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Abstract

A finite element simulation has been used in order to study the partition chromatography process of one species between an aque-
ous mobile phase and an organic stationary phase located at the bottom of a rectangular microchannel. The transient model incorporates
convection—diffusion of the species in the water phase coupled to the diffusion in the stationary organic phase by the way of the partition
kinetics at the interface. The time evolution of the injected species concentration is analyzed versus the velocity of the mobile phase, the
detecting position and the thickness of the stationary phase. The comparison of simulation results with both experimental data and analytical
model confirm its validity. These simulations show that thin channels can be used to measuoé toglecules from their retention time.

Finally, we have shown how the sample velocity can be optimized for a given geometry of the channel and diffusion coefficient of the
species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction assay (PAMPAJ4—T7], potentiometry8,9] and amperometric
technique$10-13]
Lipophilicity, expressed as |dg (logarithm of the Partition chromatographic methods are inherently suited

partition coefficient), is a key property in quantitative to measure the log [14—19]as the net retention time is a
structure—activity relationship studies and in other structure- direct measure of the partition coefficient for a given phase
based drug-design methods. Until now, different techniques ratio. The most currently used techniques among partition
have been developed to measure the distribution of thechromatographic methods are liquid-liquid chromatographic
molecules. The classical shake-flask (SF) mefabis time- technique§20-23] Two different classes of liqujtquid par-
consuming and is inappropriate outside the rangde to tition chromatography can be considered. In the most com-
3logP, and UV-detection is used for certain molecules. Inre- mon approach, the stationary liquid phase is supported on a
cent years, new experimental techniques have become availsolid-support usually by grafting long chain molecules. In the
able to determine the partition coefficients of neutral and case of drug partition, £ reversed phase HPL[I4,24,25]
ionised forms. These include centrifugal partition chromatog- and grafted lipid layer have been used as stationary phase in
raphy (CPC)[2,3], parallel artificial membrane permeation order to better mimic biological systerf6,27].
The second class of methods relies on non-supported
liquid stationary phases as in centrifugal partition or as
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E-mail addresshubert.girault@epfl.ch (H.H. Girault). advantage of CPC is to yield Idy values between im-
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miscible solvents such as water/alkanes, water/octanol or On the other hand, the equations of the kinetic model of
water/DCE. chromatography35] have been solved taking into account

In the present work, we propose an alternative approachthe interfacial kinetics in the absence of longitudinal diffusion
where the stationary liquid phase is immobilized in a mi- inthe column, for @irac impulse injection. This model also
crochannel by gelification or supported by a porous phase. Inassumes that the transversal diffusion has reached a local
the case of ions, it has been shown that the standariVag steady-state (thin layer cell as above, where the species have
ues between water and nitrobenzene remain constant wherenough time to diffuse to the lateral walls, i.e. concentrations
polyvinylchloride is added to the organic solvent for gelifi- are uniform alongy axis for a given lengttx). It assumes
cation[30,31] We have also shown that the standardfog that:
values between water and nitrophenyloctyl ether (NPOE) re-
main constant for ions when the organic phase is supportedfit _ 8%/D;i P s

: - o = =Peg— <1 2)
on a porous hydrophobic membrane of polyvinylidene diflu- tres  L,/V Ly
oride (PVDF)[9].

The final goal of the present work is to develop a “high- Whereé is the characteristic depth of the chanrigl,is the
throughput” logP measurement in microchips based on par- molecular diffusion coefficient of the species in the phiase
tition chromatography. We report here a computer simulation tpif iS the characteristic transversal diffusion tiriesis the
of liquid|liquid partition chromatography in a microchannel. residence or dead time (calculated fragathe cell length of
The model is validated by comparing the simulated curves the microchannel)y is the mean value of the mobile phase
with both analytical and experimental ones. The present studyvelocity andPey is the transversalélet number as defined
analyzes the effects of the following parameters on the de-later in Eq.(6).
tected signal: the partition coefficient (I8, the depth of To sum up, fotredtpiff > 1 we have a uniform concentra-
the channels, the shape and the magnitude of the fluid ve-tion distribution iny direction (thin layer assumption), while
locity, the detecting position and the diffusion coefficient of for the other situations transient regime of diffusion has to be
the organic phase. The two-phase system used for the experstudied (our case). Transient kinetics have also to be taken
iments is octanol-water with 2,4-dinitrophenol as a solute into account because the local equilibrium at the interface is
in its neutral form. The results show how the adjustment of modified at each time by the diffusion.
some of these parameters can be of importance to enable a In liquid|liquid chromatography, the distribution of a so-
good quality of the detected signal. lute between the phases is determined by the partition co-

efficient P, the interphase mass transfer rates and the ratio
of phase volumes. Therefore, the time evolution of the sam-

2. Theory ple concentration in the channel should be modeled in order
to obtain the retention time. For non-ideal chromatography,
2.1. Classical models the determination of meaningful retention parameters from

non-Gaussian chromatograms uses the first moment (instead

The theory of mass transfer in chromatographic columns of the peak of maximum concentration). This first moment
has been theoretically investigated since the pioneering workmethod is here considered: it can produce a more accurate re-
of Martin and Syngd32]. One of the first models consid- sultbecause ittakes into account the whole curve and not only
ers the system as a series of ideally mixed d@8;34] It the peak. The first moment is also called the mean value of
describes the column as a series of consecutive elementaryl€ temporal concentration distributigs6,37]and is given
cells in which partition processes are supposed to be at equiRY the equation:
librium. In this case, the partition kinetics can be written as:

[ te() dr

k Ret= M1= “5g 7~ 3)
cl<:>lcz, P= ﬁ = <02> (1) fo c(r)dr

k2 ka €1/ equilibrium
wherec; » are the concentrations of the species in the water 2.2. Numerical model
phase and organic phase, respectiviely, are the partition . - . .
rate constants (or kinetic constants) at the interfacerand In the model envisaged, the partition process is studied by
represents the solute partition coefficient between the two Solving the mass transport equations coupled with partition
phases. kinetics at the interface.

Continuous model83] include the longitudinal diffusion It leads (4), (5)) to the transient diffusion—conv-

of the solute in both phases assuming that the transversal dif-ection—reaction of the species partitioning at the interface:
fusion is very fast (thin layer assumption: transversal mass

transfer is fast enough compared to the other char_lgeg oc-dc1 + V- (=D1Ve1 4 Ver) = —kic1 + koco

curring so that the process is governed only by longitudinal 97

dispersion of the solute in the stationary and mobile phases). in mobile phase+ interface (4)
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A39c/on=0 -II\;Ia;ilneplarameter values used in the simulations
¢1=0 kijh ko Adueous phase 1 2 Parameter Values Reference
%, Yo / ¥l A I & 5181/8267 (nm) ;8;)2/(1)?2}550/50 50/50
L (1 mm) ka/ko 0,1,3,10k=10s1) 10
V (mm/s) 0.01-0.075 (100/100) 0.075

Fig. 1. The cell: geometry description, initial and boundary conditions. For
all cases, exceptdelg. 9a flat profile is assumed (the parabolic flow is used
to study the stretching effect of the flow profile on the detection signal). The

0.01-0.25 (50/50)
0.025-1 (20/20)

length of the pludpig is 0.1 mm. Dy (M?s1) 1079 1079
D, (m?2s71) 109,5x 10719, 10710, 5x 1011 1079
dcz + V- (=D2Veo) = kic1 — kaco tionary phase anq the aqueous phase is the movingsgne.
or 82 and L are defined as the channel depth (for the aque-
in stationary phase- interface (5) ous and organic phase) and the channel length, respectively.

o . The origin, (0, 0), is fixed at the middle length of the plug
where D » are the molecular diffusion coefficients of the (length is = 10Qum). For all the measurements, the detect-
species in water and organic phase, respectiglyare the ing position of the species is centered at the pdinB(/2)
partitiqn ratg constants (or k_inetic constgnts) atthe interface 5i the end of the water channel £1mm). A transversal
as defined in Eq(1) andV is the velocity vector of the  iteqration path in the water channel from poitt 0) to
fluid. The transversal &let number in aqueous phase can point (L, §1) wm has also been used. The difference between
be adapted to the geometry of the channel and defined as:  {hese two probes was 1%: as a consequence, the detector em-

Vs, ployed to evaluate the signal is the centered point described
Peg = — (6) above.
As shown inFig. 1, the initial conditions arez; = 1 mM
wheres; is the depth of the flowing channel aiy is the  for the sample plug and O for the fresh water and organic
diffusion coefficient in the water phase. The corresponding phases. The boundary conditiomis: 0 at the inlet (fresh
Péclet values is ranging from 1 to 20. For the following fluid arriving after the plug). The choice of the time step and
study, the transient convection—diffusion equation is solved mesh size was the result of a careful calibration and error

for Reynolds numbers ranging from1dto 0.02. evaluation as described in the supporting information (see
The assumptions made in these simulations are as follow-Tables 1 and 2
ing: A calibration of the values df; andk, was done in order

to be independent of the kinetics rates and insure a diffu-
sion limited regime. Therefore, the value lef was varied
from 106 to 1®s 1, keeping the ratioks/k», constant at
10. ForD =10"°m?/s, §1/82 = 100/100Qum, results are inde-
pendent of the kinetics, for tHe value above 10°s~1. To
be diffusion limited whatever the channel depth is, the set
ki/ko = 10*/10% is chosen as the reference case. The values of
parameters used are listedTiable 1

The time step used was 1, 0.1 and 0.01s for 100/100,
50/50 and 20/2Q.m channels, respectively, and an optimized
mesh was used for the concentration calculation (size for the
smaller mesh element: 10, 5 andw for the cases pre-
sented above). The results show 0.12% error for the time
step of 0.01s compared with the time step of 0.001s (see
Tables 1 and 2, in supporting informatjon

(i) Thefirst calculations are done with an uniform plug flow
profile. The stretching effe¢B88] of the parabolic flow
profile is studied at the end of the paper (5&g 9).

(i) Atwo-dimensional modelis used (s€d. 1) to decrease
the number of nodes and the calculation time. This as-
sumes that the widthu() of the channel is much larger
that its depth/§ > 1) so that the velocity gradient in
the third dimension can be neglected (value in experi-
mental part iaw/s =50).

(i) The sample introduced in the channel contains one
species.

(iv) The solution is sufficiently diluted to assume that the
variations of the concentration do not modify the viscos-
ity and the density of the fluid, which are also assumed
to be uniform.

(v) The channel walls are assumed to be smooth and the

interface between the water and the organic phases is3 £ . |
assumed to be planar. - Experimental set-up

Geometries and numerical parameters. E4)and(5) are The system consists of a “double Y” channel configura-
implemented on the finite element software Flux-ExPert tion, where the two solvent phases (water and organic) are put
(Astek, France). The geometry of the cell is illustrated in together to form a liquidiquid interface. The organic phase
Fig. 1, where the organic phase is assumed to be the sta<(in this work,n-octanol) is first introduced in the channel by
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Fig. 2. Layout and dimensions of the present device with the cross section

(@) and a top view of one of the two pieces (b). Fig. 3. Comparison of the simulated chromatographic response with an-

alytical resultg[35] in the absence of axial dispersion (p/B, ki/k, =1,

using a polyvinylidene difluoride (PVDF) hydrophobic mem- V=0.01mm/s). The thickness of the plug is varied from top to bottom (0.25
brane. After that, the water phase is pushed in the channel withand 0-1xm).
a syringe pump. The scheme is representdeign 2(a) and
(b). After contact with the organic phase, the aqueous mobile
phase is carried away into a capillary tube and directly cou-
pled with an UV detector. Between the cell and the syringe
pump an auto-injection valve AV7-3 (BioRad, Switzerland)
with a low injection volume of about 1L of sample is
connected.

The system was composed of two pieces, one of poly-
carbonate (PC) for the water phase and the second one of L . .
polyetheretherketone (PEEK) for the organic phase. These In liquid|liquid chromatography studies, the goal is to de-

pieces were fixed together, face to face using screws. Eachtermlne the partition coeff|C|e.nlt value .Of. a given species.
channel is 50 mm long, 5 mm wide, 106n deep (/s =500 Therefore, the effect of the partition coefficient on the concen-

_ tration evolution at the probe is firstinvestigatedrlg. 4, the
wlé =50). ) L . ) .
concentratiore; is illustrated as a function of time for differ-
entratios ok /ky. Forthese calculations, the other parameters

multiplied by the length of the injection plug being as a frac-
tion of column dead volume. The variation &fs obtained

by the variation of the detecting positieralong the chan-
nel. As expected, the curves obtained for the thinner plug
(Iplug=0.1um) fit better with the analytical model.

4.2. Effect of the partition coefficient P

4. Results and discussion

0.10+ ¢4
4.1. Calibration

The present model was compared to the analytical model -
given by Kuznetsov and GiraylB5] for the same geometry
(double microchannel with a stationary and mobile phase).
In this case, the channels are very thin (depthu3’ to
neglect the transversal diffusion. The injected sample plug is
a Dirac function, in the absence of axial (i.e. longitudinal)
dispersion. ThidDirac function is approximated by a thin
plug of thicknesdug equal to 0.2um and 0.Jum (i.e. 5%
and 20% of the channel depii.

To illustrate better this analytical solution, let us introduce
two independent dimensionless parameters—a kinetic reten-
tion coefficienté and a dimensionless time (& = fred1,

T = Iret- k2). The rate constants » are both equal to 10, Fig. 4. (a) Effect of the partition coefficient on the time evolution of
leading toP =1 and the velocity/ =0.01 mm/s (flat profile). ~ the concentration at the outlet of the channek1mm, y=50um,
The time evolution of the normalized (dimensionless) con- ‘;":ﬁe: i?gg:g;mé;’:gtﬁig‘"‘tﬁn gl?,;p;ﬁzle ;’:ﬁg;i":c')‘e"f}iité’ig) (ttzz_F)"Ot
centration clLP(p/Cllp"_’g) IS remesen'_{ed Iﬁlg. 3for differ- theoretical line, ¢) numerical points for a 100/1pqm1 thickness of the mi-
ent values of the two independent dlmenSIOroﬂeSS parametergyochannel and®) numerical point obtained for a 20/20n microchannel

& andt. The concentration of injected solutg (molar) is (V=0.5mm/s).

0.06—

0.04—

0.02+

Concentration (aqueous phase) / mM

0.00

T 1
200 300 400
Time /s
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values are kept constant (i.e. geometry: depth 1004100
diffusion coefficient in water and organic phaser1n?/s, ol 7 s
and mobile phase velocity: 0.025 mm/s). Thék, ratio is oo il
varied from 0, 1, 3-10. It is quite evident that for higher par- F 01 mmss.
tition coefficient, the species will be retained for alonger time

in the organic phase, therefore the diffusion time increases
and the measured curve presents an extended tail, the curves
becoming less symmetrical and very flat. As it can be ob-
served inFig. 4(a), the curves are delayed with increasing
theP-value so that the retention time increases and the peak
value decreases. Under the equilibrium partition assumption,
the retention time is related to the partition coefficient by the 0
following equation32]: (a)

0.01 mm/s

Concentration / mM

T T T
0 100 200 300 400
Time /s

_ IRet— IRes _

INd = P (7 0.12 |

IRes

— 23 mm/s

wheretyng represents the normalized retention time arid 0.10 K rasiv

defined as the ratio between the volume of the stationary and
the mobile phases, respectively, which is equal to unity in the
present work. Consequently, the plot of the dimensionless
retention time versus the partition coefficient gives a straight
line with a slope of unity, as it can be seenrFiy. 4(b) (full

line). The dotted line corresponds to the numerical results
obtained with a 100/10@m thickness of the microchannel, 602 %
giving a slope value 30% below the theoretical one. That -

comes from the inaccurate determination of the retention time T T e
dueto avery flat curve with a long tail (fBr= 10). The second (b) Time /s

reason is that the species have not enough time to diffuse to . =
the wall of the organic phase and do not take advantage of WS B A i it
the confinement parameigr That is confirmed by the use of Al om0 35 e
a thinner microchannel (20/20m) for which the numerical St oy
point (°) goes up to the theoretical lingyg =9 instead of 7).

That will be further discussed and illustratecHig. 6.

The values ok /ky ratio chosen in this work correspond
to a moderated loB values from 0O to 1. A lot of compounds
of pharmaceutical interest have the partition coefficients in :
thisrange (i.e. antipyrine, codeine, nicotine, morphine sulfate 2l 2
[39]). Comparison between the curves obtained for different AT
partition constants at the interface shows clearly that solutes 0L T | 1

with high logP need an optimized geometry. © 0 50 100 T'ISU;’ 200 250 300
me/s s

0.08 ;
006 |\ / -

0.04 [1 1

Absorption (AU)

by =

g

Concentration / mM
~

4.3. Effect of the sample velocity for different geometries g 5. (a, ¢) Effect of the sample velocity on the time evolution of the
concentration at the outlet of the channel for the 100/100 and 20120
To enable the comparison with the experimental case, depth channels, respectiveli(k; = 10). (b) Experimental data obtained
the geometry of the microchannel is here chosen to be With the cellillustrated irFig. 2
100/100um depth. Furthermore, a shorter channel length is
taken into accountl(=1 mm instead of 50 mm used in ex- into the organic phase. Indeed, the time of the first peak cor-
perimental part) but the ratlg,¢/L is maintained atthe same  responds to the residence time, indicating that species have

value of 10. no time to diffuse totally to the organic phase. The second
The sample velocity is varied and the other parameter val- peak corresponds well to the retained species, released from
ues are kept constant, using the values summariZeahie 1 the organic phase. For lower velocity value (0.05 mm/s), we

Fig. 5a) illustrates the time evolution of the concentra- still observe the double peaks, but the initial plug almost dis-
tions at the outlet of the channel for different velocity values appears and for 0.025 mm/s, the first peak (and initial plug)
of the aqueous phase. In the case of high velocity valuesdisappears completely: the species have enough time to dif-
(0.075 and 0.05 mm/s) a double peak shape can be observeduse from the mobile phase to the stationary one and to re-
due to the fact that the initial plug is not totally transferred turn. In this case, the partition phenomena is effective and the
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response curve will be more delayed with an asymmetrical

shape. When the depth of each channel is | if®0andD is 1.2
10-2m?/s, the transversal diffusion timé&%(D) is estimated

to be about 10 s. For the velocity of 0.025 mm/s, the residence
time, tresis four times the value of the transversal diffusion

0.8

time (405, i.e. 2 crossing of each channel for the go and re- &

turn path, leading to % ). Consequently, the species have ™3 06 20/5 um

enough time to cross the organic phase and to cross back to o 100/100 um

the water phase when the plug has flowed away. 04 M 28@8 m
At low velocity value (0.01 mm/s), diffusion effects dom-

inate over convection and the peak has a long tail. 02 5 s
The above-mentioned phenomenon has also been ob-

served experimentally. The drug partitioning experiments are 00 0.0 o1 0]') (;I; (}|4 ols

carried out using the set-up illustratedrig. 2 by injecting
the sample (e.g. 1 mM 2,4-dinitrophenol) in the microchan-
nel and recording the appearance of the drug on the end ofrig. 6. Plot of non-dimensional retention times vs. sample velocity values
the microchannekig. 5b) shows the curves obtained at two for different depths of the microchannel. All the results were obtained for a
different velocities (i.e. 1.5 and 2.3 mm/s). The shape of the flat flow proﬁle except the(f) points that are obtained for a parabolic flow
absorption curves agrees well with that of the simulation part Profile (seetig. 9).
at high velocity. Thus, the first absorption intensity corre-
sponds to the residence time of the species and the secon@©9P around unity) and when the diffusion velociti/§)
peak to the species retained by the organic phasetanol). is as fast as the plug flow velocity, the species have the time
The good qualitative agreement between simulation and t0 9o into the organic phase and come back in the mobile
experiments indicates that the investigations obtained using@dueous phase without consequent retention. Therefore, for
the numerical simulation can be useful to optimize the pa- moderated lo§ values, the flow velocity has to be higher
rameters for practical applications. than the mass transfer coefficiddts. From this condition
To study the effect of the geometry, the 20{2@ channel and the previous criterior.(V > 4 tpjt ), it can be concluded
depth is envisaged. For the new geoméiy, 5(c) shows the that the velocity has to respect the following range in order
time evolution of the concentration (et 1 mm) for different ~ t0 improve the retention time.
magnitudes of sample velocity. The sensitivity is increased DL
with a higher magnitude of sample velocity, and the peak a(P)— < V < 252
is narrower. It can also be observed that all the peaks are
relatively symmetrical for velocities greater than 0.1 mm/s. In other words, the sample velocity has to be chosen in such
For a low velocity value, due to a longer diffusion time, the a way that species have enough time to transfer to the or-
detected peak has a tail. For this geomey, = 0.4 s, so for ganic phase (for a given channel length) and in the same time
V < 0.5mm/s, the residence time is five times higher than the the velocity has to be sufficiently high to be sure that the
diffusion time of the species fulfilling the previous condition, initial plug really overtakes the retained species (for aRog
tres™> 4 tpjsf . FOr this channel, the complementary criterion around unity). On the other hand, for high Bgalues, even
of good quality of the peak is aldges< 10tpjs to limit the if the species have the time to diffuse back into the mobile
broadening of the species. phase, they should wait that the concentration in the aqueous
If we compare the two geometries, it is clear that the thin- phase decrease sufficiently to transfer according to the parti-
ner one enables narrower peaks with high sensitivity due totion coefficient (e.gP=1000). But this extra time induce a
the fact that high velocity values can be used while respect- consequent damage of the peak quality due to the diffusion
ing the time for the “forward and backward” diffusion of the and, as a consequence, high gimulations would require
species. much thinner geometries. Thgparameter is introduced here
Fig. 6illustrates the evolution of the normalized retention to define the above relationship also for highlogVitha =1
time (calculated as the first moment) versus the sample ve-and logP =1, 95% of the optimal retention time is ensured
locity for different depths of the channel. The horizontal line for the 20/20 depth of the geometry. For Bg 2, simula-
at unity represents the theoretical relationship correspondingtions have shown that 73% of the optimal retention time is
to Eq. (7). For each geometry, a first increase of the rela- achieved: which requires a higher valueoofo insure 95%
tive retention time is observed when increasing the sample of the optimum retention time.
velocity, but for higher velocities this retention gain is damp- Applied to the 20/2@um channel, this criterion gives the
ened. The low retention time for the lowest velocities is ex- velocity range (0.1-0.5 mm/s), which is globally confirmed
plained by the weak difference between convection velocity by Fig. 6. For the situation of near-Gaussian responses, it
and diffusion one, which is not sufficient in this case. When has also been verified that the optimum velocity given by
the species are not strongly retained by the thermodynamicsthe Van Deemter curve (based on the theoretical plate height

V/mms'

(8)
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representation versus the flow velocity) is comprised in the
velocity range given by the criterion.

This retention decrease is particularly marked for the
deeper channel (100/1@0n) for which the optimal velocity
range is narrow (0.025 mm/s). On the other hand, the thinner
channel offers a quasi plateau shape and wide range of veloc-
ity values. Moreover, for the thinner geometry (20(i20),
the net value of the retention time reaches eight titrgs
and all these velocity values (0.3 0.5 mm/s) have a good
quality and a good retention. For the same geometry but in
the case of parabolic flow profile, the retention time results
((¢) points inFig. 6) are higher than the theoretical value due 0 . . ‘ ‘ .
to the increase of the peak delay as it will be explained in @ ¢ 50 100 Tizg ME"” 250: 300
Fig. 9. '

So, the thinness of the channel improves both the peak
quality and the relative retention time. On the other hand, the
channel with a thinner organic phase (20/5) loses the gain
of retention time Fig. 6). Due to the phase ratio and the
resulting higher local accumulation, the species in organic
phase can very rapidly overcome tRevalue (i.e.co/cp > 10
for the present case) and transfer back to the flow channel
without consequent retention. However, this channel can be
useful for the studies of drug with a highlt is worth noticing
that for each channel thickness, the maximum velocity values ]
are limited by the time needed to diffuse to the walls. A global
conclusion is that the depth of the channels is a very important '

T T
) . 0 20 40 60 80 100
parameter for the response of the detecting signal. (b) Time / s

----- x=0.25mm
- -+ x=0.5mm
—-- x=0.75mm
= x={1mm

50/50 pym
v=0.025 mm/s

15x10°

Concentration / mM

—— x=1mm
x=0.75mm
----- x=0.5 mm
---x=025mm
20/20 pm
V=0.25 mm/s

Concentration / mM

4.4. Effect of the detecting position Fig. 7. Effect of the detecting position for two geometries depths (a)
50/50pum (V=0.025 mm/s) and (b) 20/20m (V= 0.25 mm/s).

The processes of partition can be followed directly along
the microchannel as the detection point is moved along the |, the depth of penetration of the species in the organic
X-axis. Th|§ effect_ is studied for two geometries, _50/50 and phase is notably reduced, leading to a more rapid response.
20/20pm via the time response of the concentration (at var- The first effect dominates fdp» values between 16 and
ious x positions) in the mobile phas€ig. 7(a) shows the  15-1012/5 (short delay) and the second one takes the advan-

signal peaks at=0.25, 0.5, 0.75 and 1 mm for a geometry tage withD, =5 x 10~ 12 m?/s, for which the peak presents a
of 50/50pm depth. At the beginning of the microchannel, a |ie hump in its first part of the curve.

high peak signal was observed, but the peak s rapidly damped
with the distance, the shape presenting a long tail at the out-
let. In Fig. 7(b), the same calculation has been done for a
20/20p.m depth microchannel. In this case, the distribution
curves are approximately symmetrical and almost without
tail.

— D=10" mfs
e D=5 10" mYs
-10

----- D=10
~—- D=5 x 10""mA

oo

=

(=)
I

m/s

4.5. Effect of the diffusion coefficient

In logP experiments, the diffusion coefficient of the or-
ganic phase is strongly dependent on the matefigl. 8
illustrates the time evolution of the concentration for a fixed
velocity (0.075 mm/s) and geometry (50/ah) for different
diffusion coefficient valuesin the organic phase. Itis observed 0 , ‘ | , ,
that the diffusion coefficient has not an important effect on 0 50 100 150 200 250 300
the retention time and on the shape of the response curves. Time /s
Two "?‘”taQO”'St phe_nom_ena can be obse_rved: the decrea_se c?jig. 8. Effect of the diffusion coefficient of the species in the stationary
the diffusion coefficient involves a small increase of the dif- grganic phaselt,) on the time evolution of the sample concentration, for
fusion time (i.e. a delay of the peak) but whBa is very the geometry depth of 50/30m. The sample velocity is 0.075 mm/s.
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R

flat flow

— — parabolic flow:point detection

......... parabolic flow: integral

to the quality of the peaks. To ensure a sufficient relative re-
tention time, the sample velocity has to be adjusted following
the criterion(P)D/§ <V < LD/482. This criterion is valid for

a moderated lof values and therefore, the sample velocity
can be calculated for a given channel length or inversely. The
sample velocity has to be chosen in such a way that species
have enough time to transfer to the organic phase (for a given
channel length). In the same time the velocity has to be suf-
ficiently high to be sure that the initial plug really overtakes

the retained species. For a 20/2® depth channel, the re-
(Y tention time is nine times higher than the residence one, for
\ a very large range of velocity values (compared to 6 for a
small velocity range for the 100/1@0n depth microchan-
nel). For the situation of near-Gaussian responses, it has also
been verified that the velocity given by the criterion is in
good agreement with the optimum velocity given by the Van
Deemter approach.

r2
T

0 100 200 300 400

Time /s

Fig. 9. Time evolution of the concentration for different sample velocities ) ) )
(0.025,0.25, 1 mmy/s) and differentintegral concentration probes (the channel ~ When an asymmetrical microchannel is us&ds = 0.2)

depth is 20/2Qum). Line curves correspond to the flat flow velocity. Dotted  for moderated values d?, the efficiency of the retention
curves correspond to parabolic flow velocity for a single point detectionand consjderably decreases. It has also been demonstrated that the
atransversal path detection from £10) um to (1%, 20)um. disturbing effects of the parabolic flow (generally observed

) _ ) in FIA) are strongly reduced by the exchange with the static
A practical consequence is that different solvents can be organic phase. In addition, the low effectDivalues in the

used as organic phase without strong influence on the final r€organic phase on the signal (9 < 10-? m?/s) encourages
sults. Itis important to note that even gels could be envisagediq se of different solvents as stationary phase. Following

as a stationary phase in this system. this, itwould be interesting to study the partition of the species
at watefgel interfaces.
4.6. Effect of the flow profile

Fig. 9 shows the time evolution of the concentration for Acknowledgements
different flow profiles, uniform and parabolic ones, respec-
tively. For the parabolic flows, the concentration is measured  H.G. and P.-A.C. are grateful for financial support by
in one point and is also integrated on a transversal path. Itthe Swiss National Science Foundation (Grant No. 20-
can be observed that the detection does not affect the re067727.02/1).
sults, the point and transversal integration giving the same
results. The double humped peak effect observed in flow in-
jection analysis (FIA) with pressure driven fld®8] does Appendix A
not appear in the present model. Indeed, the transfer to the

static organic phase strongly damps the drawbacks of the  The local expressions of the flux conservation (Eg3.
parabolic flow. T_he comparison between both flows shows and(5)) are derived in the global form{4.3) and(A.4)) by
how the parabolic one delays and slightly broadens the de-ysing the Galerkin’s formulation (multiplication by a projec-

tection peak. The species that come back from the organictjye functiona and integration on the domain of studp):

phase arrive in the low velocity layers of the parabolic flow:

. 9

as a consequence, they arrive later to the detector. // o [ac; F V- (=DiVe; + Vey) £ kici | d2 =0
2

(A1)

5. Conclusion The convection term ofA.1) is derived by taking into ac-

count the continuity equatioR - V = 0. By decomposing
the product between and the divergence, the second order
derivative of(A.1) (divergence of the gradient) can be written

Simulation of liquidliquid partition chromatography in a
microchannel has been performed using the finite element
method. The comparison with experimental data and analyt-
ical results showed the validity of the present model.

Itis found that the partition coefficient of the species and v . (_p,v¢;) = V - (—aD;Ve;) + DiVa - Vi
the geometry of the microchannel contribute to major changes
of the final detection signal. Indeed, a small depth of the mi- Applying (A.2)in (A.1) and using the Ostrogradsky theorem,
crochannel permits a higher sample velocity and contributesthe divergence term is rejected at the boundarffo8) and

(A.2)
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(A.4), where it expresses the flux boundary condition of each [12] F.A. Reymond, Thesis in Departament of Chemistry at Ecole Poly-
species. This boundary condition is here equal to zero (no  technique Ecérale de Lausanne, Ecole Polytechniquzifale de
flux at the boundaries of the domain, excepted the inlet and___ Lausanne, Lausanne, 1997, p. 385.

. . . [13] V. Gobry, S. Ulmeanu, F. Reymond, G. Bouchard, P.A. Carrupt, B.
outlet of the channel which are submitted to the convection Testa, H.H. Girault, J. Am. Chem. Soc. 123 (2001) 10684.

fluxes). [14] B. Testa, P.A. Carrupt, P. Gaillard, R.S. Tsai, in: V. Pliska, B. Testa,
P H. van de Waterbeemd (Eds.), Lipophilicity in Drug Action and
// [acl + D1Va -Ver +aV - Veg + akier — OészZ] Toxicology, VCH Publishers, Weinheim, 1996, p. 49.
Q ot [15] B. Testa, G. Caron, P. Crivori, S. Rey, M. Reist, P.A. Carrupt, Chimia
54 (2000) 672.
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Appendix B. Supplementary data
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