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Abstract: Potentiometric, electrokinetic, and coagulation experiments with
a rutile dispersion in the pH region above the point of zero charge exhibit an
“inverse” lyotropic sequence for counterions: Li* > K* > Cs*. The poten-
tiometric and electrokinetic data were interpreted by a surface complexation
model assuming the Stern—Gouy—Chapman structure of the interfacial layer,
which yielded the values of inner layer capacitances, C, and the intrinsic
equilibrium constants, K2, characterizing the specificity of each counterion.
These parameters were used to explain the order of lyotropic sequences in the
adsorption, coagulation, and electrokinetic phenomena.
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Introduction

The lyotropic effect [1-37], which can be ob-
served in the adsorption of ions, electrokinetic,
coagulation, adhesion phenomena, etc., indicates
a significant role of ionic interactions in the inner
part of the electrical interfacial layer, where am-
photeric surface equilibria and counterion associ-
ation with surface charged groups can take place.
In most cases ions of larger crystallographic radii
show greater tendency towards surface binding
(adsorption); thus, they reduce more efficiently the
electrokinetic potential and exhibit lower critical
coagulation concentrations (ccc).

The simple explanation of the “regular” lyo-
tropic sequence is based on the hydration: ions
of smaller crystallographic radii bind water
molecules more strongly and, being effectively lar-
ger, they cannot approach the surface charged
groups as closely as smaller species, resulting in
a weaker electrostatic attraction. In treating the
association of two ions of opposite charge one
should take into account the (center-to-center)
distance of closest approach, which is not a simple
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sum of their radii [4-7]. The superimposed
electrical fields may influence the structure of
the surrounding water and, consequently, the
distance of the closest approach, which may ex-
plain inverse lyotropic sequences. For example,
Mg?*, which has a smaller crystallographic
radius than Ba’* but is larger in the “effective
size” when hydrated, showed higher adsorption
affinity for Al,O5 [8]. For Agl, As,S;, MnO,,
SiO,, etc., dispersions the lyotropic order was
found to be “regular” [1]. Dumont, Warlus,
and Watillon [2] suggested that the “inverse”
sequence applied to surfaces of high heat of im-
mersion, that is, to surfaces which chemisorb
water. The order may depend on the preparation
and the treatment of the sample, as has been
demonstrated with TiO, [2]. A possible elec-
troviscous effect, considered by Warszyhski and
van de Ven [9], would only lead to a more or less
pronounced “regular” sequence, but could not
explain the “inverse” order.

The surface complexation model [10-15] ac-
counts for the counterion specificity through two
parameters:
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i) The first parameter is the capacitance of the
inner layer capacitor (C), consisting of the 0-
plane in which the surface charged groups are
located, and the d-plane in which counterion
association takes place. Since the distance
between these two planes and the structure of
water in this region (actual permittivity) de-
pend on the nature of the counterions, one
would expect a characteristic C value for each
case. Normally, the effectively smaller
counterions should produce a higher C value.

ii) The second parameter is the intrinsic equilib-
rium constant for counterion association
(K2,). For indifferent electrolytes, the latter is
mainly determined by the electrostatic inter-
action between a surface charged group and
the counterion. In this case the charge of the
counterion dominates, while its size is of les-
ser significance. Still, the smaller the counter-
ion, the closer it will approach the surface
charged group, resulting in a stronger coulom-

bic attraction and a larger value of K2,..

The process of binding the counterions to the
surface charge groups (MOHJ and MO7) is
characterized by three contributions: i) the elec-
trostatic attraction between the surface charge
groups and counterions (coulombic attraction),
ii) electrostatic attraction of counterions by all
other statistically distributed ions at or near the
surface, and iii} chemical bonds formations.

The contribution ii) does not apply at the zero
point of charge (zpc), and the binding of ions of an
indifferent electrolyte is rather weak, eliminating
case iii). Thus, the total equilibrium constant is
essentially determined by interactions i).

The aim of this work is to examine the lyotropic
sequence of alkali cations for rutile through poten-
tiometric (adsorption), electrokinetic, and coagula-
tion measurements and to interpret the results on
the basis of the above-mentioned parameters
(C, K2,). The significance of this approach is in the
use of three different techniques in order to gain the
necessary information for the interpretation of data.

Experimental

Materials

The sample of rutile (TiO,) (Tioxide Interna-
tional Ltd., Cleveland, England, Code Number

CLDD 1597) was prepared by the hydrolysis
of redistilled titanium chloride, followed by
heating in air at 450°C for 2 h. Since the pH
of the aqueous suspension, as received, was 4
and a considerable amount of chloride ions
was retained on the surface, the sample was
carefully purified. The excess of the acid was
neutralized with sodium hydroxide and the super-
natant solution was replaced after 24 h. This
washing procedure was repeated 10 times, and
then the sample was dialyzed for 2 months
until no sodium or chloride ions could be detected
by atomic absorption and by the silver nitrate
test, respectively. Electron micrographs showed
particles to be rod-like with the length ranging
from 0.1 to 024um and the width of
0.045 + 0.010 um. The BET specific surface area
was 21 m2g~!. All chemicals used in this work
were of analytical grade and the solutions were
kept under argon.

Potentiometric titration

Potentiometric titrations of suspensions,
containing 1 g of solid per 100 cm?® of solution,
were carried out under argon atmosphere at
25.0°C using a Fischer glass electrode with a
negligible sodium error (pH range 0-14).
The reference calomel electrode was connected
by a salt bridge of the same electrolyte composi-
tion as the titrated system. The electrodes were
calibrated by a blank titration, in the absence
of suspended solids, as described elsewhere
[16, 17]. The surface charge densities at the
O-plane (g,) were calculated from titration curves
by the usual procedure [18]. The point of zero
charge (pzc) was obtained from the common
intersection point of the oo(pH) functions at
different ionic strengths and was always located at
pH = 6.0.

Electrokinetics

The electrophoretic mobilities of suspended
particles were determined with the PenKem 501
Zetameter with samples equilibrated for 30 min
before measurements.. The isoelectric point (iep)
was found at pH = 6.0, which agreed with the pzc
value, indicating the absence of any specific
adsorption.
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Fig. 1. The surface charge density (go) of an aqueous rutile
dispersion as a function of the pH at 25 °C in the presence of
KCl(®, O),KNO, (&, 0),and KClO, (A, A). The full and
open symbols correspond to the ionic strength of I = 0.01
and 0.1 moldm 3, respectively

Fig. 2. The same plot as Fig. 1 for LiCl (@, O), KCl (M, ),
and CsCl (A, A).

Figure 3 shows that the electrokinetic {-poten-
tials as a function of the pH for different alkaline
chlorides exhibit the lyotropic effect above the
pzc. The higher affinity towards association re-
sults in lower {-potentials and the obtained order
agrees with the adsorption data (Fig. 2).

Coagulation experiments yielded the same
trend; the critical coagulation concentrations at
pH = 10 for LiCl, KCl, and CsCl were found to be
0.039, 0.060, and 0.136 mol dm ~3, respectively.

Interpretation

The “simultaneous” interpretation of poten-
tiometric and electrokinetic data, based on the
surface ~ complexation—Stern—-Gouy—-Chapman
model (scSGC), was carried out as described
earlier [3]. The treatment assumes positive
(MOHJ) and negative (MO ™) surface charged
groups to be located at the 0-plane and the asso-
ciated counterions at the d-plane, which is taken
to be the onset (inner boundary) of the diffuse
layer described by the Gouy—Chapman theory.
The total surface concentration of active am-
photeric surface sites ([I,) was chosen to be
107> molm™2 (see refs. [19, 207]), while other
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The intrinsic equilibrium constant for the asso-
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Fig. 3. The electrokinetic potential of rutile particles as
a function of the pH at 25°C in the presence of
0.01 moldm 3 of LiCl (Q), KCI (O), and CsCl (A)

parameters were 7 =298K, & =785, and
pH,,,. = 6. The electrokinetic slipping plane was
assumed to be separated by 12 A from the d-plane
[17], the value of which influences some constants
but does not affect the general conclusions of this
work.

The applied method makes it possible to calcu-
late the parameters of surface equilibria. The elec-
trokinetic mobilities yield the iy potentials at the
onset of the diffuse double layer, as well as the
charge density of the latter. These data combined
with the results of the potentiometric titrations
are used to evaluate other quantities related to
equilibria.

The interpretation of data for rutile in the pres-
ence of KCI gave the most consistent intrinsic
equilibrium constant for the formation of positive
surface sites:

MOH + H* & MOH;; K!=6-10", (1)
where '
K2 exp(— ey /kT) = {MOH S }/{MOH } ay+
@

Yp being the potential at the O-plane and { }
designate surface concentrations.

ciation of potassium ions with negatively charged
surface groups was calculated as

MO~ +K* 2 MOK; K (K*)=125, (5
with
K2(K™)exp(— eyy/kT)
= {MOK)/{MO ™ }ax+ , (6)

where yj is the electrokinetic potential at the f-
plane in which are located associated counterions.
For other two cations: K2 (Li*) =380 and
K%(Cs*)=51.

The inner layer capacitance (per unit surface
area) defined as

C=0o/(Yo — Yu)

was found to be
CK")=115Fm~2 C(Li*) = 1.58 Fm~?,
and C(Cs")=108Fm™2.

(7)

Discussion

The rutile sample used in this study showed the
“inverse” lyotropic series in the surface charge,
electrokinetic, and coagulation phenomena. The
same sequence for TiO, was found by Bérubé and
de Bruyn [21] and Sprycha [22], while Dumont,
Warlus, and Watillon [2] obtained both “regular”
and “inverse” orders, depending on the prepara-
tion and the treatment of the rutile sample. The
latter authors explained the observed effects on
the basis of the “structure-making” behavior,
which is characteristic of surfaces with high heats
of immersion.

The two critical parameters (C and K2,), char-
acterizing the counterion/surface site interactions
are interrelated, and should follow the same lyo-
tropic sequence. For “effectively smaller” ions,
the distance between the 0- and d-planes (d) is
shorter and, therefore, the C values must be higher.

C=c¢y¢/d. (®)
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The K2, value should also be larger for
“smaller” ions, which can approach the center of
a surface charged group more closely, due to the
stronger electrostatic attraction. Since the overall
electrostatic potential does not contribute to the
value of K2, the lyotropic effect may be analyzed
in terms of two contributions to the standard
Gibbs energy change of association (4G2):

i) The coulombic part, 4G2, due to electros-
tatic forces between interacting ions at dis-
tance d. For a pair of ions of charge numbers
+1land —1

NA62

AGY = — A%
Ge dmege d

©)
(N, is the Avogadro constant and e is the
proton charge), and

ii) The “chemical” part, AGJ,, representing
contributions other than the coulombic.
(For indifferent electrolytes, AGY, is ex-
pected to be zero.) Thus,

— RTInKQ, = AG2, = AG% + 4G

NAeZ
dnege.d

The expression (9) is approximate. Alternately,
it is possible to calculate the statistical distribu-
tion of counterions surrounding surface charge
groups in accordance with the Bjerrum concept as
shown in refs. [6, 7].

Note that the electrostatic contribution due to
the electrical double layer does not affect the in-
trinsic equilibrium constant. Equation (8) and (10)
yield

= 4GY, -

(10)

AGgh 4 NAe2 .
RT ~ RTAme3e?

Figure 4 is plot of log K2 as a function of C for

various investigated cations on rutile. For com-
parison, the resuits for anions interacting with
hematite surface [3] are also included. It is clear
that Li*, showing the strongest lyotropic effect, is
characterized by the highest K2, and C values.
A value of ¢, = 78 (dashed line) does not yield the
experimental slope; instead, the reduced permit-
tivity of the inner double layer region (between the
0- and d-planes) of ¢, ~ 40 fits the data. However,
for the diffuse part of the interfacial layer ¢, = 78.5
still applies. The plot with g &~ 40 also gives the

nK% =— C. (11)
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Fig. 4. The relationship between the intrinsic association
constant (K ,) and the inner layer capacitance (C) for rutile
water interface at 25°C as obtained with Cs*, K*, and Li*
(filled symbols). Open symbols represent the same relation-
ship for C17, ClO, , and NO 3 at hematite interface (ref. [3]).
The lines were calculated using Eq. (11) for ¢, = 43 (solid line)
and &, = 78.54 (dashed line)

intercept 4G2, ~ 0, which is consistent with the
assumption that alkaline chlorides act as “indif-
ferent electrolytes”, ie., no chemical bonding
takes place. The data for anions on the hematite
surface [3] fall on the same line, which may be just
a coincidence.

Accepting the value of ¢ = 43, the distances
of the closest approach, calculated using Eq. (8),
and d(Li")=24A, dKT)=33A, and
d(Cs*) = 3.5 A, in line with the Bjerrum theory of
ion pairing [5-7]. These values of d are smaller
than the Bjerrum critical distance for ion pairs in
bulk solution, indicating that the association at
the solid/liquid interface also takes place at the
pzc in the absence of a superimposed electrical
field of the “double layer”, as is inherent in the
definition of K2, [Eq. (5)].

The parameters characterizing the equilibria in
the electrical interfacial layer (I, K2, K2, K2,
and C) make it possible to estimate the critical
coagulation concentration (ccc), by assuming
a value of the Hamaker constant A. The van der
Waals dispersion interaction energy was cal-
culated by neglecting retardation effects {23],
while the electrostatic contribution was evaluated
using the Hogg, Healy, and Fuerstenau equation
[24] for the constant potential. The latter was



Kallay et al., Lyotropic effect in surface charge, electrokinetics, and coagulation of a rutile dispersion

559

found to better represent interactions in the liquid
media than the assumption of constant charge
[25]. The particles were considered as spheres of
equivalent radius r = 0.04 ym, which did not in-
fluence the calculated ccc values, but it affected
the slope of the log stability factor, lg W, versus
the log electrolyte concentration, lg C, plot. First,
the potential at the inner boundary of the diffuse
layer (Stern potential, ) was calculated for
pH = 10 as a function of LiCl, KCl, and CsClI
concentrations using the equilibrium parameters
as obtained in this work. With these ¥4 values the
heights of the maxima of the total interaction
energy as a function of distance, E,,,, were
obtained, which were then used to generate the
stability factor, W, since

W = exp(Epax/kT) . (12)

This expression is a good approximation for the
evaluation of the ccc, because for rapid coagula-
tion E_,, 0 and W — 1, but it is approximate
for W>1. The Hamaker constant 4=
6.2-1072°J, that fits the ccc of KC}, is in agree-
ment with other published data [23]. With this
value of A, the stability factor for rutile was ob-
tained as a function of the concentration of LiCl,
KCl, and CsCl (Fig. 5). The experimental ccc are
denoted by arrows, except for Cs™, the value of
which is off scale. The calculated W functions
follow the lyotropic order; the discrepancy in the
cce for Cs* is due to the high electrolyte concen-
tration, because the deviations from the model are
more pronounced.

The surface complexation approach, together
with the Stern—Gouy—Chapman description of the
structure of the interface, offer an additional ex-
planation for different orders in the lyotropic
series. Effectively smaller ions are characterized
by higher C and K2, values. While larger K2, is
directly connected with a higher counterion asso-
ciation affinity (consequently higher o, and lower
{ and ccc values), the larger C may act in the
opposite direction, since it represents a steeper
potential drop between the 0- and d-planes [Eq.
(7)]. The total surface association equilibrium
constant (K,,) and, consequently, the surface
concentration of associated counterions (I'viok)
decreases, as is apparent from the expression

Kass(K+) = Kgss K+)exp(—— er/kT)

= FMOK/FM0~QK+,

(13)

5 RuTILE
pH =10

-1.3 -1.2 -1
Ig(C/mol dm?)

Fig. 5. The theoretical stability factor for a rutile dispersion
as a function of LiCl, KCl, and CsCl concentrations. The
parameters used in calculations are: 25°C; pH = 10,
PHpe =6; K2=6-107; r=004um; A=62-10"2°7;
T =107 molm™2; K%, =380 (Li*), 125 (K*), 51 (Cs™);
C/F m~2 =158 (Li*), 1.15 (K™), 1.08 (Cs™). The arrows
denote experimental ccc values, except for Cs* which is off
scale

which was written for K* as the counterion. The
dependence of the ccc on K2, and C is illustrated
in Fig. 6. In the upper part of this figure, the
capacitance C = 1.15Fm™2 (as determined for
K ™) was kept constant, while K2, was varied to
cover the range from 51 (for Cs*) to 380 (for Li*).
As expected, the ccc decreases significantly as
K2 increases, pointing to the role of counterion
association in colloid stability phenomena. The
lower part of Fig. 6 demonstrates the effect of the
variation of C (from 1.0 to 1.6 Fm™?2) on the ccc
using a constant K (K*) = 115. This range of
C covers the values for Cs* (1.08 Fm~2)and Li™*
(1.58 Fm™2). It is clear that the ccc increases (i.e.,
coagulation ability decreases) as C becomes larger.

The above findings lead to the conclusion that
the decrease in the effective counterion size, which
is accompanied by an increase in both C and K&,
has a two-fold effect on their coagulation ability.
With larger K2, the coagulation efficiency is
enhanced, while a simultaneous increase in C re-
duces the ability of the counterions to compensate
the charge effects and destabilize the system. For
the rutile dispersion studied in this work, the
influence of the counterion size on K 2 prevailed,
although the opposite should be possible in some
other case.
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Fig. 6. Upper: The effect of intrinsic counterion association
equilibrium constant, K%, on the critical coagulation con-
centration, ccc, for a rutile dispersion at constant inner layer
capacitance C = 1.15Fm~2. Lower: The effect of the
capacitance C on the ccc for the same system at constant
K2, The arrows indicate K2, (upper) and C (lower) values of
Li*,K*, and Cs™. In both plots all other parameters are the
same as for Fig. 5 :

The foregoing analysis assumed certain values
for Iy, and for the electrokinetic slipping plane
separation. The uncertainty in these parameters
does not affect the above conclusions; it only
changes the values of other constants. For
example, a lower I, would correspond to a
higher K2, but other quantities would essentially
remain unchanged.

This study stresses the significance of ion asso-
ciation in all phenomena related to the equilibria
in the electrical interfacial layer. Intuitively, one
would expect such an effect, since the counterions
exhibit their specificity only in the Stern layer
where they interact with surface charged groups.
Any specificity in the Gouy—Chapman diffuse
layer should be much less pronounced. Since all
colloid phenomena show the lyotropic effect,
one may conclude that a substantial portion of
the surface charge is compensated by bound
counterions, and that the surface potential (/)

Fig. 7. The effect of KNOj; concentration on the potential
of the inner boundary of the diffuse layer, 4 (upper), and
on the surface charge densities for rutile at pH = 10. oy
is the experimental (total) surface charged density defined by
Eq. (13), while o, is the effective surface charge density,
Eq. (15). The parameters used in calculations are the same as
in Fig. 5

significantly decreases by the addition of the elec-
trolyte. Thus, the common assumption of the con-
stancy of y, in the coagulation region is not justi-
fied (see the upper part of Fig. 7). The total surface
charge density, o,, an experimental quantity de-
fined as (written for KCl)

oo = F(Imon; + I'vion,a — I'mo- — FMOK)(14)

increases with electrolyte concentration (Fig. 7,
lower part). In contrast, the “free” uncompensated
surface charge density (), which is equivalent to
the charge density in the diffuse layer (o4)

05 = —O'sz(FMOHZ — I'vo-) (15)

remains approximately constant (up to
1072 moldm™~3) and then gradually decreases.
The differences between o, and o, represent the
concentrations of the surface charged groups as-
sociated with counterions.
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In conclusion, it may be stated that counterions
of the type Li*, K*, or Cs* are bound electro-
statically to charged surface groups (MO ™), gen-
erated by dissociation of protons from the surface
MOH-sites. The association becomes significant
at pH > pH,,,. due to the “overall” negative surface
potential. In the vicinity of the zpc the binding is
negligible and pH,,, = pH.,. This behavior dif-
fers from species which can form a strong chem-
ical bond with the surface groups, such as imido-
diacetic acid anion, in which case there is a signifi-
cant difference in the iep and zpc values [26].
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