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Abstract

The single crystal anatase electrode (SCrE) was used to measure the inner surface potential (¢) at the anatase/aqueous electrolyte interface as a
function of pH. Measurements were performed in sodium perchlorate and sodium chloride aqueous solutions. Absolute values of the surface potential
were calculated from electrode potentials using the electrokinetic isoelectric point as the point of zero potential. The slope of ¢, (pH) function, with
respect to pH, was found to be lower than the Nernstian. These results were accompanied with surface charge density and electrokinetic potential
data and were interpreted simultaneously on the basis of the Surface Complexation Model. Both 1-pK and 2-pK mechanisms were employed.
Data in the acidic region were interpreted since they were more reliable. Simultaneous interpretation of three sets of data enabled calculation of
surface concentrations of all species, and thus thermodynamic equilibrium constants and the inner layer capacitance for each pH value separately.
It was found that the equilibrium constants of surface protonation did not depend on the pH and the nature of the counterions, supporting the
applicability of both 1-pK and 2-pK models. Thermodynamic equilibrium constants for association of perchlorate ions with positively charged
surface groups did not change with pH, as expected, but the inner layer capacitance changed from 0.5 to 1.5 Fm~? by increasing the pH. Chloride
ions showed an increase in the association equilibrium constant with pH and a less pronounced increase of capacitance. The advantage of the
applied procedure lies in the possibility of avoiding the model assumptions of the constancy of parameters describing the interfacial equilibrium. It
was shown that the thermodynamic equilibrium constants of surface protonation are real constants as defined by the Surface Complexation Model.
The capacitance, however, changes with pH and surface potential and its constancy is just an approximation introduced by necessity when only
one set of experimental data, such as surface charge density is quantitatively interpreted.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the important parameters affecting the interfacial
equilibrium of metal oxide aqueous systems is the electrostatic
potential at the inner plane of the Helmholtz interfacial layer
(O-plane), i.e. the surface potential g [1]. This surface potential
determines the activity coefficients of charged species bound
directly to the surface [2]. Measurements of the surface poten-
tial were enabled by the development of metal oxide single
crystal electrodes (SCrE). The work was initiated by construc-
tion of the ice electrode [3,4] and continued with the hematite
electrode [5,6]. In this report, results obtained with a single
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crystal anatase electrode will be presented. Usage of a sin-
gle crystal avoids the problem of porosity of the metal oxide
layer connected directly to a conductor (metal). It is obvious
that a metal wire covered with metal oxide particles has, due
to the porosity of the oxide layer, a response controlled by
the redox process and the metal oxide solubility, rather than
due to the surface potential developed by adsorption of ionic
species. Surface potentials were evaluated from the measured
electromotivities (values of the electromotive force) [7] of the
cell consisting of a single crystal and a reference electrode
by setting the zero value of ¢g at the isoelectric point [5,6].
Surface potential measurements enable evaluation of the ratio
of surface concentrations of unassociated negative and pos-
itive surface species. This is important information, because
adsorption data provide only differences in their surface concen-
trations.


mailto:tajana@chem.pmf.hr
dx.doi.org/10.1016/j.colsurfa.2006.10.016

T. Preocanin et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 297 (2007) 30-37 31

Measurements of the surface potential ¢y, combined with the
surface charge density o (obtained by potentiometric acid—base
titrations of the metal oxide colloid suspension) and with
electrokinetic potential data (¢-potential) enable evaluation of
singular values of concentrations of all active species at the
interface, and thus direct calculations of the surface equilibrium
constants and of the capacitance of the inner Helmholtz layer
within the electrical interfacial layer (EIL) [8]. Such results are
essential for a critical evaluation of theoretical models describing
the interfacial equilibrium, and especially useful for interpreta-
tion of calorimetric acid—base titrations of metal oxide colloid
suspensions where one should separate extents of protonation
and deprotonation of neutral surface sites [9].

This article presents the results for the pH dependency of the
surface potential of anatase in an aqueous environment contain-
ing two different electrolytes, sodium perchlorate and sodium
chloride. It is expected that the magnitude of the slope of the
¢o(pH) function will depend on the nature of the counterions.
The data on surface potentials were accompanied with the results
of surface charge density and electrokinetic potential measure-
ments.

It was shown by Westall and Hohl [10] that the data on sur-
face charge density solely cannot distinguish between different
variations of the Surface Complexation Models (SCM) and dif-
ferent assumed structures of EIL. The standard procedure for
estimation of surface protonation and counterion association
equilibrium constants, as well as of the electrical capacitances,
involves fitting of experimental potentiometric acid—base titra-
tion data [11]. In such an interpretation, it is necessary to assume
the constant value of the capacitance of the inner Helmholtz layer
[12,13].

Association of counterions with oppositely charged surface
groups is characterized by two parameters: the thermodynamic
equilibrium constant (often called “intrinsic constant”) and elec-
trical capacitance of the inner Helmholtz layer. The extent of
counterion association is affected by the surface potential at the
B-plane where centers of counterions are located, ¢g. Higher
capacitance value will cause higher values of ¢g compared to
¢o. Consequently, effectively smaller counterions, in the sense
of the Bjerrum association theory [14,15], will exhibit higher
affinity towards association at the surface both due to the higher
thermodynamic association equilibrium constant and higher
capacitance of the inner Helmholtz layer.

The aim of this article is to show how the surface poten-
tial data, along with surface charge and electrokinetic data, may
serve in the interpretation of complex equilibrium within the
interfacial layer. Both 1-pK and 2-pK mechanisms of the Sur-
face Complexation Model were employed. In the interpretation,
only the slip plane separation and total number of surface sites
were estimated. The constancy of thermodynamic equilibrium
constants will be tested and the possible pH dependency of the
electrical capacitance will be examined.

2. Theory

Quantitative interpretation of equilibrium at the metal
oxide/aqueous electrolyte interface is based on the SCM, assum-

ing both 1-pK [16-18] and 2-pK [19,20] mechanisms of surface
protonation, by taking into account the structure of EIL [8,21].

According to the 1-pK mechanism, surface equilibrium is
described by one step protonation

= MO/ + H* —= MOH!™/?;

F MOH! /¥
kS, = exp (20 AMOH "7} 0
y RT ) (MO™*/¥}ay+

where curly braces denote surface concentration, K? Iy the ther-
modynamic equilibrium constant of the corresponding surface
reaction and ¢ is the electrostatic potential affecting the state
of charged surface groups =MO " and =MOH!~, Charge
numbers of surface groups (—x/y and 1 —x/y) depend on the
coordination of metal atoms in metal oxides [16]. For anatase,
the values x =1 and y = 3 are commonly used [17,22]. For interfa-
cial species, activity is defined in terms of surface concentration
so that the exponential term in Eq. (1) represents the ratio of
activity coefficients of charged surface species [2].

Effective surface charge is reduced by association of anions
A~ and cations C* with oppositely charged surface sites (reac-
tions (2) and (3), respectively)

= MOH!™Y + A~ = MOH!*/Y. A,

—F¢B> {(MOH' /¥ . A7}
RT ) {MOH!™*/V}a,-

K, =exp < (2)

=MO /Y + Ct -=MOY.CT;

F MO~/ .ct
K| = exp (")B> Mo ™ C7) 3)
RT ) (MO™}ac+

where K{ | and K2, are thermodynamic equilibrium constants
of the corresponding surface reactions and g is the electrostatic
potential affecting the state of associated counterions.

According to the 2-pK mechanism, amphoteric surface
groups on the metal oxide surface undergo protonation and
deprotonation depending on the pH. Here, the charging process
will be represented by the two-step protonation

= MO~ + H" —= MOH;

o (Feo\ [MOH)
Ky =exp ( RT) (MO Jag+ X

= MOH + H" —= MOH,™;

+
K = e (£ MOR)

2= 'RT ) {MOH}ay+ )

where K¢ and K3 are thermodynamic equilibrium constants of
the corresponding surface reactions, and ¢ is the electrostatic
potential affecting the state of charged surface groups =MOH,*
and =MO™. According to the above formalism, K9 is identical
to the protonation equilibrium constant, while K7 is equal to the
reciprocal value of the deprotonation equilibrium constant.
Effective surface charge is reduced by association of anions
A~ and cations C* with oppositely charged surface sites (reac-
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tions (6) and (7), respectively)
= MOH," + A~ ->= MOH," - A™;

—Fgg\ {(MOH,* - A~}
KO, = 6
A2 exP( RT ) (MOH;}a,- ©)
=MO + CT >=MO~-C™;
F MO~ -C*
Ko = oxp (128 MO CT} (7)
RT ) MO Jacr

where K¢, and K¢, are thermodynamic equilibrium constants
of the corresponding surface reactions, and g is the electrostatic
potential affecting the state of associated counterions.

Definition of the total surface concentration of active surface
sites I'io; depends on the assumed mechanism, so that

Lot = {MOH'™*} + {(MO™} + {(MOH' ™/ - A7}
+{MO~*Y.C*}; 1-pK (8)

and

Fot = {MOH} 4 {(MOH,*} + {MO™} 4+ {MOH,* - A7}
+{MO™-C*"}; 2-pK ©)

The model of the electrical interfacial layer postulates several
layers and planes [21]. In the first plane, at the solid sur-
face (0O-plane), the surface charged groups are located. In the
case of the 1-pK model: =MOH, ™% and =MO~"; for 2-pK
model: =MOH;* and =MO~. This plane is characterized by
the inner surface potential pg. Centers of associated counteri-
ons are located in the 3-plane characterized by the outer surface
potential @g. The onset of diffuse layer is the d-plane with the
electrostatic potential ¢q4. Electrokinetic slip plane (s-plane) cor-
responds to the electrokinetic ¢-potential. These planes define
three layers: inner (Helmholtz) layer between 0- and 3-planes,
outer (Helmholtz) layer between - and d-planes, and diffuse
layer that extends from the d-plane towards the bulk of the liquid
medium. Diffuse layer may be divided in two parts, the immo-
bile one that stays (or moves) together with the solid surface
(the so-called hydrodynamically stagnant layer) and the mobile
one that moves (or stays) together with the bulk of the liquid
medium. These two parts of the diffuse layer are divided by the
hydrodynamic slip or shear plane (s-plane) [8].

Surface charge density in the O-plane (o) also depends on
the assumed charging mechanism

1-.pK: oo=F [(1 _ x) {MOH!~*/7)
y

+ (1 - x) (MOH!~/7 . A~}
y

_X{MO_X/)’} _ X{Mo_x/y . C+} (10)
X X
and
2-pK: o9 = F({(MOH;"} + {MOH,* - A7}

— (MO} = {MO™-C*")) (11)

Surface charge density in the 3-plane (o) is related to surface
concentrations of associated counterions by

og = FUMO™/7.C*} — (MOH'™/? . A7}); 1-pK  (12)
and
op = F(MO™ - CT} — (MOH," - A™}); 2-pK (13)

The net (effective) surface charge density oy is related to the
difference in surface concentrations of free positive and negative
surface sites and is equal in magnitude but opposite in sign to
“surface charge density of the diffuse layer” o4

Oy = —0(¢
—F ((1 - x) {MOH'~/7} — x{Mo—W}) . 1pK
y y
(14)
and
oy = —og = F(MOH, "} — {(MO™}); 2-pK (15)

According to Egs. (1), (4) and (5), the surface potential in the
0-plane is equal to

RT In10 o
Yo = (long/y - pH)
RT {MOH! ¥/}
——In|[———]; 19K (16)
F {MO~*/7}
and

RT In10 (/1 0 o
o= —71" ElogKle—pH

F
+

_RT ({MOHE}) . 2pK a7
2F (MO~}

In the case of negligible counterion association, the
electrokinetic isoelectric point (pHiep) coincides with the
point of zero charge (pHp,) [21,23,24]. For the 1-pK
model ((y — x)/x){MOH' =} = (x/y){MO ™'}, while for 2-pK
mechanism {MOH;"} ={MO™}. This electroneutrality point
(pHeln), or the pristine point of zero charge, is related to the
equilibrium constants of surface reactions by

0 y—x
pHein = logK?y,, + log P 1-pK (18)
pHein = 31og(K§K9);  2-pK (19)
Accordingly,
RT In10
90 = ——(pHein — pH)
F
RT MOH!—/¥}{y —
+ R (1 Sl ok (20)
F {(MO~—/¥}x
RT In10 RT {MOH, "}
=——(pHep —pH) — — In | ——=—); 2-pK
%o 7 (pPHein — pH) F n( (MO ] p
21
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The point of zero potential pHy,p (o =0) may be approximated
by the pHej, so that the modified Nernst equation may be applied
[25,26]

_ RTIn10
o=—"p

where coefficient o describes deviation from the ideal behavior,
for which a=1. For real metal oxide surfaces, the coeffi-
cient o is below 1 and depends on the kind of metal oxide
[4,27,28], and also on the composition of the electrolyte
solution [5].

Assumptions connected with the EIL model are essential for
deducing relationships between surface charge densities and the
respective electrostatic potentials. The first (inner) layer, i.e. the
space between the 0- and (3-planes, is commonly assumed to be
a capacitor with (constant) capacitance C;

(pHeln — pH)a 22)

cr=—2 (23)
Yo — ¢

Capacitance C is almost always expressed “per surface area”

and depends on the apparent distance between the 0- and d-

planes (d) and the permittivity of the medium (g)

Cr=- (24)

The second (outer) layer, i.e. the space between the B- and
d-plane, is sometimes assumed to be a second capacitor with
capacitance C;

%B
C, = (25)
¥d — ¢
The Gouy-Chapman theory provides the relationship
between the surface charge density of the diffuse layer o4 and
the potential at the onset of the diffuse layer ¢q4

—F
04 = —05s = —\/8RTel, sinh ( R;fd> (26)

where I is the ionic strength and ¢ is the permittivity of the
medium. According to the same theory, the potential drop within
the hydrodynamically stagnant part of the diffuse layer, i.e.
between the d-plane and the electrokinetic s-plane, is given by

2RT i <exp(—/<s) + th(F§/4RT)>
F "\ exp(—ks) — th(F¢/4RT)

P4 = @7
where s is the separation distance of the electrokinetic s-plane
from the d-plane, and « is the Debye—Hiickel parameter given
by

2
K=/ 21;;; (28)
&

The general model of EIL may be simplified to the Triple
Layer Model (TLM) or to the Double Layer Model (DLM). Both
approximations take into account that potential ¢g should be
higher in magnitude compared to the electrokinetic {-potential.
However, they differ in the value of ¢4. TLM assumes that the
onset of the diffuse layer corresponds to the electrokinetic slip
plane so that s~0 and ¢4~ ¢. The requirement |pg|>|{] is

satisfied by assuming a significant potential drop in the outer
layer |@g| > |¢q|, which corresponds to C; < 0o. DLM assumes
that the onset of the diffuse layer corresponds to the 3-plane,
i.e. pg ~ @4, which corresponds to C; ~ oo. The requirement
lpgl>1¢| is satisfied by assuming a significant shift of the
electrokinetic plane from the onset of the diffuse layer, which
corresponds to s >0 and C, & oo.

3. Experimental and results
3.1. Materials

All solutions were prepared using redistilled and decar-
bonized water: NaClOy4 (p.a., Fluka), NaCl (p.a., Fluka), HC1O4
(70% solution, Merck), HCI (0.1 mol dm™3, titrival, Fluka),
NaOH (0.1 mol dm3, titrival, Fluka), standard buffers (Fluka),
TiO, particles (P-25, Degussa; 60% anatase, 40% rutile [29]
of specific surface area: 50 g m~2; the sample was purified by
extended washing). The anatase single crystal electrode was pre-
pared using the mineral anatase from Hardangervidda (Norway)
and is shown in Fig. 1.

3.2. Methods

Anatase surface potential was measured in aqueous sodium
perchlorate and sodium chloride solutions. The pH was varied
by adding NaOH and HC1O4 (or HCl in the case of sodium chlo-
ride solution) and measured with a glass electrode (Metrohm,
6.0222.100). Reference silver/silver chloride electrode was used
with a salt bridge (Metrohm, 6.0233.100) filled with the same
electrolyte solution as in the measuring system. The glass
electrode was calibrated with five standard buffers. During mea-
surements, the system was thermostated at 25 °C and kept under
an argon atmosphere.

Electromotivities E (“electromotive force” [7]) of the cells:

Ag|AgCl(cr)|KCl(aq)|salt bridge|electrolyte
solution|glass|HCl(aq)|Ag

Copper wire

Plexiglass
Graphite
Mercury

Epoxy resin

Anatase
Single
crystal

Fig. 1. Anatase single crystal electrode.
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pH

iep

82%

80

40

@0/ mV

Fig. 2. The effect of sodium perchlorate (open circles) and sodium chloride
(full circles) on the surface potential of anatase as a function of pH at 25°C.
I. =1073 mol dm~3. Dashed line represents the Nernstian potential ¢y and was
drawn through the point of zero potential.

and

Ag|AgCl(cr)|KCl(aq)|salt bridge|electrolyte
solution|TiO;(cr)|Hg|C(graphite)

were measured with two pH-meters (713 Metrohm).

Surface charge density o was obtained by acid base potentio-
metric titration [30] of the colloid suspensions of TiO, particles
(y~ 16 gdm™3). Values of o were calculated from the poten-
tiometric titration curves by a standard procedure [31].

The electrokinetic ¢-potential was measured using the Zeta-
sizer 3000 Standard (Malvern) based on the laser-Doppler
microelectrophoresis technique. TiO, dispersion was prepared
by adding a small amount of powder to the aqueous solution
(y ~ 100 mgdm™3).

3.3. Results

Surface potentials were evaluated from the electromotivity
data by setting the point of zero potential at the measured iso-
electric point, pHjep 6.1. Surface potentials, as a function of pH,
for NaClO4 and NaCl (I, = 0.001 mol dm™?) are shown in Fig. 2.
Appreciable reproducibility of data was obtained in the acidic
region. In neutral and basic regions, the potentials were not sta-
ble and changed with time, which could be explained by slow
equilibration causing hysteresis [6,32]. As expected [5,3,26,28],
the slopes were lower in magnitude than the Nernstian; in the
acidic region, approximately 82% for sodium perchlorate, and
65% for sodium chloride.

Values of the surface charge density in the 0-plane (o) are
shown in Fig. 3, while electrokinetic potentials of TiO; particles,
as a function of pH, are displayed in Fig. 4. The isoelectric point
of TiO, particles at I, = 1073 mol dm—3 was found at pHiep 6.1.

0.02 4
<
<o
<&
<
0.01 ~’.’ * =
* <
e <
¢ °
wE g
@] 0 Q
- * 5
S e} *
Lo 4
o *
-0.01 o]
Lod
-0.02 T T T 1
3 4 5 6 7

pH

Fig. 3. The effect of sodium perchlorate (open diamonds) and sodium chloride
(full diamonds) on surface charge densities of TiO, as a function of pH at 25 °C.
I.=10"3 moldm—3.

40
A

20
>
E 0
o

=20

-40 1 I I

3 5 7 9
pH

Fig. 4. Electrokinetic {-potential of TiO; as a function of pH in aqueous NaClOy4
(open triangles) and NaCl (full triangles) solutions at 25 °C. I, = 1073 mol dm—3.

As expected, the values of zeta potentials are significantly lower
in magnitude than the measured surface potentials.

4. Data interpretation

Data obtained in sodium perchlorate and sodium chloride
solutions were interpreted on the basis of the Surface Complexa-
tion Model assuming 1-pK (Egs. (1)—(3)) and 2-pK mechanisms
(Egs. (4)—~(7)) of surface protonation reactions. For the 1-pK
mechanism of surface charging, the values of x=1 and y =3 were
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used, as commonly accepted for anatase [17,18,22]. Accord-
ingly, the surface species for anatase are MOH ™3 and MO*%3.

The potential at the onset of the diffuse layer ¢4 was cal-
culated from electrokinetic data via Eq. (27) assuming the
electrokinetic slip plane separation of 10 A [33]. Calculations
were also performed by taking the slip plane separation of 5 and
15 A, but did not show a significant difference. Within the dou-
ble layer approximation, the potential at the (3-plane is assumed
to be equal to @q (¢p =@q). The capacitance of the inner layer
capacitor C; was calculated by Eq. (23) using the measured
oo and @q values, and ¢4 values as obtained from electroki-
netic data. The net surface charge density (o) was calculated
from @q values using Eq. (26). The ratios of surface concen-
trations of positively and negatively charged surface species
were calculated from the measured surface potentials. For the
1-pK mechanism, the ratio {MOH?3}/{MO~'3} was calcu-
lated using Eq. (20), while for the 2-pK mechanism, the ratio
{MOH;*}/{MO~ } was calculated by Eq. (21). The differences
between surface concentrations of positively and negatively
charged surface species were calculated from the net surface
charge density o using Eqgs. (14) and (15), for 1-pK and 2-pK
mechanisms, respectively. Individual values of surface concen-
trations of positive and negative surface sites were obtained from
the known difference and ratio. Surface concentrations of associ-
ated perchlorate ions were calculated by Eqs. (10) and (11) using
the measured o values and known values of surface concentra-
tions of positive and negative sites. The surface concentration
of uncharged MOH species (only for the 2-pK mechanism) was
obtained by subtracting surface concentrations of {MOH,*},
{MO~} and {MOH;*-ClO4~}, or {MOH,"-Cl~}, from I
taken as 1.5 x 107> mol m—2 (Eq. (9)). Influence of different

]gKln

1K 5
L) ® ®m ® ® ®
ey
ol lgk 5°
Ay A A A A
2+
0 1 1 1 1 1 J
3 35 4 4.5 5 5.5 6

pH

Fig. 5. Thermodynamic equilibrium constants of surface protonation at TiO;
aqueous interface at 25 °C and I. = 10~ mol dm~3. Open symbols correspond
to NaClO4 and full symbols to NaCl; squares refer to the equilibrium constant of
the 1-pK mechanism surface reaction (ng‘l’/3), while circles (ng‘l’) and triangles
(IgK3) refer to the 2-pK mechanism of surface reactions.

4 -

clo,”
3.5 A o
o © = & ®
0O O ' O
o<
M3 )
= . e
2.5 4
2 T T T T T 1
3 3.5 4 4.5 5 5.5 6
pH

Fig. 6. Thermodynamic equilibrium constants for association of counterions
with oppositely charged surface sites at TiO, aqueous interface at 25 °C and

I, =1073 moldm~3. Open symbols refer to association of ClO4~ (ngglo4,):

() 1-pK and (O) 2-pK model. Equilibrium constants for association of C1~
ions (nggr ): (H) 1-pK and (@) 2-pK models (overlap of data points).
values of I"y¢ was examined but without significant effect on the
results.

The described procedure enabled us to obtain individual val-
ues of surface concentrations of all active species at the interface
for each pH value. Thermodynamic equilibrium constants of
surface protonation and of counterion association with oppo-
sitely charged surface groups were calculated by Eqgs. (1)-(7))
using known values of surface concentrations and surface poten-
tials. Calculations were performed for the acidic region, and the
results are presented in Figs. 5 and 6.

Values of the electrical capacitance C| were calculated from
surface charge densities (o) and the respective electrostatic
potentials (¢o and gg) via Eq. (23) and are displayed in Fig. 7.

5. Discussion

Simultaneous measurements of the surface potential, sur-
face charge and electrokinetic potential enabled evaluation of
surface concentrations of all interfacial species and thus calcu-
lation of parameters, such as surface equilibrium constants and
capacitance. It is clear that the values of thermodynamic sur-
face protonation equilibrium constants should not depend on
the composition of the solution. Indeed, as shown in Fig. 5,
these constants do not depend on pH and are practically the
same for sodium chloride and perchlorate, despite the fact that
these two ions affect the surface potential and charge differ-
ently (Figs. 2 and 3). Unfortunately, this applies to both assumed
mechanisms of surface charging, so this result cannot be used to
distinguish between them and choose the proper one. The ther-
modynamic protonation equilibrium constants, corresponding
to the 2-pK mechanism, obtained in this work from the surface
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Table 1

Summary of data for TiO, aqueous interface. Equilibrium constants of surface reaction according to 1-pK and 2-pK models and electrical capacitance C are presented
Reference ~ Method Igk? IgK$ 1gKY,;  lgk? 12K, CIF m~2)

This article  ¢o, 00, ¢ 9.5 2.5 6.2 3.0-34 345 0.3-1.5 pH-dependent
[35-37] o) 9.2 2.6 43 43

[38] 00, I'ads 8.9 3.1 3.1

[39,40] 00, I'ads 8.8 34 43

[26] 00 8.9 2.7

[41] Born solvatation theory 8.4 2.0

[42] 00 9.2 (anatase) 9.0(rutile) 2.8 (anatase) 2.6 (rutile) 2.6 (anatase) 1.9 (rutile) 1.3 (anatase) 1.45 (rutile)
[43] 00, ¢ 6.4 35

[44] 6.72

potential, surface charge and electrokinetic potential data, are
1gK{ = 9.5 and IgK$ = 2.5. They agree well with the literature
data as seen from Table 1.

The thermodynamic equilibrium constants for association of
perchlorate and chloride ions with positively charged surface
groups are displayed in Fig. 6 and in Table 1. Their values
do not depend significantly on pH for perchlorate ions and are
slightly lower for the 1-pK mechanism. For the 2-pK model,
1gK{;(Cl047)=3.5 was obtained, which is significantly higher
than the values obtained by Janusz et al. [39,40] and Berube
and De Bruyn [35,36]. The results obtained with chloride ions
are somewhat different. The calculated points are the same for
both 1-pK and 2-pK models but an increase in the equilib-
rium constant was found at pH 4.5. The values lie in the range
1gKQ(C17)=3.0-3.4.

The calculated values of capacitances C; do not depend on
the employed model (Fig. 7). They increase with pH, which is
more pronounced in the case of perchlorate ions. It should be
noted that in the course of the calculation procedure, errors due to

@]
1.5 4
(‘.!E
g D
3
a N .
a ]
035 4
a
n
0 T T T T T 1
3 3.5 4 4.5 5 5:5 6
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Fig. 7. Capacitance of the first (inner) layer capacitor C; at TiO, aqueous inter-
face at 25°C and I, = 1073 moldm~3. Open symbols refer to association of
ClO4™: (O) 1-pK and (O) 2-pK model, while association of C1~ is calculated
for: (M) 1-pK and (@) 2-pK models (overlap of data points).

uncertainty of the experimental data propagate and so the results
on the counterion association equilibrium constants and capac-
itances are less reliable. However, one may still conclude that
the obtained values of capacitance C; are in the expected range
[1,34,37,42] and that the assumption of their constancy is just
an approximation introduced by necessity. In view of Eq. (24),
one might speculate that the permittivity of the inner Helmholtz
layer decreases with the surface potential, but such a simpli-
fication cannot provide a proper answer. It is interesting that
perchlorate and chloride ions affect the interfacial equilibrium in
different ways; in the perchlorate medium, surface potentials and
surface charge densities are higher while electrokinetic poten-
tials are slightly lower, which is due to the difference in their
association equilibrium constants and capacitances of the inner
Helmholtz layer. The simple Bjerrum concept [14,15] would
suggest that effectively smaller ions may approach the central
surface charged group closer, resulting in higher values of both
the association equilibrium constant and the capacitance. How-
ever, such approach neglects the effect of the possible change of
hydration of the ionic species.

The potential of the applied method and the procedure lies
primarily in determination of the surface protonation equilib-
rium constants. The only assumption made in the calculation
was the choice of the total density of active surface sites,
Tior. The value of Igr=1.5 x 107> molm~2 was taken from
literature [43]. Increasing the 'y value in calculation (from
0.5 x 1073 to 10 x 10~ mol m_z) results in lower values of
K1 (1gK1=9.7-9.1), and consequently in lower K> values, but
both equilibrium constants remain pH independent. Changing
the ' value has no significant influence on the calculated C;
value.

The advantage of simultaneous interpretation of different sets
of data is that one avoids the common assumption of the con-
stancy of parameters describing the interfacial equilibrium, so
one is able to test different theoretical models.

6. Conclusions

Construction of anatase single crystal electrode enables eval-
uation of inner surface potential at anatase/electrolyte interface.
The magnitude of the slope of ¢o(pH) function was found to be
lower than the Nernstian, which is consistent with the Surface
Complexation Model. Simultaneous measurements of surface
potential, surface charge density and electrokinetic potential
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enabled evaluation of surface concentrations of all interfacial
species and thus calculation of parameters, such as surface equi-
librium constants and capacitance of the inner layer. The values
of thermodynamic surface protonation equilibrium constants for
first and second step of protonation were found to be indepen-
dent on the composition of the solution, i.e. on pH and the kind
of counterions, despite the fact that chloride and perchlorate ions
affect the surface potential and charge differently. The applied
procedure avoids the assumption on the constant capacitance of
the inner layer capacitor which was found to depend significantly
on pH.
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