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Diffusiophoresis of a nonuniformly charged sphere in an electrolyte
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The diffusiophoresis of a rigid, nonuniformly charged spherical particle in an electrolyte solution
is analyzed theoretically focusing on the influences of the thickness of double layer, the surface
charge distribution, the effect of electrophoresis, and the effect of double-layer polarization. We show
that the nonuniform charge distribution on the particle surface yields complicated effect of double-
layer polarization, leading to interesting diffusiophoretic behaviors. For example, if the sign of the
middle part of the particle is different from that of its left- and right-hand parts, then depending
upon the charge density and the fraction of the middle part, the particle can move either to the
high-concentration side or to the low-concentration side. Both the diffusiophoretic velocity and its
direction can be manipulated by the distribution of the surface charge density. In particular, if the
electrophoresis effect is significant, then those properties are governed by the averaged surface charge
density of the particle. A dipolelike particle, where its left- (right-) hand half is negatively (positively)
charged, always migrates toward the low-concentration (left-hand) side, that is, it has a negative
diffusiophoretic velocity. In addition, that diffusiophoretic velocity has a negative local minimum as
the thickness of double layer varies. © 2011 American Institute of Physics. [doi:10.1063/1.3548654]

. INTRODUCTION

Diffusiophoresis, the spontaneous movement of a col-
loidal particle subjected to an applied concentration gra-
dient, was first investigated theoretically by Dukhin and
Deryagin! through considering an isolated, rigid, charged
spherical particle having a thin double layer in an infi-
nite electrolyte solution imposed with a uniform concentra-
tion gradient, followed by several theoretical analyses> and
experiment studies.””'? This phenomenon has many appli-
cations in practice, including, for instance, scavenging of
radioactive particles in atmosphere,'? ionic deposition and
film coating process,® %1415 and separation of micron-sized
particles from air.'® Diffusiophoresis can be driven by van der
Walls force*!° and dipole force in nonelectrolyte solutions,
and by electrostatic force in electrolyte media.>>%!! For the
case of a uniformly charged particle, the observed diffusio-
phoretic behaviors are usually explained by the polarization
of its double layer and the presence of a background elec-
tric field arising from the difference in ionic diffusivities.*> !’
In a study of the diffusiophoresis of an isolated, uniformly
charged, rigid sphere in an infinite electrolyte solution, Prieve
and Roman® showed that the driving force exerting on the
sphere comprises a chemiphoresis component and an elec-
trophoresis component. The former comes from the nonuni-
form accumulation of ionic species inside the double layer
and the latter from the difference in ionic diffusivities.
Hsu et al'? suggested that two types of double-layer
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polarization (DLP) might present: type I DLP, which drives
the particle toward the high-concentration side, arises from
the nonuniform distribution of counterions inside the double
layer, and type II DLP, which drives the particle toward the
low-concentration side, comes from the nonuniform distribu-
tion of coions immediately outside the double layer. In gen-
eral, type I DLP is more significant than type II DLP, and the
latter is enhanced when the surface potential is high and the
double layer is thin. Recently, Lee et al.'® modeled the diffu-
siophoresis of a uniformly charged sphere along the axis of
a cylindrical pore, and that of a uniformly charged elongated
cylindrical particle was considered by Joo et al.,'” Lee et al.°
and Yalcin et al.?' analyzed the electrodiffusiophoresis of a
uniformly charged sphere along the axis of a cylindrical pore.

Colloid particles having a nonuniformly charged sur-
face are not uncommon in reality. Examples include, for in-
stance, rods having different chemical structures at their two
ends,”” spheres with asymmetrically distributed enzymatic
sites,”? polymer chains having alternating positive and nega-
tive charges,’* rutile hematite system,?> and kaolinite.?6 If the
surface of a particle is nonuniformly charged, then the asso-
ciated double layer may become asymmetric. This induces an
ionic concentration gradient and an internal electric field in-
side the double layer, which influences the concentration, the
electric field, and the flow fields near the particle and, there-
fore, its diffusiophoretic behavior. Previous efforts made on
the analyses of electrokinetic phenomena and diffusiophoresis
are based mainly on homogeneously charged particles. Con-
sidering the applications in practice, extending this type of
particle to a more general case of nonuniformly charged con-
ditions is highly desirable.

© 2011 American Institute of Physics
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FIG. 1. Diffusiophoresis of a nonuniformly charged spherical particle of ra-
dius a as a response to an applied uniform concentration gradient Vng. For
convenience, a cylindrical computational domain of radius b (b > a) is de-
fined, and the particle moves along the axis of that domain. The cylindrical
coordinates r, 6, z with the origin at the center of the particle are adopted.
or, oy, and og are the surface charge density on the left-hand, the middle,
and the right-hand parts of the particle, respectively, defined by the azimuth
angles ¢r, ¢, and ¢, respectively.

This study is aimed to investigate the effect of the nonuni-
formly charged conditions on the surface of a particle on its
diffusiophoretic behavior. For illustration, we consider the
case where a particle is divided into several parts, each can
be charged differently with the other parts. Similar model was
also considered by Qian et al.?’ and Qian and Joo?® in elec-
trophoresis problems. The diffusiophoresis behaviors of the
particle under various conditions are discussed in detail. In
particular, the influences of the charged conditions on the par-
ticle, the thickness of double layer, and the diffusivities of
ionic species on the diffusiophoretic mobility of the particle
are examined.

Il. THEORY

Referring to Fig. 1, we consider the diffusiophoresis of
the nonuniformly charged spherical particle of radius a as a
response to an applied uniform concentration gradient Vny.
For convenience, a cylindrical computational domain of ra-
dius b (b > a) is defined, and the particle moves along the
axis of that domain, which is filled an aqueous, incompress-
ible Newtonian fluid containing z; : z» electrolytes with z;
and z, being the valence of cations and that of anions, re-
spectively. The cylindrical coordinates r, 6, z with the origin
at the center of the particle are adopted. The particle is di-
vided into the left-hand, the middle, and the right-hand parts,
with surface charge densities, oy, oy, and og, respectively,
and the surface charge density of the particle op is described
by

or, 0<@r<90—9¢
NV - <oy <90+¢ , €))]
oL, 90+ ¢ < ¢, <180

op =130wm,

where ¢, ¢y, and @g are the azimuth angles specifying the
left-hand side (LHS), the middle, and the right-hand parts
of the particle, respectively. The charged conditions on the
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particle surface can be adjusted through varying the azimuth
angle ¢ and the charge densities ok, oy, and or. The net
amount of ions inside the double layer of the particle corre-
lates with the averaged charge density on the particle surface,
o, defined by

__ OorSptouSu +oLSL

G = ; 2

Sk +Su+ St

where Sg, Sy, and Sy are the surface areas of the right-, the
middle, and the left-hand parts of the particle, respectively.
Due to the #-symmetric nature of the present problem, the
sphere does not rotate, and only the (r,z) domain needs be
considered.

The governing equations of the present problem include
the following:

P Zien;

V2 —_r_ _ J J
o =-" Z —, 3)

j=I
Zje

VI:—DJ (an—i——n,Vd))—l—njv] =O, (4)

kBT X
—Vp+uViv—pVep =0, )
V.v=0. (6)

These expressions are the Poisson equation describing
the electric potential ¢, the conservation of ionic species
based on Nest—Plank equation, and the Navier—Stoke equa-
tion and the continuity equations describing the liquid veloc-
ity v, respectively. Here, V, V2 are the gradient operator and
the Laplace operator, respectively; n;, zj, Dj, j = 1,2, are the
number concentration, the valence, and the diffusivity of ionic
species j, respectively; ¢, are the permittivity and the vis-
cosity of the liquid phase, respectively; p and p are the space
charge density and the pressure, respectively; e, kg, and T are
the elementary charge, the Boltzmann constant, and the abso-
lute temperature, respectively.

Suppose that the magnitude of the applied concentra-
tion gradient, |Vng|, is much smaller than (ng./a). In this
case, each dependent variable can be expressed as the sum
of an equilibrium component representing its value in the ab-
sence of Vng and a perturbed component arising from the ap-
plication of Vng.?” That is, ¢ = ¢, + 8¢, p = p. + 8p, and
vV =V, + 8v, where the subscript e and the prefix § denote the
equilibrium component and the perturbed component, respec-
tively. Note that because the particle is stagnant at equilib-
rium, v = 0, and therefore, v = §v. In addition, the expression
below is assumed to take account of the possible polarization
of the double layer surrounding the particle:!”-26:28

zje .
nj = 1o €Xp [—,{;—T(@ + 8¢ + g,-)} Li=12 (D

where 7 jo. is the bulk concentration of ionic species j at equi-
librium, and g; is a hypothetical potential describing the de-
formation of the double layer. Then, it can be shown that
Egs. (3)-(6) lead to!”-2%-30

(ka)*

*2 _
Ve = 1+

lexp(—¢;) — exp(ag,)], ®)
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(ka)?
V”Mﬁ—(1+aﬂﬁm—@3+awmw¢bw¢ﬂ
(Ka)z * * * *
=ax Ot)[e7<p(—<i>e)z<>’1 + aexp(ag;)gs ], )]
Vgt = ViV gl + y Pev' - V¢?, (10)
V*gr = aV* ¢ Vigh +y Peyv - V¢!, (11)

— Vép + y VAV + V29IV*§9* + V*28¢*V*¢r =0, (12)

V. vF =0, (13)

Here, o =—20/71,V*? = a’V?, Sp* = éple(kpT/
z1€)?/a’)\V* =aV, k= [zjzln,-OE(zje)z/ngT]z, Pe;
= e(kgT/z1€)*/uD;, v =v/U°, U® = ey(kpT/z1€)*/ap,
y =Ving,  n*=no/nee, ¢ =¢e/(kgT/z1€), 5¢*
=8¢ /(kpT/z1€), and g;f =g;/(kgT/z1e) with U° «,
and Pe; being a reference velocity, the reciprocal Debye
length, and the electric Peclet number of ionic species j,
respectively.

We assume the following: (i) The electric potential at a
point far away from the particle is uninfluenced by its pres-
ence. (ii) The surface of the particle is nonconductive, impen-
etrable to ionic species, and nonslip. (iii) The net ionic flux
vanishes at a point far away from the particle. (iv) The ionic
concentration reaches the value (n jo. + z2Vn o) at a point far
away from the particle. (v) On the boundary of the computa-
tional domain, because the fluid is not influenced by the par-
ticle, it is stagnant. (vi) The inner electric field of the particle
is negligible, because the dielectric constant of a rigid dielec-
tric material is usually much smaller than that of an aqueous
electrolyte solution. In our study, the computational domain
is uncharged and sufficiently large and, therefore, there is no
extra electro-osmotic flow due to its presence and its bound-
ary effect is negligible. For a simpler mathematical treat-
ment, we assume that the particle is fixed and the liquid phase
moves with the corresponding relative velocity. Therefore, the
boundary conditions associated with Egs. (8)—(13) can be ex-
pressed as

n- V¢, = g, on the particle surface, (14)

¢» = 0 on the boundary of the computational domain, (15)

1
¢; =0as || = oo, 1" < (X) , (16)
n - V*§¢* = 0 on the particle surface, a7

n-V*§¢* =0 on the boundary of the

computational domain, (18)

1

V*§¢p* = —Bye,as|z"| — oo, r* < <X) (19)

n - V*gi = 0 on the particle surface, (20)
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n-V*g: =0 on the boundary of the

computational domain, 21

1
g =—7"y =8¢ as|z"| - o0, r* < (X) , (22)
& =—2y—8p as|| > o00, r < |- |, 23)

o A
v* = 0 on the particle surface, 24)

v¥ = —U"e, on the boundary of the
computational domain, 25)
1

v =—-U%e,as|7*| = oo, r* < (X) . (26)

In these expressions, 8 = (D — D»)/(D; + aD;) with
D; being the diffusivity of ionic species j; z* = z/a, r* = r/a,
A=c/b,and U*=U/U 0. n is the normal vector directed
into the liquid phase; e, is the unit vector in the z-direction.

For a simpler mathematical treatment and interpretation
of the behavior of a particle, the original problem is parti-
tioned into two subproblems:*! (i) the particle moves with
constant velocity U in the absence of Vng, and (ii) Vny is
applied but the particle remains stagnant. Then the diffusio-
phoretic velocity of the particle can be determined from a
balance of the forces acting on it in the z-direction. These
include the electric force F, and the hydrodynamic force
F; 5172930 T et F,; and Fy; be the z-components of F, and
F4 in subproblem i, respectively, F}, = F¢;/e(kp T/z1e)*a?
and F3, = F4/e(kgT/z1e)*a® be the corresponding scaled
forces, and F; = F,; + F,; be the magnitude of the total force
acting on the particle in the z-direction in subproblem i. Then
Fi1 = x1U and F, = x»,Vnq, where the proportional constants
x1 and x» are independent of U and Vny, respectively. Be-
cause F'; 4+ F, = 0 at steady, U can be expressed as

U=—-Lvn, (27)
X1

lll. RESULTS AND DISCUSSION

The governing equations, Eqgs. (8)—(13), are solved nu-
merically subject to the boundary conditions specified in
Egs. (14)—(26) using FLEXPDE.*? a finite element based
commercial software. To test its applicability, this software
is applied to solving the diffusiophoresis of an isolated, uni-
formly charged sphere in an infinite electrolyte solution, and
the numerical results obtained are compared with the corre-
sponding numerical of Prieve and Roman.’ Figure 2(a) shows
the variation of the scaled diffusiophoretic mobility of the
particle as a function of its scaled surface potential at two
levels of B; both the results of Prieve and Roman® and the
corresponding results based on the present approach are pre-
sented. This figure reveals that the performance of the soft-
ware adopted is satisfactory.

The present theoretical model is also verified by fitting its
special case of uniformly charged particle to the experimental
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6 9 12 15 18

Kka
FIG. 2. (a) Variations of the scaled diffusiophoretic velocity U* as a func-
tion of the scaled surface potential ¢, for the case of a uniformly charged
rigid sphere in an infinite electrolyte solution for two levels of B ata = 1, ka
= 1, and ogr = oy = o =4; solid curve, present study, dashed curve,
Prieve and Roman (Ref. 5). (b) Comparison of the experimental data of Ebel
et al. (Ref. 14), o, where the diffusiophoresis of a dilute suspension of uni-
formly charged polystyrene particles in an unbounded aqueous NaCl or KCl1

solution is conducted with the values predicted by the present theoretical
model, @.

data of Ebel et al.,'* where the diffusiophoresis of a dilute
suspension of polystyrene particles in a unbounded aqueous
NaCl or KCI solution is conducted. The results obtained are
summarized in Fig. 2(b). As seen in this figure, the agreement
between the experimental data and the corresponding theoret-
ical results is reasonably well.

In subsequent discussions, the diffusiophoretic behaviors
of a particle under various conditions are investigated through
numerical simulation. Mesh is refined to assure the conver-
gence of the results obtained throughout the simulation. To
examine the effect of electrophoresis arising from the differ-
ence in ionic diffusivities, two representative values are cho-
sen for B, namely, 8 = 0 and 8 = —0.2, which correspond
to an aqueous KCI solution (Pe; = Pe; = 0.26) and an
aqueous NaCl solution (Pe; = 0.39 and Pe;, = 0.26), respec-
tively. For illustration, we assume o = 1.

J. Chem. Phys. 134, 064708 (2011)

A. Dispersion medium with 8 =0

In this case, the effect of electrophoresis is absent. If Vny
is directed to the right, then because the ionic concentration
on the right-hand side (RHS) of the particle is higher than that
on its LHS, the double layer on the RHS is thinner than that
on the LHS. "¢ Therefore, if the particle is uniformly and posi-
tively charged, then the amount of anions (counterions) inside
the double layer on the RHS of the particle is greater than
that on its LHS, defined as type I DLP by Hsu et al.'” Due
to electric attraction, this yields a greater amount of cations
(coions) immediately outside the double layer on the RHS of
the particle and a greater amount of anions (counterions) on
its LHS, defined as type II DLP.!7 Each of these two types of
DLP induces an internal electric field with direction opposite
to each other. The electric field induced by type I DLP is usu-
ally stronger than that induced by type II DLP, and the latter
is more significant at a higher surface potential and thinner
double layer.

Figure 3 illustrates the influence of the distribution of the
surface charge of a particle on the neighboring ionic species
in the liquid phase on the plane 6 = 0. As seen in Figs. 3(a)
and 3(b), the contours of the scaled ionic concentrations for
a uniformly charged particle (R = 1) are a set of loops en-
closing the particle, but not symmetric about z = 0 due to the
application of Vng. The contours of the scaled net concentra-
tion difference, $n* = [(ny — na) — (n1 — n19)1/neo, shown
in Fig. 3(c) reveal that the maximum (minimum) of én* ap-
pears on the RHS (LHS) of the particle, implying that the con-
centration of anions is higher (lower) on the RHS (LHS), that
is, type I DLP is present. The scaled perturbed potential §¢*
shown in Fig. 3(d) has a maximum (minimum) on the LHS
(RHS) of the particle, which is consistent with the results il-
lustrated in Fig. 3(c).

As seen in Figs. 3(e) and 3(f), if the particle is nonuni-
formly charged with R = —1, then the contours of the scaled
ionic concentrations comprise several set of loops. In this
case, more amount of anions are accumulated near both the
RHS and the LHS surfaces of the particle where it is posi-
tively charged, and more amount of cations are accumulated
near the middle surface of the particle, where it is nega-
tively charged, making the contours of én* and §¢* shown in
Figs. 3(g) and 3(h) different from those in Figs. 3(c) and 3(d),
respectively. Note that both the electric and the hydrodynamic
forces acting on the particle are influenced by §¢*, so is its
diffusiophoretic velocity.

Figure 4 illustrates the influence of the thickness of dou-
ble layer, measured by xa, on the scaled diffusiophoretic ve-
locity of a particle U* at various levels of R (= oy /0og). As
seen in this figure, for the case where the particle is either
uniformly charged (R = 1) or its middle part is uncharged (R
= 0) and both its LHS and RHS sides are positively charged,
then U* is positive and decreases with increasing ka. How-
ever, if the middle part of the particle is negatively charged
and both its right- and left-hand parts are positively charged
(R = —1), then U*<0 and |U*| have a local maximum as
ka varies. These behaviors can be explained by the variations
of the scaled forces acting on the particle shown in Fig. 5.
If the particle is uniformly charged (R = 1), then because
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FIG. 4. Variation of the scaled diffusiophoretic velocity U*as a function of
xa for various values of R (:UM/UR) at B =0, ka =1, ¢ =30, and op
=0 =4.

the surface charge density is fixed the corresponding surface
potential must decrease with increasing xa. The amount of
counterions inside the double layer depends both on its thick-
ness and on the surface potential; the higher the potential
and/or the thinner the double layer the greater that amount.
However, for a fixed surface charge density, the surface po-
tential and the thickness of double layer vary in opposite
directions. As seen in Fig. 5(a), the scaled electric force F},
increases with increasing «a, passing through a local maxi-
mum, and then decreases with a further increase in xa. The
increase in F, at smaller values of ka comes from the in-
crease of the degree of type I DLP with increasing ka, and the
decrease in F, at larger values of xa arises from the reduc-
tion of the surface potential, and together, they yield a local
maximum in F,. Together with the electric force, the hydro-
dynamic force arising from diffusioosmosis will contribute
to the driving force, thereby governing the diffusiophoretic
behavior of the particle. The diffusioomosis comprises of an
electroosmosis component and a chemiosmosis component.
The former comes from the electric field induced by type I
and type II DLP and the later from the unbalanced amount of
counterions inside the double layer. Note that in the present
cases, type I DLP is more significant than type II DLP, and
the amount of counterions on the high-concentration side is
greater than that on the low-concentration side. Therefore, the
hydrodynamic force Fj, is negative and tends to drive the
particle toward the low-concentration side. The decrease of
U* with increasing ka seen in Fig. 4 at R = 1 arises from
the decrease in the net scaled force, (F}, + F},), with in-
creasing ka. If the middle part of the particle is uncharged
(R = 0), then the electric force acting on that part of the parti-
cle vanishes, and therefore, the total electric force becomes
smaller than that for the case where R = 1, so is the dif-
fusiophoretic velocity. It is interesting to note in Fig. 5(a)
that if the double layer is sufficiently thin (ka sufficiently
large), the magnitude of F}, can exceed that of F);, yield-
ing a negative U*, that is, the direction of diffusiophore-
sis is reversed, as seen in Fig. 4. The variation of F}, at
R = —1 is complicated. For example, if xa is small, then
F5(R = —1) < FA(R = 0), but as «a gets large, that trend
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is reversed. This can be explained by the behaviors of the
scaled electric force acting on the middle part of the particle,
Fy = Fou/e(kp T /z1e)*a?, and that on its right-hand and
left-hand sides, F),5; = Feorr/e(kp T/z1€)%a?, presented in
Fig. 5(b). This figure shows that if ka is large, then F),,, (R
=1) < F}yp,(R=0) < F},5, (R = —1), and that trend is re-
versed if ka is small. If R =1, F},,, > 0, and if R = —1, then
F},; < 0.In addition, except for the case of R =0, | F}},,,| in-
creases with increasing «a, passes through a local maximum,
and then decreases with a further increases in xa. These be-
haviors of F},,, and F},,, arise from the interaction between
the perturbed potentials near the surfaces of the different parts
of the particle. Recall that the application of Vny yields a per-
turbed potential, type I DLP inside the double layer near the
middle particle of the particle, and type II DLP immediately
outside that double layer.
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At this stage, the types I and II DLP coming from the
middle part of a particle alone deserve further discussion.
Without losing generality, we assume that the middle part of
the particle is negatively charged. As seen in Fig. 6, where
we assume that the left- and the right-hand parts of the par-
ticle are uncharged, the degrees of types I and II DLP de-
pend upon the thickness of the double layer near the mid-
dle surface of the particle. When Vny is applied, that double
layer is polarized and, since the middle part of the particle
is negatively charged, the scaled net concentration difference
dn* = [(ny — ny) — (n1 — nyp)l/neo is negative (positive) on
the right- (left-) hand side of the particle, implying that more
cations accumulate on its right-hand side [Figs. 6(a)-6(c)],
inducing a perturbed potential. In this case, §¢* > 0 on the
right-hand side of the particle and §¢* < O on its left-hand
side [Figs. 6(d)-6(f)], defined previously as type I DLP. Based
on the distributions of the scaled net concentration difference
on*and the scaled perturbed potential 6¢p* shown in Fig. 6,
the influence of the DLP of the middle part of a particle
on its left- and right-hand parts if they were charged can be
summarized as following: (i) If ka is small [Figs. 6(a) and
6(d)], because the double layer is relatively thick, both the
left- and the right-hand parts of the particle are influenced
only by the type I DLP of its middle part. (ii) If ka takes a
medium large value [Figs. 6(b) and 6(e)], because the dou-
ble layer becomes thinner, both the left- and the right-hand
parts of the particle are only slightly influenced by the type I
DLP of its middle part, but becomes influenced by the type
IT DLP of that part. (iii) If xa is large [Figs. 6(c) and 6(f)],
then both the left- and the right-hand parts of the particle are
influenced only by the type II DLP of its middle part. In this
case, the reduction in the surface potential makes the rate of
decrease in the degree of type Il DLP faster than that of type I
DLP.

Let us elaborate further the results shown in Fig. 5 based
on the idea that the right- and left-hand parts of a particle can
be influenced by the types I and II DLP of its middle part. If
both the right- and the left-hand parts of a particle are posi-
tively charged, then a negative (positive) perturbed potential
is induced on its right- (left-) hand part. Therefore, if the mid-
dle part of the particle is positively charged, then the direction
of the electric field induced by the type II DLP of that part of
the particle is opposite to the electric field induced by the type
I DLP on both the right- and the left-hand parts of the particle,
thereby reducing the electric force acting on those parts of the
particle. On the other hand, if the middle part of the particle is
negatively charged, that electric force is raised. Note that if the
middle part of the particle is positively (negatively) charged
and its right- and left-hand parts are positively charged, the
direction of the electric field induced by the type I DLP of the
middle part of the particle is similar (opposite) to that induced
by the type I DLP of its left- and right-hand parts. There-
fore, for example, the result that F,p, (R = 1) <F},, (R
=0) < F,x, (R = —1) at a sufficiently large xa comes from
the influence of the type II DLP of the middle part of the par-
ticle on the type I DLP of its right- and left-hand parts, and the
result that F),p, (R=1) > Ffp, (R=0) > F};p, (R =—1)
at a sufficiently small xa comes from the effect of the type
I DLP of the middle part of the particle. Because Vny is in

J. Chem. Phys. 134, 064708 (2011)

the z-direction, the polarization of double layer near the poles
of the particle is more serious than that near its middle sur-
face. This implies that the electric force acting on the middle
part of the particle comes mainly from the perturbed poten-
tial of its right- and left-hand parts. Note that in the present
case, the type I DLP of the right-hand and the left-hand parts
of the particle, which acts like the type II (I) DLP of its mid-
dle part if it is negatively (positively) charged, is more serious
than the type I DLP of its middle part. Therefore, if the mid-
dle part of a particle is positively (negatively) charged, then
it experiences a positive (negative) electric force. As seen in
Fig. 5(b), except for the case of R = 0, |Fej,,| has a local
maximum as ka varies. This can be explained by the variation
of the degree of the type I DLP of the right- and the left-hand
parts of the particle with «a. If ka is not large, that degree
increases with increasing «a, so is | Fe3,,|. However, if ka is
sufficiently large, then that degree becomes decrease with in-
creasing xa due to the reduction of the surface potential of the
particle, so is |Fe3,,|. Based on the variations of the electric
force acting on the middle part of the particle discussed pre-
viously, in Fig. 4, U" becomes negative if the middle part of
the particle is negatively charged is the result of the decreas-
ing the total electric force acting on the particle due to the
negative electric force coming from that part of the particle.
The behavior of U" and the presence of the local maximum
in |U*| as ka vary seen in Fig. 4 can also be explained by the
behaviors of F,,, shown in Fig. 5(b).

Figure 7 illustrates the influence of R on the scaled
diffusiophoretic velocity of a particle U* at various com-
binations of ¢ and xa. Note that the surface areas of the
right-hand, the middle, and the left-hand parts of the par-
ticle are 27 (1 — cosgg), 2m(cos @ + cosgg), and 2w (1
— cos ¢r), respectively. As seen in Fig. 7, if R > 1, then
U*(p =60) > U*(p =45) > U*(¢ = 30), and if R is small
but positive, then U*(¢ = 60)<U*(¢p = 45)<U*(p = 30).
These can be explained by the variation of the electric force
acting on the middle part of the particle as R and ¢ increase.
The increase in both the fraction and the charge density of
the middle part of the particle makes the type I DLP near that
part more important and, after combining with the type I DLP
of the left- and the right-hand parts of the particle, yields a
positive electric force acting on that part of the particle. Since
the larger the ¢ the more significant is the type I DLP of the
middle part of the particle, the greater is that electric force. In
addition, the larger the R the higher the surface charge den-
sity on the middle part of the particle, the greater the elec-
tric force acting on the particle, and therefore, the larger the
U*. However, the increase in the surface charge density of
the middle part of the particle also raises the degree of the
corresponding type II DLP. This has the effect of reducing
the degree of the type I DLP of the right- and the left-hand
parts of the particle, and therefore, the corresponding electric
force decreases, so does U*. Note that, as pointed out in the
discussion of Fig. 6, the influence of the type II DLP of the
middle part of a particle on the type I DLP of its right- and
left-hand parts is unimportant if xa is either sufficiently small
or sufficiently large. This is why in Fig. 7(b), where «a takes a
medium large value and the influence of the type Il DLP of the
middle part of the particle on its rest two parts is significant,
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the decrease of U* at a sufficiently large R is appreciable, and
that decrease is inappreciable both in Fig. 7(a), where ka is
small, and in Fig. 7(c), where «ka is large. For the same reason,
the result of U*(p = 60) < U*(p =45) < U*(¢p =30) ata
small positive R can be explained by that if R is small, so is
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the electric force acting on the middle part of the particle. If R
< 0 and |R| are sufficiently large, then except for the case of
¢ = 30, ka = 0.5 [Fig. 7(a)], the particle is driven toward the
low-concentration side (U* < 0) when ¢ is small and toward
the high-concentration side when ¢ is large. In addition |U*|
decreases with decreasing |R| except for case of ¢ = 30 in
Fig. 7(c) (ka = 5). Again, these can be explained by the be-
havior of the electric force acting on the middle part of the
particle. This force comprises three components: the force
coming from the type I DLP of the middle part of the par-
ticle, that coming from the corresponding type II DLP, and
that coming from the type I DLP of the left- and the right-
hand parts of the particle. The first component is positive and
the rest two components are negative. If both ¢ and |R| are
large, then the type I DLP of the middle part of the parti-
cle is important and the corresponding surface charge density
is high, yielding a great positive electric force acting on that
part of the particle, and the particle is driven toward the high-
concentration side. If ¢ is small and |R| is large, then because
the type I DLP of the middle part of the particle is unimpor-
tant, the corresponding type II DLP and the type I DLP of the
left- and the right-hand parts of the particle dominate, driv-
ing the particle toward the low-concentration side. As seen in
Fig. 7, except for the cases of ¢ = 30, R < 0, and «a
= 0.5 in Fig. 7(a), and that of ¢ =30, R < 0, and ka = 5 in
Fig. 7(c), |U*| decreases with decreasing |R|. This is be-
cause both the degree of the type I DLP and the sur-
face charge density of the middle part of the particle de-
crease with decreasing |R|, so does the contribution to
the electric force by that part of the particle. Those ex-
ceptions in Figs. 7(a) and 7(c) can be explained as fol-
lowing. In Fig. 7(a) (ka = 0.5), if ¢ = 30 and R
< 0, then as | R| decreases, U* decreases from a positive value
to become negative, passes through a negative local mini-
mum, and then becomes positive again; similar behavior is
observed in Fig. 7(c) (ka = 5) except that U* is all nega-
tive. In Fig. 7(a), ka is small, the electric field induced by
the type I DLP of the middle part of the particle also influ-
ences its left- and right-hand parts, thereby reducing the in-
fluence of the type I DLP of those parts, which acts like the
type II DLP of the middle part of the particle. In addition, if
|R| is sufficiently large, then the influence of the type I DLP
of the middle part of the particle cancels with that of its left-
and right-hand parts, thereby raising the positive electric force
acting on the middle part of the particle and the total positive
electric force acting on the particle, yielding a positive U*.
The observation in Fig. 7(a) (ka = 0.5),if ¢ =30and R < 0
that as |R| decreases, U* decreases from a positive value to
become negative, passes through a negative local minimum,
and then becomes positive again, arises from the competition
between the reduction in the degree of the type I DLP and that
in the charge density of the middle part of the particle as |R|
decreases. The decrease in the degree of the type I DLP of the
middle part of the particle reduces its influence on the type
I DLP of its rest two parts, and therefore, the significance of
the type I DLP of those parts of the particle, which acts like
the type II DLP of its middle part, increases, thereby reduc-
ing U*. As |R| decreases, the decrease in the surface charge
density, and therefore, the amount of negative surface charge
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of the middle part of the particle yields a decrease in the neg-
ative electric force acting on that part of the particle, thereby
reducing |U*|, and if |R]| is sufficiently small, U* becomes
positive. The observation that the behavior of U* in Fig. 7(c)
(ka = 5) is similar to that in Fig. 7(a) (ka = 0.5) can be
explained by the same reasoning. The result that U* < 0 in
Fig. 7(c) for the case where ¢ = 30 and R < 0 arises from that
the degree of the type I DLP of the right- and the left-hand
parts of the particle is enhanced slightly by the type II DLP
of its middle part. In contrast, the degree of the type I DLP of
the right- and the left- hand parts of the particle in Fig. 7(a) is
reduced by the type I DLP of its middle part.

The variations of U* as a function of ¢ at various levels
of R are illustrated in Fig. 8, and the corresponding variations
in the scaled electric forces acting on various parts of a parti-
cle presented in Fig. 9. Note that, regardless of the sign of the
surface charge, the type I DLP of the middle part of the parti-
cle always induces a positive electric force acting on that part
of the particle. In contrast, the electric force induced by the
type I DLP of the left- and the right-hand parts of the particle
acting on its middle part can be either positive or negative,
depending upon the sign of their surface charge. This force is
also influenced by the electric force coming from the type II
DLP of the middle part of the particle. If ¢ is small, then U*
> 0, regardless of the level of R, and it increases with increas-
ing R. This is because if the fraction of the middle part of the
particle is small, then the electric driving force comes mainly
from the type I DLP of its right- and left-hand parts. This type
I DLP generates a positive force, which is large when ¢ is
small, acting on the right- and the left-hand parts of the par-
ticle, yielding a positive U*. Note that, as shown in Fig. 9,
if R > 0, then F},,, and F,,, have the same sign, and they
have different sign if R < 0. The result that U* increases with
increasing R arises from that F),,, increases with increasing
R. As ¢ increases, the significance of the type I DLP, that of
the type II DLP, and the total amount of surface charge of the
middle part of the particle all increase. If R > 0, the increase
of U* with increasing ¢ arises from that the type I DLP of the
middle part of the particle and that of its rest parts all drive
the middle part of the particle, and therefore, the whole parti-
cle toward the high-concentration side. On the other hand, if
R < 0, because the rate of increase in the significance of the
type I DLP of the middle part of the particle as ¢ increases is
not fast enough compared with that of the type II DLP of its
middle part and that of the type I DLP of its rest parts, F);,,
and, henceU™ decreases accordingly. In addition, the smaller
the |R| the smaller the negative force coming from the type Il
DLP of the middle part of the particle and that from the type I
DLP of its rest two parts acting on its middle part, and there-
fore, the smaller the |U*|. However, if ¢ increases further, so
is the fraction of the middle part of the particle and the sig-
nificance of the corresponding type I DLP. This has the effect
of reducing |Fe3,,|, and therefore, |U*|, yielding the pres-
ence of a local maximum in |U*|. If ¢ is sufficiently large,
the electric force acting on the middle part of the particle be-
comes positive, driving that part of the particle, and there-
fore, the whole particle toward the high-concentration side.
Figure 8 reveals that the relative magnitudes of U* for vari-
ous negative values of R at large values of ¢ become different
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from that at small values of ¢. For instance, if ¢ is large, then
U*R = -3) > U¥R = -2) > U*R = —1) > U*
(R = 0), but that order is reversed if ¢ is small. Again, this
arises from the behavior of FJ,,, shown in Fig. 9(b). In the
present case, because the middle part of the particle is large,
the amount of surface charge on that part of the particle is
large, and the corresponding type I DLP is important, making
F},,;, and therefore, the total electric force large. Note that
if ¢ takes a medium large value (e.g., 30), then U*(R = 3)
< U*(R = 2), but that order is reversed for other values of ¢.
This arises from the influence of the effect of type II DLP of
the middle part the particle on its left- and right-hand parts.
Let us consider next the special case where the particle
is divided into the left- and the right-hand halves with its
right- (left-) hand half positively (negatively) charged, that is,
og = —op = o(> 0). If Vny is applied, the double layer on
the high-concentration (right-hand) side is compressed and
that on the low-concentration (left-hand) side is expanded.
This polarization of the double layer can be interpreted by the
mechanism suggested by Dukhin and co-workers,"® which
is defined as type I DLP by Hsu et al.'” In the present case,
because on the right- (left-) hand side of the particle the tan-
gential component of the Stern potential points from the high-
(low-) to the low- (high-) concentration side, anions accumu-
late on the right-hand side of the particle and cations are ex-
pelled from the left-hand side. Therefore, as seen in Fig. 10,
the scaled perturbed concentration of anions, dn3, is higher
than that of cations, én}, where Snj =dnj/njoe,j=12,and
a negative perturbed potential §¢p* is induced on both sides
of the particle. Note that the maximum of |§¢*| occurs at the
poles of the particle (r = a, z = *£a), and its value decreases
along the surface of the particle to its equator (r = a, z = 0).
Figure 11 shows the variations of U* as a function of xa
at various values of o (> 0) for the case where the particle is
divided into the left- and the right-hand halves. The former is
negatively charged and the latter is positively charged with og
= —o = 0. Because the signs of the charge on the two halves
of the particle are different, the type II DLP of its one half
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FIG. 11. Variations of the scaled diffusiophoretic velocity U* as a function
of ka for various levels of 0 at § = 0,0r = —op =0, and ¢ = 0.
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reduces the degree of the type I DLP of its other half, yield-
ing a small electric force. In addition, due to the presence of
the circulation flow near the particle surface, as illustrated in
Fig. 12, the hydrodynamic drag dominates and, therefore, the
total force acting on the particle is negative, so is U*. The
presence of the circulation flows arises from that although
some of cations must be expelled from the left-hand side of
the particle due to the application of Vn; excess cations are
still present in that region since the left-hand half of the parti-
cle is negatively charged. These excess cations tend to migrate
from the equator of the particle to its left-hand pole, dragging
fluid flow in that direction. Similarly, on the right-hand side
of the particle, anions tend to migrate from the pole of the
particle to its equator. In a study of the effect of the nonuni-
form surface charge density on the self-electrophoresis of a
spherical particle, Qian and Joo?® proposed that, due to the
accumulation of excess counterions, the positive (negative)
charged part of a particle acts like the source (sink) of electric
field. This implies that there present a local electric field on
the right-hand side of the particle directing from the particle
surface to the fluid and a local electric field on the left-hand
side of the particle directing from the fluid to the particle sur-
face. The superposition of these two local electric fields yields
the flow field shown in Fig. 12, where clockwise circulation
flows are present on both sides of the particle. These circula-
tion flows contribute significantly to the pressure component
of the hydrodynamic drag. In addition, because the left-hand
half of the particle is negatively charged, it is difficult for an-
ions to move from the right-hand side of the particle to its
left-hand side. Therefore, anions tend to accumulate on the
right-hand side of the particle. This also contributes to the
pressure component of the hydrodynamic drag, and therefore,
raises that force, which drives the particle toward the low-
concentration side. Note that for a fixed «a, the higher the
surface charge density, the higher the surface potential, the
larger the amount of anions (cations) attracted into the double
layer on the right- (left-) hand side, and therefore, the greater
the hydrodynamic drag acting on the particle, yielding a more
negative U*. If the surface charge density is fixed, then the
larger the ka the more the amount of counterions in the dou-
ble layer, the greater the hydrodynamic force exerting on the
particle, and therefore, the larger the |U*|. However, if the
surface charge density is fixed, an increase in ka also yields
a decrease in the surface potential and, therefore, a decrease
in the amount of counterions in the double layer, yielding a
decrease in |U*|. The competition of these two effects leads
the presence of a local maximum in |U*| seen in Fig. 11.

If the scaled surface charge density of the right-hand part
of the particle, o, is fixed and that on its left-hand part,
oy, varies, then because both the electric force coming from
type I DLP and the flow field near the particle vary, yield-
ing the results shown in Fig. 13. As seen in this figure, if
|S] (S = o /og) is large and ka is small, then because the
surface charge density on the left-hand half of the particle is
high, the corresponding type I DLP is significant, and the hy-
drodynamic drag acting on the particle is small because the
double layer is thick, U* is positive. As ka gets large, the hy-
drodynamic drag dominates, and the particle is driven toward
the low-concentration side (U* < 0). It is interesting to see in
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this case that U* has both a local negative minimum and a lo-
cal negative maximum. The presence of the local minimum in
U* can be explained by the same reasoning as that employed
in the discussion of Fig. 11. Note that the larger the |S| the
more significant the type I DLP near the left-hand half of the
particle, yielding a more positive (negative) U* at smaller
(larger) xa, where the hydrodynamic drag is smaller (greater)
due to thicker (thinner) double layer. If k a is sufficiently large,
then the decrease in the hydrodynamic drag due to the de-
crease in the surface potential is compensated by the increase
in that drag due to the decrease in the thickness of double
layer, and therefore, |U*| increases, yielding the presence of
the local maximum.

B. Dispersion medium with 8 #0

If the diffusivity of cations is different from that of
anions, then B # 0 and the effect of electrophoresis need
be taken in to account.*>!” In this case, as expressed in
Eq. (19), a background electric field is induced, the direction
of which is opposite to that of Vnq. This background electric
field drives a positively (negatively) charged particle toward
the low-(high-) concentration side. As pointed out by Prieve
and Roman® and Hsu et al.,” the electrophoresis effect can
have a significant influence on the diffusiophoretic behavior
of a particle. As seen in Fig. 14, if this effect is present and the
middle part of the particle is positively charged with a charge
density higher than its rest parts (R > 1), then the larger the
R the more the amount of positive charge on the surface of
its middle part, the greater the negative electric force com-
ing from the electrophoresis effect and, therefore, it tends to
move toward the low-concentration side with |U*|(¢ = 60)
> |U*|(p = 45) > |U*|(¢ = 30). For R < 1, |U*| decreases
with decreasing R when U* < 0, and increases with decreas-
ing R when U* > 0. The former is because the amount of
surface charge of the middle part of the particle decrease
with decreasing R, and therefore, the total amount of sur-
face charge of the particle, which is proportional to the av-
eraged surface charge density o, decreases accordingly, with
lo](p = 60)<||(¢ = 45)<|o|(¢ = 30). The later is because
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both the amount of negative surface charge of the middle
part of the particle and that of the particle increase with de-
creasing R, with |[o|(¢ = 60) > |o|(¢p = 45) > |7|(¢ = 30).
Figure 14 shows that |U*| decreases with increasing «a,
which is consistent with the observation of Prieve and
Roman.® This might be caused by that as ka increases, so are
the amount and the concentration of ions inside the double
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layer, yielding an increase in the hydrodynamic drag acting
on the particle, and therefore, a decrease in |U*|.

Figure 15 illustrates the variations of the scaled dif-
fusiophoretic velocity of a particle U* as a function of
S (= o /o) at various values of «a for the case where the
particle is divided into two equal halves. In this case, the net
surface charge density o can be reflected by the value of S. For
instance, if S < —1 (S > —1), then & is negative (positive),
and the larger the |S| the larger the o. Figure 15 reveals that
if S < —1, then U* > 0, and if § > —1, then U* < 0. Note
that if § = —1, then although o = 0, U* still takes a small
negative value due to the effect of the chemiphoresis. Figure
15 also suggests that the behavior of the particle is dominated
by the electrophoresis effect. For example, if § < —1, then
because o < 0 and the presence of the electrophoresis effect,
U* is positive, which is different with that in Fig. 13, where
B = 0 and the corresponding velocity U* is negative. Again,
the behavior of U* depends mainly upon the variations of the
surface potential and the hydrodynamic force acting on the
particle as ka varies.

IV. CONCLUSIONS

The influence of the nonuniform charged conditions of
a spherical particle, where both the level and the sign of
the surface charge density of each part of the particle can
be different, on its diffusiophoretic behavior in an elec-
trolyte solution is investigated theoretically. In this case, the
application of a concentration gradient yields complicated
concentration, electric, and flow fields near the particle, lead-
ing to profound and interesting diffusiophoretic behaviors. If
the electrophoresis effect coming from the difference in the
ionic diffusivities is unimportant, we conclude the follow-
ing: (i) For a fixed surface charge density, the strength of
the electric field coming from type I DLP depends upon the
amount of countertions inside the double layer, which is re-
lated to the surface potential and the thickness of double layer.
In this case, because type I DLP dominates, a nonuniformly
charged particle always moves toward the high-concentration
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side. In addition, the lower the surface potential, the less sig-
nificant the type I DLP, the smaller the electric driving force,
and therefore, the smaller the diffusiophoretic velocity of the
particle is. (ii) If the particle comprises the right-hand, the
middle, and the left-hand parts, with its middle part
charged differently, both in sign and in density, with
the rest two parts, then each part of the particle is in-
fluenced by the polarized double layers of the other
parts. Here, the degrees of the types I and II DLP of
each part of the particle depend upon its surface charge
density, double layer thickness, and its fraction. If the dou-
ble layer of the middle part of the particle is sufficiently thick,
then its type I DLP influences the other two parts of the parti-
cle. On the other hand, if that double layer is sufficiently thin,
then the right- and the left-hand parts of the particle are influ-
enced mainly by the type II DLP of its middle part. Because
the sign of the middle part of the particle is different from
that of its other two parts, the type I DLP of the latter acts
like the type II DLP of the former, and therefore, reduces the
degree of type I DLP of the former. This implies that the diffu-
siophoretic direction of the particle can be manipulated by the
fraction and the charge density of its middle part. (iii) If all the
three parts of a particle are positively (or negatively) charged,
because the type II DLP of its middle part can dominate at a
suitable fraction of that part, an increase in the surface charge
density of that part of the particle can lead to a decrease in the
diffusiophoretic velocity of the particle. (iv) If the particle is
divided into two halves with its right- (left-) hand half posi-
tively (negatively) charged, then, due to the migration of the
accumulated ions caused by the type I DLP of each half of
the particle, circulation flows are present on both sides of the
particle, making the pressure component of the hydrodynamic
force, which drives the particle toward the low-concentration
side, dominates. (v) If the surface charge density of the left-
hand half of the particle is higher than that of its right-hand
side, then it can be driven to the high-concentration side if the
double layer is sufficiently thick. If the electrophoresis effect
coming from the difference in the ionic diffusivities is impor-
tant, then we conclude the following: (vi) The direction of the
background electric field induced by the electrophoresis ef-
fect is opposite to that of the imposed concentration gradient
and, therefore, drives a particle with a positive (negative) aver-
aged surface charge density to the low- (high-) concentration
side. (vii) The diffusiophoretic direction of a particle is deter-
mined mainly by its averaged surface charge density: if it is
positive (negative), then the particle moves toward the low-
(high-) concentration side. (viii) If the surface charge density
of a particle is fixed, then the hydrodynamic force acting on
the particle plays an important role. In this case, the thicker
the double layer the smaller the hydrodynamic force and,
therefore, the larger the absolute value of the diffusiophoreic
velocity.
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