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Abstract The mathematical model of chromatographic separations of two-component  mixtures is 
developed for the heterogeneity of the adsorbent surface with variable composition of mobile phase 
and its adequacy is tested in the real process. 
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INTRODUCTION 

Purification of sewage which is contaminated by multi-component organic substances is 
complicated because of their similarity. In such cases the purification takes few steps according to 
each pollutant, but it is almost impossible to receive a clean sewage and to classify each pollutant 
that have very similar physical and chemical characteristics without using complicated schemes. 
That is why the process of liquid chromatography can be very efficient, since it allows not only to 
purify the sewage from mix of pollutants but also to receive clean solvents that can be used in the 
technological process. 

In liquid chromatography it is important to study the conditions of adsorption with variable 
composition of mobile phase and it is used for improving the process of chromatographic 
separation. For heterogeneous surface of the adsorbent the model of multi-component adsorption 
is complicated because it creates the competition between molecules on each of the adsorption 
centers (Ruthven, 1989; Suzuki, 1990). In this case the multi-component adsorption can be 
described as IAS model, separate for each adsorption; the total adsorption is a sum of adsorbed 
components on every active place (Ruthven, 1989). In heterogenic adsorption model (HIAS) the 
adsorbent surface is presented with consideration of an activity of the adsorption centers. Such 
approach requires sequence of regulated parameters and also a calculation of energy on the 
adsorption surface. 

The main task is to check a correspondence of the model to the components-pollutants of sewage, 
to determine the possibility to forecast the equilibrium for binary system according to the 
pollutants in the presence of few active centers (that are a heterogeneous surface of adsorption). 

Analysis of the last investigations and publications 
Processes of chromatography are modeled on base of certain assumptions and are described with 
mathematical models. 

Modified model of bi- Langmuirа isotherm can be used for calculation of two-place 
heterogeneous surface. The isotherm is shown as an equation: 
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Variable mobile phase composition for normal phase systems depends on the conditions of linear 
isotherm and is described on base of the theoretical model of adsorption [3-6]. In these models the 
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adsorption on a polar adsorption surface is explained as a competition between molecules of the 
solution and a modificator in the centers of adsorption. 

The modified model of Unilan isotherm is used for calculation of the adsorption processes of 
heterogeneous surface with taking into consideration the activation energy. In Unilan equation the 
total active surface is used (Suzuki, 1990). The activation energy is described as:  
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Modified Unilan equation for non-ideal mobile phase can be expressed through integral 
dependence:  
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Parameter h defines the heterogeneity of the surface and for the homogenous surface h = 0. 

For mathematical modeling of equilibrium between the component concentration in mobile and 
stationary phase it is important to forecast a differentiated mass equilibrium for one and і 
component in the mobile phase (Myers, 1983; Valenzuela et al, 1988; Guiochon et al, 1994; 
Guiochon et al, 2003): 
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where   tu εω /=  - speed in the thinnest cut; tε  - total porosity of the column;  aD  - dispersion 
coefficient, connected with the efficiency of the column,  aDLN 2/ω= ; m

ic - component 
concentration the the mobile phase; t, z – coordinates of time and space, *

iГ  -  additional 
adsorption in equilibrium  with m

ic . 

Equilibrium theory in the process of chromatography is expressed by an ideal model which takes 
into consideration the balance between compound concentrations in mobile and stationary phase 
and neglects all the axis dispersion and kinetic effects. 

The simplest model is introduced in Golshan-Shirazi et al (1988) for calculation of adsorption 
equilibrium in binary system (solution-modifier). It is called “Langmuirа competitive isotherm”. 
If coefficients of “solution-modifier” isotherm are known, then coefficients of the competitive 
“solution-modifier” isotherm can be determined, providing that modifier concentration is known. 

In heterogeneous adsorption model (HIAS) developed in Golshan-Shirazi et al (1988), the 
adsorbent surface is presented with taking into consideration the activity of adsorption centers. 
Such approach requires the whole range of regulated parameters and also calculation of energy on 
the adsorption surface. 
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Aim of the work. Aim of this work is to calculate the mathematical model of technological 
process of chromatographic separation of two-component organic solvents which are present in 
sewage and to carry out an experimental investigation of the process as well as to prove the 
mathematical adequacy of the model to the real process. 

MATHEMATICAL MODEL OF THE PROCESS 

For mathematical modeling of the equilibrium between component concentration in mobile and 
stationary phases it is important to forecast the differentiated mass equilibrium for one and і 
component in the mobile phase using the equation (5). 

Additional adsorption for the mix of mobile phase components in the in the adsorption column 
and inert phase is expressed by the equation:  
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For the solution with insignificant concentration **
i iqГ ≅ .  

The calculation in molar particles is calculated using the equation:  

2

2*
i
t
Г

z
xD

z
xMF

t
x m

i
a

m
i

m

mm
i

∂

∂
=

∂
∂

+⋅
∂
∂

+
∂
∂

ω
ρ

       (7) 

where Mm і mρ  - is an equivalent molar mass and density of the mobile phase; 
)(),( m

i
mm

i
m xfxfM == ρ . 

For description of the chromatographic process the Danckwerts-type conditions are used, where: 

t > 0;    z = 0 
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where xtFxi )(, - determines the profile of sample impulse.  

Then it is received: 
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Study of the additional adsorption was carried out with application of impulse method. 
Mathematical analysis is based on the principles of classic equilibrium theory. 

Equilibrium theory is described as an ideal model which considers the balance between 
component concentration in mobile and stationary phases and neglects the axis dispersion and 
kinetic effects. Ideal model for i standard component can be calculated according to the 
dependence:  
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Time when the impulse starts is expressed as: 
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where 
ω
LtГ =0      - time before the impulse occurred (so to say, a dead-time of the column), when 

L is the column height.  

The dependence (11) can be used for calculation of the additional adsorption of the i = А  
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In equation (12) і (13), *
АГ  - is an additional adsorption which corresponds to the adsorbent 

volume (for example, mol/(cm3 of the adsorbent). 

EXPERIMENTAL WORK 

For the experiments a liquid chromatograph HPLC LaChom MERCK was used. The experiment 
was carried out with saturation of the column by polar solvent (ethyl acetate or isopropan). Height 
and diameter of the column are 250mm and 4 mm respectively, and it is filled with silica 

LiChrospher® Si 60 with pores diameter 60 
о
А and particles size 5 мμ  (producer: Merck, 

Darmstadt, Germany). In order to determine the adsorption isotherm the column was adjusted to 
each concentration of the standard mixture, so to say to the horizontal line on the detector, which 
characterizes the adsorbent saturation of a certain concentration by mobile phase component, the 
impulse contained a slight excess of the concentration. There ware investigated two-component 
mixtures: “ethyl acetate – hexane”, “C5 – hexane” and “isopropan – hexane”.  

Calculation of isotherm model for 2-component mixtures. The received data tr = f(C) were used 
for co-modification of the isotherm model. The first derivative from the isotherm equation for 
diffusion peak is connected to the time of peak in an ideal model according to the equation: 
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In order to calculate the mass equilibrium of the model there was used a coefficient of 
concentration re-calculation between activity coefficient and concentration in mole particles. The 
value of density of mobile phase, which characterizes of moll mass, was calculated according to 
the equation: 
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where: ix - mass part of the component in the mobile phase. 

In order to receive the optimal equation of sorption isotherm of the system “C5 – hexane” such 
isotherm models were used: bi Langmuira, Totha та Unilan. 

As a result of the calculation, the following dependences were received: 

Bi-Langmuira isotherm: 
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Unilan isotherm: 
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Totha isotherm: 
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The results isotherm models calculations and the calculated parameters of the equations are 
presented in the Table 1. 

All the suggested isotherms have accuracy ±0.05%. The model of Totha isotherm is not taken into 
consideration because constant equations do not have physical significance. The comparison of 
presented data shows that the most correct model is Unilanа, which was used for the following 
data processing.  

For calculation of the optimal equation of sorption isotherm for systems “isopropan – hexane” and 
“ethyl acetate – hexane” the following isotherm models were chosen: Unilan, Langmuira. 

Langmuira isotherm: 
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Unilan isotherm: 
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Optimized parameters of the isotherm model for modificator of the solution are presented on the Figures 2 
and 3.  

Both suggested models have accuracy ±0.02%.  

CONCLUSION 
The suggested mathematical model can be used for evaluation of the adsorption process on the 

heterogeneous surface of the solution providing that there are different solvents with the known adsorption 
equilibrium. The successful experimental check showed the correspondence of forecast model for double 
equilibrium of two-component solution. 
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