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Microfluidic droplet-based liquid-liquid extraction:
online model validation

Martin Lubej,? Uro$ Novak,® Minggiang Liu,® Mitja Martelanc,® Mladen Franko® and
Igor Plazl*?

Droplet-based liquid-liquid extraction in a microchannel was studied, both theoretically and experimentally.
A full 3D mathematical model, incorporating convection and diffusion in all spatial directions along
with the velocity profile, was developed to depict the governing transport characteristics of droplet-based
microfluidics. The finite elements method, as the most common macroscale simulation technique, was
used to solve the set of differential equations regarding conservation of moment, mass and solute concen-
tration in a two-domain system coupled by interfacial surface of droplet-based flow pattern. The model
was numerically verified and validated online by following the concentrations of a solute in two phases
within the microchannel. The relative azobenzene concentration profiles in a methanol/n-octane two-
phase system at different positions along the channel length were retrieved by means of a thermal lens
microscopic (TLM) technique coupled to a microfluidic system, which gave results of high spatial and tem-
poral resolution. Very good agreement between model calculations and online experimental data was
achieved without applying any fitting procedure to the model parameters.

Introduction

In the last two decades, the confluence of available microscale
engineering and the scale dependence of fluid behaviour has
revolutionized our ability to precisely control and manipulate
fluids and fluidic/fluidic interfaces."” In this period, micro-
fluidics evolved using multidisciplinary knowledge involving
physics, chemistry, biology, and engineering, where its appli-
cations range from materials processing and analytical chem-
istry to biology and medicine.*® Besides the advantages
manifested in practical applications, microfluidic devices are
excellent tools to gain deeper understanding of underlying
mechanisms and principles, like transport phenomena and
kinetics.'*™® In order to describe the transport phenomena in
microflows, quantitative analysis of diffusion and convective
mass transfer is needed.'”” "

The development of successful applications within the
field of microfluidics and broader fields including analytical
chemistry is reliant upon several factors,>** of which an
appropriate detection approach is essential.”® Powerful ana-
Iytical tools have been developed combining detection tech-
niques with a microchip, and the majority of these methods
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are based on optical phenomena. Among them, fluorescence
detection is the most commonly used in microfluidics. How-
ever, weak fluorescence of targets, photobleaching and auto-
fluorescence of many polymer materials, as well as non-
specific biomolecules in the sample, are challenges that still
have to be solved.>**®> An option that eliminates these prob-
lems is thermal lens microscopy (TLM), a photothermal
spectroscopic technique, which provides a flexible and highly
sensitive detection approach for nonfluorescent molecules
that is capable of carrying out single-molecule detection for
label-free in vivo quantification.”® TLM provides high sensitiv-
ity, which is comparable to the sensitivity of spectro-
fluorimetric methods, and enables detection of absorbances
as low as 10”7 AU (absorbance units).”” For example, TLM
provided the possibility of determining average concentra-
tions corresponding to 0.4 molecules in a detection volume
of 7 fL and counting individual metallic nanoparticles.*®
Detection is, however, performed at just a single excitation
wavelength, which, in addition to the limited number of laser
emission lines available for excitation in TLM, results in the
relatively poor selectivity of TLM. To alleviate this disadvan-
tage, TLM can be used in combination with separation tech-
niques, such as liquid-liquid microextraction, or with some
additional treatment of the sample or analyte (e.g. derivatiza-
tion), as demonstrated in several analytical applications of
TLM, which were previously reviewed.***” Nonetheless, com-
bining TLM with microchip technology compensates for the
weaknesses of available analytical techniques and widens
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its applicability to microchip chemistry.>*”>® In our previous
works, the optical configuration of a thermal lens microscope
(TLM) was optimized for detection in a microfluidic chip with
respect to the flow velocity, pump and probe beam parameters
(beam waists, offsets, mode mismatching degree).>*>' As an
application, TLM was used to study the diffusion of azobenzene
in continuous parallel flow within a microfluidic chip®
and provided quantitative data on molecular transport (diffu-
sion coefficients and partition coefficient) in a microfluidic
system, which was first evidenced by TLM in a microfluidic
stationary system by Kitamori and coworkers.*”

In this work, concentrations of azobenzene were measured
inside a microchannel during droplet-based extraction in
methanol/n-octane with the in-house built TLM. A detailed
description of the transport phenomena by means of mathe-
matical modelling at the macroscopic level was presented,
which provided insight into the concentration profiles of the
moving droplet and the surrounding plug of stable slug flow.
The finite elements method was used to solve the model
based on momentum, mass and species conservation equa-
tions. The species flux continuity and the concentration dis-
tribution between the two phases were also taken into
account to theoretically describe the transport phenomena in
droplet-based microfluidics. The model was verified and vali-
dated online to depict the governing transport characteristics
of multiphase flows at the microscale without modelling sim-
plification based on the film theory and the volumetric mass
transfer coefficient, k; a.

Theoretical background
Governing equations

A theoretical description of the liquid-liquid extraction pro-
cess at formed and stable segmented flow in the micro-
channel was developed using the bases of continuum theory.
The following set of differential equations regarding momen-
tum conservation (eqn (1)), mass conservation (eqn (2)), and
species conservation (eqn (3)) have to be solved to describe
the convection-diffusion dynamics in all three spatial direc-
tions and to depict the governing transport characteristics of
droplet-based microfluidics:

ii - Vii + Vp, —W?i =0 (1)
V.i=0 (2)
%m -VC,-D,V’C, =0 (3)

where ji is the velocity vector (m s™), pi is the kinematic
pressure (m” s %), v is the kinematic viscosity (m*> s™), C; is
the concentration of the solute (azobenzene) in either metha-
nol or n-octane (mol m™*), and Dy is the diffusion coefficient
of the solute (azobenzene) in both solvents (methanol and
n-octane) (m” s ™).

The momentum and mass conservation equations (eqn (1)
and (2)) are treated as stationary; however, the species
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conservation equation (eqn (3)) is time dependent, since the
concentration profile solutions are regarded as functions of the
different resident times of the slug inside the microchannel.

Slug geometry

The geometry of the slug was determined using two main
parameters: the contact angle of the interfacial surface (deter-
mined from the photographs of the Taylor droplet flow inside
the glass microchannel) and the volume of the slug. A system
of four equations was solved to obtain the parameters that
define the interfacial surface (eqn (4)—(7)):

y:y0+\/r]2—x2+w/rzz—zz (4)

[ [y ®
0
é(;%} =—tan(a) (6)
0
a—i (:%] =—tan(a) 7)

where the first expression (eqn (4)) represents the parabolic
function y(x, z), r; is the radius of the droplet contact surface
in the x direction, r, is the radius of the droplet contact sur-
face in the z direction, V is the total volume of the droplet
obtained from experimental estimations, and « is the contact
angle of the droplet at the channel wall surface. Parameters
Yo, I'1, I were obtained as a solution of the above equations
(eqn (4)-(7)) and the function y(x, z) of the interfacial surface
was then determined.

The parabolic function was used as a base for droplet and
slug geometry determination, which was used as a physical
domain for numerical calculations. The physical domain was
decoupled into two parts (D4, D,) that define the fluid out-
side the slug and the fluid inside the slug (Fig. 1). Both
domains were coupled at the interfacial surface using the
mutually dependent boundary conditions regarding the veloc-
ity and concentration distribution at the interfacial surface.

Fig. 1 Slug geometry used as a primary physical domain for numerical
simulations.

This journal is © The Royal Society of Chemistry 2015
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The boundary conditions for the governing equations
(eqn (1)—(3)) were determined for each boundary surface at
domain parts and are listed in Table 1.

The most significant boundary conditions for obtaining
the droplet-based multiphase flows in the microchannel are
those defined at the interfacial surfaces. The velocity at the
interfacial surface was defined as zero in the direction per-
pendicular to the interfacial surface (no mass exchange over
the interfacial surface). The velocity in the other directions
was equalized in both domains (inside and outside the drop-
let) to satisfy the momentum continuity. The equilibrium
relation between the concentration of azobenzene in metha-
nol and n-octane defined by the partition coefficient K, was
assumed as a boundary condition at the one side of the
interface, while the continuity of flux in the perpendicular
direction to the interfacial surface was considered as a
boundary condition at the other side of the methanol/
n-octane interface. The initial condition for concentration
differs depending on the simulation type. At simulations of
transport from droplet to slug, the normalized concentration
inside the droplet was set to 1 and inside the slug it was set
to 0. When simulating the transport from slug to droplet, the
initial condition regarding the normalized concentration was
1 inside the slug and 0 inside the droplet.

Numerical analysis

The finite element method (FEM), which is based on the
discretization of continuous forms of transport equations,
was used for the numerical solving of the system of partial
differential equations (eqn (1)-(3)) with the appropriate
boundary conditions described in Table 1. The verification of
the mathematical model was performed on the basis of
numerical analysis. The discretization of the physical domain
for defined geometry (Fig. 1) by 1989 070 heterogeneous tet-
rahedral elements with the higher mesh density of elements
at the interfacial surfaces and channel walls has enabled sta-
ble and accurate solutions.

Experimental set-up

A pump beam from an Argon laser (Innova 90, Coherent Inc.,
Santa Paula, USA) at 457.9 nm was first reflected by mirrors

Table 1 Boundary conditions for governing equations (egn (1)-(3))
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to the beam expander II (lenses L3 and L4 with focal lengths
of 3 and 5 cm, respectively), and then, after passing a
mechanical chopper operating at 1.03 kHz, it was combined
by a dichroic mirror with a 632.8 nm probe beam from a
He-Ne laser (Melles Groit 25-LHP-151-230, Rochester, New York,
USA), which first passes an optical isolator (composed of a
linear polarizer and a quarter wave plate) and beam expander
I (composed of lenses L, and L, with focal lengths of 4 and
15 cm, respectively) (Fig. 2a). These two beams were aligned
coaxially through an objective lens (20x/NA 0.40), and then
propagated through a microfluidic device (the dimensions of
the microchannel were 190 pm X 390 pm x 11.25 mm in
depth, width and length, respectively) (Fig. 2b). The micro-
fluidic system was composed of two high-pressure syringe
pumps equipped with stainless steel syringes (Harvard Appa-
ratus, PHD 4400 series, Holliston, USA), which ensured pre-
cisely controlled, adjustable flow rates of methanol and
n-octane through the PTFE tubes (VICI Jour, Schenkon, Swit-
zerland) to the microfluidic chip with the T-junction (Dolo-
mite Ltd., Royston, UK). Simultaneously, the probe beam
(2 um in diameter at its waist) was located ~70 pm below the
pump beam waist to ensure the maximum detection sensitiv-
ity. The probe beam was diffracted by the TL effect and, after
a condenser lens, its axial intensity was monitored by a
photodiode (Thorlabs GmbH, PDA36A, Munich, Germany)
mounted behind an interference filter and a 4 mm pinhole.
The photocurrent signal from the photodiode was processed
by a lock-in amplifier (Stanford Research Systems, SR830,
Sunnyvale, California, USA) with a time constant set at 0.1 s
and stored on a personal computer.

The stable Taylor droplet flow formation was enabled at a
total flow rate of 0.5 pL min™" for the methanol and n-octane
phases, while the inlet concentration of azobenzene in meth-
anol or n-octane was 0.2 mg mL™". Azobenzene was chosen
for the purpose of this work due to the overlap of its absorp-
tion band with the wavelength of the available excitation
laser and its similar solubility in both solvents. Low solubility
in one of the solvents would result in higher experimental
errors due to low TLM signals in the solvent providing low
solubility, and corresponding low or no observable changes
in concentration in the other solvent. The on-line TL-signal

Surfaces (Fig. 1)

Boundary conditions regarding velocity

Boundary conditions regarding concentration

ABCD, MNOP

DHGC, HLGK, LPOK Moving wall #, =i, = ii(0,u,,0)

CGFB, GKJF, KONJ Moving wall i, = ii, = ii(0,u,,0)

AEFB, EIJF, IMNJ, DHEA, HLIE,
LPMI, DHEA
HGFE, KLIJ

Symmetry i, -7i =i, i =0

i -n=0, i,=

=
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Periodic condition #, (ABCD) =i, (MNOP)

Flow continuity, no flow perpendicular to surface

Periodic condition C,(ABCD) = C,(MNOP)

Zero gradient % = % =0
0z 0z

Zero gradient %G = %G =0
ox  Ox

Symmetry —ji- N, =—ii- N, =0
Flux continuity, concentration distribution

_ﬁ.]_\]l:—ﬁ.ﬁz C,=C, K,
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Fig. 2 a) Schematic diagram of a laser-excited TLM coupled with a
microfluidic system. M1-M6: mirrors; L1-L5: lenses; DM: dichroic mir-
ror; OL: objective lens; MC: microfluidic chip; W: 1/4 wave plate at
632.8 nm; P: linear polarizer; F: interference filter at 632.8 nm; PD:
photodiode. b) Snapshot of the microchannel with formed and stable
droplets of n-octane in methanol with dissolved azobenzene. c) Mea-
suring positions inside the microchannel.

was recorded for up to 300 s, at distances of 1, 3, 5 and 7
mm from the junction at the center and 100 pm to each side
of the main microchannel (Fig. 2¢). The signal corresponding
to the concentrations of azobenzene inside and outside the
droplet for each measurement point was taken as the average
over ten droplets or the following continuous phase solvent
in each run, which was repeated twice. The signal corre-
sponding to the initial concentration (C0) was measured in a
similar way when just one of the solvents with dissolved
azobenzene was pumped through the microchannel. The
ratio of such signals (corresponding to CO0) in n-octane and
methanol served as a normalization factor to compensate for
the differences in the thermo-optical properties (thermal con-
ductivity (k), and temperature coefficient of refractive index
(6n/3T) of the two solvents.

For the fluid flow observation and taking photographs, a
digital microscope (Aigo GE-5, Beijing Huaqi Information
Digital Technology Co., Ltd., Beijing, China) was employed.

Results and discussion

A schematic of the TLM setup together with the characteriza-
tion of the microchannel and stable droplet-based flow is
shown in Fig. 2. Since the impact of the solute concentration
on the density and viscosity of the solvent fluids can be
neglected due to their low concentration, the solutions to the

2236 | Lab Chip, 2015, 15, 2233-2239
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momentum and mass conservation equations (eqn (1) and
(2)) can be obtained irrespective of the species conservation
equation (eqn (3)). The steady-state numerical solution was
achieved in an average of 6 iterations, where the steady-state
criterion was defined with relative initial residual of depen-
dent variables lower than 107°. The relative velocity profile of
droplet-based laminar flow for one quarter of the channel
without the contribution of the droplet's forward movement
velocity profile through the channel is shown in Fig. 3. The
velocity magnitude is presented using a colour map, while
the direction of the fluid flow is represented by velocity vec-
tors. The fluid circulation in the opposite direction of the
droplet movement may be observed at the channel wall sur-
faces, which is balanced by the movement of the fluid in the
direction of movement at the middle of the channel. A simi-
lar circulation pattern may be observed for the fluid outside
the droplet.

After determining the velocity profile for stable segmented
flow at laminar flow conditions in the microchannel, the con-
centration profiles of azobenzene in methanol and n-octane
at different residence times can be predicted by solving the
mass balance equation for solute (azobenzene) at non-steady
state conditions (eqn (3)). The diffusion coefficients, Dy, for
azobenzene in methanol and n-octane were taken from the
literature®" and were 5.0 x 107'° m* s and 6.0 x 107'° m?
s!, respectively. The partitioning coefficient, K, for
azobenzene in the n-octane/methanol two-phase system was
also taken from the literature®" and was 0.92. The experi-
ments were performed and repeated in the T-shaped micro-
channel at equal inflows of the continuous (methanol) and
dispersed phases (n-octane) with a total flow rate of 0.5 pL
min~', which enabled immediate formation of stable Taylor
droplets of the same size and shape (Fig. 2b). At higher flow
rates (a few puL min~" or even higher), droplets become inho-
mogeneous in size and their flow velocity changes along the
microchannel and between the droplets. The concentration
of azobenzene used for this experiment (0.2 mg mL™")

%107 (m/s)

15

o

Fig. 3 Velocity profile of both phases for the slice at the middle of the
channel at a total flow rate of 0.5 pL min™* of methanol and n-octane.

This journal is © The Royal Society of Chemistry 2015
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appears relatively high for the sensitivity of TLM. Such a high
concentration of analyte was, however, employed to reduce
the error in the experimental data for those measurement
positions in the continuous or dispersive phases where the
analyte concentration was low due to the short time available
for diffusion, and the corresponding TL signal was much
more influenced by the instrumental noise.

A graphical presentation of the microfluidic droplet-based
liquid-liquid extraction of azobenzene from methanol to
n-octane at different positions along the microchannel (at dif-
ferent droplet residence times) is shown in Fig. 4. It can be
observed from the graphical results that the convective mass
transport in all three spatial directions dominates over diffu-
sion, since the main change in concentration is observed in
the middle of the channel, where the fluid circulation is the
largest. However, the transfer of azobenzene across the meth-
anol/n-octane interface is carried out only by the diffusional
mass transport, so both macroscopic mass transport mecha-
nisms are involved in the distribution of the solute in the
two-phase system during the microfluidic extraction process.
The efficiency of the process is limited by the partitioning
coefficient, K. Comparisons between the simulated results
and the online experimental data for the microfluidics
droplet-based extraction of azobenzene from the methanol
phase to the n-octane phase and the extraction of the solute
in the opposite direction are presented in Fig. 5 and 6.

Each experimental point on the graphs represents the
average value of three measurement points in the transverse
direction at a specific location (or residence time) along the
microchannel (Fig. 2c). The TLM signal proportional to the
solute concentration at a certain measurement point was con-
tinuously recorded when the slug travelled past this point.

When the interfacial surface between the two phases
passed the specific measurement point, the expected distur-
bance of the signal was observed (e.g. signals close to 1.5, 3.7
and 5.3 seconds for the case shown in Fig. 7). They are due
to the diffraction of the probe beam by the refractive index
gradients caused by the curved interface between the solvents
when a slug is entering or exiting the detection point. To
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Fig. 5 The experimental and model averaged and normalized
concentration profiles for the extraction of azobenzene from
methanol to n-octane along the microchannel at different residence
times.

exclude the effects of these disturbances on the determined
concentration ratio, only signals from the plateau regions
(0.5 s and 1 s time span for the droplet and the continuous
phase, respectively, as delineated by the squares in Fig. 7)
were averaged and taken into consideration.

The average signals were normalized by the normalization
factor (determined as described in the experimental section)
to compensate for the differences in the optothermal proper-
ties of the two solvents, which result in different thermal lens
enhancement factors, and are in turn reflected in different
TLM signals for the same analyte concentration in different
solvents.**3* The value of normalization factor was 1.72,
which is in good agreement with the theoretical value of 1.86
(found by dividing ((0n/0T)/k) ratios for n-octane and
methanol).

Fig. 7 furthermore confirms that Taylor flows in combina-
tion with TLM can be used in chemical analysis based on lig-
uid-liquid microextraction and derivatization to perform a
microfluidic flow injection analysis where the reagents are
dissolved in a continuous phase and analyte is extracted from

Fig. 4 The concentration profiles of azobenzene inside of droplet (n-octane) and outside of droplet (methanol) for the slice of slug at the middle
of the microchannel at different residence times (the total flow rate of methanol and n-octane was 0.5 uL min™).

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 The experimental and model averaged and normalized
concentration profiles for the extraction of azobenzene from n-octane
to methanol along the microchannel at different residence times.

Lock-in signal (mV)

02 . Dlsturllaance . . . .
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Fig. 7 Example of time dependent TLM signals measured at location
P3 in the middle of the capillary for Taylor flow (azobenzene in
methanol as the dispersed phase, n-octane as the continuous phase)
with indicated disturbances by diffraction at the droplet/slug inter-
faces. Squares indicate the unperturbed signals taken for averaging.
Higher signals correspond to droplets, lower signals to the continuous
phase.

the sample (dispersed phase). Such an approach provides
much higher sample throughput compared to continuous
parallel microfluidic flows, which were applied earlier.>®
None of the model parameters, like the diffusion coeffi-
cients of the solute in both phases and partitioning coeffi-
cient, were used as fitting parameters, so the proposed model
can be defined as validated online due to the good agreement
between the model predictions and the online measure-
ments. Moreover, the results show that the theoretical
description of the transport phenomena for many chemical
and biochemical processes in microfluidics multiphase flows
can be described and predicted by macroscale simulation
techniques based on the continuum approximation. How-
ever, the convection and the diffusion in all spatial directions
along with the velocity profile have to be incorporated in the

2238 | Lab Chip, 2015, 15, 2233-2239
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mathematical model to depict the governing transport char-
acteristics of multiphase microfluidics.

Conclusions

A 3D mathematical model, incorporating convection and dif-
fusion in all spatial directions along with the velocity profile,
was developed to describe droplet-based liquid-liquid extrac-
tion in a microchannel. The model was verified by numerical
analysis and validated by online monitoring of the relative
solute concentration profiles in two phases within the micro-
channel. The thermal lens microscopic (TLM) technique
coupled with a microfluidic system was used to obtain reli-
able experimental data with high spatial resolution at differ-
ent positions inside the microchannel during the studied
extraction process in a Taylor flow. The macroscale FE simu-
lation technique based on the continuum approximation was
applied to find the numerical solutions of the proposed
model, and very good agreement between model calculations
and online experimental data was achieved without applying
any fitting procedure to the model parameters. Compared to
previous reports on TLM in studies of molecular transport,
the application of TLM described in this work represents an
important step towards studies of microscale molecular pro-
cesses in complex microfluidic systems, which can in turn
serve as an important step for improvement of the selectivity
in analytical applications of TLM.

The understanding of the fundamental mechanisms
involved in fluid flow characteristics at the micro scale is
essential since their behaviour affects the transport phenom-
ena and microfluidic applications. Therefore,
simplifications in the theoretical description of the processes
in microflow systems, especially in the cases of complex
multi-phase flow patterns, can lead to false predictions in
later design and optimization procedures.
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