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Abstract

A network model, originally designed for an electrokinetic study of soft particle suspensions, has been used for an in-depth analysis of
the physical behavior of these systems under the action of an externally applied DC electric field. The versatility of the network simula-
tion method used makes it possible to obtain information readily not only about the electrophoretic mobility, but also about any physical
variable of interest at all points around the suspended particle: electric potential, ion concentrations, fluid velocity. The field-induced po-
larization of the double layer is described in terms of the dependence of these and other derived variables (volume charge density, electri
field components, ion flux components) on the distance to the membrane—solution interface. In contrast to colloidal suspensions of har
particles, which basically depend on just two parameters (the reciprocal Debye length multiplied by the particle #adind,the zeta
potential,), soft particle suspensions require a wider parameter set. First, there are two characteristic diffusion lengths in the system (one
inside the membrane and the other in the solution) and two geometrical lengths (the core:radduthe membrane thickneds a)).
Furthermore, there is the fixed charge density inside the membrane (and possibly a surface charge density over the core) that cannot |
represented by a potential. Finally, the parameter that characterizes the interaction between the fluid and the permeable mgmbrane,
strongly influences the behavior of the system. Dependences on all these parameters (except the geometrical ones) are included in tt
study.
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1. Introduction proximation to real colloidal suspensions. While these sys-
tems have been exhaustively studied in the past century
Dielectric and electrokinetic properties of colloidal sus- [4—-23], in recent years several authors have extended the
pensions are powerful analytical tools in colloidal science, rigid spherical particle model and associated boundary con-
often used for the characterization of colloidal systems ditions to more realistic physical situations, e.g., spheroidal
[1-3]. This is why many theoretical models relating the dif- particles]24—26] surfaces containing dissociable functional
ferent dielectric and electrokinetic properties of suspended groups[27], amphoteric surfacd28-30] and surfaces cov-
particles to the properties of the whole system have beenered with an ion-permeable lay@1-41]
proposed. Among these, the properties of colloidal sys-  The case of colloidal particles coated with an ion-
tems formed by charged insulating spherical particles have permeable layer (soft particles) is especially important for
a special significance, since they constitute the first ap- the description of bare and polymer-coated latex particles. It
can also be used for many biological systems such as plant
" Corresponding author. Fax: +34-953-21-28-38. cells, which have a permeable membrane made of polysac-
E-mail addressjhorno@ujaen.eg). Horno). charides surrounding the cellular membrane, called a cell
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wall, that provides and maintains the shape of these cells2. Theory
and serves as a protective barfi?].
Ohshima[34,37]presented an extensive series of theoret- e consider a rigid insulating particle of radias ab-

ical papers dealing with the electrophoretic mobility and the solute permittivityein, and fixed surface charge density.
dielectric properties of soft particles in which approximate The particle is coated with a permeable membrane with ex-
analytical expressions were obtained. However, their rangeternal radiusp bearing a fixed homogeneous charge den-
of validity is limited by the requirements thatb —a) > 1 sity p?, and is immersed in an arbitrary electrolyte solu-

andA(b — a) > 1. Herea is the radius of the coréy is  tion formed bym ionic species with charge numbers
the outer membrane radius; ! is the Debye length, and (i=1 m), bulk concentrations™ (mol/m®), and diffu-

A< is the ratio between the drag coefficient of the membrane sjon coefficientsD;. The electrolyte solution is incompress-

and the viscosity of the fluid. The solution of the problem jpje and has a viscosity, a mass density;, and an absolute

in the general case necessarily requires the use of numerpermittivity sey. While the membrane is permeable to the
ical methods. Recent works by Hill et gB8,39]and by glectrolyte solution, the fluid flow inside it exerts a frictional
Lopez-Garcia et a[40,41] provide numerical results for the  graq on the polymer segments that is characterized by a drag
electrophoretic mobility and the dielectric properties of par- coefficienty .

ticles coated with a charged permeable membrane, taking The standard set of equations governing the dynamics of
into account the double-layer polarization and without any {pis system was presented in detai[40]. They are written

restriction on the thickness of the membrane, its charge, thehere for sake of completeness and to specify the nomencla-
number of ion species, etc. ture

It should be noted that these works are based on different
models: a polymer coating with a fuzzy outer boundary in .~ .  zieD;
[38,39]and a permeable membrane with sharp outer bound- (Vi) = =Dy Vei(r) kT © OVem
ary in[40,41] Both approaches have advantages and limita- +c; (Nv(r), (1)
tions. Hill's model is certainly more general, since itincludes _
a parameter that makes it possible to vary the type of coatingV ' [C" (rvi (r)] =0, @)
continuously from a rather sharp outer boundary (brushlike _eNa Yo zici(r)

coating) to segment densities that slowly decay with distance _, Sex ifr>b,
to the core surface. It also simplifies the numerical calcula- V() = NaS . oo v (3)
) . . .. . eNa ) lqzici(t)  p .
tions, since the continuous transition from the coating to the T e e ifa<r<b,
ex ex

electrolyte solution avoids the necessity of introducing new
boundary conditions. On the down side, the extra parameter 2 =
required to characterize the system complicates the interpre._”V V(r) + VP(r) +eNa Zzici(r) Vo(r)
tations. This is why, in the results published so [28,39], i=l

only brushlike coatings are considered. _ { 0 if r > b,

+ p[v(r) - V]v(r) = . 4
As for Lopez-Garcia’s modg40,41], its main advantage Ay - VIvo) —yv(r) ifa<r<b, @)
is simplicity: the coating is represented just by its segment v . y(r) = 0. (5)

and charge densities and by its thickness. The outer bound-

ary is perfectly sharp. It also coincides with the representa- In these equations; andc; are the velocity and the concen-

tion used by Ohshima in previous theoretical wo4,37), tration (in moy/m?) of the ionic species, ¢ (1) is the electric

for which limited analytical results exist. From the numeri- potential,v(r) the fluid velocity, andP(r) the pressure. The

cal standpoint, it requires a new set of boundary conditions constant represents the elementary charge, whijl&, and

to be satisfied at the coating—electrolyte solution interface. Na are the Boltzmann constant, the absolute temperature,

Actually, the existing expressida7] for the force balance  and the Avogadro number. In the present study it is assumed

boundary condition had to be corrected40], including an for simplicity that the dielectric constant of the membrane

additional term corresponding to the force exerted by the lig- phase is the same as that of the liquid phase, as should ap-

uid on the core of the moving particle. proximately be the case for polymer-coated particles. For
However, neither of the existing numerical works analyze other types of membranes, for which the difference between

fundamental questions such as how the ionic concentrationsthese constants is appreciable, the ion-partitioning effect that

are influenced by the field, or what is the geometry of the arises from the Born energy needs to be considered as is

fluid velocity profiles around the particle and inside the coat- done, for example, in Ref43]. Also, for mathematical sim-

ing. The answer to these questions is required for a completeplicity, the diffusion coefficients of all the ionic species are

understanding of the studied system. The aim of this work is considered to have the same values inside the membrane and

to use the network model already desigféd] to increase in the solution.

our knowledge of the response of a suspended spherical par- This equation system is first simplified by combining

ticle coated with a charged permeable membrane to a DCEgs.(1) and (2)to eliminate the ion velocities. The pressure

electric field. is then eliminated by taking the curl of E@t) and introduc-
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ing the vorticity, defined as

VA0 3
b p'=2-10° C/m

Q(r) =V x v(r). (6) Solution
24

The resulting equations are first solved in equilibrium and i ’=10° C/m’

then under the action of a weak DC electric fiek},. The 20 F

perturbed equations are linearized with respect to the applied g |

field, referring the perturbed variables to their equilibrium X 16 F o p=510"Can’

values (upper index 0), % 12[

ci(r) =c(r) +8ci (1), (7) os

[ Membrane
(8) 04 F

¢ () = ¢°(r) + 3¢ (1),
and keeping in the final equations only terms that are linear

[ 1 ) P Y R RN B

in the perturbations. 0 -8 6 -4 2 0 2 4 6 8 10
The boundary conditions used have been analyzed at 10%(r-b) (m)
length in[40]: @
e Inside the core the electric field is uniform. 0'=2-10° C/m?
e At the surface of the core the electric potential and the 10 E — \ .
. E =10° C/m Solution
normal component of the displacement vector are con- F P N
tinuous. The fluid velocity and the radial component of [ p’=5-10" C/m’ \
the ion velocities vanish. I
e At the membrane—electrolyte solution interface, the g
electric potential, the normal component of the displace- 5 1t Membrane P
ment vector, the fluid velocity, the ionic concentrations, § . s
the ionic velocities, the vorticity, and the pressure are “o- | i _ .
. 3 ) B s K Counterion
continuous. | p=5100Cm’ e - Coion
e Far from the particle, the electric potential reduces to o'=10° C/i’ //’
that of the applied field and the fluid velocity to mi- Rl 6“’3’ !
nus the electrophoretic velocity. The perturbations of the . T
ionic concentrations and the vorticity vanish. 0 8 6 4 2 0 2 4 6 8 10
e The total force acting on the particle vanishes. 10%(r-b) (m)

For computational reasons, the equations are first trans- ®)
formed using a new set of dimensionless variables. They ig. 1. Equilibrium profiles of the reduced electric potential (a) and the
are then discretized and the network circuits designed in ionic concentrations (b) for the parameter values showraisle 1and the
a way similar to that in40]. After the network model is  indicated volume charge densities.
constructed, an electric circuit simulation program is finally
used to obtain the values of the desired quantities, mainly po-and, therefore, the ion concentrations in the remaining space.
tentials at different points of the circuit, i.e., of the membrane As expected, when the fixed charge of the membrane grows,
and surrounding electrolyte solution. We found the PSPICE the reduced equilibrium potential and the counterion concen-
package most suitable for this purpose. tration also grow, while the co-ion concentration decreases.
It is important to note that when the membrane thickness is
larger than the Debye length (as is the cadéign 1), an elec-
3. Resultsand discussion troneutral region appears inside the membrane, in which the
electric potential and the ionic concentrations remain con-
Although the equilibrium properties of the system have stant.

been extensively studied in previous pap8@ 34—36] we In what follows we shall examine the dependence of the
briefly describe the more important aspects needed to underfield-induced changes of the electric potential, ion concen-
stand the behavior of the system out of equilibridfig. 1 trations, volume charge density, and fluid velocity profiles

represents the reduced equilibrium potentkig( 1a) and with the parameters of the system. The data set used in
concentration Kig. 1b) profiles for different values of the all calculations, except when indicated, is giverTable 1,
membrane charge and for an uncharged cage<0). It was where the parameteris defined as. =y /1.

shown in previous papef80,35]that the charge of the core It should be noted that the value of the applied electric
merely raises or lowers the electrical potential in the close field E, is set to 1 \Vm. Since the theory is based on the
vicinity to its surface, leaving unaltered the electric potential assumption that all the field-induced quantities are linear in
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Table 1
Parameter values used in the figures, except where indicated
sex = 80gq gin = 250 T =298 K a=10"%m
b=11x10"%m m=2 =1 p=-1
®=10"3M $°=10"3M D1=2x10"9m?/s Dy =2x10"9m?/s
oV =100 c/md n = 0.89 x 103 poise b —a)=10% Ea=1V/m
0.5 0.0
p'=210° C/m’ N Solution E .
Solution
05 |
| \
[ ‘\\ ———
E pv=106 C/m3 \ g -1.0 r "' AN pv=5,105 C/m3
= 10} = r —— Counterion /\’\_’-/
N X - )
= e ---- Coion .“\ -
“© © 15k i -7 106 3
o, N7 p=10"C/m
RN = :‘
\
20k Membrane \ -
e L N -7 p=210°Cm’
embrane =
_]'5‘1||“1||\|“1||\|1|||‘1||“|\‘|||“|| _2A5-.‘|\‘|‘I.||I.|.I|.|‘|.I.w|I||.I|.|Iw|.
-0 -8 6 -4 2 0 2 4 6 8 10 -0 8 6 4 2 0 2 4 6 8 10
10%(r-b) (m) 10%(r-b) (m)
(@ (b)
15
0'=2-10° C/m’
Solution
1.0
P p’=10°C/m’
g
) 05 -
=
2
/.
I p’=5-10" C/m’
Membrane

10*(-b) (m)
(©

Fig. 2. Perturbation profiles of the electric potential (a), of the ionic concentrations (b), and of the volume charge density (c), for the patenetieowa
in Table 1and the indicated volume charge densities.

E,, setting its value to 1 ¥m is equivalent to using any other  to those corresponding to bare latex parti¢ed: the elec-

value and dividing the results b¥;. trolyte concentration decreases over a distance on the order
of a particle radius and up to a few Debye lengths from the
3.1. Dependence on the fixed charge density membrane—electrolyte solution interface. Close to the par-

ticle, the co-ion concentration change decreases faster than
Fig. 2 shows the perturbation profiles of the electric po- that of counterions, leading to a negative volume charge den-
tential §¢ (r) (Fig. 2a), of the co-ion and counterion con- sity, Fig. 2b. Less than one Debye length from the interface
centrationssc1(r) anddca(r) (Fig. 2b), and of the volume  the two curves intersect, which corresponds to a positive
charge densityKig. 2c), calculated on the symmetry axis charge density that extends inside the membré&ig, 2c.
(6 = 0) for the indicated membrane charge densities. Out- The sharp minima just inside the membrane of the curves
side the membrane, the concentration changes are very closeorresponding to counterions arise because curves with a
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[ v_r.106
p=2-10" {/m Solution

15 -
g L
> 10+
= Membrane
B

5 |-

0 L 1

0 8 -6 4 2

10*(r-b) (m)
(@)
05 ¢
06 p=2-10° C/m’ ;
[ P m Solution

07 |

08 /-——\
T r p'=10° C/m’
2/ -09
= 10
(2]

L1 p’=5-10° C/m’ \_’,/

12 _ Membrane

1 1l | 1 | P |

10*(-b) (m)

(b)

from the particle, has a very large value near the membrane—
electrolyte solution interface (where the field-induced charge

density changes sign), and decreases to very low values in-
side the membrane. In contrast, the tangential component
tends to a limiting value of-1 V/m far from the particle,

as expected, it has a much weaker variation with the radial

coordinate, and its absolute value decreases with the fixed
charge in the membranEig. 3b.

The dependencies of the different variables on the radial
coordinate inside the membrane can easily be calculated us-
ing the condition of electroneutrality both in equilibrium and
with an applied field, together with the assumption that the
convective flow is negligible (as is the case for the value
A(b — a) = 10* used inFigs. 1-4. Under these conditions,

§c1(r) =68ca(r) =éc,

while Eq.(3) shows that the potential change is a solution of
the Laplace equation,

B
8¢ (r)=—Ar + =, (9)
r
so that the ion flows, derived from E¢1.), have the form
. dc  zje
0 i
Ji(r) =—¢; Div[g + ﬁ&b(r)}

_ ODVSC gef 4 B
=—¢; Dj c—0+k—T - r+r—2 .
1

Using the condition that the radial flow must vanish on the
surface of the core leads to

so that the radial and tangential components of the electric
field and of the ion flows inside the membrane can be written

Fig. 3. Perturbation profiles of the radial component (a) and of the tangen- &S

tial component (b) of the electric field, for the parameter values shown in

3
Table 1land the indicated volume charge densities. SE,(r)=A (1 _ ‘;_3>’ (10)
. . . .. . (13
negative slope inside the membrane must join curves with §E,(r) = —A (1+ _3> (11)
a positive slope outside it. It should be noted that this posi- 2r
; i i i i oA 3
tive slo_pe is also present in bare particles, as it has alreadyjl_r(r) — Op, gieAl, a” 7 (12)
been discussed4,45] i kT r3
The inner part of the membrane, which is electroneutral scl A 3
: s . . : . 0 c zieA a
in equilibrium,Fig. 1, remains electroneutral when a station- ji;o(r) =¢; D; [E P (1 + F)} (13)
i

ary field is appliedFig. 2c. This stationary state is attained
with counterion and co-ion changes inside the membrane

Equation(10) explains the growth with- of the radial

that are lower (in absolute value) the higher is the fixed field in the membrane (barely visible iRig. 3a), while

charge densityfFig. 20. This dependence is a result of the Eg. (11) explains the negative sign and the decrement with
electric shielding of the inner part of the membrane by the r of the absolute value of the tangential field component,
surface conductivity of the particle, as can be sedrign 3.

This figure represents the profiles of the radigig( 3a)
and tangentialKig. 3) nonequilibrium electric field com-
ponents, calculated on the symmetry axis&é¥. (») and on
the equator foB Ey (). As shown inFig. 3a, the radial com-
ponent of electric field tends to a limiting value of Y™ far

Fig. 3b. Moreover, the strong variation 8t with the fixed
charge density is a direct consequence of the variatid of
with p?, Eq.(9) andFig. 2a.

The radial and tangential components of the ion flows are
represented ifrig. 4. Inside the membrane, the flow of coun-
terions is much stronger than that of co-ions, mainly due to
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0.5

------------- Outside the membrane, the ion flows are similar to those

5 3 _ ---zzZZZIZ:
pis,l(,):;/;m;;;:i55565;:3::::"7 _____ corresponding to bare charged particles. Far from the par-
00 | =277 p=210’ Clm / ticle, the radial flow values tend, in all cases, to minus the
p=10° C/m’ corresponding value of the tangential flows, as expected.
=~ I Solution Moreover, these limiting values are larger for counterions
g s than for co-ions [Fig. 4), since the convective term adds to
s the electromigration term for counterions, while it subtracts
€ ol p’=510° C/m’ for co-ions:
r.‘;: zieD,-

[ p’=10° C/m’ . . 0
[ /——'/ Jir(r = 00) = —jig(r - 00) = ¢7| ==~ Ea—vd|. (14)
15 b 0’=2:10° C/m’ r

i —— Counterion Near the particle, at distances on the order of its radius, the

FMembrane ---- Coion . . .

N R radial flow of counterions is much larger than that of co-

U 0 1 2 3 4 5 ions (in absolute value) and the difference increases with the

107 (+-b) (m) fixed charge value. This is in full agreement with the ion

@) concentration profiledig. 2b), which contribute to increase
the radial flow of counterions and decrease that of co-ions.

Solution .
3.2. Dependence on the drag coefficient

T p=210° O’
We shall now analyze the effect of changes in the drag
0'=10° C/m’ coefficient on the behavior of the system. When the para-
— Counterion metera is lowered, the fluid starts to flow inside the mem-
~~~- Coion brane,Fig. 5. For high values of the drag coefficient, the
fluid velocity inside the membrane vanishes while, outside
the membrane, the velocity profile corresponds to that of
a charged rigid particle with radius. At great distances
it tends to the electrophoretic velocity, which has a rather

. \ \ small value, since most of the fixed charge is screened in-
° ' side the membrane (the reduced surface potential is equal to

T e 1.515). At intermediate values af the tangential compo-

; nent of the velocity inside the membrane presents a plateau,

107(r-b) (m) )

®) decreases to zero on the surface of the core, and increases on
the outer membrane boundaryig. 5b). For very low val-

Fig. 4. Perturbation profiles of the radial component (a) and of the tangential ues of the drag coefficient this plateau dlsappears and the

| ’=510'C/m’

10";,(r) (Mol/(m’s))

component (b) of the ionic fluxes, for the parameter values showatie 1~ fluid velocity monotonically increases across the membrane.

and the indicated volume charge densities. Outside the membrane the velocity decreases to the elec-
trophoretic value, which is much higher than for high drag

their much higher equilibrium concentratidfig. 1b. More- coefficients, because the electroosmotic flow arises across

over, the counterion flow strongly increases with the fixed the whole membrane thickness and not just the external dou-
charge of the particle, while the co-ion flow is almost in- ble layer[40].

dependent op?. This behavior is easily explained with the These changes in the fluid flows have a very strong bear-
help of Eqs(12) and (13)For counterions,boﬂtg andA in- ing on the ion flows both inside and outside the mem-
crease when the fixed charge density increases, leading to #&rane, as can be seen by comparffig. 6 with Fig. 4
strong increase of both components of the ion flows (for the Since changes due to fluid motion have the same sign for
tangential component, the first addend on the right-hand sideboth types of ions, the tangential flow of counterions inside
of Eq.(13)is small as compared to the second, in view of the the membrane strongly increases, while that of co-ions de-
high value Ofcg). In contrast, for co-ion&;cl’ decreases with ~ creases (in absolute value). The reverse is true for the radial
the fixed charge density whilé increases, so that the radial component. Outside the membrane, the most notable change
component of the flow, Eq12), remains approximately con-  is that forar(b —a) = 1, the electrophoretic velocity becomes
stant. As for the tangential component, the second addend orso high that the flow of co-ions changes sign: positive ions
the right-hand side of Eq13) remains approximately con-  outside a positive particle move in the direction opposite to
stant when the fixed charge increaaeﬁ’sdecreases whild the applied field (in the reference frame of the particle).
increases), while the first one decreases in absolute value, The stronger tangential flow of counterions inside the
Fig. 2b. This last decrement leads to the small variation ob- membrane leads to an increment (in absolute value) of the
served inFig. 4b. ion concentration changebi@. 7a), to an increment of the
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ol ~ [ Solution T Tm=--o___
E [ M o 4
= [ ° A(b-ay=10 I Mb-ay=10
\_;* -6 [ m é* L5 -
s 1 b = I Mb-a)y=10
L r = 20+ .
L a r —— Counterion
R [ ---- Coion
[ . 25F
Solution rMembrane\ Mb-a)=1
ol b N ) J) S T S RS B |
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
10"(7-b) (m) 107 (7-b) (m)
(@ (@
30 12
[ nk — Solution
[ _ F AMb-a)=1
a5 [ Mb-a)=1 10 :
[ M ? :
0L ¢ Solution ~ 8t Mb-a)=10
—_ : “2 7 —— Counterion
E : = 6 ---- Coion
15+ fr g 4
A s s Mb-a)=10
< [ [n Mb-a)=10 I \
= 10F [ e f\ SR Y
[ Y \Q____X__-__\____\
L 1 \
il Mb-ay=10" ! \
0 = Y
0 A T T S SRR -1 . \.T""! ———— [niulird it i ST
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
10"-(-b) (m) 107-(-b) (m)

(b) (b)

Fig. 5. Perturbation profiles of the radial component (a) and of the tangen- Fig. 6. Perturbation profiles of the radial component (a) and of the tangential
tial component (b) of the fluid velocity, for the parameter values shown in  component (b) of the ionic fluxes, for the parameter values showabte 1
Table 1land the indicated values of the prodach — a). and the indicated values of the prodach — a).

field-induced charge densit§ig. 7b), and to a correspond-  However, the double layer thickness inside the membrane
ing decrement (in absolute value) of the electric potential remains approximately constant, since it mainly depends
change Fig. 7c). It should be noted that for the lowest drag on the density of counterions, which barely chan{g.
coefficient considered, the potential change inside the mem-Therefore, in order to attain a situation where the elec-
brane is positive, which means that the direction of the tan- troneutrality of the membrane is lost, both the electrolyte
gential field inside the membrane is opposite to that of the concentration and the fixed charge density must be lowered.

applied field. This is illustrated inFig. 9, which shows the reduced equi-
librium potential and ion concentration profiles calculated
3.3. Dependence on the electrolyte concentration keeping the quotient”/c?® at a very low constant value of

5 x 10* C/(m®M). As can be seen, under these conditions

An analysis of the influence of the electrolyte concen- the membrane ceases to be electroneutral at the lowest con-
tration on the behavior of the system is complicated by the centration Fig. 9a). MoreoverFig. % shows that the double
fact that equilibrium properties are also modifiddg. 8. layer thickness increases both inside and outside the mem-
This figure shows that the equilibrium potential strongly in- brane when the electrolyte concentration is lowered.
creases when the electrolyte concentration decreases, keep- Finally, Fig. 10 shows the corresponding field-induced
ing the fixed charge density constant, and that the doublecharge density profiles. In contrast Fbg. 2c, the field-
layer thickness outside the membrane increases, as expectedduced volume charge calculated at the lowest electrolyte
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Fig. 8. Equilibrium profiles of the reduced electric potential for the parame-
ter values shown iffable land the indicated values of the ionic concentra-
tions in the solution.

concentration is positive over almost all the thickness of the
membrane, not just near its outer boundary. On the contrary,
the electroneutrality of the central part of the membrane is
preserved for the highest electrolyte concentration and, in
this last case, a negative charge density appears close to
the surface of the core. This Maxwell-Wagner type volume
charge is due to the hypothesis that the core is insulating,
so that it should be present in all cases. However, it is only
visible in Fig. 10 because of the low values of the fixed
charge density, which lead to low surface conductivity val-
ues Fig. 9P) that minimize the shielding of the core.

4. Conclusion

Model colloidal suspensions of charged soft particles are
important systems that are useful for the representation of
many biological particles, polymer-coated latex particles,
and even real uncoated particles. However, these are com-
plex systems, defined by a series of parameters in addition
to the usual ones that characterize hard particle suspensions,
namely the membrane thickness, membrane drag coefficient,
and fixed charge density in the membrane. This last parame-
ter must be specified instead of theotential, which is ill
defined for soft particleft0,46] Because of this complex-
ity, a detailed understanding of the behavior of these systems
is relatively difficult. We hope that this work will be helpful
in this aspect.

The dielectric and electrokinetic properties of suspen-
sions of hard particles are mainly dependent on their charge
and on the value of the produet. In addition to this, soft
particle suspensions also depend on the values of the prod-
uctsi(b — a) andikmem(b — a) (kmemiS a reciprocal Debye

Fig. 7. Perturbation profiles of the ionic concentrations (a), of the volume |€Ngth related to the equilibri_um Cour?t_erion density in the_
charge density (b), and of the electric potential (c) for the parameter values membrane rather than to the ion densities far from the parti-
shown inTable 1and the indicated values of the produch — a).

cle [30]). For largexr(b — a) values, the fluid barely moves
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Fig. 9. Equilibrium profiles of the reduced electric potential (a) and the ionic
concentrations (b) for the indicated values of the ionic concentrations in the
solution and keeping constant the quotigfiycy® at a very low value of

5 x 10* C/(m3M). Remaining parameters are giveriable 1

inside the membrane, while, for larggem(b —a), the mem-
brane is electroneutral both in equilibrium and with an ap-
plied field. The behavior of the system is greatly simplified

when both conditions are met, since then, the electrokinetic
equation system can be analytically solved inside the mem-

brane.

The field-induced charge density outside the membrane

is similar to that for bare particles, but it now extends inside
the membrane. It grows with the fixed charge density, par-
tially shielding the membrane, so that the higher the fixed

charge, the lower the field-induced ion density changes and

electric field inside the membrane. However, the counterion
flow increases with the fixed charge.
Low A(b — a) values lead to a strong electroosmotic flow

inside the membrane, which greatly increases the convec-

tive flow outside the particle and its electrophoretic mobil-
ity. Actually, the electrophoretic velocity of the soft particle
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Fig. 10. Perturbation profiles of the volume charge density for the indicated
values of the ionic concentrations in the solution and keeping constant the
quotientp?/c® at a very low value of 5 104 C/(m3 M). Remaining pa-
rameters given iffable 1

can become higher than the electromigration velocity of the
ions in the electrolyte solution. Fluid flow inside the mem-
brane also increases the field-induced charge density and,
correspondingly, decreases the field-induced electric poten-
tial. This decrement can be so large as to reverse the direction
of the electric field inside the membrane.

Keeping constant the membrane thickness, a low value of
the productcmem(b — a) can only be attained by reducing
both the fixed charge density and the electrolyte concentra-
tion, since the counterion concentration inside the membrane
is almost independent of the electrolyte concentration. Un-
der these conditions, electroneutrality inside the membrane
is lost both in equilibrium and with an applied field, when a
field-induced charge density extends across the membrane.
Furthermore, the electric shielding of the inner volume of
the membrane is greatly reduced, leading to a significant
Maxwell-Wagner type charge density distribution over the
surface of the core.
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