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Abstract

The diffusiophoretic motion of a polyelectrolyte molecule or charged floc in an unbounded solution of a symmetrically charged electrolyte
with a uniform prescribed concentration gradient is analytically studied. The model used for the particle is a porous sphere in which the
density of the hydrodynamic frictional segments, and therefore also that of the fixed charges, is constant. The electrokinetic equations whicl
govern the electrostatic potential profile, the ionic concentration distributions (or electrochemical potential energies), and the fluid velocity
field inside and outside the porous particle are linearized by assuming that the system is only slightly distorted from equilibrium. Using
a regular perturbation method, these linearized equations are solved for a charged porous sphere with the density of the fixed charges
the small perturbation parameter. An analytical expression for the diffusiophoretic mobility of the charged porous sphere in closed form is
obtained from a balance between its electrostatic and hydrodynamic forces. This expression, which is correct to the second order of the fixe
charge density of the particle, is valid for arbitrary valuexefandia, wherex is the reciprocal of the Debye screening lengths the
reciprocal of the length characterizing the extent of flow penetration inside the particle,ianle particle radius. Our result to the first
order of the fixed charge density agrees with the corresponding solution for the electrophoretic mobility obtained in the literature. In general,
the diffusiophoretic mobility of a porous particle becomes greater as the hindrance to the diffusive transport of the solute species inside the
particle is more significant.
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1. Introduction andT is the absolute temperature) in electrolyte gradients
of order 1 M/cm will move by diffusiophoresis at speeds of

A colloidal particle can be driven to move by the applica- Several microns per second.
tion of a nonuniform solute concentration field that interacts ~ Using the classical model of the diffuse electric dou-
with the surface of the particle. This phenomenon, known Ple layer, Prieve [7] derived a formula for the diffusio-
as diffusiophoresis [1-3], has been demonstrated experimenPhoretic velocity of a nonconducting particle of arbitrary
tally for both charged [4] and uncharged [5] solutes. Diffu- Shape in a solution of a symmetrically charged electrolyte
siophoresis is of practical importance in some applications with a constant concentration gradient for arbitrary zeta po-

to particle analysis or separation and in certain latex-particle {€ntial (¢) of the particle in the limit of thin double layer

coating processes [1,6]. In a solution of nonionic solute, the (’I“‘ _)h(?o,f wherlea is the I!nheahr dmengonl chj tge p:rg-
solute molecules interact with the particle through the van C/€)- This formula agrees with that previously deduced by a

der Waals/dipole forces. For charged particles in an elec- moretz |PtU|t|ve mgthod [%[]' USTlg a r?hethod OIT matchec;l as”
trolyte solution, the particle-solute interaction is electrostatic ymplotic expansions wi lika)™ as the sma _parameter,

in nature and its range is the Debye screening lergth Prieve et al. [2] evaluated the effect of particle curvature
Particles with zeta potentials of ordel /e (~25 mV: ¢ is on the diffusiophoretic mobility of a spherical particle ac-

-1 _ . .
the elementary electric charge,is Boltzmann’s constant, cure'tt.e tp Q(ica)™]. When the double-layer d!stortlop from
equilibrium was taken as a small perturbation, Prieve and

Roman [8] obtained a numerical solution for the diffusio-
* Corresponding author. phoresis of a dielectric sphere in concentration gradients of
E-mail address: huan@ntu.edu.tw (H.J. Keh). 1:1 electrolytes (KCI or NaCl), which was applicable to a
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broad range of andka. Later, analytical expressions forthe flow field are determined by solving this set of differential
diffusiophoretic velocity of a dielectric sphere with a “thin equations subject to the appropriate boundary conditions.
but polarized” double layer were also derived [9,10]. Re- A closed-form expression for the diffusiophoretic velocity
cently, we have obtained analytical formulas in closed forms of the charged porous sphere is obtained from the balance
for the diffusiophoretic mobility of a colloidal sphere [11] between its electrostatic and hydrodynamic forces. Finally,
and cylinder [12] in symmetric electrolytes at low surface typical numerical results of the diffusiophoretic mobility for
charge density (valid for ¢ up to 50 mV) and arbitrarya. the charged porous sphere are presented in Section 4.

All results of the above investigations show that the diffu-

siophoretic mobility of the particle in general decreases with

the increase ofca) 1. Also, the particle can reverse the di- 2. Basic electrokinetic equations for the diffusiophoresis
rection of its migration when the value f, (xa) 1, or the of a charged porous particle

valence of the electrolyte increases.

A theoretical study of the electrokinetic phenomena of  \we consider the diffusiophoretic motion of a charged
charged porous particles was first made by Hermans and Fuporous sphere of radius immersed in an unbounded so-
jita [13,14], who derived formulas for the electrophoretic |ytion of a symmetrically charged binary electrolyte with a
mobility of a porous sphere by introducing the Brinkman constant bulk concentration gradiént in the direction,
equation [15,16] for the internal flow field of the particle and a5 jllustrated in Fig. 1. The diffusiophoretic velocity of the
assuming that the double layer remains spherically symmet-paticie is e, wheree, is the unit vector in the: direc-
ric in the presence of the applied electric field. The effect of tion, The origin of the spherical coordinate systen®, ¢)
the distortion of the counterion atmosphere around a nearlyis taken at the center of the particle. Obviously, the prob-
free-drained polyelectrolyte coil under an applied electric g, js axially symmetric about the-axis (or the polar axis
field was examined theoretically by Imai and Iwasa [17], g — 0).
and their numerical results agree well with the experimen- |t js assumed that the prescribed electrolyte concentration
tal data [18]. Recently, general expressions were derived for gradient is not high and hence that the system is only slightly
the electrophoretic mobility of a composite spherical parti- istorted from equilibrium by the application of the gradient.
cle which is a rigid colloidal sphere coated with a layer of Therefore, the ionic concentration distributioms(x) and

porous substances or polymers at its surface [19-21]. Thisihe electric potential distributiogt (x) can be expressed as
mobility expression tends to a formula obtained by Hermans

and Fuijita [13] for a spherical polyelectrolyte when the hard ,, — nf") +ony, (1a)
core of the composite particle vanishes and the electric po- €9 b
tentials are low. However, the effects of particle charges on v=yTT 40y, (1b)

the diffusiophoretic velocity of porous particles have not yet whereni_fq) (x) andy €9 (x) are the equilibrium distributions

been investigated. _ o _of ionic concentrations and electrostatic potential, respec-
In this paper, we analytically study the diffusiophoretic ey andsn, (x) andsy (x) are the small perturbations to
motion of a charged porous particle in an unbounded elec- ¢ oquilibrium state (in which no bulk concentration gradi-
trolyte solution. The density of charged segments of the ent or electric field is imposed). Here, the subscriptand
porous particle is assumed to be uniform, but no assump- _ refer to the cation and anion, respectively, anis the

tion is made for the thickness of the double layer relative position vector. The equilibrium concentration of each ionic

to the dimension of the particle. In the next section, we giqjes js related to the equilibrium potential by the Boltz-
present the fundamental electrokinetic equations and bound'mann distribution

ary conditions which govern the electrolyte ion distributions,

the electrostatic potential profile, and the fluid velocity field z

inside and outside the porous particle. These basic equa-

tions are linearized assuming that the ionic concentrations,

the electric potential, and therefore the electrochemical po- Ue

tential energies of the ionic species have only slight devi- 5 r Vo
ations from equilibrium due to the motion of the particle.

In Section 3, the axisymmetric diffusiophoretic motion of

a charged porous sphere in a solution of a symmetrically

charged electrolyte with a constant imposed concentration

gradient is considered. The linearized electrokinetic equa-

tions are transformed into a set of differential equations by

using a regular perturbation method with the density of the

fixed charges inside the porous particle as the small per-

turbation parameter. The perturbed electrochemical poten-Fig. 1. Geometrical sketch for the diffusiophoresis of a charged porous
tials of ions, the perturbed electric potential, and the fluid sphere.
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It can be shown that the small perturbed quantiies polymer microcapsules [30] in salt solutions, values pf 1
andsvy together with the fluid velocity field(x) satisfy the were found to be about 3 nm. Note that.? is the so-called
following set of linearized electrokinetic equations [11,21]: “permeability” of the porous medium, which is related to its

pore size and porosity and characterizes the dynamic behav-

2 2
VAV XU —h(X)AV xu ior of the viscous fluid in it. Of course, the parametemay
—_ %y (v21/,(eq)v(g,/, + VZ(;wv]/,(eq))’ 2) also depend on the pore size and porosity, especially when
4rn the pore size is small down to the order of the ionic size.
V.u=0, 3) The conditions inside the porous particle are
Z
VoSuy = iﬁ{vwe@ Vs u, du+, andsy are finite (7a—7c)
kT The conditions far from the particle become
[1— (1—w)h(X)]D+ r—o00: u— —Ue, (8a)
r
) 47 Zen™ (0) Zey (€9 S+ — kT (1F B)a— cosb, (8b)
Vey = ex pu—+ Zedyy) a
ekT kT kT r
8¢y - —— Ba— cosh, (8c)
7 o (€9 Ze a
—expl —— Bus+ — Zesy) |. (5) wherea = a|Vn®|/n>(0) and 8 = (DL — D_)/(D4 +
D_). Expression (8c) for the induced potential field, which

Here,su+(X) is defined as a linear combination&f and arises spontaneously due to the imposed electrolyte gradient
8y based on the concept of the electrochemical potential en-and the difference in mobilities of the cation and anion of

ergy [22], the electrolyte, is derived from the requirement that the to-
tal fluxes of cations and anions are balanced in order to have
Sni . . .
Sy = kT(—eo) + Zesyr; (6) no electric current generated in the electrically neutral bulk
ny solution [1,7,31]. Equations (7a) and (8a) take a reference

frame that the particle is at rest and the velocity of the fluid
at infinity is the particle velocity in the opposite direction.
The boundary conditions at the particle surfacare

n is the viscosity of the fluid (the available evidence [23]
suggests that it is reasonable to assume the same vailue of
inside and outside the porous particl®); andw DL (with

o < 1) are the diffusion coefficients of the ionic species u|g+ =u|y-, (9a)
outside and inside the porous particle, respectivelyis

the valence of the symmetric electrolyte, which is positive; n-olst =n-ols-, (9b)
A = (f/n)Y/2, wheref is the hydrodynamic friction coeffi- ~ Su|s+ = duxls-, (9¢)
cient inside the porous particle per unit volume of the fluid V§u.|¢r = wVu+|g-, (9d)
(which accounts for the hindrance to the convective transport _

e : SYrls+ =8Yls-, (9e)
of the electrolyte caused by the frictional segmeritgy) is
a unit step function which equals unityxfis inside the par- ~ V8¥ls+ = Véy|s-. (9f)
ticle, and zero otherwise;= 4 soer, wheres, isthe relative  Here, the superscripts and— to S represent the external
permittivity of the electrolyte solution and is the permit-  and internal sides, respectively, to the surface of the particle,
tivity of a vacuum. We assume that the valueg of, ¢, D, n is the unit vector outwardly normal to the particle surface,
andw are constant. andg is the hydrodynamic stress of the fluid. Equations (9a)

For counterions in polyelectrolyte networks, a theory for and (9b) are the continuity requirement of the fluid velocity
the ionic self-diffusion [24] and some experimental data [25] and stress tensor at the particle surface which are physically
predict that the parameter (which is the normalized diffu-  realistic and mathematically consistent boundary conditions
sion coefficient of the small ions in the porous structure) can for the present problem [23,32,33]. Equations (9¢) and (9d)
have a value as low as 0.25-0.31. Heses taken to be the  state that the concentrations and fluxes of the ionic species
same for both ionic species. Note théatcan be expressed must be continuous. Equations (9e) and (9f) indicate that the
as 6rnagNgs in the free-draining limit, whereVg andag potential and electric field are also continuous. The conti-
are the number density and the Stokes radius, respectivelynuity of the electric field results from the assumption that
of the hydrodynamic frictional segments of the porous par- the relative permittivity of the solution takes the same value
ticle, and the reciprocal of the parameteis the shielding both inside and outside the porous particle. In the present
length characterizing the extent of flow penetration inside system, the total fluid stress, which consists of the hydro-
the porous particle. For some model porous particles madedynamic stress and the Maxwell stress, is continuous at the
of steel wool (in glycerin—water solution) [26] and plastic particle surface. The boundary condition for the continuity
foam slab (in silicon oil) [27], experimental values ofil of hydrodynamic stress given by Eq. (9b) comes from the
can be as high as 0.4 mm, whereas in the surface regions ofact of continuous Maxwell stress that can be deduced from
human erythrocytes [28], rat lymphocytes [29], and grafted Egs. (1b) and (9f) [20].
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3. Solution for the diffusiophoretic velocity

The equilibrium electric potentialy®? satisfies the

Poisson-Boltzmann equation and appropriate boundary con-

ditions (taking finitey ¢ inside the charged porous par-
ticle, continuous electric potential and electric field at the
particle surface, and zero potential far from the particle). It

is easy to show that, for an unbounded solution of a sym-
metric electrolyte surrounding a charged porous sphere withug =

a uniform fixed charge densit9 inside the porous particle,

v (r) = Yeq10 + O(Q3).

Here, Q = 41 ZeQ/ek?kT is the nondimensional charge
density of the porous particle, and

(10)

T :
Yeq1= [1 — (ka+ 1)e_"“m} if r <a, (11a)
Kr

Ze
e—K’r

Yeqr= kZ—Z [ca coshika) — sinh(ka)] p»

if r >a, (11b)

where the Debye screening parametes [8 Z2¢2n>°(0)/
ekT1Y2. Expression (10) fory (€9 as a power series in
0 up to O Q) is the equilibrium solution for the linearized
Poisson—Boltzmann equation that is valid for small values
of the electric potential (the Debye—Hyiickel approximation).
That is, the fixed charge densit@ of the particle must
be small enough for the potential to remain small. Note
that v©@ and n'? depend onr only due to spherical
symmetry, and the contribution from the effects of @)
to v ©? disappears only for the case of symmetric elec-
trolytes.

To solve the small quantitiag S+, anddy in terms of
the particle velocity/ when the paramete? is small, these

243
andsy (to the order ofQ) can be written as
kT —
Uy = {|:U1F0(”) - —2,306F1(r):|Q
na
kT —,
+ [UzFo(r) + W(XFZ(”} 0“1 cosh, (13a)
) kT _
—Za r |:U1F0(”) - WﬂaFl(")} o
) kT —| .
+r |:U2Fo(r) + WaFg(r)} Q“¢sing, (13b)
Sps =kT (LT B)a[Fuo(r) F Fua(r) Q] cosd, (14)
kT —
Sy = Z—ea[—,BF¢o(r) + Fya(r)Q ] coss. (15)

Here, F;(r) (with i equal to 0, 1, and 2)F,o(r), Fyo(r),
F,1(r), andFy1(r) are dimensionless functionsotlefined
in Appendix A. Note that the solutions féu+ andsy to
the order ofQ, which will be sufficient for the calculation of
the particle velocity to ©Q 2), do not contain the influence
of the fluid motion.

The total force exerted on a charged porous sphere un-
dergoing diffusiophoresis in an electrolyte solution can be
expressed as the sum of the electrostatic force and the hy-
drodynamic friction force. The electric force acting on the
porous sphere is defined by

Fe=— / OV dx. (16)

r<a

Substituting Egs. (1b) and (15) into Eqg. (16), and using the
fact that the net electric force acting on the particle at the

variables can be written as regular perturbation expansionsequilibrium state is zero, one has

in powers ofQ,

U=U10 +U0?%+---, (12a)
S = phox + 10 + 2+ Q2+ -+, (12b)
8 =vo+ Y10 +v20°+ -+, (12c)
U=U10+U20%+ -, (12d)

where the functions);, w;+, ¥;, and U; are independent
of Q. The zeroth-order terms af and U disappear be-
cause an uncharged particle will not move by imposing an
electrolyte concentration gradient if only the electrostatic in-
teraction is considered.

Substituting the expansions given by Eq. (12) ari§®
given by Eq. (10) into the governing Egs. (2)—(5) and bound-
ary conditions (7)—(9), and equating like powers@fon

both sides of the respective equations, we can obtain a set

of linear differential equations and boundary conditions for
each set of the functions, u;+, andy; withi equalto 0, 1,

&

Fo=3

kakT\? oy
( - >a[,3F¢o(a)Q
— Fy1(0)0%+0(03]e..

The hydrodynamic friction force acting on the porous
sphere is given by

(17)

Fh= / Fu(x) dx. (18)

r<a

Substitution of Eq. (13) into the above equation results in

4

kT —
Fn ?nkzas{ [UlFo(co - —Z,B(YFl(a):| 0
na

+ [UzFo(a) + k—Tzan(a)} ézlez- (19)
na

At steady state, the total force acting on the diffusio-

and 2. After solving these perturbation equations, the resultsphoretic particle is zero. Applying this constraint to the sum-

for ther andd components ofi (to the order ofQ 2), S,

mation of Egs. (17) and (19) for a symmetric electrolyte, one
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obtains
1= jja (I;_DZ(W)ZHL (202)
= 4;?751 (%>Z(Ka)4H2, (20b)

whereH; and H, are dimensionless functions & andia
defined by

_4m(Ze)> 1 Fi(a) 1 Fyola)
YZ TeakT wa)? Fola)  (ha)? Fola) |
47 (Ze)?> 1 Fa(a) 1 Fyi(a)
" eakT (ka) Fola) = (kara)? Fola)

From Eqgs. (12d) and (20), the diffusiophoretic velocity of
the charged porous sphere can be expressed as

kT \? _
(—) [B(ka)?H10

Ze

(21a)

Hy =

(21b)

ea

- 4 na
+ (ka)*H20? + 0(0¥)].

Note that(ka)2Q(= 4na?ZeQ/ckT) is independent ok

or n*(0) for a constant fixed charge densigy. Since the
solutions forsu+ andé§yr given by Egs. (14) and (15) are
not influenced by the fluid flow, the effect of the polarization
(or relaxation) of the diffuse ions in the electric double layer
surrounding the particle is not included in Eq. (20) up to the
orderQ 2.

For the limiting case of a charged porous sphere with
ra — oo (very high density of the hydrodynamic frictional
segments) and = 1 (equal ionic diffusivities inside and
outside the particle), Eq. (21) reduces to

(22)

Hy = g(/ca)_3e_’“‘y(/<a), (23a)
1 -3
Hy= §(Kﬂl) y(ka)|[Es(ka) — E3(ka)]
+ %Z(Ka)_ee_z"“ [y(/ca)]z, (23b)
where
E,(x)= / e dt (24)

1

andy (x) is defined by Eq. (A.5a) in Appendix A. On the
other hand, whera =0 andw = 1, Eq. (21) reduces to

Hi=[94y a)(ha)?]
andH, =0.

(25)

4. Resultsand discussion
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can be considered as a linear combination of two effects:
(i) chemiphoresis due to the nonuniform adsorption of coun-
terions and depletion of co-ions over the external and inter-
nal surfaces of the particle, which is analogous to diffusio-
phoresis in nonionic media [3,10], and (ii) electrophoresis
due to the macroscopic electric field generated by the elec-
trolyte concentration gradient given by Eq. (8c). In Eq. (22)
for the diffusiophoretic velocity, the @) term (involving
parametes) results from the contribution of electrophore-
sis, while the QQ 2) term represents the chemiphoretic con-
tribution. Note that, whem = 1, the functionH; given by
Eqg. (21a) is the same as that obtained by Hermans and Fu-
jita [13] for the electrophoretic mobility of a porous sphere.
Figs. 2—4 show plots of the first-order coefficidi in
Eq. (22) for the diffusiophoretic velocity of a charged porous
sphere calculated using Eg. (21a) as a function of the para-

0.0 L] B R A AL B | —
0.01

0.0 +———rrrr——

0.01 0.1 1 100

Ka

(b)

Fig. 2. Plots of the coefficient/; given by Eq. (21a) for the diffusio-
phoretic/electrophoretic velocity of a charged porous sphere vetsias

Because all the governing equations and boundary con-fixed values ofua: (a)w = 1; (b) @ = 0.25. The dashed curve is plotted for

ditions in this analysis have been linearized, diffusiophore-

an impermeable sphere having the same total charge (on its surface) as a

sis of a charged porous particle in an electrolyte solution porous sphere of equal radius.
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Fig. 3. Plots of the coefficient/; given by Eq. (21a) for the diffusio-

phoretic/electrophoretic velocity of a charged porous sphere versuad
fixed values ofa: (a) w = 1; (b) w = 0.25.

1.41

1 1.2+

1.0

0.01 0.1 1 10 100

Ka

Fig. 4. Plots of the coefficienH{; given by Eq. (21a) for the diffusio-

phoretic/electrophoretic velocity of a charged porous sphere versts
various values of atia = 1.

metersca, Aa, andw. As expectedH is always a positive
value and thus the direction of the particle motion caused
by electrophoresis is determined by the sign of the product
of the parametep (which determines the direction of the
induced electric field according to Eg. (8c)) and the fixed
charge densityD. Also, H1 increases monotonically with
decreasing.a for given values oka andw.

For the diffusiophoretic velocity of an impermeable (non-
porous) dielectric sphere with a uniform charge distribution
at its (external) surface, an expansion solution in the form
of Eqg. (22) (in whichQ can be taken as the dimensionless
surface charge density = 4n Zeo /exkT) or zeta potential
(¢ = Zet(ka+1)/kakT) of the impermeable sphere having
the same total fixed charge as a porous sphere of equal radius
(i.e., takings = Qa/3)) was developed [11]. The coefficient
H, for the impermeable charged sphere as a functiorof
is drawn by a dashed curve in Fig. 2a for comparison. It can
be seen that the values Hf for the impermeable sphere are
comparable with those for the porous sphere (takirg 1)
with Aa — oo whenka < 0.3 or >100 but are equivalent
to those for the porous sphere with = 10 whenka ~ 0.1
or 25. Note that, although the coefficieHj for the imper-
meable sphere decreases with increasingts conventional
dimensionless electrophoretic mobility in an external elec-
tric field, which equals Gca + 1) H, is a monotonic increas-
ing function ofxa [11,34].

Whenw = 1, as shown in Figs. 2a and 3a, the valuélef
for the diffusiophoresis/electrophoresis of a charged porous
sphere decreases monotonically with an increasazifas
for the case of an impermeable dielectric sphere) for a speci-
fied value ofra, the dependence @11 onka becomes weak
if \o <1, andH; — (Aa)~2 asia — 0 orka — oo (Which
can be derived from Eq. (21a)). When< 1, such as for the
case ofw = 0.25 illustrated in Figs. 2b and 3/ is still a
monotonic decreasing function ef for a large given value
of Aa (say,ra > 3), but becomes a monotonic increasing
function ofxa for a small fixed value ofa (say,Aa < 0.5).

For an intermediate value @f:, such as the case afi =1
given in Fig. 4,H; decreases first, reaches a minimum, and
then increases monotonically as increases from zero to
infinity. The location of the minimum shifts to smallex as

o decreases. It can be seen that, for given valuasiand

Ara, the coefficientH; increases with a decrease in the value
of w (i.e., the electrophoretic mobility of a charged porous
sphere becomes greater as the hindrance to the diffusive
transport of the electrolyte inside the particle is more signif-
icant). The dependence éf; onw can be strong asa > 1,

but becomes quite weak &g < 0.1 (or as)a is large).

The fact that the coefficierff; is hardly dependent an
at smallca can be physically explained. At smadk, the
porous particle behaves electrically like a point charge, so
the detail of what happens (such as the diffusion of ions)
inside the particle is unimportant for the determination of
its mobility by a balance between the electrostatic and the
hydrodynamic forces. This argument applies to the second-
order coefficientHs in Eq. (22) as well.
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Fig. 6. Plots of the coefficient, given by Eq. (21b) for the diffusio-

Fig. 5. Plots of the coefficient, given by Eq. (21b) for the diffusio-
phoretic velocity of a charged porous sphere versust fixed values of
Ara: (@) w = 1; (b) o = 0.25. The dashed curve is plotted for an imperme-
able sphere having the same total charged (on its surface) as a porous sphere
of equal radius.

The coefficientH> for the diffusiophoretic velocity of a
charged porous sphere can be calculated using Eq. (21b)
and its results as a function of the parametarsia, and
w are plotted in Figs. 5-7. The corresponding results for
an impermeable dielectric sphere [11] having the same to-
tal charge (on its surface) as a porous sphere of equal ra-
dius (takingQ = 35 /ka in Eq. (22)) as a function ofa
are also displayed in Fig. 5a for comparison. Analogous to
(but slightly different from) the case witH;, the values of
H> for the impermeable sphere are comparable with those
for the porous sphere (taking = 1) with Aa — oo when
rka < 0.1 and are close to those for the porous sphere with
ra =5 whenka > 1. Although the coefficienH> for the
impermeable sphere is not a monotonic function of its
conventional dimensionless chemiphoretic mobility, which

phoretic velocity of a charged porous sphere versust fixed values of
ka: (@)w=1; (b)w=0.25.

H,

Ka

Fig. 7. Plots of the coefficientl, given by Eq. (21b) for the diffusiophoretic

21 | i i i . .
equals 72a + 1)“Ha, increases monotonically with an in-  yelacity of a charged porous sphere versusfor various values of at
crease inca [11]. Again, H, increases monotonically with e = 100.
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2.0 T T T T T T T T T El

a decrease ina for fixed values ofca andw. Note that the
value of H is about two orders of magnitude smaller than
that of H1.

For specified values dfa andw, as shown in Fig. 5, the
value of H> (the normalized chemiphoretic mobility of the
porous sphere) is maximal at some valug efbetween QL
and 2, and fades out as the valuecaf gets small or large.
Both the limitska — 0 andka — oo result in H, = 0 (but
the contribution from the chemiphoretic effect vanishes only
for the case oka — 0). Interestingly, when the value af:
is sufficiently large (e.gAa > 10 for the case ab = 1), H>
decreases first, reaches a minimum which is negative, and
then increases monotonically to zerosasincreases from

the value at thg maximgl pqint df, to infipity. The qua- O 2 4 & 8 10 1
tions of the minimum (if it exists) and maximum i shift e

to smallerca asia increases. Fig. 6 indicates that, for given (ka)*Q

values ofka andw, the value ofH> approaches infinity in @

proportion to(ia) 2 asia — 0. For fixed values ofa and 20

Aa, as illustrated in Fig. 7, the coefficieff, increases with
decreasing value ab, similar to the trend of the coefficient

H1, and the locations of the maximum and minimumAp 1.5
shift to greateka asw decreases.

For the diffusiophoresis/electrophoresis of a porous par- U
ticle, the diffusion of the solute species in the fluid solution ? 1.07

affects the particle’s movement through two mechanisms.
Obviously, the concentration gradient of the solute along
the external surface of the particle leads to a diffusioos- 057
motic/electroosmotic flow, which drives the porous particle
to move in the same direction as that for the corresponding

motion of an impermeable particle under an otherwise iden- 00

tical condition. On the other hand, the diffusion of the solute -
species inside the porous particle drags the surrounding fluid 0 2 4 6 __ 8 10 12
which then drives the porous particle to move in a direction (ka)*Q

opposite to that for the diffusiophoresis/electrophoresis of (b)

the impermeable particle. The combination of the two mech- Fig. 8. Plots of the normalized diffusiophoretic mobility of a charged porous
anisms results in the fact that both the coefficieiisand sphere in a symmetric electrolyte solution wigh= 0 versus the dimen-
H; increase with a decrease in the parametéthe relative sionless fixed charge density: (&) = 1; (b) xa = 1. The solid and dashed
diffusion coefficient of the solute species in the porous struc- curves denote the caseswt= 1 andw = 0.25, respectively.

ture). Evidently, for some cases of the part of chemiphore-

sis (as the value ofa has the order of unity), the contri-  Only the results at positive are displayed in Fig. 8 since
bution from the diffusion of the solute inside the porous the particle velocity, which is due to the chemiphoretic ef-
particle can be dominant over the contribution from the 0s- fect entirely for the casg = 0, is an even function op as
motic flow along the extgrnal surface of the particle so that jjjystrated by Eq. (22). Because our analysis is based on the
the value ofH is negative. On the other hand, the coef- assumption of small electric potential or fixed charged den-
ficient H, becomes hardly dependent on thle'parametgr sity, the magnitudes dfca)?Q considered are less than 12,
when the value oka gets large or small, as it is shown in - \yhich is equivalent to the case of an impermeable dielectric
Fig. 7. ) o i sphere withea in the order of unity having the magnitudes
In Fig. 8, the dependence of the diffusiophoretic veloc- s its normalized zeta potentiéZec /kT) less than 2. Evi-

ity of a charged porous spr;ere on its dimensionless fixed gently, in this range ofica)2Q, the reduced diffusiophoretic
charge densityka)°Q = 4ra®ZeQ/ekT atvarious values oty 17/ U* increases monotonically with an increase in
of ka, Aa, andw for the case that the cation and anion diffu- (ca)2Q for given values ok a, Aa, andw, with a decrease in

sivities are equalp = 0) is shown. The magnitude of the ;o shecified values ofa, », andQ, and with a decrease
diffusiophoretic velocity is normalized by a characteristic in w for constant values afa. A, andQ. For fixed values of

value given by Aa, w, and(ka)2Q, the value of// U* is maximal at a finite

- (kT )2 value ofxa, and decreases ag increases or decreases from

~ 4mna Ze (26) this finite value. There is no chemiphoretic motion of the par-
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2 N ' ' ues ofka, the normalized particle velocity//U* is not
O\, #a =1 ] necessarily a monotonic function ¢fa)2Q. Some of the
SO\ curves in Fig. 9 show that the particle might reverse direc-

l i tion of movement more than once as its dimensionless fixed

charge density varies from negative to positive values. The

reversals occurring at the values@f)2Q other than zero

~_ 0 result from the competition between the contributions from
e electrophoresis and chemiphoresis. Note that the situations

N ] associated with Figs. 8 and 9 (takig= 1) are close to the

- 1 J diffusiophoresis in the aqueous solutions of KCI and NacCl,

) o respectively.

<

5. Concluding remarks

In this paper, the steady-state diffusiophoresis of a
charged porous sphere with arbitrary values of the parame-
terska, Aa, andw in an unbounded solution of a symmetric
electrolyte with a uniform imposed concentration gradient
is analyzed. The porous particle is treated as a solvent-
permeable and ion-penetrable object in which fixed-charged
groups and frictional segments are distributed at uniform
densities. Solving the linearized continuity equations of
ions, Poisson—-Boltzmann equation, and modified Stokes—
Brinkman equations applicable to the system by a regular
perturbation method, we have obtained the ion concentra-
tion (or electrochemical potential energy) distributions, the
electric potential profile, and the fluid velocity field. The re-
quirement that the total force exerted on the particle be zero
leads to Eqs. (21) and (22) for the diffusiophoretic velocity
of the charged porous sphere as a function of the parameters

T T T T

-8 4 0 4 8 12

- xa, ha, andw correct to the orde@ 2.
(ka)=Q Equations (21) and (22) are obtained on the basis of the
(b) Debye—Hiickel approximation for the equilibrium potential

Fig. 9. Plots of the normalized diffusiophoretic mobility of a charged porous  distribution aroun.d the porous sphere. A similar formula f_or
sphere in a symmetric electrolyte solution with= —0.2 versus the dimen- the electrophoretic velocity of an impermeable sphere with
sionless fixed charge density: (&) = 1; (b)xa = 1. The solid and dashed  a low zeta potential was shown to give an excellent approx-

curves denote the caseswf= 1 andw = 0.25, respectively. imation for the case of reasonably high zeta potential (with
errors less than 4% fdt |e/ kT < 2) [35]. Also, comparing
ticle for the limiting cases 00 = 0, xa = 0, orka — oo. If with the numerical solution for the diffusiophoretic mobility
the magnitude ofa is sufficiently large, the value df /U™ of an impermeable sphere in KCI and NaCl aqueous solu-
may become negative (the particle reverses its direction oftions obtained by Prieve and Roman [8] valid for an arbitrary
movement) at some values od. value of zeta potential, we found that the expansion formula

Fig. 9 is drawn for the normalized diffusiophoretic veloc- for the sphere with low zeta potential is also quite accurate
ity of the porous sphere as a function@f)?Q at various for the entire range oft |e/kT < 2 [11]. Therefore, our re-
values ofxa, Aa, andw for a case where the cation and an- sults in Egs. (21) and (22) might be used tentatively for the
ion have different diffusion coefficienig = —0.2). In this situation of high electric potentials. On the other hand, the
case, both the electrophoretic and the chemiphoretic effectsdecay of the density distributions of frictional segments and
contribute to the motion of the particle and the net diffu- fixed charges in the porous particle with the distance from
siophoretic velocity is neither an even nor an odd function the particle center has not been considered in our calcula-
of Q. Again, for given values ofa, w, and(xa)2Q, the nor- tions. In order to see whether our theory can be reasonably
malized diffusiophoretic velocity//U* is not a monotonic  extended to the higher values of electric potential or to the
function of ka. In the limits ofkxa = 0 andka — oo, the nonuniform density distributions of frictional segments and
chemiphoretic contribution disappears and Eq. (22) for the fixed charges, we propose to obtain a numerical solution of
particle velocity leads to straight lines in Fig. 9a due to the the electrokinetic differential equations with no assumption
electrophoretic contribution only. For some intermediate val- on the magnitude of electric potential allowing the use of
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arbitrary distributions of fixed charge and fluid drag compo-
nents in the porous particle and compare it with the approx-

imate solution.
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Appendix A

For conciseness the definitions of some functions in Sec-

tion 3 are listed here. In Eq. (13),

3
Fo(r) =—-3Ay(ha) — 6Ay(kr)(§> if r <a, (A.1a)

3
Fo(r) = =14 3(ta)?Ay ) — AB<3> if r>a,
r r

(A.1b)

3
Fi(r)=Ci+ mmm(%)

+3722|:/Gi(r)dr—r13/r3Gi(r)dr:|
0

0

2 r
+m|:y()»r)/5()ur)Gi(r)dr
0

—8(\r) / y(Ar)G;(r) dr:| if r <a, (A.2a)
0

a a\® 1 ’ 5

Fir)=Cia +Cia| =) + 7235 [ 7Gi(n)dr

o0

r r
1 3 1 2
—— [ r°Gi(n)dr+ = | r°G;(r)dr
3r 3
o0

e¢]

r

2
~ 1= Gi(rydr ifr>a,

e¢]

(A.2b)

fori =1 and 2, where
Ci1=A !aZ[Aa coshra) + sinh(ra)| / Gi(r)dr

e¢]

a

+y(xa)/r2c;i(r)dr+é/y(xr)ci(r)dr

0

a

+ 38(Aa)] / y(Ar)Gi(r)dr
0

- <a2+%)/Gi(r)dr—i-kz—ta/rBGi(V)dV}
00 0
2 a
- 53 / S(r)Gi(r)dr, (A.3b)
0

a

!azB ;i 2 2
Ciz=A T/Gi(r)dr—y(ka) (Aa) /r Gi(r)ydr

o
a a

+%/r3Gi(r)dr] —2a2/y(xr)G,»(r)dr}

0 0

1 a
+ 3 / r3G;(r)dr, (A.3c)
o0

B [ 2 1.5,
Ci4:A{§/V Gl(r)dr—ﬁ[(k a +5)B

o
a

+ 3()»(1)2)/()»61) — 2(Aa)4sinf(ka)] / G;(r)dr

+2<a2+%>/y(kr)Gi(r)dr
0

a

- %[Aa coshira) + sinh(ra)] / r3Gi(r) d”}

0
1 a
15a3/r G;(r)dr, (A.3d)
o 5K2(12 d'l//eq]_
Gi(r) 2n Zer Fo(r) (A.4a)
2.2
Ga(r) = %[m(n += weqlmF,Lo(r)} '/’e“l,
(A.4b)
y (x) = x coshx — sinhx, (A.53a)
8(x) = x sinhx — coshx, (A.5b)
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= {[3%a + 2(ra)*®] coshira) — 3 sink(ka)}_l, (A.6a)
= [6a + (ra)®] coshira) — 3[2+ (ra)?] sinh(ra).
(A.6b)
In Egs. (14) and (15),
2
Fuo(r) = : + ;.—i_a)a if r >a, (A.7a)
3 .
Fluo(r) = 2—}——0)2 if r <a; (A.7b)
F 1 w a2
vo(r) = 2 +wr?
— 3; T @d ) (1 +kr)e XDy (ka)

X {(Ka)3cosm<a) + [(Ka)3 — 2ka — 2] sinh(ka)

+2(1+«a) Sinf(icr)}_ if r>a, (A.8a)
r
fro) = rea
1-wa? 3
2o 2)/(/cr)(l—l—ica)[(ica) coshka)
—I—[(Ka) — 2xa — ]Slnf(/ca)
+2(1+«a) Sinf‘(/cr)}_ if r <a; (A.8b)
1 Ze /dweql
Fu) =5 ot
a 2 d’#eql
" (‘) / (a) ar "
0
[ e
a 24w \r dr
_pl-e a(ﬁ)sd%qld if (A.9a)
o p o ar r<a, (A
Ze r l-w/(a dreq1
Fua(r) 3kT{__/|:1_22+—a)<7> } ar @

Fy1(r) = ——z{w + e / y(xr)[ Fua(r)
0
Ze F J
+ ﬁ%ql(r) uo(r)} r
+ y(kr) /(Kr + De ™" |:Ful(r)
Ze
+ EWeql(r)Fuo(r)} dr } (A.10)
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