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We present a new generalization of the standard electrokinetic model based on the assumption that there is
a thin layer surrounding the suspended particle where the equilibrium ion density is not determined by the
Gouy—Chapman distribution, while the standard model applies outside this layer. Our approach differs from
existing models in that we consider that the surface layer is made both of free ions (mostly counterions) and
of the fixed ions that constitute the charge of the particle. Furthermore, the free ion density is determined by
appropriate boundary conditions without considering any adsorption isotherms. Finally, the fluid is allowed
to freely flow inside the layer, only hindered by the presence of the fixed charges and the adhesion condition
on the surface of the particle. We show that this generalization leads to results that qualitatively differ from
those obtained using existing models: instead of always decreasing, the electrophoretic mobility can actually
increase with the anomalous surface conductivity. This could make it possible to use our model for the
interpretation of a broader set of experimental data, including those cases when the measured mobility is
higher than predicted by the standard model.

1. Introduction electrokinetic model: the surface of a colloidal particle appears

According to the classical description of colloidal suspensions, t© P& more complex than assumed by this model. An often used
the main parameter determining their dielectric and electroki- generalization is based on the Stern rather than the Gouy
netic properties is thé potential. This parameter is determined Chapman distribution of ions around the particle. It is assumed
experimentally by means of electrophoretic mobility measure- that the particle surface bearing the fixed charge density is
ments and using the so-called standard electrokinetic model.Surrounded by a thin layer of ions (mostly counterions), with a
According to this model, the particles are surrounded by a surface_ density determined by_adsorptlon |soth_erms rather than
uniform surface density of fixed charge, the ions in the the PoissorBoltzmann equatiofi-® Outside this layer, the
electrolyte solution can be treated as mathematical points, andSyStem satisfies the GowyChapman distribution. Out of equi-
macroscopic values of the permittivity and viscosity remain valid !lbrium, the properties of this generalized model are determined
at the microscopic scale up to the very surface of the particle. Py @ssuming that the liquid in the thin ion layer is not allowed
Under these assumptions, the equilibrium distribution of ions t© Move, while the ions are free to move along the surface with
around a suspended particle coincides with the Galiyapman @ mobility that is comparable to that in the bulk solution.
distribution, the¢ potential coincides with the equilibrium ~ Because of this assumption, th@otential coincides now with
electric potential at its surface, and the surface conductivity _the equilibrium electric potentl_al at the outer surface of the thin
coincides with the conductivity of its diffuse double layer. ion layer, rather than the particle surface.

Therefore, the surface conductivity value is a function of the ~ This generalization implies that the surface conductivity of
¢ potential and of other known parameters of the model such the particle is now made of two terms: the diffuse double layer
as the ion concentrations in the electrolyte solution far from part determined by the standard model, and the conductivity of
the particle, their valences, diffusion coefficients, and the fluid the inner layer of ions determined by adsorption. Therefore,
viscosity. This means that all the dielectric and electrokinetic the surface properties depend now on two parametersg the
properties of the system should be functions of a series of known potential and the surface conductivity of the inner layer, also
parameters and of a single variable: thegotential. This result known as the anomalous surface conductivity. In view of this
has been used for many decades to deteriibg means of a dependence, it is no longer possible to determiné thetential
single measurement: the electrophoretic mobility. An equally from a single measurement such as the electrophoretic mobility
valid alternative is to determine its value from the conductivity or conductivity increment. Both measurements are required.
increment, since both phenomena are described by means of while this appears to solve the compatibility problem between
the same standard model. The problem that arises is that, quitehe ¢ potential values deduced from these two individual
often, theC potential values obtained using these two techniques measurementsa serious problem remains: the presence of the
do not coincide with one anothér? anomalous surface conductivity always decreases the electro-

While the reason for this discrepancy is not known, it seems phoretic mobility value. Therefore, this generalization of the
that its origin is in a fundamental failure of the standard standard model does not help and actually worsens the

* Universidad de Jap interpretation in those cases when the measured electrophoretic

f Universidad Nacional de Tucuma mobility is very high, higher than the theoretical maximém.

8 Consejo Nacional de Investigaciones Ciéiosis y Teenicas. Still another difficulty arises when the models are extended into

10.1021/jp071569q CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/29/2007




8986 J. Phys. Chem. B, Vol. 111, No. 30, 2007 Lopez-Garca et al.

the frequency domafn®! and the low-frequency dielectric  to review the main features of the model of Mangelsdorf and
dispersion predictions are compared with experimental’daté4. White (M—W),610 which we will use for comparison. In that
It is observed that the measured dispersion amplitude can bemodel, it is assumed that a suspended particle is surrounded by
much higher than the theoretical prediction, while the charac- the Stern layer and that its “electrokinetic radiwsincludes
teristic frequency is much lower. In many cases, no combination that layer, so that standard electrokinetic equations are valid
of model parameters can explain the measured permittivity for r > a. The outer boundary of the Stern layer is located at a
values, even when the static mobility and conductivity data can distancex = 81 + 52, measured from the surface of the particle
be interpreted. core. Therefore, in equilibrium, the Gowghapman ion

An interesting example of this situation is presented in refs distribution applies fox > 51 + 2 and the fixed surface charge
15 and 16, where it is shown that after a heating treatment thedensity is located precisely at the core surfage= 0. The
latex particles behave almost ideally. This suggests that, in its adsorbed ions are assumed to lie adjacent to the surface, with
original state, polystyrene particles can have a hairy rather thantheir centers located at = f3;, so that their charge can be
a flat surface. Actually, this assumption was previously used represented by a surface charge densgty
as another type of generalization of the standard model. Instead The surface charge density in the Stern layer is determined
of considering that the particle surface is perfectly flat and rigid, by means of an adsorption Langevin type isotherm
it was modeled as a hairy surfaé&®or as a thin porous layé?.

Still another generalization of the standard model consists n’ —ze
of taking into account the tiny concentrations of End OH L ex
ions, always present in aqueous electrolyte solutions, in addition K
to the relatively large concentrations of, for example, @hd 0l = zeN Q)
K* ions that are usually the only ions considered when the N ny [{—zke )

standard model is used. The inclusion of these additional ions 1+ ) —ex
is formally straightforward, even when it represents a tremen- =1 K
dous complication in the calculations. However, if treated just
as the remaining ions, their influence on the dielectric and where the lower index refers to the ion typeze is the ion
electrokinetic properties would remain negligible, despite their charge, n its bulk molar densityK; the dissociation constant,
high mobility, in view of their low concentration. But there is  andN; the maximum surface density allowedxat 3; for ions
good reason to believe that these ions should be treatedof typej. Finally, N is the number of ion types present in the
differently: the ¢ potential of suspended particles usually solution,kg represents the Boltzmann constahthe absolute
depends on the pH value of the suspending medium. This temperature, an® = Wo(x) the equilibrium electric potential.
observation led to different generalizations of the standard model Actually, two adsorption isotherms are considered: adsorption
in which Ht and OH- ions are allowed to adsorb to the surface onto “underlying area”, eq 1, and adsorption onto “underlying
of the particle, changing the local value of its formally fixed charge”, expressed by an isotherm identical to eq 1, except that
surface chargé?11.20.21 the summation over all the ion species in the denominator is
In this work, we present a new generalization of the standard replaced just by thg ion type term. However, numerical
electrokinetic model that can be regarded as a modification of calculations are only made by considering the first kind of
the first approach. It is also based on the assumption that thereadsorption isotherm, so that we shall not consider the second
is a thin layer surrounding the particle where the ion density is case in what follows. In these calculatioh,is deduced from
not determined by the GotyChapman distribution. Again, the  the maximum surface charge density that is assigned the
standard model applies outside this layer. The difference with values: eN = 30 or 80 uC cnmr? while K; (in mollL) is
existing generalizations is limited, therefore, to the surface layer expressed akj = 107PX, wherepk; is considered to be in the
properties. We consider that it is made both of free ions (mostly range from—1 to 2.
counterions) and of the fixed ions that constitute the surface In view of the thinness of the Stern layer, the value of the
charge. This makes it possible to model the surface layer as apotential atx = 3, is related to the corresponding valuexat
thin charged polymer layer surrounding the particle, just as in 3; + B using plane geometry
the case of soft particles. This representation has two main

consequences. First, there is a finite density of free ions inside 02
the layer determined by appropriate boundary conditions, even lI’O(ﬁl) =i-c (2
2

without considering any adsorption isotherms. Second, it is no

longer obvious that there is no fluid flow inside the surface

layer. On the contrary, the fluid can be allowed to freely flow Whereag is the surface charge of the diffuse double layer and
along the surface of the particle, only hindered by the presenceC2 is the outer Stern layer capacity per unit area. Writing this
of the fixed charges and the adhesion condition valid on its capacity as

surface. We show that this generalization can lead to results

that qualitatively differ from those obtained using the existing C,=€lp,

approach: instead of always decreasing, the electrophoretic

mobility can actually increase with the anomalous surface and substitutingC, = 130 «F cni 2, used in ref 10 for all the
conductivity. This fact extends the range of experimental data humerical calculations, and= 78.55x 8.85x 10712F m1,
that can be interpreted by the model, including those cases wherdeads to the valug, = 5.3 x 10-*°m (a different value of the
the measured mobility is higher than predicted by the standard permittivity in the Stern layer could certainly be considered,

model. but this would require the incorporation of a Born-type energy
tern?2 in eq 1). Therefore, the thickness of the Stern layer
2. Model considered in the MW model is on the order df = 81 + 32
2.1. Brief Review of the Mangelsdorf and White Model. ~ 10 x 10719 m. This value is not used in the calculations,

Before discussing in detail the proposed model, it is advisable since the layer is treated as if it were infinitely thin.
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It is interesting to compare the total average volume density
of ions inside the Stern layer
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with the total ion density in the diffuse double layer at its
boundary
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and using the following expression for the diffuse double layer
surface charge density, which is valid for thin double layers
and binary electrolytes with equal counterion and co-ion
valence$®

4en”100QN,
o5 = - A smI—(ZEST) (6)
where
26”1000\, ,
N TR )

is the reciprocal Debye lengtiNa is the Avogadro number,
and it was assumed that the electrolyte is univalent.

The obtained results for the total average ion density inside
the Stern layer as a function of the equilibrium dimensionless
surface potential

e¥w(a)
ks T

calculated fora = 100 nm particles in a binary univalent
electrolyte solution such that = 30 and considering thaiN

= 80 uC cnr? are presented in Figure 1. The same values
represented as a function «d and calculated foy°(a) = 4 are

y(@) =
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Figure 1. Total average ion density inside the Stern layer according
the M—W model (egs 3-5) calculated fowa = 30 and the indicated
pKvalues (dotted lines). The dashed line represents the total ion density
in the diffuse layer at = a (eq 4), while the solid line corresponds to
the total average ion density inside the surface layer according to our
model.
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Figure 2. Same as Figure 1, but calculated for the nondimensional
surface potentiay’(a) = 4.

of eq 5 becomes equal geh that is whermpK ~ —0.9 (foreN
= 80uC cm?).

For high, but still reasonable, surface potential valyg)
> 6 (for eN = 80 uC cm?), the Stern layer becomes fully
saturated for any value pK, while the ion density in the diffuse
layer continues to increase. This saturation can be regarded as
a positive feature of the MW model of the Stern layer, since
it avoids excessively high ion concentrations that are obtained
in the framework of the standard model due to the assumption

presented in Figure 2. In this last figure, the surface charge of that ions can be treated as mathematical points. However, the

the diffuse layer was obtained numerically rather than using eq
6, since that expression is only valid for high values.

M—W model includes both the inner and the outer regions, and
no measures are taken in order to avoid excessive ion concen-

As can be seen, the total average ion concentration insidetrations in the outer region. Therefore, all the reservations about
the Stern layer generally exceeds the concentration of ions inthe applicability of the standard model at high surface potential

the adjacent electrolyte solution. This is particularly true for

values also apply to the MW model.

low surface potentials when a strong ion adsorption is required Figures 1 and 2 provide a means to compare the anomalous

to achieve a high anomalous surface conductivity. o= 2,
the Stern layer is saturated at practicallyyd(g) values, while

surface conductivity with the surface conductivity of the diffuse
double layer, since both values are proportional to the corre-

for lower pK values, the saturation condition requires increas- sponding ion densities. However, it is worth noting that the
ingly higher surface potentials. It should be noted that the proportionality constants are different, mainly because the
average ion concentration inside the Stern layer becomes lowerthickness of the surface layer is fixed while that of the diffuse
than that of the adjacent solution fpK = —1 and lowy°(a). layer depends on the electrolyte concentration: the Debye length
Actually, these two magnitudes become equal for low surface in Figure 2 varies in the range 100 to 0.5 times the thickihess
potential values when the second factor in the right-hand side of the surface layer. Another important reason is that the fluid
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The first difference is that we consider the fixed charges of
the particle to be distributed inside this region, rather than
forming a surface charge layer precisely on the core surface:
= 0. This assumption implies that the core is not necessarily a
perfectly smooth sphere, that the fixed charges have a finite
size and need not be completely immersed inside the core, and
that a hairy surface is a possible realfity®

The second difference is that we do not require a priori that
the fluid cannot move inside the surface layer. This requirement
is necessary in any treatment of the surface layer in which it is
assumed to be infinitely thih® since, in this case, it is
impossible to write down the NavieStokes equation. However,
when the layer is assumed to have a finite thickness, as in the
M—W and our models, this requirement is no longer necessary.
Besides, if hydrated ions are allowed to move inside the surface

(a) layer, it seems reasonable that water molecules should also be
Figure 3. Total fixed charge on the surface of the core according the allowed to move. While the use of macroscopic eqluatlons at
M—W model, calculated foxa = 30 and the indicategk values length scales on the order of 20 107*° m can certainly be
(dotted lines). The dashed line represents the total fixed charge objected, this is done in the MW model just outside the
according to the bare particle model, while the solid line corresponds hydrodynamic radius = a (and in all the existing treatments
to the total fixed charge inside the surface layer according to our model. that use the standard model). It is worth noting that, for a
concentrationn® = 0.1 M, a quite usual value, the Debye
screening length is approximately 2010710 m.

The third difference is that we do not use any adsorption
isotherm, at least in this initial formulation of the model. On
the contrary, ions are free to move across the external boundary
driven by the electric potential and concentration gradients, as
well as the fluid flow. Since one of the boundary conditions at
r = ais the continuity of the ion concentrations, the ion densities
inside the surface layer are close to the densities just outside
the layer: solid lines in Figures 1 and 2. Therefore, our model
predicts lower ion densities at low surface potentials than the
M—W model and higher in the opposite case. However, this
does not mean that the resulting surface conductivity values
are always weaker at low surface potentials, since the fluid flow
inside the surface layer greatly enhances the anomalous surface
conductivity. Furthermore, while the ion density in the diffuse
Figure 4. Same as Figure 3, but calculated for the dimensionless layer '_S identical for the t_h_ree_ co_nS|dered quels, the corre-
surface potentiay®(a) = 4. sponding surface conductivity is higher according to our model
because the adhesion boundary condition appliessat — h

does not move inside the surface layer according to the/A\ rather tharr = a.
model, while it does move in the diffuse layer, enhancing its ~ The fourth and final difference is in the value of the fixed
surface conductivity value. Finally, the diffusion coefficient charge. Just as in the MV model, we do not specify any
values for ions inside the surface layer need not be equal tomechanism determining the value of this charge as a function
those in the bulk solution (we do not consider this possibility of the system parameters, at least in this initial formulation of
in the present work). the model. However, the resulting values strongly differ from
As a final comment, it is important to note that, while the those of the M-W model, being generally lower and closer to
M—W model specifies a mechanism for the dependence of thethe values corresponding to the bare particle model, at least for
Stern layer properties on the system parameters, it does nofow surface potentials or lowa values (solid lines in Figures
specify any mechanism that determines the value of the fixed 3 and 4).
surface charge on the core of the particle. However, this charge In view of the assumptions specified above, the mathematical
has an extremely strong dependence/a) and«a, as shown formulation of the proposed model is identical to that presented
in Figures 3 and 4, which were obtained using the same choiceearlier for the description of the dielectric and electrokinetic
of parameters as Figures 1 and 2, respectively. As can be seenproperties of dilute suspensions of soft partiée®. For this
for low surface potentials and intermediatevalues, the fixed reason, we do not rewrite here any of the governing equations
surface charge can be nearly 2 orders of magnitude higher thanand boundary conditions that determine the predicted behavior
in the bare particle model. of the system. We only note that the soft particle model includes
2.2. Proposed Model.Our model can be regarded as an a parametei related to the resistance exerted by the polymer
extension of the MW model. We also consider that the particle segments in the permeable membrane to the fluid flow inside
is made of a rigid core surrounded by a thin surface layer of it according to the DebyeBueche modet® In order to simplify
thicknessh ~ 10 x 101® m. The radius of the whole system the forthcoming discussion and to minimize the number of
is a, and forr > a, the standard electrokinetic equations apply. parameters, we only consider now the extreme éasé®: free
Any differences with the MW model correspond, therefore, fluid flow inside the surface layer. We furthermore assume that
to the region 0< x < h. the diffusion coefficients of all the ionic species have the same
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value inside the surface layer as in the bulk solution, and that TABLE 1: Parameter Values Used in Figures 5-8, except

the permittivity inside this layer is the same as in the bulk.

When Specified Otherwise

A simple estimate of a physically meaningful value of the
parameterl can be made, assuming that the drag exerted on
the fluid flow by each fixed charge in the surface layer is the
same as the forde exerted by the fluid on a moving ion in the
suspending medium

where v is the ion velocity,u its mobility, D its diffusion
coefficient, and the Einstein relation was used in order to write
the second equality.

The drag coefficient in the soft particle model is definetfas

2=r
n

where y is the force per unit volume and unit velocity.
Combining the above expressions gives

2= KT _Qle
D1 4za’h

8)

whereQ is the fixed charge of the particle, so that the second
factor in the right-hand side is the number of fixed ions per
unit volume in the surface layer. The value Qf strongly
depends on the surface potential andcanincreasing with these
parameters (Figures 3 and 4). Therefore, the assumptio

is acceptable for weakly charged particles in dilute electrolyte
solutions but becomes objectionable in the opposite limit.

3. Results and Discussion

In what follows, we compare our results to those correspond-
ing to bare particles (no surface layer) and to the results of the
M—W model, keeping constant the equilibrium electric potential
value atr a. For the bare and the MW models, this
parameter coincides precisely with tgepotential. However,
this is not exactly the case for our model, since as is
well-knownZ” the ¢ potential is an ill-defined parameter in the
case of soft particles (the standard definition is only possible
for A =0 orA — oo, since in these cases, thgotential would
coincide with the equilibrium surface potentialrat= a — h
andr a, respectively). Nevertheless, this fact is of little
importance for the extremely thin membranes considered in this
study. It should be noted that this representation differs from
that used in ref 24, where the comparisons were made by
keeping constant the fixed charge of the particle. The reason
for the change is in the extremely high variability of the particle

charge across the considered models as shown in Figures 3

and 4.

The different parameter values used in the calculations, except
when specified otherwise, are given in Table 1.

Figure 5 represents the conductivity incremeait defined
as

K = K*(1 + ¢AK) = K*(1 + 3¢d) 9)

radius of the core and a=100x 10°m

surface layer

thickness of the surface h=1x10°m
layer
absolute permittivity outside €=78.55x 8.85x 1002F m?
the core
viscosity of the suspending n = 0.89 x 1072 poise
medium
temperature T=298K
number of ionic species in N=2
the solution
ion valences z=-2=1

ion diffusion coefficients Di1=D,=2x 10" *m?s?

electrolyte concentration such thaka = 30

dimensionless surface potential y°(a) = 4

M—W maximum Stern layer eN, = eN, = 80uC cnr?
surface charge

M—W dissociation constamK pKi=pK, =2

20 ¢

xa=10

¥(a)
Figure 5. Conductivity increment defined in eq 9, calculated for the

indicatedra values. Dashed lines: bare particle model. Dotted lines:
M—W model. Solid lines: our model.
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Figure 6. Same as Figure 5, but calculated for the indicated
dimensionless surface potential values.

of xa,28 and the corresponding conductivity increment curves

and calculated as a function of the dimensionless surfacetend toward—3/,. Our model tends toward a slightly higher value

potential for three values afa. In the above expressiok, is
the conductivity of the suspensiok? the conductivity of the
suspending mediung the volume fraction of particles, ardl
the dipolar coefficient. For very low surface potential values,

because the radius of the coee{ h) is smaller than the radius
(a) of the bare particle. Therefore, the limiting conductivity
increment value is-(3/2)[(a — h)/a]® ~ —1.45.

A totally different behavior is observed for the MV

the bare particle behaves just as an insulating sphere so that itsnodel: the conductivity increment values are much higher and

dipole coefficient has the valuel/,, irrespective of the value

strongly depend on the electrolyte concentration, decreasing with
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xa. The first feature is due to the presence of the adsorption conductivity term becomes dominant. Finally, for the high
isotherm (eq 1) that populates the Stern layer even for unchargedimit, the Stern layer surface conductivity attains its saturation
particles (Figure 1), leading to a nonvanishing surface conduc- value (Figure 2), so that Dukhin nhumber tends to zero just as
tivity. As for the dependence ot it arises because the static for the bare particle model.

dipole coefficient of uncharged particles is determined by the  As for our model, it also leads always to higher conductivity

simple expressidi increment values than the bare particle model, due to the
additional surface conductivity of the surface layer and the
d= 2Du—1 increased surface conductivity of the diffuse layer. At low ion

2Du+ 2 concentrations, the differences are always very small, because

the contribution of the surface layer becomes negligible as

where Du is the Dukhin number: total surface CondUCtiVity Compared to the diffuse double |ayer: for decreag&ag its
divided by the particle radius and the bulk conductivity. For thickness remains fixed, while the Debye screening length
uncharged particles, the dependence of Du®is determined  increases. Due to this same reason, the surface conductivity of
by the denominator in eq 1, since the ion concentration in the the diffuse layer tends to that of the bare particle model. At
numerator cancels with that in the expression of the bulk jntermediateca values, the differences become quite important
conductivity. Therefore, Du decreases with increasiagand especially for high surface potential values, when the inner layer
so does the dipolar coefficient. conductivity can surpass that of the-NV model. Finally, in

For highy®(a) values, the conductivity increment of bare the high concentration limit, our model leads to conductivity
particles also increases, basically due to an increment of thejncrement values that are positive and much higher than the
surface conductivity of the diffuse double layer, and tends to a gther two models. The reason for this behavior is that the
finite value fory%(@) —  (in the simplest case of univalent  average ion density in the surface layer is proportional to the
electrolytes, equal diffusion coefficients values of counterions jon concentration at = a, which is proportional to the bulk
and co-ions, andta — o, the theoretical limit of the dipolar  jon concentration (eq 4 and Figure 2). Therefore, the surface
coefficient is'/4,%° so that the conductivity increment tends to  |ayer conductivity increases linearly with the electrolyte con-
0.75). The M-W and our models tend to the same limiting  centration so that, for higka values, the Dukhin number tends
values as the bare particle model, since when the surfaceto a constant value rather than decreasing to zero as for the
conductivity of the diffuse double layer diverges, the contribu- other two models.
tion of the inner layer becomes irrelevant. Figure 7 represents the dimensionless electrophoretic mobility

For intermediatg®(a) values, our model has a very strong
dependence on the surface potential, due to the strong depen- 3en V.
dence of the ion density in the surface layer on this same U= e _"e (10)
parameter (Figure 1). As can be seen, the conductivity increment 2ekgT E
is always substantially greater than for bare particles, as expected
in view of the additional surface conductivity of the surface calculated as a function of the dimensionless surface potential
layer and the increased surface conductivity of the diffuse layer. for three different values of the produe. In this expression,
A comparison with results deduced using the-W model ve is the electrophoretic velocity ariel is the applied electric
shows that for low surface potential valugeK is lower field. The three bare particle model curves reflect the well-
according to our model, at least for the adsorption isotherm known behaviof® an initial increase corresponding to an
parameters used in Figure 5, because of the lower ion densityincreasing surface charge in the diffuse double layer, a maximum
values in the surface layer (Figure 1). However, for hig(a), value (present for sufficiently higka), and a decrease due to
our conductivity increment surpasses the values obtained by thethe increment of the dipolar coefficient and a corresponding
M—W model, since the ion density inside the surface layer decrement of the total tangential electric field value in the diffuse
increases (Figure 1), while the fluid flow inside this layer double layer. The final limiting value is determined by the
enhances the surface conductivity. corresponding limit of the dipolar coefficient (Figure 5 and eq

Figure 6 represents the conductivity increment calculated as 9).
a function ofxa for three values of the surface potential. For As can be seen, the anomalous surface conductivity can have
low electrolyte concentrations, the bare particle model leads to a tremendous impact on the electrophoretic mobility value. The
very large conductivity increment values that are mainly caused most important qualitative conclusion drawn from Figure 7 is
by the increment of the effective size of the particles due to that, according to our model, the mobility generally increases
their thick diffuse double laye® In the opposite high concen-  with the surface conductivity, while it always decreases ac-
tration limit, the surface conductivity increases with the square cording to the M-W model. The reason for the behavior of
root of the electrolyte concentration (egs 6 and 7), while the the M—W model is rather obvious: the diffuse layer and the
bulk conductivity is proportional to this concentration, so that fluid boundary condition are the same as in the bare particle
the Dukhin number becomes vanishingly small and the con- model, while the tangential electric field is lower because the
ductivity increment tends te-3,, irrespective of the surface  dipole coefficient is always higher (Figure 5 and eq 9). As for
potential value? our model, the mobility at low surface potentials is sensibly

The behavior of the MW model is qualitatively similar to higher than for the bare particle model, because the slipping
that of the bare particle model, leading always to higher plane is shifted t& = a — h so that all the ions in the diffuse
conductivity increment values due to the additional Stern layer double layer and an important fraction of free ions in the surface
surface conductivity term. At lowa, the differences are very layer are located relatively far from the slipping plane, which
small, except for low surface potentials when the surface increases the tangential fluid velocity along the surface of the
conductivity of the diffuse double layer decreases and the particle. For higher surface potential values, this difference
contribution to the dipole coefficient of the Stern layer becomes decreases and even changes sign due to the faster increase of
increasingly important (Figure 5). The differences are highest the dipole coefficient in our model (Figure 5). Finally, Figure
at intermediate concentrations when the Stern layer surface7 also illustrates the influence of thé parameter value,




New Generalization of Electrokinetic Model J. Phys. Chem. B, Vol. 111, No. 30, 2008991

7

bare particle model. For intermediata values and moderate
surface potential, the mobility becomes much higher than in

oL \\ the bare particle model, because an important fraction of free
I . charges is located far from the zero fluid velocity boundary.
I N However, the mobility becomes lower for high(a), in view

sk ‘_,.??‘?,:,1.00 AN of the high value of the dipole coefficient (Figure 5). In order

\

to provide an interpretation of the strong increase of the mobility
for the highxa limit, we solve the Navier Stokes equation in
one dimension inside the surface layer and the electrolyte
solution considering, as in all of this work, that there is no
resistance exerted by the fixed charges in the surface layer to
''''' 3 the fluid flow

'''''' 2
duy

o

In this expressionx is the radial coordinate extending from the

core &k = 0) and into the electrolyte solutiorx ¢ h), vy =

vy(X) is the tangential fluid velocityp = p(X) is the free ion

. chargeE, is the tangential electric field, and the pressure term
y(a) has been omitted in view of symmetry considerations. This

Figure 7. Dimensionless electrophoretic mobility defined in eq 10, equation can be combined with the equilibrium Poisson equation

calculated for the indicatech values. Dashed lines: bare particle model.

Dotted lines: M-W model. Solid lines: our model. Dot and dash d2p0 o+ pf
lines: our model with the parametérvalue estimated using eq 8. d_X2 =

0 2 4 6 8 10

€
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- wherep' is the density of fixed charges inside the layer, leading
to
dzuy B dap°

_ Y _ _ f
w2 el o

The solution of this equation inside the surface layer is

v, = —eWoE, — pEXI2 + Kx + K,

while, outside it, it reduces to

Ny, = —e‘POEy +Cx+C,

10° The four unknown coefficients can be determined using the
following boundary conditions:
1. Forx — oo, the electric potential vanishes, while the fluid
velocity attains a finite value

&)

10

Ka

Figure 8. Same as Figure 7, but calculated for the indicated
dimensionless surface potential values andifer O only.

c,=0
calculated using eq 8, on the electrophoretic mobility. As can '
be seen, the mobility values are always lowered with respect to Co= Wy(°°)
the values obtained considering that 0, the difference being
important forka = 100 but negligible fowa = 10. 2. Forx = 0, the fluid velocity vanishes, while the electric

Figure 8 shows the dependence of the electrophoretic mobility potential attains a finite value
on «a, calculated for three different values of the surface

potential. The bare particle model shows the well-known K0=61P°(0)Ey
behavior®! Debye-Hickel limit for low «a and Smoluchowski
value in the opposite limit. The MW model displays these 3. Forx = h, the electric potential is continuous, and the

same limiting behaviors, because the anomalous surface conwvelocity is continuous, as is its first derivative with respect to
ductivity vanishes at lowa (eq 1), while the dipole coefficient ~ x.24Finally, the first derivative of the potential is also continuous,
value coincides with that of the bare particle model at high because is continuous and there is no surface charge density
(Figure 6). For intermediate electrolyte concentrations, the

mobility is always lowered due to the higher dipole coefficient K, = pfhEy
values (Figure 5).
As for our model, it also tends to the Debyiliickel limit Therefore, the fluid velocity value far from the surface layer

at low electrolyte concentrations, because the surface layeris
conductivity vanishes under these conditions (Figure 2), while 0 -
the surface conductivity of the diffuse layer tends to that of the nv,() = eV (0)E, + pEhT2
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For the limit h — 0, this result reduces to the well-known and CONICET (project PIP 6456), of Argentina, is gratefully

expression acknowledged.
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