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The present article deals with the modulation of oscillatory electroosmotic flow (EOF) and solute
dispersion across a nanochannel filled with an electrolyte solution surrounded by a layer of a dielectric
liquid. The dielectric permittivity of the liquid layer adjacent to supporting rigid walls is taken to be lower
than that of the electrolyte solution. Besides, the aforesaid liquid layer may bear additional mobile
charges, e.g., free lipid molecules, charged surfactant molecules etc., which in turn lead to a nonzero
charge along the liquid-liquid interface. Such a layer of a dielectric liquid resembles the membrane of
various biological cells. An AC voltage is applied to generate the fluid motion. Note that among others,
the major advantage of AC voltage is that it can suppress the formation of gas bubbles that are often
very detrimental in flow through microdevices. Considering the combined impact of ion partitioning and
ion steric effects, we have studied the EOF modulation and its impact on the dispersion of the solute
band of given width placed initially at the middle of the channel. The full scale numerical results for
flow modulation induced by an AC electric field and its impact on the solute transport are presented
considering a wide range of pertinent parameters. It is observed that the molar concentration of
additional charge present in the dielectric liquid layer and its thickness, interfacial charge, and concen-
tration of the bulk electrolyte, ion partitioning and ion steric effects, frequency of oscillatory electric

Received 26th October 2024, field, channel height etc., have a substantial impact on the flow modulation, effective dispersion coeffi-

Accepted 19th December 2024 cient as well as broadening of the solute band across the channel. We have further highlighted the
DOI: 10.1039/d4sm01255k impact of the Péclet number on the transport and dispersion of solutes. Along with the numerical
results, several benchmark analytical results under various limits are deduced for electrostatic potential,

rsc.li/soft-matter-journal flow velocity and various quantities associated with the dispersion process.

For example, the dispersion is favourable in the mixing process,
which leads to a faster and enhanced mixing of samples with

1 Introduction

Hydrodynamic dispersion of a solute band placed inside a
fluidic channel occurs due to the combined impacts of mole-
cular diffusion and fluid convection. For such cases, an addi-
tional convective flux due to the flow velocity is added with the
flux due to molecular diffusion, which further intensifies the
broadening of the solute band. The dispersion of a solute in
the presence of the fluid convection has either favourable
or adverse effects depending on the type of the processes."
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the background liquid medium.” In contrast, hydrodynamic
dispersion has detrimental effects on the separation process as
it reduces the resolution of the analytical separation.? Thus, a
complete knowledge on the interplay between the fluid convec-
tion and the molecular diffusion in the dispersion process is
essential to achieve a precise and controlled dispersion of a
solute band across fluidic devices that deal with the analytical
separation or mixing processes.

Historically, solute dispersion through a circular tube under
laminar pressure driven Hagen-Poiseuille flow was studied
by Taylor.* Shortly after, using the method of moments, Aris
obtained the expression for the effective dispersion coefficient
of passive solutes, which are generally uncharged or at their
isoelectric point.>® Note that the Taylor-Aris dispersion coeffi-
cient is often used to determine the material properties, e.g.,
the molecular diffusion coefficient and the hydrodynamic
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radius of solutes.” The fundamental mechanism that leads to
an enhanced dispersion is the impact of a nonuniform velocity
gradient on the molecular diffusion, and thus a stronger
velocity gradient may lead to an enhanced dispersion. It is
important to note that the Taylor-Aris dispersion coefficient
depends on other associated physical parameters but not on
the time. Thus, the analysis based on the Taylor-Aris model
may be applied only at a long time limit.® Such an inherent
assumption of the Taylor-Aris model was further relaxed by Gill
and Sankarasubramanian.’ They proposed a general dispersion
model which is capable of estimating the dispersion coefficient
and the area-averaged concentration of a solute for all values of
time. Thereafter, a remarkable advancement in the study of
solute dispersion is made by several researchers. Fife and
Nicholes studied the dispersion of a solute band across a tube
of arbitrary cross section under a time-dependent flow field."°
The impact of the catalytic wall reaction on the dispersion of
passive contaminants through a circular tube under time
dependent laminar flow is studied numerically by Mazumder
and Das.'’ The transport and dispersion of solutes in open
channels was further studied by Ng and Yip using homogeniza-
tion methods.'” Ng further studied the dispersion of chemical
species through a tube under steady and oscillatory pressure
driven flow considering a reversible or an irreversible wall
reaction.'® The dispersion of passive solutes suspended in a
liquid flowing through a parallel plate channel under time
dependent Couette-Poiseuille flow was studied by Paul and
Mazumder."* Using a multi-scale perturbation method, Karmakar
et al. further analysed the impact of transient Couette-Poiseuille
flow on the dispersion of passive contaminants through a porous
channel."

All the studies indicated above deal with the dispersion due
to nonuniform flow velocity across a channel where the char-
acteristic length scale is exactly the same as that characterizes
the cross-sectional geometry. In contrast, for the dispersion
process driven by electrokinetic transport of an ionized liquid
flowing through microfluidic devices, the length scale is the
thickness of the electric double layer (EDL).'® Besides, it is
further difficult to utilize the pressure driven flow for channels
with size down to micrometer or even less. Note that an
electrokinetic transport phenomenon, e.g., electroosmosis induced
by the interaction of an external electric field with the excess
counterions present in the EDL. The hydrodynamic dispersion
through microfluidic devices due to electroosmosis does not
require any movable mechanical part, and thus offers long-
term stability as well as ability to achieve a precise control
of fluid flow driven by externally applied voltage drop."” Com-
pared to the purely pressure driven flow, the electroosmotic
flow (EOF) through microdevices with uniform wall charge
properties leads to a weaker hydrodynamic dispersion and
produces a high device resolution with the same through-
put.'® Thus, the hydrodynamic dispersion due to the EOF is
beneficial in designing various tools for analytical separation
and detection of samples. In recent years significant attention
has been paid to design various microdevices that combine
the mechanical and electrical components. The readers are
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referred to recent articles which paid significant attention to
design various electrified lab-on-disc systems, intelligent nano-
channels, etc. as well as to study the electrokinetically driven
flow across such tiny devices.'>* Motivated by this trend,
several researchers further studied the hydrodynamic disper-
sion through microdevices considering the EOF with uniform
surface (-potential (the key parameter that indicates the elec-
trostatic charge of the supporting walls of the conduits).>*°
Hoshyargar et al. studied the dispersion of solutes considering
the EOF of viscoelastic fluids within a slit microchannel.*
Existing studies indicate that a substantial dispersion of a
solute band interacting with the EOF through microdevices is
further possible. The same can be done by modifying the
geometry of microdevices and/or by considering spatially vary-
ing the {-potential of supporting walls.>* For such a case an
additional pressure field is created, which in turn leads to an
enhanced hydrodynamic dispersion that is often beneficial for
the mixing process.

The works indicated above have considered the solute dis-
persion under a steady DC electric field. However, there are
several advantages of EOF under an AC electric field. Gas
bubbles are often very detrimental in microchannels, since
they may block the flow passage. It is noteworthy to mention
that an AC electric based EOF has one major advantage over DC
EOF: under DC field gas bubbles are produced at the electrodes
driving the flow, while bubble formation is suppressed under
AC fields. Besides, the AC electric field based EOF requires
lower voltage drop compared to the DC EOF, which reduces the
chances of damage of electrodes, requires a less response time
leading to a faster detection time as well as minimizes the
electrode erosion, to name a few.>>” Note that the AC electric
field based EOF is further desirable for many practical applica-
tions, e.g., electrokinetic manipulation of nanoparticulates, rapid
medical diagnosis, etc.*®?° There are several studies dealing with
electrohydrodynamics through microdevices under an AC electric
field,"°*” however little attention is paid to study the solute
dispersion under AC electric field based EOF. Huang and Lai
studied the impact of AC electric field based EOF on the transport
and separation phenomena through a two dimensional
microchannel.*® Ramon et al. studied the dispersion of solutes
under an oscillatory EOF across a cylindrical tube considering the
reversible mass exchange along the walls and it is observed that
the separation of species can be done in a better way under an AC
electric field.*” The solute dispersion through a microchannel
considering the combined impact of time dependent electric field
as well as wall {-potential was studied by Paul and Ng.*° Teodoro
et al. have investigated the impact of oscillatory EOF on the solute
dispersion under various periodic electric fields (e.g., sawtooth,
square, and parabolic waveforms, etc.) and they observed that an
enhanced mass transport can be achieved suitably regulating the
field signal.>* Li and Jian studied solute dispersion under an AC
electric field driven EOF and deduced the results for the disper-
sion coefficient and the mean concentration of the solutes across
a microtube.”>

The aforesaid articles deal with the solute dispersion in
fluidic devices with bare walls (or rigid walls) and a single phase
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fluidic medium under an AC electric field driven oscillatory
EOF. Kumar and De studied the hydrodynamic dispersion of
solutes under an oscillatory EOF across microtubes with porous
walls.>® Li and Jian studied the impact of an AC field induced
EOF on the solute dispersion across a soft nanochannel.>
Reshadi and Saidi studied the solute dispersion through a soft
nanochannel under steady as well as oscillatory electroosmotic-
Poiseuille flow.>® Note that the soft nanochannels are conduits
in which the inner side of the supporting rigid walls are coated
with a soft polyelectrolyte layer. It is shown in the existing
studies that the presence of polyelectrolyte layers can have a
substantial impact on the dispersion process.’>>” Note that
solute dispersion driven by an oscillatory electric field finds
potential application in various fields, including biological or
physiological transport, drug delivery systems, and chromato-
graphic separation and mixing, to name a few.>*"¢*

In recent years, a significant work is done on the flow
modulation and transport of ionic species through various
shaped engineered soft nanochannels. Karimzadeh et al. stu-
died the impact of the shape of soft nanochannels on
the overall EOF modulation and transport of ionic species.®?
Dartoomi et al. have shown the importance of the shape of
nanochannels on the blue energy generation.®* Such an exten-
sive study indicates an alternate way to extract the energy.
Ashrafizadeh and co-researchers studied extensively the role
of nanochannel geometry and soft layers in the salinity gradient
driven energy harvesting through various shaped soft
nanochannels.®> *” In addition to the flow modulation through
a soft nanochannel, another important electrokinetic phenom-
enon is ionic current rectification (ICR). Note that the ICR is a
consequence of symmetry breaking either in channel geometry,
charge distribution, the applied potential gradient, etc.®® For
such cases, depending on the voltage bias the ion transport is
preferential along a particular direction. In recent years, several
researchers studied extensively the ICR phenomenon though
various engineered microdevices for which there is some
underlying asymmetry.®®”? It is noteworthy to mention that
in the absence of any asymmetry along the lateral dimension,
the no current rectification is possible.”

In addition to soft nanochannels, a huge body of literature is
further available on the modulation of electrokinetic flow
through microfluidic devices filled with two or more liquids.
The existing studies in this direction are carried out under DC
or AC electric fields and are restricted only with the study on
electrohydrodynamics.”*® In the present article, we focus on
dispersion of passive solutes under an AC electric field driven
EOF across a channel filled with an electrolyte solution sur-
rounded with a layer of a membrane of various biological cells.
Such a membrane layer may bear additional mobile charges
(e.g., free lipid molecules, charged surfactant molecules in
the form of dimer micelles or small micelles with very low
aggregation numbers). The presence of free charges across the
membrane layer gives rise to non zero charge density along
the liquid-liquid interface.®*® According to the fluid mosaic
model of Singer and Nicolson,** the membrane layer can be
treated as a two-dimensional oriented viscous liquid with low
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dielectric constant. The difference in dielectric permittivity of
the aqueous electrolyte solution and the membrane layer leads
to the ion partitioning effect.*>*® Depending on the Born
energies of both the phases with possible mismatch in dielec-
tric permittivity, the electrolyte ions will penetrate inside the
peripheral membrane layer in a discontinuous manner. It is
noteworthy to mention that in a recent article we have studied
the solute dispersion through a soft nanochannel under the
EOF induced by the applied DC electric field.>” In contrast, the
present article deals with the flow modulation and the solute
dispersion under applied AC electric field. Furthermore,
instead of a soft nanochannel we consider the EOF modulation
and solute dispersion in a nanochannel filled with electrolyte
solution surrounded by a layer of a dielectric liquid that
resembles membranes of various biological cells. Note that
there is no available study in this direction that deals with
the flow modulation under an oscillatory electric field and the
impact of modulated EOF on the dispersion of solutes across
such a channel.

In order to fill the aforesaid research gap, we aim to study
the flow modulation and solute dispersion across such a
channel indicated above under applied AC electric field. A
mathematical study is thus performed to evaluate the EOF field
and its impact on solute dispersion considering the combined
impact of the ion partitioning and the ion steric effects. Note
that a steric effect is induced by the interaction of finite sized
ions. We adopt the Carnahan and Starling model to take into
account the ion steric effect,®” which is however best suited to
characterize the said effect for a moderate to highly charged
electrohydrodynamic systems.*** Considering the impact of
molecular diffusion and modulated AC field based EOF, the
band broadening process is analysed by the generalized dis-
persion model introduced by Gill and Sankarasubramanian.’
Note that the AC electric field driven EOF prevents the for-
mation of gas bubbles within the flow passage, and thus the
fluid convection is expected to have a substantial impact on the
solute dispersion process.

The rest of the article is organized as follows. The problem
formulation is summarized in Section 2. The mathematical
model and methodology are presented in Section 3, which
includes a brief description of the distribution of electrostatic
EDL potential, AC electric field driven oscillatory EOF and the
solute dispersion process. We developed a numerical scheme to
simulate the governing equations. In addition, we obtained
closed forms of analytical results that describe the EOF field as
well as the dispersion process under various limiting cases.
Results and discussion on the modulation of EOF and
its impact on the solute dispersion process are included in
Section 4 followed by a brief summary of all the results and
future scope of study in Section 5.

2 Problem formulation

Fig. 1 systematically depicts a parallel plate slit nanochannel
of height 2H filled with an electrolyte solution surrounded by a
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Fig. 1 Schematic representation of the EOF through an infinitely long nanochannel filled with an electrolyte solution surrounded by a layer of a dielectric
liquid. The dielectric permittivity, fluidic mass density and viscosity of the liquid layer and ambient electrolyte solutions are denoted as ¢q4, pq. g4 and ¢,
De, Ne, respectively. The uncharged solute with concentration Cg is placed initially along the middle of the channel with bandwidth 2L, which is further
exposed to a back and forth fluid motion under an oscillating electric field Eq cos(wt).

layer of an immiscible and dielectric liquid with thickness J (<H).
We neglect the end effects considering the width and length of the
channel are much larger than its height. A Cartesian coordinate
system (x, y) with the origin located at the channel center is
employed to analyze the EOF field and solute dispersion under
the influence of an AC electric field E(¢) = (R{Eo exp(—iw?)},0,0),
where E, indicates the magnitude of applied oscillatory electric
field. Here i = v/—1; w and ¢ indicate the angular frequency of the
oscillatory electric field and time, respectively, and {2} indicates
the real part of a complex number Z. The concentration and
valence of additional mobile ions in the form of surfactant
molecules present in the membrane layer are denoted as N, (in
mM) and Z, respectively. We have assumed that the concentration
of such molecules with in an aqueous medium is zero.

This is a reasonable assumption as their solubility in the
aqueous phase is negligibly small.***° The presence of the addi-
tional mobile charges within the dielectric liquid layer induces
nonzero interfacial charge g, which further leads to the formation
of two EDLs along the liquid-liquid interface. Such EDLs may
form due to attraction of counterions by the charged liquid-liquid
interface from the adjacent liquid medium. An EDL may form at
the interface towards the side of aqueous medium with thickness
k!, while an equivalent EDL with thickness x4~ * further forms at
the liquid-liquid interface towards the dielectric liquid layer side.
A detailed description of the same may be found elsewhere.®>%°
We consider the background electrolyte as a binary symmetric z:z
electrolyte with bulk concentration 7, (in mM). The viscosity and
dielectric permittivity of the membrane layer are denoted as 74, 7e
and ¢4, €, respectively. The dielectric constant of the membrane
layer is in general lower than that of the electrolyte medium.®***
Thus, the penetration of electrolyte ions within the membrane
layer occurs in a discontinuous manner due to the presence of the
ion partitioning effect. The concentration of electrolyte ions (1, j =
1, 2) along the liquid-liquid interface is discontinuous and
satisfies the following relation®***

n{(=H + 0) } = fim{(=H + &)}, j=1,2 (1)
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where f; indicates the ion partitioning coefficient of the jth
(j =1, 2) ions and is defined as ref. 96

penl (D) o

Here kg, T and e are the Boltzmann constant, the absolute
temperature and the elementary charge, respectively, and the
radius of the jth ion is denoted as 7; (j = 1, 2). In our present
study, we consider the size of the cation and anion to be the
same denoted as r, and thus f; = f, = f. It is evident from the
relation (2) that for a two-phase fluidic system with different
dielectric permittivities of liquids in the adjacent phases, an
increase in the ion size increases the value of ion partitioning
coefficient f. Thus, an increase in the ion size reduces the
dielectric-gradient mediated ion partitioning effect. Thus, both
the ion steric and ion partitioning effects are coupled together.
However, for similar dielectric permittivity of the adjacent
phases, the ion partitioning effect is absent.

Using the Carnahan and Starling model,*” the spatial dis-
tribution of the concentration of mobile electrolyte ions (n;, j =
1, 2) with finite size follows the modified Boltzmann distribu-

tion, given as®’
5y
ni(y) = noeXP( RT> J
A zFy ’
1+ P h({—) -1
+ {cos (RT) }

The terms ¥, F and R indicate the electrostatic potential,
Faraday constant and gas constant, respectively. The above
expression further involves the steric factor P, defined as P =
8¢z/(1 + 8¢), where ¢y is the volume fraction of mobile ions,
defined as ¢y = (417°/3)2Nsn,. Here N, is the Avogadro number.
In addition, the spatial distribution of the concentration
of additional mobile ions present in the dielectric liquid
layer, considering its nonzero volume fraction ¢g, is given as

=12 (3
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follows®*°7

exp{ ~ 7 Vo) }

na(y) = No
(1= @)+ aexp{ 210 Vo) }

4)

where Q = 8¢4/(1 + 8¢q). The volume fraction ¢4 is defined as
¢a = (4nas’/3)2N,N,, where aq indicates the size of the addi-
tional ion. The expression (4) involves the Donnan potential
which indicates the potential deep inside the dielectric liquid
layer.®*~°® Explicit expression for the same is deduced later. The
readers are further referred to the Section S.1 (ESIf) for a
detailed derivation of relation (4).

The EOF field across the considered channel is in general
lies in the creeping flow regime and there is no instability
occurring in the present two-liquid systems. As indicated earlier
the liquid in the dielectric liquid layer and the aqueous
medium are immiscible in nature, so the liquid in the layer
adjacent to the supporting walls and the aqueous medium
cannot permeate each other. Furthermore, we assume that
the uniformly charged liquid-liquid interface remains planar,
which is in fact the basic state of a general stability problem.
Note that for the considered parameter space, the Capillary
number is far smaller than unity, and accordingly, warrants our
analysis without accounting the deformation of the liquid-
liquid interface. Such a consideration is rather common in
transient EOF involving liquid-liquid interface.”*”%%%%1 A
small amount of passive solute is placed along the channel
center with a given bandwidth, and it faces the back and forth
EOF induced by an applied AC electric field. The flow back-
ground liquid medium is not affected by the presence of a
dilute band of sufficiently small soluble solutes. The details of
the mathematical model and methods to solve the set of model
equations are described below.

3 Mathematical model and
methodology

In this section, we present the detailed mathematical model
and methodology to solve the set of governing equations. For
the considered flow geometry, the EDL potential, flow field and
spatial distribution of the concentration are symmetric with
respect to the central line of the channel. Without loss of
generality we present the governing equations pertaining to
the EDL potential, EOF field as well as concentration distribu-
tion of solutes along the lower half of the channel. We first
present the electrostatic EDL potential followed by the calcula-
tion of AC electric field based EOF. With the known flow field,
the dispersion characteristics of the injected solute under
oscillatory EOF field are further analyzed.

3.1 Electrostatic EDL potential and EOF field under AC
electric field

The electrostatic EDL potential considering the combined impact
of the ion steric and the ion partitioning effects is described by the

This journal is © The Royal Society of Chemistry 2025
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modified Poisson-Boltzmann equation, given as
d>y
—Edwzpd(yy —H<y<-H+5$ (5a)
d2
—eed—yff:pe@): S H46<y<0 (5b)

where pq(y) and pe(y) represent the volumetric charges due to
mobile ions inside and outside of the dielectric liquid layer,
respectively, and are defined as

paly) = FlRzm () — zn2(y)} + Zna(y)]

—-H<y<-H+J
(62)

pey) = Flzmi(y) — zn2(y)]

Substituting the relations (3) and (6) into the eqn (5) yields

—H+0<y<0 (6b)

. zFy
&y 2Fnzf sinh <ﬁ)
— =
dy “d 1+ P{cosh (ﬂ) - 1}
RT
Fy  Fyp
_ ZN, eXp{_Z(ﬁ_ RT)}
2oz | ~_[FV_Fup
(1-9) +Qexp{ Z<RT =T
—H<y<-H+9¢
(7a)
. zFy
a2y 2Fnz sinh (ﬁ)
dy? T e ZFy 7b
1+P{cosh(RT) 1} (7b)
_H+d<y<O.

The channel walls are considered to be uncharged. We adopt
the continuity of electrostatic EDL potential along the liquid-
liquid interface. In the presence of interfacial charge, the
displacement vector along the liquid-liquid interface is dis-
continuous. Along the central line, the gradient of potential
vanishes due to symmetry. We use the scale ¢, = RT/zF to non-
dimensionalize the EDL potential (y/(y)) as well as the Donnan
potential (p) and the space coordinate y is scaled by the half
height of the channel, ie., H. Using the above scales the
governing equation and associated boundary conditions for
the EDL potential in the scaled form may be deduced as follows

sinh(y)
1+ P{cosh(y) — 1}

e"p{‘g@ - ‘”D)} (83)
(-2 + 2exp{ -2~ )}

dzy
= |

-M

—l<yp<—1+6
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@ o[ sinh()) o
— = (kH = —1+6<y<0. (8b
g = (<H) L + P{oosh() — 1}} To<y<0. (8b)
subject to the boundary conditions
j—l}é =0 (9a)
=1
lﬁ(ﬁ)}fz(—lﬂﬁ)*: ‘7/()7)|}7:(,1+5)+ (9b)
eRd—l/_/ —% =7 (9¢)
P li—rva) Dli=-119+
d—l/f =0. (9d)
dy 520

Eqn (8a) involves the scaled parameter M, defined as M = ZN,/
2zfn,. The quantities (j), ¥, indicate the scaled EDL potential
and Donnan potential, respectively. The scaled interfacial
charge ¢ is defined as ¢ = 0H /e.¢p, and er = €4/¢. indicates
the liquid layer to electrolyte permittivity ratio with 6 = 6/H
being the scaled thickness of the liquid layer. The quantity x
appearing in eqn (8) indicates the inverse of the EDL thickness
(which forms towards the side of the aqueous phase), defined

as Kk = \/2F?z%ny/¢. RT and the quantity k, appearing in eqn (8)
is defined as x| = ky/f¢/cq. The scaled Donnan potential can
be obtained by setting the right hand side of eqn (8a) to zero,
and thus we may write

sinh (Yp) B
1+ P{cosh(yp) — 1}

Solution of (10) provides the explicit expression for the scaled
Donnan potential, given as

J ln{M(l — P)+ VM2 2M?P + 1}
b=

1—-MP
The time dependent axial flow velocity component u(y, ¢) is
governed by the unsteady Stokes equations with the electric
body force term, and is given as
Pu(y, 1) _ Ou(y,1)
Mg ayz + pd(y)E(t) = Pd ot (123)
—-H<y<-H+$

M (10)

(11)

O u(y, 1)

_ Ou(y,1)
"Ie 8y2

+pe(y)E(t) = Pe ot

—H+d<y<0 (12b)

subject to the boundary conditions
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u(l/, t) |y:(—H+(5)* = u(lh t) |y:(—H+5)+ (13b)
dy y=(~H+8)~ dy y=(—H+8)*
d
un ol g, (13d)
dy =0

where the mass density of the liquid in the peripheral layer and
electrolyte solution are p4 and p., respectively. We consider the
no-slip velocity boundary condition along the supporting rigid
walls of the channel as indicated in the relation (13a). The
continuity of flow velocity along the liquid-liquid interface is
adopted, which is further indicated in the relation (13b). We
adopt the EDL plus surface charge (SC) model to study the
considered electrokinetic flow involving a two-liquid system.”
It is noteworthy to mention that such an EDL plus SC model
can successfully describe the experimental observation on the
electrokinetic behavior of two-phase liquid systems.’® Such a
consideration may leads to the condition indicated in (13c). We
further adopt symmetry condition for flow velocity along the
central line of the channel, which is indicated in (13d).

We consider the oscillatory EOF under AC electric field E(z) =
(R{Ep exp(—iwt)},0,0) and thus the back and forth oscillatory
axial velocity may be written as u(y, 1) = R{uy(y) exp(—iw?) }, where
uo(y) is the complex amplitude of the velocity field. We consider the
Helmoltz-Smoluchowsky reference velocity Uns = €. Eo /1, as the
velocity scale. Below we recast the governing equations and bound-
ary conditions associated with the velocity field in the scaled form

a2 % iwpyH? 5
by e dY  iwpg My —1l<y<—1496 (14a)

dy? g di? g
day  d¥p iwp, H? -
—_— = 7] —1+6<y< 14b
T g 0 Tlrosys0 ()
subject to
)51 = 0 (152)
oY) |5=(-1+5)- = o) y=(~1+5) (15b)
dizg dizg _
—_ —_— =0 (15C)
Rdy F=(=1+43)" dy p=(—148)*
ditg
o, (15d)

where #,(y) is the scaled value uy(y) and ng = na/ye is the
viscosity ratio. Solving the above eqn (14a) and (14b) subject
to the given boundary conditions (15a)-(15d) yields the explicit

u(, t)]y=-—m =0 (13a) form of #,(y), given as
_ . — (l’}’lll’}’Z2)2 _ _ _ _ 27 /. _ =
Cicosh(my) + Cysinh(my) +— =lexp(m17)J1(¥) — exp(=my) L2 (V)] + mrp(7); —1<y<-1+0
iy (y) = : (16)
. . .om o I <
C; cosh(msy) + Cysinh(msy) + %[GXP(WZW)JS (9) — exp(—m3¥)Ja(P)] + ¥ (3); -14+4<y<0
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The above expression (16) contains several constants, e.g., m;
(i=1,2,3)and C; (i = 1, 2, 3, 4) and integrals J;(3) (i = 1, 2, 3, 4),
which are are provided in Appendix-A.

It is evident that one can deduce the results for the axial velocity
field with the known value of the electrostatic EDL potential.
In Appendix-B, we have deduced the approximate semi-analytical
results for EDL potential valid for the low to higher regime of
electrostatic charge. In addition, we have further deduced exact
analytical results for electrostatic potential as well as velocity field
within the Debye-Hiickel electrostatic limit and are summarized in
Appendix-C. However to consider a broad range of electrostatic
charge as well as other model parameters, we have deduced numer-
ical results for EDL potential using the finite difference based
numerical scheme. The discretized equation for EDL potential based
on the central difference scheme is solved iteratively using the
tridiagonal matrix algorithm. The iterations are continued until the
difference in two successive steps becomes smaller than the tolerance
limit. A comparison of the numerical results for EDL potential with
the deduced semi-analytical results are shown in Appendix-B and the
exact theoretical results under the Debye-Htickel limit are shown in
Appendix-C. With the known value of EDL potential and the integrals
mentioned above, we have further deduced the numerical results of
axial velocity using the expression (16). Note that the main complexity
to deduce the axial velocity is to calculate the integrals J; (i =1, 2, 3, 4)
and for the same we have used MATHEMATICA software. The
validation of dynamic axial velocity field with the deduced analytical
results is provided in Appendix-C. The results for the velocity field are
further used to study the dispersion characteristics of the solute band
placed inside the channel. A detailed description of the dispersion
process is summarized below.

3.2 Dispersion of solutes

In this subsection we have presented the governing equation
for the concentration of solutes and the relevant initial and
boundary conditions to study the dispersion process. A solute
with bandwidth 2L, diffusivity D, and initial concentration C, is
placed at the channel center and is exposed under oscillatory
EOF. The concentration distribution of the solutes is governed
by the unsteady convective-diffusion equation, given as

8_C+( t)a_ch 82_C+62_C (17)
ar Ty TP o 0

where C(x, y, t) indicates the concentration of solutes. The
initial distribution of the concentration of solutes is given as

Co, when |x| <L

Clx,3,0) = {0, when |x| > L (18)

Along x — =00, the concentration of the solute vanishes.
Besides, there is no mass transfer across the supporting rigid
walls. We further adopt the symmetry condition along the
central line of the channel. Thus, the boundary conditions
associated with the solute concentration are as follows

C(+o0,y,t)=0 (19a)

9C(x, —H.1) _ _ 9C(x,0,1)
dy Oy

(19Db)
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The reference concentration C, is considered as the scale for
the solute concentration. The y-coordinate is scaled by the half-
height of the channel, i.e., H. Besides, the x-coordinate is scaled
by H*Uys/Do and the time is scaled by H>/D,. Using these scales,
we may obtain the governing equation and associated initial
and boundary conditions in the nondimensional form, given as

0C, 0 0C_PC 1 PC
ar "W % T 52 T pe? a8
subject to the initial conditions
Ao oy J 1, when |X| <L
C(%5,0) = {0, when |X| > L (21)
and boundary conditions
C(£o0,j,8=0 (22a)
aC(x,—1,7) 9C(x,0,7)
=0= . 22
oy 0 oy (226)

where C = C/Cy, X = Dox/H*Uys, t = Dot/H* and L = DyL/H*Uys. The
non-dimensional parameter Pe indicates the ratio of the rate of
transport caused by convection and molecular diffusion, and is
defined as Pe = HUys/D,. To analyze the dispersion of solutes we
introduce a moving coordinate system, comoving with the cross-
sectional mean fluid velocity iy, (7) = _[(11[4(}7, 7)dy. Thus, the new
axial coordinate ¥,(x, ?) (in the scaled form) in the moving frame of
reference may be defined as

t

Xu(X, 1) =x— [ iy (t)dt, (23)
Jo
Using this transformation, we may recast the unsteady convection-
diffusion equation as follows

oC oc  9*C 1 &C

—+ (@3, 1) — () = = + =5 s 24

ar T 00 = i (1) 5 57 T P 0xp? (24)
The method used by Gill and Sankarasubramanian® is adopted to
study the dispersion process. Thus, the local concentration of
solutes can be written in terms of series expansion in axis
gradients of cross-sectional averaged concentration Cy,, given as

B B 00 o ak ~
Cm = Cm + ;fk(yv f)(r)ixﬁ (25)
where
— O —
Cnliin) = | Crunr iy (26)
J-1

The terms fi(j, ?) (k = 1, 2, 3, ...) are the coefficients of series
expansion. Substituting (26) into (25) yields

8ém _ _ 3Cm 1 826m > aﬁ azf}( akém
o T es The e /; { (5‘@) o
o akﬂém
+fi(u — um)w
M Cn fi 92Cn
T Groxk el axh }

(27)
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We consider that the dispersion process is diffusive right from
the time zero and thus the cross-sectional averaged concen-
tration Cy, follows the given equation®®

8Cm > 8iém
or - ;Kl(f) (()X"u (28)

where the coefficients K(Z) are the periodic function of time due
to an oscillatory flow of the background aqueous medium.
Considering k-times the partial derivative of the above
eqn (28) with respect to space coordinate X,, we may deduce
the following relation

ak+ 1/ )

8k+i Cvm
8t8v Z Axkri (29)

i=1

Now substituting eqn (28) and (29) into eqn (27) and after
algebraic simplification yields

2
E*W+(“(Y@*Hm

_7_8—-)}2_‘_( (y,_) ﬁm(l_)'i_Kl([_))}

P fies2
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Besides, eqn (26) requires
0
J Sy, 0dy =0 (34)

Integrating (31a)-(31c) with respect to y from —1 to 0, one can
easily check that the coefficient K;(7) vanishes and the other
coefficients are derived as follows

1

0
el ICGURTAG GRS

k@) = Pe

and

0
Keal) =] (@050 = ()i (7:005. k=123
(36)

Note that the term K;(f) indicates the convection coeffi-
cient due to the velocity of solutes and thus vanishes as we

aC‘m
a-’Eu

(O + Ki())h

(30)

1\19*Cns  (Ofis
+(Kﬂﬂ—§§)}a%2+{"g;
+ <Kz@

From the above equation we may set the coefficients of *Coul
oxk (k =1, 2, 3, ...) to zero, which yields the following
differential equations involving f

om _Ph _ _
T~ G8 + a0 — (D + Ki(0) =0 (31a)
o f _ _ 1y
E_W—i_( a(y; 1) = im(0) + Ky (OW1 + | Kao(1) =55 | =0
(31b)
Mirr  Ofisa |, _ .
8; — a}_; + (H(Jh D - um(;) + Kl(t_))f/chl
k+2 (31¢)
+ (Kz(f_) )fA+ZK Dfir2-i=0
The index & in eqn (31c) takes the values k = 1, 2, 3, .... It is

worth noting that the initial and boundary conditions for C are
also satisfied by Cy,. Thus, substituting (25) into (21) and
(22) yields

Si§, 0)=0 (32)
and
M. 0l _9h,1)
ay y:qi dy y:oio (33)
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k42
)fk + ZK Dficv-i

+ (@(y, 1) — thm(2) + K1 () fiet1

y?

8/(+2C
}am =0, (k=1,2,3,..)

are in a moving frame of reference. Besides, the term K,()
indicates the effective dispersion coefficient due to the
molecular diffusion and fluid convection, which is renamed
as K(f). The terms K; (i > 3) are very small compared to the
value of K,. So, we can neglect the contribution of all K; when
i > 3.° Thus, eqn (28) takes the simplified form as follows

oC, . PC,
o~ 052 (37)

The expression of K,(?) (renamed afterwards as K(?)) requires
the value of f;(J, 7), which is governed by eqn (31b) subject to
the conditions (32) and (33). Thus, to evaluate the cross-
sectional averaged concentration of the solute, one need to
calculate fi(jy, 7). It may be noted that under the AC field
based EOF, we may write @(y, 1) = R{i(y) exp(—io?)}, where
®=wH?/Dy and i, (1) = R{iw, exp(—iof)}. With the same
analogy we may further rewrite f1(7,7) = R{F(y) exp(—i®f)}.
Substituting the same into (31a), (32) and (34) we may
formulate the boundary value problem involving F(j), and
the same is summarized below

F'(3) = F () = tio(7) = (38)
subject to the boundary conditions

dr

y=—1

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4sm01255k

Published on 14 January 2025. Downloaded on 1/27/2026 7:24:39 PM.

Soft Matter

F{(-1+0)}=F{(-1+9)} (39b)
= = (39¢)
dy y=(=1+0)~ dy J=(~1+0)*+
o (39d)
dyl;_o

where n = +/—i®. Solving (38) subject to the boundary condi-
tions (39a)—(39d) yields
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where 6_‘,,,(6)7 9 :J"fic_‘m(fc“,g’) exp(—i®x,)dx,, and @ repre-
sents the scaled spatial wave number, defined earlier. The
solution of eqn (46) subject to conditions indicated in (47) is
given as follows

ém(@, é) = E‘m(d% 0) exp(_@zf)

+oo (48)
= exp(—c’uzé)J 2L6; exp(—iwx,)dx,

Using inverse Fourier transform on the function C‘,n(ci), &), we
may deduce the time evolution of the spatially dependent area-

. 1 -
Dy cosh(ny) + D sinh(n7) + - lexp(ni)Js(7) — exp(—ni)Je(7)]; —1 <7 < —143
F(y) = . et . (40)
Dj; cosh(ny) + Dy sinh(ny) + %[exp(nj/)h(ﬁ) —exp(—np)Js(¥)]; —14+06<y<0
The above expression (40) contains the constants D; (i = 1, 2, 3, averaged solute concentration as follows
4) and integrals J{(¥) (i = 5, 6, 7, 8), which are summarized in | oo
Appendix-A. Cn(X0, &) = Z_J Con(@, &) exp(iwx,)de
The relation for dispersion coefficient K(Z) may be written in Tt —o0 (49)
terms of F(y) and is given below 1 X+ L % — L
:—{erf( )—erf( )}
1 0 ) 2 2V/E 2,/
KD = o= | Rl exp(-i00)
-1 (41)  where erf(y) indicates the error function, defined as

—R{iwn exp(—iot) REF () exp(—ior) by

We further introduce a new time dependent variable &(7),
defined as

ol

0 = | Ko (42)

Note that 1/2&(7) indicates the standard deviation of distribu-
tion of Cy, at a given time 7. Such a quantity measures the width
of the dispersed zone of the solutes. Using the above transfor-
mation (42), we may transform eqn (37) and the associated
initial and boundary conditions as follows

0 Cm _ 0 sz

9 o (43)
subject to
Cin(Xy, 0) = 2Lz, Cp(£o0,?) =0 (44)
where
1/(2L), when |x| < L
of = B (45)
0, when |x| > L

Using the Fourier transformation, we can easily transform
eqn (43) and (44) into the following equations

Cpm o=
9 - Cp, (46)
and,
= +OO —
C(®,0) = J 2L0; exp(—iwx,)dx, (47)
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2
erf(y) = ﬁjgexp(—zz)dz. It is worth noting that the quantities

which provide the measurement of the dispersion process are
Cm(%u, D), K(T) and /2&(7), respectively. In addition, we have
further indicated the results for time-averaged effective disper-
sion coefficient K,,, over one oscillation period 7, = 2m/w,
defined as

1 I+10
Kave = o). K(r)dt (50)

In order to obtain the aforesaid quantities, the main input is
the axial velocity profile and the method to deduce the same is
already indicated. To obtain the dispersion coefficient K(Z), we
need to calculate the function F(J) using the closed form
relation (40), which further involves the axial velocity. Note that
the main complexity to deduce F(j) is to calculate the integrals
Ji (i =5, 6,7, 8), which are calculated using MATHEMATICA
software. With the known values of axial velocity and F(y), the
relation (41) is implemented to calculate K(f). The relations (42),
(49) and (50) are further implemented to derive the results for

2&(1), Cm(Xy, T) and Kay,, respectively.

It is noteworthy to mention that within the Debye-Hiickel
electrostatic framework and the limit of @ — 0 we have further
deduced the closed form analytical results for all the quantities
associated with the dispersion process, e.g., 1/2¢(7), C(%y, ?)
and Ky, respectively. The detailed description of the same is
further summarized in Appendix-D. In addition, we have
further performed the validation of numerical quantities asso-
ciated with the dispersion process with the aforesaid analytical
results. The readers are referred to Appendix-D for more details
related to the same.
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4 Results and discussion

The main objective of the present study is to provide a quanti-
tative measurement of the modulation EOF under an AC
electric field in a channel filled with an electrolyte solution
surrounded by a layer of a dielectric liquid. In addition to that,
we further investigate the impact of flow of the background
fluidic medium on the dispersion of the solute across such a
channel. The pertinent parameters that affect the fluid flow and
thereby the dispersion process are dielectric permittivity, visc-
osity and thickness of the dielectric liquid layer, electrolyte
concentration, ion size, concentration of additional mobile
ions present within the liquid layer, interfacial surface charge
along the liquid-liquid interface, channel height, frequency
of the applied electric field, etc. For solute dispersion, another
additional intrinsic parameter is mass diffusivity of the solute.
As indicated earlier, the dielectric permittivity of the membrane
layer is in general lower than that of the electrolyte medium.
We have varied systematically the dielectric constant of the
membrane layer to account for the ion partitioning effect. Besides,
the ion steric effect further plays a prominent role in the flow
modulation specially for the case when the electrostatic charge
carried by the considered fluidic system (i.e., interfacial charge
and molar concentration of additional mobile ions of the dielec-
tric liquid layer) is moderate to high. The impact of the steric
effect depends on the finite size of ions and electrolyte concen-
tration, which we have varied systematically to produce the results
for flow field and thereby the solute dispersion. For the EOF under
AC electric field, the oscillating Reynolds number Re; = p,wH/n;
dictates the back and forth motion of the background medium,
where the subscript j = d or e is associated with the dielectric
liquid layer or the electrolyte medium, respectively. We present
the results for various choices of the channel height and fre-
quency of the applied AC electric field.

=xH=25
14 = kH=10
tH=5

124 =kH=25

(a)
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Unless stated otherwise, the dielectric liquid which sur-
rounds the electrolytic solution is considered as the oily organic
solvent cyclohexyl bromide (CHB) for which the dielectric
constant ¢g = 7.9 x 8.854 x 1072F m™!, viscosity 54 = 2.269 mPa
s and mass density jq = 1345 kg m ™, respectively.'" For such a
choice of liquid layer, the viscosity ratio ng = 2.54, dielectric
permittivity ratio eg = 0.1 and the interfacial tension is 9.2 x
10> N 'm ', respectively. The electric strength of electric field E, is
taken as E, = 10° V m~". Thus, the Capillary number Ca « 1. In
addition to the CHB solvent, we have further presented the results
changing suitably the dielectric permittivity as well as viscosity of
the liquid layer adjacent to the supporting walls. For each of the
cases, we found the Capillary number is far smaller than unity. A
relatively broad range in frequency w/2m is considered, e.g., 10°> Hz
to 10°® Hz, and such choices of frequency are rather common in the
AC electric field driven EOF.'*>'%

4.1 Modulation of EOF

To illustrate the impact of pertinent parameters on the flow
modulation we present the results for dimensionless velocity
amplitude |#y(7)|. In Fig. 2 we have shown the results to discuss
the impact of the Debye-Hiickel parameter of xH with fixed ion
size r = 3.3 A (Fig. 2a) and the ion steric effect with fixed xH
(Fig. 2b). The dielectric liquid which surrounds the electrolytic
solution is considered as oily organic solvent cyclohexyl bro-
mide (CHB). Choice of such a liquid in the layer adjacent to the
supporting walls is reasonable as its dielectric permitivity is
much lower than that of the aqueous medium and the liquid in
adjacent phases in immiscible in nature. Thus, for the con-
sidered two-phase fluidic system, the ion partitioning effect
arises due to a significant difference in dielectric permittivity of
both the phases. Since the viscosity of the CHB solvent is high
compared to that of the aqueous medium, the magnitude of

(b)

Fig. 2 The results for scaled velocity amplitude |t ()| are shown for various values of (a) kH (= 2.5, 5, 10, and 25) with fixed r = 3.3 Aand (b) r (= 3.3 A, 4 A,
5 A, and 6 A) with fixed kH = 2.5. The results are presented for fixed H = 25 nm, d =5 nm, No = 1 mM, 6 = 2 and @ = 10 (i.e, w/2n = 2.5 x 10° Hz),

respectively.
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|o(p)| within the liquid layer is substantially small compared
to that in the electrolyte phase. We further observed that the
strength of flow field reduces with the increase in xH (Fig. 2a).
The accumulation of counterions near the charged interface
enhances with the increase in xH, and thus, the impact of
effective interfacial charge reduces, which leads to a significant
reduction in flow strength. We observed that the velocity
amplitude reduces with the increase in the size of electrolyte
ions (Fig. 2b). In general, the finite sized ion restricts the
accumulation of arbitrary number of counterions near the
charged interface as well within the dielectric liquid layer.
On the other hand, the increase in the ion size reduces the
impact of the dielectric-gradient mediated ion partitioning
effect. Combination of these two effects reduces the net
neutralization mobile charge entrapped within the dielectric
liquid layer, which enhances with the increase in the ion
size and leads to a reduction in net electromotive force. As a
result, the velocity amplitude |iy(y)| reduces with increasing
ion size.

In Fig. 3, we have shown the results for the velocity ampli-
tude considering different values of dielectric permittivity and
viscosity of the liquid in the layer adjacent to the supporting
walls. We present the results for various choices of eg with fixed
viscosity ng = 2.54 (Fig. 3a) and in Fig. 3b we have shown the
results for various choices of i with fixed dielectric permittiv-
ity er = 0.1. The results are presented for fixed values of other
model parameters, which are summarized in the figure cap-
tion. As indicated earlier for CHB solvent ¢g = 0.1 and ng = 2.54,
which is taken as the base value and an increase in ¢g and 5y
indicates that the liquid in the dielectric layer is more polariz-
able in response to an electric field and more viscous compared
to the CHB solvent, respectively. Besides, the increase in eg
with fixed dielectric constant of the aqueous medium leads to
an increase in dielectric permittivity of the liquid in the
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layer adjacent to the channel wall. Thus, the impact of ion
partitioning reduces, which in turn allows the accumulation of
more counterions within the dielectric liquid layer. As a result,
the neutralization of effective charge inside the liquid layer
enhances and leads to a reduction in velocity amplitude |iy(3)|-
As expected the velocity amplitude |&#y(y)| reduces with the
increase in viscosity of the liquid layer adjacent to the support-
ing walls. Note that the increase in velocity amplitude | (V)|
within the liquid layer with its lower viscosity leads to an
enhancement in |&#,(y)| within the aqueous phase so as to
satisfy the continuity in flow velocity along the liquid-liquid
interface.

In Fig. 4, we have presented the cross-sectional averaged
velocity amplitude |u,,|/Usys (in the scaled form) as a function of
Debye-Hiickel parameter kH and dielectric permittivity ratio
er. The results are presented here for various choices of ion
size. Other model parameters for Fig. 4 are summarized in the
figure caption. The impact of the ion size on overall flow
modulation is prominent for lower ranges of xH and cg.
An increase in xH for a fixed channel height strengthens the
shielding effect and thus leads to an enhanced charge neutra-
lization. Besides, an increase in eg reduces the impact of the
ion partitioning effect and thus enhances the accumulation of
counterions within the liquid layer as well as near the charged
interface. Thus, for a smaller range of kH or ¢g where the net
charge of the fluidic system is high, the impact of the ion steric
effect is prominent. However, its impact gradually diminishes
with the increase in kH and cr. As expected the increase in the
ion size reduces the net throughput due to the enhanced
impact of the ion partitioning effect.

In Fig. 5 we have shown the results for dimensionless
velocity amplitude |&#o(j)| for different values of interfacial
charge & (Fig. 5a), molar concentration N, of additional mobile
ions within the membrane layer (Fig. 5b) and its thickness &

1.6

(a)

Fig. 3 The results for scaled velocity amplitude |Go(y)| are shown for various values of (a) eg (= 0.1, 0.5, 0.75, and 0.9) with fixed nr = 2.54 and
(b) nr (= 0.1, 0.7, 2.54, and 10) with fixed eg = 0.1. Other model parameters are H = 25 nm, kH = 2.5, = 5nm, Ng = 1 mM, pg = 1.35, r =33 A, 6 = 2,

o = 10.
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1.6
r=33A
——— - r=5A
1.44 —_———= r=6A
1.2+
72}
E: 1-
=g ]
E 0.8

(b)

Fig. 4 The results for scaled cross-sectional averaged velocity amplitude |un,|/Ups are shown as a function of (a) Debye—Huckel parameter kH for
various values of r (= 3.3 A, 5 A, and 6 A) with fixed g = 0.1 and (b) dielectric permittivity ratio cg for various values of r (= 3.3 A, 5 A, and 6 A) with fixed
kH = 2.5. Other model parameters are 6 = 2, No = 1 mM, H = 25 nm, § = 0.2, pr = 1.35, g = 2.54, @ = 10, respectively.

L I I I ! I I L ! - L L -
=Ny=10
=Ny=1mM
“No= 10mM
=Ny=20mM
i
%
s
3
[=]
o
1
T
1 49
(a) (b)

()

Fig. 5 The results for scaled velocity amplitude |Go(y)| for various values of (a) & (= 0, 2, 5, and 10) with fixed Ng = 1 mM, § = 5 nm; (b) Ng (= 0, 1 mM,
10 mM, and 20 mM) with fixed 6 = 2, 6 = 5nm; and (c) ¢ (= 2.5 nm, 5 nm, and 7.5 nm) with fixed G = 2, Ng = 1 mM. The results are shown here considering
fixed values of other model parameters, e.g., H = 25 nm, kH = 2.5, r = 3.3 A and @ = 10, respectively.

(Fig. 5¢). Rise in interfacial charge density for fixed values of N,
and & leads to an enhanced electrostatic potential in the
membrane layer as well as in the aqueous medium and thus
leads to an enhanced throughput. The impact of interfacial
charge on the overall flow modulation further augments with
the increase in N, and J. Note that the increase in both of these
quantities enhances the net effective charge density entrapped
in the membrane layer. In Appendix-E, we have further shown
the results for electrostatic potential distribution as well as net
charge density considering different values of concentration
of mobile charges in the dielectric liquid layer. A detailed
discussion on the same is made thereat. Thus, the effective
electromotive force further enhances with the increase in N,

1096 | Soft Matter, 2025, 21,1085-1112

and 6, which in turn leads to an enhanced velocity amplitude
|#o(7)]- Unlike that increase in interfacial charge or Ny, an
increase in ¢ further leads to an enhanced motion deterring
drag force due to higher viscosity of the dielectric liquid layer.
Thus, it is expected that the interfacial charge and N, have
more impacts on the flow modulation compared to the thick-
ness 6 of the dielectric liquid layer.

Fig. 6 further shows the impact of the channel height and
frequency of the applied oscillatory electric field on the overall
flow modulation. Note that these two parameters are directly
related to the oscillating Reynolds number. As expected, with
the increase in the channel height with fixed value of the scaled
thickness of the dielectric liquid layer and other model

This journal is © The Royal Society of Chemistry 2025
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(b)

Fig. 6 (a) Scaled velocity amplitude |G (y)| is shown for various values of H (= 25 nm, 50 nm, 100 nm, and 200 nm) with fixed @ = 10 (ie., w/2n =
2.5 x 10° Hz) and (b) scaled cross-sectional averaged velocity amplitude |up,|/Uys is shown as a function of frequency w/2r (Hz) for various values of
H (= 25 nm, 50 nm, 100 nm, and 200 nm). The results are shown here considering the fixed values of other model parameters, e.g., kH = 2.5, r = 3.3 A,

No = 1mM and 6 = 0.2, respectively.

parameters, the net charge carried by the system enhances and
leads to an enhanced velocity amplitude |&y(j)| (Fig. 6a). We
have further shown the results for scaled and cross-sectional
averaged velocity amplitude as a function of oscillating fre-
quency and the results are shown for various channel heights
(Fig. 6b). We observe that the impact of oscillating frequency on
the flow modulation is significant when the channel height is
large. The increase in oscillating frequency accelerates the back
and forth motion of the fluid medium. At a smaller range in
oscillating frequency, the average velocity amplitude increases
with the increase in the channel height. However, the averaged
velocity amplitude reduces with the increase in frequency of the
applied oscillatory electric field and its impact is prominent for
the channel with larger height. Note that unlike the DC-EOF,
the background fluidic medium requires the transient time to
respond to the AC electric field. Besides, the increase in w
enhances the oscillatory Reynolds number, which actually
measures the relative importance of dynamic inertial force
and viscous force. Thus, the increased impact of the inertial
effect due to the increase in oscillatory frequency leads to a
substantial reduction in the average velocity amplitude. The
impact of the oscillatory frequency on the overall reduction in
the average velocity amplitude is further augmented for chan-
nels with larger height for which the oscillatory Reynolds
number is large.

From the results presented in Fig. 2-6 we have observed that
a significant flow enhancement is possible for the electrolyte
with low concentration (e.g., a lower range of xH) and small size
of electrolyte ions. Besides, the choice of liquid in the layer
adjacent to the walls further plays a significant role in the
maximum throughput. For example, when the dielectric per-
mittivity of the liquid layer is small compared to the liquid

This journal is © The Royal Society of Chemistry 2025

layer, a significant flow modulation is possible. Furthermore
the net effective charge of the liquid layer enhances the flow
strength, which can be achieved by increasing thickness and
the concentration of mobile charge of the said layer as well as
the interfacial charge. In addition, the flow strength across the
channel is high for a smaller range of frequencies of the
oscillatory electric field, and a reduction in the average
throughput is possible with the increase in frequency of the
applied AC electric field. Next we have discussed the impact of
the modulated flow field on the dispersion process considering
various mass diffusivity of the solutes.

4.2 Dispersion of solutes

In this section we have illustrated the results to highlight the
dispersion of the solute band placed initially along the middle
of the channel with a given bandwidth 2L = 0.2 (in the scaled
form). The band of solutes was dispersed due to molecular
diffusion and fluid convection was induced by an applied
oscillatory electric field. Note that the mass diffusivity of the
uncharged solutes in general ranges from 10~ m> s™' to
10° m? s 1."%* Thus, for the considered flow geometry with a
given channel height, the Péclet number (Pe) associated with
the dispersion process ranges from 0.05 to 50. To analyze the
findings related to solute dispersion we present the results for
time evolution of cross-sectional averaged solute concentration
Cn, effective dispersion coefficient K(#), standard deviation
\/m of the distribution of C,, and time-averaged effective
dispersion coefficient K, over one oscillation period 1, = 27/w,
respectively.

To start with, we have first presented the results for time
evolution of the cross-sectional averaged solute concentration
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Fig. 7 (a) The time evolution of cross sectional averaged mean concentration distribution C,, is shown as a function of moving co-ordinate system X,
and scaled time t for Pe = 25. (b) The time evolution of C,, for discrete values of time, i.e., t (= 0.1, 0.3, 0.5, and 0.9) is further shown. (c) The results for Cp,
for various choices of Péclet number Pe (= 5, 10, 15, and 25) at a fixed time = 0.5. (d) The results indicating the time evolution of 1/2&(7) as a function of
scaled time t for various values of Pe (= 5, 10, 15 and 25). The results are shown here considering fixed values of other model parameters, e.q., r = 3.3 A,
H=25nm, kH=25738=5nmNo=1mM,G=2 &=10and L = 0.1, respectively.

Ci(%y, ©). We have shown the results for time evolution of
Cn(%y, ©) at a fixed value of Pe = 25 (Fig. 7a). The corresponding
line plots for Cp,(%,, ?) for discrete values of scaled time
are further shown in Fig. 7b. We observed that as the time
grows, the dispersion of solutes under the combined impact of
molecular diffusion and oscillatory convective effect increases
and leads to a significant band broadening of the solute placed
inside the channel. The impact of the Péclet number on the
spatial distribution of averaged concentration C, is shown in
Fig. 7c, where we have presented the results indicating the line
plots for Cy, for various choices of Péclet numbers at a given
time. In addition, we have further shown the results in Fig. S.1
(ESIY) to indicate the time evolution of Cy,(%,, %) for various
values of Pe, where the Péclet number is varied by suitably
changing the mass diffusivity of the solutes with fixed values of
other model parameters. For such cases, an increase in the

1098 | Soft Matter, 2025, 21, 1085-1112

Péclet number indicates a reduction in mass diffusivity of the
solutes. As expected the broadening is higher at smaller values
of Pe due to enhanced mass diffusivity of the solutes. For such
cases the molecular diffusion dominates over the convective
dispersion process. The quantitative measurement of band
broadening is dictated by the time evolution of standard
deviation /2&(7) of the distribution of Cp, as presented in
Fig. 7d. Such a quantity indicates the width of the sample zone
at a specified time. The oscillatory behaviour of the time
evolution of /2&(7) is prominent for a larger range of Péclet
numbers for which the oscillatory convection effect dominates
over the diffusion process. However, the width of the sample
zone is higher for small Péclet numbers due to a strong
diffusion effect.

In Fig. 8-10 (and Fig. S.3-S.6 shown in the ESI{), we have
presented the results to indicate the impact of pertinent

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Time periodic dispersion coefficients K(f) — 1/Pe? are shown as a function of scaled time  for various values of (a) kH (= 2.5, 5, 10, and 25) with
fixedr =33 Aand (b) r (= 3.3 A 4 A 5A and 6 A) with fixed kH = 2.5. The results are presented here considering the fixed values of other model
parameters, e.g., H =25nm, d =5nm, Ng =1mM, 6 = 2and @ = 10 and L = 0.1, respectively.

0.016+

0.014+

™

N
gﬂ.ﬂll'
| 0.1
7N 0,008
0.006+
0.004+

o

0.035+

0,005+

(a)

(b)

Fig. 9 Time periodic dispersion coefficients K(f) — 1/Pe? are shown as a function of scaled time  for various values of (a) ez (= 0.1, 0.5, 0.75, and 1) with
fixed g = 2.54 and (b) nr (= 0.1, 0.7, 2.54, and 10) with fixed g = 0.1. The results are presented here considering fixed values of other model parameters,
eg.,H=25nm,kH=250=5nm No=1mM,r=33A =2 ®=10and L = 0.1, respectively.

parameters associated with the flow modulation on the disper-
sion coefficient K(?) (the influence of the axial diffusion 1/Pe? is
deduced). In Fig. 8 the results for K(¢) — 1/Pe” are presented for
fixed Pe with a similar set of other model parameters as
considered in Fig. 2. Impact of convective transport on the
dispersion process is evident from the results presented in
Fig. 8. As observed in Fig. 2, the velocity amplitude |(y)|
increases (decreases) with the increase in the EDL thickness
(ion size). As a result the amplitude of the oscillatory dispersion
coefficient increases with the reduction in xH (Fig. 8a), and it

This journal is © The Royal Society of Chemistry 2025

reduces with the increase in the ion size (Fig. 8b). In addition,
the oscillatory behavior of the dispersion coefficient enhances
with the increase in the impact of fluid convection. In Fig. S.2
(ESIt) we have further shown the corresponding results for time
evolution of /2&(7) (Fig. S.2a and b, ESIt) and cross-sectional
averaged C, at a given time = 0.5 (Fig. S.2c and d, ESI}) for
different values of xH and ion size. The model parameters in
Fig. S.2 (ESIt) are the same as considered in Fig. 8. It is evident
that the band broadening is higher for the cases when the
impact of fluid convection is strong. The larger dispersion
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Fig. 10 Time periodic dispersion coefficients K(f) — 1/Pe? are shown as a function of scaled time  for various values of (a) H (= 25 nm, 50 nm, and
100 nm) for fixed @ = 10 and (b) @ (= 10, 20, and 40) for fixed H = 25. The results are presented here considering the fixed values of other model
parameters, e.g., r = 33 A Ng=1mM, kH =25nm, § = 02, = 2, @ = 10, and L = 0.1, respectively.

coefficient K(f) — 1/Pe” is a direct consequence of the larger
effective Péclet number based on the overall strength of the
flow field with fixed molecular diffusion of solutes. Thus, the
peak of mean concentration C,, decreases with the reduction in
xH as well as with the reduction in the ion size for which the
velocity amplitude |&y(j)| is enhanced.

In Fig. 9, we have presented the results for K(¢) — 1/Pe* for
various choices of dielectric permittivity ratios (¢cg ) (Fig. 9a) and
viscosity ratios (nr) (Fig. 9) for fixed values of other model
parameters. In addition, the time evolution of \/2&(7) and C, at
a given time Z = 0.5 is presented in Fig. S.3 (ESIt for a similar set
of pertinent parameters. As indicated earlier, the flow strength
enhances with the reduction in er (stated differently, an
increase in the difference between the dielectric permittivity
of both the phases or in other words, an increase in the ion
partitioning effect). In addition, a reduction in viscosity of the
liquid layer adjacent to the supporting walls further rises the
velocity amplitude. Thus, the enhanced flow strength achieved
in a smaller range of eg and ng leads to a larger dispersion
coefficient (K(f) — 1/Pe”) as well as a larger band broadening,
which results in a smaller peak of the mean concentration.
We further observed an enhanced dispersion of the solute band
for increasing values of thickness and molar concentration of
additional mobile ions present in the liquid layer adjacent to
the supporting walls as well as interfacial charge density. The
same is graphically illustrated in Fig. S.4 and S.5 (ESIt) which
can further be justified with a similar analogy.

The dispersion coefficients K(f) — 1/Pe® are further shown
for various channel heights (Fig. 10a) and frequency of the
oscillatory electric field (Fig. 10b). The results are presented
here for the given value of other model parameters. As indi-
cated earlier, an increase in the channel height leads to an
enhanced flow rate. Thus, an enhanced dispersion coefficient

100 | Soft Matter, 2025, 21,1085-1112

and a larger dispersion occur in the wider channel as a
consequence of an enhanced effective Péclet number (Fig. 10a
and Fig. S.6a, ESIt). As a result the peak of the mean concen-
tration profile reduces with the increase in the channel height
(Fig. S.6¢c, ESIf). We observe that the increase in oscillatory
frequency reduces the effective dispersion coefficient (Fig. 10b),
and results in a reduced bandwidth (Fig. S.6b, ESIt) and hence
the larger peak in the mean solute concentration (Fig. S.6d,
ESIT). Note that for higher frequency, the diffusion time is
much higher than the oscillating period of applied AC electric
field. Thus, the solute band does not have enough time to
diffuse in a larger area. In addition, an increase in frequency
and the increased inertia effect lead to a reduction in velocity
amplitude. As a result the convective dispersion process with
the increase in oscillatory frequency becomes weaker.

We have further presented the results for time-averaged
effective dispersion coefficient K,,, over one oscillation period
7o = 2m/w. Such a quantity is an important parameter to analyze
the broadening of the solute band placed in an oscillatory flow
field. In Fig. 11a-c we have shown the results for K., as a
function of frequency of the applied oscillatory electric field.
We present the results for various choices of kH (Fig. 11a), ion
size (Fig. 11b) and dielectric permittivity ratio ex (Fig. 11c).
Other model parameters are indicated in the caption of the said
figure. As expected the time-averaged effective dispersion Ky
reduces with the increase in oscillatory frequency. Such a
reduction is due to enhanced periodical expansion and con-
traction of the solute band placed under the oscillatory flow
field. For a smaller range of oscillatory frequencies, due to an
enhanced flow strength with reduction in xH, ion size as well as
€r, the magnitude in K, increases. However, their impact on
K,y gradually diminishes with the increase in frequency of the
oscillatory electric field. In Fig. S.7 (ESIt) we have further shown

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Time average dispersion coefficient Ka,,q is shown as a function of frequency w/2n (Hz) for various values of (a) kH (= 2.5, 5, 10, and 25) with
fixedr=33A g =0.1; (b) r (=33 A, 4A, 5A and 6 A) with fixed kH = 2.5, g = 0.1 and (c) g (= 0.1, 0.5, 0.75, and 0.9) with fixed r = 3.3 A, kH = 2.5.
The results are presented for fixed H = 25 nm, d = 5 nm, Ng = 1 mM, pr = 1.35, nr = 2.54, Pe = 25 and ¢ = 2, respectively.

the impact of other pertinent parameters associated with flow
modulation (e.g., viscosity ratio #y, thickness J, interfacial
charge ¢ and molar concentration N,). The viscosity ratio
nr has little effect on the time-averaged effective dispersion
Kayg, however, d, @ and N, have a substantial impact on Kavg,
when frequency of the oscillatory electric field is small.
We observed that when w/2n is smaller than 6 x 10° Hz, the
impact of oscillatory electric field on the flow modulation,
dispersion coefficient as well as band broadening is prominent.
However, beyond this limit of frequency, an increase in
oscillatory frequency w reduces the impact of pertinent para-
meters on the flow modulation and hence the dispersion
characteristics.
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In Fig. 12, we have shown the results for time-averaged
dispersion coefficient K,,, over one oscillation period as a
function of oscillatory frequency and the results are shown
here for various choices of Péclet number. We have system-
atically changed the Péclet number either by varying mass
diffusivity with fixed channel height (Fig. 12a), or by varying
the channel height at a given mass diffusivity (Fig. 12b)
and the results are presented for fixed values of the other
model parameters. As expected, a larger K,,, is achieved with
large (small) values of mass diffusivity (Péclet number).
The magnitude of K, further reduces with the increase in
oscillatory frequency for which the impact of effective fluid
convection reduces. We further observe an enhanced K, for
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Fig. 12 The time-averaged effective dispersion coefficient K,,4 over one oscillation period is shown as a function of frequency w/2n (Hz) for various
values of (a) Pe (= 5, 10, 15, and 25) with fixed channel height H = 25 nm and (b) H (= 25 nm, 50 nm, and 100 nm) with fixed mass diffusion coefficient
Do = 2.05 x 1071° m? 571, The results are presented here considering the fixed values of other model parameters, e.g., r = 3.3 A, Ng = 1 mM, kH = 2.5,

6 =0.2and G = 2, respectively.
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an increasing channel height. The same is however possible
due to the enhanced fluid convection effect, especially for a
smaller range of oscillatory frequencies. Moreover, for the
considered problem dealing with solute dispersion under AC
EOF, a change in sign of K,,, is observed, especially for
channels with a larger size and at larger oscillatory frequency.
Note that the variance of the solute dispersion is always
positive, however, it does not ensure that differential variance,
referred to as the effective dispersion coefficient, remains
always positive. The occurrence of the negative effective
dispersion coefficient for oscillatory flow field is rather
common.’>'%71%7 Ag indicated earlier, the increase in the
channel height results in an enhanced dispersion. The transi-
tion from the positive to negative value of K, is caused by a
rapid change in periodical expansion and contraction of the
solute band under EOF induced by an oscillatory electric field
with large frequency.

5 Conclusion

The present article provides an extensive study on the modu-
lation of EOF involving a two-phase liquid system under an
oscillatory electric field and its impact on the transport and
dispersion processes of the solute band placed along the
middle of the channel. In the considered two-phase liquid
system, the electrolyte medium is surrounded by a layer of a
dielectric liquid, which resembles a membrane of biological
cells containing additional mobile charges. The difference
in dielectric permittivity of both the phases induces an ion
partitioning effect, which plays a significant role in the flow
modulation and therefore in solute dispersion. In addition,
the ion steric effect comes into play, specifically when the
charge carried by the system is moderate to high. We have
presented the results for flow modulation under an applied AC
electric field across such a channel and further studied the
dispersion of the solute band. We measured the magnitude of
complex amplitude of the velocity field as well as the cross-
sectional averaged velocity to dictate the impact of pertinent
parameters on the overall flow modulation. Besides, to pro-
vide quantitative measurement of the dispersion process, we
deduce the results for the cross-sectional averaged concen-
tration Cp, of the solute band, standard deviation of distribu-
tion of Cp,, and the time dependent dispersion coefficient as
well as the time-averaged effective dispersion coefficient over
one oscillation period. The numerical results are presented for
a wide range of pertinent parameters. Besides, benchmark
analytical results within the Debye-Hiickel electrostatic fra-
mework for EDL potential and EOF velocity are deduced. The
numerical calculations should pave the way for novel AC
electric field based EOF pumping mechanisms and therefore
the band broadening process. In addition, we deduced the
analytical results for the said quantities associated with the
dispersion process under the Debye-Hitickel limit with vanish-
ing frequency of the AC electric field. These benchmark
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theoretical results are however important for validation pur-
poses of the numerical scheme adopted in this study as well as
for future applications.

We observe an enhanced flow strength and band broad-
ening when the difference in dielectric permittivity of both the
phases is high for which the impact of the ion partitioning
effect is prominent. Reduction in the effect of ion partitioning
reduces the flow strength, and thus molecular diffusion
dominates over the convective dispersion process. The size
in mobile ions is further related to the ion partitioning effect.
An increase in the ion size reduces the effective electromotive
force and leads to a reduction in the flow rate and dispersion
coefficient. An augmented flow strength and enhanced con-
vective dispersion process are observed with the increase in
interfacial charge, thickness and additional mobile charge of
the dielectric liquid layer. The impact of the ion steric effect is
further augmented when the net charge within the fluidic
system is high. A rise in the electrolyte concentration leads to
an enhanced shielding effect and leads to a reduced strength
of flow field, and thus reduces the convective effect on
the dispersion process. As expected, due to the enhanced
effective Péclet number, an enhanced dispersion coefficient
and larger dispersion occur in the wider channel. An increase
in oscillatory frequency causes a reduction in velocity ampli-
tude due to the increased inertia effect, and thus the con-
vective counterpart of the dispersion coefficient reduces.
We further witness the negative value of the dispersion
coefficient for a large channel height and a large frequency
of the dispersion coefficient.

Finally, the present article provides an improved theory of
modulation of oscillatory electroosmotic flow and solute
dispersion considering a planar liquid-liquid interface,
which indicates the basic state of a general stability problem.
In our subsequent article we aim to study the instabilities
associated with two-layer EOF under an oscillatory electric
field and the present study will be a benchmark for such
future studies. Besides, the study of ICR considering a two-
phase liquid in the presence of any sort of asymmetries along
the lateral dimension may be an important topic of future
research.
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Appendices
Appendix-A: summary of various constants appearing in the velocity field and F(y)

The expression (16) for velocity field presented in main article contains several constants, which are summarized below

~ 772
—iowpgH
my = Pd
M4
€R
my = —_—
R

—iwd.H?
my = lwpe
Ne

C1 = Cytanh(m;) — my?(—1)sech(m;)

h . _ _
Cy = COSLﬂ{(Nzl + Ny + N23)}’l13 Sll’lh(nig,(—l + 5)) — (N11 + Npp + N13) COSh(Wl3(—1 + 5))}
1
1 . = =
Cy = L—{(Nll + Ni2 + Ni3) sinh (m6) — ngmy (Nay + Naz + Nas) cosh(n16) } (A1)
1

Cy = _%(J,;(O) +J4(0))

70 = [ espl-mopas
55 = [ explmpaan
5= ewlmmis
5= [ exptmap(aias

Various constants appearing in the above relation (A.1) are summarized below

Ny = —myng sinh(m; (=1 + 6))mo*y(—1)sech(m;)

(mims)?

Nz = 2 fexp(om (14 3))1 (1 +8) + exp(m (~1 +)) (-1 +3)}

Ny — (ng)zcosh (m3(=1+0))(J3(0) + J4(0))

2
Ny = %{exp(ml (=1+08))Ji(~=140) —exp(—m (=1 40))J>(-1+0)} (A.2)
Ny = (m> = )¢ (=14 06) — mPp(—1)sech(my) cosh(m; (—1 + 0))

2
Noz = ('2””2 sinh(m3(—1+6))(J3(0) 4+ J4(0))

Ly = —ngmy cosh(m;6) cosh(mz(—1+ 6)) + ms sinh(m;8) sinh (mz (=1 + 6))
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The function F(y) appearing in eqn (40) of the main article
involves the following constants
_ cosh(n) [
' 2nsinh (nd)
_ sinh(n) [
® ™ 2nsinh (o)

—Ri2 + Ry3]

—Ri2 + Ry3]

D; [Ri1 — [J7(0) + J3(0)] cosh(n)]

) sinh(n)
Dy = =5, 12(0) + J5(0)
(A.3)
J5(.}7) = 71€Xp(—}’12)(1/_t0(2) - am)dz
Jo9) = || exp(n) @) - ma)dz
J7(p) = il+éexp(—n2)(ﬁo(z) — Uy )dz
)= | expiz) (=) - )z

Several constants appearing in (A.3) are summarized below

1
~ sinh(n)

Ry3

Appendix-B: approximate analytical results for EDL potential

The analytical results for scaled EDL potential may be deduced
as follows

Ry = exp(n(—1+08))Js(=1+0) +exp(—n(—1+0))Js(—1+9)

View Article Online

Soft Matter

Note that the interfacial potential }/(—1 + &) and the Donnan
potential v, are implicitly connected to each other. The implicit
relationship between both of them may be deduced as follows

(kH)

—sgn(y(—1 +5))\/m_f[(l + P){cosh(y(—1+6)) — cosh(yp) }

S

oo (201 +5)) — coh(25)}

M

+7((1 + Q) {exp(=Z[Y(-1+0) —yp]) — 1}

e (22 [ (-1 +3) i) - 1})] .

+ [ cosh (i (=1 4+ 8)) - 1){1 P leosm(p(-1+3)) - 1)}} .
(B.4)

We adopt a suitable numerical scheme to deduce the interfacial
potential from the relation (B.4) with the known Donnan potential.
Note that the explicit form of Donnan potential is given in the
relation (11) appearing in the main manuscript (MS). With the

Ry = [exp(n(—140))Js(—1+6){sinh(nd) — cosh(nd) } — exp(—n(—1+0))Js(—1 + &) {sinh(nd) + cosh(ns) }|

(A.4)

{R1 — [/7(0) + J5(0)] cosh(n)} sinh (n(—1 + 8)) — [J7(0) + J5(0)] cosh(n(—1+0))

known interfacial potential as well as Donnan potential we further
obtain the spatial distribution of EDL potential using the relation
(B.1). We have now presented a comparison of EDL potential

_ ZLFZ(Zle//D—FQ+£hz(lﬁ(—l+5))exp(—KnH{)7—(—1+5)})+mexp(m,H{ﬁ—(—1+(3)}) Cl<pe-143
I()= o
Zaml1ﬁiﬂ&;iénmm@dﬂy—QJ+5H)+Z;é%:?£ajwpwabp{—l+®}) —1+6<7<0
(B.1)

The above expression involves the following constants
icn = Kk1vV/Fasgn (¥ (—1 +6))
Fy =2(1 + P)sinh(y,) — Psinh(2y) — 2M

F> = (1+ P)cosh(yp) — Pcosh(2yp) + MZ(1 — Q)
(B.2)
where /(—1 + &) represents the scaled interfacial potential at the

liquid-liquid interface j = —1 + § (i.e., at the liquid/liquid interface),
and the functions 7, (/(—1 + ), i(f(—1 + J)) are defined by

obtained from the numerical scheme indicated in the main manu-
script (MS) and the results obtained in this section. In Fig. 13a we
have shown the spatial distribution of the EDL potential in the
scaled form for various choices of kH with fixed values of other
model parameters. We have further presented the results for EDL
potential for increasing molar concentration of additional ions
present in the dielectric liquid layer (Fig. 13b). We observe a close
agreement in the numerical results with deduced analytical results
for EDL potential for any choices of Debye-Hiickel parameter and
concentration of additional ions present in the dielectric liquid layer.

h(Y(-1+9)) = coth<@> + \/Coth2<w(_]2+6)) —(1+P)
o (¥ (=1+0)) = 2V { i (§(=1 + 8) = o) + F (9
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)y 1/2 - - -
—1+5)—¢D)} F2F (Y (=1 +40) —yp) + F
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Fig. 13 Scaled potential distributions y(y) are shown as a function of scaled spatial coordinate y for various values of (a) kH (= 2.5, 5, 10, and 25) with fixed
No =1 mM and (b) Ng (= 1 mM, 5 mM, and 10 mM) with fixed kH = 25. Other model parameters are H = 25nm, d =5nm, G = 2, cg = 0.1, and r = 3.3 A,
respectively.

Appendix-C: closed form analytical results for EDL potential ~where
and EOF field under the Debye-Hiickel limit

_ VnZ
Under the Debye-Hiickel limit (/(¥) « 1), the linearized form pr= (ki H)\/1+ lhz)
of the EDL potential equation (in the scaled form) may be ~ (C.2)
. : 4
written as q1 = V(i H)? (1 + lpl; )
G IS
o7 =pYy-—q —1<y<-1+496 (C.1a) Solving the governing equations (C.1a) and (C.1b) subject to the

boundary conditions (9a)-(9d) yields the explicit form of the
EDL potential, given as

&2y \- - .
W:(KHM// —l14+0<y<0. (C.1b) ) Lcosh(pl(y—i—l))—i—q—lf —1<yp<—1+436
U(5) = { coshp) P
0> cosh(kHy); —1+6<y<0
(C.3)
where the constants Q; and Q, appearing in (C.3) are as follows
0 = geosh(kH(—1+6))pi® + (kH) sinh(kH (—1 +68)) g1
b —pi2(H) cosh (p;6)sech(py) sinh (kH (=1 + 8)) + piieg sinh(p;6)sech(py) cosh(xH (—1 + 0))
- _ (C.9)
B pi1 cosh(p10) + ¢icg sinh(p;0)
T erpi? cosh(ikH (—1+ 0)) sinh(p18) — pi(kH) sinh(xH (—1 + 6) ) cosh(p;8)
Within the Debye-Hiickel electrostatic framework, the oscillatory EOF velocity may be deduced as follows
h v inh Vv 2 Ql -1 y<-—1 b
Cy cosh(m;y) + C, sinh(my) + (mymy) [{cosh(pl)(plz — m12)} <y<-1+49d
2 . _ oo
{eosh(pn(3-+ 1) = cosh(m(5-+ D)} + (5300 Yo (7 1)+ 0 (7)
o (y) = rm (C.5)
C; cosh(ms¥) + Cy sinh(ms ) +%[m3 cosh(kHy) — (kH)sinh(kH (—1+4)) —1+6<7<0
—m3

x sinh (m3 (7 + 1 — 8)) — m3 cosh(kH (=1 + 6)) cosh(ms (3 + 1 = 9))] + ¥ (¥);

This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21,1085-1112 | 1105


https://doi.org/10.1039/d4sm01255k

Published on 14 January 2025. Downloaded on 1/27/2026 7:24:39 PM.

Paper

03
=01, 05,09

025 === Analytical Results

024 ===+ Numerical Results

0.054

(a)

View Article Online

Soft Matter

035 1 1 1 1 L L 1 L Il

£H=2510,5,2.5

s Analytical Results

= = = Numerical Results

0.5

4 43 42 A1 0

(b)

Fig. 14 In Fig. (a) and (b) we have shown the scaled velocity amplitude |iy(y)| as a function of ¥ for various values of ¢g (= 0.1, 0.5, and 0.9) with fixed
kH = 2.5; and various values of kH (= 2.5, 5, 10, and 25) with fixed e¢g = 0.1. Other model parameters are H = 25 nm, 6 = 5 nm, No = 1 mM, pr = 1.35,

nr = 2.54, 6 = 1and & = 10, respectively.

The above expression for the velocity field involves various
constants, e.g. C; (i = 1, 2, 3, 4); m; (i = 1, 2, 3), which are
summarized in relation (A.1) appearing in the main MS.
In order to validate the numerical results deduced in this
present study, we have further shown the comparison for the
EDL potential and the axial velocity in Fig. 14.

In Fig. 14a and b, we have shown the scaled velocity amplitude
|&o(y)| for various choices of eg and kH. The model parameters are
indicated in the figure caption and they are chosen in such a way that
the Debye-Hiickel limit for EDL potential holds good. The deduced
theoretical results are shown by solid lines and numerical results are
further included by dashed lines. We have detailed the methods to
deduce the numerical results for velocity amplitude in the main
article. We observe a close agreement in the numerical results with
the analytical results deduced in this section. It is noteworthy to
mention that we may have a discrepancy in the numerical results
with the analytical results presented in this section. The reason is
the results presented in Appendix-C is valid only for low charge
limits. Thus, for the case when the system charge is moderate to
high, we need to use either semi-analytical results presented in
Appendix-B or the complete numerical solution for electrostatic
potential and hence the velocity amplitude.

Appendix-D Analytical results for several quantities
associated with solute dispersion deduced under
the Debye-Hiickel electrostatic framework with  — 0

The electroosmotic velocity distribution under Debye-Hiickel
approximation and externally applied electric field with o — 0
may be written in the scaled form as follows

6RQ1 y . _ = _ —_

() = ncoshprycoshpi G+ 1) =1 —I<ys—1+90
Oz{cosh(Hy) + O3} 4h<p<0
(D.1)
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where Q,, Q, are defined in (C.4) and Qs is defined as follows

0; = —;—zcosh(KH) + cosh(xH (—1+0)) {;—E - 1} (D.2)

Using the expression of #,(j), we may find the explicit analytical
expression for cross-sectional mean fluid velocity #,,, given as

_ @O [Sinh(p15) 3 S}
™™ g cosh(py)

. . - (D.3)
+Q2{ smh(KI-jc(I;l +5)) n Q3(1 73)}

Now under the Debye-Hiickel framework and externally
applied electric field with @ — 0, the reduced form of the
governing equation for F(y) associated with dispersion process
indicated earlier can be rewritten as

F'(3) = () — thm (D-4)

In order to solve the function F(¥), the required conditions are
given below

dF
. (0.52)
0

J =0 (D.5b)

Note that for applied electric field with @ — 0, the dispersion
coefficient is free form time. We further denote the dispersion
coefficient K(?) as Keg. Thus, for @ — 0, the dispersion coeffi-
cient K¢ may be deduced from (35), as follows

1 0
Ka =g~ | (00) ~w)FG) (D)
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Solving F(y), the relation (D.6) may be rewritten as follows The expression G(y) involves Q; (1, 2, 3, 4). Note that Q; (i = 1, 2,
| 0 3) are defined earlier and Q, is defined as follows
Ka =gt | 16070 () o
Q4= RO {M _ (_3] _ amS (D.9)
where R D1
Qi [sinh(pi(3+1)) - 5 5
— G+ D] —im(F+1); —l<y<—-1+6
;o 7 cosh(p1) { ” +1) +1 y

sinh(kH7y) — sinh(kH (=1 + 6))
KH

Q4+Q2{ +Q3(y+1—5)]—am(y+1—5); —1+6<yp<0

(D.8)
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Fig. 15 The dispersion coefficient K. is shown as a function of xH for various values of (a) eg (= 0.1, 0.5, and 0.9) with fixed Pe = 25 and (b) Pe (= 5, 15,
and 25) with fixed eg = 0.1. Other model parameters are H = 25 nm, § = 5 nm, Ng = 1 mM, pp = 1.35, yg = 2.54, ¢ = 1 and L = 0.1, respectively.

1 0.8
_ E: 0.1, 0.5,0.9 Analytical Results| | Pe=5,15,25 Analytical Results
= = =Numerical Results| = = = Numerical Results
0.8
| 0.6+
0.64
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Fig. 16 The cross-sectional averaged C,, is shown for various values of (a) (= 0.1, 0.5, and 0.9) with fixed Pe = 25 and (b) Péclet numbers Pe (= 5, 15, and
25) at time t = 0.5. The results are shown here considering dielectric liquid which surrounds the electrolytic solution as oily organic solvent cyclohexyl
bromide (CHB) with fixed values of other model parameters, e.g., H = 25 nm, k1 =10 nm, ¢ = L and r = 3.3 A.
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Substituting (D.8) into (D.7) yields the analytical expression of where the constants involved in the above relation (D.10) are
given below

Ketr, given as

108 (Os+im)d 20505 + iim)
Kep = — +—=—28 - S
off = pe2 Jr41113 o 3 pe ’
= 07
0801 =3) + 4GS
20,05 205(0203 — i)
S S
TRt T (kB) s
_ 2
+ (0203 — 1) (1 = 8) " Se
(D.10)
a5
1 N,=0
] ———— N,=1 mM
] o = N,=5 mM
201 ———— = N,=10mM
I~ 155
1>
% i
I 104
5
E
] 06 04 02
y
(a)
2.5
1 N,=0
1 Ng e imima N,=1 mM
: = e = N =5 mM
53 —— - N,=10 mM
1.5
~ 1
) ]
N :
|5‘ l-_
0.5
.
04 02

(c)

-0.084——

Y
Os = g cosh(pr)
O = 04 0, sinh(kH (-1 +6))

KH

S| = —2p13 + sinh(ZpIS)

S> = (p16) cosh(p18) — sinh(p;6)

S3 =2KH(—1+6) — sinh(2cH (=1 +§))

(D.11)

Siy=1—cosh(xH(—1+0))
Ss =xH(1 —0) + sinh(kH (—1+0))

L (0203 — i) (1= 9)

S = Os 3

] e e N =5 mM
- = N,=10mM

(b)

| N=
———— N,=1 mM
— = N,=5mM
——— - N,=10mM

(d)

Fig. 17 Charge distribution of mobile ions p.(7) (in the scaled form) and scaled potential distributions (/(7)) are shown as a function of scaled spatial
coordinate y for various values of Ng (0, 1 mM, 5 mM, and 10 mM). In (a) and (c) we consider eg = 0.1 and in (b) and (d) the value of dielectric permitivity
ratio cg = 1. Other model parameters are H = 25 nm, 6 = 5 nm, kH = 25, G = 2, and r = 3.3 A, respectively.
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Under the limit of  — 0, the governing equation for the cross
sectional average concentration distribution Cp,(%,, f) may be
written as

0Cn . PC
or  Mox.2

(D.12)

Solving eqn (D.12) subject to the initial condition (21) and
boundary conditions (22a) and (22b), we may deduce the
analytical expression of Cp,(%y, ) as given below

_ 1 Xu+L Xu—L
Cn wl) == fl —— | —erf | ——— D.13
(X _) z{er (2\/ Kefft> . (2\/ Keff[) } ( )

In order to validate the numerical results for the solute
dispersion process, we have shown the comparison of the
numerically obtained effective dispersion coefficient and the
cross-sectional averaged concentration in Fig. 15 and 16,
respectively. The effective dispersion coefficient is shown as a
function of xH for various choices of egr (Fig. 15a) and Pe
(Fig. 15b). The time evolution of cross-sectional averaged solute
concentration Cp, is shown in Fig. 16a. We have further shown
the results for C, in Fig. 16b for various choices of Pe with fixed
channel height. From all the results, it is clear that the
numerical results are in close agreement in with the theoretical
results deduced in this section.

Appendix-E: impact of the concentration of mobile ions N, on
the overall charge distribution and electrostatic potential

Here we have shown the impact of concentration N, of addi-
tional ions within the surrounding liquid layer on the overall
charge distribution (Fig. 17a and b) and electrostatic potential
(Fig. 17c and d). We denote the overall charge density (in the
scaled form) as p.(j), which indicates the scaled form of p4(y)
within the dielectric liquid layer and p.(y) within the electrolyte
medium. The results are presented for two different values of e
(say, eg = 0.1 and eg = 1). When the permitivity ratio is far
smaller than 1, say eg = 0.1, the impact of the ion partitioning
effect is prominent, however the ion partitioning effect is
absent for eg = 1. Thus, for ¢g = 0.1, the penetration of the
counterion across the dielectric liquid layer is less and leads to
a higher value of net charge density within the liquid layer. As a
result the magnitude in electrostatic potential is high, which in
turn leads to a large value in electric driving force that leads to
fluid motion. On the other hand, for ¢g = 1, the accumulation
of counterions within the dielectric liquid layer is sufficiently
high and leads to a significant reduction in the overall charge
distribution and hence a lower magnitude in the electrostatic
potential.
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