrough-, co-current- and counter-cur-
rent elution curves for gel-type or porous ion exchang-
ers in a fixed bed, as well as the concentration profiles in 
each cycle, steps in the particles, and along the column. 
Considering the saturation stroke in the cyclic sorption 
process, a set of continuity, rate, and equilibrium equa-
tions can be written for each component of ion exchange 
or adsorption. In isothermal operations, no longitudinal 
or radial diffusion effect was assumed for the continuity 
equation. For the rate equations, it was assumed that the 
solid, pore, and liquid-film diffusion may be the rate-de-
termining step. The continuity and rate equations for ionic 
component i, in an ion exchange column filled with spher-
ical ion exchange beads, are as follows (Eq. (1) to (3)):

�
�

�
�

�
�

� �� �

� �
�
�

�

�

C
t

K
R

C C

U C
X

di B

B

fi
di pi r R

B

di

1 3

0

�
�

�
,

 (1)

�

�

p pi
pi pi

li si si p
si

D
C
r r

C
r

K C C
C
t

� �
�

�
� �

�

�

�

�
�

�

�
�

� � �� � � �
�
�

2

2

2

*
,

 (2)

D
C
r r

C
r

K C C
C
t

si
si si

li si si
si

�
�
�

� �
�
�

�
�
�

�
�
�

� � �� � � �
�

2

2

2

*
,

 (3)

where:
• Cdi : the concentration of component i in the fixed bed 

(g/cm3);
• Cpi : the concentration of component i in pore fluid 

(g/cm3);
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• Csi : the concentration of component i in the solid 
phase (g/cm3);

• t : time (s);
• εB : bed void fraction (–);
• Kfi : mass transfer coefficient in liquid film (cm/s);
• K1i : sorption rate coefficient (1/s);
• R : radius of the particle (cm);
• U : fluid velocity (cm/s);
• X : distance along the bed (cm);
• εP : particle void fraction (–);
• Dpi : effective diffusivity in pore fluid (cm2/s);
• Dsi : effective diffusivity in solid particle phase (cm2/s);
• Csi

*
:  concentration of component i in the solid phase 

in equilibrium (g/cm3);
• r : radial distance in particle (cm).

Equation (1) is a material balance for the ion exchange 
bed, Eq. (2) is a material balance for the pores ion the par-
ticle, and Eq. (3) is a material balance for the solid phase. 
At high values of Dpi the rate of mass transfer is deter-
mined by particle phase diffusion.

In Eqs. (2)–(3) K1i with large values (>3 s−1) gives the 
same result as the equilibrium model rate Eq. (4):
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In general, Dsi and Dpi diffusion coefficients are concen-
tration dependent. To simplify matters, first, these coef-
ficients are averaged over the concentration range of the 
experiment and thereby assumed to be a constant. The ini-
tial and boundary conditions are:

• at t = 0, Cpi = Csi = 0 for all r and X except for the sat-
urating ion or ions for all t ;

• at r = 0, ∂Cpi /∂r = ∂Csi /∂r = 0 for all t ;
• at r = R, εp × Dpi × ∂Cpi /∂r = Kfi × (Cdi−Cpi) for all t.

Csi
*  is expressed in terms of Cpi by a multicompo-

nent ion exchange equilibrium equation of the constant 
(or averaged) separation factor type. Thus if n + 1 compo-
nents are present:

C Q C C Csi i pi j pjj

n*

, ,
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�

��� �
1 0 11

1  (5)

where:
• αi,1 : constant binary separation factor (normalized 

by component 1);
• Q : sorption capacity (exchange capacity) (g/cm3).

Eqs. (1)–(5) are written in case of saturation for n ion. 
Another set of equations analogous to Eqs. (1)–(5) can be 
written for the regeneration (elution) step. If counter-cur-
rent regeneration is employed, the term ∂Cdi /∂X in the conti-
nuity equation must be replaced by ∂Cdi /∂(L–X). Assuming 
the feed solution composition to the column during either 
the saturation or regeneration step is constant, the periodic 
boundary conditions for the fluid phase are:

• at X = 0, Cdi = Cdi0 for all t, saturation;
• at X = 0, Cdi = 0 for all t, except for the eluting ion, 

in case of co-current elution;
• at X = L, Cdi = 0 for all t, except for the eluting ion, 

in case of counter-current elution where L is the 
length of the column (cm).

The coupled two parabolic and one hyperbolic par-
tial differential equations can be solved using a finite dif-
ference method, as described by Mansour et al. [15] and 
von Rosenberg [16]. The parabolic equations can be dis-
cretized with a backward, the hyperbolic equation with 
a combined centered-backward finite difference. The pore- 
and solid-phase material balances for each ion are cou-
pled by the first-order exchange reaction term through the 
equilibrium equation. In addition, each pair for a given 
exchange is coupled with Eq. (1). Since these equations 
are highly nonlinear, an iterative numerical procedure was 
followed. The bi-tridiagonal system from Eqs. (1), (4) and 
(6) was solved by the algorithm for bi-tridiagonal matri-
ces. An iterative procedure for the finite difference equa-
tions is required to eliminate the nonlinearity. The denom-
inator of the equilibrium expression is evaluated with 
values obtained from the previous iteration. The form 
Csi

*  = Cpi F(CpAi ) is linear in Cpi since CpAi is the value of 
Cpi obtained from the previous iteration. At the end of each 
iteration, the value of Cpi is checked to determine whether 
it equals CpAi within a set tolerance. For an n + 1 compo-
nent system, the material balance for the bed and for the 
particle could be written for n of the n + 1 components 
present. The n + 1-th component can be obtained by the 
difference from overall material balance considerations.

2.3 Results
A computer program, CIKLMA, written in Lahey-Fujitsu 
FORTRAN was developed to describe the multicomponent 
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ion exchange saturation, co-current and counter-current 
elution. In order to demonstrate the simulation results, 
3- and 5-component saturation, 3-component concentra-
tion distribution along a fixed bed at breakthrough, and 
co-current and counter-current ion exchange elution curves 
for 3-component ion exchange are shown in Figs. 6 to 10. 
The parameter values used for three and five hypothetical 
ionic component cases are shown in Tables 1 and 2. In both 
cases, i.e., in the 3- and 5-component ion exchange, com-
ponent ion 1 saturated the particles in the bed at the start of 
saturation, and ionic components 2 and 3 or components 2, 
3, 4, and 5 are in the feed. In co-current or counter-current 
elution a concentrated solution of ion 1 is used as an eluent 
to elute ions 2 and 3 from the column.

For the simulation of the 3-component ion exchange 
breakthrough curve (Table 1) we calculated the breakthrough 
curve with an ion exchange capacity Q = 0.005 g/cm3,  

Fig. 6 Ion exchange of ion 1 with ions 2 and 3

Fig. 7 Concentration distribution along the bed of ions 1, 2 and 3 at the 
breakthrough of ion 2

Fig. 8 Ion exchange of ion 1 with ions 2, 3, 4 and 5

Fig. 10 Counter-current elution of ions 2 and 3 with a solution of ion 1, 
with a concentration of 1 mg/dm3

Fig. 9 Co-current elution of ions 2 and 3 with a solution of ion 1 with 
a concentration of 5 mg/dm3
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column length L = 20 cm, containing NL = 20 slices with 
∆L = 1 cm. The column contained uniform spherical ion 
exchange beads with R = 0.1 cm, and the radius was divided 
into 20 parts, ∆R = 0.05 cm. The calculation was started with 
a time increment of ∆t = 1.0 sec.

For the simulation of the 5-component ion exchange 
breakthrough curve (Table 2) we calculated the break-
through curve with an ion exchange capacity Q = 0.05 g/cm3, 
column length L = 20 cm, containing NL = 20 slices with 
∆L =1 cm. The column contained uniform spherical ion 
exchange beads with R = 0.1 cm, and the radius was divided 
into 20, ∆R = 0.005 cm slices. The calculation was started 
with a time increment of ∆t = 0.4 sec.

At time t = 0 ion 1 is in the exchanger, and ions 2, 3, 4 
and 5 are in the saturation solution. The co-current and 
counter-current elution curves for 3 component ion 
exchange are shown in Figs. 9 and 10.

We calculated the counter-current elution curves 
with an ion exchange capacity Q = 0.005 g/cm3, and col-
umn length L = 20 cm, containing NL = 20 slices with 
ΔL = 1 cm. The column contained uniform spherical 
ion exchange beads with R = 0.1 cm, and the radius was 
divided into 20, ΔR = 0.005 cm slices. The calculation was 
started with a fluid velocity 0.1 cm/s, and a time increment 
of Δt = 5.0 sec.

3 Modeling of multicomponent Nernst-Planck ion 
exchange kinetics
3.1 Introduction
The previously described multicomponent ion exchange 
model uses constant diffusion coefficients, not depending 
on the concentrations of ions in the solid particle.

3.2 The model
To solve this problem, we developed a model and subrou-
tine calculating concentration-dependent diffusion coeffi-
cients by Nernst-Planck model [14]. We consider the case 
of an ion exchange system with n ions exchanging. With the 
assumptions, the following equations can be used for ion i:

J D grad q q z F
RT
gradi i i i i� � � � � � ��

�
�

�
�
�� ,  (6)

where:
• Ji : is the mass flux of ion i (mg/s × cm2);
• Di : is the individual diffusion coefficient of ion i in 

the exchanger (cm2/s);
• qi : is the concentration of ion i in the exchanger 

(mmol/cm3);
• zi : is the valence of ion i;
• F : is the Faraday constant (96487 C/eq);
• R : is the universal gas constant (8.3143 J/mol (K)) 
• T : is the temperature (K);
• ϕ : is the electric potential (V).

Table 2 Parameters for saturation of 5 hypothetical components

Parameter Component 1 Component 2 Component 3 Component 4 Component 5

Dp (cm2s) 1.E-3 1.E-3 1.E-3 1.E-3 1.E-3

Ds (cm2/s) 1.E-7 1.5E-7 2.E-7 2.5E-7 3.E-7

Kf (cm/s) 0.001 0.001 0.001 0.001 0.001

αi,1 (–) 1.0 0.8 0.4 0.2 0.05

Cdi0 (g/cm3) 0.0 0.001 0.001 0.001 0.001
R = 0.1 cm; ∆R = 0.005 cm; L = 20 cm, ∆L = 1 cm, Q = 0.05 g/cm3, U = 0.6 cm/s, ∆t = 0.4 s, where NL is the number of increments along the bed, 
∆R, ∆L and ∆t are the radius, column lenght and time increments.

Table 1 Parameters for saturation and co-current and counter- current elution of 3 hypothetical ionic components

Parameter Component 1 Component 2 Component 3

Dp (cm2/s) 1.E-3 1.E-3 1.E-3

Ds (cm2/s) 1.E-7 2.E-7 3.E-7

Kf (cm/s) 1.E-3 1.E-3 1.E-3

αi,1 (–) 1.0 0.8 0.05

Cdi0 saturation (g/cm3) 0.0 0.001 0.001

Cdi0 elution (g/cm3) 0.01 0.0 0.0
R = 0.1 cm; ∆R = 0.005 cm; NL = 20, ∆L = 1 cm, Q = 0.005 g/cm3, U = 0.1 cm/s, ∆t = 1.0 s, where NL is the number of increments along the bed, 
∆R, ∆L and ∆t are the radius, column lenght and time increments.
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The initial and boundary conditions for spherical beads are:
• at t = 0, qi = qi0, i = 1, n;
• at r = 0, ∂qi /∂r = 0;
• at r = Rp, qi = qiegs, i = 1, n.

The principle of electroneutrality requires that the total 
concentration of counterions in equivalents is constant 
throughout the bead. Hence:

z q Qi
i

n

i
�
� �
1

.  (7)

The absence of electric current inside the ion exchanger 
gives the condition:

z Ji i
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From the manipulation of Eqs. (6), (7), and (8), one 
obtains:
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Using a manipulation described in detail in [14] and 
by substitution for ion fluxes in the material balances for 
spherical beads results in the following nonlinear para-
bolic partial differential equation:
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In Eqs. (10) to (12):
• qiti : is the iteration value of qi (mmol/cm3);
• qieqs : is the concentration of ion i in the exchanger at 

the outer surface (mmol/cm3);

• qi0 : is the concentration of ion i in exchanger at t = 0, 
(mmol/cm3);

• r : is the radial coordinate of spherical bead (cm);
• NU: is the expression in the numerator, DE: is the 

expression in the denominator in Eq. (9)

The resulting partial differential equation can be solved 
using a quasi-linear finite difference equation with the 
"three iteration coefficients", DE, ∂q1 /∂r and A. The values 
of DE and A computed at the previous iteration level can be 
used to evaluate the qi concentrations at the new iteration 
level. Solving the diffusion Eq. (10) along with the initial 
and boundary conditions gives concentration profiles for 
each component i (qi(r,t)). For a spherical bead, the amount 
of an ion species in the resin expresses the ion exchange 
rate. This quantity can be calculated by integrating the cor-
responding concentration profile along the radius. For this 
type of formulation of the equations, it was not necessary 
to transform the boundary condition at the center of the 
particle from the Neumann to the Dirichlet type.

3.3 Numerical solution technique
The solution is based on the backward implicit finite-dif-
ference discretization for the parabolic partial differential 
equation, using a quasi-linearization iteration technique. 
The details of the discretization and computation are given 
in [14]. A Lahey-Fujitsu FORTRAN subroutine is written 
to solve the multicomponent ion exchange kinetics, and we 
are going to fit this subroutine into above described multi-
component fixed bed ion exchange breakthrough and co- 
and counter-current elution calculation program CIKLMA.

3.4 Test and example
In order to test the new numerical solution for ion exchange 
kinetic curves, the numerical solution for the limiting 
case of isotope exchange (binary ion exchange between 
ions with the same diffusivities) was compared with the 
well-known analytical solution [17]. Then the computed 
binary ion exchange kinetic curves were compared with 
those computed and submitted by Helfferich [17]. At least 
the 3-component profiles, computed and submitted as an 
example by Hwang and Helfferich [18] were compared with 
those computed with the present program. All of these tests 
resulted in good agreement. The maximal relative error did 
not exceed ± 0.5 %. The Hwang's and computed curves are 
shown for the three-component example case in Fig. 11. 
The parameters were for the three ions z1 = z2 = z3 = 1 and 
D1 : D2 : D3 = 1 : 5 : 0.2.
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previous numerical algorithms.

4 Conclusion
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simulation of breakthrough, co-, and counter-current elu-
tion curves. Hypothetical examples are shown.

The developed computational algorithm for Nernst- 
Planck multicomponent ion exchange kinetics has been 
tested and will be built into a program for the computation 
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