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The electrophoresis of a rigid sphere in a Carreau fluid normal to a large disk is analyzed theoretically under
the conditions of low surface potential and weak applied electric field. Previous analyses are extended to the
case where a disk can be charged, and a more realistic electrostatic force formula is applied. We show that
the qualitative behavior of a sphere depends largely on its distance from a disk, the thickness of double layer,
and the nature of a fluid. In general, the presence of a disk has the effect of increasing the conventional
hydrodynamic drag on a sphere, and a decrease in the thickness of the double layer surrounding a sphere has
the effect of enhancing the shear-thinning effect. However, this might not be the case if a sphere is uncharged
and a disk is charged, where the osmotic pressure field and the induced charge on the sphere surface can be
significant. The shear-thinning effect is important only if the thickness of double layer is sufficiently thick.
This result can play a significant role in practice such as in electrophoretic deposition, where the deposition
electrode is charged and the fluid medium is usually of shearing-thinning nature.

1. Introduction
Since the report of the classic analytical result of electro- E l

phoresis by Smoluchowskihis electrokinetic phenomenon has
been studied extensively in the past. Up to now, modifications h
of the original model so that it is capable of describing, more z
realistically, the conditions in practice are still one of the 7 %
important)i/ssues in relevant fieFI)ds. Electrophoresis has been %////////A/
applied widely in various areas serving both as an analytical Figure 1. Schematic representation of the problem considered where
tool to characterize the surface properties of an entity and asa rigid sphere of radiua moves in a Carreau fluid normal to a large
an operation to separate/differentiate entities of different natures.disk as a response to an applied uniform electric fieldparallel to
One of the key effects in conducting electrophoresis in practice the z direction. Thg cylindrical coordinatt_as, (Q, 2) with the origin at
is the boundary effect. The influence of a boundary can be IN€ center of the disk are adopted; the disk lies on the piane; and

L : S .~ his the distance between the center of the sphere and the disk.
significant, for instance, when electrophoresis is conducted in
a relatively narrow space and/or when the behavior of a particle  Another factor which can be of practical significance is the
near a surface is of primary concern. In these cases, thenature of fluid medium. The introduction of surfactant and
governing electrokinetic equations need to be solved underpolymer into a colloidal dispersion to improve its stabifiy,
appropriately defined boundary conditions. A considerable for example, can yield a non-Newtonian dispersion. These
amount of theoretical efforts has been made in the past to materials are also utilized often as additives to the electrolyte
simulate various types of boundary effect on electrophoresis. solutions employed in protein or DNA capillary zone electro-
One of these is the electrophoresis of a particle normal to a phoresis for minimizing protein or DNA-capillary wall interac-
boundary. Electrophoretic deposition (EPD), for example, tions, forimproving selectivity and resolution, and for control-
involves this type of problem. Depending upon the geometry ling the electroosmotic flow®27 A dispersion can also be of
considered, previous results can roughly be divided into three non-Newtonian nature if the concentration of the dispersed phase
categories: the electrophoresis of a particle normal to a becomes appreciabéSeveral attempts were made recently to
plane?-10to a disk!112and to a cavity3-25 In these cases, if =~ model the electrophoresis of a particle in a shear-thinning
a boundary is uncharged, its influence on the behavior of a Carreau fluid. The geometry considered includes a sphere at
particle is twofold: the increase in the viscous drag acting on the center of a spherical cavja sphere at an arbitrary position
a particle and the distortion of the local electric field near the in a spherical cavity? a concentrated spherical dispersifi?
particle. The situation becomes more complicated if a boundary @ sphere normal to a plafgand a sphere along the axis of a
is charged. In this case, several other factors need to becylindrical pore3* In general, the shear-thinning nature of a fluid
considered, for example, an electroosmotic flow figlgf24 is found to be advantageous to the movement of a particle, and
and an osmotic pressure fiélti121524 will be established near  the thinner the double layer surrounding a particle the more
the boundary, and charge will be induced on the particle surface significant the effect of shear thinnirf§:34
as it approaches the boundary. These factors can have a profound In this study, the influence of a charged boundary on the
influence on the electrophoretic behavior of a partfclé215-24 electrophoretic behavior of a particle in a Carreau fluid is

investigated by considering the electrophoresis of a spherical

* Corresponding author. Tel: 886-2-23637448. Fax: 886-2-23623040. Particle normal to a large disk under the conditions of low
E-mail: jphsu@ntu.edu.tw. surface potential and weak applied electric field. This extends
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Figure 3. Variation of the scaled mobility™ as a function of I/a)

for variouska’s (a) and as a function ofa for various ©/a)’s (b) for

- the case of a positively charged sphere and an uncharged disk. Solid
curves present results for a Newtonian fluid; dashed curves present
results for a Carreau fluid witftN = 0.8 andaU/a = 0.8; discrete

- symbols, numerical result based on Shugai and Cdmiéeshed-dotted
curves, analytical result predicted by Henry's formula. Other parameters
used arel,” = 1 andgw = 0.

origin at the center of the disk are adopted, and the disk lies on
R the planez = 0. Since the present problemfdssymmetric, only
Figure 2. Typical mesh used in the resolution of the electric field (a) he (, 2 domain needs to be considered; that is, it is of a two-
330};1"’%2; tgfhgfwafr':r'ge(t?rsf%rsg dcg&eiué::/'?k'g.rg)h:loég,?id dimensional nature. Létbe the distance between the center of
évJ(kBT/e)j - 1, h/ap= 2, andka = 1. e the sphere and the disk. A uniform electric fiekd, in the z

direction is applied, and its strengthks. Both the surface of

previous analyses in that the fluid phase is non-Newtonian andhe sphere and that of the disk are maintained at constant
that a boundary is charged. The latter is of practical importance potential, de_no;ed aS ar_1d Cw, respectlvgly. .

in applications such as EP13 Also, a recently derived _The constitutive equation of a purely viscous non-Newtonian
formula3”-38 which is more accurate than those used in the fluid can be expressed by

literature, for the evaluation of the electric force acting on a T=—n()y 1)
particle is adopted. The influences of the charged conditions of

the sphere and the disk surfaces, the thickness of the doublewherer, #(y), andy are the stress tensor, the fluid viscosity,
layer, and the nature of a fluid on the electrophoretic behavior and the rate of strain tensor, respectively= Vu + (Vu)T,

of a sphere are discussed. and y is the magnitude ofy; V, u, and T are the gradient
operator, the fluid velocity, and the matrix transpose, respec-
2. Theory tively.40 For the Carreau fluid considered in this study, we
choosé?40
Referring to Figure 1, we consider the electrophoresis of a
rigid, nonconductive, sphere of radiasn an incompressible n@) =n.+ (1o — 1)1 + (ap) NP 2)

Carreau fluid®*°normal to a large, conducting disk. Suppose
that the disk is sufficiently large so that it can be treated as an whereno and. are the viscosities corresponding to the zero-
infinite plane? The cylindrical coordinatesr (6, z) with the shear rate and the infinite-shear rate, respectivelys the
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Figure 4. Contours of the scaled viscosity, viscN, for a Carreau fluid witiN = 0.8 andoU/a = 0.8 for the case of Figure 3. (&)a= 1.25
andka = 1, (b) h/a= 2 andka = 0.5, (c)h/a= 2 andxa = 1, and (d)h/a= 2 andxa = 5.

relaxation time constanl is the power-law index, and is a perturbed potential outside the sphere arising fExnrespec-
dimensionless parameter describing the transition region betweertively. « = [ njo(e;)2/ekBT]l/2 is the reciprocal Debye length,
the zero-shear-rate region and the power-law region. In practice,¢ is the permittivity of the liquid phase]jo andz are the bulk
B is close to 2 andy is small?**4°and therefore, eq 2 reduces number concentration and the valence of ionic spegies
to respectively, ane, kg, andT are the elementary charge, the
Boltzmann constant, and the absolute temperature, respectively.
n(y) = mnoll + (007)2](’\‘_1)/2 ©)) We assume that both the sphere surface and the disk surface
are maintained at constant potential, the sphere is nonconductive,
Note that a Newtonian fluid can be recovered as a special casegnd the disk is a perfect-conductor. Also, the equilibrium
of the preset Carreau fluid by lettifg= 1 and/oro. = 0, and  potential vanishes as— « and/or at a point far away from the
a power-law fluid can be obtained by assuming a laxge sphere, and the perturbed electric field arising fl&gis normal
We assume that the surface potential of a sphere and/or &g the disk. On the basis of these assumptions and the symmetric

disk is sufficiently low ancE.. is relatively weak compared with  nature of the problem, the boundary conditions associated with
that established by the sphere and/or the disk. The former iseqs 4 and 5 can be expressed as

appropriate if the surface potential is lower than about 25 mV,

and the latter is adequate B, is lower than about 25 kV/m, Y, = gp and n-v¥,=0
which is usually satisfied for conditions of practical signifi-

cance?’ Also, the system under consideration is at a pseudo-

steady staté16-18that is, all of the dependent variables are time- — - -

independent. Under these conditions, it can be shown that thelIIl bw and W, = constantaz =0 (7)
electric potential of the systen¥/, can be described By

on the sphere surface (6)

Y, =0 and VW,=-E.asz—w (8)
VAW, = PP, (4)
n-v&¢¥,=0 and n-V¥,=0
VAW, =0 (5) asr — o andz> 0 (9)
whereV? is the Laplace operatoW = W; + W,, and¥; and Here,n is the unit normal vector directed into the liquid phase,

¥, are the equilibrium potential in the absencekf and the ande, is the unit vector in the direction.
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Figure 5. Variation of the scaled mobility.” as a function of lf/a)
for various @U/a)’'s atN = 0.8 (a) and that for variou¥’s ataU/a =
0.2 (b). Other parameters used @Eez 1,% =0, andkva= 1.

At steady state, the flow field of the present problem can be
described b$p

Vou=0 (10)

~V-r — Vp=p VW, (11)

wherep is the pressurepe = Zijer]O exp(—zeW/ksT) is the
space charge density, apg/W;, is the electric body force acting
on the fluid®715.24.37.38.4%\/e assume that both the surface of a
sphere and that of a disk are no-slip. Leébe the speed of the
sphere in thez direction. Then the boundary conditions
associated with the flow field under consideration can be
expressed as

u=Ue, onthe sphere surface (12)
u=0atz=0 (13)
u=0asz—ooorr— o (14)

The mobility of a sphere can be determined from the fact
that the total force acting on a sphere in #direction vanishes
at steady staté? that is,
Fe+Fp=0 (15)

whereFg andFp are thezcomponent of the electric force acting

0.9
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Figure 6. Variation of the scaled mobility™ as a function ofa for
various (U/a)’'s atN = 0.8 (a) and that for varioud's at aU/a = 0.2
(b). Other parameters used dfg= 1, {w = 0, andh/a = 2.

acting on a sphere at steady state, respectively. By leBing
the sphere surface, it can be shown hét

&zjk%g@

whereop, = —en-VW; is the charge density o8, andE,
—dW,/oz is the strength of the local external electric field in
the z direction.

By letting t be the unit tangential vector o8 n be the
magnitude of, andt, andn, be respectively the component
of t and that ofn, Fp can be evaluated By*3

o(u-t
Fszfsn%tzdSJrffs—pnzdS

For convenience, we lgt” = U/U¢ be the scaled mobility
whereU,et = €(ksT/€)E./1 is the electrophoretic velocity of a
sphere with a constant surface potentiall{e) when an electric
field of strengthE., is applied.

The governing equations of the present problem and the
associated boundary conditions are solved numerically by
FlexPDE# a differential equation solver based on a finite
element method. Throughout the computation, double precision
is used and grid independence is checked to ensure that the
mesh used is fine enough. In our case, a total of 19 890 and
1615 nodes are sufficient for the resolution of the electric field

(16)

17)

on a sphere at steady state and that of the hydrodynamic forceand the flow field, respectively, and a convergent result can be
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0.04 T T T T T T d presented. Figure 3a reveals that the result based on the present
@ | numerical method for the case of a Newtonian fluid is consistent
with that calculated by Shugai and Carnfiehich implies that
the performance of the present numerical method is satisfactory.
If xa is fixed, for both Newtonian and Carreau fluids;
decreases monotonically with the decreasénin)(andu” — 0
ash/a— 1, that is, as the sphere touches the disk. These are
expected because the closer a sphere is to a disk, the more
significant the hydrodynamic hindrance is on the movement of
the sphere because of the presence of the disk. The same trend
was observed by Shugai and Carhieang et al& Chih et al.?
and Lee et alt? however, found that the closer the sphere
disk distance, the smaller the mobility of the sphere; but if a
. ) . ) sphere is sufficiently close to a plane, its mobility may change
1 2 3 4 5 the sign; that is, it moves in the opposite direction as that of
Wa the applied electric field. The latter arises if a problem is not of
totally symmetric nature, such as the present one, an extraneous
0.05 —————r L e S S electric body forcep.VW3, will be included in eq 16 and an
[ ® ] extraneous electrostatic force arising from the equilibrium
] potential,/ f'se(dW1/on)(0W1/92) dS, is included in eq 17. These
. terms become significant when a sphere is close to a prarned
Note that, because a nonslip boundary condition is assumed on
the planar surface, the mobility of a sphere should vanish as it
. touches the plane. In general, the mobility of a sphere in a
Carreau fluid is larger than that in the corresponding Newtonian
fluid because of the shear-thinning nature of the former. We

=3

0.00 -

. defines3:34
] "(Carreau) — | " (Newtonian
pp = e (Carread) — ju { ) . 100% (18)
T |# (Newtonian)
0407 — — % whereu’ (Carreau) ang’ (Newtonian) are the scaled mobilities

@ in the present Carreau fluid and in the corresponding Newtonian

Figure 7. Variation of the scaled mobility" as a function of lf/a) fluid, respectively. The larger theD, the more important the

for variouska’s (a) and as a function ofa for various (/a)’s (b). effect of shear thinning of a Carreau fluid is. In Figure 3a, if
Solid curves, present results for a Newtonian fluid; dashed curves, ka = 1, PD are 6.44, 4.63, and 2.92% fbfa= 1.25, 2, and 4,
present results for a Carreau fluid wkh= 0.8 andaU/a = 0.8; discrete respectively; that is, the closer a sphere is to a disk, the more
symbols, numerical result based on Shugai and Cdrr@her significant is the effect of shear thinning, as is also justified by
parameters used aff = 0 and&w’ = 1. Figure 4. Similar behavior was also observed by Lee &t al.

. . L L This can be explained by the presence of a disk having the effect
obtained by setting an error _I|m|t of 18for the elect_nc field of distorting the flow field below a sphere, implying that the
and 10° for the flow field. Figure 2 shows the typical mesh g 4iia| variation in the shear rate in the present case is greater

gsed. Note that an unstryctured triangular mesh is used With,athan that in the case of an isolated sphere, and so is the spatial
finer mesh near the particle and a coarser mesh away from it., 4 iation in the scaled viscosity' = y/no, as can be seen in

The applicability and the accuracy of the software adopted were Figure 4. Note that ify” = 1, the fluid is Newtonian. For a

justified previously®3*and will also be discussed later. fixed (h/a), Figure 3b indicates that' increases monotonically
with the increase ira for both Newtonian and Carreau fluids,
butx” is more sensitive to the variation i in the latter. Also,

The electrophoretic behavior of a sphere is examined throughfor a fixed«a, u*(Carreau)> u*(Newtonian), andy"(Carreau)
numerical simulation. Three representative cases are considered;- «*(Newtonian)] increases with the increasexda Similar
namely, a positively charged sphere and an uncharged disk, arbehavior was also observed in the electrophoresis of a rigid
uncharged sphere and a positively charged disk, and a positivelysphere at the center of a spherical caignd along the axis
charged sphere and positively charged disk. Note that, becausef a long cylindrical poré* Note that the larger thea, the
of the nonlinear nature of the present problem, the results of thinner the double layer surrounding a sphere, the greater the
the last case cannot be obtained directly from a linear combina-absolute value of the gradient of the potential on its surface,
tion of those of the first two cases. the higher the surface charge density, and, therefore, the greater

3.1. Positively Charged Sphere and Uncharged Disk.et the electrical driving force acting on it. Also, because both the
us consider first the electrophoresis of a positively charged sphere surface and the disk are nonslip, a characteristic shear
sphere normal to an uncharged disk. For a fixed sphere radiusrate U — 0)/k~* can be defined? which suggests that the larger
a, the influences of the scaled sphere-disk distaida) @nd the ka, the greater the shear rate and the more significant the
the thickness of double layer measured dayon the scaled shear-thinning effect of a fluid, as is justified in Figure 3. This
mobility of a sphere(” is illustrated in Figure 3. For comparison, explains why Ji*(Carreau)- «"(Newtonian)] increases with the
the corresponding results for the case of a Newtonian fluid and increase inka. For h/a = 2, PD are 2.05, 4.63, 17.39, and
the result of Shugai and Carfifor the case a sphere moving 44.21% forka= 0.1, 1, 5, and 10, respectively, which suggests
in a Newtonian fluid normal to an infinite plane are also that the thinner the double layer surrounding a sphere is, the

3. Results and Discussion
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Figure 8. Contours of the scaled viscosity, viscN, for a Carreau fluid witiN = 0.8 andaU/a = 0.8 for the case of Figure 7. (&)a= 1.25
andka = 1, (b) h/a= 2 andka = 0.5, (c)h/a= 2 andxa = 1, and (d)h/a= 2 and«xa = 5.

more significant the effect of shear thinning is. This behavior N. The same trend was also observed in the electrophoresis of
is inconsistent with that reported by Lee et ®&lwhere the a sphere at the center of a spherical ca®fty.

behavior of the shear-thinning effect aa varies is unclear. 3.2. Uncharged Sphere and Positively Charged Disk.he

This is because the thicker the double layer surrounding a spherejnfluences of the scaled sphere-disk distanb&)(and the

the more significant the presence of the disk, and the more thickness of double layara on the scaled mobility of a sphere
serious the deviation arising from the consideration of the " for the case in which the sphere is uncharged and the disk
extraneous termgeVW; and f [s (W 1/0n)(0W1/02)dS in the positively charged are presented in Figure 7. For comparison,
calculation of the mobility. According to Figure 4, the viscosity the corresponding results for the case of a Newtonian fluid and
of the fluid varies most significantly in the gap between the the numerical results of Shugai and Cafrége also shown.
sphere and the disk, and the minimum viscosity occurs on the The present results agree well with those of Shugai and Carnie.
sphere surface. This minimum declines with the decread@ in ( In the present case, negative charge is induced on the surface
a) and with the increase ina. The latter was also observed in  of a sphere, and it experiences an electric force in tze

a study of the electrophoresis of a concentrated dispersion ofdirection, and an osmotic pressure field is establisRes
sphered and in the electrophoresis of a sphere along the axis pointed out by Shugai and Carfhiand Hsu et al'? for an

of a cylindrical pore3 isolated, charged disk, the spatial variation of mobile ions is
Figures 5 and 6 illustrate the influences of the nature of a pejso(2) = —K2%Cw eXp(—«2), and an equilibrium osmotic or
Carreau fluid on the scaled mobility of a sphet&é The hydrostatic pressure fieldpiso(2) = kelwE. exp(—«2), is
qualitative behaviors of* as the scaled sphetélisk distance established to balance the electric body force. If bjythand
(h/a) or the double layer thickness varies are similar to those  E. are positive,—dpis/dz = —peisd(2E-~ > 0, and both the

for the case of a Newtonian fluid, also, the larger the deviation sphere and the fluid feel a pressure in #airection when the

of N from unity and/or the deviation afU/a from 0, the more sphere disturbs the equilibrium pressure field. If we neglect the
significant the effect of shear thinning, and therefore, the larger influence on the equilibrium system due to the presence of the
the ", which is consistent with the relevant theoretical results sphere, the component of the hydrostatic pressure acting on
in the literature?®-34 Figure 6 shows that, ita is small,u” is the sphere &, = 4raciyEw. exp(—«h)[cos hga) — sin h(a)/
more sensitive to the variation mU/a than to the variation in «a], which is the last term of eq 12 of Shugai and Carhie.
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Figure 9. Variation of the scaled mobility” as a function oflf/a) for variouska’s (a) and as a function ofa for various ©/a)’s (b) for the case
WhenC; =1 andéy" = 1. Red curves, results of Figure 3b; solid curves, present results for a Newtonian fluid; dashed curves, present results for
a Carreau fluid withN = 0.8 andaU/a = 0.8.

Therefore, although the body force acting on the fluid is in the complicated than that in the case of a charged sphere and an
—z direction, its movement is influenced appreciably by a uncharged disk. As can be seen in Figure 7a, for both Newtonian
positive pressure drop, which is in tedirection. In the case  and Carreau fluidsju’| may have a local maximum asa

of an uncharged sphere and a charged disk, the electrostatiosaries, which was observed but not discussed in Shugai and
force changes appreciably as the former approaches the latteCarnie’ where the fluid is Newtonian. The presence of the local
because of a fast increase in the negative charge induced ommaximum is the net results of the competition of the forces
the sphere surface. On the other hand, the hydrostatic pressuréncluding the induced electric force in thez direction, the
acting on a sphere increases with the decreasgamecause osmotic pressure in thedirection, and the drag dga varies.

both the sphere and the fluid are influenced by an appreciablelf ka = 1, a negative electric force dominates, and an increase
increase in the positive pressure drop as stated previously. Then its magnitude leads to a more negativeas h/a decreases
competition of these two forces affect appreciably the behavior from infinite. A further decrease ih/a causes a large increase
of a sphere and makes its electrophoretic behavior morein the drag, yielding a negative maximum @f at h/a = 1.5.
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unchargey for the cases of Figures 3b and 9b.

Similar reasoning is applicable to the curve correspondsato

Hsu et al.

surface, or it is far away from the disk surfatég— ). Figure

7b indicates that, for both Newtonian and Carreau flujds,
may change its sign from negative to positivexasncreases,

and it may have a local maximum; the later was not observed
in Shugai and CarniéThese phenomena arise from a sudden
raise and fall inF, for «(h — a) = xa(h/a — 1) in the range [2,

4] and are the net result of the competition between the induced
electric force in the-z direction and the osmotic pressure in
thezdirection mentioned previously. First, because the amount
of negative charge induced on the sphere surface increases with
the decrease ira, the corresponding electric force acting on
the sphere increases accordingly. Second, for a fiXedaska
increases, the pressure acting on a sphere increases first and
then decreases. The pressure vanishesas . In short, the
influence of the presence of a charged disk is twofold: it induces
charge on the sphere surface, and it establishes a pressure field.
The later is responsible for the presence of a local maximum in
Fp ask(h — a) varies in the range [2, 4]. The former yields an
electric force, which declines monotonically with the increase
of k(h — @) in the range [2, 4]. Also, the electric force is much
smaller thanFp. As is seen in Figure 7b, the net result is that

= 3 in Figure 7a, except that a positive hydrostatic pressure y**has a local maximum and/or varies drastically with The
due to the presence of a positive charged disk now dominates,|«'| for a Carreau fluid is larger than that for the corresponding

leading to a positive maximum in" at h/a= 1.7. Therefore,
the existence of a local maximum |n*| seen in Figure 7a is

expected becaugeé — 0 as a sphere touches a diska— 1),
as is required by the non-slip condition assumed on the disk Carreau fluid. In Figure 7, ika = 1, PD are 2.77, 1.25, and
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Newtonian fluid, which is consistent with the electroosmotic
mobility of polymer solutions in a charged fused silica capil-
lary*> and can be explained by the shear-thinning effect of a
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Figure 11. Contours of the scaled viscosity, viscN, for a Carreau fluid witthN\ = 0.8 andoU/a = 0.8 for the case of Figure 9. (Aja= 1.25
andka = 1, (b) h/a= 2 andka = 0.5, (c)h/a= 2 and«xa = 1, and (d)h/a= 2 andka = 5.
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Figure 12. Variation of the scaled mobility” as a function ofa for ) o o ]
various (lU/a)’s atn = 0.8 (a) and that for various's ataU/a = 0.2 Figure 13. Variation of the scaled mobility” as a function ofl/a)
(b). Other parameters used afe= 0, & = 1, andh/a= 1.25. for various (U/a)'s atN = 0.8 (a) and that for various’s ataU/a =
0.2 (b). Other parameters used &fe= 1, &w = 1, andwa = 1.
0.29% forh/a = 1.1, 1.25, and 2, respectively, andhifa = 3.3. Positively Charged Sphere and Positively Charged

1.25,PD are 4.78, 2.54, 1.25, and 0.81% faa = 0.1, 0.5, 1, Disk. Let us consider next the case in which both a sphere and
and 3, respectively. That is, the effect of shear thinning is a disk are positively charged. The influences of the scaled
significant if the boundary effect is important and/or the double separation distance between a sphere and a Hisk §nd the
layer is sufficient thick. The former is consistent with the results thickness of double layara on the scaled mobility of a sphere
shown in Figures 3 and 4, where a sphere is positively chargedy” are illustrated in Figure 9a,b, respectively. For comparison,
and a disk is uncharged, and can be explained by the samethe results for the corresponding Newtonian fluid are also
reasoning. The later is inconsistent with the results shown in presented in this figure. For the present cagejs positive
Figures 3 and 4 and has not been reported previously. The effectbecause the net electric force acting on a sphere is always
of shear thinning can also be justified by examining the contours positive. Figure 9a reveals that declines monotonically with

of " shown in Figure 8, where the fluid viscosity near a sphere the decrease ih/a, implying that, if the surface potential of a

is small whencais small. This is because if the double layer is sphere is the same as that of a disk, the mobility of the former
thick, the amount of negative charge induced on the sphereis dominated by the viscous effect arising from the nonslip
surface is large, so is the electric force acting on the sphere.condition on the latter, as is in the case in which a sphere is
Also, the pressure is small at the same time, yielding a large positively charged and a disk is uncharged. However, the
|«*| and a large variation in the velocity gradient. Figure 8b,c influence of the disk om" is significant only forx(h — a) < 3,
indicates that ika is not too large, the minimal viscosity occurs  where double layer distortion is important. As can be seen in
on the sphere surface, which is consistent with the results Figure 9b, for both Newtonian and Carreau fluidsjncreases
reported in the literaturé:3334However, ifka is sufficiently monotonically with the increase ika. However,u” is more
large, the minimal viscosity becomes large and occurs on the sensitive to the variation afa for a Carreau fluid than that for
disk surface, as illustrated in Figure 8d. This is because if the the corresponding Newtonian fluid. For fixaé andh/a, u-
double layer of a disk is sufficiently thin, the negative electric (Carreau} u"(Newtonian), andi"(Carreau)- «*(Newtonian)]
force and the positive pressure acting on a sphere is unimportantjncreases with the increase #a, which is consistent with the
leading to a small® and a small variation in the velocity result of Lee et af? for the case of a charged sphere at the
gradient near the sphere. Since only a limited electroosmotic center of an uncharged spherical cavity. et {[«"(Carreau)
flow is generated in the double layer of the disk, the minimal — u*(Newtonian)}snere and disk positively chargea [&¢"(Carreau)— u"-
viscosity occurs on the disk surface. (Newtonian)phere positively charged, disk unchagged! €N, according to
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T T ka. Also, the hydrostatic pressure acting on a sphere arising
2 (@ aUla=1.6 from the osmotic pressuf@ which is in the same direction as

I y that of the electric force, increases first and then decreases as
kaincreases fok(h — a) in the range [2, 4]. In the limika —
o, a sphere feels no pressure.<H is small, the amount of
negative charge induced on the sphere surface due to the
presence of the positively charged disk, which has the effect of
decreasing the net electric force acting on the sphere, is large.
Also, the pressure hydrostatic force is small at the same time.
Therefore,u”(both sphere and disk positively charged)u”-
(sphere positively charged, disk uncharged). However, the
situation becomes reversedd is large, that isy” (both sphere
and disk positively chargedy u*(sphere positively charged,
disk uncharged). Since the larger tha, the greater the net
driving force (electrie-pressure) acting on a sphere, the larger
@ theu’, the greater the shear rate, and the more significant the
effect of shear thinning, we conclude that« is large, the
effect of shear thinning for the case when both a sphere and a
disk are positively charged is more important than that for the
case when a sphere is positively charged and a disk is uncharged,
and the reverse is truedfi is small. Note that a further increase
in xa for «(h — a) in the range [2, 4] leads to a decline in the
hydrostatic pressure, which vanisheskas— «. That is, for
both Newtonian and Carreau fluids;(both sphere and disk
positively charged) is close 16 (sphere positively charged, disk
uncharged), and they become the same wzis sufficiently
large. This explains that, whx has a local maximum asa
increases fok(h — @) in the range [2, 4], it vanishes wheia
is sufficiently large. It is interesting to note that the value-af
at whichA becomes positive increases with the decreaséan
as shown in Figure 10. This is becausegdfs small, the smaller
003 E— T theh/a, the more significant the influence of the negative charge
induced on the sphere surface. Figure 11 reveals that the
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Figure 14. Variation of the scaled mobility” as a function ofa for minimum viscosity of the syste_m u_n(_:ier consideration oceurs
various U/a)’'s atN = 0.8 (a) and that for various's ataU/a = 0.2 on the sphere surface, and this minimum decreases with the
(b). Other parameters used &= 1, ' = 1, andh/a = 2. decrease irh/a and/or the increase ika. Similar behavior is

also observed in Figure 4. A comparison between Figureddb
Figure 10, ifkais small,A < 0. Also, A has a local maximum  and Figure 11bd reveals that, as mentioned previouslyxaf
aska varies forr(h — a) in the range [2, 4] and vanishes when s large, the effect of shear thinning in which both a sphere and
«ais sufficiently large. These phenomena have not been reporteda disk are positively charged is more important than that in
in the literature and can be explained by comparing the behaviorwhich a sphere is positively charged and a disk uncharged, but
of 4" as «a varies in a Carreau fluid with that in the the reverse is true ifa is small.
corresponding Newtonian fluid or by examining the contours  Figyres 12 through 14 illustrate the influence of the nature
of 7 shown in Figure 11. Figure 9b also suggests fHais of a Carreau fluid on the scaled mobility of a sphefédor the
more sensitive to the variation ira when both a sphere and a  ¢ase in which a disk is positively charged. In general, the larger
disk are positively charged than when a sphere is positively the o U/a and/or the smaller th, that is, the more significant
charged and a disk is uncharged. We conclude that the presencene effect of shear thinning, the larger the|. These are
of a charged disk can be advantageous to the movement of anonsistent with those of the previous studies where a boundary
identically charged sphere in that its mobility can have a local js yncharged®3 It is interesting to note that, ia is small,
maximum and is larger than that for the case when a disk is ©' is more sensitive to the variation imU/a than that inN.

uncharged. However, it becomes disadvantageousaifis This phenomenon is similar to the case in which a sphere is at

sufficiently small, that is”(charged disk)< " (uncharged disk).  the center of a spherical cav#yeven if the cavity is uncharged.
Figure 9b suggests — 0 aska — 0. A similar result was also

obtained in previous studi¥s'®2%and was proven by Zydnéy 4. Conclusions

for the case of a charged sphere in a charged spherical cavity.

The phenomenon are that ) is more sensitive to the variation The boundary effect on the electrophoretic behavior of a
in ka when both a sphere and a disk are positively charged thanparticle in a non-Newtonian fluid is studied by considering the
when a sphere is positively charged and a disk is uncharged,electrophoresis of a sphere in a Carreau fluid normal to a large
(ii) the presence of a charged disk can be advantageous to thelisk under the conditions of low surface potential and weak
movement of an identically charged sphere in that its mobility applied electric field. We show that the mobility of a sphere is
can have a local maximum and is larger than that for the caseinfluenced by three key factors: the separation distance between
when a disk is uncharged, and (ijif — 0 asxa — O arise the sphere and the disk, the thickness of double layer, and the
from the behaviors of the driving forces acting on a sphere as nature of a Carreau fluid. Also, the shear-thinning effect of a
«x(h — a) varies. For a fixedh/a, the electric force acting on a  Carreau fluid correlates positively with the boundary effect. If
sphere is positive (so ig") and increases with the increase in a sphere is positively charged and a disk is uncharged, the
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presence of the latter has the effect of retarding the movement (13) Hsu, J. P.; Hung, S. H.; Kao, C. ¥angmuir2002 18, 8897.

of the former. Also, the shear-thinning effect becomes significant

if a double layer is thin. On the other hand, although the presence

(14) Yu, H. Y.; Hung, S. H.; Hsu, J. FZolloid Polym. Sci2004 283,

(15) Hsu, J. P.; Yeh, L. H.; Chen, Z. 3. Colloid Interface Sci2007,

of a charged disk does not cause an electroosmotic flow parallel31q, 281.

to the applied field, it influences appreciably the movement of

(16) Zydney, A. L.J. Colloid Interface Scil995 169 476.

a sphere through inducing charge on its surface and establishing, (17) Lee. £ Chu, J.W. Hsu, J. & Colloid Interface Scil997 196

an osmotic pressure field. If a sphere is uncharged and a disk

(18) Lee, E.; Chu, J. W.; Hsu, J. P.Colloid Interface Sci1998 205

is positively charged, the charge induced on the sphere surfacess,

and the osmotic pressure field established by the disk can yield

a local maximum in the mobility of the sphere or even change
its sign. Also, the shear-thinning effect is pronounced if the
double layer is thick, which has not been reported in the
literature. If both a sphere and a disk are positively charged,
the mobility of the sphere is always positive. For a fixed

(19) Liu, H.; Bau, H. H.; Hu, H. HLangmuir2002 20, 2628.

(20) Hsu, J. P.; Ku, M. H.; Kao, C. YJ. Colloid Interface Sci2004
276, 248.

(21) Hsu, J. P.; Ku, M. HJ. Colloid Interface Sci2005 283 592.

(22) Hsu, J. P.; Kuo, C. C.; Ku, M. Helectrophoresi®006 27, 3155.

(23) Hsu, J. P.; Kuo, C. Cl. Phys. Chem. BR00g 110, 17607.

(24) Hsu, J. P.; Yeh, L. HJ. Phys. Chem. B007, 111, 2579.

(25) Hunter, R. JFoundations of Colloid Scieng®xford University

separation distance between a sphere and a disk, if the double, c=/ o < " 1360 Vol 1

layer is thick, the mobility in the present case is larger than

that in the case in which a sphere is positively charged and a
disk is uncharged, but the reverse is true if the double layer is

thin. The mobility of a sphere is more sensitive to the variation

(26) Corradini, D.J. Chromatogr. BL997 699 221.

(27) Heller, C.Electrophoresi2001, 22, 629.

(28) Hunter, R. JFoundations of Colloid Scienc®©xford University
Press: Oxford, 1989; Vol. 2.

(29) Lee, E.; Huang, Y. F.; Hsu, J. B. Colloid Interface Sci2003

in the thickness of the double layer in the case of a Carreau osg 283.

fluid than in the case of the corresponding Newtonian fluid. If

(30) Hsu, J. P.; Hung, S. H.; Yu, H. Y. Colloid Interface Sci2004

the double layer is thick, the shear-thinning effect in the present 280 256.

case is less important than that in the case in which a sphere is

positively charged and a disk is uncharged.
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