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( )Centrifugal partition chromatography CPC is a support-free liquid� liquid separa-
tion process that depends for efficiency on the beha®ior of the two liquid phases. Hydro-
dynamics of phases was studied according to flow rate and centrifugal acceleration,
using a transparent column and a stroboscopic ®ideo system. For the heptane-methanol
two-phase system, three main flow regimes� stuck film, oscillating sheet, and atomiza-
tion� are obser®ed, highlighting the coriolis acceleration effect as well as the influence
of the column shape. Mass transport in the CPC column is modeled by a plug flow with

(axial dispersion and mass transfer with a stagnant ®olume. Model parameters residence
)time, Peclet number, partition ratio, and mass-transfer coefficient are fitted on solute´

residence-time distribution. Off-column dispersion is an important source of peak
broadening in CPC, whereas its irregular geometry pro®ides a plug flow for mobile
phase. Importance of flow pattern on mass transfer is demonstrated. CPC interest for
preparati®e applications is confirmed.

Introduction

Ž .Centrifugal partition chromatography CPC is a support-
free liquid�liquid separation process. This chromatographic

Žmethod is based on the Nernst’s distribution law Nernst,
.1891 , which states that a solute will be distributed between

two partially miscible solvent layers at a constant and repro-
ducible ratio, K , of its concentration in one phase to itsD
concentration in the other. Under ideal conditions, K , theD
partition ratio, is independent of the solute concentration and
of the presence of other solutes.

As there is no solid support, the stationary phase remains
in the column owing to its geometry and to the density differ-
ence between the two phases. This column shape, thought up

Ž .by Murayama et al. 1982 , consists of a series of small vol-
umes or cells, connected by ducts in cascade, and subjected

Ž .to an important centrifugal acceleration field Figure 1 .
The liquid nature of both phases means that either of them

can be used as the mobile phase, so two means of elution are
Ž .possible. In descending mode DM , the mobile phase is the

more dense one, sometimes called the lower one. It enters

Correspondence concerning this article should be addressed to J. Legrand.

the cells at their center, and then falls naturally through the
Ž .stationary phase in the centrifugal direction Figure 1 . At

Ž .the outlet of the cell at the peripheral part , the effluent is
pumped through the duct to the next cell. When only the
mobile phase leaves the cell, equilibrium is reached. In as-

Ž .cending mode AM , the mobile phase is the less dense one,
sometimes called the upper one. It enters the cells at their
periphery, and rises naturally through the stationary phase in
the centripetal direction.

In both cases, the chromatographic process occurs in each
cell, where the two phases are in contact. According to their
affinities for the two phases, the components of an injected
mixture in a CPC column have different retention times in

Ž .the instrument, t Eq. 1 , and then they leave the columnR
separately

V Vm s
t s qK 1Ž .R DQ Q

and

V sV qV , 2Ž .c m s
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Figure 1. CPC column, cells, ducts, and elution modes.
Mobile phase is seen as dark ovals in the transparent sta-
tionary phase.

where V is the mobile-phase volume, V the stationary-phasem s
one; V the CPC column volume, and Q the volumetric flowc
rate of the mobile phase. Different column geometry and cell

Ž .fittings are commercially available Foucault, 1995 , but these
instruments are still regarded as not being efficient, since
more than 1000 theoretical plates are seldom encountered.
Even if the two liquid phases can be finely tuned in order to
give very selective systems, the separation of natural mix-

Žtures, often composed of homologs and analogs Margraff,
.1995 , requires a more efficient apparatus.

When optimizing such a mass-transfer process, solvent se-
lection, operating conditions, and design criteria need to be

Ž .carefully evaluated. Murayama 1982 already showed that in
CPC the resolution of a separation increases with the rota-
tional speed and that it slightly decreases with the flow rate.
They also observed that the amount of stationary phase re-
tained in the column depends on the dynamic equilibrium of

the two phases in each cell that is related to rotational speed,
flow rate, and the solvent system properties. Models have
been proposed to predict the phase volume ratio and the sep-

Žaration efficiency in CPC Armstrong et al., 1988; Foucault et
.al., 1994 . The mobile-phase flow behavior in the cells was

Žconsidered successively as an emulsified band Armstrong et
. Ž .al., 1988 and as single droplets Foucault et al., 1994 . It was

then advisable to make flow visualization in CPC cells, in or-
der to verify these assumptions andror to permit column op-
timization. The pioneering visualizations in CPC were done

Ž . Ž .thanks to van Halsema 1994 and van Buel et al. 1995, 1998
at the Kluyver Institute for Biotechnology of the Delft Uni-
versity of Technology. For phase visualization, they used dyes
and a transparent CPC cartridge, the cell and duct dimen-
sions being equal to that of the commercial CPC-LLN 250W

Ž .cartridge Sanki Eng. Ltd. . They showed the existence of four
main flow regimes: droplets, jets, broken jets, and sprays.
They specified then that visualization, pressure drop, and sta-
tionary-phase holdup are valuable tools for explaining sepa-
ration efficiency, as well as for improving CPC columns.

Three input parameter groups acting on the liquid behav-
Žior in CPC can be considered: user parameters flow rate,

.rotational speed, and elution mode , instrument parameters
Ž .cell and duct shape and material , and the two-phase system

Žparameters with the physical properties of the phases, such
.as, density, �, viscosity, �, and interfacial tension, � . Param-

eters are summarized in Figure 2.
Flow regimes and mass transfer are of course interdepen-

dent aspects of CPC working. The more dispersed the mobile
phase is, the more important the interfacial area and the vol-
umetric mass transfer are. Phase ratio and pressure drop
along the instrument are directly related to the phase equilib-
rium in each cell, and give additional information about the

Žregime observed Armstrong et al., 1998; van Buel et al.,
.1995 . The first point to be considered is the relation be-

tween peak broadening and mass transfer in the cells. Martin
Ž .and Synge 1941 proposed the theoretical plate model, which

considers a chromatographic column as a series of stages in
which the partition equilibrium between the two phases is
instantaneously achieved. This model, which is still in current
use in chromatographic science, does not permit investigation
of the origin of broadening. In 1956, van Deemter et al. in-

Figure 2. Parameters in CPC.
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Figure 3. Visual-CPC rotor on the left with a rotary seal
joint and one cell on the right.

troduced the notion of resistance to mass transfer in chro-
matography and its origins, such as longitudinal diffusion and
finiteness of mass-transfer coefficient. The column is then
considered to be a continuous medium with respect to the
axial dimension. This model was generalized by Villermaux

Ž .et al. 1992 for percolation processes, and applied to CPC by
Ž .van Buel et al. 1997 . Owing to the model parameters, it is

now possible to locate the origin of band broadening in the
column. The second point, not studied yet, concerns the in-
fluence of flow regimes on mass transfer.

Our first visualizations were basically made in order to op-
timize the column geometry by considering its influence on

Ž .the flow patterns. In a preliminary work Marchal et al., 2000 ,
it was shown that for various two-phase systems, the increase
of chromatographic efficiency always exists in a more dis-
persed flow regime. The interfacial area has an obvious influ-
ence, but mixing and interfacial renewal also have to be eval-
uated. The physical properties of the two-phase system, such
as density difference, interfacial tension, or viscosity, have a
large influence on the hydrodynamics phase in CPC. This will
be treated in a later article.

Broadening the solute peak in this chromatographic setup
may have different origins:

1. Injection method
Ž .2. Off-column setup pipe fittings, valves, rotary seal joints

Ž .3. Duct shape mobile-phase flow
Ž4. Flow patterns in each cell volumes and behavior of both

.phases .

Table 1. Physical Properties of the Two-Phase System
( )at 22�C except � , at 23�C

� � � � � � �
UP LP UP LP

y3 y3 y3 y3 y1 y3 y3kg�m kg�m kg�m 10 N�m 10 Pa�s 10 Pa�s

684 756 72 1.16 0.47 0.65

As a result of these various contributions, elution peaks
will be considered and modeled using a two-point measure-

Ž .ment residence-time distribution RTD analysis for numer-
Ž .ous operating conditions rotational speed and flow rate .
Ž .Flow patterns are visually video determined under the same

conditions, owing to a stroboscopic system. The correlation
between model and classic chromatographic parameters
Ž .number of theoretical plates and resolution will be pre-
sented.

Experimental Studies
ŽA typical CPC instrument like the HPCPC from Sanki En-

gineering Ltd., Kyoto, Japan, or the FCPC from Kromaton
.Technology, Angers, France consists of polymer or metal

disks engraved with cells and ducts, stacked in a rotor in se-
ries, and exposed to a constant centrifugal acceleration field
produced by the rotation of this rotor around a fixed axis
equipped with two rotary-seal joints for the inlet and outlet

Ž .of the mobile phase Figure 3 .
The ‘‘ visual CPC’’ is a CPC prototype designed to visualize

the phase behavior in each cell. The visual CPC, the video
instruments, and the chromatographic equipment were de-

Ž .scribed in Marchal et al. 2000 . The overall experimental
setup is summarized in Figure 4.

As is often done in chromatography, the UV absorption
property of solutes was used to determine the RTD.

Two-phase system and tracers
One two-phase system, comprising two solvents, n-heptane

Žand methanol a well-known system for the separation of fatty
.acids and lipids , was used. Heptane and methanol were pur-

Ž .chased from Carlo Erba Rodano, Italy . The physical prop-
erties of each phase are summarized in Table 1. As heptane

Ž .is partially miscible with methanol miscibility of 30% wrw ,

Figure 4. Experimental setup: video equipment on the left, Visual-CPC in the middle, and injection-detection system
on the right.
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the two mutually saturated phases have similar properties and
wlow interfacial tension measured at 23�C by Foucault et al.

Ž . x1994 using the spinning-drop method . The upper phase
Ž . Ž .UP is heptane-rich, and the lower phase LP is methanol-
rich. Viscosity was calculated by pressure-drop measure-

Žments in a 4-m capillary tube Upchurch Scientific, Oak Har-
.bor, WA, internal diameter of 0.254 mm , precalibrated with

Ž .pure solvents. The method gives accurate results �5% ac-
Ž .cording to values given in the literature Robert, 1986 . The

densities of the saturated phases were measured by weighting
a flask of given volume, calibrated with pure water at 22�C.

ŽThe study was done in the descending mode LP is the
.mobile phase for rotational speed values from 400 rpm up to

Ž . y11500 rpm �1 rpm and flow rates from 3 mL�min up to
y1 Ž y1.24 mL�min �0.1 mL�min . The n-heptane�methanol

system was studied in both ascending and descending modes.
The descending mode was chosen because it allowed us to
obtain a larger number of flow regimes in the experimental

Ž . Ždomain investigated. Potassium nitrate KNO R.P. Norma-3
.pur from Prolabo, Paris, France was used as a tracer for

determining RTD in the mobile phase, because it has no
Ž .affinity with heptane K s0 . KNO has a maximum UVD 3
wabsorption at 220 nm the spectrum was achieved with a

ŽUVrVis spectrometer ATI UNICAM UV2 series spectrome-
.x Žter, Cambridge, UK . Phenyl salicylate Sigma, St. Louis,

.MO, USA , used for determining the mass-transfer coeffi-
cients, has a partition ratio around 0.7 in DM and is detected
at 280 nm.

Operating the ©isual CPC
The temperature of the laboratory was fixed at 22�C

Ž .�0.5�C during all experiments. The two solvents, stocked at
22�C, too, were mechanically stirred together for a few min-

utes, which, after settling time, resulted in two perfectly satu-
rated phases. Phases were combined in the flask, to be sure
they are continuously equilibrated.

The following modus operandi is typical and often de-
Žscribed Armstrong et al., 1988; Foucault et al., 1992, 1994;

.van Buel et al., 1998 . The four-port valve is set at the chosen
mode position. The injection loop is filled with the sample in
the mobile phase. The column is filled with the stationary-
phase. The rotor is driven at the given rotational speed, and
then the mobile phase elution is started at the given flow
rate. The stationary-phase volume displaced during the equi-
librium phenomenon is measured with a 25-mL graduated
cylinder. If no more of the stationary-phase sample is taken

Žout and if the UV detector’s response is stabilized constant
.and noiseless baseline , equilibrium is reached. The 6-port

injection valve is put in the ‘‘inject’’ position and simultane-
ously data acquisition is started. When the solute elution is
finished, acquisition is stopped, the injection valve is put in
the ‘‘load’’ position and the column is refilled with the sta-
tionary-phase at rotational speed around 300 rpm. Video ac-

Ž .quisition 15 s is done during the solute elution.

Model
The CPC column is divided into two parts: the off-column

volume one and the chromatographic column one, and are
occupied by both the mobile and stationary phases. The over-
all setup is shown in Figure 5. V is the column volume, andc
	 sV rV is the mobile-phase fraction.m m c

Assumptions
Most of the assumptions of the model are those of the

‘‘ideal conditions’’ of the Nernst law. Since the solute concen-
tration is low, that is, K is constant in the linear part of theD

Figure 5. CPC column considered in the model with various volumes and a peak deformation example.
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Ž .solubility isotherm. Moreover, van Buel et al. 1997 , Berthod
Ž . Ž .et al. 1992 , Gluck and Martin 1990 , and Armstrong et al.

Ž .1988 have already verified that retention of a solute in CPC
Ž .is only due to partitioning no adsorption .

It is assumed from two-layer interface model of Lewis and
Ž .Whitman 1924 that mass transfer can be described by a lin-

ear driving-force model. If C and C are the concentrationsm s
of a solute in the mobile and stationary phases, respectively,
the mass-transfer flux, 
 , between both phases in a columnM
element of the unit cross-section area and length dz is

Cs

 sk a�dz� C y , 3Ž .M 0 mž /K D

Ž y1.with k m�s the overall mass-transfer coefficient and a0
Ž 2 y3.m �m the specific interfacial area. Here k can be ex-0
pressed with regard to the mass-transfer coefficients in each

Ž .phase k and k ,m s

1 K 1Ds q . 4Ž .
k k k0 m s

Plug flow with axial dispersion model for off-column
©olume

The mobile phase in the off-column volume is modeled by
a plug flow with axial dispersion. The convection-diffusion

Ž .equation for the concentration C z,t , is

� C � C � 2C
U q sD , 5Ž .ax 2� z � t � z

Ž y1.with U the linear velocity m�s and D the axial disper-ax
Ž 2 y1.sion coefficient m �s .

Plug flow with axial dispersion and mass exchange for
column ©olume

In the column, the mass transfer flux is superimposed on
the purely convective flow and the axial dispersion flux of the
previous model. For the mobile phase, it gives

� C � C C � 2Cm m s m
	 U q	 qk a C y s	 D , 6Ž .m m 0 m m ax 2ž /� z � t K � zD

and for the stationary phase

� C Cs s
1y	 yk a C y s0 7Ž .Ž .m 0 mž /� t K D

Equation 7 is equivalent to

� Cs
K C sT qC , 8Ž .D m m s� t

Ž .where T s is the mass-transfer time constantm

K 1y	Ž .D m
T s . 9Ž .m k a0

Ž .In the Laplace domain, where L C is the Laplace trans-
form of C, Eqs. 6 and 8 become

� 2L C � L C k�Ž . Ž .m myD qU q s 1q L C s0Ž .ax m2 ž /� z T sq1� z m

10Ž .

K L C s T sq1 L C , 11Ž .Ž . Ž . Ž .D m m s

� Ž .with k sK 1y	 r	 , the retention factor.D m m
The resolution of these equations leads to a transfer func-

Ž .tion G s , such as

L C zs l sG s L C zs0 , 12Ž . Ž . Ž . Ž .Ž . Ž .m m

where

�k
4 t s 1q0 ž /Pe T sq1m)G s sexp 1y 1q , 13Ž . Ž .

2 Pe� 0
Ž .where Pes UlrD is the Peclet number and l is the col-´ax

umn length: ls t U.0

Global CPC model
The four parameters of the column model are:
K spartition ratioD

t smean residence time of a solute in the mobile phase0

Pesmobile-phase Peclet number´
T smass-transfer time constantm

Ž .For the plug flow with the axial dispersion model Eq. 5
Ž .for the off-column volume, the transfer function, G s , is0

Ž .equal to G s when T s0. This introduces two additionalm
parameters:

The overall transfer function for the CPC setup is then:
t smean residence time of a solute in the off-columnoff

volume
Pe soff-column Peclet number´off

The overall transfer function for the CPC setup is
then:

G� s sG s �G s . 14Ž . Ž . Ž . Ž .0

A computer program has been developed wherein both the
injection and elution experimental curves are first normal-
ized and then converted in Fourier series. Owing to the
transfer function, the theoretical outlet curve is calculated
from the injection curve and the model parameters are fitted,
using the Rosenbrook algorithm, in order to minimize the

Ž y8.difference convergence criteria fixed at 10 between theo-
retical and experimental elution curves. Details on the
method and the mathematics can be found in Legentil-

Ž .homme et al. 1997 .

Three-steps injection
Six parameters cannot be fitted simultaneously without

there being problems of model convergence. Each apparatus
volume, off-column volume, and mobile phase and stationary
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phase volumes will be considered successively. The two-point
measurement method, with two detectors, permits no as-

Žsumptions on the injection profile type of impulsion and re-
.producibility . The axial dispersion due to the mobile phase

flowing in the off-column volume is first estimated for each
wflow rate. The column is bypassed with a ZDV union Up-

Ž .xchurch ZDVszero dead volume between the inlet and the
outlet tubes, and a first injection is done. Then t and Peoff off
are fitted on the resulting RTD.

The column is equilibrated at the given operating condi-
tions, and a solute with no affinity for the stationary phase,
KNO , is injected. Then t and Pe are fitted on RTD, t3 0 off
and Pe are fixed at their previous values, and T is fixed atoff m
0.

ŽFinally under the same conditions, a solute phenyl salicy-
.late , which separates in both phases is injected. RTD gives

K and T .D m

Results and Discussion
First we present the observed flow regimes of both phases

according to rotational speed and flow rate, then we will give
and analyze the RTD and model fitting results with respect
to the flow patterns.

Flow patterns
In this part of the study, a description of the observed flow

regimes is given and a flow chart of these regimes is made
showing the operating conditions.

The injection of one liquid into another is important in
many industrial operations. When mass transfer between two
liquids has to be increased, the main way is to increase the
dispersion of one liquid, that is, to convert the mobile phase
into small droplets. The fundamental principle of destabiliza-
tion of liquid is to increase the surface area of a sheet or a
rod until it becomes unstable and disintegrates. Atomization

Ž .processes have many technical solutions Lefebvre, 1989 as
pressure atomizers, twin-fluid ones, or rotary ones, but they
cannot be applied in CPC cells. Simple geometrical solutions
are possible as long as they come within the column manu-
facturing process possibilities. Then the objective is to design
CPC cells in order to promote atomization phenomena of the
mobile phase in the stationary one.

Due to interfacial tension phenomena, when two immisci-
ble liquids are in contact, the interface area always tends to

Ž .be minimized. In 1873, Plateau 1945 showed that a cylinder
of liquid subjected to surface forces is unstable if its length
exceeds its circumference, because it can be divided into
spheres of equal volume with an accompanying decrease in
surface area. This analysis indicated that surface forces are
the cause of jet breakup. Since then, the theory of liquid sur-
face instabilities has been widened to include a nonviscous

Ž .liquid injected into a gas Rayleigh, 1879 , a viscous liquid
Ž .injected into a gas Weber, 1931 , and one viscous liquid in-
Ž .jected into another Tomotika, 1935; Meister, 1967 . It ap-

pears that the resulting flow behavior depends on the physi-
Ž .cal properties of liquid viscosity and interfacial tension and

the flow characteristics in the injecting orifice. The mean ve-
Žlocity and the velocity profile turbulent flat or fully devel-

. Žoped parabolic in the orifice are deciding factors McCarthy

Figure 6. Wavy disintegration mode of a liquid sheet.

.et al., 1974; Ibrahim, 1997 , as well as the wettability of the
orifice material for expansion�contraction of the flow.

Three flow regimes for circular nozzles have been fully de-
Ž .scribed in many works Clift et al., 1978 , according to the

orifice velocity: first drops, then a jet that breaks up through
Ž .axisymmetric amplification instabilities Rayleigh instability ,

then the jet length increases before it decreases again due to
Ž .asymmetric instabilities waves , and when jet length is re-

duced to zero, atomization occurs. In CPC, the duct, whose
cross-sectional dimensions are 0.8�5 mm, can be considered
to be a ‘‘flat nozzle.’’ Regimes for flat nozzles are quite dif-
ferent, and the mobile phase forms flat sheet instead of a jet.
When the liquid sheet emerges from the nozzle, its develop-
ment is influenced mainly by its initital velocity and liquid

Ž .properties, like in the jet regime. Fraser and Eisenklam 1953
defined three modes of liquid-sheet destabilization in gas: rim,
wave, and perforated-sheet. The rim mode occurs when both
viscosity and interfacial tension are high. Surface forces then
cause the free edge of the liquid sheet to contract into a thick
rim, which then breaks up like a jet. In the perforated-sheet
mode, holes appear in the sheet, delimited by rims formed by
the liquid present inside. Holes grow rapidly until the rims of
adjacent holes coalesce to produce ligaments that finally
break up into nonuniform-size droplets. Wave motion can also

Ž .appear Figure 6 , enlarge in the flow direction, leading to
detached waves. As a result, these areas rapidly contract un-
der the action of surface tension to form ligaments and then
droplets.

In CPC, the mobile phase is pumped into the ducts,
whereas centrifugal acceleration causes it to fall or settle in
the cells. In the cell part, mobile-phase flow can be conceptu-
ally divided into three sequences: injection, free fall, and coa-
lescence. The stroboscopic visualization allows us to see a
cell as if we were on a rotating board. The observed flow
paths are then considered in a rotating non-Galilean system.
The resulting flow paths are submitted to two complementary
accelerations that result from the composition law of acceler-

Ž .ation Coriolis, 1835 : centrifugal acceleration, � , and corio-c
lis acceleration, � :cor

� sR 
 2
c d

� sy2�nV ,cor R
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Figure 7. Two-phase flow in the duct, at the entrance of
the cell, according to gravity and centrifugal
acceleration.
Ž .A Sketch of the entrance part of a cell. The dashed area
gives the cross-sectional area in the duct where the flow is

Ž . Žconsidered. B Gravity is negligible, the mobile phase dark
. Ž .colored forms a film along the vertical wall of the duct. C

Gravity is not negligible, the mobile phase flows in the lower
part of the duct and a kind of meniscus is observed.

where R is the disk radius at the cell’s center, 
 is the angu-d
lar velocity, V is the relative velocity vector, and � is theR
rotation vector.

Determination of the cell-injecting conditions is not obvi-
ous in CPC. As a result of the first visualizations, it appears

Žthat the duct is not perfectly wetted by mobile phase van
.Buel et al., 1995 . Part of stationary phase is forced into the

duct. The same phenomenon is also observed with our appa-
Žratus. For rotational speeds greater than 700�900 rpm 56�93

2 .g, where gs9.81 mrs is the gravitational acceleration value ,
a domain where the gravity becomes negligible, mobile phase
spreads and forms a film in the nonradial part of the duct
Žthe duct cross-sectional section with mobile and stationary

.phases locations is shown in Figure 7B . The film thickness
depends on both rotational speed and flow rate. For lower

Ž .rotational speed values as gravity has an influence , a kind of
meniscus is observed in the ducts; the mobile phase is then
supposed to flow in the lower part of the duct with a certain
degree of spreading along the duct’s wall with respect to the

Ž .centrifugal acceleration field Figure 7C . In this case, wetta-
bility of the disk material and interfacial tension are expected
to have a particular influence. Especially in descending mode,

Figure 8. Flow regimes in CPC according to video ob-
( ) ( )servations: a stuck film; b stuck film and

( ) ( )oscillating sheet; c oscillating sheet; d at-
omization.

Ž .the mobile phase methanol-rich phase is a polar one, and
so it leads to wetting of the steel surfaces.

Created during the injection, the interface shape is then
correlated with the initial conditions and the hydrodynamics
of both phases in the cells that are under the influence of
external forces. Owing to the stroboscopic visualizations,
three main flow regimes are observed:

Ž .1. Film adhering to the cell’s side walls Figure 8a ;
2. Curvilinear sheet or film with oscillating instabilities

Ž .Figure 8c ;
Ž .3. Atomization Figure 8d .

No single droplets or emulsified bands were observed.
For each flow-rate value, at low centrifugal acceleration

Ž .fields 400�700 rpm, that is, 18�56 g , the mobile phase flows
Ž .as two films along the cell walls Figure 8a . When the flow

Žrate increases, one of the two films leaves the wall Figure
. Ž .8b . An increase in the rotational speed 700�900 rpm , causes

a change in injection conditions and the two films become
unstuck, resulting in a single oscillating or wavy sheet, which

Žthe coriolis force pushes away from the radial direction Fig-
.ure 8c . Some experiments are done in clockwise and coun-

terclockwise rotation, and we can verify that the mobile-phase
deviation is inverted as the coriolis force direction changes

Ž .with the rotation direction Figure 9 . The sheet length de-
creases with increasing centrifugal acceleration, due to inter-
facial instabilities that are dependent on the sheet velocity,
making droplets that are often too small to be distinguishable
on the video screen. For lower flow rates, the sheet length
decreases to zero, and a cloud of droplets is formed near the

Ž .duct outlet. For higher flow rates QG15 mLrmin , instabili-
ties appear on the mobile-phase film in the duct, causing a

Ž .sudden atomization flow pattern Figure 8d . Those favorable
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Figure 9. Evidence of the coriolis acceleration effect:
ascending mode, 400 rpm, 12 mL � min�1,
trigonometric rotation on the left and clock-
wise rotation on the right.

instabilities linked to the flow-rate value result in the detach-
ment of the mobile-phase film in the duct, perhaps due to
the influence of coriolis acceleration and stationary phase
flow structure. In spite of the coriolis force effect, in the at-
omization flow regime, the mobile phase is well distributed in
all stationary phase volumes, and it can be assumed that
strong recirculation flow occurs in the stationary-phase vol-
ume of the cell.

The flow chart of the flow regimes observed at each of the
operating conditions is given in Figure 10, and shows the
beneficial effects of both centrifugal acceleration and flow
rate on the mobile-phase dispersion in the CPC cells. It must
be emphasized that the flow chart was drawn for the hep-
tane�methanol system, so it should be valid only for low vis-
cosity, low density difference, and low interfacial tension sys-
tems.

Our observations of the two-phase behavior in the CPC
cell confirm van Buel et al.’s previous studies, but they also
supplement them. The influence of the injection type and
cell-wall proximity are confirmed. Coriolis acceleration in the

rotary system has a significant effect on the mobile-phase path
deviation, as well as on instabilities, as its influence increases
with velocity. Both centrifugal acceleration and flow rate ap-
parently increase destabilization of film flow and mixing of
the two phases in cells.

When there is poor phase separation or coalescence at the
outlet of the cell, both phases exit the column, whereas only
the mobile phase enters it. If the stationary-phase volume

Ždecreases in the column a phenomenon that chromatogra-
.phers call bleeding , the separation efficiency of the column

will decrease, too. Equilibrium is reached when coalescence
is complete, that is, when only the mobile phase leaves the
cell. Coalescence depends on centrifugal acceleration, phase
ratio, and stirring near the cell outlet.

Phases ratio
Volumes of both phases in the model result from the hy-

drodynamic equilibrium in each cell, according to the flow
regimes. Two methods are used to determine the different
volumes: direct measurement with a graduated cylinder, and
calculating the mean residence time of a one-phase flow at
several flow rates. The two methods are in good agreement
for both off-column and column volumes. The off-column
volume, V s3.11 mL�5%, and the column one, V s16.1off c
mL�5%.

For the mobile phase, we use direct volume measurement
and the mean residence time of potassium nitrate RTD. The
two methods are also in good agreement, and show that there
is no dead volume in the mobile phase. There is no obvious
relation between the phases ratio and flow regimes within
the experimental error, which may be due to the low number
of cells in the studied column. The resulting mobile phase
fraction, 	 , seems to be a linear increasing function of them
flow rate, whereas it decreases with the acceleration field,

Figure 10. Flow chart giving the observed flow regimes in the investigated experimental domain.
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Figure 11. Mobile phase fraction as a function of the centrifugal acceleration.

Ž .reaching a minimum value Figure 11 . When Q tends to 0,
the 	 value is the minimum of the mobile phase ratio avail-m
able in the instrument, 	 , which corresponds to the overallmo

Ž .duct volume Foucault et al., 1992 , 	 s0.20�5%. Here,mo
20% of the column volume does not participate in the sepa-
ration step.

The mobile phase fraction, which evolves with the flow rate,
has already been noted for this kind of two-phase system with

Ž .other instruments Foucault et al., 1992 , and it seems to be
representative of CPC working rather than related to CPC
geometry. On the other hand, the decrease in 	 with them
acceleration value is quite new. At a given flow rate, the more
dispersed the mobile phase is, the less important the mobile
phase fraction. Both aspects, good dispersion and low 	 val-m
ues, enhance the column efficiency. The mobile-phase frac-

Žtion is low even for high flow rates less than 40% at 24 mL�
y1.min . It thus can be assumed that higher flow rates can be

used, which shows the potential interest of this geometry for
preparative applications of CPC.

Axial dispersion
Potassium nitrate RTD is also used to estimate the band

broadening due to mobile phase flow in both off-column and
the mobile phase part of the column volume.

Ž .The off-column volume 3.11 mL consists mainly of a 1.016
Ž . Žmm ID d and a 382-cm-long peek tube Upchurch, Oak

.Harbor, USA . The corresponding Reynolds number, Res
Ž .�Udr� , varies from 70 to 600 with the flow rate, and is
typical of a laminar flow. In Figure 12, the axial dispersion
coefficient is plotted vs. the linear velocity U.

In established laminar flow in straight pipes, D is propor-ax
2 Ž .tional to U Taylor, 1953 . When U is greater than 18 cm�

sy1, the law is not verified any more, and D reaches a limitax
Ž 2 .value around 400 cm rs . In the off-column setup, bends,

valves, and joints create disturbances and diminish the lami-

nar character of the flow. The values of D in the off-col-ax
umn volume setup will be kept constant, for given operating
conditions, in the transfer function for further parameters for
determining the CPC model in the column volume.

The values of the dispersion coefficients in the column vol-
ume are one hundred times lower than those obtained for
the off-column volume. The model is fitted on the experi-
mental curves with an error of less than 15%, showing that it
is appropriate. There is no apparent influence of the mobile-
phase fraction value on dispersion. Inside the column, straight
ducts are very short. There is no stretch between two cells
sufficiently long to have an established laminar flow. The ax-
ial dispersion coefficient is constant and negligible. In all
cases, the mobile-phase flow behavior is close to that of a
plug flow.

Off-column fittings are an important source of band broad-
ening. Both the diameter and length of the tubing have to be
reduced. The CPC column design characterized by tortuous
ducts, sudden enlargements, and contractions provides a plug
flow for the mobile phase for this low viscous phase system.
Those results confirm that band broadening in CPC column

Ž .is due only to mass-transfer limitation van Buel et al., 1997 ,
even if the duct geometry and flow regimes are different in
both studies.

Mass transfer
Determination of RTD with phenyl salicylate as a tracer is

then used to find mass transfer. The previous parameters
Žaverage residence times and Peclet numbers in the mobile´

.phase are kept constant in transfer function, and both the
partition ratio and mass-transfer constant time are fitted on
phenyl salicylate RTD. First, T is fitted with experimentalm

Ž .curves and K fixed at 0.7 see Marchal et al., 2000 . BothD
parameters are then found from previous values, with an av-
erage quadratic error of 4%. The resulting K is a constantD
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Figure 12. Axial dispersion coefficient, as a function of
linear velocity in the off-column volume.

whose value is equal to 0.67�3%. The overall volumetric
mass-transfer coefficients are calculated from T values andm
presented in Figure 13 as a 2-D curve superimposed with the
flow chart. Here, k a varies from 0.02 sy1 up to 2 sy1. It0

increases with both the rotational speed and flow rate, which
agrees with the visual increase in the mobile phase dispersion
and two-phase mixing. In fact, when part of the flow path

Ž y1.spreads along the channel walls, k a is quite low 0�0.2 s .0
That corresponds to the low interfacial area between the two
phases and the mobile phase at the wall contact. Those re-

Ž .sults are in the same range as that in van Buel et al. 1997
using Sanki instruments. This could be explained by the fact
that the flow regimes observed by van Buel et al. correspond

Ž .to the jets on the walls of the very thin cells 1.15 mm wide
of their apparatuses. Further information on the comparison

Ž .between both systems can be found in Marchal et al. 2000 .
For a wavy or oscillating sheet regime, k a varies between0
0.1 and 0.5 sy1, and within the experimental domain, cen-
trifugal acceleration seems to have more of an influence than
flow rate on the k a variations. Lastly, k a values greater0 0
than 0.5 sy1 correspond to the atomization regime. The in-
jection conditions in the transition zone, between 12 and 15

y1 Ž y1mL�min , makes k a increase very rapidly from 0.4 s up0
y1. y1to 1.2 s . For flow rates greater than 15 mL�min , k a0

depends mainly on centrifugal acceleration, that is, specific
interfacial areas do not increase with the flow rate in this

Ž .regime. This confirms the Stokes’ model Foucault et al., 1994
that says that the mobile phase flows as droplets with diame-
ters that depend only upon the acceleration value, while their
number increases with the flow rate. For droplets, a is pro-

y1 Ž .portional to r if r is their radius , and then a does not
depend on flow rate.

Efficiency and resolution
T is the ratio of the effective stationary-phase volumem

available for the solute to the overall mass-transfer coeffi-
cient. Let us define the retardation factor, R:

t 10
Rs s 15Ž .�t 1qkR

Ž .where the number of transfer units NTU is given by the
ratio of the solute’s residence time in the stationary phase
and the mass transfer time constant:

t y t tR 0 R
NTUs s 1yR . 16Ž . Ž .

T Tm m

This depends on both mass-transfer kinetics and phase ratio
Ž .in each cell. The height of a transfer unit HTU can be de-

fined as the number of cells necessary to obtain a transfer
unit:

HTUsNcellrNTU. 17Ž .

This characterizes the performance of one-cell geometry. Re-
sults for our system are presented on Figure 14. The behavior
is the same for all flow rates within the experimental domain,
and HTU decreases according to the centrifugal acceleration
value, which leads to a limit value around unity. We can in-
crease the flow rate up to this limit, and so diminish elution
time, without any loss of separation efficiency, owing to the
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Figure 14. Height of transfer unit as a function of the
centrifugal acceleration.

improvement in the overall transfer coefficient, even if the
stationary-phase volume decreases.

Ž .By considering the transfer function, G s , of the column
Ž .and the van der Laan relationship Eq. 18 between the k-

Ž .order momentum � of the impulse response of the systemk
and its transfer function, we can calculate the mean retention

Ž 2.time and the variance � of a solute peak according to the
parameters of the column model

i� Gi
� s y1 , 18Ž . Ž .i i� s Ž .ss 0

so,

� 2 2 2k� Tms q . 19Ž .�2 Pe 1qk tt RR

Because axial dispersion is negligible in the column volume,

� 2 2k� Tms . 20Ž .�2 1qk tt RR

Since the theoretical plate number is defined as follows:

t 2
R

Ns , 21Ž .2�

the number of theoretical plates can be calculated as

� 21 1qk
Ns NTU. 22Ž .�ž /2 k

Effective separation of peaks A and B is commonly ex-
pressed by the resolution Rs defined for Gaussian peaks as

t y tR A R B
Rss . 23Ž .

2 � q�Ž .A B

Ž .The approximate Knox equation Purnell, 1960 gives an ex-
Žpression of resolution for two close Gaussian peaks the sep-

aration factor, � , which is equal to the ratio of the partition
.ratios of successive solutes, is close to one , according to

chromatographic parameters

�1 k'Rss �y1 N . 24Ž . Ž .�4 1qk

Using Eq. 22, Rs becomes

1 'Rss �y1 NTU . 25Ž . Ž .'4 2

As an illustration of our results, a simulation has been car-
Žried out for � equal to 1.4 and for 20 disks of 66 cells 1320

.cells and a column volume of 322 mL . Resolution appears to
be a linear increasing function of centrifugal acceleration,
whatever the flow-rate value. The 1.5 resolution value, com-
monly considered as sufficient to attain complete separation

Ž .of the two successive peaks baseline separation , is reached
between 100 and 150 g. Using the apparent limit value of
one transfer unit per cell, the baseline separation of solutes
with this 20-disk instrument is still possible until a selectivity
value of 1.23.

Conclusion
We have demonstrated the importance of flow patterns in

CPC. The relationship between the mass-transfer coefficient
and flow regimes is linked to changes in a specific interfacial
area. Centrifugal acceleration is the energy source for the
mobile-phase atomization in CPC. A suitable nozzle can be
defined as one cell entry that efficiently converts this energy
to the liquid flow in order to destabilize it. The appearance
of instabilities in the exit of the duct has a large effect on
flow regimes and mass transfer. Three main flow regimes,
which complement previous visualizations in CPC, are ob-
served. The flow path is controlled both by wall proximity
and centrifugal and coriolis accelerations. The atomization
regime and recirculation in the stationary phase prevent the
channeling problem often encountered in two-phase transfer
processes. From an engineering point of view, the objective is
to propose a suitable cell design in order to obtain atomiza-
tion of the mobile phase, followed by a well-defined coales-
cence of the two phases in each cell. For a heptane�methanol
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two-phase system, mobile phase fraction remains low within
the experimental domain, and the coalescence step is effi-
cient in the cells. The two-point measurement RTD and the
proposed model are an accurate method for mass-transfer
determination that proved to be extremely useful in our stud-
ies on improving the CPC process. Partitioning is described
well and external sources of broadening are characterized,
allowing us to study the column itself. The off-column setup
is an important source of dispersion, and both the diameter

Žand length of the tubing have to be reduced. The disk cells
.and ducts width does not favor axial dispersion apparition

anymore, regardless of what the phase ratio and the flow
regime are, owing to its geometry. Band broadening in the
column itself is then only due to the limitations of mass
transfer. Overall, the volumetric mass-transfer coefficient is
used to characterize flow regimes, whereas the number of

Ž .transfer units NTU is introduced to evaluate the separation
process. NTU depends solely on centrifugal acceleration and
no significant flow-rate effect is observed, which leads to one
transfer unit per cell. Finally, the relationships between these

Žparameters and classic chromatographic ones theoretical
.plate number and resolution are given. Further studies will

focus on the effect of physical properties on the flow regimes
and mass transfer of the two-phase system, and on some new
column shapes designed in accordance with these results.
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Notation
asspecific interfacial area

AM, DMsascending and descending mode
C , C sconcentrations in mobile and stationary phasesm s

D saxial dispersion coefficientax
G, G s transfer functions of CPC column and off-column0

volume
NTU, HTUsnumber and height of a transfer unit

k , k , and k soverall and local mass-transfer coefficients0 m s
k�s retention factor

K spartition ratioD
l , lsoff-column and column lengthoff

Nstheoretical plate number
N scell numbercell

Pe, Pe sPeclet numbers, in the column and in the off-col-´off
umn volumes

Qs volumetric flow rate
Rsretardation factor

ResReynolds number
Rssresolution

RTDsresidence time distribution
t sresidence time in the off-column volumeoff

t sunretained solute residence time0
t sretention timeR

T smass-transfer time constantm
Us linear velocity

V , V , V , V soff-column, column, mobile phase, and stationaryoff c m s
phase volumes

Greek letters
�sselectivity

	 smobile phase fractionm
�s interfacial tension

� , � scentrifugal and coriolis accelerationsc cor
� , � sdynamic viscosities of mobile and stationary phasesm s

� , � , � �smobile and stationary phase densities, and the den-m s
sity difference
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