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The influence of a charged boundary on the electrophoretic behavior of a particle is investigated by considering
the electrophoresis of a nonconducting ellipsoid along the axis of a cylindrical pore at the level of the linearPoisson
Boltzmann equation ignoring the polarization effect. The problem considered simulates the electrophoresis conducted
in a narrow space such as capillary electrophoresis and electrophoresis through a porous medium. Here, because the
effect of electroosmotic flow can be important the electrophoretic behavior is much more complicated than that for
the case where a boundary is uncharged. The influences of the thickness of double layer, the aspect ratio of an ellipsoid,
the relative radius of a pore, and the charge conditions on the ellipsoid and pore surfaces on the mobility of the ellipsoid
are discussed. Several interesting but nonintuitive electrophoretic behaviors are observed.

Introduction 4z
Electrophoresis, one of the electrokinetic phenomena, has been | s T
applied widely in numerous areas both as an analytical tool and — ]

as a separation technique. Modern techniques such as electro-
phoresis display, protein separation, and DNA analysis, to name
a few, all involve this phenomenon. Relevant literature about
electrokinetic phenomena dates back to as early as186fhg d \
a microscope, QuincRavas able to observe the electroosmotic

flow in a glass capillary. Helmholfzoriginated the theoretical a
analysis on electrophoresis and eletroosmosis by neglecting the

effect of the dielectric constant of a liquid medium. This effect
was considered by Smoluchowski a study of the electrophoresis
of an isolated rigid sphere of constant surface potential in an

infinite electrolyte solution. He derived, for the case of an infinitely T
thin double layer, the relation p/

1)

:EZ
H=E

= R

wherev andE are the electrophoretic velocity of the sphere and

the strength of the applied electric field, respectively, and, E

¢, andy are the electrophoretic mobility, the surface (zeta) i o )

potential of the sphere, and the dielectric constant and the viscosityi9ure 1. Electrophoresis of an ellipsoid of semi-axésand a

. . .. ~along the axis of a cylindrical pore of radi$ with E being the
.Of _th_e eIecFronte so!ut|on, respectively. If the double layer is applied electric field. Cylindrical coordinates @, z) are adopted
infinitely thick, then it can be shown ttfat with the origin located at the center of the ellipsoid.

_2¢€C @) For an arbitrarily thick double layer, Herfrywas able to
=3 n derive
* Corresponding author. E-mail: jphsu@ntu.edu.tw. U= € f(Ka) (3)
(1) Reuss, F. FMém. Soc. Impeale Naturalistes Moscod809 2, 327. n

(2) Quincke, G.Pogg. Ann1861, 113 513.

Helmholtz, H.Ann. Phys. Chen.879 7, 337. , ,
) e i e T S 92, 126, whereY/, anda are the reciprocal Debye length and the radius

(5) Hickel, E.Phys. Z.1924 25, 204. of a particle, respectivelyi(xa) = 2/3 aska— 0 (infinitely thick
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Figure 3. Variation of the scaled electrophoretic mobilityas a
function of/ for the case where a sphere of constant surface potential
is placed on the axis of an uncharged cylindrical poreat=

4.3. Discrete symbols, present result; dotted line, numerical
result of Shugai and Carnfé;solid line, result of Ennis and
Andersor?3

2 L

Figure 2. Typical mesh used for the case whépe= 1, {w = 0,
S = 2a,, andka = 1.

particles for the case of a thin double layer. Hsu étahalyzed
the electrophoresis of a spheroid along the axis of a cylindrical
pore; the former has a low, constant surface potential, and the
latter is uncharged; that is, the effect of electroosmotic flow is
double layer), and(ka) = 1 aska — oo (infinitely thin double neglected.
Iayer). Unfortunately, the double Iayer_in practice has a_finite The presence of a boundary has a profound influence on the
thickness, and(«a) needs to be determined through solving & g|ectrophoretic behavior of a particle, especially if the former is
set of complicated electrokinetic equations. The degree of charged. In particular, both the direction and the magnitude of
difficulty in solving these equatlons_ erends ma!nly on factors e electrophoretic velocity of a particle can be affected
such as the shape and charge conditions of a particle, the strengtQ 5 yreciably by the induced electroosmotic flow near a charged
of the applied electric field, the thickness of qlouble layer, and g;rfacels.16 The effect of a charged boundary should not be
the presence of a boundary and nearby particles. neglected in the case where electrophoresis is conducted in a
Among the shapes of a particle studied previously, the ellipsoid narrow space, such as capillary electrophoresis and microchip
is relatively general because it is capable of representing a classlectrophoresis. In the former, if a fused silica pore is used, for
of different particles through varying the relative lengths of its example, then the boundary is negatively charged because of the
semi-major and semi-minor axes. Several attempts have beerdissociation of the silanol groug-18 In the latter, if the wall
made to investigate the electrophoretic behavior of an ellipsoid. surface is modified by a polymer coating, then it can be positively
Teubner, for example, analyzed the electrophoresis of anisolated or negatively chargetf. In this study, the electrophoresis of a
ellipsoid under the condition that the effect of double-layer nonconducting ellipsoid along the axis of a charged cylindrical
relaxation is negligible. General equations were derived for the pore is investigated. We consider the case where the surface
force and torque acting on a rigid entity. Taking the effect of potential is low and the effect of double-layer polarization is
double-layer relaxation into account, O'Brien and Westtidied negligible. This extends the analysis of Hsu et*ab the case
the electrophoresis of a spheroid with a thin double layer. Yoon where the surface of a cylindrical pore can be charged,; that is,
and Kin? considered the electrophoresis of an ellipsoid for the the effect of electroosmotic flow can play a role.
case of low surface potential, a moderately thick double layer,
and a negligible effect of double-layer polarization. Their analysis
was extended by Allisdf to include the polarization effect in
the electrophoretic mobility of prolate ellipsoids in an infinite
medium. Keh and Huadginvestigated the electrophoresis of
colloidal spheroids under the conditions of a thin double layer
with a polarization effect. Assuming a thin double layer, Feng
and Wud2investigated the electrophoresis of an arbitrary prolate
body of revolution toward an infinite conducting wall. Sun and
Wuld considered the electrophoresis of two coaxial prolate

Theory

The problem under consideration is illustrated in Figure 1,
where an ellipsoid with semi-axelsanda moves along the axis
of a cylindrical pore with radiuSfilled with an incompressible
Newtonian fluid of constant physical properties as a response to
an applied electric fiel& of strengthE. If 9/, > 1, then the
ellipsoid is an oblate; ifd/, 1, then it is a sphere;

(13) Sun, K. L.; Wu, W. Y.Int. J. Multiphase Flow1995 21, 705.
(14) Hsu, J. P.; Huang, S. H.; Kao, C. Y.; TsengChem. Eng. ScR003

(6) Henry, D. C.Proc. R. Soc. London, Ser.¥931, 133 106.

(7) Teubner, MJ. Chem. Phy4982 76, 5564.

(8) O'Brien, R. W.; Ward, D. NJ. Colloid Interface Sci1988 121, 402.
(9) Yoon, B. J.; Kim, SJ. Colloid Interface Sci1989 128, 275.

(10) Allison, S.J. Colloid Interface Sci2005 282, 231.

(11) Keh, H. J.; Huang, T. YJ. Colloid Interface Sci1993 160, 354.
(12) Feng, J. J.; Wu, W. YJ. Fluid Mech.1994 264, 41.

58, 5339.

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

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

(17) Bello, M. S.; de Besi, P.; Rezzonico, R.; Righetti, P. G.; Casiraghi, E.
Electrophoresisl994 15, 623.

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

(19) Belder, D.; Ludwig, M.Electrophoresi2003 24, 3595.
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Figure 4. Variation of the scaled mobility of an ellipsoid (a), the scaled drag coefficiebt* (b), the scaled hydrodynamic forés , (c),

and the scaled electric fordet (d) as a function of the scaled double-layer thicknessat various values off, for the case in whiclg,
=1,%, =0, andS = 3a.

241 sufficiently weak (weaker than ca. 25 kV/m). Then the present
22 problem can be described by
20, ) )
o 184 % VW, =Wy (4)
S ]
Z 16
3 1a] VA, =0 (5)
8 12 2
; nVu— Vp=pVW¥ (6)

vu=20 7

In these expression§? is the Laplace operatok = (3jnjo-
(e2)%ekgT)Y2, npandz are the bulk concentration and the valence
of ionic species, respectivelyeis the elementary charge; and

01 ——— S T are the Boltzmann constant and the absolute temperature,
01 1 10 respectivelye, 17, andu are the dielectric constant, the viscosity,
d/a and the velocity of the liquid phase, respectively, and the

Figure 5. Variations of the scaled surface area of an ellipseid ( pressure.

surface area of an ellipsoid/surface area of the equivalent sphere, Two types of boundary conditions are considered for the electric
solid curve) and the scaled projection area of an ellipseprpjection field. In the first case, both the surface of an ellipsoid and that

area of an ellipsoid on the,(6) plane/that of the equivalent sphere ¢, e are maintained at a constant surface potential. In this

= ma?l/mag?, dashed curve) as a function of the aspect iiiorhe i , ,
voﬁmgi"f an ellipsoid is )fixed atsagd3. pect case, the boundary conditions associated with egs 4 and 5 are

W, = ,andn-VW¥W, = 0 on the ellipsoid surface (8)

and if9/, < 1, then it is a prolate. Cylindrical coordinates{, o

z) are adopted with the origin located at the center of the ellipsoid. v, =Z, andT2 =Q0atr=3S (9)
Because the present problerisymmetric, only ther( z2) domain

needs to be considered. For a simpler mathematical treatment, W, =0andV¥,=—Eas|z —»,r <S (10)
the electrical potential of the system under considerafiois

partitioned into an electrical potential in the absencE of the In these expressions,is the unit vector pointing into the liquid

equilibrium potential’; and an electrical potential outside an phase, and, and¢,, are the surface potential on the ellipsoid
ellipsoid arising fromg, W»; that is, % = W; + W,. Suppose surface and that on the pore surface, respectively. Here, we assume
that W is sufficiently low (lower than ca. 25 mV) an# is that the equilibrium potentidV’; at both ends of the pore vanish,
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Figure 6. Variation of the scaled mobility of an ellipsoid (a), the scaled drag coefficiebt* (b), the scaled hydrodynamic forés , (c),

and and the scaled electric forE¢ (d) as a function of the scaled pore radilg, at various values of/, for the case in whiclg, = 1,
w = 0, andkap = 1. (e) Variation of the ratid®R = w (present studyy (Yoon and Kim¥ as a function of§a, at various combinations of
d/.kay. Dashed linexag = 1; solid line,xkay = 0.2.

both the surface of an ellipsoid surface and that of a pore arefrom the ellipsoid in the cylindrical pore is that established by
impermeable to ionic species, and the electric field at a point far electroosmotic flow. Then the boundary conditions associated
away from the ellipsoid is uninfluenced by it. In the second case, with eqs 6 and 7 are

we assume that the ellipsoid is maintained at a constant surface

charge densityy, and the other boundary conditions are the u = Ui, on the ellipsoid surface (13)
same as those in the first case. Therefore, the boundary conditions
associated with egs 4 and 5 include eq 10 and u=0atr=Sand agz —o,r < S (14)
v, = u=u(r)i,=
-0
_p . = iSO € (kT
— andn- VW, = 0 on the ellipsoid surface (11) €, Tolkr) Ejzas|z — .1 <b (15)
Ui (kD)
W, W, B
Tor 0 andT =0atr=s 12) In these expressions) is the electrophoretic velocity of the

ellipsoid, andi, is the unit vector in the direction.
Suppose that both the surface of an ellipsoid and that of the In our case, the forces acting on an ellipsoid include the
cylindrical pore are nonslip and the flow field at a point far away hydrodynamic force and the electrostatic force. To evalugate
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only thez components of these forcds; andFg, respectively,

need be considered. These forces can be calculafédby

Fe= [ [ ofds= [ [ (%] @
Q Q

a(u-t)

(16)

FD=fo77 o tZdQ+f|5f —pn,dQ  (17)

where Q denotes the ellipsoid surface atdandn, are thez

components dfandn, respectively, witt being the unittangential

vector on the ellipsoid surface. At steady stdte,+ Fp = 0.
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Figure 8. Variation of the scaled mobility of an ellipsoid (a), the
scaled hydrodynamic forcEp,, (b), and and the scaled electric

force F¢ (c) as a function of the scaled pore radfla, at various
values of?/, for the case in whiclt, = 0, §, = 1, andkag = 1.

Uis calculated by the method proposed by O'Brien and \White
where the present problem is decomposed into two subproblems.
Inthe first subproblem, an ellipsoid moves with a constant velocity
U in the absence dE; therefore, it experiences a conventional
hydrodynamic dradrp 1 = —UD, whereD is the drag per unit
velocity that depends only on the geometry of the problem. In

(20) Hsu, J. P.; Yeh, L. HJ. Chin. Inst. Chem. En@006 37, 601.

(21) Hsu, J. P.; Yeh, L. H.; Ku, M. Hl. Colloid Interface Sc2007, 305, 324.

(22) O'Brien, R. W.; White, L. RJ. Chem. Soc., Faraday Trans1278 74,
1607.
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the second subproblerk, is applied, but an ellipsoid is held
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U is evaluated by the following procedure: (i) Substitutkifg

= W¥; + W, = 0 into eq 6, solving the resultant expression
simultaneously with eq 7, and substituting the result obtained
into eq 17 to evaluatép 1. (i) Solving eqs 4 and 5 subject to
eqs 8-10 or 10-12 to obtain¥; andW,, and substituing the
results into eq 16 to calculatétt. (iii) Substituting®’; andW¥,

fixed in the space. In this case, the ellipsoid experiences two optained in the previous step into eq 6, solving the resultant

forces: the electric forc€g and an extra hydrodynamic force

expression simultaneously with eq 7, and then using eq 17 to

arising from the mov_ing of thg ignic species in the dogble layer evaluateFp . (iv) SubstitutingFe, Fp 1, andFp » thus obtained
Fp,2, which can be either a driving force or a retardation force, nto eq 18 to obtairlJ.

depending on the boundary conditions of the electric field.
Because-p = Fp1 + Fpa, Fg + Fp = 0 leads to

Fe+Fp,
=—5

Results and Discussion

For a simpler representation, we define the following=
Ule(ksT/€)%ag, the scaled mobility of an ellipsoif* = D/6sre-
(kg T/e)?, the scaled conventional hydrodynamic drag per unit
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Figure 11. Variation of the scaled mobility of an ellipsoidl (a), the scaled drag coefficieBt* (b), the scaled hydrodynamic forde, ,
(c), and the scaled electric foré€ (d) as a function of the scaled pore radi#g at various values df/, for the case in whiclw, = —1,
Cw =0, andS = 3ap.

velocity of an ellipsoid;Fj,, = Fp J/67e(ksT/e)?, the scaled electrophoretic mobilityw increases with the increasingo.
hydrodynamic force acting on an ellipsoid arising from the This is because i is fixed then a largekag implies a higher

movement of the ionic species in a double layer; &jd= electrolyte concentration and a thinner double layer. According
Fe/6e(kgT/€)?, the scaled electric force acting on an ellipsoid. to Figure 4b, because* is insensitive to the variation irao,
Note thatw = (F§ + Fp,)/D*. it is not the major factor affecting the qualitative behaviotwof

FlexPDEZ a differential equation solver based on a finite However, bothF ,| andF ¢ vary appreciably witrao, and the
element method, is adopted to solving the governing equationslatter dominates. Therefore, the qualitative behavior dépends
and the associated boundary conditions. Double precision is usednainly on that of~£. Figure 4a also reveals that for a fixeab,
throughout the computation, and grid independence is checkedw (oblate)> w (sphere)> w (prolate). This is because =
to ensure that the mesh used is fine enough. Typically, 6000 and(FE + F%,)/D* and amongFf, Fj, and D* D* is the
3500 nodes are necessary for th_e resolution of the elgctric field dominating factor, as seen in Figure% For the present case,
atnd t?e rovx;1 field, respe;:tlv?ly. ilggrezihows thhe.typlcaémgtih both D* and F% are positive withD*(prolate) > D*(sphere)
structure where an unstructured triangular mesh is used with a_ ~, * * *
finer mesh near the ellipsoid and a cogarser mesh away from it. >D*(oblate) andF¢ (prolate) > Fg (sphere)> F¢ (oblate).
The applicability of the software adopted is justified by =" " : : X
considering the electrophoresis of a sphere of radialong the ~ a— 0-4therFp, ;has a local maximum as varies. AlsoFp, ,
axis of a cylindrical pore. Figure 3 shows the simulated variation 1S POSitive ifxao is small and is negative ifa is large. Thisis
of » as a function of/r on the basis of the present method and _because_ if the double layeris Fhlckthenthe pressureonan eI_I|p50|d
the corresponding results of Ennis and Andeféamd Shugai is more important than the viscous force, but the reverse is true
and Carnie®s the former is accurate whé¥k is small, and the  if the double layer is thin. For values &f other than 0.4FF ,
latter is accurate whefr is large. Figure 3 reveals that the is negative. The trend iD* arises from the fact that when the

software adopted in this study is appropriate for the description volume of an ellipsoid is fixed its projection area on the plane

However, no general trend can be found gy ,. Note that if

of the behavior ofv for the entire range o¥/r. perpendicular to theaxis as/, varies in rank as follows: prolate
For convenience, we assume the volume of an ellipsoid is > sphere> oblate, as shown in Figure 5. The trendri can
fixed at 4ray3 in the subsequent discussion. be explained by the fact that if the volume of an ellipsoid is fixed

&p=1and{,=0.Letus consider first the case of an ellipsoid then its surface ared#, varies in rank as follows: prolate
with constant, positive surface potential in an uncharged pore. sphere> oblate, as illustrated in Figure 5. The larger the surface
Figure 4a reveals that for a fixed aspect ratig the scaled area, the higher the charge on the surface and therefore the greater

the FL.
(23) FlexPDE version 2.22; PDE Solutions Inc.: Spokane Valley, WA, 2003. . . . s s . .
(24) Ennis, J.; Anderson, J. L. Colloid Interface Sci1997, 185 497. As seen in Figure 6y increases with increasir§ag, which

(25) Shugai, A. A.; Carnie, S. LI. Colloid Interface Sci1999 213 298. is expected because the larger tB&,, the smaller the
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0.1

hydrodynamic retardation due to the presence of the cylindrical
pore. For a fixed scaled radius of a p&@fy, w (oblate)> w
(sphere)> w (prolate). This is because the magnitude~gf,

is relatively unimportant when compared to thatf or F.
Also, D*(prolate) > D*(sphere)> D*(oblate) andF¢ (oblate)

> Fg(sphere} F¢ (prolate) Fj ,is negative except for the case
whered/, = 0.4, where it is positive i§ag is small and becomes
negative ifSag is large. This is because if the radius of a pore
is small then the pressure on an ellipsoid is more important than
the corresponding viscous force, but the reverse is true if the
radius of the pore is large. Figure 6e illustrates the variation of
the ratioR = w (present study (Yoon and Kim§ as a function

of Sa, for various combinations df/; and kag. Because the
results of Yoon and Kifhare based on an isolated partidk,

Tseng et al.

charge is induced on the ellipsoid surface as it approaches the
pore surfaceg is negative andrp; , becomes a scaled driving
force. Note thalw| has a local maximum neaay = 2, as shown

in Figure 7a. The presence of the local maximum is the net result
of the competition of the scaled forcds*, Fg, and Fp,,
illustrated in Figures 4b and 7c,b, respectively. For the present
case,|w| (oblate)> |w| (sphere)> |w| (prolate), which arises
mainly from D*(prolate) > D*(sphere)> D*(oblate).

The influence of the pore on the behavior of the ellipsoid is
summarized in Figure 8. In this cade? is the same as that
shown in Figure 6b. Similar to the case of Figure 6a, the larger
the Say, the larger thew|. This is because although the scaled
driving forces|Fg| and|F, ,| decline with the increasing/ap,
the scaled dra@®* decreases at the same time. The decline in
IF5.l asSag increases, as observed in Figure 8b, arises from
the negative charge induced on the surface of the ellipsoid, and
the larger theSao, the smaller the amount of induced charge.
As in the case of Figure 4a, the aspect rétiovaries, and we
have|w| (oblate)> |w| (sphere)> |w| (prolate), which arises
mainly from D*(prolate) > D*(sphere)> D*(oblate).

Cp = 1 and {w = 1. In this case, both the ellipsoid and the
cylindrical pore have a constant positive surface potential. Note
thatD* is the same as that shown in Figure 4b. Figure 9a reveals
thatw has a negative local minimum nea = 1.5. The presence
of this local minimum is the net result of the competition of the
scaled force®*, FJ,,, andF¢. Figure 9a suggests that’f;, is
sufficiently large ¥/, > 4) @ may change its sign from negative
to positive agkap increases, which can be justified by comparing
the magnitudes db*, F ’52, andF L. If w is negative, whereag
takes a small to medium value, thkeﬂ (oblate)> |w| (sphere)
> |w| (prolate), but ifw is positive, wher&ay is large, thernw|
(prolate)> |w| (sphere}> |w| (oblate). These can be explained
by the variations oD*, F{ ,, andFg shown in Figures 4b and
9b,c, respectively.

The influence of the cylindrical pore on the behavior of the
ellipsoid is summarized in Figure 10. In this caB&js the same
as that shown in Figure 6b. Figure 10a shows [thatecreases
with increasingSaog, which arises from the fact that &ag
increases the rate of decrease of the net driving fdfgg, (+-

Fp) is faster than that of the drag force. A comparison between
parts b and ¢ of Figure 10 reveals tRgt < |F ,| for the present
case. Note that, because of the linear nature of the present problem,
F5. in Figure 10b can be obtained by summing the terms in
Figures 6¢ and 84F ; ,| is seen to decline with increasi#,

as doesw|. The former can be explained by the same reasoning
as that employed in the discussion of Figure 8b. Figure 10a
indicates thatw| (prolate)> |w| (sphere)> |w| (oblate). As can

be concluded from Figures 6b and 10b,c, this is because the total
driving force Fg + Fp,) dominates.

op=—land{,=0.Here, the ellipsoid has a constant negative
surface charge density, and the cylindrical pore is uncharged.
For the present casB; is the same as that shown in Figure 4b.
According to Figures 4b and 11d, because bthand F; are

is a measure of the significance of the boundary effect; the closerinsensitive to the variation afay, the qualitative behavior ab

its value is to unity, the less significant the presence of the pore.
As expected, the smaller tig and/or the smaller theao, the

depends mainly on that dfy, which decreases with the
increase incay, in general. Because the electric force acting on

more important the boundary effect. For the present case, thisthe ellipsoid is fixed in the present case| declines with the

effect should not be neglectedSfay is smaller than about 15.
&p=0and{, = 1.Consider next the case where an uncharged
ellipsoid is in a cylindrical pore of constant, positive surface
potential. Note that becaug¥ is independent of the charged
conditions on the surfaces, tb& in the present case is the same

as that shown in Figure 4b. Inthe present case, because a negativexcept whed/, =

increasingkay. Figure 11a indicates that for a fixed, ||
(oblate) > |w| (sphere)> |w| (prolate). This is becausb*
dominates in the present case, and, as shown in Figuri@*4b,
(prolate) > D*(sphere) > D*(oblate). Note that because the
ellipsoid is negatively charge# , is positive, in general,
0.4, whereFp, , has a negative local minimum
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op = —1 and {y = —1. Let us consider next the case where
the ellipsoid has a constant negative surface charge density and
the pore has a constant negative surface potential. B&@nd
F: are the same as shown in Figures 4b and 11d, respectively.
If kapis small, therw is negative, but it becomes positivecy
is sufficiently large. As illustrated in Figures 11d and 13b, this
is because ifag is small, then negativiez dominates, and ifag
is sufficiently large, then positivep, , dominates. Note that the
w curves of the ellipsoids of various aspect ratios cross each
other atkag = 3.

Conclusions

The influence of a charged boundary on the electrophoretic
behavior of a particle is analyzed by considering the electro-
phoresis of an ellipsoid along the axis of a cylindrical pore. We
show that the behavior of a particle is much more complicated
and interesting compared with that for the case where the boundary
is uncharged. The results of numerical simulation can be
summarized as follows. (i) If an ellipsoid of constant positive
surface potential is placed in an uncharged cylindrical pore, then
the scaled electrophoretic mobility increases with the decreasing
thickness of the double layer. The mobilities of various types of
ellipsoid rank as follows: oblate sphere> prolate. The presence
of the pore has the effect of decreasing the mobility. (ii) For the
case of an uncharged ellipsoid and a cylindrical pore of constant
positive surface potential, the absolute value of the mobility has
a local maximum at a moderately thick double layer. For the
present case, the absolute values of the mobilities of various
types of ellipsoids rank as follows: oblatesphere> prolate.

(i) If both the ellipsoid and the cylindrical pore have a constant
positive surface potential, then the mobility shows a negative
local minimum at a moderately thick double layer. For oblates,

if the aspect ratio is sufficiently large, then the mobility may
change its sign from negative to positive as the thickness of the
double layerincreases. If the mobility is negative, then the absolute
values of the mobilities of various types of ellipsoid rank as
follows: oblate> sphere> prolate. If the mobility is positive,

then that order is reversed. In the present case, the presence of
the pore has the effect of increasing the absolute value of the

askag varies. As mentioned previously, this arises from the fact mobility. (iv) For the case where an ellipsoid of constant negative
thatifthe double layer is thick then the pressure is more important Surface charge density is in an uncharged pore, regardless of the
than the viscous force, but the reverse is true if it is thin. Note aspect ratio, the absolute value of the mobility always declines
that both the pressure and the viscous force decrease withwith the decrease in the thickness of the double layer. For a fixed
increasingcap and the rate decrease of the former is faster than double-layer thickness, the absolute values of the mobility of
that of the latter. Oliow .
o, =—1andg, = 1.In this case, the ellipsoid has a constant prolate. (v) For the case where the ellipsoid has a constant negative

negative surface charge density, and the cylindrical pore has asurface charge density and the cylindrical pore has a constant

constant positive surface potential. Hebg,is the same as that
shown in Figure 4b. Also, according to eq Eg is independent
of the charge conditions on the pore surface; thereféiés the
same as that shown in Figure 11d. Note gt is negative and
is a scaled driving force. Figure 12a reveals thatas a local
minimum atxag = 2. This is becaus€g is insensitive to the
variation inxap and the qualitative behavior @b is mainly
dominated byFp,. If kap < 2, then|F[ | increases with
increasingcay, but this trend is reversedifay > 2. Figure 12a
also indicates thaiw| (oblate)> |w| (sphere)> |w| (prolate).
Again, this is becausB* dominates the magnitude ef, and

D*(prolate) > D*(sphere)> D*(oblate).

various types of particles rank as follows: oblatesphere>

positive surface potential, the mobility has a local minimum at

a moderately thick double layer. In this case, the absolute values
of the mobility of various types of particles rank as follows:
oblate > sphere> prolate. (vi) If the ellipsoid remains at a
constant negative surface charge density and the pore remains
at a constant negative surface potential, then the mobility is
negative when the double layer is thick, but it becomes positive
if it is sufficiently thin.

Acknowledgment. This work is supported by the National
Science Council of the Republic of China.

LA703195F



