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Selection of Aqueous Two-Phase Solvent
Systems in CCC

Yan Gong,"* Jian-Guang Huang,' Xian-Jie Liu,' and
Zong-Cheng Li*

"Department of Chemical Engineering, Tsinghua University,
Beijing, PR. China
Research Institute, Tsinghua University in Shenzhen,
Shenzhen, PR. China

ABSTRACT

Based on the theoretical models, including the electrolyte solution model
and modified UNIFAC equation, program design for prediction of liquid—
liquid equilibrium of two kinds of aqueous two-phase systems (ATPSs),
including PEG/K,HPO, and PEG/(NH,4),SO,, is realized by using
Visual Basic. The density calculation formula is an experimental one,
resulting from the regression of many experimental data. In this program,
according to thermodynamic criterion, it is determined whether there is a
phase split in a solvent system with known total composition. If there is,
the molar compositions, the mass compositions, and the volume of both
phases are calculated. Results have been proven experimentally and by
comparison with literature data. It is estimated that the program can
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shorten the experimental time and lead to the separation of substances
such as proteins with ATPSs in countercurrent chromatography.

Key Words: Aqueous two-phase solvent system; Solvent selection;
Countercurrent chromatography; Computer prediction; Modeling.

INTRODUCTION

Countercurrent chromatography (CCC) is a liquid-liquid partition chroma-
tographic method which does not use a solid support in the separation
column.! Thus, it offers many advantages, including high purity of fractions,
high sample recovery, and large sample loading capacity. During the past
decades, high-speed CCC has been widely used for preparative separation of
many kinds of natural and synthetic substances.

Aqueous—aqueous polymer phase systems have been developed by
Albertsson'? and used for partitioning various macromolecules due to their
characteristic of providing an ideal environment for biopolymers. Since the
1990s, using these solvent systems, CCC has been used for performing
separation and purification of proteins.® > Thus, the aqueous two-phase
systems (ATPSs) present more common applications in CCC. During this
type of operation, selection of solvent system is also a crucial point that can
influence the separation result. But, in the past, it depended on experiences and
practical operation to a great extent. Therefore, this led not only wasted time,
but also caused the loss of solvent during experiments.

In this paper, by using Visual Basic, a program has been designed to
predict the liquid-liquid equilibrium of two kinds of ATPSs, including
PEG/K,HPO, and PEG/(NH,4),SO,4, based on theoretical models. It can
determine whether there is a phase split and the magnitude of molar composi-
tions, mass compositions, and volumes of both phases. It also provides a
convenient and user-friendly interface for calculating the compositions of the
two phases and provides help for selection of the appropriate ATPS system.

THERMODYNAMIC MODEL AND CALCULATION OF
RELEVANT PARAMETERS

Thermodynamic Model'®”!
For PEG-K,HPO,~H,0 and PEG—(NH,),SO4—H,0 ATPSs, an extended

UNIFAC equation with the Fowler-Guggenheim equation is used for predic-
tion of the liquid-liquid equilibrium data due to the existence of electrolyte.
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The working equation used is as follows:
Iny, = aniDH +aniUF (1)

The short-range interaction term takes the form of the UNIFAC equation:

4 0. . .
Iny, =In %+§qi In a’—l— l; —%inli + Zuk(l)[lnrk —InT, @]
i k

)

The long-range interaction term takes the form of the Fowler-Guggenheim
equation:

Gpy*” 14 (rc)?
T = A ln(l+mc)—mc+T 3)

For neutral molecules j:

lny»DH:L 14 ka — 1 —2In(1 4+ ka) 4

/ 8na’N, 1 +xa
For ion I
Z2e? K
1 DH —_ T v 5
s 2DkT (1 n Ka) )

Discussion of Phase Split

The measurement and prediction of critical point are very difficult
questions, especially for multi-component systems. For PEG-K,HPO,~H,0
and PEG—(NH4),SO4—H,O systems, the thermodynamic stability conditions
are as follows:

o O
ou, on, On,
— > 0; 0 6
o " o oy = ©
on, On,

When one of these conditions is not fulfilled, two phases will appear. So,
according to the thermodynamic model, the activity coefficient of every
component can be calculated and then the stability of the system can be
judged through Eq. (6).
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Calculation of Compositions Following Equilibrium

For the solvent system consisting of three solvents, the equilibrium
equations are as follows:

xn, +xn) = xiont i=1,2,3 (7)

3 3
inz 1, Zx}: 1 (8)
i=1 =1

where ny, n} are the total molar numbers of two balanced phases, respectively.
n, is the total molar number of the system. x;, x; are the mole fractions of
component i in upper and lower phases, respectively. x;” is the total mole
fraction of component i before equilibrium.

Meanwhile, the thermodynamic equilibrium equation is as follows:

X = X ©)

where 7, 7/ are the activity coefficients of component i in two balanced
phases, respectively, which can be solved by the extended UNIFAC equation.
The required parameters during the solution process can be referred to the
literature.[>"]

Once the original composition of the system is given, the series of
equations, including x;, x;/, n;, n} which are unknown, can be solved and
the compositions of two phases after equilibrium is obtained.

Calculation of Density

After different solvents are mixed, the total volume of solution will
change, since the solvents are not ideal under actual circumstances. In order
to obtain more precise results, the densities of all components, including PEG
with various molecular weights, K,HPO,, and (NH,4),SO, are calculated
through the regression of extensive experimental data in this paper. Mean-
while, the density formula of the mixture of PEG, salt, and water is also
achieved by the same method. Then, it is found that the density of an
individual component is linear with its mass percentage and the density of a
mixture is in the order of two magnitudes to the mass percentage of the
individual component made up in the mixture. Tables 1 and 2 show the data
and their regression formulas.

Observing the density data for two kinds of salts, it is easily determined
that their density changes with mass percent of the salt are approximate, so the
salt, K,HPO,, is regarded as a deputy to mix with PEG for measuring the
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Table 1. Calculated densities of the PEG, K,HPO,, (NH4),SO4 ATPS systems.

Mass percent

Density Density formula
component 5% 10% 15% 20% (10° kg/m? or g/cm?)
(NH4)>SO04 1.026 1.053 1.080 1.104 d=0.520m+1.001
K,HPO, 1.024 1.056 1.088 1.116 d=0.610m+0.995
PEG
M=1,000 1.005 1.013 1.023 1.031 d=0.175m +0.996
M=2,000 1.005 1.015 1.023 1.032 d=0.174m+0.997
M=4,000 1.006 1.015 1.024 1.034 d=0.180m+0.997
M=16,000 1.003 1.012 1.022 1.031 d=0.182m+0.996

mixed density of the ATPS. Similarly, the densities of PEG with different
molecular weights are also approximate, except for the one of PEG whose
molecular weight is 6000; so, PEG whose molecular weight is 4000 is selected
to measure the mixed density of the solvent system.

Calculation of Volumes of Two Phases

In this paper, the volume of each phase is calculated on the basis of density
and mass fraction of each component; the working equation is as follows:

(Zf:l xinst]VIi)
V. =
! d

m

(10)

where V; and n,, stand for the volume and the total mole number of one phase,
x; and M; is the mole fraction and molecular weight of component i in this
phase.

Table 2. Calculated densities for PEG(M =4000) + K,HPO4 4+ H,O mixtures with
various mass percent of polymer and/or salt.

W% (K,HPO,) 199 305 312 386 396 492 528
W% (PEG) 259 219 199 1821 1620 1402 11.83
d,(10°kg/m®>) 1055 1.055 1.052 1.054 1.052 1053  1.052

W% (K;HPO,)  4.93 6.03 6.22 8.16 8.89 124
W% (PEG) 10.00 7.95 3.92 6.01 3.98 1.94
d,, (10°kg/m?) 1.047 1.050 1.045 1.061 1.062 1.082

d,, = 0.998 + 0.636xp + 0.172xppg + 0.143x5p2 — 0.0055xpp
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RESULTS AND DISCUSSION
Judgment of Stability of Solvent System

For PEG/K,HPO, ATPS, the stability is investigated and the result is
shown in Fig. 1. It can be seen that most fitted values approach the original
experiment results. That is, the judgment about stability of system is feasible
on the whole once the experiment point leaves the critical line.

Prediction and Comparison of Constituents
of Two Balanced Phases

For PEG-K,HPO4~H,0 and PEG—(NH4),SO,—H,O ATPSs, the mole
fraction and mass percent of each component after phase splitting are
predicted by this program and compared with the experimental results.
Then, the error between prediction (p) and experiment (e) is presented in
terms of the root-mean-square error

[é - /%zi}x,-,e —xf,p)z} (1n)

Table 3 shows the predicted and experiment values.

30 L] fitted value
° experiment value

PEG mass percent

K_HPO, mass percent

Figure 1. Comparison between fitted and experiment values.
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From Table 3, we can see that the error for prediction of the PEG—
K,HPO4—H,O0 system is smaller than the error for the PEG—(NH,4),SO4—H,0
system on the whole. The main reason is, perhaps, that the parameters used
in the extended UNIFAC equation for the PEG/(NH4),SO, system are
unsafe, compared with those of the PEG/K,HPO, system. But, the error
between prediction and experiment is acceptable due to the accuracy of the
UNIFAC equation itself. So, the results of calculation can be used
to design the actual experiments and provide general information about
the ATPS.

Prediction and Comparison of the Volumes of
Two Balanced Phases

Table 4 shows the comparative predicted and experimental results; the
error between prediction (p) and experiment (e) is presented in terms of the
relative error

|:5:|pre—exp|:| (12)

exp

Table 4 shows the predicted and experimental values of two phases’
volumes.

Table 4. Experimental (e) and predicted (p) values for the phase volumes of PEG—
phosphate ATPS systems.

Volume Volume
System Xpeg? Mprg XK, Hpo, " ratio (e) ratio (p) 8
1 0.000665 4,000 0.0162 0.67 0.52 0.22
2 0.000294 6,000 0.0125 0.91 0.76 0.16
3 0.000226 6,000 0.0171 0.56 0.75 0.34
Volume Volume
System Xpeg' Mpgg x(NH4)23040 ratio (e) ratio (p) 0
4 0.000708 4,000 0.0178 2.99 2.71 0.09
5 0.000485 4,000 0.0208 0.46 0.28 0.39
6 0.00077 6,000 0.0174 2.52 2.89 0.15
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Figure 2. The screen interface of the calculation program. Top: input of data; bottom:
results displayed.
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Examining Table 4, we can see that the relative errors are generally large.
The main reasons that should be considered are as follows. On one hand, the
density formulas used in this program are only valid in the single-phase zone,
so they are perhaps not fitted for the calculation in a biphasic zone. On the
other hand, the mixed density formula is related to the mole fractions of PEG
and salt; therefore, the mole fraction of each component should influence the
volume value to a great extent. Because the calculation produces results with a
significant error, the mixed density of one phase will appear with a significant
deviation and then the volume value will have a large error. This is contained
in Egs. (10) and (11).

Brief Introduction to the Program

In the program, the required original data include the volume of water and
the masses of PEG and salt, besides the temperature and molecular weight of
PEG. After the solvent system is chosen, the data are input and the button for
calculation is pressed; the results of two phases will be presented. Certainly, if
the solvent system with the input data has not phase split, a message box will
appear with a warning. Figure 2 shows the calculation interface in the
program.

CONCLUSION

Based on the theoretical models, including the extended UNIFAC
equation and the Fowler-Guggenheim equation, a program is designed to
calculate and predict the liquid-liquid equilibrium of PEG—salt-H,O ATPSs.
In order to obtain more precise results, the calculation formula of density of
solvent system is regressed through numerous experiments.

In this program, a judgment is made about whether there is a phase split or
not, firstly, then the mole fraction and mass percent of each component is
calculated if there is phase split. Meanwhile, the volumes of the two phases are
provided. A convenient and user-friendly interface is presented so that the
man—machine interaction becomes more comfortable. Finally, results have
been proven by the experiments and by comparison with literature data. Due to
the accuracy of UNIFAC equation, the prediction results are generally
acceptable.

Through this program, it becomes easier to choose the solvent system
while separating protein by using an ATPS in CCC. Moreover, it can also save
the experimental time and the solvent system itself.
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