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Abstract

In the previous research, electrohydrodynamic (EHD) flow was known as an electri-
cally driven flow with discharge in liquids. However, conventional methods require at
least several tens of volts of applied voltage to make electrically polarized conditions. In
this thesis, a novel method is proposed to generate an ion-drag EHD flow by applying
relatively low voltages.

Firstly, a flow channel was designed to rectify ion transport pathways using an anion
exchange membrane in which a small pore was made for the channel. An EHD flow
dragged by the cation transport on the order of 1 mm/s was observed by applying 2.2
V in a 0.1 mol/LL NaOH aqueous solution. The flow showed a transient response, which
was visualized by tracking polystyrene particles dispersed in the solution as a tracer.
That is, velocity response rapidly rose up and gradually decayed to zero. The responses
of voltage difference along the flow direction were also measured by probe electrodes
inserted into the solution at both ends of the channel with a distance of 3 mm. When
voltage is applied to the bias electrodes, the response of voltage difference showed a peak
and soon decayed to the constant value. When using the membrane with a small pore, the
peak voltage showed the maximum value. This result indicated that our device effectively
concentrated cations in the flow channel to generate the EHD flow.

Secondly, a constant current of 0.8 mA was applied to induce an EHD flow in the
same condition described above. In this case, transient responses of the EHD flow were
observed, which was similar trend to the results of constant voltage applications. It was
confirmed that ionic currents, which were rectified by the anion exchange membrane
with the flow channel, caused to drive the liquid flow, where electroneutrality was locally
broken.

Thirdly, we investigated the dependence of generated EHD flows on the concentra-
tion. NaOH aqueous solutions of 1.0 x 107!, 1.0 x 1072 and 1.0 x 1073 mol/L were used
for the experiments. The values of peak velocity increased as the concentration. On the
other hand, when using a solution of 1.0 x 10 3mol/L. NaOH, any significant EHD flow
was not observed. Visualizing the flows in the channel, it was found that the velocity
profile appeared to be a Poiseuille flow that was driven by constant pressure. This result

elucidated that the observed flows is obviously different from plug like electroosmotic



flows typically observed in micro- and nanochannels.

Finally, it was concluded that EHD flow was successfully developed in aqueous so-
lutions by using an ion exchange membrane with a flow channel. When a cation trans-
port pathway was constrained in the channel, solvent molecules strongly dragged by the
cations and developed a EHD flow. Using this method, the applied voltage value was
drastically decreased and it enabled us to use it in aqueous solutions avoiding the in-
stability of water electrolysis. Furthermore, this finding is expected to shed light on the

frontier of micro- and nanofluidic technologies.
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Chapter 1

General Introduction

1.1 Background

Recently, increases of world wide problems about energy consumption, environmental
pollution and the rapid provision of medical technology in crisis are worried about. Re-
searches using micro- and nanofluidic devices fabricated by micro-electro-mechanical sys-
tems (MEMS) have attracted significant attention because of the capability of various
applications for the problems mentioned above. Many researchers reported fundamental
studies about micropumps [2, 3, 4] and micromixing devices [7]. Such microfluidic devices
have expected to be applied for various research fields. For example, a blood test which
could be examined by a small amount of liquids. It has been extensively studied. The
base sequencing technology of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
have also been one of the hottest topics, where single molecule identification at high
speed with high accuracy was achieved [25, 6, 7]. These devices succeeded to sense tiny
changes in ionic current by finely tuning the signal-to-noise ratio. A single molecule pass-
ing through a nanopore could be identified more quickly than the conventional methods
that used enzyme reactions and electrophoresis in agarose gel. However, there remains
a lot of problems, where ionic current also has to be controlled to introduce DNA and
RNA molecules into a nanopore. Many theoretical models of ionic current in electrolyte
solutions have been proposed. Electric forces are preferably applied for a driving force to
induced a liquid flow, where wall surfaces are dominantly exposed to the liquid compared

with the volume in microfluidic channels. Such a electrically driving method receives
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much attention because of its simple mechanism and possibility of downsizing.

1.2 Electrohydrodynamic flow

Liquid flows driven by electric forces are known as electrohydrodynamic (EHD) flows [19,
13, 14, 15]. To drive EHD flows, excessively high voltages had to be applied to directly
inject electrical charges into liquids. That is, electric discharges were required to occur in
liquids. Therefore, a variety of oils was usually employed for a good candidate of solvents,
because oils were usually more stable in high voltages than water that theoretically elec-
trolyzes at 1.23 V of the applied voltage. Recently, electro-conjugate fluids have been
investigated for engineering and medical applications. On the other hand, EHD flows
have never been effectively available in aqueous solutions, although detailed flow control
methods have been required. There is a difficulty to apply electric body forces in liquids,
because positive and negative ions usually attract each other via Coulomb interactions,
maintaining electroneutrality. Rectification of transport pathways of cation and anion is
important to realize electrically polarized conditions. In this study, we examine an idea
to generate an EHD flow in electrically polarized condition in relatively low voltages,

although conventional methods required at least tens of volts of the applied voltage.

1.3 Liquid flows in micro- and nanoscales

On the other hand, when a channel surface in electrolyte solution is electrically charged,
counterions interact with the surface charges and form a highly concentrated boundary
layer which is called electric double layer (EDL). In conventional ion transport theories,
an EDL thickness is assumed to be much smaller than the cross-section of a channel,
where electroneutrality is maintained everywhere except for very near the walls. How-
ever, phenomena that could not be explained by the conventional models were often ob-
served in micro- and nanochannels [28]. When the channel width is reduced to the same
order of thickness of EDL, the electroneutrality is broken in the channel. An electroos-
motic flow (EOF) is driven by the transport of concentrated counterions in EDLs when an

electric pontenial is applied. Especially in nanochannels, EDLs of opposite channel sur-
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faces overlap with each other and then, the velocity profile is similar to a Poiseuille flow.
In the case of microchannel, the velocity profile becomes plug like flow because of the slip
boundary of EDLs [25, 28, 24]. Applied voltages to drive a liquid flow can be reduced by
downsizing the flow channels. Nanochannels [36] can reduce the applied voltage lower

than microchannels [26, 1], although the flow rate also becomes lower.

1.4 Aims and structure of this thesis

As introduced above, in this study, we perform experiments to generate EHD flows in
aqueous solutions by using an anion exchange membrane and a pore in the membrane
to reduce the applied electric potential. In Chapter 2, an novel method to rectify the
transport pathways of both cation and anion is supposed and in such a condition, an ex-
ternally applied electric potential drives an EHD flow, where tracer particles are tracked
to visualize flow fields. Herein, a NaOH aqueous solution is employed for the working lig-
uid that is separated into two parts by an anion exchange membrane. Constant electric
potentials are applied in the aqueous solutions. In Chapter 3, based on the fundamental
principle, constant electric current conditions are also examined to generate EHD flows,
using the same methods and the same device in the former chapter. The importance of
rectified ionic currents is discussed. In Chapter 4, the dependency of ion concentrations
on the EHD flow is investigated. The flow velocity, flow rate, and duration time are sus-
pected to be related with the ion concentrations. The ionic current and electric potential
difference are measured by probes placed at both ends of the flow channel. Finally, in
Chapter 5, the results obtained in this thesis are summarized with perspectives in the

future work.
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Chapter 2

Electrohydrodynamic Flow through a
1-mm? Cross-Section Pore Placed in

an Ion-Exchange Membrane

Abstract

In recent years, the control of ionic currents has come to be recognized as one of the most
important issues related to the efficient transport of single molecules and microparticles
in aqueous solutions. However, the complicated liquid flows that are usually induced
by applying electric potentials have made it difficult to address a number of unsolved
problems in this area. In particular, the non-equilibrium phenomena that occur in elec-
trically non-neutral fields must be more thoroughly understood. Herein, we report on the
development of a theoretical model of liquid flows resulting from ion interactions while
focusing on the so-called electrohydrodynamic (EHD) flow. We also discuss the develop-
ment of an experimental system to optically and electrically observe EHD flows using a

2 cross-section pore placed in an ion-exchange membrane where cation and anion

1 mm
flows can be separated without the use of a charged environment. Although micro/nano-
sized flow channels are usually applied to induce electric double layer overlaps in order
to utilize strong electroosmotic effects, our system does not require such laborious fab-

rication processes. Instead, we visualize EHD flows by using a millimeter size pore im-

mersed in an alkaline aqueous solution. In this setup, liquid flows passing through the

6
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pore along the direction of ion flow, whose velocity reaches on the order of 1 mm/s, can be
clearly observed by applying a few volts of electric potential. Furthermore, the transient

phenomena associated with ionic responses are theoretically elucidated.

Keywords

Electrohydrodynamic flow, Ion transport, Visualization, Ion-exchange membrane

2.1 Introduction

In recent decades, the use of micro/nanofluidic devices in the creation of novel bionan-
otechnologies has attracted significant attention. As a result, a number of cutting-edge
devices such as the electrochemical capacitor, [1, 2, 3, 4, 5] the ion electric field transis-
tor, [25, 7, 8, 1, 23] and the single molecule sequencer, [11, 12, 9, 14, 15, 16, 10, 18] have
been developed. In these technologies, the behavior of electrolyte ions plays an important
role in improving output efficiencies. In an aqueous solution, electrolyte ions are exposed
to externally applied fields. In particular, ions or electrically charged particles are driven
by the electric force known as electrophoresis, [19, 28, 29, 46] and liquid flows induced by
surface charges on a wall are known as electroosmotic flow (EOF). [28, 29, 32, 24] In mi-
cro/nanofluidic devices, electrolyte solutions are strongly polarized in an electric double
layer (EDL) near a channel wall, which cause EOF parallel to the wall surface. To induce
strong flow fields, finely tuned conditions are satisfied, such as ensuring that the facing
walls are less than a few tens of nanometers apart, and that salt concentrations are kept
less than 1 mM [28, 29]. In conventional models, it is believed that positive and nega-
tive ions are usually paired. Therefore, such solutions are considered to be electrically
neutral everywhere except near the electrically charged surfaces [25]. More specifically,
oppositely signed ions are usually equilibrated in solution because even a modest elon-
gation of an equilibrium length between two ions results in a strong Coulomb force that
causes them to attract each other. Accordingly, focusing on microscopic confined spaces,
further understanding will be necessary for future progress.

Electrohydrodynamics was first explored in the pioneering works of Melcher and Tay-
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lor [19] and Saville [13]. Additionally, an assembly of polystyrene particles enhanced by
electrohydrodynamic (EHD) flows was experimentally observed by Trau et al. [28, 14]
and numerically analyzed by Ristenpart et al. [15]. Furthermore, EHD micropumping
applications [31, 20] and EHD flow variations [33, 34] were reported in some literatures.
Essentially, EHD flows are based on external electric force applied to liquid flows, where
an electric potential expressed by the Poisson equation plays an external force in the
Navier—Stokes equation. In actual systems, EHD flow observations are only possible in
highly polarized conditions such as those shown in EDL [28, 14, 20] and in the strong
electric fields required to apply at least several tens of volts of electric potential [31, 20].
EOF is particularly effective on flows near EDL and is, therefore, often combined with
EHD. This means that it is difficult to detect EOF separately from electrically charged
surfaces in bulk solutions due to the electroneutrality factor, as mentioned above. [25]
Because we are also interested in ion transports in various spatial scales, [27, 36,
15, 46] in this study, we investigate EHD flows in aqueous solutions, while proposing a
novel method that does not require any difficult fabrication processes. Specifically, a 1
mm? cross-section pore is made in an ion-exchange membrane that has a cross-sectional
area large enough to negate the effect of surface charges. Then, water flow driven by
ionic motions is observed by using a microscope and a high-speed camera. Using this
experimental system, it is possible to use the membrane pore to separate the current
paths of negative and positive ions. Short-duration non-equilibrium responses just after
applying an electric potential can be detected by applying a few volts of electric potential
in an aqueous solution corresponding to an electric field on the order of 100 V/m. It should
be noted that highly tuned techniques and time-consuming processes are not needed
to prepare such a device. After the response, the liquid flow seems to equilibrate to a
steady current condition. This finding means that an electrically polarized condition
can be induced at a area far from the electrode surfaces. That is, the breakdown of
electroneutrality in bulk solutions is achieved. Furthermore, the time and spatial scales

of the phenomenon can be well explained by a theoretical EHD flow model.
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2.2 Theoretical Model of an EHD Flow though a Pore

In this section, we show the development of a theoretical model for EHD flow through
ion-exchange membranes. First, incompressible liquid flow, which is driven by electric

fields, is expressed by the Navier—Stokes equations:

0
Om (& +u-V)u —Vp+,uAu+Zp,-E, (2-1)
i

V-u 0, (2-2)

where p,, is the mass density, u(r,?) is the velocity, u is the viscosity, p(r,t) is the pres-
sure, E(r, t) is the electric field, and p;(r, t) is the electric charge density of the ith species.

In electrolyte solutions, ion behavior is described by the Nernst—Planck equation:

0p; .

= v, 2-3

Y, Ji (2-3)
eE

Ji = ZL; —-D;V+u|p;, (2-4)
l

where z; is the valence number, e is the elementary charge, {; is the friction coefficient,
and D; is the diffusion coefficient. The electric fields and electric current density obey

the Maxwell equations:

eeoV-E = ) p;, (2-5)
i
oE
j o= Yiitego—, (2-6)
i ot
Vj = 0, (2-7)

where € and ¢ are the relative dielectric constant and dielectric constant of vacuum. By
substituting eqs 2-5 and 2-6 into eq 2-7, eqs 2-3 and 2-4 are found to be satisfied. That is,
ionic currents in electrolyte solutions satisfy the Maxwell equations. When variables are
non-dimensionalized as follows:

Ut . _Lpi . _ L’ E ., _»p

u
—, t* = —, * = , ) = s
U L pl £0E0 Jl EoEoDi E()
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where L is the characteristic length, U is the characteristic velocity, and E is the uniform

electric field, eqs 2-1 and 2-2 are transformed to

0 1
+u*-V|u* —Vp*+—Au*+¢&) piE* 2-9
(Ot* u )u p +p-hu ¢ : p;E", (2-9)

V-u* = 0, (2-10)

where ¢ = EoE(z)/(me 2) and Re is the Reynolds number. Equations 2-3 and 2-4 become

op; 1

- Ly 211
ot a;ps i 1D
if = (n’E*-V+a;Péu)p’, (2-12)

where we focus on a diffusion coefficient D,, of mainly effective species and set to a; =
D,,/D; and then, the Péclet number is defined as Pé = LU/D,,. Additionally, the non-
dimensionalized mobility is defined as 17 = z;eE(L/(;D;. Furthermore, eqs 2-5-2-7 result

in

eV-E* = ) pI, (2-13)
1 OE*

i* = i+ 2-14

) ; a P& " o @14

v-j© = 0. (2-15)

Hereafter, we will omit the asterisk symbol for non-dimensionalization. According to the
schematic illustration in Figure 2-1, we assume that the velocity field is dominant along
the pore axis (z-axis) such that u = (0,0, u ). The velocity field is constant along the z-axis,
and thus u, is independent of z such that u, = u,(x,y,t), where (x,y) € [0,1] x [0,1] for a
square cross-section and ¢ € [0,00). As mentioned above, the driving force of the liquid
depends on the charge difference of electrolyte ions within a short period, as described by
eqs 2-11 and 2-12, where the ionic current response consists of electrophoresis, diffusion,
and convection. The relationship between the electric charge density and electric field
is given by the Poisson equation (eq 2-13), and thus the electric field depends on ion

behavior.
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According to the numerical results of the coupled Nernst—Planck and Poisson equa-
tions provided in a previous study [46], the non-uniformity of electric fields is apparent
near electrodes, and weak uniform fields remain in solution at points farther away from
the electrodes. In our experimental setup, the flow channel is sufficiently separated from
both electrodes to allow the electric fields in the pore to be potentially approximated as
uniform along the z-axis. Associated with the numerical solution, we replace the non-

dimensionalized electric force in eq 2-9 by
Y pi(z,)E(z,8) = p(z,)E(z,t) = )_ fiexp(-A;t). (2-16)
i J

The force field is represented by exponents with the amplitude f; and time scale A,
where these constants are determined from experimental results. As usual, it is known
that the EHD flows are proportional to the square of the electric field strengths [20]. In
our model, the electric force is also proportional to E(Q) insofar as ) ; p; and E are uniform
in eq 2-9. On the other hand, in actual systems, concentrations and electric fields tend
to deviate from uniformity very near the electrodes causing them to screen the surface
charges. When the upper surface of the liquid is fully exposed to air and the pressure
gradient is assured to be negligibly small compared to the electric force term, eqs 2-9 and

2-10 are replaced by

ou, 1
- —Au.+ . A1) i , 2-17
= TS g‘*;fjexp( jt) in pore (2-17)
ou, 1 , , Lo
5 = R—Auo + éz fj exp (—xljt) in ion — exchange membrane, (2-18)
e .
J

where Re is assumed to be the same in both regions. Due to the continuity of liquid flow,

eqs 2-17 and 2-18 should satisfy
f uzdxdy+f uo,dxdy =0. (2-19)
S S’
For non-slip boundary conditions in the pore and an initial condition:

u(0,y,t)=u,(1,y,t)=0, (2-20)
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uy(x,0,t) =u,(x,1,t) =0,

uz(x7y7 0) = 07

solving eq 2-17, we obtain

u (x,y,t) = 165222 fi exp(=A;t)—exp(=Axt)

ne ny ; Nxfly Ai—Ap

kx = nxn, nx - 173’57

ky = nym, ny,=13,5,--,
2 2y 2
(ny+nyn

A =
k Re

sink,xsink,y,

13

(2-21)

(2-22)

(2-23)
(2-24)
(2-25)

(2-26)

In the ion-exchange membrane, the reverse flow of counterions is effectively developed in

(x,y)€[0,1'1x[0,1']. For initial and boundary conditions:

uO(O’yy t) = uo(l,,y, t) = 0,

Uo(x,0,8) =uy(x,1',t)=0,

uo(x,y,0)=0,
we obtain
16¢ f] exp(-Ajt) —exp(-1}1)
uo(x,y,t) = sink xsink’y,
° nzx:nzy’; NxNy A; —/1;6 Y
NyTT
k;c = %’ nx:1,3,5,"',
! _ nyn _
ky = T, ny—1,3,5,---,
2, 2y 2
v - (ny+nym
k Rel’2 :

Furthermore, to satisfy eq 2-19, a relation between f; and f/ results in

L, En, Li finz*ny® (A= 4) " [exp (A1) —exp(-A)] 1

znxznyz fing?ny2 (A — ) Mexp(—Ait) —exp(—Axt)] 12

(2-27)
(2-28)

(2-29)

(2-30)

(2-31)

(2-32)

(2-33)

(2-34)
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2.3 Experimental Methods

Figure 2-2 shows schematic illustrations of our experimental setup, in which an ion-

2 cross-section pore is immersed in a 0.1 M NaOH

exchange membrane with a 1 mm
aqueous solution. Helical-shaped Au electrodes are placed on both sides of the mem-
brane and set at a distance at least 5 mm from each other (Figures 2-2a,b). To facil-
itate OH™ and anion exchange, an anion-exchange membrane (NEOSEPTA®, ASTOM
Co., Ltd., Tokyo, Japan) is employed. The membrane is about 140 um thick. The reser-
voir, which holds different-sized cylindrical chambers, is made of polydimethylsiloxane
(PDMS). The cylinder with the anion-exchange membrane fixed at one end is 14.4 mm
in diameter and 5 mm in length. Another chamber (18.4 mm in diameter and 15 mm in
length) is set outside the one mentioned above into which a glass cylinder (18.0 mm in
diameter and 10 mm in length) and a spacer (18.0 mm in diameter and 5 mm in length)

2 cross-section pore penetrates 3 mm

are placed, as shown in Figure 2-2a. A 1x1 mm
into the PDMS channel and is placed in the anion-exchange membrane. Here, we chose a
square cross-section to ensure high tracer particle contrast to transmitted light. The sur-
face area of the ion-exchange membrane immersed in the solution is at least 100 times
larger than that of the pore. A 0.8 um sized polystyrene particle (Estapor®, MERCK
KGaA Co., Ltd., Dermstadt, Germany) is employed as a tracer, where 10 volume per-
cent of the polystyrene particles is further diluted to 0.1 volume percent, and 200 pL
of it is diffused in 3.6 mL of the NaOH solution. Before measurements, the electrodes
are electrically shorted, the solutions are stirred, and left for more than 20 min. After
that, the equilibrium condition is confirmed by observing the behavior of tracer particles.
When an electric potential is applied to the Au electrodes, the motions of tracer particles
are observed using a microscope equipped with a high-speed camera (VW-9000, Keyence
Co., Ltd., Osaka, Japan) (Figure 2-2c). The applied potential difference is absolutely set
to 2.2 V in order to obtain clear electric signals. The measurements are carried out at
a constant voltage condition. Motions of the particles are tracked with the high-speed
camera at a frame rate of 500 fps. Trajectories are traced and their velocity is analyzed.
Electric signals are simultaneously measured with a sampling rate of 200 Hz by using a

potentiostat (VersaSTAT4, AMTEK, Inc., TN, USA).
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2.4 Results and Discussion

2.4.1 Theoretical analysis of EHD flow through a pore in ion-

exchange membranes

In this section, we first discuss a case of a single exponential electric signal decay caused
by ionic responses. Since ionic response differences are not locally distinguished in the
actual system, it is reasonable to set an equivalent response time, 7, = /1;1, in the pore

and ion-exchange membrane. Thus, eq 2-34 is expressed as

£l 1 Xn, Xa,ne7ny?(he = A5) 7 [exp(—Aet) — exp(=14)]

e

Te o= _ , (2-35)
fe 1%y, Yo, nx2ny% (Ae = A}) ' exp(=At) —exp (-A,t)]

where the amplitude of the electric signal corresponds to f, and f, for the inside and
outside of the pore, respectively. Hereafter, we will discuss the case of f, = 1. Figure 2-3
shows u, u,, and f, analyzed for varieties of A, and !’ at Re = 0.1, where the velocity
evaluated at the center of channel, x = y = 0.5, is presented and is normalized by ¢. As
shown in Figure 2-3a, we found that a u, response strongly depends on 1, when we set
l' =1.414. The liquid response time tends to increase with decreasing A.. The relative
difference between the time scales of liquid flow and the electric signal affects the result.
Due to the continuity of the volume flow rate, the velocity is significantly lower in the
ion-exchange membrane than in the pore, as far as I’ > 1. Figure 2-3b presents the
magnitude of f] as a function of time. According to eq 2-35, f, rapidly settles at some
steady state values and converges to /'~* as A, decreases. Notably, £, deviates from the
convergence value as A, is close to 1; and A;c. Figures 2-3c,d show results for the case
of I’ = 3.162. The flow velocity in the ion-exchange membrane is apparently reduced in
comparison with Figure 2-3a, since the cross-sectional area of the flow channel increases
proportionally to I’?2. The asymptotic behavior of ! is qualitatively the same as Figure
2-3b, although there is a quantitative difference associated with I'~*. Figure 2-4 shows

results for the case of Re = 1. An increase in Re reduces both 1, and /1;a and results in
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the slow liquid flow response. As shown in Figure 2-4a, the initial rise of u, and u, takes
slightly more time, even though the decay of flow velocities is similar to that in Figure 2-3.
Some maximum peaks can be found in the transient responses. Additionally, the behavior
of f, is different from that in Figure 2-3b. In particular, as shown in Figure 2-4b, f, tends
to approach zero when A, = 10. In the case of I’ =3.162, u, and u, exhibit similar trends
with Figure 2-4a, except for the small amplitude of u,, as shown in Figure 2-4c. On the
other hand, ] tends to deviate from [’ ~4 when A, > 1 and, in particular, approaches zero
(Figure 2-4d). Figure 2-5 presents results from the case of Re = 10. Initial increases
and subsequent decays in the transient responses are clearly found in Figure 2-5a. In
Figure 2-5b, the response of f, also becomes slower and approaches zero when A, > 1.
As shown in Figures 2-5¢,d, an increase in /' reduces u, and f; is clearly modulated by
relative differences between A, 1, and )L;a. Based on the difference in the surface areas,
it is clear that u, and f, become prominent compared to u, and f,, respectively. It has
been suggested that the flow field can be magnified relatively in the pore when we design
I’ > 1 in actual experimental systems. Figure 2-6 shows velocity profiles as a function of
time along the x-axis at y = 0.5 for the case of A, =1 and I’ = 1.414. As shown in Figures
2-6a,b, for small Re, the velocity field develops quickly and decays as a Poiseuille flow.
As Re increases in the manner shown in Figure 2-6¢, where the development of velocity
fields can be detected, the liquid flow develops almost uniformly during the initial rise
and gradually deforms to a Poiseuille flow.

In this section, we discussed an EHD flow that could be realized using a small pore
in ion-exchange membranes. It was theoretically demonstrated that temporal EHD flows
can be generated if electroneutrality is eliminated by applying electric potentials in elec-
trolyte solutions. Furthermore, it is possible to induce liquid flows associated with the
charge difference of ions and electric fields in the pore. As a result, we clarified that the
time scale of ionic responses and Re govern the behavior of liquid flows. In the following
subsection, we show an experiment performed to confirm that the electroneutrality is

actually broken, which then induces an EHD flow.
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Figure 2-3. Numerical results of the theoretical model for Re = 0.1: (a) normalized
u, and u, and (b) f./f, for I' = 1.414; (¢) u, and u, and (d) f./f. for I' = 3.162.
A is varied ranging from 0.1 to 10. u, and u, calculated at (x,y) = (0.5,0.5) are
presented.
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2.4.2 Visualization and electrical observation of EHD flow

Figure 2-7 shows current-voltage (I'V) characteristics of an anion-exchange membrane
with and without a pore. In the present experimental system, the conductance of 0.1 M
NaOH solution was electrically measured and resulted in 0.25 mS (Figure 2-7a). In this
solution, the conductance of the pristine membrane was 0.17 mS (Figure 2-7b) and that

of the membrane with a 1 x 1 mm?

cross-section pore was 0.12 mS (Figure 2-7¢). It was
found that the anion-exchange membrane actually became resistant to ionic currents,
and that the presence of the pore could not restore equivalent conductance levels. The
cross-section area of the PDMS block surrounding the pore possibly blocked the ionic
current.

Figure 2-8 shows electric potential responses that were measured by applying a volt-
age difference of 2.2 V on the helical-shaped bias electrodes, where the other probe elec-
trodes were set across the membrane with the distance of 3mm between the electrodes.
Compared between the transient responses with and without a membrane, a prominent
peak was observed by using the membrane with a 1 x 1 mm? pore (Figure 2-8(c)). It was
found that drastic Na* concentration changes transiently occurred near the pore imme-
diately after the electric potential was applied, even though this polarization was not
maintained at steady states as shown in Figure 2-7. This trend was also confirmed for
the other applied voltages (figures are omitted).

Figure 2-9 shows some typical transient responses of the liquid flow resulting from the
trajectories of tracer particles in the area of 458 x 611 pm2 (x x z) at the center of the pore,
which were independently measured. These results imply that highly concentrated ions
in the pore region induce the liquid flow triggered by an applied electric potential. In our
experimental system, it was confirmed that electrophoretic transport of the polystyrene
particle was not clearly observed in pure water and the NaOH solution, even though the
polystyrene particle surfaces were known to have weak negative charges. This means
that the electric field strength is too weak to induce electrophoretic particle transport in
the bulk condition. Furthermore, in unsteady flows, taking into account the additional

mass and Basset force, as well as the Stokes drag, particle response time 7, is approxi-
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mately expressed as [38, 39, 40]

) (2'36)
Pm 2

2 ( Op 1) a?

v
where p, and a are the density and radius of a particle, respectively. In the present case,
Tp is on the order of 1 ps, resulting from p,/pp ~ 1, @ ~1 um, and v ~ 1 x 1075 m?/s.
Such a short response time means that the behavior of particles is fully susceptible to the
liquid flow. Actually, the particles simultaneously move in a one-dimensional direction
along the z-axis when an electric potential is externally applied. In Figure 2-9a, an elec-
tric potential of 2.2 V was externally applied at ¢t =5 s, and electric current signal caused
by ionic responses was observed immediately thereafter. Following that, liquid flow rate
increased and velocity slowly decreased, even though multiple-spike signals seemed to be
included in the decay. At the peak point, the liquid flow velocity reached 1 mm/s. Figure
2-9b also shows a sharp apparent velocity peak, which reached approximately 1.5 mm/s.
In this case, the liquid flow response time is shorter than that in Figure 2-9a. In contrast,
Figure 2-9¢ showed liquid response retardation, and severe velocity changes were found
when the electric current approached a steady condition. Additionally, some peaks could
be found in the liquid response. In each case, the particle transport direction was from
the positive to negative electrode, which was also the cation flow direction. Furthermore,
peculiar oscillations often appeared by applying electric potentials, which was clearly
different from the Brownian motion of particles. This phenomenon has not been theoreti-
cally explained. Consequently, it is clear that the liquid flow velocity is strongly enhanced
by ionic motions in the solution that is recognized via electric signals, even though there
are response variations. These experimental results indicate the observation of EHD flow
using this system.

At the maximum velocity of the peaks was found to reach approximately 1 mm/s.
Here, assuming a uniform electric field between the two electrodes, the electric field
strength is roughly estimated as ~ 100 V/m, which can be evaluated from Figure 2-8.
The liquid velocity field is developed by applying an electric potential and shows con-
tinuous decay to zero. Furthermore, even though the electric current signal spike can

only be observed for a short period, the liquid flow actually occurs during the following
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ionic responses. It is, therefore, suspected that an applied electric potential induces ion
transport in the electric field, after which a liquid flow is induced in the pore by densely
concentrated cations. Although it is believed that ions are usually paired to maintain the
electroneutrality of electrolyte solutions, except for externally charged conditions such
as EDL at charged surfaces, [25, 28] our results indicate that electroneutrality can be
broken without requiring any specific conditions. In our experimental system, the pore
was located more than 1 mm away from the electrode. When a pore with a 1 mm? square
cross-section is filled with water and we apply L =1 mm and v = 1 x 1076 m?/s, the time
constant of the liquid response is evaluated as T = 17! = 0.05 s from eq 2-26. This constant
appears to be smaller than that of ionic responses measured by electric signals shown in
Figure 2-9. Ionic responses are usually caused by transitions of both ion distributions
and electric potentials. Basically, it is a nonlinear response and cannot be determined by
a single exponent. This point has already been discussed in a previous study. [46]

As shown in Figure 2-10a, a measured electric signal was fitted by linear combinations
of some exponents considering the time constants of 7, = 0.01, 0.1, 1, and 10 s. Using

these constants, experimental data could be fitted by
I(t)=0.0030 ( ¢ )+O 0097 ( ‘ )+O 0010exp(—¢)+0.0001 ( ‘ ) (2-37)
=0. exp 0.01 . exp 01 . exp . exp o) @

In this case, the time constant coefficient of 0.1 s resulted in 0.0097 mA, which was the
largest. Additionally, the coefficients of 0.01 and 1 s were also included as factors of 0.003
and 0.001 mA, respectively, and I was sufficiently converged at 7, = 10 s. Assuming
that the ionic current obeys Ohm’s law, eq 2-37 can be related to electric force in eq 2-23
such that I = BpE, where B is a constant. To represent the experimental data, we set
B=2x10"* m*Vs. Then, p is on the order of 1 Cm ™2 for I = 10 mA, which corresponds to
the concentration of 1 x 1078 M for monovalent ions. The results indicate that the charge
separation of ions is very weak in actual systems, even if the concentration of NaOH
aqueous solution is 0.1 M in equilibrium, which is why electrolyte solutions are usually
considered to be close to electroneutral throughout. [25] According to this experimental
data fit, the external force can be applied in eq 2-23, after which the time evolution of «,

produces the results as shown in Figure 2-10b. These results show that firing an electric
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spike signal excites the liquid flow and that the successive u, then shows a maximum
peak that slowly decays to zero. Although the contribution of the time constant of 0.1 s
may be dominant in eq 2-37, the response of u, shows a long tail affected by the other
time constants. As shown in Figures 2-3—2-5, no single component can explain the char-
acteristics caused by both fast and slow ion responses. That is, ionic responses include
various time constants and the EHD flows are driven as expressed in the theoretical

model.

2.4.3 EHD flow to sequential applications of electric potentials

Figure 2-11 shows a velocity response resulting from a sequential application of electric
potentials and its theoretical model. When an electric potential of 2.2 V was applied at
t=5 s and —2.2 V was successively applied at ¢ = 15 s, continuous liquid flow responses
were clearly observed, as shown in Figure 2-11a. In the same manner as reported in
the previous section, the liquid flow velocity first increased, and then showed a slow
decay. Furthermore, it also responded to the inversely applied electric potential, and
it was found that the EHD flow direction could be reversed sequentially by changing
the direction of the electric fields. The mechanism of this phenomenon can be understood
using the same model mentioned above. For sequential applications of electric potentials,
eq 2-17 is modified as follows

[ 0 1
—-—A
0t Re

uZ:fZZfijeXp[—/li(t—tj)] @(t—tj), (2-38)
i

where ©O(#) is the step function. In this case, the solution is

u,(x,y,8) = ‘%ZZZZ fij exp[-Ai(t—t))]—exp[-An(t—t))]

neny i j Nxlly Ai — A

ot -t))

xsinkyxsink,y. (2-39)
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L, Nt)=0.0030 exp(~t/0.01) + 0.0097 exp(~t/0.1)
10 @/ +0.0010 exp(—t) + 0.0001 exp(-t/ 10) 4

Current (mA)
Current (mA)
Velocity (mm/s)

0.0 0.2 0.4 0.6 08 1.0
t(s)
Figure 2-10. (a) Experimental data (open circle) of electric current response and
the least-square fit (dashed line) by the set of time constants: 0.01, 0.1, 1, and 10 s.
(b) Response of u, (solid line) at x = y = 0.5 induced by the electric current response
(dashed line) analyzed in (a), where the electric current is translated to the electric
force by I = BpE and f=2x107* m*/Vs.

This result is presented in Figure 2-11b. Here, we employed the same parameter sets
used in Figure 2-10. Our theoretical model well explains the response trends in the
experimental result, where ionic motions enhance liquid flows. More specifically, the in-
versely applied potentials disturb the steady current state and induce the backward flow
of ionic currents. Then, the cation flow concentrates at the pore and produces the reverse
flow. In the experimental result, the magnitude of the second peak of both the current
and the velocity is always larger than the first. The results also show that the environ-
ments can be changed slightly for successive electric field applications. When compared
to the initial equilibrium condition, the possibility exists that there are differences in the
Na* concentration on either sides subject to the applied potential. Such differences have
not yet been taken into account in the theoretical model. Therefore, the present model
does not consider the spatial distribution of ions along the electric fields, although the
diffusion of ions along the electric fields takes long periods of time. [46] In this study, we
could identify such important points by coupling the electric measurement with optical
microscopic observation. To facilitate further improvements, coupling the ion transport

processes to the growth process of flow fields should be considered.
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Figure 2-11. (a) Experimental observation and (b) numerical result of the veloc-
ity response (upper panels) to sequential applications of electric potential (lower
panels), where the flow velocity and electric current are presented with solid and
dashed lines, respectively. The first application of electric potential was at t =5 s
and the second one was inversely at ¢ = 15 s. In the theoretical model shown in (b),
the parameter set employed in Figure 2-10 was applied.

2.5 Conclusion

We succeeded in visualizing an EHD flow induced by a cation flow passing through a

1 mm?

cross-section pore in an anion-exchange membrane while applying an electric
potential of 2.2 V on a 10 mm order length system. Contrary to conventional theories, we
found that ion flows could be transiently separated using an EHD flow without applying
a charge. In our experimental mechanism, the charge difference was induced due to a
pore placed in the membrane by applying electric fields, after which a liquid flow on the
order of 1 mm/s was observed until electroneutral conditions were reestablished. We also
found that the liquid flow response time scale was affected by ion behavior. Furthermore,
it was demonstrated that the liquid flow direction could be changed sequentially via the
use of inversely applied electric fields. This observation was also well understood using
a theoretical model in which even a small charge difference will cause a strong one-
dimensional flow. Considering various ion-exchange membrane and electrolyte solution

combinations, this kind of EHD flow is expected have applications in mass transport,

rectification, and liquid flow mixing.
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Chapter 3

Observation of Electrohydrodynamic
Flow through a Pore in Ion-Exchange

Membrane

Abstract

Liquid flows driven by electric force is known as electrohydrodynamics (EHD). EHD flows
are expected to be applied to micropumps, microactuators, and mixing devices. However,
it is known that conventional EHD flows require at least tens of volts of the applied
voltage. In this study, a novel device is developed to generate an EHD flow under a
constant current condition with a few voltages. An ion-exchange membrane that has a
small pore is set in a reservoir to separate the flow path of anion and cation. The reservoir
is filled with NaOH aqueous solution and a constant electric current is applied across the
membrane. When the cross sectional area of the ion-exchange membrane is 200 times
larger than that of the pore, EHD flows observed in the pore become faster than those in
previous studies. The maximum value of the flow velocity reaches 3 mm/s by applying a

constant current of 0.8 mA.

Index Terms
Electrohydrodynamics, Ion exchange membrane, Microfluidics, Visualization
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3.1 Introduction

Recently nanofabrication techniques have made rapid progresses. In nano-scaled fluidic
devices, ion transports strongly affect the liquid flows that often result in complicated
flow patterns [1, 25]. Such peculiar flows seem to exceed our understanding by means of
conventional ion transport theories [28]. For example, a liquid flow is induced due to high
concentrations of electrolyte ions near a charged wall surface when an electric field is ex-
ternally applied in the solutions as shown in Figure 3-1(a). This kind of flow is known as
electroosmotic flow (EOF) [25, 28], as schematically shown Figure 3-1(b). EOFs are one of
the hottest topics in micro/nanofluidics and further understanding is required. A charged
wall surface in electrolyte solution attracts counter ions and it forms electric double layer
(EDL). Particularly, when a distance between two channel wall surfaces becomes closer,
EDLs overlap with each other as shown in Figure 3-1(c). In such a narrow channel, elec-
troneutrality is broken and dominant ion transports drive liquid flows. As mentioned
above, electrically polarized conditions are inevitable to induce liquid flows by externally
applied electric force. In recent, novel technologies to manipulate electrophoretic behav-
ior of single molecules [27, 11, 12], charged particles [7], and allergens [8] by applying
EQOF's have attracted much attention. Charged molecules, such as deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) in electrolyte solutions are electrically driven by exter-
nal electric fields. Controlling the transport velocity is crucial to clearly detect a single
molecule in extremely narrow spaces, such as nanoslits and nanopores. To do so, a deep
understanding of responses of electrolyte ions and liquid flow are inevitable [46]. Elec-
trolyte ions in solutions cause to induce a liquid flow when externally electric force is
applied and then, the ions drag surrounding fluids. This flow is called as electrohydro-
dynamic (EHD) flow [19, 13, 14, 15]. The idea of EHD flows was based on a pioneering
work by Melcher and Taylor [19]. Following them, Saville [13] and his coworkers [14, 15]
developed the theoretical basis and optically observed the phenomenon. EHD flows are
expected to be applied to micropumps and mixing techniques [20]. However, high volt-
ages at least several tens of volts are usually required to make EHD flows. Bhaumik
et al. [20] developed a low voltage driving micropump. But, its output flow velocity was

lower than the conventional ones, and the flow rate was not enough. For example, they
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applied AC fields (15-40 V,5; 5-500 Hz) across the two parallel electrodes. By applying 15
Vpp, the velocity of the generated EHD flow resulted in 107 pm/s, in which the distance
between the electrodes was set to 600 um. In this study, we tackle to develop a novel
device to investigate EHD flows, which works with moderate currents and voltages. As
schematically shown in Figure 3-1(d), an EHD flow passing through a small pore placed
in an ion-exchange membrane is optically and electrically measured. Applying an elec-
tric current along the channel axis, both the anion and cation are separately attracted to
the counter electrodes. In a case using an anion-exchange membrane, anions can pass
through all cross-sectional areas including a pore region, but cations are limited to pass
through a pore in the membrane. In the experimental system, due to a large difference
between a cross-sectional area of anion-exchange membrane and its pore, highly concen-
trated cations in the pore drive a strong EHD flow. As a result, our device can make a
significantly fast EHD flow compared to previous results [20]. Further progresses based
on the present results are expected to be developed not only for translocation velocity

control of single molecules but also for arbitrary molecular pattern fabrications [15].
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Figure 3-1. Schematic illustrations: (a) whole structure of the experimental sys-
tem, (b) electroosmotic flow (EOF) in microchannel, (¢) EOF in nanochannel, (d)
EHD flow in the present system, and (e) design of the present experimental device.
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3.2 Experimental Methodology

3.2.1 Design of experimental device

Figure 3-1(e) shows a schematic illustration of the present experimental device. An
ion-exchange membrane with a pore and a pair of helical shaped Au electrodes is im-
mersed in a reservoir made of polydimetylsiloxane (PDMS). An anoin-exchange mem-
brane (Neosepta®A-0325, ASTOM Co., Ltd., Tokyo, Japan) was employed in this ex-
periment. The experimental device was designed to set the cross-sectional area of ion-
exchange membranes 200 times larger than that of the pore in the membrane, where
the ion exchange membranes had a diameter of 18.0 mm. A 1 mm X 1 mm rectangular
cross-section pore was 3 mm in length. This channel was penetrated in the ion-exchange
membrane. The system consisted of two different-sized cylindrical chambers: 14.4 and
18.4 mm in diameter. A glass cylindrical chamber (18.0 mm in diameter and 10 mm
in length) and a spacer (18.0 mm in diameter and 5mm in length) were placed in both
sides of the reservoir to fix an ion-exchange membrane. A 0.83 um diameter polystyrene
particle (Estapor® MERCK KGaA Co., Ltd., Dermstadt, Germany) was employed as a
tracer particle. A 10 volume percent solution of the polystyrene particle was diluted in
pure water to 0.1 volume percent, and 200 pL of it was added in 3.6 mL of a 0.1 M NaOH

solution for visualization of EHD flows.

3.2.2 Experimental method

Applying a constant current or a constant voltage, electric signals and flow velocities
were measured. Behavior of tracer particle in the pore was observed by using a micro-
scope with a high speed camera (VW-9000 Keyence). A constant current of 0.8 mA or a
constant voltage of 2.2 V was applied in the solution on the Au electrodes by a poten-
tiostat (VersaSTAT4 AMTEK). Trajectories of the particles were traced at a frame rate
of 125 fps and the flow velocity was analyzed. The time response of electric signals was
simultaneously measured with a sampling rate of 200 Hz. After the reservoir was filled
with the solution, at ¢t =5, 30, 55, and 80 min, electric force was applied to observe EHD

flows. Before the measurements, the electrodes were shorted and the solution was suffi-
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ciently stirred to maintain equilibrium.

3.3 Results and Discussion

3.3.1 Confirmation of the experimental condition

Polystyrene particles are usually known to be negatively charged in aqueous solutions
and we need to clarify the degree of electric force on polystyrene particles. A 0.1 volume
percent solution of the tracer particle was injected near the pore. After the solution was
equilibrated, the inside of the pore was observed from the upper side, applying electric
potentials up to 5 V for 60 s. As a result, any effective acceleration of the particles by the
electric fields could not be found, even though the Brownian motion was clearly observed.
Thus, it was concluded that electrophoretic force on the tracer particle was negligibly

weak to the applied voltage less than 5 V in this system.

3.3.2 Anion-exchange membrane

Figure 3-2 shows some typical results of the time transition of voltage difference between
the electrodes when the constant current of 0.8 mA was applied from ¢ =5 to 35 s. The
velocity response of tracer particles was observed in the pore in the anion-exchange mem-
brane. Here, the positive direction of the velocity means a direction along which cations
are driven by electrophoresis. As shown in Figure 3-2(a), the flow velocity immediately
rose up to 1000 pm/s when the electric current was applied at ¢ =5 s and then, asymptoti-
cally approached zero. In Figure 3-2(b), two peaks were observed in the velocity response
and there seemed to include different time scales. The velocity reached 1800 um/s at t = 6
s. After that, in the decay process, the second spike was observed at ¢ = 18 s. The time
constant of the first peak was longer than that of the second one. Figure 3-2(c) shows
three peaks over 1000 um/s. The values were 1000, 1400, and 3000 pm/s at 7.5, 8.5,
and 15.5 s, respectively. The velocity of 3000 pm/s was the maximum in this experiment.
For the reference, Figure 3-2(d) presents a result in which no effective response was ob-
served, even though the electric current was applied. Weak peaks near 400 um/s were

often observed at t = 24 and 27 s. Most of the results indicate that strong liquid flows are
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induced when an electric current is applied. Following that, the transient flow velocity is
reduced to zero. The reason is that the electric current controls the surface charge of the
electrodes; in the same time, almost uniform electric fields expand in the liquid; succes-
sively, electrolyte ions respond to the field. Then, surfaces of the electrodes are screened
by ions that quickly move very near the electrodes. As shown in Figure 3-2, the voltage
response is transient and asymptotically approaches constant values near 2.0-2.5 V. In
this period, the behavior of electrolyte ions is drastically modulated to form EDLs and
to maintain the constant current condition. That is, ion transports are also excited ev-
erywhere in the solution, not only near the electrode surfaces. Gradually forming EDLs,
the solution achieves a steady condition. In this process, the current path of cations is
limited and highly concentrates in the pore. This is a reason why strong liquid flows
are frequently induced along the cation flow direction during the transient response of
the voltage difference. In the present system, the constant electric current is maintained
by electrolysis of water in the alkaline solution. Then, Na™ ions, which are finite in the
solution, may not be an effective electric carrier to the constant current. Therefore, the
velocity response due to the Na* transport results in transient. This is the essence of
the present EHD flow. In this study, we succeeded to experimentally observe the EHD
flow passing through a millimeter-sized pore placed in an anion-exchange membrane. Al-
though nanometer-sized channels are usually required to maintain electrically polarized
conditions in liquid phase as shown by the mechanism of EOF (Figures 3-1(a),(b)), our

device supposes another method to break the electroneutrality in millimeter-sized spaces.
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Figure 3-2. Voltage and velocity responses observed in the pore placed in an anion-
exchange membrane, where an electric current is applied at t = 5 s. According to
transient voltage responses, the velocity presents a variety of responses: (a) a single
peak and slow decay to zero, (b) two peaks with different time constants, and (c) two
peaks of spike like responses, referring to the case of (d) no prominent responses in
the velocity.
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3.3.3 EHD generation by applying constant voltages

It was found that EHD flows could be generated by applying a constant electric current
and that the direction of observed liquid flows corresponding to that of cation transport.
Additionally, we conducted another experiment to clarify that EHD flows could also be
induced by applying constant voltages. In Figure 3-2, at the steady states, the voltage
response seemed to be settled at 2.0-2.5 V. Referring to this result, a constant voltage
difference of 2.2 V was applied on the electrodes. Figure 3-3 shows the response of flow
velocity and electric current. The results show a similar velocity response with Figure
3-2. At t =5 s, the electric potential was externally applied and then, a spike signal
of electric current could be observed. Successively, a liquid flow immediately increased
and decayed to zero. In the velocity response, many spikes seemed to be included. The
mechanism of the EHD flow can be explained in the same manner as the constant current
response. To maintain a constant voltage difference between the electrodes, the electric
current is controlled against the ionic current in the solution. Thus, the electric current
reflects the behavior of ions. According to the ionic response, liquid flow was also induced
due to highly concentrated Na+ ions near the pore. Consequently, it was found that both
constant current and constant voltage measurements were effective to induce the EHD
flows. This result is explained by a theoretical model of liquid flow affected by externally

applied electric stresses, which will be reported elsewhere.

3.3.4 Effects of membrane treatments on electric current

To investigate the effects of membrane treatment procedures on the electric current re-
sponse, we compared three treatment processes. Figure 3-4 shows current response of
each membrane with an applied voltage of 2.2 V. In each condition, the electric current
response was measured five times for each two membrane and the average values were
plotted. The first method is ultrasonic cleaning in pure water. An anion-exchange mem-
brane was immersed in pure water in an ultrasonic cleaner for 10 min twice. In the
second method, the membrane was put in NaOH solution for 2 h after the ultrasonic
cleaning. In the third method, after the ultrasonic cleaning, the membrane was set in the

reservoir and the electric current of 0.8 mA and -0.8 mA were applied to the membrane
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for 1 h each direction. In Figure 3-4, peaks, relaxation times, and constant values at the
steady current state are compared between the treated membranes mentioned above.
The relaxation time 7 of electrophoretic mobility u can be written as u = zet/m, where z
is the valence number, e is the elementary charge, m is the mass. A relationship between
the conductance o and p is represented by o = pu, where p is a charge density. That is, o
is proportional to 7. The longer 7 results in the better 0. The anion-exchange membrane
was usually kept in 3% NaCl aqueous solution. When the membrane was cleaned in pure
water, the conductance tended to decrease because additional ions were removed. Before
applying external fields, the long immersion time of the membrane in NaOH solution also
improved the o, because the gradation of electrolytes was equilibrated. As a result, the
o of membranes was improved. Under the applied current condition, ionic current paths
actually penetrated the membrane and the o achieved more preferable conditions. In
this case, the 7 became the largest among the treatments. This result also indicates that
the electric current responses actually reflect the ionic current responses in the solution.
This means that the non-equilibrium response of ions in the membrane is actually recog-
nized, even if the membrane is positioned apart from the electrodes. The time transitions
of flow velocities, as shown in Figures 3-2 and 3-3, are optically and electrically confirmed

to be caused by the ionic motions.
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3.4 Conclusion

In this study, a novel device was developed to observe an EHD flow. Placing a 1-mm
scale pore in an anion-exchange membrane, an electrically polarized condition could be
generated under a constant current condition. Strong EHD flows were generated in the
pore and the maximum flow velocity achieved 3 mm/s. It was confirmed that the EHD
flow actually induced along the cation flow direction in a 0.1M NaOH solution. That is,
we succeeded to locally visualize the break of electroneutrality in the solution. In the
flow velocity responses, the voltage difference asymptotically approached a steady value
near 2.0-2.5 V. Furthermore, similar EHD flows could be observed by applying a constant
voltage of 2.2 V. In the near future, theoretical results will be reported elsewhere to deeply
understand the EHD flow in which a liquid flow is induced by ionic responses according

to electric field formations [46].
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Chapter 4

Concentration Dependence of
Cation-Induced
Electrohydrodynamic Flow Passing
Through an Anion Exchange

Membrane

Abstract

Electrohydrodynamic (EHD) flow is known as a type of liquid flows driven by external
electric force. In electrolyte solutions, anions and cations usually interact with each other
to maintain electroneutrality. Under such a condition, it is difficult to drive a liquid flow
by applying electric potentials on the order of 1 V; at least several tens of volts are re-
quired to generate EHD flows, which may not be preferable for aqueous solutions. This
study proposes a novel method of inducing a liquid flow passing through a channel with
cross-sectional dimensions of 1 mm x 1 mm that is placed in an ion exchange mem-
brane, which performs the function of separating the cation and anion transport path-
ways. When the optimized design of the experimental apparatus was used, EHD flows

were successfully generated in the aqueous solutions by applying a relatively low electric
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potential of 2.2V, and the flow velocity was measured over a wide range of electrolyte con-
centrations using particle image velocimetry. It was found that high concentration gra-
dients caused the rapid discharge of ions passing through the channel and contributed to
achieve a flow speed on the order of 1 mm/s. EHD flows were also theoretically explained
using the Navier—Stokes equations to model an ion-drag flow driven by nonequilibrium
ion transport in external electric fields. This flow creation method is practical only when
ion transport pathways are well controlled and effectively rectified. The present findings
will shed light on the development of a promising technology to control liquid flows in

multi-scale fluidic channels.

4.1 Introduction

Recently, micro- and nanofluidic devices have attracted significant attention based on
expansions in microfabrication technologies, such as micropumps [1, 2, 3, 4, 5, 6], mi-
cromixers [7], resistive pulse sensing [8], and single-molecule transport techniques [9,
10, 11, 12]. Particularly, flows driven by external electric forces, which are known as
electrohydrodynamic (EHD) flows [13, 14, 15], are a strong candidate for a mass trans-
port method. Stuetzer [16, 17] and Pickard [18] established the principle of ion-drag
pumping by injecting electrical charges in liquids to directly drag them using an applied
external electric force. Melcher and Taylor [19] also contributed to the development of
the EHD theory by realizing a liquid flow created by controlling the concentration gradi-
ents of electrical charges in oils. When an electrolyte solution is electrically charged by
a difference between the number densities of anions and cations, solvent molecules may
be dragged in the direction of dominant ion transport, resulting in a macroscopic liquid
flow. However, to induce EHD flows, applied voltages of at least several tens of volts are
required to inject electrical charge carriers into liquids using conventional methods [20].
In equilibrated bulk solutions, anions and cations attractively interact with each other
to maintain electroneutrality; thus, externally injected energies have to be consumed to
ionize solutions. It is difficult to apply such high voltages to aqueous solutions because of
the electrolysis of water, which disturbs the precise control of liquid flows.

Channel walls are often electrically charged, particularly in micro- and nanofluidic
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channels; this causes counterions to be attracted to the wall surface, where they form an
electric double layer (EDL) [21, 22, 23]. When an electric potential is applied, solvents
are dragged by highly concentrated counterions. A slip plane is presented at the bound-
ary of the EDL as a result of polarization, meaning plug-like flows can be observed. This
type of flow is well known as electroosmotic flow (EOF) [24, 25, 26, 27], which is a lig-
uid flow induced by drag force caused by nonequilibrium ion transport specific in micro-
and nanofluidic channels. Such electrokinetic phenomena have also been reviewed in the
published literatures [28, 29, 30]. Based on the Helmholtz—Smoluchowski equation [31],
a number of numerical studies on EOF in micro- and nano-scale spaces have also been
published [32, 33, 34, 35]. EOF's can be driven by low electric potentials and are therefore
applicable to flow control in water. Furthermore, electrically charged molecules are also
electrophoretically transported in electric fields, and it has been difficult to control molec-
ular transport by EOF's that are limited to low flow rates [36]. In addition to EOFs, EHD
flows are expected to contribute to a variety of liquid flow control techniques for practical
applications. The reduction of applied electric potentials is inevitable in the employment
of EHD flows in aqueous solutions.

To overcome the problems mentioned above, in our previous study, we proposed a
novel method of creating EHD flows in a millimeter-scale channel by externally applying
a few volts of electric potential, where ion transport pathways were rectified using an
ion exchange membrane surrounding the flow channel. In the experiment, to distinguish
EHD flows from EOFs, a channel with cross-sectional dimensions of 1 mm x 1 mm was
used, because in a channel this large, the apparent EOF caused by ion transport limited
in the EDL was negligible. Figure 4-1(a) illustrates the concept of the present system
realizing ion flow rectification, in which a flow channel that crosses an anion exchange
membrane is immersed in a NaOH solution. When an external electric field is applied
across the membrane, the transport of cations is limited through the channel, whereas
anions can pass through the entire face of the anion exchange membrane in the reverse
direction. Thus, the motion of cations in the narrow channel must be more dominant than
that of anions. As a result, a large number of cations that accumulated in the channel
actually dragged water molecules and contributed to the induction of a macroscopic liquid

flow, which could be optically observed and electrically measured by the experimental
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setup used in our previous study [37, 38]. It was figured out that cation transport in
alkaline solution preferably induced EHD flows, and the magnitude of the flow velocity
reached a value on the order of 1 mm/s [37, 38].

In this study, furthermore, the dependence of EHD flow generation on the concentra-
tion of NaOH solution was experimentally and theoretically investigated. By measuring
electric potential differences along the flow channel, the transition of the ion concentra-
tion was monitored during flow growth. Consequently, it was found that a concentration
gradient, which was formed along the channel by applying an electric potential, was im-
mediately relaxed by a generated EHD flow. High-speed flows on the order of 1 mm/s were
certainly achieved when the NaOH concentration increased to 0.1 mol/L. Highly concen-
trated cations were inevitable to drag water molecules in the flow channel because the
applied electric energy had to be transferred to a liquid flow effectively via cation trans-
port. The present experimental system used to enhance ion flow rectification enables to
create EHD flows in an aqueous solution with an extremely low electrical potential in
comparison with that of previous methods [19, 20] and suggests the possibility of novel

liquid flow control in micro- and nanofluidics.
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4.2 Experimental Methodology

As shown in Figure 4-1(b), the experimental fluid reservoir is filled with a NaOH aqueous
solution and is divided into two parts by using an anion exchange membrane (Neosepta®
AHA, ASTOM Corp., Tokyo, Japan) [39]. A flow channel with a 1.0 mm x 1.0 mm cross-
section and 3.0 mm in length connects the two parts and is acted as the test section in
the present experiments. The x axis is defined along the longitudinal direction of the
flow channel, and the y and z axes are defined as the horizontal and vertical directions,
respectively, as shown in Figure 4-1(b). The origin of the Cartesian coordinate system
is set at the center of the channel. The channel walls composed of transparent material
are chosen for the clear observation of the tracer particles. This structure allows the
observation of liquid flows in the xy plane at z = 0 mm by controlling the depth of focus
of the microscope used for observation, as shown in Figure 4-1(c). The flow data are
independent of x, and the observation point is set to approximately 0.75 mm downstream
from the origin, such that x =0.75, y =0, and z = 0 mm, as shown in Figure 4-1(b).
Figure 4-1(d) shows photographs of the experimental device and its parts: a mem-
brane, a channel, and Au electrodes. The cross-sectional area of the anion exchange
membrane immersed in the solution is set to 10.0 mm x 13.0 mm, and the upper part of
the membrane contains a hole with a cross section of 1.0 mm x 1.0 mm, in which the flow
channel is set. The surface area of the anion exchange membrane is approximately 130
times larger than that of the channel. The average thickness of the single membrane is
220 pum. The channel walls are made from transparent poly(dimethylsiloxane) (PDMS),
and this channel block crosses the membrane. Au-sputtered disk plates are used as the
bias electrodes, which are 18.0 mm in diameter and 1.0 mm thick. The fluid reservoir
has cross-sectional dimensions of 10.0 mm x 13.0 mm and a length of 30.0 mm. The Au
electrodes and anion exchange membrane are fixed to slits at both ends and the center
of the reservoir, respectively. For optical observation, polystyrene particles of 2.93 pm
in diameter (Estapor®, Merck KGaA, Darmstadt, Germany) are dispersed in the NaOH

solution filling the reservoir, where the 1.0 vol% stock solution is diluted to 4.2 x 1073
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Figure 4-1. (a) Schematic illustration of cation and anion transport, and the path-
ways of which are separated by an anion exchange membrane. Highly concentrated
cations in the channel drag water molecules, generating an EHD flow. (b) Three-
dimensional view of a square flow channel with a 1.0 mm x 1.0 mm cross-section
and 3.0 mm in length, which crosses the anion exchange membrane and is placed
in a reservoir. (c¢) Schematic illustration of experimental setup. (d) Photographs of
the experimental device and its parts: a membrane, a channel, and Au electrodes.
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vol%. In this study, the dependence of EHD flow generation on the electrolyte concentra-
tion is investigated using NaOH aqueous solutions with concentrations of C = 1.0 x 1071,
1.0x 1072, and 1.0 x 10~ mol/L.

The translocation of polystyrene particles is observed and recorded from the up-
per face of flow channel using a high-speed complementary metal-oxide—semiconductor
(CMOS) camera (VW-600M, Keyence Corp., Osaka, Japan) through a microscope (VW-
9000, Keyence Corp., Osaka, Japan) with a frame rate of 500 fps and an exposure time
of 1.0 ms, as shown in Figure 4-1(c). Assuming that the tracer particles move with the
flows without delay because of their small size and negligible surface charge by Debye
shielding, the flow field is measured and analyzed using particle image velocimetry (PIV)
software (Flownizer 2D, Ditect Co., Ltd., Tokyo, Japan). As a reference for the negative
charge of the polystyrene particles in the solution, it was preliminarily confirmed that the
electrophoretic motion of the tracer particles, which was two orders of magnitude smaller
than that of the observed EHD flows [37], was negligible. Because of the symmetric cross
section in the yz plane, velocity profiles are analyzed along the y axis at z =0 mm.

An electric potential of 2.2 V is externally applied to the Au-coated electrodes, and
electrical responses are simultaneously monitored using a potentiostat (VersaSTAT4,
AMTEK, Inc., Berwyn, PA, USA). This voltage is determined to be the upper limit to avoid
generating Og and Hg bubbles by the electrolysis of water, which interrupts accurate ob-
servations of EHD flows. Furthermore, voltage differences along the flow channel are
measured using Au probes connected to a voltmeter and data logger (NR-500, Keyence
Corp., Osaka, Japan) with the distance between the two probes set to 3.0 mm. To confirm
that the observed flows are caused by EHD phenomena, an electric potential of 2.2 V is
applied for 10 s from ¢ = 5.00 to 15.00 s while maintaining a zero potential difference at
other times. The electrical measurement is triggered by an electrical signal from the op-
tical observation starting at ¢ = 0 s. Before experiments, the anion exchange membrane
is ultrasonicated twice in deionized water for 10 min. To maintain the uniformity of the
ion distributions, the electrolyte solutions are stirred and the polished electrode surfaces
are shorted for over 20 min before each measurement. This preparation process before
experimental measurements is based on our past experience; however, it is necessary to

realize a stable and reproductive EHD flow and maintain chemical equilibrium at the
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beginning of each experiment.

4.3 Results and Discussion

4.3.1 Experimental observations

Using the experimental apparatus described in the previous section, the electrical signals
between the two Au electrodes were measured, and the velocity profiles were visualized
using the PIV method. Figure 4-2 shows the result obtained using NaOH solutions with
concentrations of C =1.0 x 1071, 1.0 x 1072, and 1.0 x 1073 mol/L. As shown in Figure 4-
2(a), in the case of C = 1.0 x 10~! mol/L, a liquid flow gradually grew and reached its peak
flow velocity at ¢ = 5.53 s. After that, the flow decayed until it reached zero velocity at
approximately £ = 10.00 s, although an image of the flow at this time was omitted here. A
similar flow pattern was observed for the solution with of C = 1.0 x 1072 mol/L, as shown
in Figure 4-2(b). In this case, however, the peak velocity shown at ¢ = 6.94 s was much
smaller than that in the former case. In the case of C = 1.0 x 1073 mol/L, no significant
liquid flow was observed, as shown in Figure 4-2(c). Figure 4-2(d) shows the normal-
ized velocity profiles observed at ¢ = 5.53 and 6.94 s for the solutions with C = 1.0 x 107!
and 1.0 x 1072 mol/L, respectively, where the representative velocity was defined as the
velocity at ¥y = 0 mm. The results for the two cases with different C show similar flow
profiles with no-slip conditions at the wall surfaces, corresponding to a Poiseuille flow in
a square duct. The cross-section of the flow channel was square and thus, the flow profile
was symmetric along the y and z axes due to the same boundary conditions, because in
the present case, the liquid flow was driven by the forces only along the x axis. Conse-
quently, any higher order flow has never been observed, even though we often changed
the viewpoints in the z coordinate. This result is later discussed in detail using fluid
dynamical analysis. Additionally, the NaOH solutions with higher concentrations show
more rapid increases and more significant peaks in their flow velocity responses. The
direction of the observed flows corresponds to that of the cation transport, which is a re-
sult of the competitive transport of dominant Na* and OH™ ions. Here, we do not deny a
possibility that the decay of the flow speed beyond the peak shown in Figures 4-2(a) and

(b) may be caused by the increase of downstream pressure in the channel as well as de-
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pletion of Na* ions, if the permeability of the anion exchange membrane is unexpectedly
low. In our device, a head difference of about 10 um is expected when a flow speed of 1
mm/s continues for 1 s. It must prevent the EHD flow, resulting from a rough estimation
by Bernoulli’s theorem. However, the head variation measured by a laser displacement
meter (LK-G5000 and LK-H008W, Keyence Corp., Osaka, Japan) was negligibly small.
It might be due to EOF in the reverse direction that was dragged by OH™ ions trans-
ported in the membrane [40, 31, 41, 42, 28, 43]. Furthermore, it is possibly within the
value estimated by the electrowetting phenomena [44] which is governed by the surface
tensions between the gas, solution, and solid wall. In experimental techniques, our own
design of the solvent chamber with free surface aims followings. The effects of mass flux
and momentum flux owing to the EOF in the membrane are damped at meniscuses and
at oscillating surfaces with small amplitudes, respectively. Furthermore, the boundary
condition at the free surfaces, which can be set as the zero shear stress, means the sur-
face mobility. In this design, the test section channel set near the free surface should
be advantageous to induce the cation-induced EHD flow under the non-equilibrium and
non-hydrostatic system between upstream and downstream.

To understand the mechanism of EHD flow generation in detail, we investigated the
electric current response I 5, at the Au bias electrodes and the voltage difference AV hannel
between the probe electrodes at both ends of the test section. The values of 1oy, AVihannel,
and their ratio at their peak point and at ¢ = 15.00 s are summarized in Table 4-1. Firstly,
we discuss the time evolution of I5, and AV hannel With respect to the flow generation for
some typical cases below. After that, the relationship between the ion transport phenom-

ena and EHD flow is discussed later, focusing on the experimental data in Table 4-1.

Figure 4-3 shows the voltage differences Vy, between the Au bias electrodes shown
in Figure 4-1(d) and the simultaneously measured electric current responses I, at the
same concentrations as in Figure 4-2. The electric current responses were observed to
depend on C. In each concentration, spikes were observed immediately after an electric
potential was applied. The peak current values were I, = 9.20, 1.41, and 0.15 mA for
C=1.0x10"1,1.0x1072, and 1.0 x 10~ mol/L. NaOH, respectively, and were nearly pro-

portional to C. The concentrations of OH™ and Na* ions indicate that electrochemical
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Figure 4-2. Velocity profiles of EHD flows in the xy plane in an electric field along
the x axis analyzed using the PIV method for NaOH solutions with C of (a) 1.0 x
107! mol/L, (b) 1.0 x 1072 mol/L, and (c) 1.0 x 1072 mol/L. The images are composite
instantaneous photographs of the particles with the corresponding velocity vectors
overlaid on the photographs. An electric potential of 2.2 V was applied at ¢ = 5.00
s under each condition. The peak velocity field was observed at ¢ = 5.53 and 6.94
s in (a) and (b), respectively. No significant flow was observed in the solution with
C =1.0 x 1073 mol/L. The arrows in the images show the velocity vectors sampled
along the y axis at x = 0.75 and z = 0 mm. The white scale bars show a length of
100 pym. (d) Normalized velocity profiles at ¢ = 5.53 s in (a) (solid vectors in red
color) and at ¢ =6.94 s in (b) (dashed vectors in blue color), where y* and u* are y
normalized by the channel width (1.0 mm) and u normalized by the maximum flow
speed at y = 0 mm, respectively.
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Table 4-1. Experimental data of electric current responses 15, and voltage differences
AVehannel between the inlet and outlet of the channel. The maximum, minimum, and
average values at the peak and ¢# = 15 s were obtained from more than 30 samples at
each C. For all data, outlier test with a 5% significance was carried out by applying the
modified Thompson-7 method.

Molarity C of NaOH (mol/L)

1.0x1071 1.0x 1072 1.0x1073
Ave. 8.90+0.74 1.22+0.16 0.151+0.036
I, at peak (mA) Max. 10.12 1.53 0.184
Min. 6.99 0.98 0.094

Ave. 0.848+0.219 0.277+0.026 0.063+0.010

Iy at t =15 s (mA) Max. 1.22 0.318 0.081
Min. 0.399 0.204 0.045
Ave. 565 + 58 612+ 34 611+44
AVhannel at peak (mV) Max. 669 672 682
Min. 449 544 512
Ave. 46 +12 117+14 253 +48
AVehannel at £ =15 s (mV) Max. 68 142 338
Min. 25 89 142
Ipw/AVehannel at peak (S) 1.5x1072 2.0x1073 2.5x1074
IAw/AVhannel at t =15 s (S) 1.8x 1072 2.4x1073 2.5x107%

reactions at the electrode surfaces and the shielding occur rapidly, and the electric cur-
rent subsequently converges to a steady state. Because of the electrolysis of water, OH™
and H" ions are consumed at the electrodes, resulting in the formation of their concen-
tration gradients. In particular, the transport of OH™ achieves a constant flow because of
the electrochemical reaction, which may have triggered an EHD flow through the anion
exchange membrane. Anions concentrated in the porous media move dragging solvent
molecules and then, an EOF is generated in the membrane [40, 31, 41, 42, 28, 43]. Al-
though this behavior may be a possibility of mass transport in the channel, Na* ions
also have to dominantly move through the channel toward the cathode to rectify the flow
direction. In the present experiment, the flow speed tends to become higher with C. This
result cannot be explained by EOF in the membrane alone, because the speed of EOF is
known to be proportional to the { potential that tends to decrease as C increases due to

strong screening of fixed positive charges in the membrane [45, 28]. Figure 4-4 shows
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the voltage difference AV hannel between the inlet and outlet of channel measured using
probes set at x = —1.5 and 1.5 mm on the line y = z = 0 mm, corresponding to the velocity
profiles in Figure 4-2. In the very early stages after the voltage application, the voltage
difference shows a peak value, which may not be strongly dependent on C. As shown in
Figure 4-4, peaks of AVghannel = 609, 672, and 642 mV were obtained for C = 1.0 x 1071,
1.0 x 1072, and 1.0 x 1072 mol/L, respectively. After that, AVihannel decreased rapidly and
became almost constant at ¢ = 15.00 s depending on C.

According to a previous study [37], the presence of an ionic current in the channel
and across the membrane caused the voltage difference to increase. It is supposed that
the electric field becomes highly concentrated in the channel as a result of an applied
electric potential, which is reduced as the Au electrodes are screened by electrolyte ions.
Furthermore, the decay process shows a variety of voltage differences at different C. In
each case shown in Figure 4-4, AV hannel approaches to 40, 116, and 245 mV for the solu-
tions with C =1.0x 1071, 1.0 x 1072, and 1.0 x 10~2 mol/L, respectively. The experimental
data are fit by the superposition of exponential functions with time constants of 7; = 0.01,

0.02, 0.50, 1, 10, and 100 s in the form of

¢y =) pie™", (4-1)

where ¢; is a coefficient for the time constant 7;, as listed in Table 4-2. Diffusion co-
efficients of Na™ and OH™ are on the order of D ~ 1072 m?/s and then diffusion in the
length of L ~ 1 mm takes 7 = L%/D ~ 1000 s at most. In a previous study [46], we found
out a power law about the time constant of ionic current affected by electric fields and
resulted in 7 & (V/L)™2. According to this relationship, when V ~ 100 mV is applied in
the length of L ~ 1 mm, we obtain 7 ~ 0.0001 s. The sampling rate of electrical measure-
ment, 1000 Hz, limits the minimum value of the time constant at 0.001 s. Based on these
rough estimations, the time constants should be in the range from 0.001 s to 1000 s and
were further focused to fit the experimental data between 0.01 s and 100 s. As a result,
regardless of the molarity of the NaOH solution, the terms with 7; =0.01, 0.02, and 0.50
s gave large weights. These fast responses possibly were triggered by electrochemical

reactions at the electrode surfaces. Additionally, the behavior governed by the time con-
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stants between 1 and 100 s was dependent on C. It was found that the magnitudes of
the coefficients tended to shift to larger time constants with decreasing C. In particular,
for the solution with C = 1.0 x 10~ mol/L, much more time passed before the steady state
was achieved. Although the transport of Na* and OH™ ions was enhanced in the decay
process, it was not sufficient to reach the steady state until it took a considerable dura-
tion. In contrast, the higher-molarity solutions quickly moderated the ion distributions
involving a liquid flow. In other words, the voltage difference across the membrane was
relaxed more quickly by flow contributions of many electrolyte ions. AV hannel measured
at ¢t =15.00 s increased as C decreased. This means that the resistivity of the solution
increases with decreasing C, according to Ohm’s law.

Figure 4-5 shows the time evolution of the spatially maximum velocity umax of the
liquid flow observed at approximately x = 0.75 and y = z = 0 mm, corresponding to the
results in Figure 4-2. Each plot point represents the average of successive 25 data points
in the time series to smoothen the curves eliminating noise. At C = 1.0 x 107! mol/L,
as shown in Figure 4-5(a), umax rapidly increased and reached a peak of 2.80 mm/s at
t =5.58 s when an electric potential of 2.2 V was applied. The flow took about 0.58 s after
the voltage application to reach its peak in the time evolution. In contrast, for the solution
with C = 1.0 x 102 mol/L, a peak velocity of uma.x = 0.86 mm/s was observed at ¢ = 7.43
s, as shown in Figure 4-5(b), and a duration of 2.43 s was required for un,x to increase
and reach its peak value. This value of umnax in Figure 4-5(b) is three times smaller than
that in the former case. This ratio is different from that for maximum I, that is nearly
proportional to C, reflecting the degree of ion flux, as shown in Figures 4-3(a) and (b).
Umax 18 not linearly related to the peak of Iy, although actually the cation transport
causes to rectify the EHD flow in the channel. On the other hand, no significant flows
were found when using the solution with C = 1.0 x 1073 mol/L, as shown in Figures 4-2(c)
and 4-5(c). In these results, umax also seems not to depend on the maximum AV hannel
shown in Figure 4-4. Therefore, it is suspected that the response of unyax is driven not
only by the spike signals of Ia, and AV hannel just when an electric potential is applied,
but also by the retarded behavior of cations actually enhanced by the applied electric
force, involving liquid flows. To compare the response between the liquid and ions to

the electric force, their characteristic time can be evaluated as 75 and 7., respectively,
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as follows. In the same length scale L, that of water and electrolyte ions is roughly
estimated by the kinematic viscosity v ~ 1078 m?/s and diffusion coefficient D ~ 1072 m?/s,
such that 7, = L%/D > 1, = L?/v, even though ion transport driven by the electrophoretic
force shows more rapid responses [46]. Thus, it is suggested that the response of ions is
much slower than that of liquid and in other words, an EHD flow that is dragged by ions
is seriously affected by the dynamics of ion transport. Table 4-3 presents the average,
maximum, and minimum values of u,x resulting from the samples in which we could
recognize EHD flows in the smoothened experimental data from ¢ =5 to 15 s, such as
from the trigger point to the steady state. Here, the cut-off threshold was determined
at 0.02 mm/s, because the fluctuations of tracer particles were usually observed within
+0.02 mm/s regardless of external electric potentials. The probability of significant EHD
flows recognized from over 30 samples are also shown. It is confirmed from these results
that there is a strong relationship between the flow growth mechanism and C. Thus,
this phenomenon is understood as the cation acceleration being translated to an external
body force on the liquid from a macroscopic perspective.

Detailed discussions were made about the stability of the EHD phenomena and the
measurement uncertainty of the flow velocity in the case of C = 1 x 10~! mol/L. From
the experimental results in 30 runs, EHD flow could be generated stably and the prob-
ability of success was about 71% as shown in Table 4-3, however, the variation of the
data was relatively large. For example, unax = 2.80 mm/s was spatiotemporally in the
highest performance and the difference from the mean value was the fraction of 2.68
(=(2.80—-0.76)/0.76). It was the fluctuation of the phenomena, where we could not recog-
nize EHD flows for u .« less than 0.02 mm/s from ¢ =5 to 15 s (see Figure 4-5(c)). There
is another possibility that the large deviations are mainly caused by the low probability
of successfully created EHD flows. Not only %, but also Iay and AVchannel have some
deviations and it is suspected that the surfaces of Au electrodes, polished and cleaned
before every experiment, were moderately changed with increases in the number of tri-
als. Meanwhile, the present PIV measurements in Figure 4-5(a) were compared with the
high-speed observations of the solution dyed by black without polystyrene particles and
was in quantitative agreement.

Thus, EHD flow generation driven by applying a low voltage of 2.2 V was success-
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fully demonstrated. In particular, the observed Poiseuille flows achieved flow speeds on
the order of 1 mm/s in a NaOH solution with a concentration of 1.0 x 10~ mol/L. As de-
scribed above, the present experimental device is expected to be applicable to advanced
flow control in micro- and nanofluidics, although there remain insufficient conditions to
be improved for higher performance, e.g., the dimensions of the flow channel and the
precise control of ion concentrations. In our future work, a novel method of measuring
the spatiotemporal distributions of the electric potential and current density without dis-

turbing ion and liquid flows will be developed.

4.3.2 Numerical analysis of cation-induced EHD flow

To discuss the transient process in more detail, a mathematical model based on fluid
dynamics was developed. This study briefly introduces only the concept of the model;
further details of the numerical procedure were already reported by Doi et al. [37]. Ac-
cording to the descriptions above, unsteady, incompressible, and one-directional viscous
flows with an applied external body force passing through a square channel with infinite
length along the x axis can be described as

ou _ dp 0% 0

—=———4 Ul +t =5 |ut+pkE 4-2
Pmat = ox “(ay2 622)u Pe e, (4-2)

where p,, is the density of the liquid and p, is the electrical charge density. Taking
the divergence of Eq. (4-2), the nonequilibrium electric force and pressure gradient are

replaced by
0 iy
P g B e, )

where f; is a constant and the reciprocal of 1; represents the jth-order time constant.
The pressure gradient is caused by the forward and backward flows in the channel and

membrane on a continuous surface, respectively, so called internal pressure gradient [47].
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Table 4-2. Coefficient ¢; (V) in Eq. (4-1) used to express the response of probe electrodes.

Molarity C of NaOH (mol/L)

Time constant 7; (s) 1.0x10 T 1.0x102 1.0x10°

0.01 0.516 0.238 —
0.02 — — 0.213
0.50 0.138 0.428 0.303
1 -0.062 -0.152 -0.246
10 -0.011 0.047 0.183
100 0.005 -0.019 -0.070

In the actual system, p, and E, should be obtained from the ion transport between the
electrodes as a numerical solution to both the Poisson equation and the Nernst—Planck
equation [46]. However, the present experimental system has a somewhat large length
scale to numerically treat the whole system, and thus experimental data are employed to
represent the electric force. Here, f; and A; are used as fitting parameters to represent

the observed electrical signals. The boundary conditions are

u(-L,z,t)=u(l,z,t)=0, (4-4)
u(y,—l,t)=u(y,l,t)=0. (4-5)

and the initial velocity is
u(y,z,0)=0, (4-6)

Equation (4-2) can be solved to obtain

t =
uy.2:1) nznzy:%’;(Zny+l)(2nz+l)

e—/lit_e—/lkt L L
e e i 4-7
X e sin(ky)sin(k,z), (4-7)
(2n,+1n

ky = 21 ’ ny:O>1,2?"'7 (4-8)
2n,+1

k, = (nzzl )n’ n,=01,2, (4-9)
(k2 +k2)

A, = 2R (4-10)

Pm
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where the subscript £ in Eq. (4-10) is related to n, and n, and 2/ is the length of each
side of the square cross-section channel.

The flow structure of an experimentally observed EHD flow was analyzed using Eq.
(4-7). Previously, it was confirmed that the duration of the velocity response was on
the order of 1 s, resulting from the same dimensions of flow channel as that previously
employed immersed in a 1.0 x 10~! mol/LL NaOH solution [37]. According to this knowl-
edge, time constants were defined as /11._1 =1.50 and 2.00 s for C = 1.0 x 10! mol/L and
Ai_l =2.00 s for C = 1.0 x 1072 mol/L to fit the decay process of the responses of u, as
shown in Figure 4-5(a) and (b), respectively. Here, we focused only on the decay process
of u by using the simple model to represent the applied electric force as represented by
Eq. (4-3). On the other hand, in the actual process, it is suggested that positive charges
diffuse into the channel to reduce the ion concentration difference recognized by AV hannel
and consequently, the generated electric body force drives a liquid flow. In comparison
between Figures 4-4(a) and 4-5(a), the decay of AVihannel and the rising up of v seem to
be synchronized, and also between Figures 4-4(b) and 4-5(b). The acceleration process
associated with the diffusion of ions along the x axis is clarified in our future work. As
summarized in Table 4-4, for the solution with C = 1.0 x 10~! mol/L, the calculated coef-
ficients were 38.7 and 4.3 N/m?3 for Ai_l = 1.50 and 2.00 s, respectively. For the solution
with C = 1.0 x 1072 mol/L, a coefficient of 12.5 N/m? was obtained for )Li'l =2.00 s. These
results indicate that the stronger electric force and related internal pressure gradient
was quickly applied in the solution of C = 1.0 x 10~! mol/L. NaOH compared with that of
C =1.0 x 10~2 mol/L. However, fitting for the case with C = 1.0 x 10~ mol/L was omitted
because significant flows were hardly observed. The experimental data at various C and
their best fit curves are shown in Figure 4-5. A velocity profile along the y axis is also
obtained, as shown in Figure 4-6. The numerical results reproduce the velocity decay
process observed in the solutions with C = 1.0 x 10! and 1.0 x 1072 mol/L with reason-
able accuracy; the case with C = 1.0 x 10~ mol/L is omitted here. The velocity data show
better agreement with the numerical results obtained using the Navier—Stokes equa-
tions, strongly suggesting that the trajectories of the tracer particles can be accurately
analyzed using the PIV method even near the solid wall and that the Poiseuille flow

can be visualized using the tracer particles. It is revealed that the observed liquid flows
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are triggered by highly concentrated ion transport exposed to externally applied electric
fields and decay as the electric force is reduced.

In Table 4-1, the ratios of Ipy/AVehannel €valuated at the peak point and at ¢ = 15.00
s are also shown, which corresponds to the effective conductivity taking into account the
distance between electrodes and the surface area of them. These values must be propor-
tional to C. The ratio linearly increases with C, which is reasonable by means of ionic
current conductance, according to Ohm’s law. This result suggests that the behavior of
ions, which contributes to ionic current passing through the channel, is enhanced behind
the peak of I5,. This is a reason why the effective conductance appears to be improved
at the steady states especially for the case of C =1.0 x 107! and 1.0 x 10~2 mol/L.

Furthermore, it has been known that ionic current exhibits peculiar current—bias volt-
age characteristics when ion-selective membranes are used [39, 48, 49]. In particular, ion
enrichment and depletion outside the membrane cause ion concentration polarization
(ICP) and result in abnormal increases in the current; this is called the “overlimiting”
regime [50, 51, 52, 53]. Nonequilibrium processes in ICP may trigger a rectified liquid
flow, because ion transport in ion exchange membranes is known to induce EOF to reduce
the electric stress, dragging solvent molecules. [39, 28] As shown in Figure 4-7 in a liter-
ature [37], the current—voltage characteristics of the anion exchange membrane used in
previous experiments actually showed an abnormal trend over a voltage difference of 2'V;
additionally, a bias voltage of at least 2.2 V was found to be preferable to induce a liquid
flow as examined in this study. The voltage applied across the membrane appears to be
in the overlimiting region in comparison with past experimental data [39], which implies
a generation of EHD flow in the channel with EOF in the reverse direction through the
anion exchange membrane. Although the dynamics of ICP have remained to be consid-
ered in the theoretical model in future, the experimental data are accurately fit by the
theoretical curve, demonstrating the flow decay process beyond the peaks.

The present results clarify that ion-drag rectification in the channel with cross-
sectional dimensions of 1 mm x 1 mm resulted in a Poiseuille flow. The present flow is
apparently different from EOF that can be observed in micro- and nanofluidic channels
without pressure gradient, resulting from the limitation of the transport of highly con-

centrated ions near electrically charged channel walls, which usually yields a plug-like
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Table 4-3. Average, maximum, and minimum values of u,x, resulting from the samples
in which EHD flows exceeded the threshold of 0.02 mm/s that could be treated as noise
observed regardless of external electric potentials. The probability of significant EHD
flow in 30 experimental runs is also presented at the bottom row in percent. In the case
of 1.0 x 10~ mol/L NaOH solution, EHD flow could be recognized once in 30 trials.

Molarity C of NaOH (mol/L)
1.0x10°T 1.0x1072 1.0x1073

Ave. 0.760 0.310 0.383
Umax (Mm/s) Max. 2.80 0.855 —

Min. 0.190 0.104 —
Ratio of observable flow (%) 71 68 3

Table 4-4. Coefficient f; (N/m?) in Egs. (4-3) and (4-7).

Molarity C of NaOH (mol/L)
1.0x1071 1.0x10%2 1.0x1073
1.50 38.7 — —
2.00 4.3 12.5 —

Time constant /li_l (s)

flow, as described by the Helmholtz—Smoluchowski equation [31].

Although a complete understanding of the mechanism of EHD flows triggered by the
ion transport has not yet been achieved, the rectified ion transport that causes a liquid
flow was revealed by the present experimental results. Future work will involve the
quantitative clarification of the EHD flow induced by ion transport in nonuniform electric
fields and the improvement of the system to achieve a constant flow rate for industrial

and/or medical applications.

4.4 Concluding Remarks

In this study, especially focusing on the concentration dependence, ion-drag EHD flow
passing through a millimeter-scale flow channel crossing an anion exchange membrane
was investigated both experimentally and theoretically. A cation-drag flow was domi-
nantly generated in a channel with cross-sectional dimensions of 1 mm x 1 mm that was

placed in an anion exchange membrane to separate cation and anion transport pathways.
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Figure 4-6. Comparison between the velocity fields (symbols) shown in Figure
4-2 and the numerical results (solid lines) from Eq. (4-7) for solutions with C of
(a) 1.0 x 107! mol/L and (b) 1.0 x 102 mol/L. The case of C = 1.0 x 1072 mol/L was
omitted because no significant flow was observed. Experimental data were sampled
at t = 5.53 (triangle), 6.32 (circle), and 7.10 s (square) in (a) and at ¢ = 6.94 (triangle),
7.92 (circle), and 8.90 s (square) in (b).

The velocity field was clearly visualized, and it was confirmed that the direction of the
liquid flow actually corresponded to that of cation transport.

The velocity profile closely resembled that of a Poiseuille flow, which is different from
the plug-like EOF typically observed in micro- and nanofluidic channels. The flow speed
of the EHD flow, which was induced by an applied electric potential of 2.2 V in the NaOH
solutions, exceeded 1 mm/s. This technique enabled the induction of electrical charges in
aqueous solutions, drastically reducing the magnitude of external electric potentials in
comparison with conventional methods.

The concentration dependence of the EHD flow was also investigated using NaOH
solutions with concentrations of 1.0 x 1071, 1.0 x 1072, and 1.0 x 10~ mol/L. With a 1.0 x
10~! mol/L. NaOH solution, the flow velocity reached the maximum peak speed of 2.80
mm/s with a rapid response to the applied electric potential. However, for the solution
with a molarity of 1.0 x 1072 mol/L, the flow velocity was three times lower than that in
the former case, and the flow velocity also increased more slowly. Any significant EHD
flow was not observed at a concentration of 1.0 x 1072 mol/L. It was supposed that ion
concentration differences between both ends of the channel, which was detected by the

electric potential difference, were reduced and simultaneously a liquid flow appeared to
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be developed. The EHD flow was triggered by diffusion and electrophoretic transport of
both cations through the channel and anions across the membrane.

The present results demonstrate that EHD flows can be generated in aqueous solu-
tions with relatively low application voltages, and it is expected that such flows will be

applied for flow control techniques in multi-scale fluidic channels.
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Chapter 5

(GGeneral Conclusion

In this thesis, it was suggested that the rectification of ion transport pathways was an
effective way to generate a locally polarized condition in liquid. Using a NaOH aqueous
solution that was separated by an anion exchange membrane, a liquid flow was driven
by the rectified ionic currents, which was visualized focusing on the flow channel placed
in the membrane. In Chapter 2, a basic principle of EHD flow was examined in rectified
ionic current conditions, where the rectification of liquid flows induced by both a cation
current in the flow channel and an anion current in an anion exchange membrane were
theoretically modeled and experimentally observed. In the theoretical model, a liquid
driven by electrical forces was expressed by Navier-Stokes equations in which ionic re-
sponses in non-uniform electric fields were taken into account. It was elucidated that the
rectification of ionic currents using an ion exchange membrane resulted in the drastic re-
duction of electric potentials that was externally applied to drive the EHD flow. The flow
velocity on the order of 1 mm/s was achieved by applying an electric potential of 2.2 V. To
the constant applied voltage, the electric current transiently decayed and converged to a
steady current. It was also clarified that the EHD flow quickly responded to the electric
body force by changing the direction. The experimental results qualitatively agreed with
the numerical analysis and on the other hand, the delay in the EHD flow response to
the electrical signals was not clarified quantitatively. It was suggested that long time re-
sponses of actual EHD flows were caused by non-equilibrium ion distributions that were
gradually modified after applying electric potentials. In Chapter 3, a constant current

condition was examined to generate EHD flows. The constant current of 0.8 mA resulted
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in the similar trends with a constant voltage condition. In the present system, a steady
current seemed to be mainly maintained by the water electrolysis and OH™ current. The
electric current and ionic current were exchanged via the electrochemical reactions on
the electrode surfaces. It was found that a constant current was also maintained in the
flow channel and that rectified cation transport caused to induce the electric force in the
liquid. In Chapter 4, a relationship between the ion concentration and flow velocity was
investigated. Using a variety of 1.0 x 1071, 1.0 x 1072, and 1.0 x 103 mol/L. NaOH solu-
tions, velocity profiles were visualized and analyzed. It was found that the flow velocity
increased with increasing the concentrations. When applying an electric potential, rapid
increase in the electric potential difference was found between both ends of the channel,
where the potential difference was successively decayed. The magnitude of changes in
the potential difference became higher with increasing the concentrations. According to
this trend, the peak of EHD flow also became higher with the concentrations. Further-
more, the decay time tended to be longer in the lower concentrations. It was concluded
that the response of the electric potential difference reflected the ion transport process
near and in the channel. After applying an electric potential, Na* ions transported and
formed the difference in the concentration between both ends of the channel, which was
resulted from the electric potential difference. Next, the concentration gradient was re-
laxed and an EHD flow was induced as Na* ions passed through the channel, where
the number of cations in the channel depended on the concentrations. Observed velocity
profile showed similar shape to Poiseuille flow, which was different from plug-like flow in-
duced by EOF in micro- and nanochannels. The present results indicate that this kind of
flow may be preferable to control liquid flows in multi-scale fluidic channels because such
a Poiseuille flow field possibly generates a pressure gradient that effectively transport
liquids in narrower spaces.

In the next stage, pressure gradients induced by the ion-drag EHD flow have to be
measured. Although we did not succeed to clarify the presence of pressure gradients
in this thesis, to make it apparent some additional improvements are inevitable. For
instance, fine tuning of the liquid quantity is required; charge carrier ions have to be con-
stantly introduced into the test section in a narrow channel; optimal ion concentrations

have to be prepared carefully. Solving these problems, electrical body forces applied in
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liquid are efficiently transfer to pressure gradients that can be measured quantitatively.
These important topics have remained to be solved in the near future.

EHD flows have been applied in various technologies, since an ion-drag EHD pump
was invented by Stuetzer in 1959. Although there was a demerit that the conventional
EHD pumps required excessively high electric potentials to inject electrical charges into
the solvents, the present results enable us to use the EHD flows in aqueous solutions
by reducing the bias voltages. The present results will open the door of technologi-
cal frontiers using EHD flows in aqueous solutions, such as transport techniques of
biomacromolecules and biological batteries mimicking the mechanism of biological cell

membranes.
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