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Abstract

In countercurrent chromatography (CCC) both stationary and mobile liquids undergo intense mixing in the variable force field of a coil planet
centrifuge and the separation process, like the separation in conventional solvent extraction column, is influenced by longitudinal mixing in
the phases and mass transfer between them. This paper describes how the residence time distribution (or the elution profile) of a solute in CCC
devices and the interpretation of experimental peaks, can be described by a recently developed cell model of longitudinal mixing. The model
considers a CCC column as a cascade of perfectly mixed equal-size cells, the number of which is determined by the rates of longitudinal mixing
in the stationary and mobile phases. Experiments were carried out to demonstrate the validation of the model and the possibility of predicting
the partitioning behaviour of the solutes. The methods for estimating model parameters are discussed. Longitudinal mixing rates in stationary
and mobile phases have been experimentally determined and experimental elution profiles are compared with simulated peaks. It is shown that
using the cell model the peak shape for a solute with a given distribution constant can be predicted from experimental data on other solutes.
© 2004 Published by Elsevier B.V.

Keywords: Longitudinal dispersion; Countercurrent chromatography; Mathematical modelling; Extraction columns

1. Introduction

Countercurrent chromatography (CCC), a form of liquid–
liquid chromatography without a solid support, combines the
features of liquid–liquid extraction and partition chromatog-
raphy[1–6]. It is applied to analytical and preparative scale
separations of chemical and pharmaceutical substances. For
scaling up, optimisation of device design and operation pa-
rameters of CCC, further development of the theory of CCC
separation processes is necessary. It is important to find
an appropriate mathematical function, which could describe
the peak shapes. A large number of empirical functions are
known and used for the description and interpretation of
chromatographic peaks[7]. As a rule, the parameters of these
mathematical functions are not directly related to a real chro-
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matographic process and their application for the scaling up
of a device is problematic. For the reliable simulation and
scale up, the mathematical model used must be able to re-
flect, even in a simplified form, the characteristic features of
a solute spreading mechanism in a chromatographic tubing.

A cell model of the chromatographic process that takes
into account longitudinal mixing in both phases has been
developed[8], on the basis of the approaches used in chem-
ical engineering for modelling of mass transfer processes,
in particular solvent extraction columns.

1.1. CCC devices and extraction columns

The chromatographic column can be considered as a
very long extraction column with an extremely high length
to diameter ratio, operating under special conditions; one
of the phases is held stationary and the process is running
under non-steady state conditions. Extraction columns are
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normally devices in which light and heavy phases move
countercurrently through a vertical cylindrical vessel, op-
erating under steady-state conditions. Columns in common
use can be divided into two general groups:

1. Intensified columns using energy input to provide a high
degree of contact between the two phases (rotating disk or
impeller columns, pulsed columns with sieves or packing,
vibrating plate columns).

2. Columns without energy input (spray columns, packed
columns, plate columns).

CCC devices belong to the first group: interphase mass
transfer is enhanced by energy supply due to the centrifugal
force field produced by the rotation of the coil planet cen-
trifuge. A sufficient interfacial area should be provided in
chromatographic tubing so that the mass transfer would be
reasonably rapid.

The process in both devices (extraction column and chro-
matographic tubing) is influenced by interphase mass trans-
fer and longitudinal dispersion of the solute caused by axial
mixing in the phases. There can be two limiting cases under
consideration:

1. The mass transfer governs the process. For the stationary
phase retentionSf > 0.5, a rotation speed increase will
increase the number of mixing and settling cycles per
unit time, but will also increase the “g” field, which can
have an inhibiting effect on wave mixing. An increase in
flow rate will also increase the interfacial area (due to the
increase of mobile phase volume) as well as the separa-
tion (interphase mass transfer) efficiency, but up to the
point where the decrease of contacting time will balance
the increase of interfacial area. Both of these factors are
important trade-offs which need to be understood.

2. The interphase mass transfer is rapid enough to be ig-
nored. In other words, instantaneous equilibrium attain-
ment is assumed, and the process is governed only by the
axial dispersion of a solute in the stationary and mobile
phases and the distribution constant in the solvent system
employed. The process can be described on the bases of
continuous or discrete (staged) models.

1.2. Description of the mathematical models
of axial mixing

In conventional chromatography, it is assumed that a so-
lute is transported along the column only with the mobile
phase and remains longitudinally motionless in the station-
ary phase. In CCC, because of the lack of a solid support,
both liquids undergo intense mixing in the variable force
field of a coil planet centrifuge. The axial transport of a so-
lute in the stationary phase, due to the reciprocal tangential
acceleration vector within each individual coil segment dur-
ing each rotation, can contribute considerably to the spread-
ing of matter in the tubing.

Fig. 1. Scheme of diffusion (a) and cell (b) models of CCC separation.

A continuous-diffusion model and discrete (staged) cell
model (a cascade of well mixed equal-size vessels) are
shown inFig. 1. The diffusion model takes into account the
rate of mixing in both phases in terms of effective longi-
tudinal diffusion coefficients (Daxm in mobile phase,Daxs
in stationary phase). In the staged model, the axial mix-
ing in the chromatographic column is characterised by one
parameter, the number of perfectly (ideally) mixed cellsn.

It is assumed that:

• instantaneous equilibrium between the phases is reached
at any cross-section of the continuous model and in any
perfectly mixed cell of the staged model;

• the distribution constantKD = y/x = constant (herex and
y are substance concentrations in mobile and stationary
phases, respectively);

• the retained volume of stationary phaseVs is constant at
any cross-section of the column, or when it is expressed
as a fraction of column volumeSf

Sf = Vs

(Vs + Vm)
= Vs

Vc
= constant

whereVm and Vs are the volumes of mobile and station-
ary phases in the chromatographic column, respectively, and
Vc = Vs + Vm is the column volume.

According to Fig. 1, the equations of models have the
following form:

1.2.1. Continuous model (a)

Daxm(1 − Sf )
∂2x

∂z2
− u

∂x
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+DaxsSf
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)
0

+DaxsSf
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0
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L

= 0 (3)

1.2.2. Staged model (b)

Vm

n

dxi
dτ

+ Vs

n

dyi
dτ

= Fxi−1 − Fxi (4)
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with i = 1,2, . . . , n; where u = F /Ac is mobile phase
linear velocity related to the whole column cross-sectionAc
(in chromatographic terms it is the velocity of aKD = 1
solute),z the longitudinal coordinate along the flow tube,F
the volumetric flow rate of mobile phase andτ the time.

The boundary conditions (2) and (3) are derived from ma-
terial balances at the ends of a closed channel (chromato-
graphic tubing).

It must be noted that the models described are similar to
those considered in general chromatography theory[9–13].

The solutions ofEqs. (1) and (4)with corresponding initial
conditions (describing the sample injection into the system
at the mobile phase inlet at the timeτ = 0) will give the
chromatographic peak shape of a solute on the basis of the
continuous and staged (cell) models. In normalised form
these functions will describe the residence time distributions
of a solute in a chromatographic column.

The rigorous solution ofEq. (1) with boundary condi-
tions (2) and (3) is very complicated and not well suited for
practical use. For low degree of longitudinal mixing the so-
lution of diffusion model equation can be approximated by
a normal (Gaussian) distribution:

xL

x̄
= p

2
√
π/Pe

exp

[
− (1 − pt)2Pe

4

]

= Vc/VR

2
√
π/Pe

exp

[
− (1 − τ/τR)

2Pe

4

]
(5)

with

Pe = uL

(1 − Sf )Daxm +KDSfDaxs
(6)

and

p = 1

1 − Sf + SfKD
= Vc

VR
(7)

wherex̄ = Q/Vc is the mean concentration in the column;
t = τ(F/Vc) = (τu/L) = (τ/τc) is the dimensionless time,
τc = τKD=1 = (Vc/F) = (L/u) is the mean residence time
of a solute with a distribution constant ofKD = 1 or the
mean residence time of the mobile phase in the column
whenSf = 0, τR = VR/F is the solute retention time;VR =
Vm +KDVs is the total retention volume and is the amount
of the solute in the sample injected.

The dimensionless mixing parameterPe is known as the
Peclet number. It denotes the overall axial mixing (solute
spreading) rate in a chromatographic column. According to
Eq. (6), the axial dispersion coefficient of the moving band
is Dax = (1 − Sf )Daxm +KDSfDaxs.

The solution of the set ofn Eq. (4) with the following
boundary and initial conditions:

x0 = 0, τ = 0, x1 = nQ

Vc(1 − Sf + SfKD)
,

x2 = x3 = · · · = xn = 0,

(the primary concentration of solute in the mobile phase flow
is zero; atτ = 0 the amountQ of the solute in the sample

is injected as a bolus into the first ideally mixed cell) is as
follows [8]:

X = xn

x̄
= nn

(n− 1)!
pntn−1exp(−npt)

= nn

(n− 1)!

(
τ

τR

)n
Vc

τF
exp

(
−n τ

τR

)
(8)

Eq. (8) describes the residence (retention-in chromato-
graphic terms) time distribution of a solute in a chro-
matographic column on the basis of the cell model under
equilibrium conditions. For a large number of cellsn (low
degree of axial mixing) the distribution function (8), as in
the case of the diffusion model, can be approximated by a
normal distribution:

X = xn

x̄
= p√

2π/n
exp

[
− (1 − pt)2n

2

]
(9)

From Eqs. (5) and (9)a relationship between the param-
eters of the continuous and staged models can be found[8]:

n = Pe

2
= nc

1 + Sf (λ− 1)
(10)

where nc = (uL/2Daxm) is the number of perfectly
mixed cells in the mobile phase for the caseSf = 0;
λ = (KDDaxs/Daxm) = (Daxsy/Daxmx) is a dimensionless
number, characterising the ratio of matter dispersion in
stationary phase to that in the mobile phase.

1.3. Stationary phase retention in CCC devices and
dispersed phase holdup in extraction columns

Ito and coworkers[14] have established the relationship
between stationary phase retention and the square root of
mobile phase flow:

Sf = 1 − BF0.5 (11)

In modelling of extraction columns, the relationship be-
tween the dispersed phase holdupSd (fractional volume of
extraction column occupied by dispersed phase) and the flow
rates of continuousFc and dispersedFd phases is expressed
by [15]:

Fc

Ac(1 − Sd)
+ Fd

AcSd
= (1 − Sd)v0 (12)

wherev0 is the characteristic droplet velocity defined as the
limiting velocity of droplets whenFc = 0 andFd → 0.

The term on the left side ofEq. (12)represents the relative
velocity of the phases-the so-called “slip” velocity.

2. Theory

2.1. Axial mixing in the phases

The model of theoretical plates in classical chromatogra-
phy predicts a Gaussian (normal) residence time distribution.
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The number of theoretical plates is considered to be con-
stant for all the solutes contained in a sample. The last
assumption is valid when the transport of a solute along the
column axis takes place only in the mobile phase. In fact,
Eq. (10)demonstrates that the number of ideally mixed cells
under equilibrium conditions may be different for solutes
contained in a sample. This equation can be rewritten as:

n = uL

2((1 − Sf )Daxm +KDSfDaxs)
(13)

when Daxs = 0, or more generally(1 − Sf )Daxm 

KDSfDaxs Eq. (13)reduces to:

n = uL

2(1 − Sf )Daxm
(14)

and as a result,n is independent on the distribution constant
KD and constant for all the solutes of the injected sample.
This case corresponds to HPLC with a solid stationary phase.

Consider another limiting case:

(1 − Sf )Daxm � KDSfDaxs

Eq. (13)then reduces to:

n = uL

2KDSfDaxs
(15)

In this case, the ratio of cell numbers for two solutes with
KD1 andKD2 is a reciprocal of their distribution constants:

n1

n2
= KD2

KD1
(16)

It is to mention thatKD is a physicochemical parameter
depending on the solute and liquid system used, whereas
Daxm andDaxs are operating parameters depending mainly
on process regime (rotation speed and flow rate) and appa-
ratus scale (turbine diameter).

RearrangingEq. (13)gives a linear relationship between
the distribution constant and the inverse value of the number
of ideally mixed cells for the solutes contained in a sample:

1

n
= 2(1 − Sf )Daxm

uL
+ 2SfDaxs

uL
KD (17)

Plotting the inverse value of cell number against the dis-
tribution constant, as inEq. (17), enables an estimation of
longitudinal mixing coefficients in mobile and stationary
phases to be made from the known volume retention fac-
tor for the stationary phaseSf and from the measurements
of n andKD for different solutes of a sample taken directly
from chromatograms. They-intercept 2(1 − Sf )Daxm/(uL)
gives the value ofDaxm and the slope 2SfDaxm/(uL) gives
the value ofDaxs.

In classical chromatography the distribution constant of a
solute is calculated from the elution timeτR:

KD = (τR − τm)Vm

τmVs
= (τR − τm)(1 − Sf )

τmSf
(18)

where τm = τKD=0 = Vm/F is the elution time of the
solvent front peak.

It can be shown[8] that the time of peak maximum,τmax,
and the mean residence (or retention) time of a solute in
the column (defined as̄τ) are generally different values (in
chromatography practice, usuallyn ≥ 100–200 andτmax
andτ̄ differ by a very small percentage). The mean residence
time can be calculated from the chromatographic curve as
its first moment:

τ̄ =
∫ ∞

0 τxdτ∫ ∞
0 xdτ

≈
∑m

1 xiτi∑m
1 xi

(19)

For both, the diffusion and cell models the expression for
τ̄ can be obtained from the model equation as follows:

τ̄ = τc

p
= Vc

F
(1 − Sf +KDSf ) (20)

For experimental estimation of the distribution constant
it is appropriate to determineKD from the whole chromato-
graphic curve usingEqs. (19) and (20):

KD = τ̄F

VcSf
− 1 − Sf

Sf
(21)

The main advantage of using formula (21) is that the
expression for the mean residence time (20) is valid for
a non-equilibrium assumption as well. It is to note that
Eqs. (18) and (21)are identical except forτR = τmax and τ̄
is determined byEq. (19).

The number of theoretical plates in classical chromatog-
raphy (the number of ideally mixed cells—in this paper) is
usually estimated by the equation:

n = 16

(
τR

Wb

)2

(22)

whereWb is the base width of a peak. It is more reliable
and convenient to calculaten from maximum peak height
(xn/x̄)max [8]:

n = 2π

(
τmax

xmax

�τ
∑m

1 xi

)2

(23)

As will be demonstrated below this method of estimating
n is less susceptible to experimental errors.

2.2. Stationary phase retention

It is well known that the mass transfer rate between the
phases is proportional to the specific interfacial area (inter-
facial area per unite volume of liquid mixture). In mixing of
two liquid phases, as a rule, one of them (dispersed phase) is
being dispersed into the other (continuous phase) in form of
small droplets. That is a common way in extraction to create
a large specific interfacial area needed for rapid mass trans-
fer. Assuming that the instantaneous equilibrium attainment
in CCC is due to a very large interfacial area of emulsion
formed in mixing cycles, there are two situations to be con-
sidered:
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1. The stationary phase is dispersed into small droplets in
mixing cycles.

Applying Eq. (12)we haveSd = Sf , Fc = F , Fd = 0
and

F

Ac(1 − Sf )
= (1 − Sf )v0 or

Sf = 1 − (Acv0)
−1/2F1/2 (24)

The last equation is similar toEq. (11) with B =
1/(Acv0) in ml−1/2min1/2.

2. The mobile phase is dispersed into small droplets in mix-
ing cycles.

For Eq. (12)we have in this caseSd = 1−Sf , Fc = 0,
Fd = F and

F

Ac(1 − Sf )
= Sf v0 or Sf (1 − Sf ) = F

(Acv0)

3. Experimental

A full account of the experimental set-up and experiment
procedure is given elsewhere[5]. For clarity the description
of the apparatus, phase system and sample system is repeated
here.

3.1. Apparatus

A new Milli-CCC® instrument, with a rotor radius ofR =
50 mm, speed rangeω = 500–2100 rpm (g = 14–247) with
temperature controlled to+1◦C from 20 to 30◦C, was used
for all the experimental work. The coil was wound from
stainless steel with ad = 0.76 mm bore, coil volumeVc =
4.6 ml and inlet/outlet leads volumeVext = 0.3 ml giving a
total system volume ofVt = 4.9 ml. The total coil length
L = 10.2 m with 44 loops andβ range of 0.68–0.79. The
coil is wound from head (centre) to tail (periphery) when
rotating clockwise.

3.2. Phase system

A heptane/ethyl acetate/methanol/water (1.4:0.6:1.0:1.0)
phase system was used throughout this study. This is an
intermediate phase system from the hydrophobicity point of
view with a relatively high density difference between the
phases (ρs = 0.708 g/cm3, ρm = 0.938 g/cm3), a significant
viscosity difference between the two phases (ηs = 0.35 cP
andηm = 1.35 cP) and a relatively low interfacial tension
(τi = 6.2 mN/m).

3.3. Sample system

Chemically pure organic solvents were applied without
additional treatment. Uracil (2,4-dixydroxypyrimidine, 99%,
Sigma) was used as aKD = 0 marker peak. The chosen
test system was benzyl alcohol (99%, Sigma) andp-cresol

(4-methylphenol, 99%, Sigma). The sample was injected in
the column using a Rheodyne injection loop of 50�l volume
(1% of coil volumeVc).

4. Results and discussion

Two sets of experiments were performed: the first set was
carried out under constant rotation speed (ω = 1800 rpm)
and varying mobile phase flow rate (Table 1), and the sec-
ond one for constant flow rate (F = 0.593 ml/min) and dif-
ferent rotation speeds (Table 2). Two approaches were used
to estimateSf andKD. (1) Direct measure of the volume of
each phase after column emptying at the end of the run to
estimateSf and thenKD calculation fromEqs. (18)–(21); (2)
calculation ofSf from Uracil peaks takingKD = 0.31 and
calculationKD for the two other substances using the esti-
mated values ofSf . The second method has lead to better
results expressing in less deviation ofKD values for Uracil
and benzyl alcohol. These results are given in the tables.
The number of cells was determined by using two methods
discussed above.

4.1. Axial mixing in the phases

As can be seen fromTables 1 and 2, the values ofn ob-
tained by using the peak base width (Eq. (22)) considerably
differ from those found by using peak height (Eq. (23)).
Comparing the values ofn found by the two methods we
can conclude that base width measurements are more sus-
ceptible to experimental errors (because of some uncertainty
in drawing tangents) than peak height measurements which
take into calculation somewhat the whole curve (Eq. (23)).

The measured values of elution timeτmax are slightly
lower than the values of mean residence time calculated
from chromatograms by using the first moment (Eq. (19)).
This fact is in good agreement with the theory: the position
of the peak maximum at the time axis can be found from
Eq. (8) in non-dimensional form:

tmax = n− 1

np
(25)

or in real time

τmax = Vc

F

n− 1

np
= n− 1

n

Vc

F
(1 − Sf + SfKD) (26)

From Eqs. (20) and (26)we have:τ̄ > τmax = τR; for
n → ∞, τR = τ̄.

Fig. 2ashows the plot of 1/n, obtained by usingEq. (23),
versusKD as predicted inEq. (17)for the first set of experi-
ments (Table 1). The results for the second set are presented
in Fig. 2b. For constructing the diagrams the average value
of distribution constantKD for each peak was used. The rates
of longitudinal mixingDaxm andDaxs can be obtained from
the intercept and slope of the linear regressions inFig. 2.
These results are shown inTables 3 and 4. They demonstrate
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Table 1
Experimental data obtained for the constant rotation speed (ω = 1800 rpm)

Sample F (ml/min) Sf τ̄ (min) τmax (min) KD (Eq. (21)) n (Eq. (22)) n (Eq. (23))

Uracil 0.30 0.920 5.97 5.80 0.31 240 180
0.60 0.872 3.25 3.15 0.31 250 200
1.09 0.798 2.02 1.97 0.31 400 280
1.50 0.726 1.63 1.60 0.31 450 260
2.00 0.668 1.32 1.30 0.31 650 370

Benzyl alcohol 0.30 0.920 9.14 9.05 0.521 240 190
0.60 0.872 4.76 4.70 0.522 260 190
1.09 0.798 2.79 2.75 0.525 290 220
1.50 0.726 2.15 2.12 0.529 320 190
2.00 0.668 1.68 1.65 0.53 370 250

p-Cresol 0.30 0.920 18.0 17.9 1.11 230 180
0.60 0.872 8.87 8.80 1.10 160 140
1.09 0.798 4.83 4.80 1.10 140 130
1.50 0.726 3.50 3.45 1.10 140 100
2.00 0.668 2.62 2.55 1.10 150 130

Table 2
Experimental data obtained for the constant flow rate (F = 0.590 ml/min)

Sample ω (rpm) Sf τ̄ (min) τmax (min) KD (Eq. (21)) n (Eq. (23)) n (Eq. (22))

Uracil 900 0.535 5.21 5.20 0.31 750 610
1200 0.714 4.19 4.16 0.31 420 340
1500 0.820 3.59 3.52 0.31 270 220
1800 0.879 3.25 3.15 0.31 270 250
2100 0.893 3.17 3.10 0.31 260 240

Benzyl alcohol 900 0.535 6.34 6.25 0.565 530 320
1200 0.714 5.57 5.50 0.544 320 240
1500 0.820 5.10 5.05 0.533 260 250
1800 0.879 4.90 4.80 0.537 250 200
2100 0.893 4.89 4.80 0.543 260 200

p-Cresol 900 0.535 8.74 8.70 1.11 200 160
1200 0.714 8.94 8.85 1.11 160 150
1500 0.820 9.02 8.90 1.11 150 130
1800 0.879 9.15 8.95 1.12 150 130
2100 0.893 9.21 9.10 1.13 170 160

Table 3
Parameters of axial mixing calculated fromFig. 2 (constant rotation speed,ω = 1800 rpm)

No. u (cm/s) Sf Daxm (cm2/s) Daxs (cm2/s) KD = 0.31 KD = 0.525 KD = 1.1

n exp. n calc. n exp. n calc. n exp. n calc.

1 1.10 0.920 27.9 0.24 240 240 240 240 230 220
2 2.20 0.872 22.5 4.06 250 280 260 230 160 160
3 4.01 0.798 5.0 15.0 400 430 290 280 140 140
4 5.52 0.726 0.62 24.1 450 500 320 300 140 140
5 7.36 0.668 0 34.8 650 510 370 300 150 140

Table 4
Parameters of axial mixing calculated fromFig. 2 (constant flow rate,F = 0.59 ml/min)

No. ω (rpm) Sf Daxm (cm2/s) Daxs (cm2/s) KD = 0.31 KD = 0.544 KD = 1.12

n exp. n calc. n exp. n calc. n exp. n calc.

1 900 0.535 0 9.46 750 700 530 400 200 190
2 1200 0.714 2.69 7.40 420 460 320 300 160 160
3 1500 0.820 12.8 5.37 270 300 260 230 150 150
4 1800 0.879 20.0 4.88 270 290 250 230 150 150
5 2100 0.893 27.8 3.33 260 280 260 240 170 170
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Fig. 2. Inverse value of cell number vs. distribution constant for the first (a) and second (b) set of experiments. Plot numbers correspond to experiment
numbers inTables 3 and 4.

that with increasing volume fraction of each phase in the
tubing the rate of axial mixing in the corresponding phase
decreases. The values of cell number determined from the
experimental peak heights are compared inTables 3 and 4
with n calculated from estimatedSf , KD, Daxs andDaxm by
usingEq. (13). As can be seen from the tables there is a good
agreement between the experimental and calculated values
of cell number, except for plots where a negative intercept
was obtained, where the value ofDaxm was taken to be zero.
The negative values of intercept are observed for the lowest
stationary phase retention ratio,Sf , that is for either the high-
est flow rate (Table 3) or the lowest rotation speed (Table 4).
This discrepancy may be explained by a possible slow in-
terphase mass transfer in these experiments (due to reduced
contacting time in the first case, and reduced contacting area
in the last one) so that the equilibrium could not be fully
achieved.

In Figs. 3–5 the peak profiles of the original chro-
matograms are compared with those simulated byEqs. (8)
and (9)using the experimental values ofSf , KD, Q, Vc, F
andn. The results inFigs. 3–5demonstrate in general a fair
agreement between the experimental and calculated data.
The model corresponds best with the last-eluted peak shape,
then to the second-eluted peak shape. Maximum deviation
is observed for the first-eluting peak. The amount (Q) of
the first solute was the smallest and that for the last solute,
the largest: the ratio of solute amounts in each sample were
on average:Q1:Q2:Q3 = 1:2:4. When small amounts of a
solute are injected the peak shapes are highly dependent on
the injection conditions and experimental errors.

Fig. 5 (last-eluted peaks) shows that for the cell number
n < 200 Eq. (8) describes experimental curves better than
Eq. (9). For n > 200 the rigorous solution (8) and the ap-
proximation (9) give practically identical results (Fig. 4).
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Fig. 3. Comparison of experimental peaks (points) and peaks generated
by usingEq. (8) with n determined byEq. (23): solid line; andEq. (22):
dotted line, for Uracil, the first-eluted solute.

Thus, usingEqs. (8) and (13)we can predict the chro-
matographic behaviour of solutes if the experimental data
for some other solutes are known.

The above interpretation of chromatographic peaks is
based on assumption of a very rapid mass transfer (limiting
case 2 inSection 1.1). To prove it, further investigations are
to be done; it is necessary to determine the real contribution
of mass transfer and axial mixing into band broadening.

4.2. Stationary phase retention volume

A linear relationship between the square root of the flow
rate and the retention of the stationary phase was obtained
with r2 parameters higher than 0.97 in all studied cases.
This result validatesEq. (24). Thus, a conclusion could
be drawn. If assumption 1 inSection 2.2. is valid, the sta-

Fig. 4. Comparison of experimental peaks (points) and peaks generated
by usingEq. (8): solid line; andEq. (9): dotted line, for benzyl alcohol,
the second-eluted solute.

tionary phase is dispersed into small droplets in mixing
cycles. Nevertheless, it cannot to be excluded that high
mass transfer rates in CCC are achieved by other forms of
interface building (for instance, by wave building) and/or
due to intense turbulence decreasing the resistance to inter-
phase mass transfer in the phases. In addition, considering
the droplets building it may be expected that the stationary
phase will be the dispersed phase whenSf < 0.5, with a
continuous mobile phase. WhenSf > 0.5 the mobile phase
will be the dispersed phase in a continuous stationary phase.
Irrespective of interphase building mechanism, the physical
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Fig. 5. Comparison of experimental peaks (points) and peaks generated
by usingEq. (8): solid line; andEq. (9): dotted line, forpara-cresol, the
last-eluted solute.

interpretation ofEq. (24)in form:

F

Ac(1 − Sf )
= (1 − Sf )v0

could be the true mobile phase linear velocity is equal to a
characteristic velocityv0 multiplied by the hindering factor
(1−Sf ). The characteristic velocity can be considered as
mobile phase velocity whenSf → 0, orVs → 0. It can also
be view of the velocity of a mobile phase droplet in the
liquid stationary phase. Such velocity obeys the Stokes law
that definesv, the velocity of a hard sphere of radius,r, in
a liquid system of viscosity,η, submitted to a field,G, as:

v = 2r2�ρG

9η
(27)

in which�ρ is the phase density difference andG can be
roughly estimated asω2R, the centrifugal field. A linear
relationship between the characteristic velocity of mobile
phase,v0, and the square of rotation speed,ω2, was obtained
with a regression coefficient of 0.975.

5. Conclusion

Experiments were carried out to prove the effectiveness
of the cell model to predict partitioning behaviour and the
chromatographic peak profiles of solutes. It is shown that

the equilibrium cell model (Eq. (8)) is particularly suitable
for describing CCC chromatographic peaks. The compar-
ison of original chromatograms with theoretical curves
generated by the considered model has demonstrated a satis-
factory agreement between them. Longitudinal mixing rates
in stationary and mobile phases can be experimentally de-
termined by using several peaks of a sample, which enables
the peak shape for a solute with a given distribution constant
to be predicted from experimental data from other solutes.

A physical interpretation of the relationship between sta-
tionary phase retention and the square root of mobile phase
flow rate is suggested.

6. Nomenclature

Ac CCC column cross-sectional area (cm2)
B slope of theSf versus square root of the mobile

phase flow rate lines (min1/2 cm2/3)
Daxm longitudinal diffusion coefficient of the solute in

the mobile phase (cm2/s)
Daxs longitudinal diffusion coefficient of the solute in

the stationary phase (cm2/s)
F mobile phase flow rate (ml/min or cm3/s)
Fc flow rate of the continuous phase in extraction

columns (ml/min or cm3/s)
Fd flow rate of the dispersed phase in extraction

columns (ml/min or cm3/s)
KD solute distribution constant,= y/x
L length of tubing making the CCC column (cm)
n number of ideally mixed cells in the CCC column
nc number of perfectly mixed cells in the case of

Sf = 0 (one liquid phase in the column)
P dimensionless integration parameter,= Vc/VR
Pe Peclet number (linked to axial mixing, seeEq. (6))
Q amount of solute injected (in moles or grams)
Sd dispersed phase holdup in extraction columns,

equivalent toSf in CCC
Sf the liquid stationary phase retention ratio,= Vs/Vc
tmax retention time at peak maximum (s)
u velocity of aKD = 1 solute,= F/Ac (cm/s)
v0 droplet velocity in extraction columns (cm/s)
Vc CCC column volume (ml)
Vm volume of the mobile phase in the CCC

volume (ml)
Vs volume of the stationary phase in the CCC

volume (ml)
Wb peak width at base(s)
x solute concentration in the mobile phase (M)
xL solute concentration in the mobile phase

at a distance in the tubing (M)
xn solute concentration in cell numbern (M)
x̄ mean solute concentration in the column,

= Q/Vc (M)
y solute concentration in the stationary phase (M)
z longitudinal variable along CCC tubing (cm)
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Greek
λ dimentionless number for matter dispersion,

= yDaxs/xDaxm
τ integration variable for time (s)
τc mean residence time for aKD = 1 solute,

= L/u (s)
τm KD = 0 solute retention time,= Vm/F (s)
τR solute retention time,= VR/F (s)
τ̄ mean solute residence time (s)
ω rotation speed of the CCC rotor (rad/s)
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