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SEPARATION AND PURIFICATION METHODS, 4(2), 351-397 (1975) 

MODERN COUNTERCURRENT DISTRIBUTION 

R. A. Barford 
Eastern Regional Research Center 
Agricultural Research Service, USDA 
Philadelphia, Pennsylvania 19118 

Interest in liquid-liquid extraction continues to grow as 
evidenced by such divergent applications as industrial waste water 
treatment"* cleanup for pesticide residue analy~is,~ and resolu- 

tion of optical i~omers.~ 
understanding of the chemistry of solvent extraction which is lead- 
ing to the design of specially selective 
development of improved extractors emanating from studies of mass 
transfer in continuously flowing systems. 

This activity results from increased 

as well as the 

Some interesting designs for laboratory preparative scale 
continuous extractors have been described. 'Ihey include the 
"rocking" glass train of Hietala,8 the mixer-settler cells describ- 

10 ed by Anwar et al.,' the rotating partitioned cylinder of Qvats, 

and the fibrous strand-two continuous phase system developed by 
11 Pan. Countercurrent chromatography, a technique which combines 

the selectivity of liquid-liquid extraction with the efficiency and 
speed of column chromatography and which seems particulary suited 
for analysis of biological macromolecules has been reviewed recent- 
ly in this journal by its developers. 

The effects of nonideal behavior in discontinuous automatic 
extractors such as those described by Craig, 13'14 Alderweireldt, 
Wilhelm,16 Signer,17 and Albertsson" has also been demonstrated. 
Recent applications of these devices include the isolation of bio- 
medically important alkaloids,19 the fractionation of the five 

12 

15 

351 
Copyright 0 1976 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part 
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including 
photocopying, microfilming, and recording, or by any information storage and retrieval system, 
without permission in writing from the publisher. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



352 BARFORD 

component lactic acid dehydrogenase isozyme system,20 and the 
preparation of molecularly homogeneous fractions of poly(ethoxy)- 
ethanols .22 'Ihe theory and practice of these discontinuous 

extractors will be discussed in this report. 

Phase Equilibria and Solvent Selection 
Separation depends on the differential partitioning of com- 

ponents in a mixture between two or more liquid phases. 

equilibrations and transfers through long trains of cells may be 
carried out conveniently with modern robot-controlled distributors 
which are capable, therefore, of resolving closely related compo- 
nents. 
usually reached and complete settling of phases obtained in each 
stage. 

Many 

In contrast to continuous extractors, equilibrium is 

At equilibrium in a two-phase system 

(3) pi - pi = R T h  a = RT &xi +&I fi) 

# 23.24 
(5) if;l xi d @?I fi) = 0 (Gibbs-Duhem relation) . 
The left summation in eq. (4) defines ideal behavior for all 

The latter is components and the right deviations from ideality. 
frequently called the excess free energy, 25 GE. 
the component's (solvent's) activity coefficients (f) must be far 
from 1 (a = 1 for pure component) for phase separation to occur. 
In order for the other components (solutes) to be distributed be- 
tween the phases, their behavior cannot be ideal in each phase and 
their f's may vary in a different manner in each phase. 

At least one of 

%is is shown diagrammatically in Figure 1 where the activity 
of solute in two solvents is sketched. Frequently the solute 
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‘1 
3 

X OF SOLUTE 
I 

FIGURE 1 
Hypothetical a c t i v i t y  curves f o r  a so lu t e  i n  two 

immiscible solvents.  (1) b e t t e r  solvent (2 )  poorer so lvent  

i t s e l f  is i m i s c i b l e  i n  one of the solvents.  Curve (2) dep ic t s  

such a condition (see a l s o  Figure 4-C). Since from eqs. (1) and 

( 3 ) ,  the a c t i v i t y  of the so lu t e  is the  same i n  both phases, the 

immiscible por t ion  i s  seen a s  a hor izonta l  l i ne .  

t i v e  proportion of the phases va r i e s  i n  t h i s  region. 

is completely soluble i n  solvent (1). 
and (2 ) ,  it  is seen tha t  the re la t ionship :  

Only the r e l a -  

‘Ihe so lu t e  

From the curvature of (1) 

ai,l 
X ( 6 )  i,l I fi,l =, fi 2 

fi,l 
0 

K ; pi = p of pure component 
X 1,2 p 

is2 

ai,l 
X ( 6 )  i,l I fi,l =, fi 2 

fi,l 
0 

K ; pi = p of pure component 
X 1,2 p 

is2 
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where K is the distribution coefficient, cannot be expected to be 
constant except over small increments of Axi even though it is 

often considered so in describing extraction processes. In the 

diagram [ (bd/bc) > (eg/ef)] even dilute solutions diverge rapidly 

from ideal behavior. 

levels as low as 1% stating solute levels does not uniquely 
Figure 2 shows an example where at solute 

define 5,: 
(6a) - [ i , 2  I/[: i,l 1 

in a ternary system where methyl oleate is distributed between 

hexane and acetonitrile.26 

must be specified to fix l$., . 
data are needed to accurately predict and evaluate separation 

parameters. 

Two of the three component percentages 

Therefore, more complete equilibrium 

7 

6 

K O  
5 

4 

3 

FIGURE 2 
Partition coefficient as a function of methyl oleate and 

acetonitrile concentration at 30.4C. Hexane is third component. 
KDi - molar conc. oleate in hexane-rich layer/molar conc. in 

acetonitrile-rich layer 
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MODERN COUNTERCURRENT DISTRIBUTION 355 

Equilibrium relationships in a quaternary system are depicted 

in Figure 3. 
diagram and a ternary representing a plane of constant solvent 

ratio cutting the solid which defines the region of immiscibility. 
Hexane, methyl 9-octadecenoate (MeO) and methyl 12,13-epoxy-9- 

octadecenoate (MeV) are miscible in all proportions at 25’C. Ter- 

Figure 4 shows three of the faces of the quaternary 

/ 
/ 

/ 
/ /  

1 /’ 
( M ~ o )  B&’- -- 

\ 
\ 
\ 

‘ \ 111 
‘ 4  

C( M e V )  
FIGURE 3 

Schematic drawing of quaternary diagram at 25C. 
A. acetonitrile (MeCN) B. methyl 9-octadecenoate (MeO) 

C. methyl 12,13-epoxy-9-octadecenoate (MeV) D. hexane (Hex) 
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356 BARFORD 

FIGURE 4 
Three faces of quaternary diagram. A, B, C, D a s  
i n  Figure 3. (d) CBP plane, P 60% Hex, 40% MeCN 

nary and quaternary so lub i l i t y  data is given i n  Tables I and 11. 

Since Me0 is l e s s  soluble i n  MeCN than MeV (ternary ABC) a possible 

separation of the two using a hexane-acetonitrile solvent system 

was suggested. Examination of equilibrium data (Table 111) con- 
firmed the greater  s e l e c t i v i t y  of MeCN for  the MeV over most of 

the useful region of the system. 
lhese data a lso show t h a t  a t  high solute  levels  i t  would be 

possible for  the system to move from a two- to  a useless one-phase 

system as  purif icat ion of MeV progressed. Furthermore, there  

e x i s t s  a l i n e  (isopycnic) on the Me0 face above which the Hex-rich 

phase becomes the denser phase while no such l i n e  occurs on the MeV 
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MODERN COUNTERCURRENT DISTRIBUTION 35 7 

Me thyl 
Oleate 

- 
6.6 

11.3 
11.7 
17.8 
21.2 
28.3 
28.6 

38.2 
48.1 
58.1 
55.8 

- 

- - - - - - - - - 

54.0 
45.2 

TABLE I 
Ternary So lub i l i t y  Data (Weight %) 

Methyl 
Verno l a  t e Acetoni t r i le  

- - - - - 

- - - - - - 
10.0 
22.3 

9.3 
23.1 
28.4 
24.2 
30.8 
10.5 
2.7 
6.2 

16.9 
12.2 
1.2 
1.6 

85.5 
79.9 
80.1 
80.3 
77 .O 
75.6 
70.4 
71.4 
4.2 

11.8 
15.2 
32.7 
44.2 

7.4 
10.9 
74.6 
55.0 
25.4 
13.4 
35.0 
73.7 
3.7 

79.3 
63.7 
16.5 
44.8 
53.2 

TABLE I1 

Quaternary Solubi l i ty  Data a t  25OC (Weight %) 

Me thyl Methyl 
Oleate - Vernol a t e  

9.2a 4.9 
8.3a 4.5 

15. 7a 8.5 
5.0b 9.2 
4.7b 8.6 
8.9b 16.5 

13 .gb 24.6 

Acetoni t r i le  

6.3 
72.6 
55.9 
5.7 

74.6 
60.1 
37.8 

Hexane 

14.5 
13.5 
8.6 
8 .O 
5.2 
3.3 
1.3 

95 .8 
50 .O 
36.7 

9.2 

82.6 
66.8 
16.1 
21.9 
46.2 
62.4 
34.2 
15.8 
93.6 
14.5 
19.4 
81.3 

- 

- 

- 

- - 

Hexane 

79.6 
14.6 
19.9 
80.1 
12.1 
14.5 
24.3 

- 

a 65 MeV135 Me0 
35 MeV165 Me0 
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MODERN COUNTERCURRENT DISTRIBUTION 359 

face. Although no attempt was made to define it experimentally, 
an isopycnic surface must cut the face ABD and the immiscibility 
surface between the ABD and ACD faces. Besides the obvious 
difficulties that would result from phase inversion during a frac- 
tionation, severe lengthening of phase settling times were observed 
as the isopycnic line was approached. Imperfect transfers would 
result. 

Equation (3)  indicates the temperature dependence of Ki while 
Figure 5 depicts a significant contraction of the immiscibility 
region over only a ten degree change. 
AID, varied by about 29% over the range. 

The %* at constant B and 
A 12% decrease in 

was observed when the temperature of a similar system26 was 

increased from 20 to 30'C. W a ~ ~ k a t ~ ~  has exploited such variations 
in a multiple solute input process by alternating temperature be- 

tween two values in a stepwise manner and evaluated the application 
of this approach to preparative separations, 
temperature is selected prudently to enhance solute selectivity 
of the system and extractions performed isothermally. 

Generally, however, 

A temperature exists above which He9 and MeCN (Figure 5 )  are 
completely miscible (Critical Solution Temperature). The region 

defined by the dashed line was not accurately determined. 
MeO-MeCN-Hex (30'C) and the MeV-MeCN-Hex systems exhibit "plait 
points" where the equilibrium ''tiett lines merge and the 
compositions of the phase are identical (K - 1). As these critical 
points are approached small changes in composition or temperature 
alter the system's properties considerably. 
f iculty, Hollingsworth28 surprisingly demonstrated by theory and 
experiment that in some cases at low solute levels there is an 
optimum temperature or solvent composition near a critical point of 
the solvent system where the maximum separation can be achieved for 
a given number of extraction cells and transfers. Although pres- 
sure is thermodynamically relevant to phase relationships in 
liquidqits effect can be considered negligible in systems commonly 
employed in the extraction. 

The 

In spite of this dif- 

29 
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A 

D 
FIGURE 5 

Temperature effects  on ternary system. ABD as in Figure 3 .  
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MODERN COUNTERCURRENT DISTRIBUTION 361 

As seen in Figure 5, the addition of temperature as a variable 
complicated the representation of phase relationships. Beyond four 
variables, simple visual representation in two dimensions becomes 
virtually impossible. Palatnik and Landau3' have applied the tech- 
niques of vector notation, linear algebra, and topology to the des- 
cription of multi-variable (Xi, T, P, etc.) systems. 

this approach have been advantageously applied to quaternary sys- 
t e m ~ , ~ ~  
G i b b ~ ~ ~  derived for three component systems and triangular coordi- 
nates could be generalized for n-components and n-1 dimensions so 

that €or the MeV-MeO-Hex-MeCN 2-phase system: 

Aspects of 

It was shown, for example, that the Lever Rule which 

p2 L1 wi,l - wi 
PI L2 wi - w (7)  - - - - 

is2 

where P1 and P2 are masses of phases 1 and 2, L1 and L2 are lengths 
of line segments (hypervolumes) connecting points in space which 
represent compositions of phases 1 and 2 and the point representing 
total composition; w and w are the weight fractions of each 
component. lhe average L's and the experimentally determined 
masses lends credibility to the drawn contours of the diagram. A 
significance of the Lever Rule is that given the phase diagram, the 
progress of an extraction can be predicted. 
strated later, 

is1 is2 

This will be demon- 

Although the thermodynamic studies are important and useful, a 

deterrent to their application is the large numbers of Cloud point 
titrations and tie line determinations that must be made. In some 
cases, particularly with biochemically important solutes, quantities 

33 of pure materials are too limited for such experiments. Francis 
has made a significant contribution to the literature, graphing 
over 1,000 ternary systems involving about 300 components. 
Albertsson depicted a number of phase diagrams of aqueous-polymer 
systems such as Dextran-Tergitol-30 and Potassium phosphate-poly- 
ethylene glycol-€$0.18 He employed the immiscible regions in these 
systems €or the purification of viruses, enzymes, and microbial 
cells. Most likely, it is the nature of solvent interactions that 
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36 2 BARFORD 

the literature will provide, further experimentation being required 
to completely define the system with particular solutes. 

It would be advantageous to obtain the most information about 
an extraction system with.the minimum number of experiments. 
number of empirical or semi-empirical approaches have been 
proposed 34'35*36'37 which are solutions to the integrations of the 
Gibbs-Duhem equation (eq. (5)). 

A 

One conrmonly used solution for ternary systems 29,34 is given 
below: 

(8) Log fi = 

where I etc., are empirical functions which describe the inter- 
actions of groups of dissimilar molecules. They may be determined 
from mutual solubilities of the three binary pairs; for example: 

i J '  

log  
xii 

(9) Iij = 
1 1 

i"' -)-. 
log - 

xJ .i 
2xiixij xij 

l o b  
xii _ _  

x x  ji jj l o g 2  

xJ J 
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where xii i x  the f r a c t i o n  of i i n  the i - r i c h  phase, e t c .  

so lu t e  a c t i v i t y  VS. f r a c t i o n  of so lu t e  a r e  constructed by combining 

the  ca lcu la ted  s o l u t e  a c t i v i t y  c o e f f i c i e n t  with experimentally 

determined s o l u b i l i t y  curves and the equilibrium compositions ob- 

tained. evaluated t h i s  approach and found it  r e s t r i c t e d  i n  

i ts  app l i cab i l i t y .  

P lo t s  of 

Other approaches have included expressions which took i n t o  

account l oca l  composition va r i a t ions  i n  l i qu id  mixtures which re -  

su l t ed  from in t e rac t ions  between molecules. 

Wilson35 based an equation on the  Flory-Huggins concept which 
E r e l a t ed  G t o  the d i f fe rences  i n  the molecular s i z e s  of so lu t ion  

components, bu t  i n  the proposed equation, " loca l  volume f rac t ions"  

were introduced t o  account f o r  nonrandomness. Each " loca l  volume" 

f r a c t i o n  was ca lcu la ted  from an expression containing an ad jus tab le  

parameter ( in t e rac t ion  energy) obtained from some experimental 

po in ts .  

extended t h i s  approach and added add i t iona l  i n t e rac t ion  

terms but s t i l l  used two adjus tab le  parameters per binary. 

Renon37 developed an equation (NRTL) assuming t h a t  a b inary  

so lu t ion  is  composed of two kinds of c e l l s  each with a d i f f e r e n t  

component a t  the center  and t h a t  the composition of these c e l l s  i s  

r e l a t ed  t o  the in t e rac t ion  energy between the  components, which i s  

described by three  ad jus tab le  parameters. The Gibbs excess energy 

r e s u l t s  from the t r a n s f e r  of molecules of each component from c e l l s  

of pure component t o  c e l l s  of so lu t ion .  A l l  t h r ee  approaches may 

be expressed i n  the  general  equation: 38 

+ xjsi i  

k=l ' 'kj% 
# 

k=1 
/ tj - 

KJ 
1 

# 

# 

k=l  
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Tji = kji - g i i m  

Tau and alpha are the adjustable parameters; a! = 1 in Wilson and 
Heil equations; p 
p - 1 in NRTL equation; = 0 in NRTL, 1 in others; and cp = 0 in 
Wilson, 1 in others. Since only component pairs are considered, 
theoretically the equation is general for any number of components. 

Binary parameters should be computed from vapor-liquid equili- 
brium measurements using curve fitting  technique^,^' but for best 
results some tie line data were used to calculate the binary para- 
meters. 
Figure 6?’ 

ment in this case is good, it is doubtful whether the predicted 
equilibrium could be used to describe an extraction precisely. 
Some good correlations of four component vapor-liquid equilibrium 
data3’ using binary parameters and the Wilson equation have been 
repo-rted, but this equation cannot predict phase immiscibility, 

and so it has little relevance to liquid extraction. 
tions for liquid-liquid systems with more than three components 

seem to have been reported using the other equations. 
remains, then, to predict in detail the systems of two or more sol- 
vents and several solutes, the kind which are generally encountered 
in discontinuous liquid extraction. Nevertheless, some useful in- 
formation about single solute-solvent interactions can be obtained 
and K or % estimated. In some cases, however, the complete equi- 
libria need to be considered especially at high solute levels 
to evaluate separations parameters. 

the molar volume ratio of a component pair, 
ji 

A typical comparison for a ternary system is shown in 
While the agreement between the NRTL, Heil, and experi- 

No correla- 

Ihe problem 

31 

The “regular solution” theory of Hildebrand and Scott2’ is 
also used as a basis for approximating selectivities. According 
to this model if the energy of two molecules depends only on the 
distance between them (London forces), no specific interactions 
such as dipole interactions of hydrogen bonding exist, the mole- 
cules are randomly distributed, and there is no volume change on 
mixing at constant pressure: 
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2 

(WEIGHT PER CENT) 
FIGURE 6 37 

Calculated and observed liquid-liquid equilibria at 0 C. 
Reproduced by permission A.1.Ch.E. 

(1) n-octane (2) 2-octene (3) nitroethane 
( - I exp. ( - - -  ) Heil ( - 0  - )  NRTL 

2 2 
(12) R T i h  fl V102 b1 - u ~ )  

where V1 = molar volume of component 1, 0, - volume of fraction of 
component 2 in solution and u1 and u2 are the solubility para- 
meters of 1 and 2. The solubility parameters are defined as 
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and results from the statistical therm~dynamic~l approach to the 

estimation of energy of mixing. Compilations of solubility para- 

meters of common organic compounds exist25,31842,43 and ~ o y 4 ~  has 
calculated group contributions to the solubility parameter for a 

number of functional groups so that Small's approach44 for predict- 

ing the solubility parameter from knowledge of structure could be 

applied to most organic compounds. It would seem, then, that K or 

%/K1 could be calculated from eq, (12) and eq. (6): 

v2 C(U2 - 0") 2 - (02 - oL)21 

In most cases, however, this is only an approximation to K 
because: 

in terms employed in extraction even when a nonideal entropy term, 
etc. (15)45, is added: 

the assumptions leading to eq. (13) are usually not valid 

and because the nature of the equation magnifies errors inu. 
Furthermore, as noted earlier K is rarely constant and its infin- 
itely dilute value has limited utility. 

dilution were 17, 13, and 8 (for the MeO-MeV-Hex-MeCN system des- 
cribed earlier) as obtained by eq. (14), eq. (15), and experiment. 

Considering the assumptions, the agreement in ratio is good in th i s  
case. However, when the individual K ' s  were calculated, extremely 

wide divergence from experimental values was observed. 
has surveyed in depth the application of the solubility parameter 

concept to extraction. 

the concept still appropriate: "In short, the solubility parameter 

equations offer a useful approach to a very wide area of aolutions, 
like a small-scale map for a very broad long-distance air view of 
a subcontinent. 

K ratios at infinite 

46 Irving 

He found Scott'a4' earlier coment about 

It 3.8 able to make numerical predictions about all 
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MODERN COUNTERCURRENT DISTRIBUTION 367 

areas; these are unlikely to prove highly accurate when a small 
area is examined carefully, but they are equally unlikely to prove 
completely absurd .'I 

Davis48 has reviewed the group contribution approach to solu- 

tion thermodynamics and contributed new developments in this area. 
Harris5' has reported better correlations using molar surface area 
of the groups instead of volumes. Hopefully, current research in 
the structure of liquids and interactions of their mixtures will 
soon provide more useful models for predicting separation systems. 

49 

In the previous discussions only single species were consider- 
ed. Frequently, solutes are present in more than one form. They 
may be dissociating acids or bases or complexed metals. In such 
cases, acid or base dissociation constants andfor stability con- 
stants of the complexes must be included in the overall distribu- 
tion coefficient, which reflects then a dependence on pH and/or 

ligand concentration (Figure 7 and eq. (16)). These complex equi- 
libria must be studied individually to evaluate manipulable sepa- 
ration parameters and a number of these, as well as equilibria 

involving liquid ion-exchangers, have been reported. 5,19,51,52,53,% 

Scholfield and coworkers55 have made splendid use of the ability of 
Ag to form pi-complexes with double bonds to achieve separations 
of fatty acid methyl esters, including cis-trans isomers, and 

triglycerides. 

+ 

Albertsson18 has described equilibria in which adsorption at 
the liquid-liquid interface influenced separation of macromolecules 
and cell particles. He showed that for spherical particles 

(17) K = e 

where t is the 1 .u 
upper phase and r 

kT 

interfacial tension between the particle and the 
is the particle radius. If the macromolecules 
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K D A  \/KD Phase I 
Phase 2 

are polyelectrolytes, the equilibrium was described in terms of the 
Donnan potential. In the presence of excess salt (AB): 

+ where K' and K 
and absence of the electrical potential respectively. Separations 
can be influenced by the nature of the salt. 

are the distribution coefficients in the presence 

In addition to selectivity, solvents for liquid-liquid 
extraction should have great density differences, high interfacial 
tension of the phases, and low viscosities; all of these properties 
are a result of mass transfer and phase settling considerations. 
Flammability, toxicity, and corrosiveness also need to be evaluated 

as does cost. 

PROCEDURES 

Having found a potentially useful solvent system, the frac- 
tionation is carried out, generally in a robot controlled device in 
which large numbers of distributions and transfers can be made. 
Basic descriptions of such devices have been referred to in the 
introduction. Suppliers of automated instruments can be found in 
resources such as Science's Annual Guide to Scientific Instruments 
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MODERN COUNTERCURRENT DISTRIBUTION 369 

and Analytical Chemistry's Labguide. They are listed as "counter- 

current distributors," the name coined by the late Dr. Lyman C. 

who developed much of the early theory, described the 

first distributors, and demonstrated the utility of the approach to 

complex separations problems. While the distributors vary mechani- 

cally as to how equilibration, settling, and transfer is achieved, 

they can be viewed schematically as in Figure 8. Mixing takes place 

in part I, and after settling all liquid (mostly upper layer, Vu) 
above a side arm (C.P.) is transferred to part 11. Subsequently 

the liquid in I1 is transferred to next tube and another cycle be- 

I 4 ' l 5  the other layer (V ) is also transferred; gun. In some devices 

in others the equilibration chambers are separated by spacers con- 

taining eccentrically placed holes so that as the device rotates 

upper phase transfers when the hole reaches its lowest position. 

In any case, because of variation in phase volumes as solute con- 

centration changes, V may become smaller and not reach C.P. causing 

L 

L 
some Vu to be retained (V ) during transfer. UR In some distributors, 

C.P - 

( b )  
FIGURE 8 

L 
( C l  

Schematic of distribution tube showing perfect (a) 
and anomalous transfer effects 
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370 BARFORD 

lower phase is added on each cyc le  t o  make up f o r  decreased VL so 

t h a t  a por t ion  of VL is t r ans fe r r ed .  

r e t a ined  on wa l l s  of I, a l t e r i n g  the  supposed V /V r a t i o  

(Figure 812). Consider a s e r i e s  of tubes which had been f i l l e d  wi th  
upper and lower phase and i n t o  tube "0" s o l u t e  is introduced while 

zVL m l  of lower is added a s  makeup. 

l e t  Y = f r a c t i o n  of s o l u t e  d i s t r i b u t e d  i n  upper phase, then  

(Y + z (1 - Y) - vY) - the  f r a c t i o n  of s o l u t e  t o  be t ranspor ted  t o  

tube 1. Let A be the  f r a c t i o n  remaining so t h a t  VY + (1 - Y) - z 

(1  - Y) = A. f i e  process is contained i n  Figure 9 where examina- 

t i o n  of  the  c o e f f i c i e n t s  shows the development of a d i s t r i b u t i o n  of 

the  form: 

Also, some Vrr (VV,) may be 

U L  

After e q u i l i b r a t i o n  (Fig. 8 c ) ,  

(17) (A + (1 - A))N 

which is the binomial d i s t r i b u t i o n .  

mere fo re ,  from the p rope r t i e s  of the  binomial, expressions 

f o r  t he  t o t a l  amount of s o l u t e  (Q) i n  tube M (eq. ( l a ) ) ,  the  pos i -  

t i o n  of the  d i s t r i b u t i o n  maximum (eq. (19)),  and its s tandard  

devia t ion ,  c, (eq. (20) )  may be w r i t t e n  f o r  any number of  t r a n s -  

f e r s ,  N: 
N! 

( l a )  QN,M M I  (N-M)! (1 - A)M 
(19) Mmx N ( 1  - A) 

(20) G p J N (1  - A) (A) J MmX A 

From eq. (6a) : 

- (Y/VU) I ( 1  - YIV,) = YVL I vu - VUY 
%i 

so t h a t  

where s - Vu/VL . 
I f  it is assumed t h a t  v ,  and z a r e  constant,  t he  d i s t r i -  

bu t ion  p r o f i l e  of a so lu t e  mixture can be ca lcu la ted .  f i i s  pro- 
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TRANSFER Wf O 
0 

T O T A L  

I 

T O T A L  

2 

EZl ( 1 - Y  I 1 

I ( I - Y I A  I 
A 

I 2 

1-1 
( I - Y  I A -Z ( I - Y IA 
+ vYA :(A)A 

Y A ~ Z ( I - Y ] A - V Y A  t 
( I -  Y I( I - A )  t VY (I-A 
- ~ ( l - A l ( l - Y I z ( l - A l A  
+ A (  I -A)  : 2 A (  I -A 1 

Y( I -A 1 + z ( I-A)( I -Y 
-vY(l-AI :( I -A)( l -A] 
.= ( I - A)* 

T O T A L  

FIGURE 9 
Distribution Scheme 

cedure where all solute remains in the distributor is often called 
the "fundamental" method. 
method for the comparison of liver lipids from a control rat and a 
rat exposed to severe cold5' is given in Figure 10. 

z = 0, the commonly used ideal equations5' result. Later discus- 
sion will demonstrate, however, the necessity of considering two- 
phase flow. 

An example of an application of this 

When v - 0 and 

If z - 0 and VL does not reach C.P. (Figure 8) and (1 - Y) is 
defined as the fraction of solute adsorbed at the solvent inter- 
face, these equations may also be used to describe interfacial 
countercurrent distribution" even though the mechanism of inter- 
action is different. 
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T U B E  NUMBER 
FIGURE 10 

Dis t r ibu t ion  of Rat Tissue Lipids 
( -  - - )  cont ro l  ( - ) exposed t o  severe cold.  
Tubes 0-80, phospholipids; 80-120 f r ee  f a t t y  ac ids ,  

120-150 f r e e  cho le s t e ro l ;  150-180 d ig lycer ides ;  
180-200 t r ig lyce r ides  and choles te ro l  e s t e r s .  

Reproduced by permission from National Research Council of Canada 

59 

When enough t r ans fe r s  a r e  made, M,, w i l l  be the l a s t  tube 

(MA,,) and one more t r a n s f e r  w i l l  e l u t e  so lu t e  from the d is t r ibu tor .  

Hence, c ,  the number of tubes o r  c e l l s  i n  the  d i s t r i b u t o r  (number 

of f i r s t  tube = 0 )  i s  from eq. (19) 

(22) c p M L X  $. 1 - Nm, (1 - A) -t 1 

and NR, the number of t r ans fe r s  required t o  e l u t e  peak: 

(23) NR = NmX $. 1 - but  Nm, >> 1 

so t h a t  

(24) NR = (C - 1 ) ( 1  - A) 

and the  f r a c t i o n  of ao lu te  i n  N 

(NR - 1)  t r ans fe r s .  

ed f o r  the fundamental d i s t r i b u t i o n ,  another binomial d i s t r i b u t i o n  

is  tha t  i n  the upper phase a t  R 
Evaluating the stepwise process a s  was perform 
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MODERN COUNTERCURRENT DISTRIBUTION 373 

was obtained to describe the elution profile or single withdrawal 
procedure. 

( 2 5 )  FN N! (1 - A)' (A)(N - ') 
c! (N - c)! 

Gaussian approximations to the binomial have been employed to sim- 

plify calculations 57'60 and to permit use of tables of the normal 
curve. 

With these expressions the progression of a separation can be 
approximated. Equations (19) and (20) show that, for a given 
solute, width of a band inside the distributor increases with the 

square root of the number of transfers. For a series of solutes, 
since ((A)(1 - A))* in practical systems (.9 > A > .I) are simi- 
lar, the widths are similar after a given number of transfers. 
Theoretically each tube contains solute so that width is taken as 
some multiple of c, for example +_ 2.33 c indicates that 99% of the 
solute is included in the measurement. The Gaussian approximation 
suggests that width is a function of the position of the band in 
the distributor (2 = Jy)  so that each band as it progresses 
through will have the same width as it reaches a given position in 
the distributor. Examination of eq. (20) shows that this is a 

reasonable approximation. To reach a given Mmx, the product 
N (1 - A) will be constant, so that varies only with (A) * . For 
most cases, ratios of (A) * for the first and last peaks will be 
close to one. However, widths after application of enough trans- 

fers to elute all solutes will differ considerably. The results 
of a simulated distribution are given in Table IV to illustrate 
these effects. 

Figure 1160 compares an experimental elution where two-phase 
flow occurred with profiles calculated using equation (27) and the 
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% (1-A) 

1.20 .545 
.75 ,428 
.19 ,158 

-- 

72 TRANS 

c 

39 4.3 
31 4.2 
11 3.1 

MIMIX -- 

TABLE IV 

91 TRANS 245 TRANS 

Mmax Mmax c 
-- -- 

- - - - 
39 4.7 - - 
14 3.5 39 5.7 

ELUTION 

c NR -- 
112 8.7 
147 12.4 
420 41.1 

c o m n l y  used idea l  expression (v - 0, z 0). In  t h i s  case two- 

phase flow had no influence on the middle peak but  the  e a r l i e s t  

peak e lu ted  l a t e r  than predicted by the idea l  equation while t he  

l a s t  peak e lu t ed  e a r l i e r  than predicted.  Ihe detrimental  e f f e c t  

of t h i s  peak s h i f t i n g  due t o  imperfect t r ans fe r s  and use of co- 

cur ren t  i s  obvious. The modified equations approximated the  ex- 

perimental peaks more c lose ly ,  although even a t  the low so lu t e  

l e v e l s  used z and v could not  be maintained constant.  

L ... . .  

250 300 350 400 4 
N 

FIGURE 11 
Compar 

( -  ) exp, ( 
(27) z - .14, v = .08 

0 

son of experiment and theory. 
) i dea l  equation z 5 0 ,  v = o ; (  -- - ) 

c - 200 K D ~  - 16.1, K D ~  7.8, K D ~  4.2. 
eq. 
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MODERN COUNTERCURRENT DISTRIBUTION 375 

In practice, it is generally desirable to fractionate larger 
amounts of solute than can be introduced in a single input. One 
method of increasing the amount distributed and at the same time 
minimizing volume reorganization effects, involves addition of 
solute incrementally to the zeroeth tube. If %, z, and v are 
considered constant, a parade of identical profiles, each one 
transfer out of phase with the one preceding it, moves through the 
distributor, The amount of solute in a tube M, then is the sum of 
the contributions from each of these out-of-phase profiles or the 

sum of all the apoints on the leading profile from M to (M - k) 
for k inputs. 
tion and the Gaussian used to describe the elution or single with- 
drawal profiles, the following equation results: 

If the integral is used to approximate this summa- 

61 

[" - "-1- erf ['" - "b - 'Ro] 
Go (28) FNYk = erf 

where N 
the single input profiles. 

and & are the peak location and standard deviation of Ro 
For elution profiles: 

In this form of the error function t - (N - NRo) / &. 
the distributior, with multi-inputs can be calculated using known 
parameters and tables of Gaussian statistics. Alternatively, the 
& obtained from a single input can be employed to "scale up" the 
amount fractionated. Graphical methods are also used to evaluate 
the integrals from a plot of the single input distribution or, 
more conveniently, read from frontal profiles (Figure 12). 

Therefore 

Differentiating eq. (28) and setting the derivative equal to 
zero a description of the effect of multiple inputs on peak maxima 
is obtained 

(30) NR = NRo + k/2 . 
Substitution of eq. (30) into eq. (28) leads to: 

(31) FmX = 2 [ erf (k/2 &) 3 - 1 . 
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F 

---- 
FIGURE 12 

Frontal Output Prof i le  

Zhe e r r o r  function has the property, however, t h a t  F approaches one 

as k becomes very large.  lherefore as the number of inputs in- 

creases a steady s t a t e  condition i s  reached where the amount of 

solute  being fed equals t ha t  being eluted when the volume being 

t ransferred is  constant throughout the d i s t r ibu t ion .  "he output 

p r o f i l e  is a s t ep  function which is often referred t o  as a f r o n t a l  

o r  breakthrough p ro f i l e .  

t i ona l  solute  additions w i l l  increase the width of the plateau and 

NRwould have l i t t l e  significance.  

f ined which denotes the posi t ion of the half  height as  i n  the 

usual procedures or operation, the solute  l eve l  eventually de- 

creases and in  ideal  o r  near-ideal systems, a t r a i l i n g  edge is 

observed which mirrors t h e  leading edge. lhe l a t t e r  is described 

by the expression 

Once the maximum value is  reached addi- 

A new quantity,  N R ~ ,  is de- 

60 

(32) F = '1 dN . 
N = O  

Also from the f igure:  

N1 = NRF + tCo 

N2 - NRF + tCo 
and since t2 = -tl, NF the number of inputs required t o  produce a 

s t ep  function i s  
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(33) NF = 4.66 c o  , 
where the pleateau is just reached at F = 0.99. 

where over 100 g of solute was fractionated.62 
are distributed the ideal or modified ideal equations no longer 
describe experimental conditions and computer simulations are re- 
quired. Williams63 determined the variation of % with solute 
level for certain systems and used the equation which fit the data 
as a basis for simulations of such distributions. 'Ihe agreement 
between found and predicted profiles is shown in Figure 14. This 
approach describes the dissymmetry fairly well, although not all 
types of nonideal behavior are considered. Martin64 developed 
programs in which all phase relationships could be included, and 
Rothbart6' demonstrated the utility of the approach in several 
systems, 'Ihe relationship between experiment, s.imulated, and ideal 
output profiles is demonstrated in Figure 15 for a ternary system. 

The computer approach, in which no assumptions concerning the 

An application of the frontal approach is given in Figure 13 
When large amounts 

profile shape or position are made, is outlined below: 
Ternary solubility curves were described by equations 
that were determined by least squares methods using the 
computer. 
Tie lines were described by their slopes and Y inter- 
cepts. 
Initial conditions within the distributor and feed 
profiles were stated. 
The weight and weight fraction of each component in each 
tube were determined. 
The point describing the system is located on the ternary 
diagram, and it was determined whether or not this point 
lay within the immiscible region and below the isopycnic 
tie line. 
If this point did not fall on a tie line, a new tie line 
was found by interpolation. 
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0.6 

3 0.4 
0 

ul 
L 

c 

f 0.2 

0 
200 300 400 500 

TRANSFER NUMBER 

0.4 

0.2 

0 
200 300 

1111 
400 500 

J 600 

TRANSFER NUMBER 
FIGURE 13 

Vernonia Oil Fractionation, 
(a) 

(b) Experimental profile 100 inputs, 1.1 g each. 

Predicted using eq. (32), ideal form, Vu - 20 ml, VL = 39.2 
ml, c - 200, 95 inputs - 1 g each. 
I = divernolin, I1 - trivernolin, the major projects 
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I 1030 Trans c 3000 T r a n s  

c l l  I- I \  

20u4:: I600 2 000 2400 
0 

600 800 

-I . 1030 T r a n s  
U 
0 
c 
- 
ir 
0 

3000 T r a n s  

600 800 I600 2000 2400 

T U B E  NUMBER 
FIGURE 14 

Comparison of experimental (upper) and simulated d i s t r i -  
bution with variable K D . ~ ~  Solutes are tyrocidine C, B ,  
A. Solvents chloroform, methanol. 0.01 N HC1, 2 : 2 : 1  

Reproduced by permission of Marcel Dekker, Inc. 
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N 
FIGURE 15 

Distribution of methyl hexadecanoate in hexane-acetonitrile 
0 output profile calculated from ideal equation. 

KD = 8.9, VU - 20 ml., VL - 39.2 ml.; 0 experimental output; 
A computer simulated output; 0 volume lower phase in output 

(7)  Zhe weight fractions of all components in each phase were 
determined by solving the tie line and solubility curve 
equations simultaneously, then applying the lever rule. 

(8) Densities, masses, and volume of both phases were 

(9) 
determined. 
A l l  material above the cutoff arm, except for a pre- 
determined amount that was held by the wall, was trans- 
ferred to the next tube. Zhis process was repeated for 
as many transfers as were desired. 

As seen, the simulation accurately predicts the position, 
shape, and height of the profile which deviated greatly from that 
calculated using the ideal equations. Even the pulsing of lower 
phase as a result of solute dependent volume reorganizations was 
described. Ihe data demonstrates that, although the common prac- 
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tice of using solvents pre-equilibrated with each other is worth- 
while, it by no means assures constant volume ratio. 

P ~ r d y ~ ~  and Priore66 have employed computerized curve fitting 

methods to analyze experimentally generated profiles in order to 
estimate purity, even when contaminants were not visually resolved 
from the major component. Only slight deviations due to volume 

reorganizations or solute-solute interactions could be handled in 
these approaches. 

Stene67 and Craig14 have demonstrated that the binomial expan- 

sion described single input distributions in which upper and lower 
phases are transferred in opposite directions (CDCD)(Figure 16) 
when all solute remained inside the distributor, and if no volume 

reorganizations or transfer effects occurred. As solute emerged, 
the profile diverged rapidly from the binomial. 
extended this rarely used approach by introducing another operating 

variable, the ratio of upper to lower phase transfers (SSD). By 
such transfer manipulation, a solute to be purified may be kept 
near the center of the distributor and contaminants of higher and 
lower % eluted. Day68 showed that for the ideal distribution of 
a single input: 

15 Alderweireldt 

(NL + N")! [;.. + NU - c] 
(1 - Y) 1: ( 3 4 )  F~ (NL + c 

67 Stene, 
of the distribution profiles for single inputs as well as for a 
large number of inputs. The resulting expressions are very complex 
and for large numbers of tubes are best solved by computer methods. 
Their use, therefore, offers little advantage over direct computer 
simulation. Dutton7O has utilized simulation to develop methods 
for the continuous isolation of pure methylesters from vegetable 
oil esters." After a large number of inputs are made, a steady- 
state condition is reached where the amount of solute emerging is 
constant as inputs are continued. The condition of the distributor 
at steady-state is shown in Figure 17.~' 

Day,68 and Compere6' all proposed mathematical treatments 

The number of transfers 
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TUBE 2 

TRANSFER \ I 0 I 

/ 

BARFORD 

2 

Y' 

FIGURE 16 
Distribution Scheme. CDCD 

required to reach steady-state is related to the number of distri- 

butor tubes, K,,, the phase volume ratio, and the position of the 

feed tube. The latter also influences the amount of solute emerg- 
ing at steady state when the former parameters are constant. For 
CDCD, the fraction of solute emerging at steady-state is given 
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t 
v) 0.8 

5 0.6 

c- 
I 0.4 
2 

= 
4 

5 0.2 

0 
I 5 10 15 20 25 

TUBE NUMBER 

FIGURE 17 

( - ) computer simulation of distribution of corn 
oil methyl esters; 0 exp linoleate, 0 exp oleate, 
A exp palmitate. Vu = 10 ml, VL = 50 ml 

CDCD at steady state.’O 

Reproduced by permission of Analytical Chemistry 

where cR and cL are the number of tubes to the right and left of 
and including the feed 

(35) FSS - (Nu + 

15 tube. In SSD 

Optimization of Separation 
In discussing optimization of separations, a problem of defi- 

nition is immediately encountered. What is to be optimized - time, 
quantity of solvent used, amount recovered and purity of all 
solutes, recovery of one valuable solute at the expense of others, 
e t c . ?  Much has been written and many concepts 73-80 proposed for 
the selection of parameters for optimal separation, but still no 
completely unambiguous definition exists. In preparative separa- 
tions the experimenter must decide what factors are important for 
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the fractionation at hand. Nevertheless, for the purpose of 

discerning factors which can lead to improved separations, some of 
these concepts will be employed but their shortcomings must be 
kept in mind. 

'he chemical parameters influencing separation were discussed 
earlier. Thos section will deal with physical parameters. 'pwo 

different %'s can be substituted in expressions for Q (eq. (26)) 
and the resulting equation solved for the tube number at the inter- 
section point of the two curves. 
with the Gaussian approximation to the ideal distribution to obtain 
the following: 

Nichols" combined the resultant 

2 (36) N - t 
which gives the number of transfers required for the desired 
binary separation. 
the estimation, but in this and similar treatments the phase volume 
ratio was taken as one, so that the effect of its variation often 
has been overlooked. 
along with c, that is increasing N involved increasing the dis- 
tributor length. Alternatively, unresolved components can be fed 
back or recycled into the first tube and the fractionation con- 
t i n ~ e d . ~ ~  'his approach must be applied judiciously, of course, 
since in this closed system a solute with high % could catch up 
to one favoring the laver phase (equations (19) and (20)). 

GrushkaB4 applied the chromatographic concept of resolution 

NomographsS2 have been presented to simplify 

For this reason N was usually considered 

(Re) to countercurrent distribution and obtained the following 
expression: 

(37) R8 I. Ofmax - Mm, 1) / 2 (c2 + 2,) 
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After differentiation with respect to the solvent ( 8 )  and setting 
the derivative equal to zero, the well known Bush-Densen 
relation (eq. (38)) was obtained. "his relation: 

85 

(38) - kl%J+ 
was originally derived for a specific distribution pattern, i.e., 
where c stages and only batches of each phase were used. However, 
it has frequently been applied to CCD in general. 86'87 
above derivation the number of transfers was constant. 

77 

In the 

The number of transfers before a given small amount of solute 
Leaves the distributor is: 

(39) M m x =  c - 1 - tC . 
Combination of equations (39)(for faster moving component), (37) 

and (20) yielded an expression for Rs in which N is variable. 

Evaluation of this equation showed that for the usual situation 
where for neighboring peaks, K D ~  L 4 KD decreasing s increased 

1' 
RS' 

For the single withdrawal approach, 

Clearly, decreasing the solvent ratio leads to increased resolu- 
tion of a given solute pair when c is constant. Results of a 50 
tube simulated, ideal distribution are given in Table V.77 Total 

percent impurity, "PI, is also shown as a criterion of separation 
and is defined in the glossary. 
bution profiles was taken as the cutpoint between the regions. 

The intersection of the distri- 
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TABLE V 
Effect of Solvent Volume Ratiosa 

BARFORD 

Inside Single Withdrawal 
s N TPI R N TPI R 

0.8 72 39.0 0.41 141 30.8 0.51 
0.5 89 35.4 0.44 193 26.0 0.54 
0.125 229 29.8 0.54 602 18.3 0.65 

c = 50 KD1 = 1.5, % = 1.0 a 
2 

bound for c can 

(42) c = 

This cutpoint maximizes the amount of each component found in its 
respective zone. 

An unresolved solute pair was chosen to demonstrate the 
effect. 
50 tubes. 

Obviously complete separation could not be obtained with 
By setting Rs = 1 and s = 0 in equation (41), a lower 

be found; 

For K D ~  = 1.5, K D ~  = 1.0, the lower bound is 100, while 150 would 
be a realistic choice. 
making some simplifying assumptions, an approximation of the solvent 
ratio to give Rs = 1 is obtained: 

After solving equation (41) for s and 

(43) 8 = 

The plot shown in Figure 18 for the system Q1 1.5, K D ~  
and c = 150 demonstrates that a R of one is well within reason. A 
solvent ratio of 0.42 was calculated using equation (43). 

1.0 

8 

In practice, the options of manipulating c or s or both must 
be considered. Often it is not convenient to select any desired 
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I .3 

u) 1.2 
a 

1 . 1  

I .o 

0.9 

0.8 

0.2 0.4 0.6 0.8 1.0 
SOLVENT VOLUME R A T I O ,  s 

FIGURE 18 
Effect of solvent-volume ratio on resolution 

number of tubes because of the construction of automated apparatus 
so that compromises must be made. 

include lengthened separation time, increased concentration-related 
effects, and increased alteration of the separation by such factors 
as the Vu retained term in Figure 9. 

charge into a number of batches and placing these in the first 
tubes of the distributor. 
the tubes" or the number of tubes equal to 7% of the total number 
of transfersa9 applied could be filled in this manner without sig- 
nificantly altering the separation. However, the sequential-input 
approach described earlier seems to be a better alternative. 

'Ihe disadvantages of lower 8 

Nonideal effects can be minimized by dividing a larger solute 

It has been suggested that up to 5% of 

90 
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A comparison is made i n  Figure 19 where u n i t  inputs  were e i t h e r  

made on each t r a n s f e r  f o r  the  s t a t e d  number o r  placed i n  the  s t a t e d  

number of tubes. About t h i r t y  inputs  could be made sequen t i a l ly  

and would give the same separa t ion  a s  only t e n  tubes batchloaded. 

Batchloading e s s e n t i a l l y  decreases the  number of tubes while each 

input  made sequen t i a l ly  contac ts  each tube. Barford62 showed t h a t  

when enough inputs  a r e  made t o  produce f r o n t a l  ou tputs  under i d e a l  

condi t ions  the number of tubes required f o r  a given separa t ion  is: 

50 

40 

c( 30 e 
t 

20 

0 20 40 60 80 I00 
NUMBER OF INCREMENTS 

FIGURE 19 
Effec t  of method of sample loading. 

KD1 1.5, K D ~  1.0, c = 200, Vu P 20, VL 40 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MODERN COUNTERCURRENT DISTRIBUTION 389 

Preparative separations by CDCD are usually performed using 
the steady state mode so that one solute is isolated in high yield 
and purity while the others, all of either higher or lower %, 
collected in the other phase. Optimization then reduces to select- 

ing the best conditions for resolving the desired product from its 
nearest neighbor. 

The relationships which Scheibel'l derived from stagewise 
continuous extraction may also be applied to CDCD, assuming constant 
'5, and s, large cR and cL, and no solvent is added with solute. 
At steady state one solvent ratio requires fewer tubes for a given 
separation than any other. lhis ratio is:. 

2 log E1E2 
( 4 6 )  c = (i - 0.4 1 log - 

E2 

while the feed tube position is given by: 

CR ( 4 7 )  7 - 
L 

\ 

i 

where E2 L El and upper phase moves to right. 
into the center, the Bush and Densen relation is optimal. 

When solute is fed 
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Treybal" s t a t e s  t h a t  these expressions give nearly correct ,  

although not exact r e s u l t s .  As i n  CCD, computer simulation gives 

greater  f l e x i b i l i t y g 3  and permits nonideal e f f e c t s  t o  be con- 

s idered. 

SUMMARY 
Although modern high performance l i qu id  chromatography has re- 

placed l iquid-liquid extract ion fo r  most ana ly t i ca l  separations,  

the la t ter  is widely used f o r  sample "cleanup" and, most advan- 

tageously, f o r  preparative separations on a scale  between chroma- 

tography and plant-s ize  continuous extractors .  

extract ion,  i n  a l l  i t s  forms and modes of operation, is par t i cu la r -  

l y  well  sui ted t o  the separation of l a b i l e  biological materials. 

New insights  i n t o  the nature of the countercurrent process have led 

t o  new procedures f o r  increasing solute  throughput and degree of 
separation. New approaches have been developed f o r  predicting 

l iquid equ i l ib r i a  but these da t a  f i t t i n g  methods o f f e r  l i t t l e ,  if 
any, advantage over completely experimental methods. However, re- 
search continues i n  t h i s  important area as  shown, f o r  example i n  

Reference 94. 
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GLOSSARY 

a = activity 

(1-A) = fraction of solute transferred 
c = number of tubes in distributor 
DC = molar concentration of all C-containing species in 

phase 2jmolar concentration of Cz+ ions in phase 1 
E = fraction extracted in upper phaseffraction in lower = 

Y/ (1-Y) 
f = mole fraction activity coefficient 
FN = fraction of solute in output at transfer N, single input 
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39 6 BARFORD 

F 
Fw = fraction at maximum, multiple input 

FSS = fraction in output at steady state 

A@ = Gibbs energy of mixing 
gji - interaction energy between two species 
AHv = heat of vaporization 

= fraction in output, multiple input 
N ,k 

F = fraction in output, frontal 

Gi = Gibbs energy of component i 

I - terms in Van Laar equations 
K = distribution coefficient, mole fraction in phase 2 1  

mole fraction in phase 1 

KD - distribution coefficient, moles per liter in phase 2 

(upper)/moles per liter in phase 1 
L1 - tie line segment from composition of phase 1 
L2 - tie line segment from composition of phase 2 

M = tube number 
n = number of moles 

N = transfer number 
NU = upper phase transfer 
NL = lower phase transfer 
NR = number of transfers to eluted peak max. 

N R ~  = number of transfers to half height of step function 

P pressure 

Pi = mass of phase 1 
P2 = mass of phase 2 

r = particle radius 
R = gas constant 

R, = resolution 
S = adjustable parameter 
s = volume of upper phase/volume lower phase 
T - temperature 

TPI - mole percent of component 2 contaminating component 1 

fraction -k percent of component 1 in component 2 

fraction 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MODERN COUNTERCURRENT DISTRIBUTION 39 7 

t = ordinate of cumulative normal distribution, 

N=O 

ti = value of t at intersection of two curves, 1 and 2 

V = molar volume 
V V = volumes of upper and lower phase U' L 

v = fraction of upper phase retained in cell 
wi = weight fraction of i in phase 
Wi = total weight fraction of i in system 
x = mole fraction 
Y = fraction of solute extracted into upper phase = 

s K D  / (sKD + 1) 
z = fraction of lower phase transferred 
Z = charge 

aij = nonrandonmess constant 
@i = volume fraction of component i in solution 

Q = solubility parameter or cohesive energy 
pc = fraction of all C-containing species in phase 1 that 

are in cZ+ form 
= standard deviation of output profile co 

c = standard deviation of band inside distributor 
T = adjustable parameter 
Q = constant in eq. (ll), either 0 or 1 as stated 

pi,i = chemical potential of component i in phase 1 
po = chemical potential of pure component 
$ = constant in eq. (ll), either 0 or 1 as stated 
# = number of last component 

ti,L = interfactial tension between particles and lower 
phase in phase 1 

[i,1] = molar concentration in phase 1 
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