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The electrophoretic behavior of a droplet in a spherical cavity subject to an alternating electric field is analyzed
theoretically under the conditions of an arbitrary level of surface potential and double-layer thickness. The influences
of the thickness of the double layer, the level of surface potential, the size of a droplet, the viscosity of the droplet
fluid, and the frequency of the applied electric field on the electrophoretic behavior of a droplet are examined through
numerical simulations. We show that, because of the effect of double-layer deformation, the magnitude of the
electrophoretic mobility of a droplet could have a local maximum and the phase angle could have a negative (phase
lead) local minimum as the frequency of the applied electric field varies. In general, the lower the surface potential,
the thicker the double layer and the larger the viscosity of the droplet fluid, and the more significant the boundary
effect, the smaller the magnitude of the electrophoretic mobility of a droplet.

Introduction In practice, electrophoresis is often conducted in a confined
space where boundary effect can play a significant role. A typical
example includes electrophoresis in a porous medium where the
influence of the porosity of a medium is usually not negligible.
Capillary electrophoresis is another example where the presence
of a capillary wall should be considered. Although the boundary
effect on electrophoresis has been studied by many authors for

measurable supersonic wave. Several attempts have been madd€ c@se inwhich astatic electric field is applied, relevant analyses
to model the electroacoustic phenomena. O’'BFitar,example, on cases in W,h'Ch a dynamic ?'e.c”'c field IS gpplled are very
considered the dynamic electrophoresis of a spherical dispersiorlMited, especially when an entity is of a nonrigid nature. In this
for the case of a thin double layer. The governing equations were Study. the boundary effect on the dynamic electrophoresis of a

solved numerically, and the results were used to evaluate theOnrigid entity is investigated by considering a droplet in a
dynamic electrophoretic mobility. Sawatzky and Bab@Herived spherical cavity. A pseudospectral method based on Chebyshev

an approximate expression for the dynamic electrophoretic Plynomials is adopted to solve the governing electroacoustic
mobility of a spherical dispersion. Applying the numerical method equations and the associated boundary cond|t|on§. The_lnfluences
of O'Brien, Magelsdorf and Whitesolved the electroacoustic ~ ©f the key parameters of the system under consideration on the
equations for a spherical dispersion at low surface potential. €/€ctrophoretic behavior of adropletare examined. These include
Under the conditions of low surface potential and arbitrary double- the frequency of the applied electric field, the thickness of the
layer thickness, Ohshirhalerived an analytical expression for double layer surrounding a droplet, the relative size of a cavity,
the dynamic mobility of a spherical dispersion. All these studies and th_e phy_S|caI properties of a droplet, such as its surface potential
focused on the electrophoresis of rigid entities. For the case of @1d ViScosity.

nonrigid entities such as droplets, since the electric and the flow

fields inside an entity may also need to be considered, solving Theory

the governing equations is usually more difficult than solving
the corresponding equations for rigid entittééonrigid dispersion

Electroacoustic phenomena involve two basic effects: the
colloid vibration potential and the electrokinetic sonic amplitlide.
The former is a macroscopically measurable potential difference
when a supersonic wave is applied to a colloidal dispersion. The
latter is the reverse effect of the former, that is, the application
of an alternating electric field to a colloidal dispersion yields a

Referring to Figure 1, we consider the case where an electrolyte-

h fbasic cat s of colloidal di . disof i Ifree, Newtonian droplet of radiusis located at the center of a
ISone orbasic categories ot colloidal dispersion, andis of practica spherical cavity of radius. LetH = (a/b)3. An alternating electric

significance in modern technology. Microemulsion systems, for field E,e-@'e, is applied along the-axis, where is time, E, and
instance, are often adopted to produce nanosized particles. ' !

c dwithth its for the electronh is of riaid entiti w are respectively the strength of the field and the frequency of
ompared with the results for the electropnoresis ofrngid enities, y,q applied electric fieldg, is the unit vector in the-direction,
those for nonrigid entities are very limit&d'3

andi = +/—1. LetUe *'g, be the electrophoretic velocity of the
*To whom correspondence should be addressed. Tel: 886-2-23637448.droplet. The spherical coordinatest(¢) are adopted, with its

Fax: 886-2-23623040. E-mail: jphsu@ntu.edu.tw. origin located at the center of the droplet. We consider the case
gg (H)fglt_efv R,;;‘]'Vf,:cjuo,i:?s-dsﬂf” ﬁ%%aa 11‘:;1& ?;71 where the liquid phase in the cavity is a Newtonian fluid containing
ren, R. .J.FlUl ecn. . - . .
(3) Sawatzky, R. P.. Babchin, A. J. Fluid Mech.1993 246, 321. 7/7, electrolyte, withz; andz, respectively being the valences
(4) Mangelsdorf, C. S.; White, L. R. Chem. Soc., Faraday Trark992 88, of cations and anions witk, = —oaz;. For conveniencel) is
3567. _ A . .
(5) Ohshima, HJ. Colloid Interface Sci1996 179, 431. expressed dd = Ug + iUy, in which Ug andU, are respectively
(6) Baygents, J. C.; Saville, D. Al. Chem. Soc., Faraday Tran991, 87, the real and Imaginary parts of We assume that the Str_ength
1883. of the applied electric field is relatively weak compared with that

(7) Booth, F.J. Chem. Physl1951, 19, 1331.
(8) Levich, V. G.Physicochemical Hydrodynamijd2rentice Hall: Englewood

Cliffs, NJ, 1962. (11) Ohshima, H.; Healy, T. W.; White, L. R. Chem. Soc., Faraday Trans.
(9) Levine, S.; O'Brien, R. NJ. Colloid Interface Scil973 43, 616. 21984 80, 1643.
(10) Levine, SMaterials Proceeding in the Reduced Gitg Environment of (12) Lee, E.; Kao, J. D.; Hsu, J. B. Phys. Chem. BR002 106, 8790.
Space Rindone, G. E., Ed.; North-Holland: Amsterdam, 1981; Vol. 9, p 241. (13) Lee, E.; Fu, C. H.; Hsu, J. Rangmuir2003 19, 3035.

10.1021/1a0533821 CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/16/2006



Electrophoresis of a Droplet in a Spherical Gty Langmuir, Vol. 22, No. 8, 20063921

z pis the pressurey, ands, are respectively the density and the
viscosity of the fluid in the cavity.
For the domain inside the droplet, since the fluid contains no

i oy ES electrolyte, only the flow field needs be solved. Because the
y. h v Reynolds number is small we have
P 6
[ / v V-u=0 (6)
II Ue-icn ( - \ 1 | -
l'\ v ;'I ! || ) au + 2 7
T . — = —V| -V
\\__\ /L Py, Pt p+ 7V @)
\I 4 ) . . .
p _',,,/ wherep; andy; are respectively the density and the viscosity of
» — the droplet fluid.

. . ) ) ) For convenience, all the dependent variables are partitioned
Figure 1. lllustration of the problem considered in which an

electrolyte-free, Newtonian droplet of radais located at the center into an equilibrium term i.e., Whef‘ the applied electr_lc field IS
of a spherical cavity of radius An alternating electric fiel&ete, absent), and a perturbed term arises from the applied electric

is applied along the-axis andJe e, is the electrophoretic velocity field. The symmetric nature of thg present problem implies that
of the droplet. The spherical coordinateg(y) are adopted with  the dependent variables are functions,df, andt only. We have
its origin at the center of droplet.

r,0.t) = ¢ r) + 0g(r,0)Ee " 8
established by the droplet. The latter is on the order of surface 900 = o1 9(r0)E; ®
potential/Debye length. Because the surface potential ranges from e ot

25 to 150 mV and the Debye length ranges from 10 to 100 nm, nj(r,e,t) =N (r,0) + 6nj(r,0)EZe ©)
the strength of the electric field established by the droplet is on _

the order of 2500 kV/m. In practice, the strength of the applied u(r,0,t) = 0+ ou(r,0)Ee (10)
electric field is much weaker than this value. It is known that,

if the Reynolds number (Re) is small, the shape of a drop remains p(r,0.0) = py(r.0) + 6p(r19)EZefiwt (11)

sphericalk*151n our case, because the typical value of Re is on
the order of 101° — 1078, the deformation of droplet can be
neglected. Consequently, the distribution of charge on the droplet
surface is uniform, and the surface potential is position
independent. The surface conductivity of the droplet is neglected
that is, the surface potential is represented byghmotential.
Both the droplet fluid and the fluid in the cavity are incompressible
and have constant physical properties. Equilibrium System

Inthese expressions, the subscript and the superscript “e” denote
the equilibrium properties, ariddenotes the perturbed properties.
Note that, for the equilibrium case, since the droplet remains
'fixed when the applied electric field is absent, the velocity
vanishes.

Governing Equations Since the distribution of ionic species at equilibrium follows

. . . Boltzmann distribution, the governing equation &yis
The governing equations for the present probleminclude those 9 ged 2

for the electric, concentration, and flow fields. For the fluid ) z]éne z]é(/)
: . en’ .
outside the droplet, these equations are V2 (r) = _Z o F{— e) (12)
S = kT
o, Pe 4en
Vo=- . _ZT @ wherenf is the bulk number concentration of ionic spedies
. Suppose that both the potential on the droplet surface and that
an on the cavity surface are kept constant. Then the boundary
a_tj = -V (2) conditions associated with eq 12 are
. p=Cur=2a (13)
f.=-D Vn+EV¢ + nu (©)
i= P\ T ) $e="Cp 1=D (14)
Vu=20 4) Perturbed System
U , Taking V2 on both sides of eq 8 gives
poﬁ = —Vp+3,VU — p Vo 5)

VAOp(r.0)Ee ) = Vip(r,0.0) — Vo)  (15)

In these expressions] and V2 are respectively the gradient

operator and the Laplace operatgris the electrical potential; 1 ne governing equation fap is assumed to take the form

pe is the space charge densityis the permittivity of the fluid o . ot
in the cavity;k and T are respectively the Boltzmann constant ) 2 zeny z&¢ + gE£L ™)
and the absolute temperatuéss the elementary chargs;, ;, Vig=— P T (16)

andD; are respectively the number concentration, the flux, and =

the diffusivity of thejth ionic speciesti is the velocity of fluid; where the effect of double-layer deformation is taken into account

(14) Saito, SSci. Rep. Tohoku Imp. Uni(Sendai, Jpn.1913 2, 179. by the functiongjE,e. Substituting eq 8 into this expression
(15) Taylor, T. D.; Acrivos, AJ. Fluid Mech.1964 18, 466. yields
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qub = asou, = —(1/r2sin 6)(0y/96) andduy = (1/r sin O)(dy/ar). We
2 zent, 28(¢e + OPEL T + gE£ 7Y have

T2 exp(_ T ) (17) SUE,& 7 = (3uf + ou,H)E,e (26)

Equations 1 and 17 lead to Note that eq 23 is satisfied automaticallydy anddu,. Taking

curl on both sides of egs 24 and 25 to eliminate the pressure term

. Z&(p, + OpEe " + ngzefi“’t) and introducingy, we obtain
N = np exp — T (18) , _ ,
LY +iwp Ly =
Combining eqgs 12, 15, and 17 yields the governing equation for B B
OpELT?t %g—(g - %g—‘f sing,a<r <b (27)
2 —ioty _
VIoeES )= nL% +iopl%p =0,0<r <a (28)
2 zenyg ze ‘ A
Z : (exg{— —(po + OpE ' + ngZe""‘)) - where
=1 o€ kT
N 2 .
ze 2_ (07| sin6df 1 o
exp(— k—che (19) L ar2 + 2 96\sin6 96 (29)
The functiongjE.e~ can be determined by first combing egs L4=122= 3_2 + sing i( _1 i) 2 (30)
2 and 3 to give or? 2 00\sin6 90

We assume that the surface of a droplet is impenetrable to

on ze
_ 2 . 2 . v L
rFan _DJ(V n+ ﬁ'(vnj Vo TV ¢)) +uvn (20 ionic species, and therefore,

ot
Substituting egs 810 into this expression and dividing both V(OPEL)-A=0,r=a (31)
sides of the resultant expression Bye—*t, we obtain
(f—nu)yn=0,r=a (32)

—iwon = —D V(on) + v .
lwon Di{ Vion) + k‘I'[an v(on) + V(on) Ve + On the cavity surface, the electric field is that which arises
V(0n)-V(OPE. ™Y + nV3(d¢) + (On) Ve, + from the applied electric field, and the ionic concentration reaches
I Z ] ] e T .
the equilibrium value, that is,

(csnj)vz(aquze“‘“t)]} + (O0u)V(nf + onEe ) (21)

AOopEL ™) o B
The equilibrium ionic concentration i = nj; exp(—zepe/kT), ar =—Eg " cosf,r=>0 (33)
and the corresponding perturbed concentration can be determined R
from egs 9 and 18. We have i€
n=ny exr{— E—sze) r=b (34)

—jot __
onEg " =

A —iot —iot A The droplet surface is impenetrable to dispersion medium, and
njeo[exﬁ(— z8(¢e + 6¢EZT<T ToEe )) _ F(— Zlki_?e)] both the velocity and the shear stress are continuous on that
(22

surface. Therefore,

OUEE ™| _=0uEe ™| _, =0r=a (35)

Substituting egs 18 and 22 into eq 21 yields the governing equation
for g;. For a simpler treatmeng;, instead ofon;, is solved in

subsequent discussions. OUEL |0 = 0UuEL ™ T=2a (36)
Note thatg; needs to be solved simultaneously with the flow

field. The fluid is stagnant in the absence of the applied electric (@A) x Al = (@™ A) x A _, r=a  (37)

field, and thereforeYp. = 0 andue = 0, and only the perturbed

flow field needs to be solved. Equations-& and 10 yield wherez" is the shear stress tensor on the droplet surface. The
. relative velocity between the cavity and the dropleti$E,e~'",

V:(SUEg ) =0,0<r<b (23) that is,
—iwp,OUE,e ' = — VOpEE ' + 1, V?OUE,e ' — OuEg "' = —(Ug +iU)Eg ' cosd, r=b (38)

peVh @ <1 <b (24) At the center of the droplet, we must have

—lwpduEE " = SUEE ™ ™=0,1r=0 (39)
—VOpEg '+ 1, V?OUE,L ™, 0 <1 < a (25) ,
ouEe ' =0,r=0 (40)
The mathematical treatments can be made simpler by employing
a stream function representatign In terms ofy, ther and the For a simpler treatment, dimensionless quantities are used in
6 components odu, du; andduy, can be expressed respectively subsequent discussions. On the basis of the scaling facitys
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N5, andUg = €C:2nqa, we define the following dimensionless

quantities: E: = EJ/(CJ/a); U*Ele et = UE£ @YUg; ¢% = ¢ Loy L 2y — (a)* G- ex n

Ca 6¢*E§e*iw‘ = 5¢Eze* iwt/Ca; ngkE:efiwt — ngzeiiwt/Ca; 2 'R Mo 2 (1+ )( 1R p( ¢¢e)
Y*Ejeriot = yEe Y Uga; nj* = nj/n},; andr* = r/a. Since the do*

applied electric field is relatively weak compared to that aG,g eXpOg; ¢e))d - a<r<b (50)

established by the dropleE.e~'*!| < (E4/a), which implies that

|0pEe ! < ¢ and |giEe™!| < ¢e. Therefore, eq 18 can be 4 ) (xa)®
approximated by L, + £ Lz Wi s )(Gu exp—a.¢e) +
G 0o b (51
X * * BN s P [} , < <
;= expp Il — (00" + gEE ™ (41) 0Gy eXP 2 g @ <7 < b (B1)
powa(n
and LW, — — ( )( ) LW, =0,0<r<a (52)
Mo \Mi]\Po,
;= oL expg pD[L + o (04 + PEe ] (42) . P10
LA, + ., pLZIP =0,0<r<a (53)
o] i 0,

where¢, = z,eC/KT is the scaled surface potential. In these expressionks;? = (QP/dr*2) + (2/r<2)(didr*) — (er*z)’

Applying the method of separation of variables, we have |, = 2,2, andL,2 = (d%/dr*?) — (2/r*2); x 1 = (ng/
nix(€3)?)*2is the Debye length; and Pe Uga/D; is the electrlc
* _ . Peclet number of ionic specigspowa/y,) is a measure of the
635 (r.0) = (Pr(r) + ID,(r)) cos® relative significance between the dynamic inertial force and the
01(r,0) = (Gr(r) + iGy(r)) cosé viscous force, ¢a?/D;) is a measure of the relative significance
43 :

05(r,0) = (G,R(r) + iG,(r)) coso (43) between the rate of transport of ionic spegiesising from the

. _ . . applied electric field and that due to diffusion. The associated
WH(r0) = (Pr(r) +1¥(r) i’ 0 boundary conditions are

0P,
where subscripts R and | respectively denote the real and the ar* =0, =1
imaginary parts of a variable. Substituting these expressions into 3Dy b (54)
the corresponding governing equations yields ar =-E, r*= ~a
2 (Ka)2 * *
Ll CI) - a[exp(_¢r¢e) +a exp(a¢r¢e)]q)R= 8d>|
( ) e~ (55)
[exp( ¢r¢e)GlR+ a exp((l¢r¢e)G2R] a<r<b acI)l —0 r*= E)
(44) a* T a
L2, — B 060 + o explas )] D, = dGsr
1 | 1+ (X[ p( ¢r¢e) a p((1¢r¢e)] [ —= 0, r*=1
dr
(ra)* (56)
1+ a[eXp(_‘Pr‘P:)Gll + o expg,$e)Gyl, a <1 < b (45) Gr=—PQp, "=
dob dGlR dde  wa?
L’Gir — ¢rF¢te dr* el_lpRﬁ - _(q)l +Gy) = C:;f:' =0, =1
0, a<r<b (46) (57)
G,=—P,rr==
de Gy, dée  wa’
2 € Lty _€ =z =
L (»brdr* dr* el lIIIdr* + Dl ((DR + GlR) dG
0,a<r<b(47) 2R:0r*:1
* 1
G d it oz r (58)
2 e e wa o G,n=—®,, r* ==
LGt a ¢rd dr* ezp Rar* Fz(q)l +Gy) = 2R R
0,a<r <b (48)
dg’ dG,, A, wd oo, =1
L2G, + ag e Lo Pezilp, P , v TP+ Gy = dr* (59)
dr* dr* a " —®, r* ==
D, G D,
0,a<r <b (49)
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W, =0, 0
dw

dr*R - r*=0
Welpzye = el =0, =1
diy - _d¥ o

dr* [r=1+ dr* |r+=1-
d[1d¥ _Md 1 d¥g oy (60)
dr* r*2 dr* vt Mo dr* r*z dr* r*:l—, =
Pr= %URr*’ r* = 2
Wy b

o~ YR, =2
W, =0, r*=0
dy, o

dre r =0
Wlhogs = Wileey- =0 =1
dvy, dv,
halall) __ =

ar* [rr=1+  dr* |[r+=1-

afadeN o mafadwy O
dr* I’*2 dr* pege pgdrt\p2drt ||, =

1 . b

lII| = §U|r r* = 5
8_lpl =Ur* — l_)

or* ! a

The scaled governing equations for the equilibrium potential
and the associated boundary conditions are

1dbﬂ¢%_
*2dr*\  dr*
(a)*
- (1+ )¢r( p( ¢r¢e) - exp(a¢r¢e)) (62)
Gi=1r =
¢Z = g_:, * = b (63)

For the present problem, the dynamic electrophoretic mobility

of dropletu is defined as

=gty :% (64)
whereE = Exg "t andU = (Ugr + iU))Ee !, with ur andyu,
respectively being the real and imaginary partg ofvhich can
be determined from a force balance on a droplet Zdwenponents
of the forces acting on a droplet include the electric fdtgand
the hydrodynamic drafy. According to the Newtonian second
law of motion,

4 du
FotFe= gﬂa?’(Pi ~ P (65)

In terms of scaled quantities, it can be shown that this expression

can be rewritten as

Lee et al.
Fit Fi=

—i A—lne
3

Fe can be evaluated by

Fo= [ [ o(=V¢)- edS

where the surface charge densityan be determined from Gauss
law as

| (o[ = po
e

(U +iUNE™" (66)

(67)

q= [ [eE-n)dS= [ [odS

whereq is the total amount of charge enclosed by surfg@nd
E = —V¢. Substituting eq 68 into eq 67 and using the relation
dS = 2712 sin 6d0, it can be shown that

(68)

8 e¢e

F: = éﬂé@az

(69)

(Og + iD)Ese ""t]
r*=1

This expression implies that knowingf, ®r, and @, suffices
the determination oF.

Applying the result of Happel and Brenn€rfF, can be
expressed as

P X —|wt
F __J'Epoﬁ) [r sin Qat(%) do +
S [EVES™| el oo 00
e [ [r sin ar( e )Lde af|r Slr129peae Sd6'

The first term on the right-hand side of this expression is the
force arising from the change of the momentum of fluid, the
second term is the drag on a droplet, and the third term is the
electric force arising from the flow of electrolyte solution.
Applying the relationdg:/a6 = 0, it can be shown that

w a *E* ot
= et i ( Pol )ﬁ)’ %} 1d0—|—
r*=
E*Zw*E*efiwt
2 (7 o|-—r =" —_
neéaﬂ) ’ sin ear*( Zgrig )L_lde

e, (1 + ) 0, j; ’r*28|n20(exp( b5 —

expap i) o g | do (71)

r*=1

This expression implies that knowigg, ®g, @, Wg, and¥,
suffices the determination ;.

To avoid tedious recursive procedure in the evaluation of
dynamic mobility, the present problem is divided into two
subproblems. In the first one, a droplet moves with a scaled
velocity (Ug + iUY)Eze~tin the absence of the applied electric
field, and, in the second one, a scaled electric figld ! is
applied, but a droplet is fixed in space. Note that the partition
of the present problem is for a simpler mathematical treatment;
the two subproblems have no actual physical meaning. The linear
nature of the present problem implies that the scaled total force

(16) Happel, J.; Brenner, How-Reynolds Number Hydrodynamibkjhoff:
Boston, MA, 1983.
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Figure 2. Variation in the scaled magnitude of electrophoretic

mobility xy, (@) and phase angl® (b) as a function of scaled
frequencyw* for various ¢y atka = 1, H = 0.1, andn/ni = 1.

acting on a droplet in the first subproblef, is proportional
to (Ug + iU))Ese !, and that in the second subproblefj, is
proportional toEje~"t. That is,

Fi = y(Us +iUNE ™ (72)

Fy= pEe ™

wherey andpj are complex constants. Therefore, eq 65 can be
rewritten as

(73)

F+F=F+F=

(4 ,)\[pcw@)[o: —
_1E?”€§a)( o )( p

[0}
Equations 64 and 7274 yield
_ —p
%+ i(pew@’lno)l(p; = polpd
whereu* = ul(eCalno)- Therefore, knowing the values gfand

Polus + iunESE™ (74)

*

(75)
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p suffices the determination of the dynamic mobility, and no
recursive procedure is necessary. Note that these complex
constants are independent of the applied electric field and the
velocity of a droplet. For the present problem, the electrophoretic
velocity is complex, and we define the scaled magnitude of the

mobility uy, asup, = «/szﬂt,z and the corresponding phase
angle® as ® = tam(u/ug), that is,u* =u’€°. Here, ®
measures the phase difference betwdeandE; a negative®
implies thatU leadsE, and the reverse is true ®@ is positive.

The governing equations and the associated boundary condi-
tions are solved numerically by a pseudospectral method based
on Chebyshev polynomials. This approach has been justified to
be accurate and efficient for the electrokinetic phenomenon of
the present typ&’.18

Results and Discussion

Numerical simulations are conducted to examine the influences
of the key parameters of the system under consideration on the

(17) Lee, E.; Chu, J. W.; Hsu, J. B. Colloid Interface Sci1998 205, 65.
(18) Lee, E.; Chu, J. W.; Hsu, J. P. Colloid Interface Sci1999 209, 240.
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Figure 4. Variation in the scaled magnitude of electrophoretic

mobility 4, (a) and phase angl® (b) as a function of scaled
frequencyw* for variouska at ¢, = 1, H = 0.1, andyJ/n; = 1.

electrophoretic behavior of a droplet. These incluga?D,),
(wa?%Dy), Pa, Pe, «a, (pi/po), (Md11), ¢r, H = (a/b)3, and the
scaled frequency of the applied electric fiedd = powa/no.
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Figure 5. Variation in the scaled magnitude of electrophoretic

mobility «, (a) and phase ang® (b) as a function scaled frequency
o* for variouska at ¢, = 5, H = 0.1, andy,/n; = 1.

response to the applied electric field. Asincreases and the
thickness of double layer is on the order of the radius of the
droplet ¢a = 1), uy, shows a local maximum an® has a
negative (phase lead) local minimuma$varies. These arise

The following values, which are based on an aqueous KCl solution from the effect of double-layer deformation, which yields an

at298.15 K, are choser:= 8.854x 10712 x 78.54688 F m%;
7o = 0.8904 cp;p, = 0.99704 g/crh Z; = 1; Z, = —1; D, =
1.962297x 10 ~ 5 cn¥¥/s; andD, = 2.037051x 10 ~ 5 cn¥/s.
These values yieldha?/D, = 454.88powaln,) andwa?/D, =
472.21powa3ln,). Also, we assumeo( — po)/po = 0.1 and Pe
= Pe = 0.01.

Influence of Surface Potential.The variations of the scaled
magnitude of the dynamic mobility of a droplef, and the
corresponding phase an@leas a function of the scaled frequency
of the applied electric fieldo* at various levels of the scaled
surface potentiag, are presented in Figure 2. For the case in
whichey is low, 47, decreases ar@, which is positive, increases
with the increase im*. The former is because, as’ increases,

induced electric field near the droplet. When an external electric
field is applied, since this induced electric field is in the opposite
direction of that of the applied electric field, it has the effect of
retarding the movement of a droplet. However, when the applied
electric field changes its direction, if the redistribution of the
ionic species in the double layer is not fast enough, the induced
electric field becomes advantageous to the movement of a droplet.
The presence of the local maximumgg, and the phase lead
become inappreciableds* is sufficiently high. This is because,
if w*is high, the change in the direction of the movement of the
droplet is fast, and the deformation of the double layer becomes
inappreciable.

Influence of Droplet Viscosity. The influence of the relative

the time interval available for the acceleration of a droplet becomesviscosity of the droplet fluid, measured by the rajigni, on its

short. The latter is because gif is low, the deformation of the

electrophoretic behavior for the case in whighis low is

double layer surrounding a droplet is negligible; therefore, the illustrated in Figure 3. Note that, ag/ni — 0, the behavior of
higher the frequency, the greater its inertia and the slower its a droplet approaches that of a rigid particle, andy#g — oo,
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Figure 6. Variation in the scaled magnitude of electrophoretic Figure 7. Variation in the scaled magnitude of electrophoretic

mobility x4, (a) and phase angl® (b) as a function of scaled  mopility 1 (a) and phase angl® (b) as a function of scaled
frequencyw* for variousH at¢; = 1, ka = 1, andyq/ni = 1. frequencyw* for variousH at ¢, = 5, ka = 1, andyd/n = 1.

its behavior approaches that of a aas bubble. Figure 3 reveals Influence of Cavity Size.The influences of the relative size

. pp* . Ot a ga -9 - of a cavity, measured bil, on the electrophoretic behavior of
that, in generaluy, increases with the increase /s, so it is a droplet at various levels gf. are illustrated in Figures 6 and
the phase lag. This is expected because the larger the value o

_ ) . f7 These figures indicate thpfm declines with the increase in
#olri, the smaller the hydrodynamic drag acting on the droplet. H. This is because the larger the valudbtthe closer a droplet

Influence of Double-Layer ThicknessFigures 4and 5show  is o a cavity, and the greater the hydrodynamic retardation.
the influence of the thickness of the double layer surrounding Figure 7 reveals that, a$ increases, the phase lead occurring
a droplet, measured lya, on its electrophoretic behavior at gt 5 |ow to medium value af* becomes less appreciable. This
various levels ofg;. In general, for a fixed value ab*, u, is because the larger the valud-hthe smaller the space available
increases with the increasexia. This is because the thinner the  for double-layer deformation, and, therefore, its influence on the
double layer surrounding a droplet, the greater the absolute valueelectrophoretic behavior of a droplet is confined. The behavior
of the potential gradient on its surface, and, therefore, the greaterof the phase lag occurring at a medium to high valuebtan
the electrical driving force for its movement. Figures 4 and 5 be interpreted by similar reasoning.
indicate that, i, is sufficiently high and the double layer is not )
thick, «7, has a local maximum ar@ has a negative (phase lead) Conclusions
local minimum asw* varies. As pointed out previously, these The boundary effect on the dynamic electrophoresis of a droplet
arise from the effect of double-layer deformation. Note that the is investigated by considering an electrolyte-free droplet in a
phase lag occurring at a medium to high valuesdfdecreases  spherical cavity. The influences of the frequency of the applied
with the increase inca. This is because, as the double layer electric field, the thickness of the double layer surrounding a
becomes thinner, it is easier for a droplet to catch up to the droplet, the relative size of a cavity, and the physical properties
variation of the applied electric field. of a droplet on its electrophoretic behavior are discussed. We



3928 Langmuir, Vol. 22, No. 8, 2006 Lee et al.

show that, if the deformation of the double layer is significant, the viscosity of the fluid of a droplet, the larger the magnitude
the magnitude of the electrophoretic mobility of a droplet has of its mobility.

alocal maximum and the phase angle has a negative (phase lead)
local minimum as the frequency of the applied electric field
varies. The more important the boundary effect, the less significant
the effect of double-layer deformation. In general, the smaller LA0533821
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