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Abstract Experimental data
concerning the dependence of the

electrolyte concentrations
(¢ < 0.05 mol/l) only. The second

surface charge density of AEROSIL
300 in aqueous alkali chloride
solutions on pH are analyzed under
application of two different models
for a spherical electrical double layer.
Data for the alkaliions Lit, Na*,
K*,Rb* and Cs™ are included at five
electrolyte concentrations. In the first

model with a charge free Stern layer
and without counterion binding
seems to be applicable for higher
electrolyte concentrations also.
Furthermore the surface charge
density constants from the second
model agree better with those
published and determined with other

model a counterion binding in
combination with a pure diffuse
spherical double layer is considered;
here, a good agreement between the
recalculated plots and the
experimental data is found for low
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Introduction

The influence of different counterion species on the surface
charge density, 64, of colloidal dispersions as well as on
properties related to o, are of interest for basic research
and applied science. This concerns, for example, the colloid
stability [1, 2]. Furthermore, the adsorption of ions in the
interface depends on oy. This phenomenon is applied in
ion chromatography and is of importance in connection
with nuclear waste respositories (see e.g. [3]).

Alkali ions are often considered as indifferent ions for
oxides [4—6], since they do not affect the position of the
point of zero charge (p.z.c.). On the other hand the influ-
ence of different alkali ion species on the amount of the
surface charge density is verified by some experimental
results and is described by an alkali sequence. This alkali
sequence depends, however, on the oxide under considera-

models or experimental methods.
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tion (see e.g. [7]). Furthermore the sequence may change
with the electrolyte concentration [2] or with pH [8].

For the interpretation of the differences between oy-pH
plots in the presence of different alkali ions two funda-
mental mechanisms are discussed in the literature; i) the
different radii of solvated ions [9] or ii) a specific ion
binding or adsorption [7, 10-13].

Systematic investigations of the dependence of o, on
pH in the presence of different alkali ions were published
by Tadros and Lyklema [9] and by Kosmulski and
Matijevich [7, 14]. In both cases porous silica was investi-
gated in a limited concentration range. The interpretation
of the data was done qualitatively or quantitatively on the
basis of a model for a flat electrical double layer.

The aim of the present article is a quantitative analysis
of the extensive experimental results presented in part
1 [15]. Doing so, both ideas mentioned above, i) ion
binding and ii) radius of solvated ions which should influ-
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ence the Stern layer thickness, are connected with a spheri-
cal double layer model. The constants describing the
relation between o, pH and the electrolyte concentration
are evaluated. Because of the limited pH range investi-
gated (see part 1) the calculations are restricted to the
dissociation of acidic surface silanol groups as surface
charge formation reaction.

Experiments

The surface charge density on AEROSIL 300 was deter-
mined in dependence on pH in the presence of five different
alkali chlorides, Li*, Na*, K*, Rb* and Cs™, at five dif-
ferent concentrations (0.005 mol/I to 0.3 mol/1) by poten-
tiometric pH titration in comparison with a blank. The
experimental details are described indepth in [15].

Specific counterion binding

Spherical particles with a radius, R, are considered. Since
the experimental data are limited to pH > 4 the protona-
tion of silanol groups may be neglected. Then the dissocia-
tion of silanol groups according to

=SiOHs =Si0~ + H” @

is the charge formation reaction. This surface charge is
connected with the emergence of an electrical potential, 1,
which has a value o in the plane of the surface charge and
which decreases to zero with increasing distance from the
surface. Furthermore, this surface potential causes a local
concentration of the ions within the electrical double layer
different from that in the bulk liquid. The local ion concen-
tration can be described by the Boltzmann distribution.
Thus, we have two possibilities to characterize the equilib-
rium of the reaction (I):

i) An intrinsic acid constant, K3", includes the local
concentration of protons immediately at the plane of sur-
face charge, [H* ]q.r. But it is difficult to determine this
local concentration experimentally.

il) An apparent coefficient, K5, includes the proton
concentration in the bulk ( = 0) and depends on the
surface potential . The relationship between K and
KgP? is given by Eq. (1).

KaPP _ { ES[O'}

s —W-[H+]=K§"‘-exp(Uo). 1)

Here, { } means surface concentration (mol/m?) and [ ]
volume concentration in the bulk liquid far away from the
interface. For the relation between the surface potential,
¥y, and the dimensionless surface potential, U,, we have

lIjo'F’A
RG'T

Up = )
with the Faraday constant, F,, the gas constant, Rg, and
the temperature, 7.

Furthermore, a specific binding of counterions (M ") is
considered:

=Si0” + M*s =SiOM . (ID)

Besides it is assumed that the charge formed according to
(I) and the charge of the bounded ions M™* are located
both in the surface r = R,. Here, r is the distance from the
centre of the particle. This approximation is justified for
amorphous silica due to an incompletely condensed surface
structure [16]. Obviously, the equilibrium of the reaction
(IT) is described in the literature by different equilibrium
constants. Healy and White [17] have introduced the
constant, K,

_ { =SiOM}

a { ESiO_}.[M+]surf
which is the intrinsic equilibrium constant of the reaction
(II). Yates et al. [18] used the reciprocal value and Davis
et al. [12] gave preference to characterize the counterion

binding by an equilibrium constant, K-, which is valid for
a coupled equilibrium of (I) and (II):

Kyt = KM K_, . 4)

K_,

&)

In the present article the approach of Yates et al. [18] is
applied. Since this equilibrium constant describes the re-
versal reaction of (II), that means a dissociation of the
=85iOM group, called Ki3*. Thus the same dependence on
U, is valid for Ki® and for K§:

app_{ESioi}_ +q int |
Kp —W [M™]=Kp -exp(Uo) . (5)

With the total concentration of surface groups, N, in
mind,

Ns = { =SiOH} + { =Si0" } + { =SiOM]} (6)

it is useful to define two covering ratios, i) on the one hand
the fraction of charged surface sites, ,

a={=Si0"}/Ns 7
and ii) the fraction of dissociated silanol groups, B,

_{=Si0"} + { =SiOM}

p N,

®)
Furthermore, three charge densities must be distinguished.

1) The surface charge density, o, which is detected by
the potentiometric titration (see detailed discussion in part
1). Since @, is determined by pH measurement it includes
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two types of surface groups, { =SiO} and { =SiOM}.
6o=— Ns B Fa. &)

ii) The share of { =SiOM} on ¢, contributes not to
the real surface charge density within the considered
model, but to the measured one. For the characterization
of this part the “charge per unit area of bonded counter-
ions”, a,, is defined.

o,={f—a} Ng Fyr.

Furthermore the counterbalancing charge density in dif-
fuse part of double layer, 64, must be considered. The latter
can be calculated under consideration of the electroneut-
rality condition [19].

(10)

(1)

In the further considerations it is assumed that the diffuse
part of the double layer begins at r = R,,. Then the relation
between the dimensionless surface potential, U, and the
charge density in diffuse part of double layer, a4, as derived
elsewhere [20] is applicable (note that o4 in [207 must be
replaced by — o,):

Ug= —2-In(X — /X2 = 1)

60+0-3+6d=0.

X=—Re+/(Re+1*+0Q
Q=1%4
Rg = 2/(x-R,)

—0q Fy

| =

=8 12
& & Rg Tk (12

Here, x is the Debye-Hiickel parameter, ¢, the dielectric
constant and g, the permittivity of vacuum. Obviously it
seems to be impossible to get an analytic relation between
6o and [H "] by the combination of the Egs. (1, 2, 5-12).
However, if a set of parameters {Kg", K}, N, R, } is given
and [M*] is known from the experimental conditions,
U, can be calculated from a given value of g4 (or o or
{ =SiO " }) with Eq. (12). Thus we have { =SiOM} from
Eq. (5) and than § and ¢, from (8) and (9), respectively.
Furthermore, now all variables are known to calculate
{ =SiOH]} from Eq. (6)and [H " ] from Eq. (1). This means
that an analytic relation exists between ¢4 and [H*] in
form of two equations.

M~
002 _O-d|:1 + Kgll]eXp(_ Uo)
Ne- . + ., grint
[H"] = [_S& _ 1:|'K'Sm~exp(Uo) _ [_.M“:IIM,KL . (13)
O.d KD

Using this approach the constants describing the surface
charge density of AEROSIL 300 in aqueous solutions of

different alkali chlorides were determined in the following
manner:

i} The nominal radius, R, = 4 nm, [21] was used as
a constant.

ii) For all data under consideration (oo, [H*],[M*])
and one parameter set {K§", Kp', N5} o4 was varied until
the calculated values of [H* ] agree with the experimental
ones.

iii) Then ¢&'**! was calculated from this o4 as well as

Z(AO')Z — Z(O.c(:)alcul _ ngp)z . (14)

iv) Now the points ii) and iii) were repeated with differ-
ent parameter sets until ¥ (40)? reaches a minimum.

In this way calculations were performed using all 25
data sets described in [15] or only a part of them. To
reduce the time for the calculation a maximum value of
K™ = 10° mol/1 was setted. Higher values of K}y' corres-
pond to a negligible ion binding. The residual deviation,
s{gy), was calculated. s(o,) gives the possibility of a com-
parison between the results of the estimation of the con-
stants under inclusion of different numbers of data points

A 2
3o0) = \/Z—Z:(_Zﬁff

(Z: number of points, Z,: number of parameters).

In a first run five data sets for one alkali ion at five
concentrations were analyzed simultaneously (Z, = 3).
The results are shown in Table 1. It can be seen that the
values of s(g,) are similar to each other for all five cations.
Furthermore, for all five ions the setted minimum value of
pK3'= — 6, ie. a negligible counterion binding, was
found. Differences in the o, — pH plots between the differ-
ent electrolyte ions are expressed in the constants N and
pKg". This result was surprising and questionable. In a sec-
ond run data sets of all five considered alkali ions were
included simultaneously. Now we have Z, =7 with
a parameter set {K§', Ns, Kp'(M*)l. As shown in
Table 2 for Li* the minimum value pKjy' = — 6 was found
again. The alkali sequence is now reflected in an increasing
of pKi3* from Li* to Cs*. The evaluated values of Ng and

(15)

Table 1 Results of the parameter estimation for the counterion
binding model under application of data for one ion five concentra-
tions

Electrolyte s(go) [uC/em?] Ns[1/mm?] pK¥  pKp'

LiCl 0.30 0.74 6.44 < —6
NaCl 0.31 0.73 6.35 < -6
KCi 0.29 0.80 6.27 < -6
RbCl 0.33 091 6.23 < -6
CsCh 0.33 091 6.06 < -6
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Table 2 Results of the parameter estimation for the counterion
binding model under application of data for five ions at three concen-
trations (0.005M + 0.01 M + 0.05M) and five concentrations
{(+0.1M + 0.3 M) in comparison with other published data

Three conc. Five conc.  Publ. [20] Publ [12]

s{go) [uC/ecm?) 027 044 - -
Ns [1/nm?] 0.62 0.74 0.79 51
pK§" 6.24 6.32 6.30 72
pKp' (LiCl) < -6 < -6 - -
pKp" (NaCl) —1.32 — 596 - -
pKp' (KCl) — 048 —1.02 - 0.5
pKp' (RbCI) —0.13 —0.49 - -
pK3' (CsCl) 0.23 —0.10 - -

Ydetermined by an independent method

pK&" agree approximately with those reported elsewhere
[20] for NaCl as background electrolyte and calculated
under application of a model without counterion binding.
Somewhat greater deviations occur in comparison with
the parameters published by Davis et al. [12]. In this
connection it must be noted that Ny is not a parameter in
[12], it was determined by an independent method. Fur-
thermore, the value of pKp" given in [12] for K* (and
recalculated using Eq. (4)) is about 30 to 40 times higher
than that evaluated in the present investigations. That
means that our results suggest a much weaker counterion
binding than postulated in [12].

Figure 1 shows a comparison between the experi-
mental points and the recalculated data using the optimal
parameter set. For the sake of clarity the data for one

Fig. 1 The result of the parameter estimation for the counterion
binding model. Here only the data for 0.01 M solutions are depicted
for the sake of clarity. 15 data sets were included in the calculation
(five alkali ions at concentrations of 0.05 M, 0.01 M and 0.005 M).
Points: experimental values; curves: recalculated relations using the
parameters given in Table 2) w; —— LiCl, +;--- NaCl, #;---- KCI,

concentration are shown only, but those of three concen-
trations (0.005 M, 0.01 M and 0.05 M) are used for the
calculation simultaneously. A qualitative agreement in the
trend (but rather poor} may be seen. The agreement be-
tween the experimental and the recalculated data becomes
worse if data for higher electrolyte concentrations are used
in the calculation. This is reflected also in an increase of
5{go) (see Table 2).

Stern layer model

Now, spherical particles with a radius, R,, surrounded
with a charge free Stern layer of the thickness, d, are
considered. The diffuse double layer begins at r = R, + d.
A specific counterion binding is not included in this con-
siderations. The surface charge formation is caused by the
reaction (I) solely and the contribution of the reaction (II)
is considered to be negligibly small. For such a model
the Eqgs. (1,2,7) are applicable immediately. In the
Egs. (6,8,9), { =SiOM} = 0 and ¢, = 0 must be taken
into account. Furthermore, » = f is valid. If now a4 is
considered as the net charge of the diffuse part of the
double layer divided by the area described by r = R, + 4,
the electroneutrality condition reads instead of Eq. (11):

Ry

Gy = —Uo'm.

(16)

Furthermore, Eq. (12) is applicable for the calculation of
the dimensionless potential, Uy, at r = R, + d in the fol-
lowing modified form:

Ug=—2-In(X - /X2~ 1). (17)

To calculate U, a solution of Poissons differential equa-
tion for a charge free spherical shell,

1 df , [dy

(@) 1
is required. After inserting of Eq. (2), this solution is
U=Cyr+C,. (19)

For the further considerations it is now necessary to deter-
mine the integration constant, C,. With

U(r=Rp) = U,
U(r:Rp+d) = Ud ’ (20)
it follows immediately that
R, (R, +d
€=Uy - U B ot D). @

Taking into account that the surface charge density (in this
model under consideration ¢,) is proportional to the
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gradient of the potential, U, at r = R, we have:
Rp d . FA
R,+d &6 Rg T’

Ug=Ug+ gg (22)
A value of g, = 78.5 was used for the calculations. The
difference of g, between the Stern layer and the bulk liquid
is a subject for further investigations. Thus for a given set
of parameters {K3", d, Ng, R, } such as the known value of
x, for each o, it is possible to calculate o4 from Eq. (16),
Ug from Eq. (17), U, from Eq. (22), { =SiOH} from Eq. (6)
with { =SiOM} = 0 and finally [H" ] from Eq. (1). That
is, an immediate analytic relation between the measured
quantities o and pH exists in the form pH = pH (g,). But,
for the analysis of the experimental results the method
described above (calculation of [H* ] = f(04), 6o = f(04))
was applied. This includes the possibility for the calcula-
tion of s(g¢) and for the comparison of this value with that
of the counterion binding model. Furthermore, the calcu-
lations were performed for the three lower concentrations
on the one hand and including all 5 concentrations on the
other hand for all 5 alkali ions simultaneously. The results
are summarized in Table 3.

Though the values of the parameters calculated with
different numbers of data sets are not entirely identical,
some general conclusions are obviously. The parameter
Ny is much higher in the case of the Stern layer model than
in the case of the counterion binding model. Now Ny is
comparable with reported values [ 12, 227 determined with
other experimental techniques. This is connected with an
increase of pKg". This value may now be compared with
a published pK¥* = 6.81 [23, 24]. The alkali sequence is
reflected in different values of the Stern Layer thickness.
The calculated Stern layer thickness agree in magnitude as
well as in the alkali sequence with pubtished data [25, 26]
for the radii of solvated ions.

Comparing s(o,) for the two considered models and
the calculation for the three lower electrolyte concentra-

Table 3 Results of the parameter estimation for the Stern Layer
model under application of data for five ions at three concentra-
tions (0.005M +001M+005M) and five concentrations
(+0.1 M + 0.3 M) in comparison with other published data

Three conc.  Five conc. d[25] d[26]

s(co) [uC/em?] 027 0.34 - -

Ns [1/am?] 7.75 4.07 - -
pKi® 7.15 6.90 - -

d (LiCl) [nm] 092 0.63 0.38 0.6

d (NaCl) [nm]  0.65 0.54 0.36 0.4

d (KCl) [nm] 0.0 0.37 033 0.3

d (RbCl) [nm] 0.26 0.24 - ~
d(CsCl) [nm] Q.17 0.17 0.33 025

tions the same value appears (compare Table 2 and Table
3). For the analysis with all considered experimental re-
sults s(oy) increases somewhat, but not in such a manner
as in the case of the counterion binding model. Figure
2 depicts for example the comparison between the experi-
mental and the recalculated o,—pH dependence. Here for
the sake of clarity only three curves for RbCl are shown,
but the calculation was performed including all 25 experi-
mental data sets.

Having arrived at a set of parameters that fit the
potentiometric data, the potentials U, and U4 were cal-
culated (see Figs. 3A and 3B). It can be seen that only small
differences exist in U, between the different alkali ions
investigated. An alkali sequence Uqo(Li*) > Uy(Na™) >
Uo(K') > Ug(Rb*) > Uy(Cs™) was found. If Uy is con-
sidered, then the differences in Stern layer potentials are
higher and the alkali sequence is reversed because of the
Stern layer thickness, d.

For an examination of whether only one set of para-
meters is able to describe the experimental data or not,
further calculations were performed with a reduced para-
meter set. That means that Ng was taken as a constant.
From Table 4 it can be seen that, if N is comparable with
published values and not too low, s(gy) changes only
slightly with Ns. An increase of N is connected with an
increase of pKg". But, the alkali sequence in d is not
influenced.

Summary

i) The experimental data concerning the dependence
of the surface charge density, a4, of AEROSIL 300 on pH

Fig. 2 The result of the parameter estimation for the Stern layer
model. Here only the data for RbCl at three concentrations are
depicted for the sake of clarity. All 25 data sets were included in the
calculation. (Points: experimental values; curves: recalculated rela-

0.05M, = ----03M

O; [uCfem 2]
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pH

-5 — T T T
4 5 6 7 8

pH
Fig. 3A Surface potential, U, in dependence of pH for 0.01 M alkali
chloride solutions. U, was calculated under application of the para-
meter set given in Table 3 (Stern layer model with 5 ions and
5 concentrations) m: LiCl, +: KCl, #: CsCl. B. Stern layer potential,

U,, in dependence on pH for 0.01 M alkali chloride solutions. The
parameter set and the symbols are the same as in Fig. 3A.

in aqueous solutions of five alkali chlorides at five different
concentrations were analyzed with two models for spheri-
cal particles with acidic surface groups, a counterion bind-
ing model in connection with a pure diffuse electrical
double layer on the one hand and a Stern layer model on
the other hand. Such investigations including equations
for a spherical geometry are scarce. Comparable ap-
proaches were published by De Wit et al. [27] and by
Spitzer [28]. In [27] a counterion binding model in con-
nection with spherical particles with acidic surface groups
was discussed for the interpretation of experimental data

Table 4 Results of the parameter estimation for the Stern Layer
model under application of data for five ions at five concentrations
with a reduced parameter set (Ng = const.)

Ns [1/nm?] 1.00 4.07 5.00 7.00
s(op) [uC/em?] 041 0.34 035 0.36
pK 6.08 6.90 7.00 7.16
d (LiCl) [nm] 0.62 0.63 0.63 0.63
d (NaCl) [nm] 052 0.54 0.55 0.55
d (KCl) [nm] 032 037 037 0.37
d (RbCl) [nm] 0.17 0.24 0.24 0.24
d (CsCJ) [nm] 0.17 0.17 0.17 0.17

for humic substances. The results of model calculations are
presented, but a determination of parameters is published
for a model without counterion binding only. Spitzer [28]
did investigate an ion binding in the inner Helmhotz plane
for spherical particles with a constant surface charge den-
sity and a Stern layer thickness which depends on the
electrolyte concentration. The results are discussed quali-
tatively in comparison with electrokinetic data. In both
articles the influence of the type of counterion is not
investigated.

ii) The counterion binding model applied to the data
of one ion (different concentrations) yield always equilib-
rium constants, pKjy', corresponding to a negligible jon
binding. Differences in pKj' are found if oo—pH data of
different ions are included simultaneously. For lower elec-
trolyte concentrations (¢ < 0.05 M) this model is able to
describe the experimental values qualitatively. But, if
higher concentrations are considered, noticeable devi-
ations occur.

iil) A better agreement between the experimental
points and the recalculated o,—pH plots is found under
application of the Stern layer model and under incorpora-
tion of the data of higher electrolyte concentrations. Espe-
cially, this model yields values for Ng and pK&" which
agree with published data (partially determined with other
methods). The alkali sequence is described here by differ-
ences in the Stern layer thickness, the latter agrees in
magnitude and order with the radii of hydrated ions.
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