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a  b  s  t  r  a  c  t

Selection  of an  appropriate  solvent  system  is  of  great  importance  for a  successful  counter-current
chromatography  separation.  In this  work,  the nonrandom  two-liquid  (NRTL)  model,  a  thermodynamic
method,  was  used  for predicting  the  partition  coefficient  based  on  a few  measured  partition  coefficients.
The  NRTL  method  provides  quite  satisfactory  results  for model  solutes  in  first  correlating  measured  parti-
tion  coefficient  in a few  representative  biphasic  liquid  systems  and  then  successfully  predicting  partition
coefficient  in  other  two-phase  liquid  systems.  According  to the  predicted  partition  coefficient,  a  suitable
solvent  system  can  be screened.  Assisted  with  the  NRTL  method,  the  solvent  system  composed  of  hex-
ane/ethyl  acetate/methanol/water  (1:4:1:4,  v/v)  was rapidly  screened  for  the  successful  separation  of
two major  compounds  with  high  purity  from  Malus hupehensis  leaves.  The  results  demonstrated  that  the
NRTL  model  can  offer  a  simple  and practical  strategy  to estimate  partition  coefficients  in support  of CCC
solvent  system  selection,  which  will significantly  minimize  the  experimental  efforts  and  cost  involved  in
solvent  system  selection.

©  2014  Published  by  Elsevier  B.V.

1. Introduction

Counter-current chromatography (CCC) has been accepted as a
useful tool for separation and purification of natural products [1,2].
For a successful CCC separation, selection of an appropriate sol-
vent system is the most crucial step. It is well accepted that the
selection of an appropriate solvent system has been a significant
issue that somehow blocks the wide application of CCC [1,3]. There-
fore, many efforts have been made to give instructions on how to
efficiently determine a suitable solvent system for CCC separation
[3–7].

The partition coefficient (K) defined as the concentration of the
target compound in the stationary phase divided by the concentra-
tion in the mobile phase is a key property related to the partition
behavior of the solute between the stationary and mobile phase.
Generally, solvent system selection or optimization is performed
by measuring the K value of the target compound. Unfortunately,
the determination of partition coefficient is time-consuming and
labor-intensive. If the partition coefficient can be predicted with-
out or with only a few experimental efforts, the efficiency of CCC
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solvent system selection will be enhanced significantly. In fact,
such predictions have been reported in previous works [6–8].
Recently, a quantum chemical method combined with thermo-
dynamics (COMSO-RS) was used for the prediction of partition
coefficient [7,9]. In addition, Ren et al. developed a semi-empirical
predictive method by employing the nonrandom two-liquid seg-
ment activity coefficient (NRTL-SAC) model, which can predict the
partition coefficient in a large number solvent systems based on
a few measured partition coefficients [8]. In both of the afore-
mentioned methods, the partition coefficient is calculated through
the activity coefficient obtained from the thermodynamic model,
COMSO-RS or NRTL-SAC. Thus, any method that can provide reli-
able activity coefficient values of the solute in both the stationary
and mobile phase would be capable of estimating the partition
coefficient in a biphasic solvent system.

Nonrandom two-liquid (NRTL) model developed by Renon and
Prausnitz is a popular method that can be successfully used for
representing the strongly non-ideal vapor–liquid equilibrium and
liquid–liquid equilibrium [10]. It uses three adjustable parameters
per binary system and can be applied to multi-component mix-
tures without additional parameters. The NRTL model has been
widely used to calculate phase equilibrium, especially vapor–liquid
equilibrium and liquid–liquid equilibrium [11]. The objective of
this work is to test the applicability of the NRTL model as a tool

http://dx.doi.org/10.1016/j.chroma.2014.05.080
0021-9673/© 2014 Published by Elsevier B.V.

dx.doi.org/10.1016/j.chroma.2014.05.080
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2014.05.080&domain=pdf
mailto:yizeng_liang@263.net
dx.doi.org/10.1016/j.chroma.2014.05.080


D.-B. Ren et al. / J. Chromatogr. A 1355 (2014) 80–85 81

for predicting partition coefficient and screening a suitable solvent
system.

2. Theory

Based on relevant thermodynamic theory, when the partition
equilibrium of solute i in a biphasic system was achieved, the par-
tition coefficient of the solute i (Pi) in the stationary phase (S) and
the mobile phase (M)  can be calculated from the thermodynamic
equilibrium as follows:

Pi = xS
i

xM
i

= �S,∞
i

�M,∞
i

; xi → 0. (1)

where xS
i

is the molar fraction of solute in the stationary phase and

xM
i

is the molar fraction of solute in the mobile phase. �S,∞
i

and

�M,∞
i

are the infinite dilution activity coefficient of solute i in the
stationary and mobile phase, respectively.

In practice, molar concentration rather than molar fraction is
used to calculate the partition coefficient. Hence, the partition coef-
ficient based on the molar fraction in Eq. (1) has to be transformed
into the partition coefficient based on the molar concentration (Ki)
through the following expression:
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where j is the component index in the two phases. CS
i

and CM
i

are
the molar concentration of the solute i in the stationary and mobile
phase, respectively. VS and VM are the molar volume of stationary
phase and mobile phase. V0j is the molar volume of solvent j in the
two liquid phases. It should be noted that the excess volume of
mixing was neglected.

From expressions (1) and (2), it can be learned that once the infi-
nite dilution activity coefficient of component i in the two  phases
(�M,∞

i
and �S,∞

i
), the two phase compositions (xM

j
and xS

j
) and the

molar volume of pure solvent j (V0j) are known, the partition coef-
ficient of the component i (Ki) can be calculated. The molar volume
of pure solvent can be obtained easily from the literature, and also
the phase composition can be obtained from phase equilibrium cal-
culation by employing thermodynamic method such as the NRTL
model. Therefore, for the calculation of the partition coefficient of
a given solute, the main challenge encountered is how to deter-
mine the infinite dilute activity coefficient of the solute (�M,∞

i
and

�S,∞
i

) in both the stationary and mobile phase through a simple and
reasonable method.

In the present study, the activity coefficient � i needed in Eq. (1)
is determined from the NRTL model. The activity coefficient of com-
ponent i in a solvent mixture can be expressed with NRTL equation
[10] as:
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where xi is the mole fraction of solute i, and:

Gij = exp(−˛ij�ij); ˛ij = ˛ji = 0.2 (4)

where �ij is the interaction parameter between component i and
j, and ˛ij is the third non-randomness parameter that was  set
to 0.2 in this study. For some commonly used solvent system
families, such as hexane/ethyl acetate/methanol/water and chlo-
roform/methanol/water solvent system family, the NRTL binary

Fig. 1. Scheme of the procedure used for the calculation of partition coefficient;
hexagon represent data input and rectangles represent calculations; NRTL, nonran-
dom two-liquid.

solvent–solvent interaction parameters have been reported in pre-
vious works [11,12]. Also if the phase equilibria data are available,
one can easily determine the solvent–solvent interaction parame-
ters through regression. Hence, we  focus in the present study on
how to determine the binary solute–solvent interaction parame-
ters.

Determination of the solute–solvent interaction parameters
involves regression of available experimental partition coefficients
of the solute in a few biphasic liquid solvent systems. In the pro-
cess of regression, the solvent–solvent parameters were taken from
the literature or obtained through regression of available phase
equilibria data. The solute–solvent binary interaction parameters
(�ij) are the only adjustable parameters in the process of regression.
The genetic algorithm (GA) method, a popular global optimiza-
tion method, was  used for the regression of NRTL parameters. The
regression was performed with minimization of the root-mean
square deviation of the partition coefficient for a given solute:

RMSD =

√√√√1
n

n∑
1

(Ki,cal − Ki,exp)2 (5)

where n is the number of data used for regression, Ki,exp and Ki,cal
are the experimental partition coefficients and the calculated data,
respectively.

Once the solute–solvent interaction parameters are identified,
the infinite activity coefficient of the solute can be calculated from
the NRTL model, and then the partition coefficient of the solute can
be calculated through Eqs. (1) and (2). Fig. 1 presents the whole
procedure for the calculation of the partition coefficient by using
the NRTL method.

3. Experimental

3.1. Chemical and materials

Aspirin, coumarin, 2-mercapbenzimidazole, 8-hydroxyquino-
line, salicylic acid and 2-(4-chlorophenoxy)-2-methylpropionic
acid were purchased form TCI (Shanghai, China). The above com-
pounds were used as model solutes for investigating and evaluating
the performance of the NRTL model. The Chinese medicine Malus
hupehensis was  purchased from Yichang, China.

All organic solvents used for preparation of biphasic solvent
system were analytical grade and purchased from Tianjin Hengx-
ing Chemical Preparation Co. Ltd. (Tianjin, China). Methanol and
acetonitrile used in high-performance liquid chromatography
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