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ABSTRACT

A theoretical method is presented for the property calculation and
prediction in selecting solvent systems of countercurrent chromatography
(CCC). A Universal Functional-group Activity Coefficients (UNIFAC)
model is used as the solution model to describe the non-ideality of the
liquid mixtures. The results are as follows.

1. Thermodynamic criterion is given to judge the possibility of
phase split.

2. If'the phase split takes place, calculation of phase composition is
carried out.
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3. Calculate the volume ratio of the two immiscible phases in the
system.

4. Densities are calculated without considering the volumetric
non-ideality.

5. Viscosities are estimated by using the “cubic root summation.”

6. Dielectric constants are obtained by using a semi-empirical
mixing rule.

7. Interfacial tension is also estimated by another semi-empirical
equation.

Compared with experimental data, the calculation results are satisfactory
and accurate. A program is written for the computer calculation. Only the
volume ratio of the solvents is needed for the input of the computation. A
chosen system can be examined in a few minutes. If mobile phase
(stationary as well) is wanted in the separation practice, there is no
need to “equilibrate” the solvents, just “prepare” this phase of any
desired quantity according to the result of calculation.

Key Words:  Solvent selection; Countercurrent chromatography; Modified
UNIFAC model.

INTRODUCTION

Countercurrent chromatography (CCC) is a separation method based on
the partition of solutes between two liquid phases as they flow in a counter-
current way within a thin tube, under a centrifugal force.

One advantage of this type of chromatography is that no solid packing is
required to form a stationary phase, whereas, it is a chosen one of the two
equilibrated liquid phases. Therefore, in using CCC, more attention must be
paid to the selection of solvent systems, as well as, the apparatus and the
operation parameters, so as to obtain the optimal settings of experimental
factors for the satisfactory separation of the solutes. For the chemists engaged
in CCC, a lot of time would be taken in searching for a suitable solvent system
for a specific subject.

Our aim for the selection of solvent systems is to find a way that we can
calculate the properties with, or without, a few experiments. The problem
involved is whether there will be a phase split when two, three, or more solvents
are put together, mixed thoroughly, and then allowed to settle. If there is, we want
to know what is the volume ratio of the split two phases. This ratio is of
importance for us in considering convenience and economy. We also want to
know the properties of the two phases, which are, of course, very important for
obtaining high retention of the stationary phase and good separation results. The
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properties of interest are density, viscosity, interfacial tension, and polarity. If
possible, we want to obtain the compositions of the two phases, which are
difficult to obtain in usual circumstances. In most cases, we know only the initial
total composition, i.e., the overall composition of the two phases.

For this purpose, we rely on thermodynamics. Solution non-ideality must
be taken into consideration. Of course, we can use phase diagrams of solvent
mixtures; but, when we attempt to use the diagrams, we find we need the
details of tie-lines which, in general, are not given in the literature, except in
the compilation by Sorensen and Arlt.["]

Until now, many theoretical models have been established for the
calculation of activity coefficients of the components in solution. For non-
electrolyte solutions, Scatchard—Hildebrand theory,”! Margules type equa-
tions,”*! and equations based on “local composition” are widely used. Each of
them has its proper applicable area and its limit of usage.

The Wilson equation,) NRTL (Non-Random Two Liquids) equation,!
UNIQUAC (Universal Quasi-lattice Activity Coefficients) equation,'® UNIFAC
(Universal Functional-group Activity Coefficients) equation,’*! and the
Modified UNIFAC equation®' are all “local composition” type equations.
When we use them for calculations, we must know the interaction parameters
between the solvents. These parameters are collected and extracted from data of
vapor-liquid equilibria (VLE), liquid-liquid equilibria (LLE), and other experi-
ments. Sometimes, the calculations are difficult to carry out for lack of
interaction parameters of some solvent-pairs. One exception is the UNIFAC
equation.

The UNIFAC equation is an algorithm based on “group contribution.”
Conceptually, the properties of a solvent mixture are the integration of the
interactions among the functional groups that construct the solvents in the
mixture. Instead of “molecular” interaction parameters, here we use group
interaction parameters for the calculation. Fortunately, we now have well-
established tables for finding the parameters we need. The tables were built
through years of efforts on giant data banks in which there are immense
thermodynamic data collections. There are millions of compounds in the
world, but merely scores of functional groups. The group interaction parameter
number is limited to several thousands and this enables the tables to be
established. Though the accuracy of UNIFAC equation is a little lower than the
“molecular” equations, it can meet our needs in most cases. Commonly used
solvents in CCC number several dozens. The group interaction parameters for
them are easy to find. There appears to be no major problem to calculate and
predict the properties of solvent mixtures in CCC by using the UNIFAC
equation.

Sometimes, people add some acids, bases, or salts into solvent systems to
improve the separation, but their quantities are usually small. In most property
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calculations, these small components can be disregarded. If their influence
must be taken into account, we may use other types of equations, such as
Pitzer’s equation,!' ""'% for more detailed treatment. Of course, that will make
the calculation more complicated. Until now, we have not had the need to do
this type of calculation.

THEORY
Phase Split: Criterion for the Stability of a Solvent System

When we put two, three, or more solvents together to make a mixture, will
there be a phase split? In other words, will two phases will emerge? That is the
problem of stability of a solvent system. When the system forms a single
homogeneous phase, its Gibbs free energy is located at the minimum point,
i.e., G > 0, the system is considered to be stable. Otherwise, it is unstable,
and phase splitting will take place.

At the stable point of the system, the Taylor series expansion of 0G is
performed. Taking the second order term and performing reduction and some
mathematical transformation, for a system of K components, we get a matrix

Kt Hi2 o Mk
Ha 125%) T Mo k—1
(Hij)K—l,K—l = : : : : (1)
Hx—11 Hx-12 " Hx-1k-1

where y; = 0G/0n;, Wy = 6u,~/6nj.

Thermodynamically, the criterion of the system’s stability is that the
sequential subdeterminants in the matrix are all positive. That is the sufficient
and necessary condition of stability of the system.

For a binary system, there must be

fiyp >0

For a ternary system,

M1 >0, ppy >0
‘.“11 Hio
o1 Hoo

>0

({E‘P MaRrceL DEkKER, INc.
& 270 Madison Avenue, New York, New York 10016



20: 04 23 January 2011

Downl oaded At:

Selecting Solvent Systems in CCC 1401

For a quaternary system,

fir > 0, ptyy >0, 33 >0

’#11 Hiz > 0, Hipo Hiz > 0, Hop Mo -0
Har Moo H31 Hz3 K3 Mz

Hip M M3

Mo My M| =0

Mz Hzp Has
and so forth.

To obtain the y;s, we use modified UNIFAC equation.

The Modified Universal Functional-Group Activity
Coefficient Model

In modified UNIFAC model, the activity coefficient of a component 7 in the
mixture is the sum of two parts: a combinatorial part y;¢ and a residual one yX:

Iny;, = Iny," + Iy~ )

The combinatorial part is calculated in an empirical way to make it possible to
deal with compounds which are very different in size:

V. V.
nyC=1-V 4V —5¢|1— (=) +1nf = 3
ot 1=t (1) o) o

Parameter V] can be calculated by using the relative van der Waals

volumes R of the different groups:

/ }"»3/4 (4)
Vi -
R

Other parameters are calculated as follows:

v, = i
I_Zx/rj

=2 Ry
__ 4

L
q; = Z v "0y
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The residual part is obtained by

Inyf=>"vO(nT, + In[,?) (5)
0, ¥
InT, = Qk|:1 - ln(Z G)m‘Pmk> — Z(ZT’;I’;’H (6)

where I’y is group activity coefficient of group & in the mixture. The group
area fraction ®,, and group mole fraction X, are given by

Qme
@, = mm
Z Qan
Y - V",

" Zj p (vn(j)xj)

Parameter ¥, is temperature-dependent:

O

_(anm + ban + canz)i|
T

The ;s can be deduced from

—RT Olny;
= ( ) T RT( A) ®)
: n, On;
‘When we have the molecular structure of the solvents, we know the values
ofr,q,R, O, v,and V] F, x, X, ®, ¥ can also be calculated. Parameters a, b, and

c are all listed in the parameter tables. Now, we can conduct the calculation of
phase composition.

Calculation of the Phase Composition

With two equilibrated phases for a system, the phase composition can be
found by solving an equation set using optimization or analytical methods.

For a system of K components, if the total mole number and total
composition of both phases are given, there are (4K+2) equations and
equal variables.

For phase equilibrium of the components, based on the equality of activity
between the upper and the lower phases, the K equations are:

't =xll i=1,2,...,K 9)
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Another set of (3K 4 2) equations expresses mass balance:

x'n, +x'n=x'n, i=12,...,K (10)
P = 0 x5 L x) i=1,2,...,K (11)
p=ft . x) i=1,2,...,K (12)

Zx,-” =1, inl =1 (13)

where x;’ is total mole fraction of component i in both phases. #, is total mole
number of all the components in both phases.

Using an analytical solution method to avoid annoying multi-
convergence, it becomes:

p=n,/n, and w; = x,-”/x,»l, that gives an equation of p:

(w; = Ix/! _
[ = s

Now, using the Newtonian method in solving this equation, it further
becomes

u /
XY
w=—7=—
X

u
i Vi

as the initial value of w;. The initial value of p can be 0.5 in most cases.
The results will indicate whether there is a phase split, and what are the
compositions of the phases.
Now that the phase compositions are known, the other properties of the
phases are calculated.

Calculation of Other Properties of the Phases
Density

Omitting the non-ideality of volume in mixing will give no major error in
the estimation of phase volumes. So, the phase densities will be:

Uy M. Iy M.
dl-MZZle n, M, dl-IZZlenl i i:l,Z,...,K (15)
Vi V!
where 7, and V,,’ are volumes of the upper and the lower phase, respectively.
n, and n; are the total numbers of the solvents in the two phases. M, is
molecular weight of component i.
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Viscosity

The “cubic root summation” rule is used here. The cubic root of the
viscosity of a mixture 7,, will be the sum of the cubic roots of the viscosities of
all the components in the phase:

' =Y xin? (16)

Dielectric Constant

Dielectric constant of a liquid phase can be considered as an index of its
polarity, though this index may be expressed in other ways.

In the calculation, we use the Oster mixing rule that is based on Kirkwood
theory about dielectric constants. According to this theory, for a pure solvent,
the polarization per unit volume is

DO-1)2D+1)
p=r—r_

17
oD 17)
where D is dielectric constant.
100
] O measured (W.D. Conway, 1990)
calculated with UNIFAC
80
9 .
©
3
o -
>
=~ o
S 40-
®©
<
o) 1 o
=
20 H S
O T M I ' T T 1 T 1
0 20 40 60 80 100

Chloroform (Volume%)

Figure 1. Calculated and experimental diagram for system CHCl;—CH30H-H,O.
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The Oster rule is, the polarization per unit volume of the solvent mixture is

Pu=Y_ 00 (18)

disregarding the mixing volume effect, @, is the volume fraction of component
i in the mixture.
For the mixture, the expression of p remains valid:

(D, - 12D, +1)

19
P 9D 19)
The dielectric constant of the mixture, then, is
1-9 1-9p,)" + 8]
sz( Pm) + [(1 = 9py)” + 8] (20)
4
1.00
0.80 —
4 #+ : the cal point
o ] — :the exp line
2 - iy,
N 060 — +
S i
c
.2 -
5 - +
<040 —
2 ]
o
E 3
0.20 —
0.00 IIIIIIIIIIIIIIIIIIIIIIII
0.00 0.20 0.40 0.60 0.80 1.00

mole fraction of C6H14

Figure 2. Calculated and experimental phase diagram for system CgHjs—
C,H5s0H-H,0.
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Table 2. Calculated and experimental volume ratio of the two phases in
equilibrium for system CgH;4—EtOAc—CH;0H-H,O0.

Total volumetric

composition (relative) Volume Volume Relative

CeHi4—EtOACc— ratio ratio deviation
No. CH;0H-H,0 (exp)? (cal)® (%)
1 10 1 5 5 1.05 1.004 —4.38
2 9 2 5 5 0.96 0.892 —7.08
3 8 3 5 5 0.88 0.871 —1.02
4 7 4 5 5 0.82 0.845 +3.05
5 6 5 5 5 0.77 0.808 +4.94
6 5 5 5 5 0.74 0.750 +1.35
7 4 5 4 5 0.80 0.802 +0.25
8 3 5 3 5 0.86 0.860 +0.00
9 2 5 2 5 0.85 0.889 —4.41
10 1 5 1 5 0.92 0.890 —3.26

Data from Oka et al., 1991.1'7]
This work.

Interfacial Tension

A semi-empirical model™*'¥ is used to estimate the interfacial tension.
For a ternary system, for example, if there is a phase split the interfacial
tension ¢ is expressed as

(CRTS)
o= - - 2D
[400 exp(S)(XTq1 +X5q5 + X3,93)]

where R is the gas constant, 8.3143 Jmole/K; C, constant, regressed value,
equals to 0.9414; T, absolute temperature, K; 4,,,, van der Waals facial area,
2.5 x 10°/mole; S = —In(x| + x, 4 x3,); x|, x, are mole fractions of compo-
nent 1 and 2 in the two phases; x| < x}; X5 < x3; X3, is the mole fraction of
component 3 in the rich phase.

The equation is proven by the data of 54 binary systems and 23 ternary
systems. The deviation is less than 20% when checked with the experiments.

RESULTS AND DISCUSSION

According to the above theoretical discussion, a calculation program for
practical use was elaborated. Now, the calculated results can be compared with
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3.00
- i}
L
S 2.00 — 9 1: Ito exp line
° ] + 2: the cal line by UNIFAC
) i
}...
< i
o
L a
=
3 1.00 —
O |
>
0.00 | T 1 1 T

MeOH 3 6 9 12 15 18 21 24
H20 27 24 21 18 15 12 9 6
CHCI3 30 30 30 30 30 30 30 30

Figure 3. Volume ratios for the system CHCl;—~CH3;OH-H,O.

that of experiments or data in the literature. We have published part of the
results previously.!'”!

Phase Split and Phase Composition

Taking system CHCl3;—CH30H-H,O as an example, Fig. 1 is its phase
diagram. The calibration is in volume percentage. Experimentally, the lower
part (area surrounded by the circles) is the two-phase area. For a suitable
system, the initial total composition must be located in this area and the
compositions of the split phases must be at the intersection of the boundary
line and the “tie-line.” The circles (o) are the measured boundary of the two-
phase area.!"® The solid line is the calculated boundary. We can see that, if
the total composition we give is not located very close to the boundary, we
would usually have a correct judgment for phase split.

Another example is given in Fig. 2. For the system C4H;,—C,HsOH—H,O,
the calculated and experimental results are much better than for the system
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Dielectric constant
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Figure 4. Dielectric constants of the two phases and the maximum absorbance of
Reichardt’s dye in eight systems.

CHCI13—CH;0H-H,0. Empirically, systems containing chlorine-are more
difficult to treat in thermodynamics. That is to say, that the predicted results
for chlorine-containing systems are usually less accurate than in other systems.
A quaternary system, system CgH;4—EtOAc—-CH3;0H-H,0, is also treated.
The result is given in Table 1.

Volume Ratio of the Two Phases in Equilibrium

For the quaternary system CqH;4—EtOAc—-CH;0H-H,O, for example, the
accuracy of volume ratio estimation is fairly good, as shown in Table 2. If
more mobile (or stationary) phase is wanted in the experiment, any desired
quantity can be obtained by “preparation,” according to the calculated mole
fraction or volumetric composition. We used this kind of “prepared” solvent to
replace the “equilibrated” solvents; the obtained chromatograms were almost
the same in both cases.

Thus, much solvent can be saved if ratio estimation is fairly good, as
shown in Table 2.
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Table 3. Examples of polarities for eight systems.”

Absorbance maxima® Dielectric constants®
j-max Dm
of the two phases, nm of the two phases
No. System High Low Mean® High Low  Mean
1 n-Hexane—acetonitrile 721 634 677 33.20 230 17.75
a1:1
2 n-Hexane—acetonitrile— 682 634 659 28.27 295 16.11

chloroform (5:5:1)

3 n-Hexane—ethanol-water 587 542 670 30.12 3.60 16.86
6:5:1)

5 n-Hexane—ethyl 584 516 550 47.72 6.27 27.00
acetate—methanol—
water (1:1:1:1)

6 Chloroform—methanol— 564 532 548 40.86 16.08 28.47
water (13:7:2)

7 Chloroform—methanol— 582 504 543 52.97 10.81 31.89
water (1:1:1)

8 Chloroform—methanol— 569 523 546 40.85 16.11 28.48
water (7:13:8)

9 Toluene—acetonitrile— 558 517 537 48.79 1031  29.55
water—ethanol
(3:4:3:2)

aFrom Ref!'®
®This work.
“Mean = (high + low)/2.

Volume ratios for the ternary system CHCl;—CH3;O0H-H,O are given in
Fig. 3. Line 1 is experimental data,!'”) whereas, line 2 is the predicted result of
this work.

Polarity Estimation

Using dielectric constants to describe solvent polarity has the advantage
of being able to carry out the calculation easily. Some authors use the
Reichardt’s dye to estimate the polarity of the solvent. Figure 4 shows an
example of the comparison of the above two methods. The eight systems are
chosen from published data of Abbott et al.l'®1 All systems in the original
paper (Table 3) were studied. We overlapped Abbott’s results (absorbance
maxima) onto our calculated dielectric constant values in the chart. There are
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Table 4. Sequence of polarity of the system CHCl;—CH3;OH-H,O.

Volumetric

composition Distribution Dielectric D,, of the

of the system coeff. K* constants? two phases

CHCI1;—CH;
No. OH-H,0 1° 2° High Low Mean Span®
A 13:7:8 0.1 0.06 57.44 9.42 33.43 48.02
B 4:4:3 0.29 0.14 48.30 12.55 30.43 35.75
C 5:9:7 0.32 0.16 46.28 13.41 29.85 32.87
D 13:7:4 0.34 0.18 49.04 12.25 30.65 36.79
E 5:6:4 0.39 0.23 45.10 13.94 29.52 31.16
F 5:5:3 0.44 0.25 44.35 14.29 29.32 30.06
G 43:37:20 0.47 0.29 43.75 14.58 28.62 29.17
H 10:12:7 0.50 0.32 42.41 15.25 28.83 27.16
I 7:13:8 0.54 0.34 40.85 16.11 28.48 24.47
J 50:57:30 0.54 0.35 40.64 16.20 28.42 24.44
K 5:10:6 0.57 0.36 39.73 16.72 28.23 23.01

*From Ref.['”]

*Using D(+)-Glucosamine as standard solute.
“Using PNP-a-D-Glucopyranoside as standard solute.
This work.

°Span = high — low.

obvious similarities between the two sets of data, except for the first two
systems.

It is not wise to speak about system polarity in a general way. The polarity
of a particular phase should, instead, be given as the “polarity of the system.”
If a polarity position (such as mean of the values in the two phases) and a span
(such as the difference of the values in the two phases) are indicated, the
“polarity of the system” is then clearly certified.

Another example of comparison of experimental and calculated polarity
sequence is shown in Table 4. Experimental data are taken from Conway,!'*!'!
who used partition coefficients of some “standard materials” as an index of
polarity of a system.

Density and Viscosity

Density and viscosity are important factors that influence much of the
mass transfer and phase split for which investigators use “settling time” to
indicate the degree of difficulty of phase splitting. Table 5 is an example of the
calculated and experimental results.

MaRrceL DEkKER, INc. (@)
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Table 6. Calculated and experimental interfacial tension at room temperature for
system CHCl;—CH;0H-H,O0.

Experimental Calculated
Volumetric composition interfacial interfacial Relative
(relative) tension® tension® deviation
CHCI3—CH30H-H,0O Oexp(dyne/cm) Gca(dyne/cm) (%)
42.1 6.52 6.66 8.8 8.01 —8.98
41.2 8.58 5.93 6.7 6.17 —7.91
40.7 10.1 5.37 53 5.06 —2.69
40.8 12.3 435 3.7 3.55 —4.05
39.9 134 4.04 2.7 3.02 11.8
39.1 14.2 3.84 2.2 2.65 20.5
38.4 17.4 2.58 1.0 1.16 16.0

Data from Ref.[']
*This work.

Interfacial Tension

Interfacial tension has great influence on the stability of immiscible
dispersed systems. Although the equation for viscosity is a semi-empirical
one, it gives rather good results for the system (Table 6).

NOMENCLATURE
- UNIFAC group interaction parameter between groups n and m (K)
bum UNIFAC group interaction parameter between groups #n and m
Crm UNIFAC group interaction parameter between groups z and m (K™")
d density of a phase (g/cm?)
D dielectric constant
D, dielectric constant of a liquid mixture
F; auxiliary property for component i (surface fraction/mole fraction)
q; relative van der Waals surface area of subgroup &
O relative van der Waals surface area of subgroup &
7 relative van der Waals volume of component i
R gas constant, 8.3143 Jmole/K.
Ry relative van der Waals volume of subgroup &
T absolute temperature (K)
Vi auxiliary property for component i (volume fraction/mole fraction)
| empirically modified V;-value

MaRrceL DEkKER, INc. (@)
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X mole fraction of component i

X group mole fraction of group m

Iy group activity coefficient of group & in the mixture

r,? group activity coefficient of group £ in the pure substance

Vi activity coefficient of component i

n viscosity of solvent (c.p.)

Nm viscosity of a liquid mixture (c.p.)

a interfacial tension (dyne/cm)

Q,, surface fraction of group m

v number of structural groups of type & in molecule i

Y, UNIFAC group interaction parameter between groups n and m
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