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Abstract: The diffusiophoresis in a suspension of charged soft particles in electrolyte solution is
analyzed. Each soft particle is composed of a hard core of radius ry and surface charge density o and
an adsorbed fluid-penetrable porous shell of thickness a — ry and fixed charge density Q. The effect
of particle interactions is considered by using a unit cell model. The ionic concentration, electric
potential, and fluid velocity distributions in a unit cell are solved as power expansions in ¢ and Q,
and an explicit formula for the diffusiophoretic velocity of the soft particle is derived from a balance
between the hydrodynamic and electrostatic forces exerted on it. This formula is correct to the second
orders of 0 and Q and valid for arbitrary values of xa, Aa, y/a, and the particle volume fraction of the
suspension, where « is the Debye screening parameter and A is the reciprocal of a length featuring
the flow penetration into the porous shell. The effects of the physical characteristics and particle
interactions on the diffusiophoresis (including electrophoresis and chemiphoresis) in a suspension of
charged soft particles, which become those of hard particles and porous particles in the limits g = a
and ry = 0, respectively, are significant and complicated.

Keywords: diffusiophoresis; electrophoresis; charged soft sphere; arbitrary electric double layer;
particle concentration effect

1. Introduction

Diffusiophoresis regards the migration of colloidal particles in a fluid solution caused by an
imposed solute concentration gradient [1-6] and provides a transport mechanism in many practical
applications such as latex film coating [7], autonomous motion of micromotors [8,9], DNA translocation
and sequencing [10], colloidal transport in dead-end pores involved in systems of self-regulated
drug delivery and enhanced oil recovery [11,12], and particle manipulation and characterization
in microfluidic systems [13-16]. For diffusiophoresis of charged particles in electrolyte solutions,
the solute-particle interaction is electrostatic and characterized by the Debye screening length x 1.
Analytical investigations of the diffusiophoretic motion of charged hard particles (impermeable to
both the solvent and small ions) under a general imposed electrolyte concentration gradient are mainly
restricted to the case of thin electric double layer (xa>>1, where a is the particle radius) [17,18]. With the
assumption of weak imposed electrolyte concentration gradients, diffusiophoretic motions were also
analyzed for a charged hard sphere [19,20], porous sphere (permeable to the ionic solution) [21], soft
sphere (a hard core covered by a surface porous layer) [22], and porous spherical shell (microcapsule) [23]
with arbitrary values of «a.

In real situations of diffusiophoresis, concentrated suspensions of particles may be encountered,
and the particle interaction effects are important. To alleviate the complexity of multiple particles,
unit cell models are often used to evaluate the particle interaction effects on the mean sedimentation
velocity [24-29], average electrophoretic mobility [30-37], and effective electric conductivity [34-38] in
suspensions of spherical particles. An agreement between the experimental electrophoretic velocity in
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a suspension of porous aggregates and the relevant cell-model predictions in a broad range of xa was
obtained [39].

The diffusiophoretic motions in concentrated suspensions of charged hard spheres of constant
zeta potential [40] and porous spheres [41] with arbitrary double-layer thicknesses and particle volume
fractions were analyzed using unit cell models. In this article, these studies will be extended to
suspensions of charged soft particles. An analytical expression for the diffusiophoretic mobility in the
suspension is derived from the balance between the electrostatic and hydrodynamic forces acting on
the particles as a power expansion in the fixed-charge densities of the soft spheres.

2. Electrokinetic Equations

The surfaces of colloidal particles are generally not hard. For instance, surface layers are purposely
formed by adsorbing polymers to make the suspended particles stable against flocculation. Even the
surfaces of silica and polystyrene particles are “hairy” with a gel-like polymeric layer extending from
the bulk material inside the particle. In particular, the surface of a biological cell or enzyme is not a
hard wall, but rather is a permeable rough surface with various appendages ranging from protein
molecules on the order of nanometers to cilia on the order of microns. Such particles can be modelled
as a soft particle having a central rigid core and an outer porous shell.

Consider the diffusiophoresis of a uniform distribution of charged soft spheres in a solution of a
symmetric electrolyte. Each soft sphere of radius a consists of a hard core of radius ry and a porous
surface layer of constant thickness a — rp. A constant electrolyte concentration gradient Vn™ equal to
|[Vn™|e, is imposed, where e; is the unit vector in the z direction, and the diffusiophoretic velocity Ue,
of the particles needs to be determined. As shown in Figure 1, we use a unit cell model in which each
soft sphere is enveloped by a concentric spherical shell of the fluid with an outer radius b such that the
volume fraction of the particles in the suspension ¢ = (a/ b)3. The origin of the spherical coordinates
(r,0,9) is set at the particle center.

VR

Figure 1. Geometric sketch for the diffusiophoresis of a charged soft sphere in a unit cell.
2.1. Governing Equations

The magnitude of Vn® is assumed to be small (with a|Vn®|/n3> << 1) so that the system is
only slightly distorted from equilibrium. Thus, the electric potential distribution ¢(r, 0), the ion
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concentration (number density) distributions 14 (r, 6), and the pressure distribution p(r, 8) may be
written as:

g =y + oy,

ne = n'Y 4 ony, (1)

where 1(¢9) (r), n(ieq) (r), and p(¢9 () are the equilibrium electric potential, ion concentration, and
pressure distributions, respectively, 61(r, 0), 6n.(r, 0), and dp(r, 0) are the small perturbed quantities,
and the subscripts + and — to variables represent the cation and anion, respectively.

Substituting Equation (1) into the Poisson equation, the continuity equation of each ionic species,
and the equation of fluid motion (Stokes/Brinkman equation), using the Boltzmann equation to relate
the ion concentrations to the electric potential at equilibrium, canceling the equilibrium components,
and neglecting the products of the small quantities 6n., 61, and fluid velocity field u(r, ), one obtains
the following linearized electrokinetic equations [21]:

ZenS® Zey(ed) Zey(ed)
2 o 0 _ _ —
VioY = —=lexp(— ) (0- + Zedy) — exp(=—7—) (0p+ — Zedy)] @)
2510, — 1+ 2 plea) gy, - KLVPD-u
VZopus = £ (VYD) . Vop, b 3)
V2V xu—h(r)A2V x u = —%V x (V2 Vsy + V2oypvy(ed) )

here, the ionic electrochemical potential energy distributions 6+ (r, 6) are defined as linear combinations

of 6y and ony,
67”li

o+ = an g Zedy )
+
ny’ is the prescribed electrolyte concentration n*™ at z = 0; n and ¢ are the viscosity and permittivity,

respectively, of the electrolyte solution; A is the reciprocal of the shielding length for flow penetration
into the porous layer; D, are the diffusion coefficients of the ionic species; Z is the valence of the
symmetric electrolyte; i(r) equals unity if 7o < 7 < a, and zeroifa <r <b.

2.2. Boundary Conditions

The boundary conditions at the interface between the hard core and porous layer of the particle as
well as at the particle surface are:

r=rp: e Vo =0, e-Vour =0, u=0, 6)

r=a: oy, Vo, dus, Vous, u, and e, - T, are continuous, 7)

where T is the hydrodynamic stress tensor of the fluid and e, is the unit vector in the r direction.
In Equation (7), the continuity requirement of the fluid velocity and stress at the particle surface is
physically realistic and mathematically consistent [42] (but the effective viscosity of the fluid inside
the porous layer might be smaller than the bulk viscosity if its porosity is small, which is not the case
considered here).

The boundary conditions at the outer edge of the cell are:

r=>b:0¢ = ——ﬁa;ICOSG 8)

ous = kT(1 iﬁ)ag cos 0 9)
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ur = —-Ucos 0 (10)
for the Happel model:
d g 1 du,
Trg = 77[’;(7) ;%] =0 (11)
for the Kuwabara model: L9 Lo
u
(qu)(f):;g(rug)—;a—é,:o (12)

where g = (D4 — D-)/(D+ + D-) (for a binary, symmetric electrolyte) and a = a|Vn*|/ng’. Equations
(6) and (10) take a reference frame traveling with the particle, while Equation (8) denotes the
induced electric potential arising from the applied electrolyte gradient with different cation and anion
mobilities [1,2]. The Happel model assumes that the radial velocity relative to the bulk flow and
the shear stress of the fluid on the outer boundary of the cell are zero, while the Kuwabara model
assumes that this radial velocity and the vorticity of the fluid are zero there. The Happel model has an
advantage over the Kuwabara model in that the former does not require an exchange of mechanical
energy between the cell and the environment [43].

3. Solution for the Diffusiophoretic Velocity

3.1. Equilibrium Electric Potential

For a soft sphere with a uniform surface charge density o of its hard core and a constant space
charge density Q of its porous surface layer in a unit cell, the equilibrium potential distribution (€9 (r)
can be obtained as:

_ — 3 9= _—2 =3
lab(eq) = ll)eq()lCI + l;l}quOQ + 0(031 Uer aQ,Q) (13)
where & = Zeo /exkT, Q = ZeQ/ ex?kT, Yeqo1 (r) and Peqio(r) are available in the literature [24] and
K = [222621’180 /ekT]l/2
as a power series in g and Q up to O(5,Q) is valid for small values of the electric potential (the
Debye-Hiickel approximation).

is the Debye screening parameter. The expression in Equation (13) for y(¢%)

3.2. Solution to Electrokinetic Equations

The quantities u,, ug (the r and 0 components of u), ép, 61, and o satisfying Equations (2)—(4)
and the equation of continuity V - u = 0 can be solved in terms of 1(¢9) given by Equation (13) and the
expansion form of the particle velocity U,

_ — _ = —2
U = Uyo+ UypQ + U0202 + U110Q 4+ UppQ +... (14)
with the results: T
oY = Z(l[—ﬁﬂpoo (1’) + FLPOl (1’)5 + Fl,blO (T’)Q +.. ] cos 60 (15)
Sps = kT(1F B)alFuoo(r) F Fuo1 () ¥ Fiao(r)Q + .. ] cos 0 (16)

uy = {[Uo1Foor (1) = %[SaFOU(r)]E + [UroFoor(r) — %ﬁaFlor(T)@

+[UogaFoor (1) + %RFW(VH# + [U71Foor (1) + %aFllr(T)}EQ (17)

—2
+[UaoFoor (1) + TI;TTZaFZOy(V)]Q +...}cos 0O
a(r?uy)

Ug = — 279y tan 6 (18)
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6p = H[UoFyoo(r) = 5 paFuon () = “4T Barpeqor (r) Fyoo ()]

+[UioFpoo(r) — ,’;TTzﬁanw(V) - “ﬁf?ﬁ“#’eqlo(r)ﬂpoo(fﬂ@

2 -
+[Uo2Fpoo(r) + L aFpa (r) + g?z“imePe@o(V)Fmo(f)]U (19)

na?

+[Ur1Fpoo(r) + %Off};n (r) E’i,zz”i‘Ta(lPeqm (r)Fy10(r) + Peqio(r)Fyo1 (r))]5Q

2 —2
+[Uz0Fp00(r) + %alfpzo(r) “%g’e‘Tmpeqm(r)FWl (r]Q +...}cosH

where, Foor(r), Fpoo(r), Fijr(r), Fpij(r), Fuoo(r), Fypoo(r), Fuo1(r), Fuo(r), Fyo1(r), and Fyio(r) are
dimensionless functions given by Equations (A1)-(A8) and (A20)—-(A23) in the Appendix A, the
particle velocities Uj; are to be determined from a force balance, and the set (i) equals (0,1), (1,0),
(0,2), (1,1), and (2,0). The zeroth-order terms of u, 6p, and U disappear because the electrolyte solution
around an uncharged particle will not move by imposing an electrolyte concentration gradient if only
the electrostatic interaction is considered. To solve the small quantities 61, 0y, u, and 6p in terms of
the diffusiophoretic velocity U, these variables can be written as perturbation expansions in powers of
o and @ Substituting these expansions and l,b(eq) into the governing Equations (2)—(4) and boundary
conditions (6)—(12) and equating like powers of 0 and Q on both sides of the respective equations, we
obtain a group of linear differential equations and boundary conditions of orders 0, 1, and 2. These
perturbation equations can be analytically solved, and the results for the p and ¢ components of

u, Op (to the order of 62, 55, and 62), Op+, and 61 (to the order of o and 6) in Equations (15)—(19)
are obtained.

3.3. Forces Exerted on the Particle

The total force exerted on a soft particle is the sum of the electrostatic and hydrodynamic forces.
The electrostatic force is determined as an integral of the electric force density over the regiona <r < b
(since the overall unit cell is electrically neutral and the electrostatic force acting on its outer boundary
r = b vanishes), with the result

Fe = 47 a8 S92 Pogor (2) oo () ~ 552 reqon (0)Fyao () + 13 (b))
Bl Veq10 (@) Fyo0(a) = S5 requo (0) Fyoo () + 17 ()] Q
+[E52 Peqor (0)Fyo1 (a) — B2 Pegon (0)Fyor (b) + 15 (b))

+[E5E {heqo1 () Fy10(a) + Peqio(2)Pyor ()} 20)

52 (roqo1 (0)Fyno () + Yeqro(B)Fyon (0)} + 17 (6)]5Q

HE52 Peq10(a) 10 (1) — S52 Pegio(b) Fyo (b) + Iég) (b)]éz + .. Je;

where the functions ]i(;) (r) are defined by Equation (A11).
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The hydrodynamic force acting on the soft particle may be obtained as an integral of the
hydrodynamic stress over the particle surface (r = a), with the result

2
Fr, =—4m{[naCooUn — L paCorr — S(’é”) T Bapeqor (a)Fyoo(a)]5

2 —
+[naCooaUno — L BaCign — 5(’;“) T Bapeqro(a)Fyoo(a)]Q

2 »
+[naCoo2Ug + %Tacozz + 8(7}7) %m//eqm (ﬂ)Pwm(ﬂ)]UZ (21)

2 —
+[naCoo2Ui1 + LaCiip + S(}fo,a) 5L aftpeqo1 (a)Fy10(a) + eqro(a)Fyo1 (2)}5Q

e(xi

D AT 4 c10(@) Fyro(@)]Q° + .. Jes

+[naCoozUao + L aCop +

where the coefficients Copp and C;j; are given in Equations (A1) and (A5). Like the fluid flow field in
Equations (17)—-(19), the zeroth-order terms of the electrostatic and hydrodynamic forces vanish.

3.4. Velocity of the Particle

Applying the constraint that the total force acting on the soft sphere is zero at the steady state to
the summation of Equations (20) and (21), we obtain:

U:: = M(
gl na Ze

kT 2, oisi
=) (xa)*"H; (22)

where, Hz-]- are dimensionless functions of the electrokinetic radius «a, radius ratio r¢/a, hydrodynamic
resistance parameter Aa, and volume fraction ¢ of the particle defined by:

_1)iti-1 2 X
et (i = 137 (8) + S [(1 = bij)pegan ()P (0)

+0ij{tPeqo1 (D) Fy10(b) + Peqio (D) Fyor (b)}}

Hij =
(23)

where the functions ]z'(jS) (r) are defined by Equation (A11), 0;j is the Kronecker delta which equals
unity if i = j but vanishes otherwise, s = i/(i+j),t = j/(i+j),u = (i—1)s,and v = (j— 1)t. The
diffusiophoretic velocity of the charged soft sphere is obtained in Equations (14), (22), and (23).

When the hard core of each soft particle vanishes (ry = 0), it reduces to an entirely porous particle
of radius a and fixed charge density Q, the dimensionless mobility coefficients Hy;, Hoz, and Hj; (or
U1, Upp, and Uyq) are trivial, and Hjg and Hyg given by Equation (23) are identical to those available
in the literature [41].

4. Results and Discussion

The mean diffusiophoretic mobility of identical charged soft spheres suspended in a symmetric
electrolyte solution can be determined to the second orders 02,0Q, and Q2 of their fixed charge densities
using Equations (14), (22), and (23). In this section, we will consider the mobility in a suspension of
hard spherical particles with constant surface charge density o first and results for a suspension of soft
spheres are then presented.

4.1. Suspension of Hard Spheres

For a suspension of hard spheres with radius a = rp, the dimensionless mobility coefficients
Hjo, Hyo, and Hy; (or Uy, Uz, and Uj;) become trivial, and Hy; and Hyp calculated from Equation
(23) are functions of the electrokinetic radius xa and volume fraction ¢ (= a3/b>) of the particles. In
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Figure 2, results of the electrophoretic mobility coefficient Hy; for a suspension of hard spheres with
constant surface charge density o are presented up to ¢ = 0.74, the limit for an assemblage of identical
spheres [30]. Evidently, Hy; is always positive; thus the direction of the particle movement contributed
by electrophoresis is determined by the sign of the product of the surface charge density ¢ and the
ionic diffusivity parameter § (along the electrolyte concentration gradient if fo > 0 and against it if
po < 0). For a given value of ¢, the value of Hy; is a monotonic decreasing function of xa from a
positive constant at xa = 0 to zero as ka — oo. For a given value of ka, the value of Hy; decreases
monotonically with an increase in ¢ from a positive constant at ¢ = 0 and the particle interaction
effect on the electrophoretic mobility can be significant. As expected,Hy; = 2/3 (the Hiickel result
for electrophoresis) in the particular case of ¢ = 0 and ka = 0. The Happel model always predicts
a slightly greater value (weaker particle interaction effect) for the electrophoretic velocity than the
Kuwabara model does. This occurs because the zero-vorticity Kuwabara model yields larger energy
dissipation in the cell than that due to the particle drag alone, owing to the additional work done by
the stresses at the outer boundary [43].

07 - : T 0.7 T T v

(@) (b)

06 - 0.6

05 - 0.5

. 044 =

H,,

0.3 4

04

H

0lgal

02}

0.0

0.0 02 04 06 08 0.01 0.1 1 10 100

Figure 2. The electrophoretic mobility coefficient Hy; for a suspension of hard spheres versus the
parameters (a) ¢ and (b) xa. The solid and dashed curves represent the calculations for the Happel and
Kuwabara models, respectively, and Hy; = 2/3 in the particular case of ¢ = 0 and xa = 0.

The results for the chemiphoretic mobility coefficient Hy, of a suspension of hard spheres with
constant surface charge density o are plotted versus the parameters xa and ¢ in Figure 3. The value of
Hy is always positive (the chemiphoresis is directed along the electrolyte concentration gradient) and
not necessary a monotonic function of ¢ or xa, keeping the other unchanged. For a given value of xa,
the value of Hyy first increases with an increase in ¢ from a constant at ¢ = 0, reaches a maximum, and
then decreases with a further increase in ¢; the particle interaction effect on the chemiphoretic mobility
can also be significant. For relatively concentrated suspensions (say, ¢ > 107*), Hp, is a monotonic
decreasing function of xa from a constant at xa = 0 to zero as ka — oo. For the particular case of ¢ =0,
the value of Hyy first increases with an increase in xa from zero at xa = 0, reaches a maximum, and
then decreases with a further increase in xa to zero as xa — co. The Happel model also predicts a
slightly greater value for the chemiphoretic velocity than the Kuwabara model does.
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Figure 3. The chemiphoretic mobility coefficient Hy, for a suspension of hard spheres versus the
parameters (a) ¢ and (b) xa. The solid and dashed curves represent the calculations for the Happel and
Kuwabara models, respectively.

The diffusiophoretic velocity U in Equation (14) for a suspension of hard spheres normalized
by the characteristic value U* = (kT/ Ze)zea /na as a function of the scaled surface charge density
xac = aZeo / kT calculated for the Happel model at a typical value of ¢ (¢ = 0.1) and various values of
xa is plotted in Figure 4. Figure 4a shows the case that the diffusiophoresis is due to the chemiphoresis
entirely (the anion and cation of the electrolyte have the same diffusion coefficient or § = 0). As
expected, the reduced diffusiophoretic mobility U/U" is an even function of the surface charge density
and increases monotonically with an increase in «a|o]| for specified values of xa and ¢. For a relatively
concentrated suspension (say, ¢ > 10~*) with a given value of xalg|, U/U* decreases with an increase
in xa to zero as ka — oo. There is no chemiphoresis of the particles for the particular case of xaoc = 0
(or 0 = 0). The reduced diffusiophoretic mobility U /U" of the particles for a typical case that the cation
and anion have different diffusivities (8 = —0.2) is plotted in Figure 4b, where both electrophoresis
and chemiphoresis contribute to the diffusiophoresis. In this case, for constant values of xa and ¢,
U/U" is not necessary a monotonic function of xac and the particles may reverse direction of their
diffusiophoretic velocity twice with the variation of their surface charge density due to the competition
between chemiphoretic and electrophoretic contributions. Note that the cases of § = 0.2 and =0
may denote the aqueous solutions of NaCl (NaBr, Nal, NaNO3, CaSO,) and KCI (KBr, KI, KNOs,
NH,4CI), respectively.
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Figure 4. The reduced diffusiophoretic mobility U/U"* for a suspension of hard spheres versus the
dimensionless surface charge density xac with ¢ = 0.1 and various values of xa calculated for the
Happel model: (a) § = 0; (b) p = —0.2.

4.2. Suspension of Soft Spheres

For a suspension of soft spheres, the diffusiophoretic mobility coefficients Hy1, H19, Ho2, H11, and
Hjg calculated from Equation (23) are plotted in Figures 5-9, respectively, for various values of the
electrokinetic particle radius «a, core-to-particle radius ratio r¢/a, porous-layer shielding parameter
Aa, and particle volume fraction ¢. In general, these mobility coefficients are positive, decreasing
functions of ka, decreasing functions of Aa, and slightly greater as predicted by the Happel model than
the Kuwabara model.

T T T 025 T T T T
(a) (b)
03 J
0.20 | - T N e
e L P ;’\
As 3 / %
2 001 /7 /s / /
0.2 - 045 L la = 0.01 7 / 1
% 7 3 /
Hy, Hy, £ ,/ f g /
0.10 4 4 / d
01 1 3 /4 4 /
/ /
Sy
4
0.05 / 4 4
o0 7
0.0 - v
ol
z
I 1 1 000 1 1 1 1
0.0 0.2 04 0.6 08 0.0 0.2 04 06 08 1.0
q) r(b/a

Figure 5. The electrophoretic mobility coefficient Hy; for a suspension of soft spheres: (a) Aa = 1 and
ro/a = 0.5; (b) xa = 1 and ¢ = 0.1. The solid and dashed curves represent the calculations for the
Happel and Kuwabara models, respectively.
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0.30

oL Lk ‘;/; Ll 20 0.0 0.2 04 Al 06 08 10
Figure 6. The electrophoretic mobility coefficient H for a suspension of soft spheres: (a) Aa = 1 and
ro/a = 0.5; (b) ka = 1 and ¢ = 0.1. The solid and dashed curves represent the calculations for the
Happel and Kuwabara models, respectively.
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Figure 7. The chemiphoretic mobility coefficient Hy, for a suspension of soft spheres: (a) Aa = 1 and
ro/a = 0.5; (b) ka = 1 and ¢ = 0.1. The solid and dashed curves represent the calculations for the
Happel and Kuwabara models, respectively.
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Figure 8. The chemiphoretic mobility coefficient Hy; for a suspension of soft spheres: (a) Aa = 1 and
ro/a = 0.5; (b) ka = 1 and ¢ = 0.1. The solid and dashed curves represent the calculations for the
Happel and Kuwabara models, respectively.
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Figure 9. The chemiphoretic mobility coefficient Hpq for a suspension of soft spheres: (a) Aa = 1 and
ro/a = 0.5; (b) ka = 1 and ¢ = 0.1. The solid and dashed curves represent the calculations for the
Happel and Kuwabara models, respectively.

Figures 5 and 6 indicate that, for fixed values of ry/a, xa, and Aa, the electrophoretic mobility
coefficients Hy; and Hyg decrease with increases in ¢ from constants at ¢ = 0, with an exception that
Hjp may increase with an increase in ¢ when «a is very large. For given values of ¢, xa, and Ag, the
coefficient Hy( is a monotonic decreasing function of ry/a (increasing function of 1 —ry/a or the relative
volume of the porous surface layer of the soft particle) and vanishes at 7y /a = 1 as expected, while Hy;
increases with an increase in ry/a (or relative surface area of the hard core of the soft particle) from
zero at ro/a = 0, but may attain a maximum and then decreases with a further increase in ry/a (or
hydrodynamic resistance to the electrophoretic motion of the particle caused by the hard core). The
values of Hy; and Hjg are comparable for the case of medium ry/a (ca. 1/2). Note that the value of Hy;
always vanishes as xa — co but the value of Hj vanishes as k@ — oo only if Aa — co.

The second-order coefficients Hyy, H11, and Hpg for the chemiphoresis of a suspension of soft
spheres as functions of xa, Aa, rg/a, and ¢ are exhibited in Figures 7-9. For given values of «a, Aa,
and rp/a, these coefficients (and thus the chemiphoretic mobility) in general first increases with an
increase in ¢ from a constant at ¢ = 0, reaches a maximum, and then decreases with a further increase
in ¢. For constant values of ¢, ka and Aa, the coefficients Hy, H11, and Hpg have the same order of
magnitude for the case of rp/a = 0.5 and about two orders of magnitude less than the coefficients Hy;
and Hyg. The coefficient Hy; in general increases with an increase in the value of ry/a, becomes zero as
ro/a = 0, and does not depend on Aa as ryp/a = 1, whereas the coefficient Hyp, in general decreases
with an increase in r¢/a and equals zero as rp/a = 1,analogous to the coefficient Hjy. The coefficient
Hj1 equals zero in the limits 79 /a = 0 and r¢/a = 1, and thus a maximal value of Hj; exists between the
limits. The location of the maximum shifts to greater ry/a as Aa increases, since large volume fraction
of the hard cores in the soft particles favors their migration if the resistance to the fluid motion in the
surface layers is large. For moderate values of /4, the three second-order coefficients contribute to
the chemiphoretic velocity of the soft spheres comparably. Note that the coefficients Hyp, H11, and Hyo
all vanish as xa — oco.

The normalized diffusiophoretic velocity U/U" in a suspension of soft spheres as a function of the
scaled fixed charge density (xa)*Q = a2ZeQ/ kT calculated for the Happel model atc = 0,r9/a = 0.5,
Aa =1, ¢ = 0.1, and various values of xa is plotted in Figure 10a,b for the cases of f = 0 and = -0.2,
respectively. Similar to the outcomes in Figure 4 for a suspension of hard particles, for specified values
of ry/a, Aa, xa and @, the normalized velocity U/U" for the case of f = 0 (due to the chemiphoresis
entirely) is an even function of the fixed charge density and increases monotonically with an increase
in (Ka)2|§| from zero at (ka)*Q = 0, while U/ U for the case of f = —0.2 is not necessary a monotonic
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function of (Ka)zé and may change its sign twice with the variation of their fixed charge density due
to the competition between chemiphoretic and electrophoretic contributions.

06 J
xka=0
044 | o
3
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+ 024 .
U 10 /
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1
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0.2 =
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Figure 10. The reduced diffusiophoretic mobility U/U" for a suspension of soft spheres versus the
dimensionless fixed charge density (Ka)Zé atg =0,r9/a =05, Aa =1, ¢ = 0.1, and various values of
ka calculated for the Happel model: (a) § = 0; (b) § = —0.2.

5. Conclusions

The diffusiophoresis of a suspension of charged softs spheres (each is a hard core of surface charge
density o covered with a fluid-penetrable porous layer of fixed charge density Q) in a symmetric
electrolyte solution with arbitrary values of the electrokinetic particle radius «a, core-to-particle radius
ratio rp/a, porous-layer shielding parameter Aa, and particle volume fraction ¢ is analytically studied
in this work. Through the use of a unit cell model, the ionic concentration (or electrochemical potential
energy), electric potential, and fluid velocity distributions are solved as power expansions in ¢ and Q,
and an explicit expression for the diffusiophoretic velocity of the soft spheres correct to the second
order of o and Q is obtained from a force balance. The effects of the physical characteristics and particle
interactions on the diffusiophoresis (including electrophoresis and chemiphoresis) in a suspension
of soft particles, which become those of hard particles and porous particles in the limits 7y = 2 and
ro = 0, respectively, are significant and complicated. A similar formula for the electrophoretic velocity
of a rigid sphere with low zeta (C) potential was shown to give an excellent approximation for the
case of reasonably high zeta potential (with an error of less than 4% in a KCl solution for the case of
Ce/kT < 2) [34]. Therefore, our results might be used tentatively for the situation of reasonably high
electric potentials or fixed charge densities.

Author Contributions: Conceptualization, H.].K.; methodology, H.].K. and W.C.L.; investigation, H.].K. and
W.C.L.; writing—original draft preparation, H.J] K.; writing—review and editing, H.J.K. and W.C.L.; supervision,
H.J.K,; funding acquisition, H.J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (Republic of China) grant
number MOST 106-2221-E-002-167-MY3.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.



Colloids Interfaces 2020, 4, 30

Appendix A

Some functions in Section 3 are given here. In Equations (17)—(19),

a a3 r.2 .
Foor(r) = Coo1 + Cooz; + Cooa(;) + Coo4(a) ,ifa<r<b

ald .
Foor(r) = Coos + [Coos + Coorar (Ar) + Coogﬁ1(/\1’)](;) Jifrg<r<a
a2 ro.
Fpoo(r) = Cooz(;) + 10C004—, ifa<r<b

C .
Fyoo(r) = (Aa)?[- Coo5 + %(;) | ifro<r<a

Eir(r) = it = &2 (1) + [Cip + ) (1)]4 + [Cip = 117 (1)](2)°

+HCip+ 11 (I(2)? ifa<r<b

Fij(r) = Cijs + [Cijo + Cipan (Ar) + Cjspr (An))(5)° = 251 () = (1 ()

g

(A7) 10 ay(Ar) .
() + 3T ()], i < <a

2
Eyj(r) = [Cip+ 15 (D](5)" +2[5C + 11 (]2, ifa <r<b

C; 2
O+ DO + 200, i <r <a

where the set (i, j) =(0,1), (1,0), (0,2), (1,1), and (2,0),

Ppi]'(r) = )\Zar[ Cl/5 +

a1(x) = x cosh x — sinhx

B1(x) = xsinhx — coshx

n

](n)(r) :‘f’;r(g) G,-j(r)dr

g

2 = f’almr)c ()dr

- [

dy
ex’at eq01
Goi(r) = 7 Fuoo(7) ar
ex2at dlPequ
Gio(r) = Zor Fuoo(7) P
e1<2a4 dlzbeq()l
Goz(r) = 3er 01(7) ar
€K2a4 dlpequ dlperl
Gu(r) = —W[Wm (r) P Wio(7) P ]
£1<2a4 dlpeqlo
Gxo(r) = ~37er 10(7) P

Wij(r) = () + ot (1) Fyoo(7)

13 of 16

(A)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)
(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)



Colloids Interfaces 2020, 4, 30 14 of 16

In Equations (15), (16), and (A19),

F F 2+ rg A20
) = r) =
100(r) = Fyoo(r) oy (A20)
Fuij(r) = ZhiL (20 + 7 )[zrgKf] )(a,b) + b31<§j J(a,b)] + 12(1 )3 + 73]
®3) (0) (3) (0) (A21)
><[2KZ.]. (ro,a) + Ki; (ro,a)] + ZVgKl.j (a,r) — 21'31(1.]. (a,r)}, ifa<r<b
0 23+ 0
Fij(r) = 6ubr{[er’)Kl(] )(ro, b) + b3Ki(j)(r0,b)] " +2 ng(] )(ro, r)— 2r3I<l,(], ) (ro, 1)}, (A22)
ifro<r<a
Fui(r) = gz AL () (cr) = ALL (r)aa (cr)
+|BL(ro) — CLZ(ro)] [B1(kb)ay (r) — a1 (cb) By (xcr)] (A23)
—I—Lf‘j(b)ﬁl (xb)[Eay (xr) — DBy (xr)] + ij(b)al (xb)[Bay (xr) 4+ CB1(xr)]}
wherev =1+ rg/2b3,
Ze r " 793 dlybeqij
K(") , 2y = (8y =2y A24
ij (7’1 1’2) kT (1,0) [ (1’) ] dr r ( )
Li(r) = & 1<a1 (xr)Wii(r)dr (A25)
i kT J, gl
T
By — Z€ )
Ll.j(r) =T, KB (xcr)Wij(r)dr (A26)
= K(Zb —+ szr% - 270) cosh[k(b—r9)] — (2 + KZT% - 2K2bro)sinh[1<(b —-10)] (A27)
B = 1<2r% cosh(xrg) —2B1 (ko) (A28)
C =2a1(xrg) — rosmh(Kro) (A29)
D = 2«rg cosh(kry) — Nsinh(xrg) (A30)
E = 2«xrpsinh(xrg) — N cosh(krg) (A31)
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