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ABSTRACT

The advantages of miniaturized systems and the laminar flow regime that is present in
microfluidic channels have opened a new range of applications in which the use of multiple
streams with different reagents is exploited. However, further development of these
microdevices needs deeper understanding on the phenomena involved in order to efficiently
design such microsystems. In this work, we report the analysis of the solute mass transport
performance in Y-Y-shaped microchannels as a function of the couple influence of both the flow
patterns and mass transport kinetics. With this objective, the influence of the following operation
variables has been analyzed, the ratio between the residence and diffusion times (y) and the
volumetric ratio between the fluid phases (a), that was determined for three different geometric
configurations. The performance of the devices was presented as the solute separation factor in
the donor fluid and the concentration factor in the receiving phase. Results showed that the ratio
a greatly impacts the solute concentration value reported in both phases for the same y value,
which in turn influences the solute mass flow at the channel outlets. Both the flow patterns and
the concentration gradients developed inside the systems were numerically studied by using
Computational Fluid Dynamics (CFD) techniques and experimentally analyzed by fluorescence
microscopy with fluorescein employed as model solute. This study represents a thorough
analysis of the phenomena that determine the performance of the separation of solutes between
homogeneous flowing fluids in microdevices where the fluid dynamics are coupled with mass
transfer phenomena and facilitates its extension to the general case where separation is enhanced
by chemical reactions.

Keywords: Microfluidics, multiphase flow, miscible fluids, phase separation, diffusion, mass

transfer.



1. INTRODUCTION

Within the last decade, the use of microdevices has attracted great attention inside the scientific
community for analytical, chemical or biomedical processes [1-4]. The miniaturization of these
processes provides many advantages because, in addition to its high surface area to volume ratio,
which varies from 10,000 to 50,000 m?/m? [5], microfluidics allows an exhaustive control of the
fluid dynamics. It also offers enhanced mass and heat transfer rates, so these devices can be used
to carry out mass-transfer-limited processes or highly exothermic reactions where a better
temperature control and thus suppression of hot spots could be desired [6]. Moreover, since small
sample volumes are required, risks involved in handling hazardous materials are minimized and
the use of expensive reagents for experimental analyses can be spared [7]. Therefore,
microfluidics has been considered as a promising technology that covers two main frameworks:
1) process intensification with an improvement of safety, including the development of highly
efficient industrial processes (i.e. the factory-on-chip concept, as recently reported by Han et al.
[8]), and ii) lab on a chip (LOC) devices explored for rapid data acquisition at laboratory scale,
including kinetics, physico-chemical properties and biological information, which could guide
the proper design of traditional pilot and industrial plants [9,10].

As a result, microfluidics has been rapidly expanded to carry out small-scale chemical,
biochemical, and pharmaceutical processes involving single or multiphase flows [11-14]. In fact,
an important advantage of the laminar flow that is present within microfluidic channels is that
when multiple liquids are employed, they flow side-by-side in a highly stable manner; thus,
mixing between adjacent streams occurs only by diffusion [15,16]. Due to the traditional concept
of interface, usually recognized as the common boundary between immiscible fluids, a great

number of studies has been carried out to understand the flow regimes of immiscible liquid-



liquid systems in microchannels [17-20]. However, if fluids are miscible apparently this interface
does not exist but still, two miscible fluids, usually liquids, brought into contact will have a
boundary between them that disappears as the fluids start mixing [21]. This boundary region in
fact acts as a real interface between both liquids, sharing most of its properties with those of the
interface between immiscible fluids [22]. Therefore, if two miscible liquids flow next to each
other under laminar flow conditions, it would be possible to control their diffusive interface [23].
The precise control that microfluidics offers over the flowing conditions and the shape and
location of the interface, enables the separation of miscible phases brought in contact under
stratified flow conditions. This has opened a new range of applications that were not previously
possible [2,6,11,14,16]. For all these applications, it is critical to possess deep understanding of
the fluid dynamics of the flowing fluids as well as mass transfer kinetics of the solutes contained
in the fluids.

Regarding the co-flow of two miscible phases, it is well-known that fluids with the same
properties should flow at the same volumetric flow rate in Y-Y shaped symmetric devices (i.e.
devices where the volumetric fraction occupied by the fluids is the same) in order to achieve
complete phase separation at the outlets. However, no studies have been carried out to determine
the conditions that achieve the separation of co-flow phases in asymmetric devices where
different volumetric ratios between the fluids are employed, although these devices are useful for
different processes [24]. Furthermore, it has been also demonstrated that fluids with different
properties (especially, different viscosities), at the same volumetric flow rate are not completely
separated at the outlets of symmetric channels because the interface between the two streams is

not located at the channel midline [25-27], and as a result, different approaches have been used



to achieve phase separation [7], some of them based on trial-and-error experimental procedures
[28,29].

Studies focused on the molecular diffusion of solutes between colaminar streams in symmetric
channels are abundant [23,25,26,30-32]. It has been considered that the solute will be transferred
between co-flowing solutions if the residence time is higher than the diffusion time for the solute
to diffuse between fluids [33,34]. Therefore, the diffusion length H (considered equal to the
height of the branch in which the solution with the solute flows) plays an important role, as the
diffusion time is proportional to H? [7]. However, analysis regarding the concentration gradients
when H varies but the total height of the channel is kept fixed (various channel designs) are
lacking, although different investigations have demonstrated that the microchannel geometrical
characteristics affect the mass transfer performance between immiscible fluids [9,35-39].

The objective of this article is to deepen in the analysis of the hydrodynamics and mass transfer
between homogeneous phases inside microchannels; the methodology is based on the study
(theoretical and experimental) of the coupled influence of fluid dynamics and mass transfer on
the separation of a solute..In this work, we selected different Y-Y shaped channels that
specifically involve different volumetric ratios between the fluid phases. Theoretical analyses
have been carried out by Computational Fluid Dynamics (CFD) techniques. Firstly, the flow
patterns of two miscible fluids are studied in both symmetric and asymmetric channels and the
conditions that lead to the complete phase separation are analyzed. Secondly, the diffusion of
fluorescein as model compound is studied as a function of the ratio between the residence and
diffusion times for different geometries. Good agreement between the experimental and
numerical results was found, verifying the ability of the CFD model to predict the concentration

gradients developed inside Y-Y shaped channels for a wide range of flow rates. Thus, this design



methodology should prove useful in determining the optimum flow rates and geometry

configuration for applications that involve confined flow of different homogeneous phases.

2. MATERIALS AND METHODS

2.1. Theory

In this section, a mathematical model able to predict the flow field developed by 2 miscible
phases and the diffusion of a component between fluids inside asymmetric and symmetric
microdevices is derived. The plane x-z of the microchannels employed in the simulations is
schematized in Fig. 1. The solute (fluorescein) is transferred from an aqueous solution (Phase 1)
to deionized water (Phase 2).

General microfluidic devices usually involve the use of channels with width dimensions around
100 micrometers and several millimeters in length [11]. These values were taken as reference
and we designed different channel geometries with a total width of 200 um and 2 mm in length
(1/10 aspect ratio between width and length) as seen in Fig. 1. Thus, for the symmetric device
(Fig. 1 a)), the channel heights (Hi and Hy) were set at 100 um and the length (L) was 2 mm.
Therefore, the volumetric ratio between the fluids (0=V1/V>) is equal to 1. For the asymmetric
channels, the same geometry was employed but the phases were fed through different inlets as
seen in Figs. 1 b) and c). In these cases, H; and H, were modified and took the values of 40 and
160 pum for the configuration 1 (Fig. 1 b)), and 160 and 40 pum for the configuration 2 (Fig. 1 c)),
which is translated into a ratios equal to 0.25 and 4, respectively.

The theoretical model basically involves a CFD-based Eulerian approach, where the fluid flow is
predicted by solving the Navier-Stokes equations under laminar flow conditions and the

diffusion of a compound is modelled by inserting the Fick’s law into the continuity equation for



that component. These equations are numerically solved using the VVolume of Fluid (VOF)

method. The fluids are considered to be incompressible and Newtonian.
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Fig. 1. Microfluidic devices employed in this work. a) Symmetric configuration; b) Asymmetric

device with configuration 1; ¢) Asymmetric device with configuration 2.

Fluid configurations are defined in terms of a VOF function, F, that satisfies the following

equation under laminar conditions:



ety [VFAV] =0 (1)
where Ve and A represent the fractional volume and fractional area open to flow for each mesh
cell, and v the fluid velocity. Thus, the VOF function, F, represents the volumetric fraction.of the
incompressible phase 1 and the complementary region with volumetric fraction 1-F, represents
the volumetric fraction of the other fluid in every computational mesh cell (phase 2). It should be
noted that Eq. (1) must be modified under certain circumstances (e.g. modeling of shock waves,
chemical reactions, etc.) [40].

The fluid velocity field is governed by the mass continuity and momentum equations, which are

solved under the assumption that the fluids are incompressible, i.e.:

S (vATY) = — ot
)

V-(vA) =0

©)

where P is the pressure and f represents the viscous accelerations. Egs. (2) and (3) within the
VVOF method are solved by using a volume-fraction-weighted density (p) and viscosity (w)
through the function F. Since in this work we employ the same fluid for both phases, the density
and viscosity values for the mixture (i.e. when the mesh cell is being occupied by both fluid
phases (0<F<1), as for example in the interface cells) are the same as those reported by the
isolated fluid phases. However, this method can be perfectly extended to different fluids, i.e.
when the properties of the phases are not the same.

In addition to the flow parameters described above, the model also solves the mass transport of

species between both phases by solving the continuity equation and the Fick’s law. The presence



of a solute is defined as a property of both fluids (advectable scalar) and it is treated as an
interstitial solute, i.e. the molecules fit perfectly in the spaces between the molecules of the
solvent. The advectable scalar in this work is defined as the concentration C in terms of mass per
fluid volume in cell. The transport equation that is calculated for the advectable scalar is given as

follows:

R ViF (VAVC) = ViF [V(ADVC)] (4)
in which D is the solute’s diffusion coefficient, which takes the valueof 4.25-10°° cm?-s™ in this
work. The presence of dissolved species does not affect the fluid dynamics since they move with
the mean flow (they can only increase the fluid density).

It should be noted that when contacting several fluid phases at different velocity values, there is a
momentum transfer between them at the interface that affects the velocity field; however, solute
transport in the direction normal to the flow only occurs due to a concentration gradient as
presented in Eq. (4). Furthermore, if the fluids to be contacted at the microchannel were different
showing an interfacial distribution ratio of the solute (solubility), or if there were a chemical
reaction taking place at the interface (e.g. microextraction processes with an organic solvent),
these additional phenomena should be included in the model. Moreover, for those cases where
two different fluids were contacted inside the device, different diffusion coefficients should be
included for solving Eq. (4).

In this work, we analyze the component diffusion between phases through the interface as they

flow within the channel according to the component’s diffusion time. This time represents the
2 .
time required for partitioning of solutes between the phases and is proportional to ?—5, where H;j is

the height of the channel where the phase “i” is flowing through, “j” represents the number of



dimensions in which diffusion takes place and D represents the diffusion coefficient of the
component [41]. Thus, if the residence time exceeds the diffusion time of the solute inside the
device, the model component will have enough time to diffuse to the co-flowing phase.
Therefore, we study the diffusion at different values of the ratio y (between 0.1 and 4), described

as follows:

S

__ Residence time

Diffusion time H

-—3 ©)

iDfluorescein

where L represents the chip total length (2 mm) and v; the average velocity of phase 1 (inlet
velocity), whereas Hj is the height of the branch where phase 1 flows and Dsjyorescein the diffusion
coefficient for the fluorescein, 4.25-10°° cm?.s™ [42]. Since the diffusion time is fixed for each
geometry, the analysis corresponding to different y values was conducted by changing the
average inlet velocity value for the fluorescein phase, leading to different values of the residence
time. Although the axial velocity inside the channel gradually changes from zero at the walls to a
maximum value in the center [43], the average residence time was taken than the residence time
distribution along the channel height, which would render a more complex analysis and result
impractical for real applications.

Furthermore, the results of the diffusion analysis under steady state conditions are presented
through two dimensionless numbers, the separation factor in the donor phase and the

concentration factor in the receiving phase, described as follows:

(Cl,x=—L/2 _Cl,X=L/2)

Separation factor =

C1,X=—L/2
(6)
. Co x=
Concentration factor = =22
Cl,X:—L/Z

()



where Cy x=.1/» and Cy x=11» represent the initial and final concentration of fluorescein in phase 1
(at x=-L/2 and x=L/2, respectively), and C,x=1 1, is the final concentration found at the outlet in
phase 2. Thus, the separation factor is related to the transport of the solute by diffusion from
phase 1 (dilution effect), and the concentration factor represents the final concentration of
fluorescein in phase 2 compared to the initial concentration in phase 1. Additionally, the mass
flow of fluorescein (product between the concentration and the volumetric flowrate) for each
phase at the outlets was calculated.

All the equations were solved using the commercial flow solver FLOW-3D v11 (Flow Science,
Inc.). Water properties at 20°C were used to model both fluids 1 and 2 (p=1000 kg-m, u=0.001
Pa-s) and fluorescein sodium salt was selected as model compound to formulate solutions with
initial concentrations of about 60 mg-L™ that were fed into the microdevices through the upper
inlet (Phase 1).

Finally, a mesh independence study was carried out in order to optimize the total number of cells
employed in our simulations. This is important since the overall mesh quality could affect the
accuracy of the results; onthe other hand, increasing the total number of cells could affect the
simulation runtimes. Therefore, simulations were performed with different mesh sizes to obtain
grid independent results for the fluid flow. We progressively refined the grid (G1: 300 x 75; G2:
400 x 100 and G3: 450 x 110 mesh sizes) and calculated the difference in the obtained results.
Fluid velocity changes by 0.54% when the mesh size is increased from G1 to G2. Further
increase in the mesh size to G3 leads to a change in the velocity values only by 0.13%.
Therefore, a mesh refinement beyond G2 increases the computational cost to a great extent
(because the simulation time step decreases one order of magnitude) while it does not yield an

appreciable improvement of the results.
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2.2. Experimental validation of the theoretical model

The experiments for validating the model were performed using SU8 asymmetric and symmetric
devices (Fig. 2 a)) with a rectangular cross-section of 200 um x 200 um (Microliquid). Two
syringe pumps (Legato 210 infuse/withdraw syringe pump, Kd Scientific) and single syringes
(Omnifix 5mL luer, BRAUN) were used to control the flow rate at each inlet independently.
Tygon tubing (#=0.8 mm) was employed for the fluidic connections, as seen in Fig. 2 b). Fluids
with two different characteristics were pumped into the two inlets: a) Fluorescein sodium salt
((Co0H10Na,05s), (Scharlau (extra pure)) in water with a concentration of 60 mg-L™ (Phase 1),
and b) deionized water (Phase 2).

Fluorescence intensity (IF) caused by the presence of fluorescein in the fluid phases inside the
microchip was detected on a microscope (Nikon SMZ18) equipped with a green fluorescence
filter (light wavelengths of around 550 nm) and a Jenoptik ProgRes C5 camera (Fig. 2 c)).
Images were taken using the ProgRes® CapturePro software (CapturePro VV2.10.0.0). The
quantification of flow patterns and diffusion phenomena was performed by analyzing the

photographs taken by the camera with the software Image J (Version 1.50e, NIH, USA).
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Fig. 2. Photograph of the experimental system. a) SU8 microfluidic device; b) Chip inserted in
the holder showing the fluidic connections; ¢) Experimental setup showing the microscope and

syringe pumps.

The co-flow of the phases under different experimental conditions was characterized for both
symmetric and asymmetric devices. For the validation of the diffusion model, measurements of
the evolution of IF as the fluids flow along the asymmetric channel (Configuration 1) were taken.
The image analysis for this geometry was preceded by the sketch of a mesh in each photograph
in order to analyze the same points in all images facilitating the comparison of results. Thus, the
microchannel width was divided in different sections along the Z-axis, which are designated with
letters (A, B, C, etc.). Besides, the chip length was divided in four parts (X-axis), corresponding
to the quarter parts which are labelled with numbers from 1 to 5. This way, in each zone of the Z-

axis, five measurements were done with Image J, as it is shown in Fig. 3.

Fig. 3. Mesh sketch for image analysis and its application in an experimental image with the

asymmetric chip (configuration 1).

The inhomogeneous illumination of the microscope and the possible contamination due to

ambient light were compensated by considering the IF of the background. Besides, in order to
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reduce the effects of the different illuminating conditions for each photograph and to make the
results comparable, the IF was represented as a percentage (IFi/IF14) being i and j the zones

considered in X- and Z-axis, respectively, and IF;a corresponding to the IF at the system inlet.

3. RESULTS AND DISCUSSION

3.1. Flow patterns and phase separation studies

In this section, the flow patterns developed by both phases inside the different channels as a
function of the average inlet velocities are analyzed, in order to examine the flow conditions that
allow the complete separation of the fluids at the microdevice outlets. The volumetric fraction
occupied by both phases inside the symmetric and both asymmetric devices under different
velocity regimes (under which diffusion is considered negligible) is analyzed in Figs. 4 and 5,
respectively. As seen in Fig. 4 a), where the‘prediction of the phase separation inside the
symmetric device (a=1) is represented when both phases are introduced into the inlet of the
device at the same mean velocity (set in this case at 1 mm-s™, which corresponds to inlet flow
rates of 72 pL-h™), mixing at the outlets is not observed. Additionally, the experimental
separation of the phases at the same velocity conditions inside the symmetric chip, shown in Fig.
4 b), is in good agreement with the computational model. In Fig. 4 c) the velocity vectors are
represented for the previous conditions, showing the laminar regime developed inside the device

with the fluid velocity vectors parallel to the x-axis due to the low Reynolds number (Re < 1).
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Fig. 4 a) Volumetric fraction of the fluorescein solution inside the symmetric chip for inlet
phase’s velocities equalto 1 mm-s™ (72 pL-h™); b) Experimental picture of the solution
separation when the phases are pumped at the same flow rate inside the chip; c) Velocity

magnitude and velocity vectors for the previous inlet velocity condition.

However, when o is different to 1 (asymmetric devices), phases do not separate at the outlets if
they flow at the same velocity as shown in Fig. 5 a) for the configuration 1 of the asymmetric
device. Although in both cases the phases flow in laminar regime (i.e. the fluid velocity vectors
are parallel to the x-axis and the Reynolds number is below 1), the different pressure gradients

created by each phase in the different branches of this geometry results in the penetration of the
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fluorescein solution (red) to the lower outlet. In fact, when both fluids flow at the same velocity
inside these geometries, such mixing effects at the outlets become even more pronounced as the
difference between the height of the branches H; and H; increases. However, this behavior is not
observed for the symmetric chip, since H; is set at the same value as Hy, as seen in Fig. 4.

The complete separation of the fluid phases at the outlets in the asymmetric channels can be
achieved by ensuring the same pressure drop at each phase throughout the length of the channel.

By applying an approximation of the Hagen-Poiseuille law, it was demonstrated that this

Vmean,i

requirement is fulfilled when the value ( 7

) for each phase “i” is the same, being Vieani and

i

@i the mean velocity of the phase “i” and the diameter of the branch where the phase “i” flows,
respectively. Therefore, according to the branches dimensions in the configuration 1 of the
asymmetric device, water (phase 2) should flow with'a mean velocity of approximately 7.1 times
higher than the mean velocity of the fluorescein phase to improve fluid separation at the
microdevice outlets. Fig. 5 b) shows how the separation was enhanced at the outlets (the volume
of phase 1 exiting the device through the lower outlet was reduced to almost 50%) when this
criterion was applied, i.. by setting inlet velocities of 2.8 mm-s™ and 20.1 mm-s™ for phase 1
and 2, respectively. This behavior has been experimentally validated, as seen in Fig. 5 ¢) which
displays the experimental flow pattern of the phases flowing at the former velocity values and
shows good agreement with the computational results. In Fig. 5 d) the velocity vectors are
represented for the previous conditions, showing the laminar regime developed inside the
microfluidic device due to the low Reynolds number. Following the same criterion, in Fig. 5 e),
the phase separation for the configuration 2 of the asymmetric chip is shown. In this case, the
complete separation can be achieved when the phase 1 flows with a mean velocity of

approximately 7.1 times higher than the mean velocity of the phase 2 (water).
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Fig. 5 Volumetric fraction of phase 1 inside the asymmetric device (configuration 1) under

dlfferel’lt phaSG’S VGlOCltleS at the inlets a) Vﬂuorescein = Vwater = 1 mm'S-l, b) Vﬂuorescein = 28 mm'S-l

and Vyaer = 20.1 mm-s™; ¢) Experimental validation of the model for the velocity values
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employed in case b); d) Velocity magnitude and velocity vectors for the previous velocity
conditions; e)VVolumetric fraction of the fluorescein solution inside the asymmetric chip
(configuration 2) for phase’s inlet velocities equal to 0.44 and 0.062 mm-s™ for phases 1 and 2,

respectively.

Nevertheless, it should be noted that when the properties of the fluid phases are different, this
simplification is no longer valid because the pressure drop is influenced by the viscosity of each
phase, as was previously observed by Kriel et al. [44]. Thus, the fluid properties of the solutions

should be taken into account in order to set the same pressure drop in both branches of the

channel when working with different fluids. Specifically, the value (%) should be the

1

same for each phase “i”, where n; is the viscosity of the phase i.

It should be noted that this approach is similar to the one presented by Foroozan Jahromi et al.
for the separation of immiscible phases in Y-Y-shaped channels [45]. However, in the analysis
reported by these authors, not only the Hagen Poiseuille law was employed but also the Bernoulli
equation, and the altitudes of the outlet tubes were modified based on the pressure drop analysis
to achieve phase separation at different flow rate values. In this case, the back-pressure at the end
of the microchannel was neglected since the length of the outlet tubes was equal and short, and
they were positioned at the same altitude. Instead, the flow rates were modified according to the
pressure drop analysis.

3.2. Mass transfer analysis

In this section, the diffusion of fluorescein between the fluid phases is analyzed for the three
selected geometries under the operation conditions that ensure the separation of phases.

Specifically, the solute concentration profiles in each phase were examined for different values

17



of the parameter y and the results were presented through the separation and concentration
factors previously described. First, the diffusion time was calculated for each geometry and the
velocity of phase 1 was fixed to calculate the residence time that provides a specific value of v.
Then, the velocity of phase 2 was calculated by employing the criterion developed in section 3.1.
Besides, it should be remarked that, due to the fact that the mass transport of solute between
phases is solely due to diffusion, its transport rate stops when both phases reach the equilibrium
(the solute concentration is equal). Firstly, the theoretical model for diffusion was experimentally
validated with the asymmetric microdevice (configuration 1) because of the higher velocity
values that could be used with this geometry due to the low diffusion time; then the simulation
results for the other geometries (symmetric and asymmetric in configuration 2) are discussed.

In Fig. 6, the concentration profiles of sodium fluorescein in the asymmetric device (¢=0.25)
obtained with the theoretical model and experimentally are represented for y=4 and y=0.1. It can
be readily observed in Fig. 6 a) that for high values of y, fluorescein keeps diffusing all along the
length of the microdevice and the concentration of fluorescein that remains at the outlet is very
low (only around 20% of the initial concentration). On the other hand, low y values result in a
poor diffusion of fluorescein; the solute is kept in the upper branch as advection dominates
diffusion, as seen in Fig. 6 d). For this y value, only 10% of the initial mass of fluorescein was
transferred to the second phase by diffusion. This result can be perceived in Figs. 6 b, c), e) and
) where the experimental results have been compared for y=4 and y=0.1. Also, as seen in Fig. 6
c¢) where the straight section of the microchannel is zoomed in, a diffusional layer appears along
the channel length, whereas for y=0.1 (Fig. 6 f)) the interface between both fluids is clearly
defined by a straight line. Furthermore, there is a good qualitative concordance between the

results from model simulations and from the experiments.
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Fig. 6. Concentration of sodium fluorescein in the asymmetric chip (configuration 1) for y=4: a)
simulation results, b) and c) experimental results). y=0.1: d) simulation results and €) and f)
experimental results).
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The diffusion phenomena have been quantified in Fig. 7, where the measurements of the IF
expressed as a percentage (IF;j/IF1a, being i and j the zones considered in X- and Z-axis,
respectively, and IF14 corresponding to the IF at the system inlet) are represented for different
values of the ratio y. It can be easily observed that for high values of y (Fig. 7 a) and b)), the IF
detected in the zone where the fluorescein solution is expected to flow (zone A) decreases along
the channel length as diffusion takes place, whereas in the adjacent zone (zone B), the IF follows
the reverse trend (i.e. it increases along the axial direction of the channel). For instance, the IF
decreases approximately 43% and 35% along the channel length in zone A for y=4 and y=2,
respectively, as a consequence of the decrease in the fluorescein concentration in this zone due to
diffusion. Besides, it can be noticed that the higher the y-value, the higher the fluorescein
detection in zone B which is in agreement with the behavior expected under these experimental
conditions. Regarding the experiments in which y values are lower than 1 (Fig. 7 c) and d)), the
IF observed in zone A is maintained constant as the solution flows to the system outlet, as
unfavorable mass transfer conditions have been considered. This means that diffusion
phenomena between adjacent fluid layers are greatly minimized as there is no fluorescein (or the
amount is negligible) inthe contiguous zones to zone A (i.e. zone B). Finally, the diffusion
phenomenon has been verified by the accomplishment of the IF balance for each measurement
(i.e. the sum of the IF detected in each of the measurements in the z-axis for a fixed x value must
be equal to the one corresponding to the inlet IF;4). The graphical representation of the IF
halance is shown in Figure 7 €) and f) for y= 4 and y= 2, respectively. It should be noted that the
global IF reported for each X-axis measurement (i index) is approximately equal to the value
corresponding to the inlet (IF14). The situations in which the balance is not completely fulfilled

might be due to the inhomogeneous illumination conditions inside the device and the
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experimental error. However, in almost all cases the IF balance is practically fulfilled depicting a

satisfactory global value with an error lower than 15%.
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Fig. 7. IF in the different zones (from A to E) of the channel for different y-values. a) y=4; b)

v=2; ¢) y =0.25; d) y=0.1; e) IF balance fulfillment for y=4; f) IF balance fulfillment for y=2.
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Once the results obtained with the theoretical model have been contrasted against the
experimental data and good agreement between them has been relatively found, the comparison
of the diffusion results between the three geometries is presented. Fig. 8 a) represents the
separation factor as a function of y for the three studied geometries in which different o ratios are
employed (0.25 corresponds to the asymmetric device in its configuration 1, 1 represents the
symmetric device and 4 is the configuration 2 of the asymmetric chip). On the other hand, Fig. 8
b) shows the influence of y on the concentration factor. It can be seen in this figure that as y
increases, both the separation and concentration factors increase, which means that higher
amount of solute is being removed from phase 1 and recovered in phase 2. However, the
separation factor increases as the volumetric ratio o decreases, whereas the concentration factor
follows the reverse trend.

For example, when o=1, the separation factor is limited to 50% for high y values, i.e. when the
concentration of the solute is the same in both fluid phases. Therefore, maximum concentration
in phase 2 is also limited to 50% of the initial concentration in phase 1 when y>1. This effect has
been reported in previous studies [26]. However, this is not observed when the ratio o is different
from 1. In fact, when a is lower than 1 (asymmetric devices in the configuration 1), the
separation factor is always higher than 50% when y>1. As seen in Fig. 8 a), the separation factor
varies from 60 to 80% when 7y increases from 1 to 4. On the other hand, the separation factor
reported by devices with a ratios higher than 1 (asymmetric devices in the configuration 2) is
negligible for all the y values tested (in this case, it varies from 2.7 to 4.3% as y increases from
0.1 to 4). Thus, this type of devices are not practical for those applications where high removal of

the solutes by diffusion are required.
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Nonetheless, the concentration factor which relates the concentration of the solute at the outlet of
phase 2 follows the opposite trend. In these cases, the higher the a ratio, the higher the
concentration factor observed. For instance, and due to the different volumes of the donor and
the receiving phase, when o goes down to 0.25, the concentration reported at the outlet of phase
2 is practically negligible, because of the high volume of the receiving phase. In this case, it is
kept constant at values of around 7% for the range of y under study. On the contrary, with
asymmetric devices in their configuration 2 (a >> 1), high concentration of the solute in the
phase 2 is reported (93-96%) while the dilution of phase 1 is negligible at the same time due to

the low volume of the receiving phase with this configuration.
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Fig. 8. a) Separation factor and b) Concentration factor as a function of y for the a ratios under
study (o equal to 0.25 and 4 are the asymmetric devices for the configuration 1 and 2,

respectively, whereas 1 represent the symmetric device).

Finally, the analysis of the fluorescein mass flows at both outlets as a function of y are presented

in Fig. 9, where the results are compared for the chips with o ratios of 0.25 and 1 (results for the
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device with a a ratio of 4 are not discussed due to the low mass flows obtained). As it can be
observed in Fig. 9, the solute mass flow increases as y diminishes for both geometries due to the
increased fluid inlet flowrates employed for low y values. Additionally, it should be noted that
the fluorescein mass flow of both phases decreases as a increases. This effect is caused by the
high diffusion times (proportional to HZ) for higher o values and thus, the low fluid flowrate
employed for the same y. This is why the mass flow results for the configuration with a a ratio of
4 are almost negligible (at least two orders of magnitude lower than the values corresponding to
the rest of geometries).

Furthermore, the mass flows for both phases are the same when y>1 for the symmetric device,
since at these y values the concentration reported by both phases is the same (as well as the
flowrates of both fluid phases employed for this device), as shown in Fig. 9. However, as y
diminishes, the solute mass flow of the phase 1 increases because of the greater concentration in
this phase when low residence times are applied.

On the other hand, this behavior is-not observed when a is lower than 1. For the configuration 1
of the asymmetric device, higher mass flows are observed in phase 2 for all the y values
analyzed. In this case, phase 1 flows with much lower flowrate than phase 2 in order to ensure
the same pressure drop for both phases along the channel length and avoid phase mixing at the
outlets (as developed in section 3.1). Since the solute mass flow is the product between the
concentration and the fluid flowrate, the observed results are highly dependent on the higher
fluid flowrate of phase 2, reaching solute mass flows values as high as 33.7 pg-h™ for phase 2, as

seenin Fig. 9.
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Fig. 9. Solute mass flow at both outlets for the symmetric (o=1) and asymmetric device in the

configuration 1 (0=0.25).

4. CONCLUSIONS

Microfluidics has emerged as a novel technology able to integrate physical and chemical
processes to achieve effective separations at a low cost within a small volume. Accordingly,
multiple applications in analytical chemistry, biochemistry, pharmacy, etc. have been developed
in recent years due to the advantages of the microscale (i.e. large area-to-volume ratio, short
diffusion distances/times, etc.). Nevertheless, for two fluid phases flowing through microdevices,
the progress in this technology and the deployment of new separation applications rely on the
ability to understand the coupled influence of fluid dynamics and the solute mass transfer rate
from the donor to the receiving phase in the separation and concentration factors reached in the
microdevice.

In this work, we deeply analyze the influence of operation and geometric variables in the

performance of microfluidic separation devices with two homogeneous fluid phases. The flow

25



patterns of miscible fluids inside Y-Y shaped microfluidic devices (asymmetric and symmetric
channel geometries) have been studied both experimentally and theoretically, as well as the
diffusive transport of a model component (fluorescein) from a donor phase to a receiving phase.
We have demonstrated that the phase separation inside the symmetric device can be achieved
when both phases flow at the same mean velocity, however, under these circumstances mixing at
the outlets is observed for the asymmetric devices. Nevertheless, by ensuring the same pressure
drop for both solutions (a function of phase velocity, fluid properties and geometrical
characteristics of the channel) phase separation inside the asymmetric channels can be improved.
Furthermore, the rate of molecular diffusion was analyzed for the first time in both symmetric
and asymmetric devices as a function of y (ratio between the residence time of the donor phase in
the chip and the diffusion time of the solute). Results showed that different separation factors and
solute mass flows at the outlet of both phases were obtained for the same y values when varying
the volumetric ratio between phases a (determined in this work through different channel
configurations). In fact, a ratios lower than 1 (asymmetric devices with configuration ““1”’) could
be used for applications where high separation factors and high solute mass flows are required,
whereas the configuration “2” (a ratios higher than 1) demonstrated to be the best geometry for
those processes where high concentration factors are needed. Finally, when a is equal to 1
(symmetric devices), the concentration and solute mass flows are limited by the solute
concentration equilibrium between the fluid phases for high y values. Therefore, this analysis
provides the optimum fluid dynamic conditions (y values) and geometry configuration (a ratio)

for any specific application.
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Miscible liquid-liquid flow patterns in different microchannels are presented.

Mass transfer of a model component between homogeneous flowing phases is analyzed.

Evaluation of the residence and diffusion times ratio (y) on mass transfer.
The influence of the volumetric ratio between phases (o) is studied.

Separation and concentration factors for different y and o values are calculated.
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