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Abstract

Nanochannels have been widely utilized in micro/nanofluidic systems due to the
unique characteristics of the nanochannels. One of the most unique characteristics is
ion selectivity induced by the overlap of electrical double layer. Using ion selectivity,
electrokinetic systems employing nanochannels have been widely developed. Due
to the scalability and visibility, micro/nanofluidic platforms have been utilized for
the fundamental studies of the electrokinetic systems. To simulate the realistic macro
systems, the micro platforms have been fabricated with a design which mimics the
systems. However, the designs of the platforms have been limited due to the
limitations in the nanojunction fabrication methods. Therefore, in this thesis, a
nanoporous membrane patterning method was developed and concentration
boundary layers were investigated with micro/nanofluidic platforms fabricated with
the patterning method.

First, an arbitrary-shaped nanoporous membrane fabrication with adhesive lift
method was presented. The presented method utilizes oxygen plasma treatment and
spin coating for the uniform and precise patterning of the nanoporous membrane. To
demonstrate the fabrication method, we fabricated micro/nanofluidic platforms with
membranes patterned along microchannels with surface shape of square, sine,
sawtooth, triangle and fractal wave and with depth of 5 um, 15 um and 150 um. The
conformal patterning was confirmed by direct visualization of ion concentration
polarization in three mechanisms (surface conduction, electroosmotic flow and
electroosmotic instability). Furthermore, the different effect of undulated surface on

ion concentration polarization in electroosmotic flow regime and electroosmotic



instability regime was evaluated with direct visualization and electric measurements.
Therefore, we suggest that the presented nanoporous membrane fabrication method
would enable the fabrication of near-practical micro/nanofluidic platforms.

Secondly, we demonstrated the alignment of electroconvection utilizing
reinforcing structures which have been utilized as physical component of ion
selective membrane. The experimental devices were fabricated with the adhesive lift
method. Through numerical simulation and experiments, we confirmed that the
stable electroconvection was aligned with reinforcements which was wide in width
and close to ion depletion zone, and the geometric conditions of reinforcements for
the stable vortex alignment was confirmed. Furthermore, the electroconvection in
chaotic regime was also aligned with reinforcing structures. Due to the alignment,
the chaotic electroconvection was stabilized and the stabilization was quantified with
time-averaged profiles of cation concentration (simulation) and fluorescence
intensity (experiment). Moreover, we demonstrated that the electric current was
stabilized with the reinforcing structures inside the ion selective membranes. Thus,
we present that the reinforcing structures would be utilized for the stabilization of
electroconvection in various concentration polarization systems.

Finally, we presented a continuous and spontaneous nanoparticle separator based
on diffusiophoresis induced by ion exchange. The diffusiophoretic separator was
fabricated with the adhesive lift method. In the separator, the exclusion distance
followed the scaling law of the conventional spontaneous diffusiophoretic system.
Thus, we separated particles with different diffusiophoretic mobility due to the
difference of size (40 nm, 200 nm and 2 pm). Furthermore, the separation
resolution was increased by enhanced concentration gradient induced by addition of
Tris buffer. The addition of Tris also played a role as a pH regulator so that the



separated buffer stream can be appropriate for pH-sensitive biomolecules. Therefore,
we expect the presented continuous and spontaneous diffusiophoretic separation

platform to be utilized for analysis of various nanoscale biomolecules.

Keywords: Electrokinetic phenomena, Adhesive Lift Method, Ion Selectivity, lon
Concentration Polarization, Electroconvection, Diffusiophoresis.
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Chapter 1. Introduction

1.1. Ion-selectiviy of a Nanochannel

Nanochannels have been reported to have unique characteristics unlike
microchannels. One of the main characteristics is ion selectivity which is induced by
overlap of electrical double layer (EDL). When a microchannel is filled with
electrolyte, the ions in the electrolyte is affected by the electric field induced by the
surface charge at the microchannel wall[1]. Therefore, when the wall is negatively
charged, the concentration of cations near the wall becomes higher than the
concentration at bulk and the electric potential exponentially increases to zero with
distance from the wall. The EDL is defined as the layer near the wall with the ion
distribution which is different from that of the bulk. In the case of symmetrical

electrolyte, the thickness of EDL is measured as

o \1/2
%:(L’Z”j) , (L)
2e z°n,
where & is permittivity of free space, & is the relative permittivity, kg is Boltzmann
constant, T is the absolute temperature, e is elementary charge, z is the valence of the
ion and n« is the bulk concentration[2]. As indicated in the equation (1.1), the
thickness of the electrical double layer depends on the bulk concentration of the
electrolyte. Hence, the Debye length in the microchannel filled with 1 mM KCI
solution is 10 nm at room temperature and the Debye length decreases as the ionic
strength of the solution increases.

In the case of microchannels, ions in the electrolyte move freely in the center of

1



the channel since the width of the channel is extremely large compared to the
thickness of EDL as shown in Figure 1.1(a). On the other hand, in the case of
nanochannels, the size of the nanochannel is small compared to the EDL so that the
EDLs on the walls overlaps each other as shown in Figure 1.1(b). Consequently, only
cations exist within the overlapped electrical double layer inside the negatively
charged nanochannel. Therefore, cations can pass through the nanochannel while
anions are blocked at the nanochannel, which is called ion selectivity. In this thesis,
Nafion was mainly utilized as nanojunction so that cation-selective transport was

mainly covered in this thesis[3].
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Figure 1.1. The schematic diagram of the ion distribution and the electric potential

distribution inside (a) a microchannel and (b) a nanochannel.



1.2. Ion Concentration Polarization

Using ion selectivity induced by nanochannel, unique phenomena have been
reported. One of the phenomena is ion concentration polarization (ICP). ICP refers
to a phenomenon described next. When voltage is applied across an ion exchange
membrane immersed in electrolyte, due to ion selectivity, counterions pass through
the membrane by the electric field while co-ions are blocked at the exchange
membrane. In the case of cation exchange membrane, anions in the cathodic
electrolyte are moved to the cathode side of the membrane by the electric field. Since
anions on the cathode side cannot pass to the anode side of the membrane, anions
accumulate on the cathode side. Due to the electric neutrality, the concentration of
cations also increases on the cathode side and the region is called ion enrichment
zone. On the other hand, anions on the anode side of the membrane are moved to the
anode by the electric field so that the concentration of anions decreases since the
anions on the cathode side of the membrane cannot pass to the anode side. To
maintain the electric neutrality, the concentration of cations also decreases in the
anode side of the membrane. As a result, the ions are depleted in the anode side of
the cation exchange membrane and the region is called ion depletion zone (IDZ) as
shown in Figure 1.2[4]. The detailed study utilizing this phenomenon would be

explained in Chapter 2 and 3.
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1.2.1. Mechanisms of Overlimiting Conductance

In the early stage of electrokinetic study about the overlimiting conductance,
electric currents through a nanoporous membrane was predicted to be saturated to a
constant value due to the decrease of the ion concentration in the anode side, which
is called limiting current. However, it has kept to be reported that the current
increases over the limiting current as a function of the applied voltage. Under this
circumstance, the current exceeds the limiting current, called overlimiting current.
Thus, the slope of the overlimiting current as a function of applied voltage would
give a overlimiting conductance. While several mechanisms have been suggested,
Bazant et al mainly categorized the mechanism for overlimiting conductance as
surface conduction (SC), electroosmotic flow (EOF) and electroosmotic instability
(EQI) as shown in Figure 1.3[5].

Whether SC, EOF or EOI is the main mechanism of overlimiting conductance in
an ICP platform is determined by the ion transport pathway. In a microfluidic
channel, ions are mainly transported by wall transport or bulk transport. The
characteristic length scale of the microchannel is the main factor for determining the
proportion of wall transport in the total ion transport. If the width and length of the
microchannel are sufficiently long, convection in the microchannel is suppressed as
the microchannel depth decreases so that the effect of bulk transport becomes
negligible and the effect of wall transport becomes dominant in the platform, which
is called the SC regime. Conversely, as the depth of the microchannel increases, the
effect of bulk transport increases so that the ions are transported by both wall and
bulk transport, which is called the EOF regime. Finally, when the microchannel

depth becomes extremely high, the effect of bulk transport becomes dominant and



the wall transport becomes negligible in the platform so that the platform eventually

lies in the EOI regime. These mechanisms would be discussed later in Chapter 2.
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1.2.2 Electroconvection

In the EOI regime, the ions are transported through the vortices formed in IDZ
like the EOF regime. However, unlike the vortices are formed by the EOF at the wall
in EOF regime, the vortices are formed by the EOF induced at the surface of the ion
exchange membrane in EOI regime, which is called electroconvection. EOF induced
at the membrane surface is determined by the competition of two mechanisms:
Dukhin’s mode and Rubinstein’s mode[6].

When the membrane is heterogeneous (i.e. undulated surface or impermeable
patterns on membrane surface), EOF at the membrane surface is formed in specific
directions and positions by the focused electric field induced by the membrane
heterogeneity. Due to the EOF parallel to the direction of the membrane surface and
mass conservation, vortices are formed in specific directions, which is called
Dukhin’s mode[7].

On the other hand, electroconvection occurs even when the ion exchange
membrane is homogeneous. When IDZ initiates, small fluctuations in the extended
space charge layer occur randomly. The fluctuation induces the electric field in the
direction parallel to the membrane. Then EOF is induced in the direction of the
tangential electric field. Above a critical threshold voltage, the EOF increases the
size of fluctuation and a large vortex is formed in consequence of positive feedback,
which is called Rubinstein’s mode[8].

As the applied voltage across the membrane increases, the formation of
electroconvection in Rubinstein’s mode becomes more active and the
electroconvection in IDZ becomes unstable, which is called the chaotic regime. In

chaotic regime, has been reported that the current value fluctuates due to the



instability in electroconvection which contributes to the ion transport[9-11]. The

detailed study using electroconvection would be discussed in Chapter 2 and 3.
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1.3. Diffusiophoresis

Diffusiophoresis refers to the spontaneous motion of particles in an electrolyte
with a concentration gradient[12, 13]. The diffusiophoretic migration of particles is
caused by two mechanisms. The first one is called chemiphoresis. When a charged
particle exists in electrolyte, an EDL is formed around the particle due to the surface
charge of the particle in the same way of a channel wall described in section 1.1. If
concentration gradient is formed in the electrolyte, EDL on the higher concentration
side of the particle becomes shorter than one on the lower concentration side due to
the dependence of Debye length and ion concentration as shown in Figure 1.4 i. In
the case of a negatively charged particle, the charge density becomes higher in the
higher concentration side. Consequently, an electric field is induced by the
nonuniform distribution of charge density as shown in Figure 1.4 ii. Then, as shown
in Figure 1.4 iii, the particle is moved by the electric field, and the movement is
called chemiphoresis[14]. The other mechanism is an induced electrophoresis by the
difference of cation’s and anion’s diffusion through an electrolyte with the
concentration gradient29. However, in this thesis, the induced electrophoresis was
not considered since induced electrophoresis was negligible compared to
chemiphoresis. The detailed study utilizing this phenomenon would be explained in

Chapter 4.
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Figure 1.4. The schematic diagram of the mechanism of diffuiophoresis. i.
Formation of asymmetric EDL due to concentration gradient in electrolyte. ii.
Electric field induced by nonuniform charge distribution. iii. Diffusiophoretic

migration of particle.
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Chapter 2. Adhesive Lift Method
for Patterning Arbitrary-shaped

Thin Ion-selective Films in Micro/nanofluidic Device

2.1. Introduction

A micro/nanofluidic platform has been often employed as a fundamental research
tool, because it has a number of superior points to a traditional platform. For example,
one can easily perform unit operations such as feeding nutrient to cells[15], washing
buffer solutions[ 16, 17], precise controlling pH[18, 19] and implementing mechano-
transductions[20], etc. Among these benefits, we would like to focus on direct
visualization. Due to the excellent scalability of the platform, one may build a high-
throughput application by “integral” of the platform[21, 22]. Reversely, a high-
throughput application, which one cannot observe incidents inside, can be
“differentiated” into a micro/nanofluidic shell[23]. Furthermore, the platform is
usually built with a transparent substrate so that one can directly observe incidents
inside the small-scale world[4]. Consequently, one can study an operation in a
macro-scale system without building the macro system by itself. Representing
example of such a way is studying an electro-desalination system based on ion
concentration polarization (ICP) which is different from the traditional desalination
method such as reverse osmosis. Desalination typically refers to the techniques
which pure water can pass through and salts are mostly rejected to pass through the

ion-selective membranes. Compared to this, ICP desalination method doesn’t need
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for water to pass through the membrane. Charged impurities can be removed from
brine by the repulsive force of ion depletion zone (IDZ) that was developed due to a
rapid proton hopping through ion selective films. Note that small-throughput
desalination/purification strategies were studied by ourselves, for example,
spontaneous diffusiophoretic purification by ion exchange of Nafion and an artificial
kidney device by ICP purification mechanism extended with 3D printing[24-27].
Another representing example of electro-desalination is electrodialysis (ED) which
utilizes both anion selective- and cation selective- membranes[28, 29]. It is
extremely hard to watch in operando operation of such macro-scale desalination
devices, but a micro/nanofluidic ICP platform enables to tell us a number of
interesting stories about electroconvective instability, mechanism of overlimiting
current and ion separation, etc. by the direct visualization[29]. In such studies, ion
selectivity is the key feature to be utilized for removing impurity.

Ion selectivity described in section 1.1 refers to a phenomenon in which only
either cations or anions can freely move in the region where electrical double layers
overlap each other. The electrical double layer is a layer formed at the surface of a
channel in a nanometer-scale by the surface charge of the channel[1]. In order to
induce ion selectivity, the channel requires to be fabricated in a nanometer-scale so
that the electrical double layers in the channels to be overlapped. Therefore, in
conventional micro/nanofluidic platforms, nanoscale structures have been
implemented in various ways to induce ion selectivity.

One of the methods is constructing a nanochannel on the main substrate such as
glass or silicon with employing a semiconductor manufacturing process[30-32]. This
method allows the fabrication of the nanochannels with precise positions and shapes.

However, since a complex and sophisticated semiconductor manufacturing process
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is employed, the process takes a long time and high cost to fabricate the
nanochannels. In addition, the ion selectivity is low because the surface charge of
the substrate is significantly low compared to the concentration of the buffer
solution[33, 34]. Thus, salt removal has not been accomplished in electro-
desalination system assembled with nanochannels when the ion concentration of
brine solution is high. Consequently, the nanochannels have been replaced with
highly-charged nanoporous membranes in previous researches.

In the case of nanoporous membranes consisting of polymeric components such
as Nafion, nanostructures are formed due to random arrangement of molecular
structures in the form of pores in the nanometer scale, unlike lithographical
fabrication of nanochannels[3]. Since the surface charge of the Nafion film is
significantly higher than that of the nanochannels made of glass or silicon, the ion
selectivity is maintained even when the ion concentration of the buffer solution is
high. For example, the Donnan concentration of Nafion is three-time higher than
seawater concentration so that one would able to expect nanofluidic phenomenon in
seawater solution with Nafion-based platform[35, 36]. Additionally, the soft-
lithographical fabrication using Nafion solution is very simple and low-cost
compared to the direct implementation of nanochannels[4, 37, 38]. However, since
the cutting and assembling are performed manually, the position of the Nafion film
cannot be accurately determined and the shape has been limited[35]. Thus, the
platforms with ion selective films still have limitations in terms of dissimilarity to
practical macro-scale systems. While the system may involve spacers between
membranes or uneven surface of the membrane, etc.[39-41], the up-to-date soft-
lithographical nanofabrication method of micro/nanofluidic platform has unable to

reflect those features. Therefore, we propose a nanoporous film fabrication method
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which enables the fabrication of a micro/nanofluidic network as similar as a realistic
system.

In this chapter, the fabrication was carried out in the following process. First, a
microchannel block was treated with oxygen plasma treatment to increase the
wettability of the surface to be coated with nanoporous film. Then, the film was
patterned by spin coating Nafion in the intended area. Subsequently, the Nafion film
in the unintended area was detached with the adhesive lift method. Using the method,
nanoporous films were successfully patterned along the arbitrarily-shaped
boundaries of the microchannels with various waveform shapes and depth of the
microchannel could vary from 5 pm to 150 um, which is a conventional range of
practical micro/nanofluidic system.

The operation of films was demonstrated by direct visualization of ICP. In
particular, the mechanisms of ICP are divided into three types mainly depending on
the characteristic length scale of the fluidic components[5]. The mechanism
corresponding to surface conduction (SC) was observed through the device with a
depth of O(1) um, electroosmotic flow (EOF) through the device with a depth of
O(10) um, and electroosmotic instability (EOI) through the device with a depth of
O(100) um. Through a direct visualization, we confirmed that an IDZ extends in the
direction perpendicular to the electric field regardless of the shape of the
microchannel boundary in the SC regime and EOF regime. However, in the case of
the EOI regime, we observed that as the wavelength of the waveform at the boundary
of the ion selective film was shorter, IDZ was formed at the position of the trough of
the waveform, and the zone was expanded from the position. These visualizations
associated with the electrical measurement of overlimiting conductance lead that

overlimiting conductance is independent of the shape of the ion selective film in the
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EOF regime, while it significantly depends on the shape of'it in the EOI regime. Also,
we confirmed that overlimiting current regime easily initiates with the undulated film
especially in EOI regime. In conclusion, here we present a simple but useful soft-
lithographical nanofabrication method that can pattern a highly charged nanoporous
film at a precise location along the arbitrary shaped microchannel boundary. The
presenting method would be an effective way to fabricate a realistic

micro/nanofluidic system as close as possible.
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2.2. Methods

2.2.1. Fabrication of Micro/Nanofluidic Device with Arbitrary-

shaped Membrane

Figure 2.1. showed the schematic process of fabricating a micro/nanofluidic
device incorporated with arbitrary-shaped nanoporous membrane. Detailed

descriptions of each step were elucidated as follows.
(1) Preparation of microchannel network

The targeting device developed in this chapter was fabricated by sandwiching an
ion exchange membrane between a microchannel block and a slide glass. The
microchannel block was prepared by soft lithographical process. First, microchannel
structure was patterned on a silicon wafer with SU8 photoresist (Microchem, USA).
While nanochannels are connected to microchannels in lithographical
nanofabrication, only microchannels are patterned on the master in the case of soft
lithography and, then, the microchannels are connected later by nanoporous
membrane. Therefore, only two microchannels were patterned on the polydimethyl-
siloxane (PDMS) block as shown in Figure 2.1(i). One of the microchannels is a
ground channel connected to a cathode, and the other microchannel is a main channel
connected to an anode. Since IDZ is formed in the main channel, one of main

channel’s edge was designed in an arbitrary-shape shown in Figure 2.1(i).

After preparation of the master, PDMS polymer solution was prepared by mixing
PDMS base and curing agent (Sylgard 184 silicone elastomer kit, Dow Corning,

USA) in a ratio of 10:1. Then, the mixed PDMS solution was degassed in a vacuum
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chamber for 1 hour to prevent the formation of the air bubbles in the microchannel
block. After degassing, the PDMS solution was poured on the master and baked in
the oven at 75°C for 5 hours. The cured PDMS was detached from the master and
cut into a block with a razor blade. Then, the PDMS block was punched at positions
of reservoirs with a biopsy punch.

(i1) Masking with adhesive tape for plasma treatment

The nanoporous film in the targeting device was designed to connect microchannels
at the position where the edge of the main channel is undulated. Therefore, the film
was positioned only on the region between the ground channel and main channel. In
addition, the microchannel regions were also coated with Nafion. Since the main
channel is undulated in a microscale and the masking tape was attached manually,
the masking of the microchannel regions cannot be performed precisely. Hence, the
excess amount of film was covered on the entire device and the excess film was
removed later by adhesive tape. Except for that intended area, the reservoirs should
be covered by adhesive tape (3M, USA) to prevent leaking a Nafion solution (Sigma
Aldrich, USA). This Nafion solution will be the nanoporous film after drying the
solvent of it as shown in Figure 2.1(ii).

Then, the masked PDMS block was exposed to oxygen plasma (CuteMP, Femto
Science, Republic of Korea) with a power of 50 W for 6 sec to increase adhesion
between the block and the Nafion film. Plasma treatment is known to increase the
wettability of a surface. In particular, it has been reported that the PDMS surface
becomes hydrophilic and the contact angle decreases when plasma treatment is
performed on the surface[42]. Therefore, if oxygen plasma was not treated on the
PDMS surface, the nanoporous film was not fully coated up to the microchannel

boundary as shown in Figure 2.2(a)-i. On the other hand, in the case of plasma-
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treated surface, Nafion was coated up to the arbitrary boundary of the undulated
microchannel as shown in Figure 2.2(a)-ii.
(ii1) Spin coating of Nafion solution to form a nanoporous film

After plasma treatment, the PDMS block was placed on a silicon wafer, and then
100 uL of 20% or 5% Nafion solution was dropped on the plasma-treated surface of
the block. 20% and 5% Nafion solution was utilized for the microchannel depth
above 15 um and below 15 um, respectively (Figure 2.1(iii)). The 5% Nafion
solution was prepared by diluting the 20% Nafion solution with isopropyl alcohol
(Sigma Aldrich, USA, 99.5%). After dispensing the Nafion solution, the block was
pre-spun at 500 rpm for 10 sec with acceleration at 100 rpm/s to spread the Nafion
on the entire surface of the block. Then, the spin speed increased to 4000 rpm with
the acceleration at 300 rpm/s and kept for 30 sec. After the spinning at 4000 rpm, the
rotation was dropped to zero with a deceleration at 800 rpm/s. When the block was
coated with 20% Nafion solution, a thicker Nafion film was coated than one with 5%
Nafion solution. The thicknesses of Nafion films were measured with a profilometer
(Alpha-step 500, Tencor Instruments, USA) and the thicknesses of films which were
coated with Nafion 5% and Nafion 20% solution were measured as 0.58 um and 4.22
um, respectively. If 20% Nafion solution was used for a microchannel depth less
than 15 pum, the film would not be clearly removed along the microchannel boundary
as shown in Figure 2.2(b)-i. Hence, 5% Nafion solution should be used for
microchannels of depth less than 15 um. As a result, even in the case of a thin
microchannel, Nafion film was successfully left along the arbitrary shaped
microchannel boundary as shown in Figure 2.2(b)-ii.

One can concern about the step coverage of the films coated with spin coating.
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However, reasonable step coverage is guaranteed since the dispensing of 100 pL
Nafion solution can almost fully cover the intended area and the neighboring
microchannel area. The spin coating process was employed just for the uniform and
thin film thickness. Furthermore, even if the step coverage is poor, it could be
neglected because the Nafion film on the microchannel area is removed after the ‘(vi)
Removal of unnecessary film with adhesive tape’ step.
(iv) Detachment of masking tape

The masking tapes attached before the plasma treatment was removed after the
Nafion coating (Figure 2.1(iv)). Then, the Nafion film was left on the intended area
and the microchannel inside. If the film inside the microchannel is not removed, the
ions in the buffer solution are transported through the membrane remained on the
wall rather than the buffer solution in the microchannel when the ion concentration
of the buffer solution is lower than 30 mM. Therefore, the films on the microchannel
inside should be removed by the adhesive lift method described in the next step.
(v) Attachment of tape for adhesive lift

To prevent damaging the film on the intended area after removing the films on the
microchannel inside, another adhesive tape were attached to the block parallel to the
microchannel. Note that the edge of the tape is located in the middle of the
microchannel as shown in Figure 2.1(v). Then, the attached tapes were adhered only
to the films on the microchannel regions and not adhered to the films on the intended
area as shown in a cross-sectional view of Figure 2.1(v).
(vi) Removal of unnecessary film with adhesive tape

Since there is a height difference between the film on the intended area and the film
on the microchannel inside, they are disconnected as shown in the cross-sectional

view of Figure 2.1(v). Therefore, the Nafion films coated inside the patterned
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microchannel can be removed with the attached tape, without damaging the
membrane on the intended area as shown in Figure 2.1(vi). Thus, the presenting
fabrication method must coat the Nafion on the PDMS block with a microchannel
network so that the Nafion film can be cut with the shape of complex microchannel
edge. In the case of the spinning of Nafion on the flat glass slide, the shape of Nafion
film edge would be just flat. Also, the position of the membrane in the fabricated
platform would be imprecise since the micro/nanofluidic platform is assembled
manually. Furthermore, the Nafion films should be precisely patterned along the
microchannel edge so that the additional effects due to the overlap of the film area
and the microchannel area studied by ourselves[35] can be neglected.
(vii) Plasma treatment on the film
The Nafion film only on the intended area was left along the edge of both

microchannels. Therefore, the shape of the film should follow the shape of
microchannel edge, i.e. arbitrary shaped edge. After removing the adhesive lift tape,
the Nafion-coated PDMS block was treated with oxygen plasma with a power of 50
W for 50 sec as shown in Figure 2.1(vii). Since the oxygen plasma in this step was
treated for the bonding, the exposure time was longer than the treatment for the
increase of wettability in step (ii).
(viii) Flip and bonding the PDMS block to a glass slide

The treated PDMS block was flipped and bonded to a slide glass as shown in Figure
2.1(viii). For the bonding, the slide glass was also exposed to oxygen plasma with a
power of 50 W for 50 sec. After bonding, the micro/nanofluidic device was baked at
95°C for 5 hours to increase the bond strength between the glass and the
microchannel block. Then finally, the microchannels were filled with electrolyte and

Ag/AgCl electrodes were inserted to the reservoirs for applying external voltage.
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Figure 2.1. The schematic diagram of the fabrication process of the
micro/nanofluidic platform with arbitrary-shaped nanoporous film. (i) Preparation
of microchannel network. (ii) Masking with adhesive tape for plasma treatment. The
PDMS block was treated with oxygen plasma to increase wettability of the block.
(ii1) Spin coating of Nafion solution to form a nanoporous film. The Nafion solution
was coated with spin coater for uniform thickness of the Nafion film. (iv)
Detachment of masking tape. (v) Attachment of tape for adhesive lift. The tape as
attached for adhesive lift of the nanoporous film on the microchannel area. (vi)
Removal of unnecessary film with adhesive tape. (vii) Plasma treatment on the film.

(viii) Flip and bonding the PDMS block to a glass slide.
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i. w/o plasma treatment ii. w/ plasma treatment

i. 20% Nafion ii. 5% Nafion

Figure 2.2. (a) The nanoporous film (colored in yellow) coated along the
microchannel with 150 pm depth in case of the microchannel block is i. not treated
with oxygen plasma and ii. treated with oxygen plasma. The film was not completely
coated on the intended region when oxygen plasma is not treated on the block while
the film was completely coated along the microchannel block with plasma treatment.
(b) The nanoporous film coated along the microchannel with 5 um depth in case of
the coated polymer solution is i. 20% Nafion and ii. 5% Nafion. The Nafion film on
the microchannel region was not removed accurately when 20% Nafion was coated
on the block while the film was removed along the boundary of the microchannel

when 5% Nafion was coated on the block.
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2.2.2. Chemicals and Experimental Setup

To show the expandability of our adhesive lift method, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 3-4% in H,O (Sigma
Aldrich, USA) was also used. All of the above fabrication steps in Figure 1 were
applied to PEDOT:PSS, except conditions in step (ii) and (iii). In step (ii), the PDMS
block was exposed to oxygen plasma with a power of 50 W for 15 sec so that the
PEDOT:PSS film was fully coated on the block. In step (iii), the PEDOT:PSS
solution was coated with a spin speed of 500 rpm and the spread solution was dried
at room temperature for 10 minutes. This spin coating process was repeated twice in
succession to increase the thickness of the PEDOT:PSS film.

For visualization experiments, | mM KCI (Sigma Aldrich, USA) + 100 pM
Sulforhodamine B (Thermofisher, USA) solution was utilized as buffer solution.
Before the injection of the buffer solution, the devices were degassed for 30 minutes
to prevent the formation of the air bubbles in the microchannel. To induce ICP in the
microchannel, external voltage (source measure unit, Keithley 236, USA) was
applied with connecting Ag/AgCl electrodes to buffer solution. The anode and
cathode were connected to the main channel with the undulated surface, and the
ground channel on the opposite side, respectively. For direct visualization of ICP, the
repulsion of the fluorescent dye in IDZ was recorded under an inverted fluorescence
microscope (IX53, Olympus, Japan) and the CellSens program (Olympus, Japan).

For an I-V measurement, the currents were measured by applying constant voltage
for 10 minutes to ensure that IDZ inside the main channel is fully developed. Then
the next voltage was applied. This process was iterated from 1 V to 10 V at the

interval of 1 V, except 0.5 V as an initial point. Simultaneously, the buffer solution
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was continuously injected through the ground channels by a syringe pump (Fusion
100, Chemyx, USA) to maintain a constant bulk electrolyte concentration. The flow
rate was 0.5 puL/min and 0.1 uL/min for the channel depth of 150 um and 15 um,

respectively.
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2.3. Results and Discussion

2.3.1. Arbitrary-shaped Nanoporous Membrane along the Main

Channel

First result was the fabricated device. Micro/nanofluidic devices with the various
arbitrary-shaped nanoporous films were fabricated for demonstrating our fabrication
method. As shown in Figure 2.3(a), the Nafion film was patterned between main and
ground channel, and one side of the membrane along the main channel was undulated
in waveform shape. As shown in Figure 2.3(b), the sides of main channel were
undulated in the shape of square, sine, sawtooth, triangle, and fractal-shaped (4
order Koch curve) waveforms. These various shapes were designed to demonstrate
that the nanoporous films can be patterned in arbitrary shapes using the presenting
fabrication method. Furthermore, as shown in Figure 2.3(c) and 2.3(d),
micro/nanofluidic devices with PEDOT:PSS films were also fabricated to
demonstrate the expandability of the presenting patterning method. To ensure that
the films were accurately patterned, in situ visualization of ICP (or an IDZ) was
conducted. A charged fluorescent dye would be repelled from the membrane if the
nanoporous membrane properly worked. The results in main channel with various

shapes of waveform and microchannel depths were followed in the next section.
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Figure 2.3. (a) Image of the device experimented for the visualization of ICP in the
microchannels with arbitrary-shaped nanoporous films. (b) Images at the boundaries
of the main channels and the nanoporous films which were patterned along the main
channels with square, sine, sawtooth, triangle and fractal waveform shape. (c) Image
of the device with PEDOT:PSS films. (d) Images at the boundaries of PEDOT:PSS

films and the main channels with square and sine waveform shape.
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2.3.2. An IDZ along Arbitrary-Shaped Membrane

As mentioned in section 1.2, when an electric field is applied across a nanoporous
membrane (Nafion or PEDOT:PSS in this chapter), only counter-ions can pass
through the membrane due to the ion-selectivity. Whereas, co-ions are expelled from
the membrane to satisfy electroneutrality. Consequently, the ion concentration on the
anodic side of the membrane sharply reduces to form an IDZ in the case of a
negatively charged membrane. Inside IDZ, charged particles or charged molecules
including fluorescent dyes are also rejected to maintain electroneutrality[43]. Since
IDZ generates at the surface of the membrane, the fluorescent molecules are repelled
from the edge of Nafion. Therefore, observing the initiation of IDZ from the edge of
the membrane would be key evidence of conformal patterning of the film. If the film
was not conformally patterned, IDZ formed irregularly as shown in Figure 2.4(a) and
2.4(b). In both cases, Nafion was partially patterned along the edge of the main
channel so that IDZ would not grow from the black area where Nafion was failed to
be patterned. Note that the film was intentionally removed in Figure 2.4(a) and a
plasma treatment shown in Figure 2.1(ii) was not implemented in Figure 2.4(b).
Therefore, we demonstrated the successful patterning by examining the growth of
IDZ from the entire edge of the membrane, but IDZ expands in several ways as
shown in Figure 2.4(c). The appearance of IDZ expansion mainly differs as a
function of the depths of the microchannels (d), if width and length are much larger
than depth. The difference is resulted by the dominant mechanism of overlimiting

conductance.

In the early stage of electrokinetic study about the overlimiting conductance,

electric current through a nanoporous membrane was predicted to be saturated to a
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constant value due to the decrease of the ion concentration in the anode side, which
is called a limiting current[44]. However, it has kept to be reported that the current
increases over the limiting current regime as a function of the applied voltage. Under
this circumstance, the current exceeds the limiting current, called overlimiting
current. Thus, the slope of the overlimiting current as a function of applied voltage
would give a overlimiting conductance. While several mechanisms have been
suggested, Bazant ef a/ mainly categorized the mechanism for overlimiting
conductance as SC, EOF and EOI[5]. Whether SC, EOF or EOI is the main
mechanism of overlimiting conductance in an ICP platform is determined by the
medium of ion transport. In a microfluidic channel, ions are mainly transported either
by wall transport or bulk transport. The characteristic length scale of the
microchannel is the main factor for determining the proportion of wall transport in
the total ion transport. If the width and length of the microchannel are sufficiently
long, convection in the microchannel is suppressed as the microchannel depth
decreases so that the effect of bulk transport becomes negligible and the effect of
wall transport becomes dominant in the platform, which is called the SC regime.
Conversely, as the depth of the microchannel moderately increases, the effect of bulk
transport increases so that the ions are transported both by wall and bulk transport,
which is called the EOF regime. Finally, when the microchannel depth becomes
extremely large, the effect of bulk transport becomes dominant and the wall transport
becomes negligible in the platform so that the platform eventually lies in the EOI
regime. In the case of electrolyte of 1 mM KCI solution, the characteristic length
scales to determine SC, EOF, and EOI regime are O(1) um, O(10) um, and O(100)
um, respectively[45, 46]. Therefore, for the observation of each mechanism, the

devices with various depths (5 um, 15 um and 150 um) were fabricated and IDZs in
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each device were visualized as shown in Figure 2.4(c). Since the experiments used
the buffer solution as 1 mM KCl solution, 5 um belongs to the SC regime, 15 um to
the EOF regime, and 150 um to the EOI regime, respectively.

In the case of the microchannels with 5 um or 15 um depths, the fluorescent
particles started to be repelled from the edge of the microchannel in specific shapes
according to the microchannel shapes at time = 0.25 s as shown in “square”, “sine”
and “sawtooth” of Figure 2.4(c). Since the ion transport is dominantly affected by
side walls in SC and EOF regime (relatively free from complex fluid motion), IDZs
stably expand along the side walls. Therefore, the expansion of IDZ was stable over
time and the boundary of IDZ became perpendicular to the direction of the applied
electric field at # = 2 s. One small difference observed in the case of d = 15 pm was
the appearance of vortices at # = 2 s. Since a convective flow was not completely
suppressed in EOF regime, the remnant electroosmotic flow would interact with the
undulated surface so that fluorescent dye would accumulate on specific locations as
shown (Figure of 2.4(c) of 1 =2 s of d = 15 um). On the other hand, the bulk
transport becomes dominant in the microchannel depth of 150 pum. In this EOI
regime, the formation of IDZ is determined by the competition of EOF between two
modes: Rubinstein’s mode and Dukhin’s mode[6]. In Rubinstein’s mode, small
fluctuations in the extended space charge layer randomly occur when IDZ initiates,
and EOF is induced by the local expansion of the extended space charge layer[§].
On the contrary, when the membrane is heterogeneous (i.e. undulated surface or
impermeable patterns on membrane surface), EOF in IDZ is formed in specific
directions and positions by the focused electric field induced by the membrane

heterogeneity, which is called Dukhin’s mode[7]. Therefore, IDZ was initially
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formed by Dukhin’s mode at the position of the trough of the waveform in the
microchannels with 150 um depth at # = 0.25 s as shown in “triangle” and “fractal”
of Figure 2.4(c). However, when Rubinstein’s mode becomes dominant in IDZ
formation (i.e. fluctuation of extended space charge layer), the expanded IDZ shows
unstable fluidic motion. Hence, as shown in ¢ = 2 s, IDZ was expanded from the
trough position and soon deformed to an irregular shape in the EOI regime.

Furthermore, the successful patterning of arbitrary-shaped PEDOT:PSS film was
demonstrated through the direct visualization of the expansion of IDZ. As shown in
Figure 2.5, the IDZ inside microchannels with square and sine wave shaped edge
was formed and expanded from the trough positions of the PEDOT:PSS films.
Therefore, we could confirm that the PEDOT:PSS films were also successfully
patterned along the arbitrary-shaped microchannels, as similar as in the case of
Nafion films. Consequently, it was demonstrated that the presenting fabrication
method can be applied not only to Nafion but also to general nanomaterials if the
materials exist in a liquid state.

In summary, the direct visualizations of ICP phenomenon in all SC, EOF and EOI
regimes were successfully accomplished using the micro/nanofluidic platforms with
the arbitrary-shaped nanoporous films. Furthermore, using the presenting fabrication
method, one can visualize the operation of electro-desalination processes in the
platform which includes practical structures of the nanoporous membranes. This will
be elucidated in the following section with the relationship of overlimiting

conductance.
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Figure 2.4. Snapshots of IDZ visualized by the repulsion of the SRB fluorescent dye
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(colored in white gray) when the nanoporous film was (a) partially patterned and (b)
patterned without plasma treatment in step of Figure 2.1(ii). (¢) Snapshots of IDZ
initiated at the main channel boundaries with square, sine wave shape in SC regime
(5 um depth), sawtooth wave shape in EOF regime (15 um depth), and triangle,
fractal wave shape in EOI regime (150 um depth). Each series of the snapshots were

captured from a single video at times of 0 s, 0.255s,0.5s, 1 sand 2 s.
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Figure 2.5. Snapshots of IDZ initiated at the boundaries between PEDOT:PSS films

and main channels with square and sine wave shape in EOI regime.
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2.3.3. Near-practical Electro-desalination Platform using the

Arbitrary-shaped Membrane

2.3.3.1. Device Configuration

The ion exchange membranes in the practical electro-desalination systems include
additional structures which are not implemented in micro/nanofluidic platforms in
previous researches. The examples of the additional structures include a support
structure for the maintenance of the physical structure of the practical membrane or
a spacer structure for prevention of electrical short between the membranes[39, 47].
Despite the effects of these structures have been reported[48], the structures have
been minimally mimicked in previous micro/nanofluidic platforms due to the
limitation in fabrication techniques. One of the critical aspects of those structures is
that the surfaces of the commercial ion exchange membranes are undulated, unlike
the previous studies that assumed the shape of a nanoporous membrane to be flat[40].
However, the undulated membrane can be fabricated with the presenting arbitrary-
shaped membrane patterning technique as demonstrated in the previous section.
Therefore, in order to mimic the operation of the near-practical membrane on a
micro-scale, a micro/nanofluidic device with a nanoporous membrane undulated in
the shape of a sinusoidal wave was fabricated as shown in Figure 2.6(a). The
nanoporous membrane was patterned along the undulated main channel and the
ground channel as shown in Figure 2.6(b), simulating a rough surface of a practical
membrane. Here Q is the flow rate of fresh electrolyte through the buffer channel
and the ground channel. It was 0.5 pL/min and 0.1 pL/min for the case of main

channel depth of 150 um and 15 um. In addition, a spacer structure was implemented

between the main channel (200 um width x 2 mm length x either 15 um or 150 um

36



depth) and the buffer channel. For the electric conduction and ion transportation
between the main and buffer channel, an array of microchannels between the spacers
connects the main and buffer channel. The dimension of the connecting
microchannel is 15 um width, 100 um length and either 5 um or 15 pum for main
channel depth of 15 um or 150 um, respectively. The depth of 15 um and 150 um
represented EOF and EOI regime, respectively. Since the sizes of the connecting
microchannels are much smaller compared to the size of the main and buffer channel,
the hydraulic resistance of the connecting microchannel is O(10%) times higher than
the ones of the main channel and the buffer channel. Therefore, the convection in the
buffer channel and the convection in the main channel is separated, unlike the real
system. However, the separation of convection prevented the expansion of IDZ from
the main channel to the buffer channel. Consequently, the effect of the waveform of
the nanoporous membrane surface on IDZ in the main channel can be solely
visualized.

For the generation of IDZ, a voltage was applied to both ends of the buffer channel,
and the ground at both ends of the ground channel using Ag/AgCl electrodes.
Simultaneously, the buffer solutions were continuously injected through buffer and
ground channel using a syringe pump. Therefore, the ion concentration at the
boundary between the main channel and the buffer channel was maintained as the
known concentration of the buffer solution.

To evaluate the effect of the smoothness of the membrane on ICP formation, the
boundary of main channel was undulated in the form of sine waves with wavelengths

(L) of 100 um, 200 um, 500 um, 1000 um and oo(flat) as shown in Figure 2.6(c). For

all cases, the amplitude of the sine wave was kept to be 25 um.
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Figure 2.6. (a) Image of the device experimented for operation of the electro-
desalination platform with the spacer structure and the undulated surface. (b) The
zoomed image of the experimented device. The voltage was applied across the
nanoporous membrane with continuous injection of the buffer solution into buffer
channel and ground channel. The main channel was connected to the buffer channel
with an array of thinner and shallower microchannels compared to the main and
buffer channels. The Nafion membrane was patterned on the region between the
main channel and the ground channel. The surface of the main channel was undulated
in the shape of sine wave with wavelength of L. (¢c) Images at the boundaries of
microchannels and nanoporous membranes which are patterned along microchannels
with wavelength of 100 um, 200 um, 500 um, 1000 um and co(flat). The wave height

of each wave was fixed to 50 um.
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2.3.3.2. Direct Visualization of IDZ in Near-practical Electro-desalination

Platform

In the case of the EOI regime, IDZs were spaced apart from each other due to
dominant bulk transport as shown in Figure 2.7(a), called fingering. Since the
amplitude of the undulations are the same, the local slope of the membrane surface,
which can be estimated as wave height divide by half of wavelength, steepens as the
wavelength decreases. As the slope increases, the focusing of the electric field in
IDZ increases so that Dukhin’s mode becomes dominant as the wavelength decreases.
Thus, the fluorescent dye started to be depleted at the trough as the wavelength of
the microchannel boundary was shorter (See L = 100 um, 200 um and 500 pum of
Figure 2.6(c)). Furthermore, as shown in = 10 s, IDZ expanded around the location
where the zone initially formed. In contrast, Rubinstein’s mode becomes
predominant over Dukhin’s mode so that the expanded IDZ moves back and forth
when L exceeds threshold values (i.e. L = 500 um and oo of Figure 2.7(a)).

On the other hand, the initial positions of IDZ are not determined by the focused
electric field in the case of the EOF regime (i.e. d = 15 pum), because the wall
transport is dominant over the ion transport. Therefore, the formation of IDZ is not
affected by the local slope of the nanoporous membrane surface, unlike in EOI
regime. Consequently, IDZs were uniformly formed along the edges of the
membrane regardless of the wavelength and maintained for substantial time as
shown in Figure 2.7(b). As shown in ¢ = 10 s, IDZs expanded still in flat regardless

of the wavelength of the membrane boundary. These unique differences between EOI
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and EOF regimes were also verified by the overlimiting conductance of each case,

as follows.
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Figure 2.7. (a) Snapshots of IDZ induced at the main channel boundaries of sine
wave with various wavelengths (L =100 um, 200 pm, 500 um, 1000 pm and oo(flat))
in EOI regime (150 um depth), and (b) snapshots of IDZ in EOF regime (15 um
depth). Each series of the snapshots were captured from a single video at times of 0

s,1s,2s,5sand 10 s.
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2.3.3.3. Overlimiting Conductance in EOI and EOF Regime

As mentioned in the section of “An IDZ Formation along Arbitrary-Shaped
Membrane”, the mechanisms of the overlimiting conductance in the EOI and EOF
regime are significantly different from each other. In both cases, the extended space
charge layer (ESCL) inside IDZ is uniformly growing at low voltage. As the external
voltage increases further, ESCL is still uniform in EOF regime, while the layer can
be fluctuated in a system of larger characteristic length scale (i.e. EOI regime). The
fluctuation leads non-negligible perturbation of Coulombic force across ESCL so
that it generates a vortical fluidic motion to satisfy a mass conservation[49]. This
vortex becomes larger and eventually drags ions in bulk into the membrane surface.
The vortex competes against neighboring vortices so that the location on membrane
where ions can transport could be randomly distributed, which is the simple
description of EOI and the initiation of overlimiting current. Therefore, controlling
the vortices or the fluctuations may lead a significant effect on an overlimiting
conductance, either higher or lower. In the light of the results shown in Figure 2.7(a),
we can expect that the overlimiting conductance can be affected by the membrane
morphology as the positions of the vortices were controlled as a function of the
wavelength in the EOI regime[50]. Thus, we measured the overlimiting conductance
of devices with 150 um depth at various L. To calculate the overlimiting conductance,
I-V curves were measured first. See details in Experimental Setup section. As shown
in Figure 2.8(a), the lowest current curve was obtained in the case of flat membrane
(L = =) in EOI regime. To calculate the overlimiting conductance, we sampled the
difference of the current values at 5 V and 10 V since the overlimiting current

appeared from the voltage larger than 2 V. Then, the overlimiting conductance as a
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function of L was plotted as shown in Figure 2.8(b). The overlimiting conductance
at L =100 um and 1000 um was higher than the one at the flat membrane (dashed
line) while the overlimiting conductance of the other cases (L =200 wm and 500 pum)
was as similar as the one of the flat case. Therefore, we confirmed that the
overlimiting conductance was largely affected by the wavelength of the undulated
membrane surface in the EOI regime. Note that these experimental results shows a
different trend from ones of previous researches[51, 52]. We presumably assume that
the difference resulted from the limitation of the device employing the Nafion film,
which is patterned only on the bottom side of the microchannel. Because the major
scope of this chapter is demonstrating a new nanofabrication method and its
applicability, we may leave the detailed fluid dynamic interpretation as a future work.
Despite, this experiment demonstrated that nanoporous films were successfully
patterned along microchannels with different wavelengths in the EOI regime. More
interestingly, completely different results of the overlimiting conductance were
obtained when the same measurements were conducted in the EOF regime.

In the case of the EOF regime, ESCL is uniform even in high external voltage due
to the much shorter characteristic length, unlike the EOI regime. In the EOF regime,
a vortical fluidic motion is induced by the electroosmotic slip and conservation of
mass[5]. In the same way of the EOI regime, the overlimiting current is initiated by
the drag of ions induced by the vortices. However, unlike the EOI regime, the effect
of the membrane surface on the overlimiting conductance is negligible since the
positions of the vortices were fixed by the sidewalls as confirmed in Figure 2.7(b).
Therefore, one may expect that there was no difference in the current value in the
device with 15 pm depth regardless of the wavelength of the membrane surface. As
similar as the calculation procedures in the EOI regime, the overlimiting
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conductance was extracted from I-V plot (Figure 2.8(d)) and plotted as a function of
L as shown in Figure 2.8(e). It confirmed that there was no variation in the
overlimiting conductance even with any perturbation of membrane morphology.
Besides the overlimiting conductance, one of the clear evidence which can be
extracted from I-V curves to discriminate EOI and EOF regime is the difference in
onset voltage. As shown in Figure 2.8(a), the voltage range of limiting regime is 1 ~
2 V in EOI regime and the interval of measurement was 1 V so that the onset voltages
were not clearly shown in the graph. However, it can be expected that the onset
voltage of Dukhin’s mode is lower than one of Rubinstein’s mode because
heterogeneity in Dukhin’s mode can promote the onset of overlimiting current[53].
In the magnified view shown in Figure 2.8(c) and 2.8(f), we can extract the onset
voltage by crossing two regression curves; one from last two points of Ohmic regime
and the other from initial two points of overlimiting regime. There was a large

difference of the onset voltage between the Dukhin’s mode (Vonse, 100) and

Rubinstein’s mode (Vonset, ») in EOI regime (Figure 2.8(c)) while there was no

difference in EOF regime (Figure 2.8(f)).

In summary, here we confirmed the effect of the undulated surface on the electro-
desalination platforms in the EOI regime is significantly different from the EOF
regime through the direct visualization and the electrical measurements. These
demonstrations showed that the presenting new nanofabrication method is feasible

to realize the micro/nanofluidic devices with realistic structures.

45



EOI regime (d = 150 um)
(a) (b) @ 80 ‘ .

0 -

e
o
ing

(LS ) )
o o o
L1
H

=0

Overlimit
Conductance (|

100 200 500 1000
Wavelength, Z (um)

T .
AR 4,:j:-_—.::£:_::__ ________ g
3 #0001 1
0.0 T T
0.5 15 25 35
Voltage (V) Voltage (V)
EOF regime (d = 15 um)
d e) @
@) 510 | | | | . ( )mgwgi : e
Lo
L (um) e e
0.08 4 —a— 100 E*g 4 4 4
g —v— 200 6% 27 1
= 0.06 4 —=— 500 N © 100 200 500 1000
5 1000 Wavelength, Z (um)
S 004 —#— 4 (P s
a 0,03 . ‘ O
N T e ‘
0.02 41 4 goeeq %-_,::.w-i‘ """ .
; 2oo01 | AT 1
0.00 T T T Q 0.00 I Vmsst‘mﬂ 'Vu (“x
0 2 4 6 8 10 05 15 25 35 45
Voltage (V) Voltage (V)

Figure 2.8. (a) I-V characteristics depending on the wavelength and (b) the

overlimiting conductance as a function of the wavelength in EOI regime and (c) the

zoomed graph which shows Vonset of L =100 um and oo(flat). (d) I-V characteristics

depending on the wavelength and (e) the overlimiting conductance as a function of

the wavelength in EOF regime and (f) the zoomed graph which shows Vonset of L =

100 um and oo(flat).
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2.4. Conclusions

In this chapter, we presented a new adhesive lift method for the fabrication of
micro/nanofluidic platform incorporated with an arbitrary-shaped nanoporous film.
Utilizing oxygen plasma treatment and spin coating, the presenting method enables
the conformal patterning of the nanoporous film on the microchannel network that
has arbitrary shaped walls, including square, sine, sawtooth, triangle and fractal
wave-shapes. The fabricated micro/nanofluidic device can persist for long term since
the nanoporous film was squeezed between PDMS and glass by plasma bonding.
Moreover, the I-V curves shown in Figure 2.8 were measured from applying constant
voltage over 2 hours, and the curves were measured for 5 times per each
experimental device. Thus, the voltage was applied on each experimental device for
a total of 10 hours, maintaining a small deviation of the measured electric current.
This would be the evidence for the long-term durability of presenting method. In the
meantime, the films can be patterned on the microchannels with various depths from
5 um to 150 um, which has been mainly utilized in conventional micro/nanofluidic
platforms. The conformal patterning was confirmed by direct visualization of fluidic
motion in IDZ so that the three mechanisms of ICP (SC, EOF and EOI) was observed
by initiating ICP in microchannels with depth of 5 um, 15 pm and 150 um,
respectively. Furthermore, we conducted the operation of the micro/nanofluidic
device with near-practical structures of commercial ion selective membranes such as
undulated surface and spacer structure. Consequently, it was confirmed that the
effect of the nanoporous membrane surface on ICP in the EOF regime is different
from the EOI regime through direct visualization and electrical measurements of the

overlimiting conductance.
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In addition, the presenting method would be applicable to the fabrication of
micro/nanofluidic platforms for biosensing. DNA sensing micro/nanofluidic
platform using the physisorption of DNA on anion exchange membrane has been
developed[54]. To fabricate this biosensing platform, it requires the nanoporous
membrane to be partially patterned on the microchannel region. The partially
patterned membrane can be fabricated using the presenting fabrication method with
adapting the position and direction of adhesive tapes in step (ii) and step (v) of
‘Fabrication of Micro/Nanofluidic Device with Arbitrary-shaped Film’ section.
Moreover, we expect Nafion can be utilized for biosensing platform since previous
researches have been reported biosensing platforms using the functionalization of
Nafion membrane surface[54, 55].

Therefore, proposed nanofabrication method would be highly useful for studying
electrokinetic phenomena in macro-scale fluidic systems by mimicking a shell of

such system and for developing various types of biosensors.
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Chapter 3. Non-negligible Effects of
Reinforcing Structures
inside Ion Exchange Membrane

on Stabilization of Electroconvective Vortices

3.1. Introduction

Ion exchange membrane has a property called ion-selectivity that enables only
counter-ion to pass through it. The ion-selectivity lets the membranes be a key
component in developing electrochemical platforms such as fuel cells [56-58],
electrodialysis (ED) [29, 59-61], reverse electrodialysis [47, 62-65], removing heavy
metals [66] and electrolysis [67], efc. One of the most important phenomena that
occurs with the ion exchange membrane is CP. One way of initiating CP is applying
an external voltage across the membrane [4, 9, 68-70]. In the case of a cation
exchange membrane, for example, cations can pass through the membrane and move
toward the cathode, while anions which tend to move to the anode are blocked by
the membrane so that anions at the anodic side of the membrane are largely depleted.
Consequently, cations are also expelled from the anode side to satisfy
electroneutrality. Thus, both ions are depleted in the anodic side to form a zone of

extremely low electrical conductivity, called an ion depletion zone (IDZ) [71-73].
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The conductance of the entire CP system is mainly affected by the formation of IDZ
since the ion concentration in IDZ is much lower than in another region in the system.
Due to the high resistance of IDZ, most of the voltage drop occurred across the zone
so that the applied electric field is significantly amplified inside IDZ [74, 75]. The
amplified electric field can induce an increase of the drift ionic transport through
IDZ, despite the low-abundant ions on the anodic side limiting the electric current.
Therefore, a layer called extended space charge layer (ESCL) where only cations
exist is formed near the membrane to satisfy the continuity of electric current [76].
While the layer is theoretically flat along the membrane, a small perturbation such
as heterogeneity of the membrane surface can distort the flatness of ESCL. This
distortion leads to a concentration gradient tangential to the membrane and
eventually results in an electric body force also tangential to the membrane, even
with an applied electric field normal to the membrane. Consequently, the electric
body force forms a fluidic motion which is tangential to the membrane. This fluidic
motion and the mass conservation leads to the formation of vortices pairs inside IDZ

and the vortices are called electroconvection (EC) of Dukhin’s mode [7].

The formation of EC in Dukhin’s mode is resulted from the heterogeneity of the
membrane, either in geometry or physico-chemistry. However, it has been reported
that EC is formed even when the membrane geometry is homogeneous. When ESCL
is formed, unavoidable perturbations such as thermal agitation or microscale
geometric variation such as small rounding differences deforms ESCL. Then the

same scenario with Dukhin’s mode repeats to lead to rapid vortices pairs except for
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the locations of vortices are random with the homogeneous membrane. This mode
of EC formation in a random position is called Rubinstein’s mode [8]. Moreover, if
the applied voltage exceeds a threshold value, the random formation of EC becomes
chaotic [11, 77-79]. This chaotic EC can pump ions at the bulk into the membrane
so that the conductance of the entire CP system can be significantly enhanced.
However, due to the inherent nature of chaotic behavior, the conductance
enhancement also has a large fluctuation called instability which is a major nuisance
in engineering developments. [8, 49]. Furthermore, energetically inefficient
operation becomes more important problems recently. [80] Besides CP system, EC
has been actively utilized in electrodeposition and sample preconcentration, etc. [81-

83]

Therefore, micro/nanofluidic platforms with additional microstructures have been
suggested for the stabilization of EC. For instance, the effect of additional structures
inside microchannels (i.e. dielectric pillar array or non-uniform microfin network,
etc.) which guide the direction of the electroconvective flow have been reported [84,
85]. In addition to the examples using microstructures, the systems with
heterogeneous nanoporous membranes have been also suggested to induce EC of
Dukhin’s mode. For example, periodically modified patterns on the membrane
surface based on the concept of ion exchange funneling [86] or undulated membrane
surface have been utilized for the alignment of electroconvective vortices [10, 51,

87-90]. However, most of these studies have been focused on the modification of the
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surface of the membrane, which means additional fabrication processes and costs

should be involved. On the other hand,

the industrial-grade ion exchange membranes inherently have a reinforcing
structure in the form of reinforcing filaments (or clothes) that mechanically sustains
the membrane [91-94]. In other words, the reinforcing structures have been utilized
as mechanical components in the membranes, in a similar way of steel bars in
reinforced concrete structures. In the meantime, the structure acts as an insulator so
that the ions should bypass the structure. Therefore, a careful design of the
reinforcing structure would be able to control the ion transportation through the
membrane. For example, the EC of Dukhin’s mode due to the ion exchange
funneling can be induced by the reinforcing structures even on homogeneous
membranes, because an electric field can be focused between the reinforcements, i.e.
there is a conductivity difference between an ion selective resin and the reinforcing

cloth.

Based on this idea, in this chapter, we demonstrated the stabilization of EC near
ion exchange membranes with insulated reinforcing structures. In the numerical
simulations, the reinforcement domain was configured as a void domain in which
ions cannot pass through the domain. In the micro/nanofluidic experimental device,
Nafion solution was patterned excluding the regions of the reinforcements. Both
studies simultaneously pointed out that the vortices were aligned to the positions of
the reinforcements as the reinforcing structure was wide and close to IDZ. The
alignment of vortices was also demonstrated in chaotic regime as well. Through the
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extraction of ion concentration profiles from the simulations, the stabilization of
vortices was visualized with the peaks of the profiles. In the case of the experiments,
the stabilization of EC was visualized with the fluorescence intensity profiles
extracted from the direct visualization of IDZ. Moreover, EC alignment was
quantitatively tested with the standard deviation of the values in the time-averaged
profile. As a result, chaotic EC was aligned like the stable regime, when the
reinforcement was wide and close to the anodic bulk. Additionally, the stabilization
in chaotic regime was demonstrated with electrical measurements. In both the
numerical simulations and the experiments, the electric current was stabilized
without temporal fluctuations when EC was stabilized, leading to stable electric
power output. Thus, the key findings in this chapter would provide an effective and
useful way to stabilize EC in various CP systems including not only macro-scale ED
system but also mesoscale bio-molecular preconcentrator because the reinforcing

structures are already included in the industrial-grade membranes.
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3.2. Methods

3.2.1. Numerical Methods

Numerical domain was set as shown in Figure 3.1, to model symmetric binary
aqueous electrolyte near a cation-exchange membrane including reinforcing
structures. The dimensionless heights of the membrane and the electrolyte on both
sides of the membrane were fixed as 1, and the dimensionless width of the entire
domain was set to 4. Inside the membrane domain, reinforcements were periodically
placed in the horizontal direction (x-axis). The geometry of the reinforcements was
a critical parameter for the stabilization of EC in this chapter. The dimensionless
height of the reinforcement was fixed at 0.1 and the dimensionless width of the
reinforcement was defined using Liner, Which is the length of the gap between the
reinforcements. The spacing distance between the center of the reinforcements,
which is the sum of the width of the reinforcement and Liner was defined using L.
The vertical position of the reinforcements was defined using H. L, Liner and H are
adjustable parameters in this chapter. For example, the case of H/ L =0 is a partially
impermeable membrane on the anodic side and the case of Liner / L = 0 refers to a
membrane completely blocked by reinforcements. The fluidic motion in the
electrolyte is blocked at the membrane and the ion transports are blocked at the
boundaries between the membrane and the reinforcements so that the model
simulates EC in electrolyte around a cation-exchange membrane with a reinforcing

structure.
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The domain is governed by the nondimensionalized form of Poisson’s equation,
Nernst-Planck equation, the conservation of fluid mass and the incompressible

Stokes equations. The domains of electrolytes are governed by

1

V= c,—cC
=520 C). (M
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, where ¢ is the electric potential, Ap is Debye length, ¢+ and c. are the concentration

of cations and anions respectively, ¢ is the time, u is the velocity, Sc is Schmidt

number (the ratio of kinematic viscosity to the diffusion coefficient) as SC= £ N7

pD
is the dynamic viscosity, D is the diffusion coefficient of ionic species, p is the

pressure, x is the electrohydrodynamic coupling constant (the ratio of the electric

2
g . . s

body force to the viscous force) as k= —[T) [11], gis electrical permittivity and Vr
Y7,

is thermal voltage as V'r= 26 mV at room temperature. On the other hand, the fluidic

motion could be neglected inside the cation exchange membrane with considering
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extremely low water permeability of the membrane so that the transport phenomena

inside the membrane is governed by

1
—V2¢=%(C+_C_N) and (5)
agti =_V.(-VC, FC.Vg) 6)

, where N is Donnan concentration (the ion exchange capacity of the membrane)
which was set to 20. We assumed that the membrane was fully hydrated for the
numerical convenience, while the water can be transported into the membrane since
the membrane can be deficiently hydrated in reality. In fact, the electroconvective
instability can be affected by the water transport into the membrane. [95] However,
the transport effect was neglected because we intended to focus on the effect of
reinforcing structures on electroconvection only as well as to avoid numerical

complexity. Equations of (1) — (6) were nondimensionalized by the length of the

2
membrane height L, the bulk concentration ¢, the diffusion time t* = % , the

diffusion velocity u’ :E , the dimensionless pressure p*Zﬂ— and the

B

thermal voltage V7. Since the domain inside reinforcement was remained as void, the
domain was not governed by any equations (i.e. interfaces between the membrane
and the reinforcing structure were treated as impermeable surfaces).

Dimensionless boundary conditions at the anodic bulk are given by
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o=V ux0 and c, =1 7

app >

, where Vg, is the applied voltage. In the case of cathodic bulk, the

nondimensionalized boundary conditions are given by
#=0, u~0 and C, =1. (8)

For the boundaries at the left and right sides of the membrane and electrolyte
domains, we applied a periodic boundary condition. At the interfaces of the
electrolyte domains and the membrane domain, no-slip condition (U= 0) is given
for the flow field and flux continuity conditions are applied for electric field

( n(-Vy)

electrolyte n- (—V¢)| membrane ) and on concentration

(n-(-Vc, Fc.Vg+c.u)

electrolyte =1 (—VC . FC iV¢)| membrane )- FOT the interfaces

of the membrane and the reinforcements, no-penetration conditions are given for the
electric field (N-(—V¢)=0) and the ion concentration (N-(—Vc, F¢,Vg)=0).
The values of Ap, Sc and x was set to 0.001, 1000 and 0.5 respectively under the
assumption of thick boundary layer condition for typical aqueous solutions which
have been widely employed for the numerical convergence in the previous numerical
researches about electroconvective instability [10, 11, 49, 68, 87, 95-101].
Furthermore, the effect of xon critical voltage and critical wavenumber is negligible
[102]. All governing equations of equation (1) — (6) with boundary conditions

including equation (7) — (8) were solved by COMSOL Multiphysics software.
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‘Poisson’s Equation’ module, customized ‘General Form PDE’ module and

‘Creeping Flow’ modules were simultaneously solved with time-dependent solver.
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Figure 3.1. The schematic diagram of numerical domain for a concentration

polarization system with ion exchange membrane including reinforcing structures.
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3.2.2. Experimental Methods

As shown in Figure 3.2(a), the micro/nanofluidic device was prepared by
sandwiching an ion exchange membrane with two polydimethylsiloxane (PDMS)
(Sylgard 184 elastomer kit, Dow Corning, USA) blocks. The PDMS blocks were
fabricated by soft lithography method. Briefly, microchannel structure was patterned
on a silicon wafer. Then, PDMS solution was prepared with mixing PDMS base and
curing agent in a ratio of 10:1, and the solution was poured on the microchannel-
patterned wafer. The ion exchange membrane was patterned on the PDMS block 1
with Nafion solution (Sigma Aldrich, USA) by adhesive lift method developed by
our group [103]. In PDMS block 1, rectangular pillar structures with a thickness of
50 um are patterned on the membrane area to implement reinforcing structures.
Therefore, the ion transports are blocked at the pillar area in the fabricated device so
that the area can be utilized as reinforcing structures. To prevent incomplete bonding
between two PDMS blocks, a straight microchannel with a depth of 100 um is
patterned on the PDMS block 2. The microchannel area was designed to include only
the pillar area, neither main channel nor ground channel. After bonding two PDMS
blocks with oxygen plasma treatment (CuteMP, Femto Science, Korea), another
degassed PDMS solution was injected into the microchannel on the PDMS block 2
to prevent the leakage of buffer solution into the microchannel. Since there is no
overlap between the straight microchannel on PDMS block 2 and the microchannel

network on PDMS block 1, the injected PDMS solution was not leaked into the
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microchannel network. After the injected PDMS solution was cured, the PDMS

block and a slide glass were bonded with an oxygen plasma bonder.

The description of the microchannel network was as followings. There is a main
channel (200 um of height, 1.6 mm of length and 200 um of depth) in the middle of
the buffer channel (200 um of height, 2.8 mm of length and 200 um of depth). They
were connected with an array of microchannel with dimensions of 20 um height, 100
pum length and 15 pum depth. The reason why the main channel was separated from
the buffer channel was that one need to isolate the EC only inside the main channel
so that the ion concentration at the upper boundary of the main channel can be
maintained at 1| mM. The Nafion membrane was patterned on a region between the
main channel and a ground channel (200 um of height, 2.8 mm of length and 200
um of depth) with a dimension of 200 um width and 1.6 mm length, indicated in
yellow in Figure 3.2(b). The height of the reinforcing structure inside the membrane
was fixed to 40 um. On the other hand, the length of the reinforcing structure was
varied with the value of Line, Which is defined as the distance between the
reinforcing structures. In other words, when Liner is long, the length of reinforcement
is short. The vertical position of the reinforcements was varied with the value of H,
which was defined in Figure 3.1. The device had three reinforcing structures of full
size in the middle and half size on both sides as shown in Figure 3.2(b). The
horizontal positions of the centers of the reinforcements were aligned at the middle
of the membrane for the full-sized structure and both endpoints of the membrane for

the half-sized structures.
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For visualization experiments, 1 mM KCI (Sigma Aldrich, USA) + 100 uM
Sulforhodamine B (Thermofisher, USA) solution was used as sample solution. The
devices were degassed for 30 minutes before the injection of the sample solution to
prevent air bubbles formed in the microchannels. As shown in Figure 3.2(b), the
sample solution was injected into the buffer and ground channel each with flow rate
of 0.5 uL/min by a syringe pump (Fusion 100, Chemyx, USA). Ag/AgCl electrodes
were connected to the buffer and ground channel and the external voltage (source
measure unit, Keithley 236, USA) was applied to the electrodes. Then, the formation
of IDZ was directly visualized by recording the repulsion of the fluorescent dye in
the main channel under observation by an inverted fluorescence microscope (IX53,
Olympus, Japan) and the CellSens program (Olympus, Japan) was utilized for
recording the images. The line profile of fluorescent intensity of the Sulforhodamine
B dye was extracted by ImageJ program.

For electrical measurement experiments, the same sample solution was used. The
electric current was measured by maintaining the applied voltage at a constant level
for 5 minutes to ensure the saturated development of IDZ. Also in
chronoamperometry, the voltage was measured by maintaining the applied electric
current at a constant level for 5 minutes. To obtain I-V curves, the measurement was
iterated from 1 V to 20 V at the interval of 1 V. Reproducibility of the result was
ensured by repeating the same experiment at least 25 times (5 trials for a device and

5 devices for a case).
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Figure 3.2. (a) The image of micro/nanofluidic device with nanoporous membrane
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3.3. Results and Discussion
3.3.1. Demonstration of Electric Field Focusing due to Reinforcing

Structure

Previously, Rubinstein’s mode and Dukhin’s mode have been suggested for the
major mechanisms of EC. Rubinstein’s mode refers to EC induced by growth of
small concentration fluctuation by positive feedback mechanism [8, 104]. On the
other hand, Dukhin’s mode refers to EC occurred by the focusing of electric field
induced by the heterogeneity in the membrane [7]. In this work, we utilized Dukhin’s
mode induced by the electric field focusing with the insulation of the reinforcing

structures inside the ion exchange membrane which are shown in Figure 3.1 and 3.2.

In the absence of the reinforcing structures (Figure 3.3(a)), the ions are being
transported just normal to the cation exchange membrane before the initiation of EC
since the external electric field only has a normal component to a homogeneous
cation exchange membrane. Therefore, the tangential component of the electric field
is zero on the dissected horizontal line inside the cation exchange membrane (y =
1.905, A-A") and on the dissected horizontal line at ESCL (y=2.001, B-B") as shown
in Figure 3.3(a)-(i) and 3.3(a)-(ii). However, when the ions are being transported
across the membrane with the reinforcing structures inside, the ions are blocked at
the interfaces between the reinforcing structures and the membrane since the
reinforcements are insulated. Consequently, all the ionic current reroutes at the

surface of the reinforcements and eventually flows through the gaps between the
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reinforcements. Therefore, the ionic current paths in the membrane are focused
around the gaps between the reinforcing structures. Due to the focused current path
under the constant electrical conductivity (o) of the nanoporous membrane, the
electric field is also focused at the gaps as shown in Figure 3.3(b)-(i) since the electric
current density (J) is proportional to the electric field (i.e. J = o E). Previous works
would provide distinct evidence of the curved electric field around the reinforcing
structure [105-107]. As shown in Figure 3.3(b)-(ii), the tangential component (£) of
the electric field is relatively weak compared to Ey or |E| since most of the voltage
drops across ESCL (i.e. the electric field is significantly intense in ESCL). Although,
as shown in the inset of Figure 3.3(b)-(ii), the focused electric field inside the
membrane also slightly affects the electric field in ESCL so that the distribution of
the x-component of the electric field at ESCL shows a similar distribution of £, at A-
A" which is shown in Figure 3.3(b)-(i). This weak tangential electric field in ESCL
plays a seeding role of the formation of EC. Therefore, one can expect that EC could
be aligned with the reinforcing structures inside the membrane so that we
demonstrated this EC alignment with the reinforcements through the numerical

simulations first.
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Figure 3.3. The schematic diagram of the numerical domain with omitted cathodic
electrolyte in the cases of (a) the membrane without reinforcement and (b) the
membrane with reinforcement. The red dotted arrows and the blue solid arrows
indicate the y component of the electric field and the x component of the electric
field, respectively. A-A' lines and B-B' lines in the schematics are dissected at y =
1.905 and y = 2.001, respectively. The graphs show the profiles of the electric field
extracted from (i) A-A' lines and (ii) B-B' lines. The insets in graphs of the profiles

at B-B' lines show the graph with the y-axis scaled from —1 to 1 and the x-axis scaled

from 1 to 3.
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3.3.2. Demonstration of EC Alignment depending on Geometry of

Reinforcing Structure

Here, we demonstrated that the alignment of stable EC depends on the geometric
parameters of the reinforcing structures inside the nanoporous membrane. First of
all, the effect of the spacing between the centers of the reinforcements (L) on the
patterns of EC was investigated with the numerical simulation results as shown in
Figure 3.4. To have an identical mechanical strength of the reinforcements, the total
sum of the reinforcement length was the same regardless of L. To induce stable EC,
the numerical simulation was conducted for dimensionless time (zD / L¢*) of 1 with
an applied voltage of Vi, = 40. The patterns (direction and location) of EC were
depicted with the cyan lines which express the streamlines of the flow field. Note
that the magnitudes of the flow field were not reflected in the cyan lines. The
cathodic electrolyte (lower electrolyte domain in Figure 3.1 or ground channel in
Figure 3.2) was omitted in Figure 3.4 since there was any notable flow field or cation
distribution in the electrolyte. In the case of the membrane without the
reinforcements (Figure 3.4(a)), EC was formed at random positions and
electroconvective vortices expanded to the anodic bulk boundary as shown in Figure
3.4(a). While the centers of the vortices seem to be pinned in the specific locations
in the Figure, the pinned positions of the centers keep to be varied at every trial of
simulation (see 2™ and 3™ run of Figure 3.4(a)), meaning that there might be a large
run-to-run deviation in those systems. When the reinforcements are included in the
membrane (from Figure 3.4(b) to Figure 3.4(¢)), however, the positions of the
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vortices tend to align on the reinforcements at every simulation trial. Our hypothesis
expected that the tangential flows converge toward the centers of gaps between the
reinforcements so that the upward flows are formed at the centers of the gaps and the
downward flows are formed at the centers of the reinforcements (indicated by the
solid black arrows). Therefore, as shown in the case of L =2 (Figure 3.4(c)) and L =
1 (Figure 3.4(d)), the solid black arrows were aligned and pinned at the centers of
the reinforcements. However, in the case of L =4 (Figure 3.4(b)), one pair of vortices
was misaligned with the reinforcement so that the downward flow was misaligned
with the reinforcement (indicated by the dotted black arrows) while another black
solid arrow was aligned with the reinforcement. Thus, if the spacing between the
centers of the reinforcements is too long, all electroconvective vortices would not be
affected by the focused electric field. Conversely, the dotted black arrows were
misaligned with shorter reinforcing structures (see L = 0.5 of Figure 3.4(e)). This
result shows that the electroconvective vortices were misaligned with the tangential
electric field when the spacing distance between the reinforcements is too short.
From these results, we could confirm that EC can be aligned with the focused electric
field by the reinforcing structures and the focusing can be affected by the spacing of
the reinforcing structures since the electric field is focused around the gaps between
the reinforcements. Besides of spacing, how deep the reinforcements are buried in
the membrane is another important parameter that manufacturers and consumers
must consider. Therefore, we need to investigate the alignment of EC depending on

H and Liner as well through numerical simulations and experiments.
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The alignment of stable EC was evaluated with changing the width of the
reinforcements (Liner / L = 0.1, 0.3, 0.5, 0.7 or 0.9), and the vertical position of the
reinforcements (H / L = 0.05, 0.1 or 0.2) as shown in Figure 3.5(a). For better
understanding, note that Liwer / L = 0 and 1 is the case of the membrane was
completely separated by the reinforcements and the case of the membrane without
the reinforcements, respectively. The phase diagram shows that EC was aligned as
H and Liyer decreased since the electric field was focused more as the gap between
the reinforcements became denser and the gap was closer to the anodic side. To
demonstrate the focusing of the electric field depending on the geometry of the
reinforcements, the magnitude of the electric field (|E|) along A-A' line and the
tangential component of the electric field (£x) at ESCL along the A-A’ line was
extracted from the simulations as shown in Figure 3.5(b). Note that B-B’ lines were
dissected 0.005 above the reinforcements (i.e. y =2 — H + 0.005). To compare the
effect of Liner and H on the electric field along those lines, the cases of Liner / L = 0.1
~0.9, H/ L =0.05 and the cases of Liner / L =0.1, H/ L = 0.05 ~ 0.2 were analyzed
and shown in Figure 3.5(b)-(i) and Figure 3.5(b)-(ii), respectively. Since the electric
field is focused around the gap between the reinforcements, the electric field at the
gaps increases as Liner decreases so that the absolute value of the tangential electric
field increases as shown in Figure 3.5(b)-(i). Therefore, EC was aligned as Liner
decreased as shown in Figure 3.5(a). Moreover, the electric field at the gaps increases
as H decreases so that the tangential electric field strengthens at the ESCL as shown

in Figure 3.5(b)-(i1) since the effect of focusing in the anodic electrolyte increases as
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the vertical position of the gap becomes closer to the anodic electrolyte.
Consequently, EC was aligned as the vertical distance between the reinforcement

and the anodic electrolyte decreased as shown in Figure 3.5(a).

As a further investigation, unaligned EC and aligned EC of the extreme cases were
visualized through the numerical simulations and the experiments. In the case of the
simulations, when the reinforcement was installed far from the anodic electrolyte
and the spacing was long (H= 0.4 and Liner = 1.8), four pairs of stable EC was formed
while only two reinforcements were included in the membrane so that two of the
downward flow in the vortices were misaligned to the reinforcements as shown in
Figure 3.6(a)-(i). On the other hand, when the reinforcement was close to the anodic
electrolyte and the spacing was short (H = 0.1 and Liner = 0.2), the x-position of the
downward flow in the electroconvective vortices coincided with the x-position of the
midpoints in the reinforcements (x = 1 and 3). Furthermore, only one pair of vortices
was formed per one midpoint of the reinforcement as shown in Figure 3.6(a)-(ii).
Hence, in the simulation, EC was aligned when the reinforcement was longer and
closer to the IDZ. The extreme case (H = 0) has a resemblance with a 2D-patterned
ion exchange membrane which was reported in both simulation [108] and
experiment [ 109]. Since our scenario is needed to be verified by experiment as well,
the following section shows the alignment of EC depending on the geometry of the

reinforcing structures with the shape of IDZ.

When IDZ initiates, it has been reported that charged particles are repelled from
the depletion zone due to electric neutrality [4, 110]. Thus, streamlines shown in
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numerical simulations are hard to be visualized. Instead, the boundary of IDZ has
been visualized either with fluorescent charged particles or fluorescent dyes [111,
112]. Consequently, the electroconvective vortices can be indirectly visualized by
the shape of IDZ since the vortices determine the boundary of IDZ. Here, the
positions of EC were trapped with the repelled fluorescent dye in this chapter. To
induce a stable EC, the applied voltage was set to be V' = 10 V. When the
reinforcement was far from the main channel and the spacing distance was long (H
= 140 um, Liner = 720 um), the repelled fluorescent dyes were isolated in the
positions independent of the reinforcements (indicated by dotted arrows), and the
positions were kept to be moved over time as shown in Figure 3.6(b)-(i). On the
contrary, when the reinforcement was closer to the main channel and the spacing was
shorter (H = 60 um, Lixer = 80 pum), the repelled fluorescent dye was fixed near the
middle of each reinforcement (indicated by solid arrows in Figure 3.6(b)-(ii)). From
these comparisons, we confirmed that EC can be stably aligned with wider
reinforcements nearer to the anodic electrolyte. This conclusion was drawn under a
stable EC condition (i.e. lower applied voltage) so that we need to evaluate the effect

of the reinforcements in a chaotic EC regime as well.
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Figure 3.4. The snapshots of EC (a) when reinforcement is not included in the
membrane and included in the membrane and the snapshots of EC with the
reinforcing structures were conducted when the spacing distance between the
reinforcements is (b) L =4, (c) L=2,(d) L =1 and (e) L = 0.5. The streamlines of
EC were expressed as the cyan lines. The black arrows indicate the horizontal
positions of flow with direction into the membrane. The dashed arrows and dotted
arrows indicate the flow which is aligned with the reinforcements and unaligned with

the reinforcements, respectively.
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Figure 3.5. (a) The phase diagram of the alignment of stable electroconvective
vortices depending on the reinforcement geometry. (b) The schematic diagrams of
numerical domain as a function of (i) Liner (H was fixed at 0.1) and (ii) H (Linter Was
fixed at 0.2) and the plots of the magnitude of the electric field at A-A’ and the graphs
of the x component of the electric field at B-B' when ¢ = 0 with applied normalized

voltage of Ve, = 40.
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Figure 3.6. (a) The snapshots of EC in simulation when the vortices were ((i) H =
0.4, Liner = 1.8) not aligned and ((i1)) H = 0.1, Liner = 0.2) aligned at 1 = 0.3, 0.4, 0.5
and 0.6. The streamlines of EC were expressed as the cyan lines. The black arrows
indicate the horizontal positions of the flow from the bulk to the membrane. The
dashed arrows and dotted arrows indicate the flow which is aligned with the
reinforcements and misaligned with the reinforcements, respectively. (b) The
snapshots of IDZ near the membrane with reinforcements when vortices were ((i) H
=140 um, Liner = 720 um) not aligned and ((ii) 7 = 60 um, Liner = 80 um) aligned
att=130s, 40 s, 50 s and 60 s. The black arrows indicate the horizontal positions of

the repelled fluorescent dye.
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3.3.3. Alignment of EC by Reinforcing Structures in Chaotic

Regime

Industrial ED systems have been known to operate with the current value between
80% of limiting current [80] and the initial stage of overlimiting current [29].
However, chaotic EC has attracted attention for the fundamental study of EC and the
control of the unexpected formation of EC in ED systems [21, 113-116]. Therefore,
we need to investigate chaotic EC by increasing the applied voltage over stable EC
condition. In the chaotic regime, Rubinstein’s mode is more dominant than Dukhin’s
mode so that the vortices in IDZ were vigorously stirred [9, 49]. Consequently, it has
been reported that the chaotic EC induces the instability of the electric power
efficiency or the instability of the shape of IDZ [117]. Thus, we used the

aforementioned alignment scheme to stabilize the chaotic EC.

For the formation of chaotic EC, the external voltage was applied with a
nondimensionalized voltage of V,,, = 60 for the numerical simulation and V=20V
for the experiments. The applied voltage of 20 V in the experiments forms a similar
condition with V,,, = 60 in the simulations since the voltage drop across the main
channel is estimated as 1.529 V (= 58.80V7). In the numerical simulations, we
employed the ion distribution induced by the convective transport of EC to visualize
the stabilization. In electroconvective vortices, the upward flow away from the
membrane transports the depleted electrolyte to the bulk, while the downward flow

into the membrane transports the electrolyte of ¢y from the bulk [118]. Therefore, the
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ion concentration is higher in the region where the electrolyte flows downward than
the one of the region where the electrolyte flows upward [10, 100]. Consequently,
the position of electroconvective vortices can be tracked by the profile of the ion
concentration. The line profile of the ion concentration was extracted at y = 2.5 (C-
C"). As a result, when the reinforcements were sufficiently wider, the ion
concentration profile was invariant as a function of time and the profile peaked at
the middle of the reinforcements as shown in Figure 3.7-(i). On the contrary, when
the reinforcement was insufficiently long, the profile of the ion concentration

fluctuated over time as shown in Figure 3.7-(ii).

These tendencies were also verified by the visualization experiments. The
stabilization of electroconvective vortices was visualized with the fluorescence
intensity profiles in the main channel, since the electroconvective vortices can be
visualized by the void of the fluorescent dye (i.e. dark area in Figure 3.7-(iii) and
Figure 3.7-(iv)). To extract the fluorescence intensity profile, a horizontal line was
dissected in the middle of the main channel (100 um above the edge of the membrane,
D-D’). As shown in Figure 3.7-(iii), when the reinforcements were wide, the vortices
were aligned so that the fluorescence intensity profiles were fixed over time.
Conversely, the fluorescence intensity fluctuated over time when the reinforcing

structure was insufficient for the vortex alignment as shown in Figure 3.7-(iv).

Since we verified that stable EC was aligned as H and Liner decreases in the
‘Demonstration of EC Alignment depending on Geometry of Reinforcing Structure’

section, it can be expected that the chaotic EC would be more stabilized as H and
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Liner decreases. Therefore, we quantified the stabilization of the electroconvective
vortices as a function of H and Liy.r with the time-average of the extracted profiles.
In the cases of the alignment, the positions of peaks at each time are overlapped so
that the standard deviation of the time-averaged profiles is high. On the other hand,
since the positions of the peaks keep shifting over time when the profiles were
unaligned, the time-averaged profiles must be flat so that the standard deviation
should be relatively small compared to the aligned case. Therefore, the standard
deviation of the time-averaged profiles of the ion concentration and the fluorescence
intensity was higher when the reinforcements becomes wider and closer to the anodic
electrolyte as shown in the phase diagram of Figure 3.7. From these results, we
confirmed that the chaotic EC was also stabilized with the reinforcements. Since the
chaotic EC in ED system results in the instability of the electrical conductance of the
system, one can expect that the reinforcing structures inside the membrane can
stabilize the electric power consumption of the ED system as well in chaotic regime.
Therefore, we need to re-verify the stabilization of EC in chaotic regime by electric

current measurements.
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Figure 3.7. The insets at bottom show the snapshots of IDZ in the simulations when
vortices were aligned ((i) H/ L = 0.05, Liner / L = 0.1) and unaligned ((ii)) H/ L =
0.05, Liner / L=0.9) at t =0.2, 0.3, 0.4 and 0.5. The white dashed line in the insets of
(i) and (ii) shows the dissected line in the middle of the anodic electrolyte and the
graphs in those insets show the ion concentration profiles along C-C' line extracted
from each snapshots. The insets at top show the snapshots of IDZ in the experiments
when vortices were aligned ((iii) H/ L =0.075, Liner / L = 0.1) and unaligned ((iv) H
/' L=0.075, Linee / L=0.9) at t =20 s, 30 s, 40 s and 50 s. The white dashed line in
the insets of (iii) and (iv) shows the dissected line in the middle of the main channel
and the graphs in those insets show the fluorescence intensity profiles along D-D’
line extracted from each snapshots. The graph in the middle shows the phase diagram
of the standard deviation of the time-averaged cation concentration profiles and the

time-averaged fluorescence intensity profiles as a function of Liner and H.
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3.3.4. Stabilization of Electric Current using Reinforcing

Structures in Chaotic Regime

In the anodic electrolyte, the “fingers” of relatively high ion concentration
(greenish and reddish color) are formed as shown in Figure 3.7 since downward flow
in EC transports electrolyte of ¢y from the bulk to the membrane. Thus, the electric
current density in the region of fingers is higher than the one of the region of IDZ
(blueish color) since an ion concentration is higher in the fingers, i.e. higher
conductivity. Therefore, the electric current fluctuates when the thickness of the
fingers changes or the fingers form and disappear due to the instability of chaotic
EC. Thus, the stabilization of EC can result in the stabilization of the electric current

value.

This scenario was verified through the simulations first. In the cases of EC
without reinforcement and EC with insufficient reinforcement, the electric current
density fluctuated over time since the fingers were continuously deformed due to the
unaligned vortices as shown in Figure 3.8(a) and Figure 3.8(b). The insets show that
only thin fingers are formed when the electric current density reached valleys, while
thick fingers are formed when the electric current density reached peaks. Conversely,
the electric current density was stabilized in the aligned EC case as shown in Figure

3.8(¢c). Two thick fingers are stably formed over time as shown in the insets.

In a similar way of the simulations, the electric current fluctuated over time when

reinforcement was not included or EC was unaligned in the experiments, while the
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electric current was stabilized without temporal fluctuation when the vortices were
aligned as shown in Figure 3.8(d). Moreover, chronoamperometry of 0.5 pA was
conducted for the unaligned EC case and the aligned EC case. As shown in Figure
3.9, there were smaller fluctuations of the voltage value when EC was aligned with
the wide reinforcements compared to the unaligned case. Furthermore, despite the
insulation of the reinforcing structures, there was a negligible effect on the average
electric current value and the average voltage value since the conductivity of the ion
exchange membrane is extremely higher than the one of IDZ. Therefore, the electric
power of the CP system can be stabilized with the reinforcing structures without a
loss since the electric power is calculated as the product of the voltage and electric

current value.

In previous researches, it has been reported that there is an instability of the
electric current of CP system in chaotic regime [9, 11, 79]. Therefore, the I-V
characteristics of the CP systems show wide error bars in chaotic regime. Figure
3.10(a) shows the I-V curve of the experimental devices in Ohmic (0~1 V), limiting
(1~2 V), stable EC (2~15 V) and chaotic (15~20 V) regime when the applied voltage
was swept from 0 to 20 V. Note that the two representative [-V curves which are
plotted in Figure 3.10(a) were each measured from a single device of each EC
alignment case to reveal the clear difference between the aligned EC case and the
unaligned case since there were nonnegligible errors between the experimental
devices. The error bars in the curves indicate the range from the minimum to the

maximum value of the 5 iteration results from a single experimental device of each

8 4



EC alignment case. In other words, the narrower error bar in chaotic regime means
that EC and the electric current were stabilized. To show the width of error bars in
chaotic regime, the chaotic regime of the [-V curves was zoomed as shown in Figure
3.10(b). When EC was unaligned, the error bar broadens in chaotic regime as shown
in Figure 3.10(b)-(i) since the electric current fluctuates due to the instability of EC.
Conversely, in the case of aligned EC, the I-V curve shows a narrow error bar even
in chaotic regime as shown in Figure 3.10(b)-(ii). From these results, we can
conclude that the reinforcing structures can be utilized for the electric stabilization

of CP systems by the alignment of electroconvective vortices.
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Figure 3.8. The plots of I-t curves in the cases of EC (a) without reinforcing
structures, (b) unaligned EC and (c) aligned EC extracted from the numerical
simulations. The insets of each graphs show the snapshots at each corresponding
time. (d) The graph of I-t curves in the cases of EC without reinforcing structures,

unaligned EC and aligned EC measured from the experiments.
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3.4. Conclusions

In previous researches, it has been widely studied to stabilize CP systems using
EC of Dukhin’s mode induced by heterogeneous ion exchange membrane. Such
researches have been employed the geometry or the physicochemical property of
the membranes and, however, the internal structures of the membranes have not
been utilized for the stabilization of EC. Therefore, in this chapter, we investigate
the role of the internal reinforcing structure for stabilizing EC. Here, we
numerically and experimentally demonstrated the alignment of electroconvective
vortices using the focusing of the electric field induced by the reinforcing structures
inside ion exchange membrane (Figure 3.1 — 3.3). The stable EC was aligned when
the reinforcing structure was adequately wide and close to the anodic electrolyte
(Figure 3.4). Additionally, the geometry of the reinforcements for alignment of
stable vortices was confirmed by the simulations (Figure 3.5 and 3.6). Furthermore,
the electroconvective vortices were aligned depending on the reinforcement
geometry even in chaotic regime. To visualize the stabilization of the chaotic EC,
ion concentration profiles were extracted from the simulations and fluorescence
intensity profiles were extracted from the experiments. As a result, the stabilization
of vortices in chaotic regime was successfully visualized with aligned peaks in the
profiles. Furthermore, the alignment of EC in chaotic regime was quantified with
the standard deviation of time-averaged profiles of the cation concentration and the
fluorescence intensity. Similar to the results with the stable vortices, when the

reinforcement is wider and closer to the anodic electrolyte, the chaotic vortices were
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aligned more (Figure 3.7). Moreover, we demonstrated that the electric current and
the electric power were also stabilized when EC was aligned in IDZ (Figure 3.8 —
3.10). Although our scenario was validated in a micro/nanofluidic platform, it can
be applied to macro scale systems considering the scalability of the
micro/nanofluidic system. Therefore, this result would be worth noting not only for
the researchers interested in the fundamentals of EC but also for the manufacturers

of the industrial ion exchange membranes.
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Chapter 4. Continuous and Spontaneous

Nanoparticle Separation by Diffusiophoresis

4.1. Introduction

Efficient particle separation techniques are an essential sample preparation step in
the most of bio(medical)- and chemical-analysis. While filters[119, 120], gels[121-
123] and centrifugation[124] have been conventionally utilized in those analyses,
recently introduced micro/nanofluidic technologies opens new era of high-efficient
separation[125-129]. Represented technology is an inertial microfluidic
separation| 130-132]. It employed a delicate force balance between inertia- and
convective-migration of particles so that the particles proceeds designated positions
inside a microchannel. While the platform can separate particles in high throughput
manner, this technique required a high-pressure hydraulic source. In addition, inertial
migrations have a limitation that extremely high flow rate should be required for
separating nanoparticle of less than O(100) nm due to Brownian motion[127].
Instead of using mechanical stimulations, electrical nanoparticle separation methods
have been reported using an anisotropic nano sieve[34, 126] or ion concentration
polarization phenomenon that induces concentration gradient adjacent to a
permselective membrane under a dc electric field[133-139]. Those methods can be
operated without a high pressure pump, but, however, serious clogging in nanofilter
and undesirable instability[117, 140, 141] due to an ion depletion zone impeded their

applicability in practical applications.
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As per a mechanism without mechanical or electrical stimuli, diffusiophoresis
described in section 1.3 has been actively utilized for the particle separation[142,
143]. It refers to the spontaneous motion of particles in an electrolyte with a
concentration gradient. The diffusiophoretic migration of particles is caused by two
mechanisms. The first one is called chemiphoresis, which occurs by the asymmetric
charge density inside an electrical double layer due to the concentration
gradient| 144]. The other mechanism is an induced electrophoresis by the difference
of cation’s and anion’s diffusion through an electrolyte with the concentration
gradient| 14]. Thus, it is known that the diffusiophoretic velocity of a particle is
affected by the ratio of a particle radius to Debye length[145].

For generating diffusiophoresis, various methods have been suggested to develop
the concentration gradient. The simplest method is the injection of electrolytes with
different concentrations[146-148] or dissolvable gas[149]. However, these methods
required an additional control for the injections. Most recently, a highly charged ion
exchange medium was utilized to spontaneously develop the concentration
gradient[ 150-152]. The medium spontaneously drives an exchange between ions
from the electrolyte and ones from the medium. This method has an advantage that
there is no need of any external apparatus so that it is useful in resource limited
settings. Our group has reported a spontaneous particle separation[153, 154] and a
spontaneous water purification[ 152, 155] with diffusiophoresis induced by the ion
exchange. These demonstrations were shown in the condition of zero Sherwood
number, i.e. no tangential flow along the ion exchange medium, so that it requires
multiple operation/extraction steps to recover the meaningful volume of the
separated (or purified) samples. In order to overcome the limitations, a continuous

diffusiophoretic desalination device using the tangential flow has been reported[152],
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but its performance was limited to microparticle purification. Furthermore, the

previous work based on ion exchange is limited in practical applicability since the

release of protons from cation exchange membrane developed an acidic environment.

Therefore, in this chapter, we present a method for continuous and spontaneous
nanoparticle separation method based on diffusiophoresis induced by an enhanced
concentration gradient. Small addition of Tris-buffer can not only steepen the
concentration gradient but also regulate pH so that multiple nanoparticles were

successfully separated at physicochemical pH condition. In addition, we confirmed

that the previously developed model of diffusiophoretic particle movement[ 150, 152]

so that we were able to demonstrate the separation of nanoparticles with various
diffusiophoretic mobilities. Thus, the presenting method would be an efficient

platform for analyzing various nano-meter scale bio-particles.
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4.2. Materials and Methods

4.2.1. Fabrication of Diffusiophoretic Separation Device

As shown in Figure 4.1(b), the micro/nanofluidic device consisted of the ion
exchangeable medium patterned on a polydimethyl-siloxane (PDMS) block and a
slide glass. PDMS solution was prepared by mixing PDMS base and curing agent
(Sylgard 184 silicone elastomer kit, Dow Corning, USA) in ratio of 10:1. The
solution was degassed at vacuum for 1 hour and poured onto a pre-defined silicon
wafer to construct the microchannel. The separation channel had the dimension of
height 15 um x width 600 um x length 18 mm. Two inlets, one was for particles and
the other for buffer, had the dimension of height 15 um x width 60 um x length 2.5
mm and height 15 um x width 540 um x length 2.5 mm, respectively. Nafion (Sigma
Aldrich, USA) was used as the ion exchangeable medium. It was patterned with
arbitrary-shaped nanoporous membrane patterning method discussed in section 2.2.
The PDMS block of the separation microchannel and a slide glass was irreversibly

bonded with oxygen plasma treatment (CuteMP, Femto Science, Korea).
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4.2.2. Chemical Preparation

The sample solution was prepared by mixing 1 mM NaCl solution (Sigma Aldrich,
USA) with 40 nm (em. 532 nm; green), 200 nm (em. 650 nm; red) and 2 um (em.
580 nm; yellow) carboxylate-modified fluorescent particles (Invitrogen, USA). The
buffer solutions used in the experiments shown in Figure 4.4 were prepared by
mixing 1 mM NaCl and 1 mM NaCl + 1 mM Tris-base (Sigma Aldrich, USA)
solution at various weight percent. For pH measurement, 1 % global pH indicator
(Hydrion, USA) was mixed with 1 mM NacCl solution and 1 mM NaCl + 1 mM Tris

solution.

4.2.3. Experimental Setups

The solutions were injected with a syringe pump (Harvard apparatus, PHD2200).
The migrations of the fluorescent particles were observed under an inverted
fluorescence microscope (IX53, Olympus, Japan) and recorded by CellSens program
(Olympus, Japan). The fluorescent intensity of each particle stream was measured
by Image] program. To measure the exclusion distance and separation resolution,

fluorescent signal intensity at various L was averaged over 3 minutes.

The pH of solutions was measured at macroscopic scale in 1 mL e-tube for clear
visualization. A Nafion sheet (thickness 50 um x width 1 cm x length 1 cm, Sigma
Aldrich, USA) was immersed in the e-tube and the pH changes were measured after
10 seconds under the consideration of the interface between the large area of Nafion

sheet and bulk electrolyte.
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4.3. Results and Discussion

4.3.1. Concept of Diffusiophoretic Separation

The overview of our proposed continuous and spontaneous diffusiophoretic
nanoparticle separator was shown in Figure 4.1(a). The bottom side of the
microchannel was connected with a film of cation-exchange medium. Electrolyte
with sample particles was injected from lower inlet microchannel, while buffer
solution was injected from top inlet microchannel. The flow rates from these two
inlets were adjusted so that the linear velocity of solution inside the separation
channel was kept to be constant. It is known that an ion exchange process changes
ionic concentrations at the interface of an electrolyte and an ion exchange medium.
Since the diffusion of the exchanged protons from the medium is faster than one of
cations in the electrolyte, the ion concentration near the exchange medium becomes
lower than one in the buffer[150]. As the solution flows along the horizontal
direction, a concentration boundary layer is developed from the surface of the
medium as shown in Figure 4.1(a). The colloidal particles inside the layer migrate
away from the medium along diffusiophoretic velocity (Uppr ; blue arrow) due to
this concentration gradient. In the meantime, convective drag (Ucon ; black arrow)
migrates particles along the direction of flow. Thus, the combination of two
velocities results in a slanted directional movement of U,.; (yellow arrow). Then, one
can define exclusion distance () as the longitudinal distance between the medium
and the colloidal particle suspension. Due to the difference of diffusiophoretic
mobility which is a function of zeta potential and the radius of the particle, etc., the
particle suspensions were focused at their distinguishable dexs. To experimentally

observe aforementioned particle motions induced by diffusiophoresis, a microfluidic
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chip was fabricated as shown in Figure 4.1(b). The detailed fabrication process was

described in the method section.
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Figure 4.1. (a) The schematic diagram of a nanoparticle separator utilizing the
diffusiophoresis induced by spontaneous ion exchange inside concentration
boundary layer. The colloidal particle migrates by two velocity components. Ucony is
convective drag by flow in microchannel, and Uppy is diffusiophoretic velocity. (b)

Image of the device experimented in this chapter.
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4.3.2. Diffusiophoretic Exclusion near Ion-exchange Medium

As shown in Figure 4.2(a), we demonstrated the diffusiophoretic migration of 40
nm-diameter spherical colloids passing through the separation microchannel. Since
a concentration gradient was spontaneously induced by the ion exchange process at
the cation-exchange medium (i.e. Na" in the microchannel was exchanged with H*
in the exchange medium), the immersed particles were diffusiophoretically repelled
from the medium. Previous literature reported a model to predict diffusiophoretic
velocities of cylindrical particles with arbitrary thickness of electrical double layer
when concentration gradient is imposed in transverse direction of the particles[156].
Comparing this non-spherical model with the spherical model[145], the difference
of diffusiophoretic velocities between spherical and cylindrical particles increases
when the ratio of the particle size to Debye length decreases. However, when the
ratio of the particle size to Debye length is over 10, the difference due to the particle
shape becomes negligible. For example, one can neglect the difference with 100 nm
particles in the thicker electrolyte concentration than 1 mM, etc. The concentration
gradient diminished outside the concentration boundary layer so that
diffusiophoresis should occur only within the layer. At L = 0 mm, the dispersive
width of the focused particle stream was about 35 um. However, the particle stream
was broadening with 80 um due to the diffusion at L = 4 mm. Nevertheless, there
was no particle from the ion exchange medium up to the particle stream. Thus, dex
was defined as the length between the ion exchange medium to the brightest point of
the particle stream as depicted in the second panel of Figure 4.2(a).

Figure 4.2(b) showed exclusion distances () as a function of horizontal distance

(L) at various input flow rates. The exclusion distance was longer when the flow rate
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was slower and vice versa. The thickness of the concentration boundary layer (&) is
a function of the external flow rate of which scaling law was reported as & ~ (Dx /
S)'3 where D is the diffusivity of solute, x is the horizontal position of particle and S
is the shear rate near the exchange medium[157]. S was linearly proportional to an
injection speed so that higher flow rate resulted in thinner concentration boundary
layer. Similar to the concentration boundary layer, dx was depending on the external
flow rate as shown in Figure 4.2(b). Florea and coworkers suggested that when there

is no shear flow, dx can be represented as
Ve(8, ().t
8, = 2ipp [tk V(9 (ta)b) (4.1)

where wpp is the diffusiophoretic mobility, f is the arbitrary reference time, ¢ is the
time, c is the electrolyte concentration and ¢y is the bulk concentration[150]. Note
that the concentration gradient is a function of the exclusion distance and the
arbitrary reference time. Their work had been conducted on dead-end geometry and
had no need to consider the effect of the external flow on dx, while dex in our platform
would be perturbed by the external flow. However, the flow was always exerted on
tangential direction along the cation-exchange medium (i.e. x-direction) so that the
flow had a negligible effect to the normal motion of particles. Thus, the direction of
diffusiophoretic migration was always normal to the medium (i.e. y-direction). As a
result, ¢ of equation (4.1) was approximately replaced by L / Unean Where Usean 1s the
averaged external flow speed. Intuitively, in this chapter, L / Upean implied that the
exclusion distance is determined by the horizontal distance that particle moved along
the medium, not time () for which particles were repelled by diffusiophoresis. Thus,

equation (1) can be rewritten as
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Ve (S, (t).t) [ L
C, U

S = 2oty (4.2)

mean

In equation (2), fp and VC (5ex (to ) Wt ) / ¢o were constants[150] so that

’ L
O O Hpp u_ (4.3)

As shown in the inset of Figure 4.2(b), the experimental points were collapsed on a
single line, confirming the scaling law of equation (4.3). More interestingly, equation
(4.3) taught one that the exclusion distance is proportional to the diffusiophoretic
mobility which is a function of particle zeta potential and particle size, etc.
Practically, a very high ionic strength can significantly affect the ion exchange
capacity and diffusiophoretic movement. Previously, our group has reported
experimental and theoretical results of the ion exchange capacity at the wide range
of buffer concentrations from 1 mM to 100 mM[152]. We had analyzed the effect of
buffer concentration using the Sherwood number which is proportional to Upean / L.
If one needed to use 100 times thicker buffer concentration, it was required to set the
Sherwood number 5 times lower, i.g. operating the device at 5 times slower Uean OT
with 5 times longer L, etc. In addition, this diffusiophoretic movement could be
ineffective under a very high ionic strength because the Debye screening is so strong
that the resulted zeta potential of a particle is too low. This problem may also cause
troubles for bio-particles with much less surface charges compared to the highly
charged carboxylated particles used in this study. However, the diffusiophoretic
separation capacity would diminished after ~1,800 hours at 1 mM and ~18 hours at
100 mM, respectively according to the previously developed analytical

expression[152] so that extremely long separator can overcome this issue.
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Theoretically the separator of 3.6 meter-long would keep the diffusiophoretic force
all along the microchannel with current Upean of 54 pm/sec. Another potential
solution for this issue could be adding an upstream dilution unit before the
diffusiophoretic separation unit, if one needs to separate concentration-insensitive
bio-particles such as DNA. Unless, one could connect a diverging microchannel with
multiple collection branches after the diffusiophoretic separation unit so that the finer
collection would help to enhance the separation efficiency. Note that the numerical
results about Taylor dispersion is described in Appendix A. Therefore, discussions in
this section proposed the practical possibility of continuous diffusiophoretic particle

separation.
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Figure 4.2. (a) The exclusion of 40 nm carboxylate-modified particles at L = 0 mm,

2 mm and 4 mm, respectively. The exclusion distance is the distance between the

edge of the ion exchange medium and the average position of the particle suspension.

(b) Exclusion distance of 40 nm particle suspension as a function of horizontal

distance L with various flow rate inside the microchannel. The inset showed the

scaling law of dex and L / Uspean.
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4.3.3. Continuous Separation of Nano-sized Colloidal Suspensions

As discussed in previous section, the exclusion distance, dx was varied with
diffusiophoretic mobility, upp as the material property of colloidal particle.
Especially, if the thickness of Debye length, x* is much smaller than the particle
radius, a (i.e. the limit of thin electric double layer, k8 — ), wpp is independent
from the particle size and is solely determined by zeta potential or surface charge
density of the particle[14]. However, in the case of nano-sized particle, it has been
known that wpp is significantly affected by the particle size due to thick double layer
limit. When the ratio of particle size to Debye length increases, upp increases as
well[ 145]. Utilizing this size dependency, several batch type nanoparticle separation
methods have been demonstrated [146, 153].

In this chapter, we employed carboxylate-modified polystyrene particles of which
diameters were 40 nm (green), 200 nm (red) and 2 um (yellow) for demonstrating
continuous nanoparticle separation. Figure 4.3(a) showed the spontaneously
separated particle streams as a function of L at the external flow rate of 0.04 uL/min.
The larger particle was, the further it was excluded from the cation-exchange surface
as predicted[145]. Since 1 mM NaCl solution was injected and its concentration
significantly dropped inside the concentration boundary layer, k' was comparable
to the particle size and, then, the diffusiophoretic mobilities were proportional to the
sizes of particle. The size-dependent mobility[ 158] was given as

2
_ %5

n

Hpp

(1—%(@)_1 +O((1<a)_2 )J (4.4)

where ¢ is the electrical permittivity of water, ¢ is the particle zeta potential and 7

is the viscosity of water. This formula implied that smaller particle retains smaller
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diffusiophoretic mobility. Therefore, our observations were in-line with this classical
transport theory as shown in Figure 4.3(b). In addition, these experimental points of
each particles were laid on each straight line as shown in the inset of Figure 4.3(b),
which indicated that the diffusiophoretic mobilities of each particle were different

(i.e. parallel lines but different y-intercept).
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Figure 4.3. (a) The exclusion and separation of particles with diameter of 40 nm,
200 nm and 2 um at L = 0 mm, 2 mm and 4 mm each. (b) The exclusion distance of
particles with different sizes as function of horizontal distance L. The inset showed
the scaling law of &x and L, denoting the same slope (i.e. the same power) and

different y-intercepts (i.e. different upp).
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4.3.4. Separation Efficiency Improvement by Enhanced
Concentration Gradient

The particle suspension was dispersed over 100 um width as shown in Figure 4.2(a)
and 4.3(a), even if the suspension was injected through the sample stream of which
width was 60 um. They were dispersed by inevitable hydrodynamic broadening and
diffusion[159]. Thus, multiple groups of nanoparticles with different average
positions should be overlapped by this dispersion so that one need to increase the
exclusion distance for enhancing the separation efficiency by steeper concentration
gradient. In order to achieve this, Tris buffer as a proton scavenger was added in the
buffer solution, not in sample solution. Exchanged H® from the ion exchange
medium was rapidly taken by Tris so that Tris can further reduce the concentration
of H' inside the concentration boundary layer, i.e. achieving steeper concentration
gradient. As a result, the exclusion distance for each nanoparticle significantly
increased. As shown in Figure 4.4(a), the exclusion distance of 40 nm particles
increased by 65 %, 200 nm particles increased by 76 % and 2 um particles increased
by 85 % in the case of NaCl + Tris solution. The snapshots were taken at L = 6 mm.
The inter-particle distance between 40 nm — 200 nm particle suspensions increased
by 270 %, 200 nm — 2 um particle suspensions increased by 600 % and 20 nm — 2
um particle suspensions increased by 260 %.

The separation resolution (Ry) is a parameter, defining the amount of particles that
are overlapped. We calculated R; to estimate the separation efficiency between each
particle suspensions. The particle bandwidth (w) and the intensity peak position (p)

were obtained from the Gaussian fitting to calculate separation resolution
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_ 2(p2 — pl)

(Ry
W, + W,

)[160]. R, over 0.5 means that two groups are overlapped less

than 15.8 %. As shown in Figure 4.4(b), R, between particles groups increased and
saturated as the concentration of Tris in buffer solution increased. Because the
amount of H' from the medium was limited, the higher concentration of Tris than 1
mM was ineffective to the enhancement, leading to the saturation behavior. Note that
the numerical results about the ion concentration with injection of Tris is described
in Appendix A.

Furthermore, Tris can play an effective role to regulate pH inside the concentration
boundary layer. Because H is continuously released from the medium, significantly
low pH has been regarded as a nuisance in this spontaneous diffusiophoretic
separation method[152, 155]. Tris has been conventionally used in biochemistry and
molecular biology as a component of pH buffer, holding pH values between 7.1 and
9.1 at room temperature[ 161]. The effect of Tris addition on pH changes was shown
in Figure 4.5. The pH of produced NaCl solution was 4, which is not appropriate to
be used as physiological buffer. However, in presence of Tris in the buffer solution,
pH of produced solution was 7.5 so that it was compatible for pH-sensitive bio-
samples. In addition, ApH of NaCl+Tris solution was half of that of NaCl solution.
From these observations, we can conclude that the use of Tris in buffer solution can
not only promote the separation efficiency but also provide bio-compatible

environment in continuous and spontaneous diffusiophoretic separation method.
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Figure 4.4. (a) Snapshots of multiple particle separation in NaCl and NaCl + Tris
solution. At the same longitudinal position, the exclusion distance of particle
suspensions and the distance between each particle suspensions increased. (b)
Separation resolution of inter-particles as a function of the concentration of Tris

contained in the buffer solution.
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4.4. Conclusions

In this chapter, we demonstrated a continuous separation based on diffusiophoresis
with spontaneously generated concentration gradient in a microfluidic platform. The
exclusion distance of particles was shown to follow the scaling law of the
conventional diffusiophoretic system. From this scale law, we found that particle
with different upp can have its distinct exclusion distance so that the particles of 40
nm, 200 nm and 2 um were separated. However, the separation resolution between
the particle suspensions was too low to be evaluated as sufficient separation. Thus,
in order to increase the separation efficiency, Tris buffer as a proton scavenger was
added in the buffer stream so that the concentration gradient inside the concentration
boundary layer became steeper. As a result, the separation resolutions were
significantly enhanced. Furthermore, since Tris played an essential role as a pH
regulator, pH of produced stream was appropriate for most of pH-sensitive
biomolecules. Therefore, we expected the suggested continuous and spontaneous
diffusiophoretic separation platform to be useful for analyzing various nano-meter

scale bio-particles.
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Chapter 5. Concluding Remarks

In this thesis, we discussed about the electrokinetic phenomena induced by ion
selectivity which is unique characteristics of nanochannels. First, we presented a
fabrication method for a micro/nanofluidic device with an arbitrary-shaped
nanoporous membrane. Using the patterning method, nanoporous membranes were
patterned along microchannels with shapes of square, sine, sawtooth, triangle and
fractal wave. Since the accuracy of the membrane patterning was confirmed by direct
visualization of ICP, the fluidic motions of three mechanisms in ICP were visualized
in microchannels with depth of 5 um, 15 um and 150 um. Furthermore, through
direct visualization and electrical measurements, it was confirmed that the
undulation of the membrane surface differently effects in EOF regime and EOI
regime. Secondly, we fabricated a micro/nanofluidic platform with reinforcing
structures inside ion selective membrane using the presented nanoporous membrane
patterning method. Through numerical simulation and experiments, the stable
electroconvection was aligned with the reinforcements and the conditions of
reinforcement geometry for the vortex alignment was confirmed. Moreover, the
reinforcements contributed to the alignment and stabilization of electroconvection in
chaotic regime. The stabilization was demonstrated with the electric measurements
and quantification with time-averaged profiles of cation concentration in simulation
and fluorescence intensity in experiment. It was confirmed that electroconvection
was stabilized when the reinforcement is wide and close to ion depletion zone,
similar to the stable regime. Finally, we developed a continuous and spontaneous

nanoparticle separator based on diffusiophoresis induced by ion exchange. We
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demonstrated that the developed diffusiophoretic nanoparticle separator followed the
scaling law of the conventional diffusiophoretic system. Using the scaling law, the
nanoparticles with different diffusiophoretic mobility (carboxylate-modified 40 nm,
200 nm and 2 um particles) was separated. To increase the separation resolution, Tris
buffer was injected to enhanced concentration gradient. Consequently, pH in the
separated stream was regulated with the addition of Tris. In summary, we
investigated the concentration boundary layers formed near nanoporous membranes
which have not been fabricated due to the limitations of conventional fabrication
techniques. Therefore, we suggest that this thesis would broaden the knowledge for
fabrication of near-practical micro/nanofluidic platforms and the electrokinetic

phenomena inside the platforms.
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Appendix

Appendix A as courtesy of Prof. Hyomin Lee.

Appendix A. Numerical Modeling of Concentration Boundary
Layer near the Ion-selective Membrane with Water

Absorption

A.1. Numerical Methods
A.1.1. 2D Numerical Model for Diffusiophoretic Separation

To model and analyze the diffusiophoretic separation device as shown in Figure
4.1, coupled mass transport equations and electroneutral constraint was numerically
simulated. Inside the microchannel, following self-ionization reaction of water
would occur as

H,OZ=2H"+OH". (A.1)
For the simplicity, the hydration reaction of CO, was neglected so that the pH
condition of inlet stream was assumed to be 7. Since the actual condition of inlet
stream was pH 6, the assumption of neutral pH would be proper to reduce a
computational cost. In the microchannel filled with NaCl electrolyte, there were 5
dissolved species as Na*, CI, H, OH", and colloidal particle. The transport

phenomenon of each species was governed by the Nernst-Planck equation as

-V. (—DNaVcNa - FFE)_IE“”‘ CVO+ CNan =0, (A2)
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—V(—DC,VCC' +%c¢lv¢+cmu]:0, (A.3)

_v.(_DHVcH —%CHV¢+cHuj+k$(KW—cHCOH):O, (A.4)

—V-(—DOHVCOH +%COHV¢+COHUJ+kx(KW—CHCOH):0 and  (A.5)

~V (=D, V¢, + tippc,VInc) =0 (A.6)

where ¢; is the concentration of i-th species (subscription ‘p’ means colloidal particle),
t is the time, D; is the diffusivity of i-th species, F is the Faraday constant, R is the
gas constant, T is the absolute temperature, ¢ is the electric potential, u is the flow
field, k.’ is the rate constant of backward reaction of self-ionization reaction as
denoted in equation (A.1), K,, is the equilibrium constant of the water reaction, tipp
is the diffusiophoretic mobility of colloidal particle and ¢ is the total ion
concentration. The electric potential should be needed for describing ion-ion
interactions to retain local electroneutrality inside the electrolytic solution. Instead
of solving the Poisson equation to obtain the potential distribution, local
electroneutral constraint was introduced as

Cna —Co +Cy —Coy =0. (A7)

a
Utilizing above constraint, ¢ can be defined as ¢ = cy. + cy. Additionally, the flow
field u was set to be the Poiseuille flow.
Qly_ ¥
u=6—| ———|e (A.8)
AlH H?)”
where Q is the flow rate, A4 is the cross-sectional area of actual microchannel and H

is the height of microchannel.
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Equations of (A.2) — (A.8) as the governing equations and constraints were
completed with following boundary conditions. At inlet, the bulk reservoir
conditions were given as

Cha =Cq =1MM, ¢C, =cy, =100nM and ¢, =1nM. (A9)
At outlet,
n-ve, =0 (A.10)
for all species. Equation (A.10) means that dissolved species went through the outlet
boundary by convective transport only. At wall, no-penetration conditions were
employed as

Z,FD,

n -(—DiVCi - CiV¢j =0 for ionic species and (A.11)

n -(—DpVCp + 4ppC, VN C) =0 for colloidal particle (A.12)

where n is the outward normal vector and z; is the ion valence of i-th species. At

cation-exchange surface, the boundary conditions were

n -(—DNaVcNa - FFIQD'IEIa cNaV¢] =K,,Cya » (A.13)

n -(—DOVCC' +%cc,v¢j =0, (A.14)

n (—DHVCH - FR[')I'H cHV¢j =—K,Cra » (A.15)
FDOH

n- _DOHVCOH +?COHV¢ =0 and (A.16)

n-(-D, Ve, + tppC,VInc) =0. (A.17)

Equation (A.13) and (A.15) represent 1:1 ion exchange process [162]. Equation
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(A.14), (A.16) and (A.17) are no-penetration conditions.

Governing equations of equation (A.2) — (A.6), constraints of equation (A.7) — (A.8)
and boundary conditions of equation (A.9) — (A.17) were solved by COMSOL
Multiphysics software under steady-state condition. Used parameter values in
numerical model were summarized in Table A.l. Numerical results of

diffusiophoretic exclusion were shown in Figure A.1 and Figure A.2.

A.1.2. 1D Numerical Model for Concentration Boundary Layer

with Tris Buffer
Comparing to 2D model, 1D model can further reduce computational cost.
Therefore, in 1D modeling, we introduced other possible reactions such as hydration

reaction of CO; [163] and Tris buffer reaction.
CO,+H,0=2H"+HCO, (A.18)
TrisH" = Tris+ H” (A.19)
The rate constants of equation (A.18) are kco?’ = 3.7 x 10 s for forward reaction
and kCO,” = 18 s for backward reaction [163]. For equation (A.19), the rate
constants were determined by the Smoluchowski-Debye theory [164]. The rate
constant of backward reaction for equation (A.19), k71" can be represented as

kTrisHb :47[NA(D

ris + Di ) Tag (A.20)
where N, is the Avogadro number, Dy is the diffusivity of Tris and 745 is the reaction
distance between reactant A and B. Since 745 ~ 0.2 nm typically, k7’ = 1.56 x 107

m? mol! s with Dz = 1 x 10° m? s°!. Furthermore, pK,, = 8.07 for Tris reaction so

that kTr[st :Ka kTrlsHb-
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The governing equations for ion exchange with Tris buffer were

d (—DNa dey, FDy d¢):0, A21)

Cdx dx RT " dx
_i[_DCI dee | FDq %j iy (A.22)
dx dx RT dx

“THdx RT M dx

f b f b
+(kcoz Ceo2 — kcoz ChiChcos ) + (kTrisH Crisw — kTrisH CrrisCr ) =0,

d dc, FD d¢} b
-—| -D,, =%+ -——Hc, == |+k, (K, —c,C
dx( ( Con) (A.23)

_%t_D"” %+%ow ‘;—fj+ KE (K, —CiyCon ) = 0. (A24)
_%(_Dcoz %) 0, (A.25)

Do 02+ FR02 6, S (s e oo icon) =0 (426
—%(— dc&;‘j” —F[FZ%CW %)  (Krvos Cr — K "CreCyy ) =0 20 (A.27)
_%(_Dms = ) -0. (A28)

In the case of 1D formulation, the electric potential was directly determined by

solving the Poisson equation as

d?¢
_SW =F (CNa —Co +Cy —Con + Crig _CHCOS) . (A.29)

The boundary conditions at bulk interface (i.e. end of concentration boundary layer)

were

k b
_ _ —pH —14+pH _ Co2

Cua =Cor =LMM, ¢, =107 M, 5, =107 M, oo, =7 -Gy Ccos.
CO2
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C
— _ buffer
Chcos =Cn + Crrish —Con > Cryign =

f 2
1 + IliTrisH - Cl
TrisH H
_ Cbuffer d -0 A
Cri =—— 5 and ¢= (A.30)
1+ TrlsHf CH
TrisH

where cuuper 18 the initial concentration of Tris before progressing reaction of equation
(A.19). In 1D simulation, cpup- Was set to be 1 mM. The boundary conditions at

cation-exchange surface were

dc,, FD d¢

- Nag ——=K_ Cy ., A31
Na dn RT Na dn ex ~Na ( )
-D, %+ FDq C d¢ _ 0, (A.32)

dn  RT “dn

dc,, FDHC dg K

H dn RT H dn ex “Na ( )
dCOH FDoy d¢
- +——-Coy — =0, A34
““dn RT *dn (A-34)
dc
-D, €2 =0, A35
02 ™ 4 ( )
dc FD d¢
_DHCOS g;os + RTFOS Chicos % =0, (A.36)
d ris FD ris d
_DTrisH C(;I—n - R-[I- H Crrish d_f =0 > (A37)
d ris
D ;Tn =0 and (A.38)
¢=-100 mV (A.39)
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where operator d/dn means normal derivative. The condition of equation (A.39) was

referred from [162].

A.2. Results and Discussions

A.2.1. Taylor Dispersion of the Nanoparticle Suspensions

To investigate further for the relationship between Ax and the flow rate, we
conducted a numerical simulation. See details of simulation on Methods section. As
shown in Figure A.1(a)-A.1(b), we confirmed that the concentration boundary layer
reduces as the flow rate increases by the numerical simulation. However, as we
analyzed in the inset of Figure 4.2(b), &« is linearly proportional to (L/Usean)®>,
which means the same dx can be maintained as a combination of L and Ujear. For
example, processing 50 uL sample takes 10 hours with Q = 0.04 uL/min. However,
processing the same amount of sample may take 1 hour with 10 times faster flow
rate and 10 times longer microchannel (i.e. Q = 0.4 uL/min and 8 cm microchannel).

On the other hand, the effective diffusivity (D) by Taylor dispersion is scaled with
the square of the flow rate. If there is the Taylor dispersion, the effective diffusivity
of colloidal particle can be represented by Dy = D,(1 + Pe? / 48) where Pe is the
particle Peclet number[165]. The major point is whether Taylor dispersion is serious
or not in this chapter. The bandwidth (w) of diffusive plug is scaled by w ~ (D4)"°
where ¢ means the retention time in channel and scaled with Q!. Since Pe ~ Q and ¢
~ O, w is proportional to Q% at high Pe limit. This scaling analysis implies that
band broadening become severe if O increases. However, as shown in Figure 4.3(c)
which was obtained by 2D numerical model, increasing Q resulted in decreasing
bandwidth. This is because D.y~ D, at low or zero Peclet number limit so that w ~
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0% (i.e. w = (Do 1)*° ~ (D, /| Pe)®> ~ 0. Furthermore, the bandwidth of the
numerical simulation was well-agreed with the experimental data shown in Figure
4.3(c). In the meantime, the bandwidths calculated by the theory of diffusion without
considering Taylor dispersion (area plot) and experimentally measured (bar plot)
were well-agreed with each other as shown in Figure A.1(d)-A.1(f). From this
analysis, we can conclude that Taylor dispersion is negligible in our system since the
direction of the flow in microchannel is perpendicular to the direction of the particle
dispersion (i.e. zero Peclet number limit).

As stated in previous paragraph, our system laid on low (or zero) Peclet number
regime. While D,y would be proportional to 1/D, in high Peclet number limit, D, oc
D, in low (or zero) Peclet number limit, leading to a negligible Taylor dispersion.
This was also experimentally confirmed that the bandwidths of the larger particles
(low D,) were thinner than ones of the smaller particles (high D,) by comparing

Figure A.2(a)-A.2(c).
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Figure A.1. (a) The diffusiophoretic exclusion of colloidal particle stream with
various flow rate. The particle concentration was normalized by c,0 = 1 nM. The flow
direction was from left to right. The colloidal particle was assumed to be 40 nm

2 s, The total length of

diameter so that its diffusivity was about 10" m
microchannel in this simulation was 6 mm. (b) Concentration profiles of colloidal
particle which is evaluated at outlet (right boundary). (c) The bandwidth of
diffusiophoretically excluded colloidal particles as a function of flow rate. Numerical
results (circles) were fitted as w ~ O%°, which reflected the Taylor dispersion is
negligible. The fitted line was matched with experimental data (rectangles). (d)-(f)
Comparison of experimentally measured bandwidth to the theory of diffusion

without considering Taylor dispersion for O = 0.04, 0.06 and 0.08 uL/min,

respectively.
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Figure A.2. (a)-(c) Comparison of experimentally measured bandwidth to the theory

of diffusion without considering Taylor dispersion for particles of 40, 200 and 2,000

nm, respectively. The bandwidths of the larger particles were thinner than ones of

the smaller particles.
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A.2.2. Numerical Results of Ion Concentration with Injection of
Tris

By the 1D numerical simulation (See details of simulation on section A.1), the
total cation concentration (cie: = cna + Cu + C1visi7) became lower in the case with Tris
(red dash line) as shown in Figure A.3. Furthermore, normalized diffusiophoretic
migration term (&VIn(cpe/cren)) Was significantly enhanced when Tris buffer was
added to the buffer solution. These results confirmed that the addition of Tris would

enhance the diffusiophoretic migration as we experimentally measured.
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Figure A.3. Numerically simulated effect of Tris addition to the buffer solution. The

gradient of total cation concentration and diffusiophoretic migration term would be

significantly enhanced.
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Table A.1. Parameters used for the numerical simulation.

Parameter Values Description Reference

L 6 mm x-directional length of domain

H 600 pum y-directional height of domain

4 600 um x 15 um cross-s_ectlonal area of

microchannel

0 0.001 — 1 uL min! flow rate
Dwa 1.33 x 107 m?s™! Na" diffusivity [1]
Dq 2.03 x 107 m?s™! CI diffusivity [1]
Dy 9.31 x 107 m? s H* diffusivity [1]
Don 5.26 x 10° m? s°! OH diffusivity [1]
D, 10" m? s7! particle diffusivity
Lpp 2x 107 m?s’! diffusiophoretic mobility

8 3 o

k' 1.4 x 1OS_Im mol rate constant of water reaction [166]

K 10° mol? mS equilibrium constant of water [166]
" reaction
kex 3.08 x 10°m ! rate constant of ion exchange [162]
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