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Besides  the selection  of a  suitable  biphasic  solvent  system  the  separation  efficiency  in Centrifugal  Partition
Chromatography  (CPC)  is  mainly  influenced  by  the  hydrodynamics  in  the  chambers.  The  flow  pattern,
the  stationary  phase  retention  and  the  interfacial  area  for  mass  transfer  strongly  depend  on physical
properties  of the  solvent  system  and  operating  parameters.  In order  to  measure  these  parameters  we
visualized  the  hydrodynamics  in a FCPC®-chamber  for five  different  solvent  systems  with  an  optical
measurement  system  and  calculated  the  stationary  phase  retention,  interfacial  area  and  the  distribution
of  mobile  phase  thickness  in the  chamber.  Although  inclined  chambers  were  used we found  that  the
Coriolis  force  always  deflected  the  mobile  phase  towards  the  chamber  wall  reducing  the interfacial  area.
isualization, Image processing This effect  increased  for  systems  with  low  density  difference.  We  also  have  shown  that  the  stability  of
phase systems  (stationary  phase  retention)  and  its tendency  to  disperse  increased  for  smaller  values  of
the ratio  of interfacial  tension  and  density  difference.  But also  the  viscosity  ratio  and  the  flow  pattern  itself
had a  significant  effect  on retention  and  dispersion  of the mobile  phase.  As a result  operating  parameters

ly  wi
 CPC
should  be  chosen  careful
effect of  the  Coriolis  force

. Introduction

Centrifugal Partition Chromatography (CPC) is one form of
iquid–liquid chromatography. The separation is based on the par-
ition of components in the two phases of an immiscible liquid
ystem. The stationary phase, that can be the lower or upper one,
s retained in the chambers of the rotating CPC rotor by centrifugal
orce and the mobile phase is pumped through the stationary one
1].

A CPC device contains chambers that are connected by ducts in a
ascade. In commercially available rotors several hundred or more
hambers are connected. In contrast to hydrodynamic Counter Cur-
ent Chromatography (CCC) [2],  which works with coiled tubing, in
PC the chambers rotate around a single axis and create a uniform
entrifugal field. Therefore it is also called hydrostatic CCC although
he abbreviation CPC should be used. The flow rate and rotational
peed of the rotor are limited by the maximum working pressure
f the rotary joints.
The separation efficiency in CPC is affected by a variety of param-
ters that can be classified in three different groups. The first group
f parameters depends on the sample properties in the solvent sys-

� Presented at the 13th Symposium on Preparative and Industrial Chromatography
nd Allied Techniques, Stockholm, Sweden, 12–15 September 2010.
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th  respect  to physical  properties  for  a CPC  system.  In order  to reduce  the
 devices  with  greater  rotor  radius  are  desirable.

© 2011 Elsevier B.V. All rights reserved.

tem. In order to separate the target component(s) it should have a
suitable distribution ratio KD in the range between 0.25 and 16 [3]
that differs from the distribution ratio of the impurities to have an
adequate selectivity factor. Besides these two necessary conditions
also the sample solubility belongs to the first group. Good solu-
bility enhances mass transfer between both phases, increases the
productivity and thus belongs to the sufficient conditions for a good
separation.

The second and third groups are physical properties of the
solvent system (interfacial tension, densities, viscosities) and the
operating parameters (volume flow, rotational speed, chamber
geometry, mode of operation, injection volume, sample concen-
tration). The parameters of both groups belong to the sufficient
conditions for a good separation and most of those affect the hydro-
dynamics in the chambers. Especially the hydrodynamics (degree
of dispersion, interfacial area for mass transfer, the stationary phase
retention) have major influence on resolution and thus on separa-
tion efficiency.

The influence of hydrodynamics in CPC was already analyzed by
several authors. In 1994 Foucault [4] introduced the Stokes Model
to describe the influence of physical properties in CPC and classified
the stability of solvent systems dependent on the stationary phase
retention. He proved that stationary phase retention is strongly

dependent on the ratio of interfacial tension and density differ-
ence. Additionally he found for the Sanki HPCPC that he used that
the separation efficiency in a heptane/methanol biphasic system
increased for higher centrifugal force due to greater dispersion of

dx.doi.org/10.1016/j.chroma.2011.01.064
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:gerhard.schembecker@bci.tu-dortmund.de
dx.doi.org/10.1016/j.chroma.2011.01.064
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Nomenclature

a, b coefficients of regression functions
c concentration
Cacrit critical capillary number
ch chamber
d diameter, thickness
E extinction
f unknown function, frequency
I light intensity
P pixel
Sf stationary phase volume retention factor/retention
R distance to rotation axis
�S (x,y,z) vector
�x, �y arrays used for curve fits

Greek symbols
ε  extinction coefficient
� dynamic viscosity
�̇ shear rate
� density
� interfacial tension
ω angular velocity

Abbreviations
MB  methylene blue
LED light emitting diode
GV grey scale value
FCPC® Fast Centrifugal Partition Chromatography
CCD charge coupled device

Subscripts
blank from a blank image
c continuous
cal in the calibration
d droplet, disperse
duct of the duct
flow from a flow image
i control variable
lp lower phase
m mobile phase
max  maximum
mean mean value
rad radial component
retention from a retention image
rot rotor
s stationary phase
tan tangential component
up upper phase
xy coordinates of an image
0,1,2 specific state
0,1,2,3,4 specific pixel position
� for a specific wavelength

t
w

c
i
c
e
t
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2.1.1. Transparent rotor
he mobile phase. Foucault also suggested that flow visualization
ould help to understand the phenomena.

van Buel [5] was the first to visualize the two phase flow in the
hambers of a CPC device and discovered the different flow patterns
n CPC chambers. He also proved the dependence of separation effi-
iency on volume flow and rotational speed. With a model for the

ffluent concentration profile he calculated the relative contribu-
ion of axial dispersion of the mobile phase, off-column mixing and

ass transfer limitations [6].
atogr. A 1218 (2011) 5401– 5413

The next big step in understanding the flow phenomena and
improving the separation efficiency of CPC devices was  done by
Marchal [7].  He visualized the flow in a “Visual-CPC”-rotor from a
different position compared to van Buel and found a strong effect
of the Coriolis force on the flow pattern. These results helped to
design different chamber geometries with respect to the Coriolis
force that were patented during the last ten years (FCPC®-chamber
[8], Twin Cells [9],  Asymmetric Twin Cells [10]). These chambers
improve dispersion of the mobile phase for enhanced mass transfer
and provide a higher stationary phase retention.

The liquid stationary phase offers another possibility for
improving the separation efficiency. As the flow direction can be
changed at any time different modes of operation were developed
in addition to the classical elution in descending (lower phase is
mobile) or ascending (upper phase is mobile) mode. Examples are
dual-mode with single, repeated [11] and continuous [12] sam-
ple injection, elution–extrusion [13] and elution-back extrusion
[14] mode. But the general hydrodynamics stay the same as in
the classical descending or ascending mode. The only difference
for dual-mode operation is the desired stationary phase retention
close to 50% and not “as high as possible”.

For optimization of the injection step Marchal [15] performed
experiments on flooding conditions to get the maximum allowed
sample concentration that changes the sample density. Surfactants
and the direction of mass transfer, that alter the interfacial ten-
sion and hence dispersion and coalescence, were not investigated
in CPC yet. Although the physical properties are known to have a
great impact on the separation, their influence on the hydrodynam-
ics are hardly predictable and still unclear. The stationary phase
retention was measured for some CPC instruments [16,17] but the
degree of dispersion and the interfacial area for mass transfer were
not accessible quantitatively. Additionally the selection of suitable
operating parameters for given physical properties still depends
on the experience of the chromatographer and the pressure limit
of the rotary joints.

In this study we  want to focus on the effect of volume flow and
rotational speed on the hydrodynamics for different phase systems.
For investigation of the multiphase flow pattern we  designed an
optical measurement system that is described in Section 2.1.  The
hydrodynamics of five different aqueous organic solvent systems
with different physical properties were visualized in a FCPC®-
chamber of a wide range of volume flow and rotational speed. From
the images the stationary phase retention, the interfacial area and
the mobile phase thicknesses distribution in the chamber were cal-
culated by an implemented image processing routine in ImageJ [18]
(see Section 3).

2. Materials and methods

2.1. Optical measurement system

The set-up of the optical measurement system is shown
schematically in Fig. 1. From a tempered reservoir the solvent was
pumped into the CPC device (FCPC® Semi Preparative, KROMA-
TON) that was  equipped with a self-made transparent rotor. The
UV-detector (ProStar 325 UV-Vis Detector, VERIAN) was  used for
detection of the hydrodynamic equilibrium and a 40 psi (2.75 bar)
pressure reducer was used to operate the detector at enhanced
pressure. The signal became smooth when there was no more carry-
over of stationary phase. From the UV-detector the solvent could
be recycled into the reservoir or disposed of into a waste container.
The transparent rotor consisted of a single FCPC® plate that
contained 66 chambers connected by ducts with an internal vol-
ume of 10 ml  (according to the manufacturer) and is shown in
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Fig. 1. Schematic set-up of optical meas

ig. 2. The plate had a height of 2.5 mm,  the ducts were approx-
mately 0.35 mm wide and the inclined chambers were about
.4 mm × 11 mm × 2.5 mm.  The rotor had an outer diameter of
50 mm and the middle of each chamber had a rotational radius
f 105.15 mm that resulted in a centrifugal acceleration between
15 m/s2 (600 rev/min) and 3736 m/s2 (1800 rev/min).

On top and bottom of the rotor plate there was first a glass sheet
nd then a specially designed aluminum plate with five symmetri-
ally placed viewing ports. The whole assembly was tightened with
8 screws as shown in Fig. 2. For sealing purposes two transparent
heets of 127 �m FEP-foil (fluorinated ethylene propylene) were
laced between the rotor plate and glass plates on each side. In
rder to compensate unevenness of the aluminum plates an extra
heet of FEP-foil was used between the aluminum and glass plates.
he problem of a tight connection of HPLC tubing and inlet and out-
et of the rotor plate was solved by using self-made connectors with

 M10  thread on the outside that could be tightened into the alu-
inum plate. At these connection positions additional holes with

 diameter of 8 mm were drilled into the glass plates. The sealing
as done by tightening the connectors onto the FEP-foil and rotor
late with PTFE (poly tetra fluor ethylene) rings in between. Each
TFE ring has an outer diameter of 7.9 mm,  a thickness of 2 mm
nd a 1.5 mm hole. The hole was also pierced into the two FEP-

oils on the top of the rotor. Both connections were on the top
f the rotor because of easier assembly. The regular HPLC tubing
rom or to the rotary joints was screwed into the internal N10-32
NF thread of the connectors. The transparent rotor showed abso-

Fig. 2. Transparent rotor used for flow visualization.
ent system with video instrumentation.

lutely no leakage for back pressures up to 20 bar. The special feature
was the possibility of transmitted light illumination and the use of
transparent foils.

2.1.2. Video instrumentation
For grabbing flow videos of the chambers the FCPC® was

equipped with a monochrome CCD-camera (AccuPIXEL® TM
1327GE, JAI PULNIX). The camera was able to take 8-bit grey scale
images with a resolution of 1392 × 1040 pixels and a maximum
frequency of 30 Hz. The illumination was  achieved using a red flash-
LED (CCS LD-TP/LDL Series, STEMMER IMAGING) with a wavelength
of 630 ± 7 nm. A small metal plate was fixed to one screw on the
lower side of the rotor that triggered a light fork barrier one time per
rotation. This signal was transmitted to a timing controller (Gard
320CC, GARDASOFT VISION) and converted into a 10 ms  digital 5 V
trigger pulse by an amplifier. From the amplifier the trigger signal
was transmitted to the camera and to the lighting controller (Gard
420F, GARDASOFT VISION) that allowed shifting the trigger signal
and flash times of the LED from 1 �s to continuous illumination. In
the used range of illumination time (below 10 �s) the LED could be
charged with a tenfold higher current compared to the maximum
allowed current for continuous illumination. As the minimum shut-
ter speed of the camera was 63.5 �s and the illumination time of
the LED was below 10 �s, the overall exposure time (time the CCD
sensor is exposed to the highlighted source) is only set by the LED.

In order to take one image per rotation of the same cham-
ber position the delay time of the LED illumination was manually
adjusted in the lighting controller (420F) for each rotational speed
of the rotor. The exposure time of the camera was  set to a constant

value. The time between LED pulse and closing the shutter and read-
ing out the charge should be as short as possible (see Fig. 3) to avoid
inaccuracies because of charge diffusion or scattered radiation. The

Fig. 3. Timing control of flash LED and camera shutter (times not to scale).



5404 S. Adelmann, G. Schembecker / J. Chromatogr. A 1218 (2011) 5401– 5413

Table 1
Solvent systems and their physical properties (EtAc: ethyl acetate, Wat: water, Hep: n-heptane, MeOH: methanol, ACN: acetonitrile, EtOH: ethanol).

Solvents EtAc.Wat Hep, EtAc, MeOH.Wat Hep, EtAc, ACN,Wat Hep.EtOH, Wat  Hep, EtAc, MeOH,Wat

Abbreviation of solvent system used EtAcWat 7:3:6:5 ACN EtOH 6:4:5:5
Composition (by volume) 1:1 7:3:6:5 71:8:50:71 4:4:1 6:4:5:5
Density  �up [kg/m3] 892.8 709.3 688.2 682.2 769.5
Density  �ip [kg/m3] 996.3 915.1 926.7 837.4 923.9
Density  difference 	�  [kg/m3] 103.5 205.8 238.5 155.2 154.4
Interfacial tension � [mN/m] 6.45 5.9 6.35 3.1 2.2
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Dyn.  viscosity �up[mPa s] 0.47 0.38 

Dyn.  viscosity �ip [mPa s] 1.07 1.45 

Parameter �/	� [s2/cm3] 62.0 28.6

lapsed time between opening the shutter of the camera and the
ame chamber position had a maximum for the smallest rotational
peed. Therefore the shutter time of the camera was  adjusted to

 constant value of 3000 �s that still allowed taking images of the
owest rotational speed.

.2. Chemicals

Ethanol (99.9%) and methanol (99.8%) were purchased from
WR  International. Ethyl acetate (99.9%) and n-heptane (>99%)
ere from Carl Roth GmbH + Co KG, acetonitrile was from Fisher

cientific and the water was demineralized. The water free polar
ye methylene blue (dye content > 82%) was from Merck KGaA.

.3. Experimental procedures

For flow visualization five different solvent systems were
elected and their physical properties measured (see Table 1).
he ethyl acetate/water (EtAcWat) system was selected because
t is a very stable system [4] that already was visualized in CPC
5].  The n-heptane/ethyl acetate/methanol/water systems (7:3:6:5
nd 4:6:5:5) belong to the commonly used ARIZONA system that
as introduced by Margraff [19] (the composition of the 7:3:6:5

ystem is not listed in the original ARIZONA solvent system).
he n-heptane/ethanol/water (EtOH) system was selected because
thanol is often used as extraction solvent, is permitted for all food
pplications and has no limitation in foodstuffs, unlike methanol,
or example, which is limited to 1.5 mg/kg [20]. The fifth system
nvestigated (ACN) containing acetonitrile was found in a previ-
us work to give suitable distribution ratios for the separation of
pecific secondary metabolites. The system was developed because
ome metabolites tend to denaturize in the presence of alcohols
especially in methanol). The hydrodynamics of all solvent systems
ere measured in descending mode (lower phase mobile) for vol-
me  flows from 3 to 30 ml/min and rotational speeds between 600
nd 1800 rev/min.

.3.1. Setting up the solvent systems
The solvent systems were prepared by mixing all solvents and

haking vigorously. The systems were equilibrated at 25 ◦C over
ight. For the hydrodynamic experiments 500 ml  of lower phase
nd 500 ml  of upper phase were put into a separate reservoir and
pecific amount of methylene blue (MB) was added to the solvent
ystem, mixed again and equilibrated at 25 ◦C until use. MB  has a
igh extinction for the LED illumination wavelength used and is
ostly soluble in the water rich lower phases that were used as
obile phases. For the measurement of viscosities and densities

o dye was added to the solvent systems. The measurement of the
nterfacial tension was performed with and without MB.
.3.2. Measurement of physical properties
The viscosities of both phases of every solvent system were

easured with a capillary viscosimeter (type: capillary 0c, Schott
0.38 0.40 0.40
0,91 1.78 1.44
26.6 20.0 14.3

Instruments). The viscometer was  equilibrated at 25 ◦C and each
phase was  measured four times. The viscosities of each phase are
given in Table 1. The standard deviations of the lower phases were
from 0.2% to 1.1% (upper phases from 0.3% to 2%).

The density of every phase was measured using a density meter
with oscillating U-tube (type: DMA  45, ANTON PAAR). The density
meter was  also equilibrated at 25 ◦C for all measurements and each
system was measured four times. All densities and resulting density
differences are shown in Table 1. The standard deviations of all
phases were below 2%.

The measurement of interfacial tension was  performed with a
digital tensiometer (type: K10ST, KRUESS GmbH) with an accuracy
of 0.1 mN/m and the Du Nouy ring method at 25 ◦C. All experi-
ments were performed three times for two  different solvent system
preparations and each phase system. The standard deviation of each
phase system was calculated from 6 experiments. Additionally the
experiments were done with MB  (overall concentration of 60 mg/l).
We found no significant influence of MB on the interfacial tension.
The difference was always within the standard deviation and the
tensiometer accuracy. Therefore we used the averaged values of the
six experiments without MB  that are given in Table 1. The standard
deviations of all experiments without MB  were below 3%.

2.3.3. Preliminary experiments and one-phase calibration
First the optimal concentration of MB  for a specific LED illu-

mination time had to be found. A good compromise between low
blurring (short illumination time), high contrast (high dye concen-
tration and long illumination) and a high signal-to-noise ratio of
the CCD sensor (long illumination time and high dye concentration)
was found for an illumination time of 5 �s and a MB  concentration
of 30 mg/l in the mobile phase. This concentration still enabled the
differentiation of the rotor (metal surface – complete light extinc-
tion) and parts of the chamber that only contained mobile phase
(outlet of the chamber).

For image processing and calculation a preliminary calibration
with water was performed. The rotor was  filled with clear water and
about 100 images were taken at a rotational speed of 1000 rev/min
and a low flow rate of 5 ml/min. Then 150 ml water with a known
MB  concentration was  pumped through the rotor at different vol-
ume  flows and rotational speeds to replace the clear water. Again
100 images were taken for the flow rate of 5 ml/min. This procedure
was repeated for 21 different concentrations of MB up to 30 mg/l.
The calculation procedure for the calibration videos is shown in
Section 3.2.1.

2.3.4. Photometric measurements
Additionally we measured the MB  extinction with a photome-

ter (SPECORD 50, Analytik Jena AG) at 623, 630 and 637 nm for
different concentrations and path length of cuvettes. Before a sam-

ple with MB  was measured a reference measurement without MB
(clear fluid in the cuvette) was performed and its extinction was
automatically subtracted from all following measurements. The
cuvettes used were glass (1 mm,  2 mm and 5 mm path length) and
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ig. 4. Different types of video recorded: blank video (left), flow video (center) and
B)  in the blank video.

MMA cuvettes with 10 mm path length (VWR international). For a
oncentration of 30 mg/l in the lower phase the MB  concentrations
f the stationary phases were measured. The most polar EtAcWat
ystem showed a maximum MB  concentration of 0.05 mg/l that
quals a partition coefficient of 0.00167. The concentrations in the
ther stationary phases were significantly lower. Additionally the
avelength had only little influence. The results of the measured

xtinction and the resulting extinction coefficients ε� as a function
f the MB  concentration in the mobile phase are shown in Section
.2.2. The results proved our assumption that the concentration of
B in the stationary phases can be neglected.

.3.5. Flow visualization
Before each experiment the storage solution (ethanol/water

 1:1) had to be removed completely. Therefore 150–200 ml  of
he clear upper phase was pumped in descending mode direction
hrough the rotor at varying rotational speeds between 200 and
000 rev/min and high volume flows above 20 ml/min and collected

n the waste tank. This procedure was derived from the behavior
f the storage solution in the chambers and ducts. For low rota-
ional speeds droplets of the storage solution stuck to the walls in
he chambers and were not flushed out of the rotor. At higher rota-
ional speeds most of these droplets were removed from the walls
nd were flushed out. But the rotational speed had to be lowered
everal times during the filling procedure because droplets of the
torage solution stayed at the rotation axis outer side of the ducts.
y lowering centrifugal acceleration these droplets were entrained
y the flow into the next chamber. As long as the droplets did not
tick again to a wall they kept moving towards the rotor outlet.
fter filling the rotor completely with stationary phase the flow
as recycled into the reservoir.

Then three types of videos were recorded (see Fig. 4). First the so-
alled blank videos of the clear stationary phase were taken for each
otational speed. Therefore the delay time of the lighting controller
as adjusted for every rotational speed in order to visualize always

he same chambers of the rotor. When the delay times were identi-
ed the rotational speed was increased to 1800 rev/min to remove
ll remaining droplets of the storage solution from the chamber
alls. Videos with approximately 100 images were recorded for

ach rotational speed investigated for a low stationary phase vol-
me  flow of 5 ml/min.

Thereafter the so-called flow videos in hydrodynamic equilib-
ium were recorded for each volume flow and rotational speed
nvestigated. For switching between upper or lower phase of the
olvent system a 3-port valve between reservoir and pump was
sed. Approximately one–three rotor volumes of mobile phase

ere pumped through the rotor until no stationary phase left the

otor and the signal of the UV-detector was constant. For the unsta-
le phase systems or high volume flows always a small amount of
tationary phase left the rotor. The change in the stationary phase
tion video (right). A reference image section (A) and chamber polygon boundaries

retention could not be seen in the images but the signal of the UV-
detector did not become constant for more than 20 s. This proved
for some operating conditions stationary phase still left the rotor.
If this so-called bleeding occurred, the measurement was started
after five rotor volumes of mobile phase were pumped into the
rotor.

The experiments were performed for a fixed volume flow and
decreasing rotational speed. Videos of 300–500 images were taken
for ten different rotational speeds between 1800 and 600 rev/min.
After recording the last video for the slowest rotational speed the
rotor was filled again with stationary phase before the next volume
flow was  measured. Volume flows of 3–30 ml/min were measured
in steps of 3 ml/min.

After each flow video a so-called retention video (see Fig. 4 right)
was recorded. Therefore the pumping was  stopped so the mobile
lower phase coalesced on the outer side of the rotor. Then a reten-
tion video of approximately 50 images was  recorded before the
pump was  started again. In order to disturb the flow as little as
possible, the volume flow was  changed first, then the pump was
started and finally the rotational speed was lowered. Preliminary
experiments proved that the stationary phase retention was not
lowered by this procedure.

3. Image processing and calculation

In this section the image processing routine and the calculation
of different parameters is presented. The flow chart of the imple-
mented program sequence is shown in Fig. 5. The software tool used
is the open source image processing tool ImageJ [18]. Most parts
were written in the ImageJ macro language provided. However the
calculation of the mobile phase thickness and the interfacial area
were excluded and written in Java plugins that provided a much
faster processing.

3.1. Pre-processing

About 10% of all images were shifted 1–10 pixels compared to
the position of the other 90%. In order to compare the position of
each image a reference image section A (see Fig. 4) was  used. From
this particular section of 65 × 65 pixels the edge of the chamber was
marked by using two ImageJ functions (max. entropy threshold,
mark edges). This edge was compared to the edges of the other
images of the video and the complete image was deleted if the edge
was shifted in comparison with the majority of images.

The same image section was  used to delete too bright or too dark
images. Therefore the maximum grey value of each image in this

section was identified and the most frequent value was marked. All
images with a difference of more than one grey value to the most
frequent value were deleted. The remaining images were saved as
an image sequence (flow video) or averaged and saved as a single
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ig. 5. Program sequence of the implemented image processing routine in ImageJ.

mage (blank reference image, retention image). On each image four
hambers were visible. The position of each chamber was marked
y a polynomial (see Fig. 4) and was cut-out to allow independent
nalysis of each chamber.

.2. Calculation of mobile phase thickness

Given that the blank reference image and each image of the flow
ideo showed the same part of the rotor the difference in grey value
GV of each pixel (x/y) was  calculated by:

GVxy = GVblank,xy − GVflow,xy (1)

In order to derive a relationship between differences in grey
alue 	GV and the mobile phase thickness, following assumptions
ere made:

 extinction of the fluids in the chamber is only caused by the dye
methylene blue (MB)

 light scattering at the interfacial surface can be neglected
 light extinction of the stationary phase can be neglected (MB
concentration is zero – see Section 2.3.4)

 the ratio of extinction coefficients of the maximal concentration
cmax = 30 mg/l and an arbitrary concentration ci is independent
of wavelength and penetrated thickness of mobile phase (see
Section 3.2.2)

Then the light extinction E� is given by:

� = lg
(

I0
I1

)
= ε� (cm) · cm · dm + E0 (2)

here I0 is the light intensity of the LED, I1 is the resulting intensity,
m is the penetrated thickness of the mobile phase, cm is the MB

oncentration and ε� is the extinction coefficient as a function of
m. E0 is an unknown extinction that is caused by light absorbance,
cattering and reflectance of FEP-foils and glass plates.
atogr. A 1218 (2011) 5401– 5413

The extinction can also be expressed by the ratio of grey values
of the clear stationary phase GVc=0 and the grey value GVd=dm of an
arbitrary mobile phase thickness

E� = GVc=0

GVd=dm

· f1 (3)

where f1 is an unknown function that depends on the camera sen-
sor, GVc=0 and GVd=dm . The extinction for the LED wavelength(s) of
the one-phase calibration (see Section 2.3.3) is given by

E� = ε�(ci) · ci · dmax + E0 = GVc=0

GVc=ci

· f2 (4)

where ci is an equivalent concentration, dmax is the rotor thick-
ness of 2.5 mm,  GVc=0 is the grey value of the calibration image
without dye and GVc=ci the grey value for the concentration ci. On
the assumption that f is independent of the position of the camera
sensor and the constraint that GVd=dm = GVc=ci follows that f1 is
equal to f2. Equalizing Eqs. (3) and (4), subtracting E0 and solving
for dm gives the desired relationship for the mobile phase thickness.

dm = ε� (ci)
ε� (cm)

· ci

cm
· dmax (5)

The calculation of the extinction coefficients ε� of the concen-
trations ci and cm is discussed in Section 3.2.2. The only unknown
variable in Eq. (5) is the equivalent concentration ci.

3.2.1. Calculation of equivalent concentrations from the
calibration

The experiment of the one-phase calibration was  done by the
procedure given in Section 2.3.3. It allows the equivalent concen-
tration ci for a given pair of grey values GVc=0 and GVc=ci to be
calculated. First the displaced and different illuminated images
were deleted for every 22 recorded videos analogous to the pro-
cedure for the blank videos. Then the remaining images of each
video were averaged and strung together. The new image sequence
contained 22 images. The first image has a methylene blue (MB)
concentration of zero and the last one a concentration of 30 mg/l.
Then the grey values outside the chambers were manually set to
255 and a rectangle for each chamber was  defined with 4 points in
order to calibrate each chamber independently. This allowed exam-
ining the influence of the chamber location in the image because
the chambers on the left and the right were always less illuminated
than the two  chambers in the image center. However, the results
showed no influence of the chamber position on the correlation
functions that were derived from each chamber.

In order to correlate grey value to the known concentrations ccal
of the calibration images a polynomial function was used. The fol-
lowing subroutine was implemented in ImageJ and executed for
every grey value GVc=0 between 100 and 254 (this routine was
performed 155 times for each chamber):

- counting the number n of grey values GVc=0 in the first image (MB
concentration is zero) and buffering their coordinates (x/y) in the
image

- reading-out of grey values of the remaining 21 images at the same
coordinates (x/y) and buffering these values in 21 arrays with the
length n

- dismissing n/4 of the lowest and highest grey values from each
array

- averaging the remaining values to get a GVmean value for each of
the 21 arrays (=images)

- subtraction of the mean values GV of each image from the

c=0

- creating a new array with the 	GVmean values of each image
(array has 22 values-21 images plus the first image with a
	GVmean of zero)
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shown in Fig. 9. The number of black pixels in the blank image
Ns,blank,ch and the retention image Ns,retention,ch were counted and
their numbers are proportional to the volume that was occupied by
the stationary phase. The number of pixels in the duct Ns,blank,duct,
ig. 6. Polynomial fit functions for different GVc=0; values of GVc=0 > 238 were
xtrapolated (maximum in one-phase calibration). Image section shows detailed
iew on straight line fit and intersection point with polynomial fit.

 execution of a polynomial fit of forth degree (�x = 	GVmean array
and �y = �ccal)

 additional straight line fit for 	GVmean values with MB concen-
trations ccal below 1 mg/l

If all GVc=0 from 100 to 254 exist, 310 fit functions (155 poly-
omial, 155 straight line) were created and used to calculate
quivalent concentrations ci for each 	GV and each GVc=0. Some
esulting fit functions for different GVc=0 are shown in Fig. 6. For
mall values of 	GV the straight line fit was used for the calcula-
ion because the polynomial of forth degree could not describe this
ection properly. From the intersection of both graphs the polyno-
ial fit was used to calculate the equivalent concentrations ci. The

quivalent concentrations ci were saved in a text file. From this file
he equivalent concentration ci for each grey value pair at the same
ixel position (x/y) in a flow image GVflow,xy and the blank refer-
nce image GVblank,xy could be read-out in the program sequence
see Fig. 5).

.2.2. Calculation of extinction coefficients
For extinction coefficients of the photometric measurements

ollows from Eq. (2)

� (ci) = E� − E0

d · ci
(6)

here d is the cuvette path length, ci is the MB  concentration, E� is
he extinction and E0 is zero because the reference measurement
as subtracted automatically (see Section 2.3.4). The results of the

erial dilutions and the regression functions of the form E� = a ·
2
i + b · ci are shown in Fig. 7 for three different cuvette path lengths.
y substituting the regression function of E� in Eq. (6) we  get:

� (ci) = a · ci + b

d
(7)

The calculated extinction coefficients ε� from this equation are
hown in Fig. 8 for the different cuvettes. Given that only the ratio
f extinction coefficients is needed for the calculation of the mobile
hase thickness dm in Eq. (5) the error is within 1% for differ-
nt cuvette path length although the absolute difference is much
igher. In the ImageJ routine the linear graph of the cuvette path

ength of 2 mm  and a wavelength of 630 mm was used to calculate
he extinction coefficients in Eq. (7).
As all values of Eq. (5) were known the mobile phase thickness
m could be calculated. Thicknesses above the rotor thickness were
imited to 2.5 mm  and values below the pixel size of 25 �m were set
o zero. Otherwise noise signals would be counted as mobile phase.
Fig. 7. Photometrical determined extinction of methylene blue and the regression
functions from serial dilutions for different cuvette path lengths and a wavelength
of  630 nm.

All calculated values were stored in so called thickness videos that
were used for further calculations of droplet distribution profiles
(see Section 4).

3.2.3. Treatment of “edge pixels”
Thicknesses of pixels at the edge of the chambers could not be

reconstructed properly. One reason was that some light did not
reach the sensor on the direct path because reflections from the
sides of the chambers were detected. Additionally the rotation of
the rotor led to blurring. So the light reached the sensor on the direct
way only for a part of the illumination time. Therefore all edge pix-
els were neglected and received the mobile phase thickness of zero.
The boundaries were set by analyzing the image manually. All grey
values GVc=0 of the blank reference images within the chambers
were always above 100 and the grey values of pixels outside the
chamber (metal) were always below 25. So a pixel was identified
as an “edge pixel” if the grey value was between 25 and 100.

3.3. Calculation of stationary phase retention

The stationary phase retention Sf in CPC is defined as the ratio
of stationary phase volume Vs and rotor volume Vrot = Vs + Vm. For
the calculation the original blank reference and retention image
were made binary (ImageJ function: max. entropy threshold) as
Fig. 8. Calculated extinction coefficients derived by the regression functions from
Fig.ure 7 after Eq. (7).
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ig. 9. Thresholding of blank reference image and retention image for the calcula-
ion of stationary phase retention.

hich was not contained in the chamber images any more, was
ounted preliminary for different blank images. The rotor volume
s proportional to the sum of Ns,blank,ch and Ns,blank,duct. The retention
ideos were recorded after the pump was stopped. This caused the
eavy mobile phase to leave the part of the duct that was close
o the rotation axis. This was regarded by counting the number of
ixels in the duct Ns,retention,duct manually that were occupied by
he stationary phase in different chamber retention images. The
tationary phase retention was calculated by

f = Ns,retention,ch + Ns,retention,duct

Ns,blank,ch + Ns,blank,duct
(8)

In the equation the values of Ns,blank,duct and Ns,retention,duct were
et constant. The exemplary comparison of the stationary phase
etention calculated from mobile phase thicknesses of the flow
ideos showed only small differences. The values for Sf from (8)
ere slightly higher because in the flow v the mobile phase at

he wall was not detected completely due to the edge treatment
riterion.

.4. Calculation of interfacial area

From the values of the mobile phase thickness the interfacial
rea for mass transport was calculated. Given that only a 2D projec-
ion of the mobile phase thickness for each pixel existed, following
ssumptions had to be made:

 the jet, sheet or droplet of the mobile phase has a symmetry axis
in the xy-plane

 there is only one droplet in the z-direction (no overlapping)
 the quadratic pixels have same size in the whole image (edge
length s = 25 �m)

The interfacial area between both phases can be calculated for
ach pixel by vector products. Therefore we assume a center pixel
0 with the mobile phase thickness dm,0 that is surrounded by 4
ixels with dm,i (above, left, below, right) as shown in Fig. 10.  The
esulting four vectors �Si for the pixel edge size s are:

�
1 =
(

0
s

	d∗
m,1

)
, �S2 =

( −s
0

	d∗
m,2

)
, �S3 =

(
0
−s

	d∗
m,3

)
,

�S4 =
(

s
0

	d∗
m,4

)
(9)

Therein the differences of mobile phase thicknesses are given
y 	d∗ = dm,i − dm,0/2. The division by two is done due to the
m,i
ssumption of a symmetry axis in the xy-plane. The modulus of the
ector product

∣∣�Si × �Sj

∣∣ equals the area of the parallelogram that
s defined by the two vectors. For each pixel four vector products
re calculated and therefore only one fourth of each parallelogram
rea belongs to the center pixel. The interfacial area of the pixel P0
Fig. 10. Center pixel P0 and neighboring pixels P1, P2, P3 and P4 in top view (A) and in
3D  view with vectors, dimensions and one parallelogram area (B) for the calculation
of  the interfacial area.

can be calculated by

AP0 =
∣∣�S1 × �S2

∣∣+ ∣∣�S2 × �S3

∣∣+ ∣∣�S3 × �S4

∣∣+ ∣∣�S4 × �S1

∣∣
4

·  2 (10)

The multiplication with two  derives from the assumption of a
symmetry axis in the xy-plane. Additionally three constraints for
the vector products in Eq. (10) were defined:

�Si × �Sj = 0,

{
(dm,i − dm,0 = 0 ∧ dm,j − dm,0 = 0) ∨ (dm,0 = 0 ∧ dm,0 = dmax)
GVc=0(dm,i) < 100
GVc=0(dm,j) < 100

(11)

The topmost constraint sets the vector product to zero if only
mobile phase (dm,0 = dmax) or only stationary phase (dm,0 = 0) is
present in the center and the neighboring pixels. The second and
third constraint ensured that all vector products with “edge pixels”
were neglected and the interfacial area of “edge pixels” was  set to
zero. The calculation of the interfacial area was  done for each pixel
in the whole image and the sum equals the total interfacial area IA
in the chamber.

4. Results and discussion

4.1. Flow analysis

For all solvent systems a strong deflection of the mobile phase
was observed due to the Coriolis force. But the solvent systems
investigated showed totally different hydrodynamic behavior. The
flow pattern was strongly dependent on volume flow and rotational
speed but also on the physical properties (densities, interfacial ten-
sion, viscosities). In Fig. 11 the different flow regimes for the phase
systems can be seen:

- unbroken sheet for low rotational speeds and low or medium
volume flows

- oscillating sheet for medium rotational speeds and most volume
flows

- atomization for easy dispersible phase systems and high rota-
tional speeds and volume flows

The phase systems in Fig. 11 are ordered by the ratio of inter-
facial tension and density difference �/	�. For the lowest volume
flow the EtAcWat system showed the unbroken jet or oscillating

sheet regime with relatively big droplets. For other phase systems
with lower values of �/	� the dispersion of the mobile phase
increased and smaller droplets were observed. Higher rotational
speeds generally shortened the sheet of mobile phase and enhanced
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Fig. 11. Flow pattern and mobile phase thickness of solvent sy

he formation of smaller droplets. The influence of the rotational
peed on the stationary phase retention was small whereas higher
olume flows also increased the dispersion but lowered the sta-
ionary phase retention strongly. For the 4:6:5:5 system nearly a
omplete loss of stationary phase was observed for high volume
ows. The low stationary phase retention indicates that this system

s the least stable of the solvent systems investigated.
The sheet mobile phase is already accelerated in the duct before

t enters the chamber, which is clearly indicated by the lower
obile phase thicknesses in the ducts in Fig. 11.  The ACN system

highest 	�) was accelerated most and the EtAcWat system (lowest
�) had the lowest entrance velocities. For the EtAcWat system low

olume flows and high rotational speeds caused the mobile phase
o enter the chamber from the left wall of the duct. This behavior
ecreased for systems with higher density differences and has to
e considered if the inlet geometry is changed.

.2. Stationary phase retention

As expected the EtAcWat is the most and the 4:6:5:5 is the least
table system due to the parameter �/	�. The results of the station-
ry phase retention calculation for four phase systems are shown
n Fig. 12.  The retention of the ACN system was very similar to the
:3:6:5 system and is not shown.

Generally the stationary phase retention is rather a function of
he volume flow than the rotational speed. For all solvent systems
he stationary phase retention decreased for higher volume flows
ecause the residence time in a chamber depends on the height
f mobile phase in the coalescence zone. The coalescence time
tself is governed by the centrifugal force, the drop diameters and
herefore by physical properties and operating parameters. Higher

alues of the parameter �/	� led to larger droplets that usually
oalesce faster. Increasing the rotational speed or the centrifugal
orce respectively should result in better coalescence but it also
owers the droplet size. Given that the stationary phase retention
 investigated for different volume flows and rotational speeds.

or the coalescence time respectively did not change very much with
rotational speed these two  effects seem to cancel each other out.

The smaller stationary phase retention of some solvent systems
for lower rotational speeds is explained by the flow pattern. For
some conditions the mobile phase entered the coalescence zone as
a sheet or big droplets (see Fig. 11:  EtOH-24 ml/min–800 rev/min).
Mobile phase that enters the coalescence zone with a high veloc-
ity enhances the entrainment of stationary phase into the bulk of
mobile phase. This decreases the distance and the time of stationary
phase to reach the chamber outlet and resulted in lower stationary
phase retention. Generally, the conclusion of Foucault [4],  to spec-
ify the stability of a phase system (stationary phase retention) by
the parameter �/	�, seems reasonable.

The high stability or high stationary phase retention respec-
tively of the EtOH system cannot be explained by the parameter
�/	�. Its density difference and interfacial tension is close to the
phase system 4:6:5:5 but the stationary phase retention was more
similar to the 7:3:6:5 and ACN systems. A possible reason might
be the viscosity ratio. Grace [21] proved experimentally that in
simple Couette shear flow of high viscosity Newtonian fluids the
breakup of a droplet occurs when a critical capillary number Cacrit
(acrit = �c · rd · �̇/�) is reached. The value of Cacrit is only determined
by the viscosity ratio p (p = �d/�c). Therein �d is the viscosity of
the dispersed phase (here mobile) and �c of the continuous one, rd
the droplet radius, �̇ the shear rate and � the interfacial tension.
From very small p values Cacrit decreases until it reaches a mini-
mum  between 0.1 < p < 1. For p > 1 the value of Cacrit increases and
for p > 4 breakup is totally prevented. This is only valid for simple
Couette shear flow but might explain the higher stationary phase
retention of the EtOH system that has a high viscosity ratio p = 4.5.
4.3. Interfacial area and droplet distribution profiles

The interfacial area IA was  calculated quantitatively for all phase
systems using the protocol given in Section 3.4.  In Fig. 13 two
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Fig. 12. 3D plots of stationary phase retention of solvent syst

D plots of the phase systems EtAcWat and EtOH are shown. The
nterfacial area was found to increase strongly with volume flow
nd only slightly with rotational speed. This was not expected but
an be explained by the higher velocities of the mobile phase for
igher rotational speeds. The interfacial area of a fixed volume
ould increase for smaller droplets. But a higher mean velocity

f the mobile phase reduces the volume, which is in contact with
he stationary phase. These two effects seem to compensate each
ther. But it has to be mentioned that the calculation of interfacial
rea is limited because for disperse flow patterns with overlapping
roplets the interfacial area is underestimated. So the small influ-
nce of rotational speed on interfacial area is only correct for low
nd medium disperse flow patterns.

A maximum of the interfacial area was observed for differ-
nt volume flows for all phase systems except the very stable
tAcWat system. The maxima were seen between 9 ml/min for the
:6:5:5 and 18–21 ml/min for the 7:3:6:5, ACN and EtOH systems.
hese maxima indicate a reasonable limitation of the volume flow
ecause the increase of interfacial area due to higher dispersion

s compensated by decreasing retention. Nevertheless, the optimal
perating parameters related to peak resolution would probably be
ound for lower volume flows because the interfacial area per vol-
me of mobile phase in the chamber decreased for higher volume
ows.

Several authors have shown that mass transfer is enhanced for
ncreased rotational speed [4,7]. They assumed that the interfa-
ial area increases for higher rotational speeds because of smaller
roplets and more dispersed flows with smaller droplets. This

ehavior cannot be seen in the diagrams of the interfacial area

n Fig. 13.  Therefore we calculated mobile phase thickness dis-
ribution profiles. In these the pixel counts of each mobile phase
hickness between 0.03 and 2.49 mm  are shown. Thickness distri-
vestigated for different volume flows and rotational speeds.

bution profiles do not solve the problem of overlapping droplets in
very disperse flows but give a better insight for the real droplet size
distribution. Three small droplets that overlap in one pixel still give
a mobile thickness that is much lower as in the sheet of the mobile
phase.

For all phase systems the rotational speed has the same effect on
the thickness distribution profiles in Fig. 14.  Pixel counts of small
mobile phase thicknesses are strongly enhanced whereas the pixel
counts of high mobile phase thicknesses decreased with rotational
speed. These results also correspond to the images in Fig. 11 where
higher rotational speeds also lead to greater dispersion and smaller
droplets. By comparison of the graphs in Fig. 14 with the flow pat-
tern in Fig. 11 the graphs with high mobile thicknesses correspond
to a mostly unbroken sheet that is most unfavorable for good mix-
ing. The increase of pixel counts with rotational speed for values
between 0.1 and 0.3 mm and decrease for values between 1.0 and
2.0 mm can explain higher separation efficiency due to better mass
transfer of smaller droplets.

For the EtOH system a decrease of pixels with very small
thicknesses below 0.1 mm was observed for 1600 rev/min. By
examination of the image sequence we found droplets of mobile
phase that were stuck to the wall. The tendency to wet to the sur-
face of the FEP foil was  lowered for higher rotational speeds due to
higher centrifugal force but also for higher volume flows.

Besides the thickness of the mobile phase (droplet size) also
the mobile phase volume that is in contact with the stationary
phase has an influence on the mass transfer. The cumulative vol-
ume  of dispersed mobile phase is the amount of mobile phase

that is in contact with the stationary phase and not already coa-
lesced (dm < 2.5 mm).  It was  calculated by summing up the products
of mobile phase thickness, pixel counts and the area of a pixel
(625 �m2). The cumulative volume of dispersed mobile phase is
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Fig. 15. Cumulative volume of mobile phase in the chamber that has a thickness

of flow and sheet breakup for increasing volume flows for the EtOH

F
f

ig. 13. 3D plots of interfacial area of EtAC and EtOH solvent system for different
olume flows and rotational speeds.

hown in Fig. 15.  As expected the absolute volume for the EtOH
ystem for the same volume flow is higher than for the more sta-
le EtAcWat system. This results from lower velocities in the EtOH
ystem because the droplet size is shifted towards smaller values.

For all systems an increase of cumulative volume of mobile
hase above average was observed for specific operating param-
ters. This is shown for the EtOH system in Fig. 15 for the volume

ows from 12 to 18 ml/min. This result is also confirmed by the

mage sequences that are shown in Fig. 16.  Increasing the volume
ow from 12 to 18 ml/min makes the flow pattern unsteady. For a

ig. 14. Mobile phase thickness distribution profiles for videos from Fig. 11;  minimum ca
or  each pixel was 0.01 mm (this leads to 247 different values for mobile phase thickness
between 0.03 and 2.49 mm (pixels with 2.5 mm were not taken into account because
these were not in contact with the stationary phase), edge length of quadratic pixels
was  0.025 mm

volume flow of 12 ml/min the sheet of mobile phase oscillates but
stays at the same position. For higher volume flow above 18 ml/min
the sheet often changes the direction. This unsteady behavior leads
to greater dispersion because the sheet breaks at different posi-
tions. For the more stable EtAcWat this increase of the absolute
cumulative volume above average was  seen for higher volume
flows and especially higher rotational speeds.

Measurements of Marchal already proved that besides higher
rotational speeds also higher volume flows can enhance the res-
olution of a separation [16]. The droplet distribution profiles in
Fig. 14 and the cumulative volume of mobile phase in Fig. 15 can
only partly explain this behavior. One reason for better resolution is
the already mentioned unsteady flow with stronger sheet breakup
that creates “new interfacial area”. In a stable sheet of mobile phase
mass transport limitations are expected from the inner part to the
surface of the sheet. This results in a concentration profile of a solute
in the sheet of mobile phase at the chamber entrance. If the sheet
(or a big droplet) of mobile phase breaks up the solute concentra-
tion at the “new interface” jumps up and mass transfer between
mobile and stationary phase is enhanced. The increasing diversity
system is shown in Fig. 16 for 1200 rev/min. The flow pattern for
6 ml/min was relatively steady and the sheet breakup occurred in
the middle of the chamber. Increasing volume flow decreased the

lculated value was  0.03 mm,  maximum value was 2.49 mm (chamber depth), range
).
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ig. 16. Image sequences of mobile phase thicknesses of EtOH system for
200 rev/min and different volume flows (for scale mobile phase thickness see
ig. 11).

ength of the stable sheet and thus more “new interfacial area” was
reated.

Another probably more important reason might be the forma-
ion of dead zones in the chamber for relatively low volume flows.
arge parts of the chamber are free of mobile phase and the con-
ective transport in the stationary phase is also relatively small. If
olutes are dissolved in the stationary phase it takes a very long time
ntil it is in contact with the mobile phase again. However, many
ead zones in a chamber are expected to cause strong peak broad-
ning due to increased residence time distribution of the solutes.
ike higher rotational speed also higher volume flows of the mobile
hase increase the drag force on the stationary phase and its veloc-

ty. This enhances the convective transport in the stationary phase
nd leads to the unsteady sheet already mentioned.

Very high volume flows lower the stationary phase retention
ignificantly especially if the mobile phase enters the coalescence
one with high velocities or as stable sheet. Therefore smaller
roplets with lower velocities entering the coalescence zone are
referred. Additionally a sheet of mobile phase or large droplets
hat enter the coalescence zone lead to strong mixing of the already
oalesced mobile phase (see Fig. 16). This results in strong backmix-
ng of the mobile phase and increases peak broadening.

.4. Effect of Coriolis force

The influence of Coriolis force and the resulting sheet deflec-
ion strongly depends on operating parameters and properties of
he solvent system. For most flow patterns in Fig. 11 the Coriolis
orce deflects the mobile phase until it reaches the chamber wall,
hich reduces the interfacial area for mass transfer. Additionally

he mobile phase at the wall is accelerated and enters the coales-
ence zone with high velocities. As already mentioned this behavior

owers stationary phase retention and increases backmixing of the

obile phase.
Generally the sheet deflection decreases with increasing density

ifference 	�  of a solvent system. Thus the sheet of the EtAcWat
atogr. A 1218 (2011) 5401– 5413

system was deflected most and that of the ACN system least. For a
droplet of the lower phase in the analyzed descending mode with
the mass md and the velocity �v with a tangential and a radial com-
ponent the ratio of centrifugal force Fce and Coriolis force FCo is
given by

Fce

FCo
= md · 	� · ω2R − 2 · md · �m · vtan · ω

2 · md · �m · vrad · ω

= 	� · ω · R − 2 · �m · vtan

2 · �m · vrad
(12)

Therein R is the radial distance between rotation axis and
droplet position and ω is the angular frequency. Eq. (12) clearly
indicates that the influence of Coriolis force decreases with increas-
ing density difference. Our calculations of the path of a single
droplet with the simple model presented by Ikehata [22] gave the
same result. But this model only takes centrifugal and Coriolis accel-
eration into account. The limitation of the velocity �v as a function of
drag, droplet size and shape and the properties was neglected. But
the velocity of a droplet is limited and droplet break-up can occur if
the drag force is increased. For more dispersed flows with smaller
droplets the deflection should decrease because of lower velocities
vtan and vrad in Eq. (12) and thus a smaller influence of the Corio-
lis force compared to the centrifugal force. This behavior was not
observed in the experiments. Only for the lowest volume flow the
sheet deflection decreased for higher rotational speeds and thus
smaller droplets.

Generally the sheet deflection increased for higher volume flows
and rotational speeds. This indicates an additional force that acts on
the sheet of mobile phase. The stronger sheet deflection is probably
the result of a circulating flow of stationary phase on the right side of
the chamber that deflects the sheet stronger than the Coriolis force
would do alone. The increase of volume flow and rotational speed
enhances the drag force on the stationary phase due to the higher
momentum of the mobile phase. The higher circulation velocity
of the stationary phase causes a stronger sheet deflection of the
mobile phase. This behavior was  observed for all solvent systems.
One exception was seen for the 4:6:5:5 system. The sheet deflec-
tion vanished for a very low stationary phase retention (see Fig. 11).
The sheet or the droplets were barely deflected at all and entered
the coalescence zone in the center. The short distance between
chamber entrance and coalescence zone and the high momentum
exchange of the droplets most likely resulted in two circulating
flows of stationary phase on either side of the sheet that kept it
away from the walls.

In order to keep the sheet away from the chamber walls the
ratio in Eq. (12) can be reduced by changing the rotor radius R. For
a constant centrifugal acceleration in two different rotors with the
radii R1 and R2 the product of ω and R in Eq. (12) increases by

ω2 · R2

ω1 · R1
=
√

R2

R1
(13)

while all other parameters staying constant. Therefore CPC devices
with greater rotor radii seem desirable especially for phase systems
with low density differences because the influence of the Coriolis
force is lowered.

5. Conclusions

In this study we presented a new setup for an optical mea-
surement system for flow visualization in CPC that improved the

quality of the images immensely. The improved contrast between
the phases allowed the calculation of parameters like mobile phase
thickness, its distribution and the interfacial area directly from the
images for the first time.
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By analyzing the flow pattern, retention, interfacial area, mobile
hase thickness profiles and the mobile phase volume that is in
ontact with the stationary phase, we were able to explain the
ifferent separation efficiencies. Higher rotational speed gener-
lly enhanced dispersion and in most cases the stationary phase
etention. But also higher volume flows were detected to cause
etter dispersion and additionally minimizing dead zones in the
hamber.

The ratio of interfacial tension and density difference proved to
e useful to estimate the stability of a biphasic system. But also the
iscosity ratio was found to have an influence on the flow pattern.
t has to be mentioned that this study was performed for five phase
ystems and in descending mode only. The authors are aware that
ll the results are restricted to descending mode although most
harmaceutical companies use ascending mode with the organic
hase mobile. Finally only real separations can describe the rela-
ive effect of increasing interfacial area and decreasing stationary
hase retention. Nevertheless, we demonstrated that the operat-

ng parameters should be chosen carefully with respect to physical
roperties.

The effect of the Coriolis force on the flow pattern was
hown. Especially the mobile phase in low density difference
olvent systems was deflected strongly because the resulting
oriolis acceleration is proportional to density and not to its dif-

erence like the resulting centrifugal acceleration. In order to
educe the effect of the Coriolis force the rotor radius can be
ncreased.

We suggest that less stable solvent systems should be operated
t low volume flows and medium rotational speeds. For medium
table it seems better to increase the volume flow than to increase
he rotational speed. Very stable systems are not usable very well in
PC. The combination of volume flow and rotational speed that give
ood dispersion for very stable solvent systems (e.g. EtAcWat) can-
ot be reached because of pressure limitation of the rotary joints.
he highest rotational speed and volume flow used in this study

ould have a twofold higher pressure drop in the semi-preparative

otor with 20 rotor plates than the 60 bar allowed. Nevertheless, a
PC system should be operated near the maximum pressure limit
f the rotary joints.
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