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Abstract

Simultaneous interpretation of surface potential, electrokinetic and adsorption data for salicylic acid on hematite surface was introduced. The
interpretation on the basis of the surface complexation model using both 2-pK and 1-pK models suggested that salicylate ion is bound to one metal ion
at the solid surface by two oxygen bonds. The equilibrium parameters describing the interfacial equilibrium were obtained as follows: for the 2-pK
model the thermodynamic equilibrium constant for protonation and deprotonation of surface sites are lg K0

p = 4.1 ± 0.2 and lg K0
d = −8.2 ± 0.2,

respectively, while the thermodynamic equilibrium constant of adsorption of salicylic acid is lg K0
a1 = 1.6 ± 0.1. For 1-pK model the thermodynamic

equilibrium constant of adsorption of salicylic acid was obtained as lg K0
a3 = 2.3 ± 0.2. The inner layer capacitance increases with pH from 1.8 to

3 F m−2. It was shown that the surface potential measurement by single crystal electrodes is a helpful tool in elucidation of the complex equilibrium
at the interface.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Adsorption of organic ionic species on metal oxides is a sub-
ject of numerous publications [1–21]. One of the reasons for the
extensive research in this field is related to the environmental
problems since the organic pollutants adsorb on metal oxides
in the soil. They undergo dissociation in the bulk of the liquid
medium, which should also be taken into account. In the case of
the reversibility, the adsorption/desorption kinetics and equilib-
rium govern their transport in the soil. Adsorption equilibrium of
ionic species is markedly influenced by the electrostatic potential
at the solid/liquid interface. Most of the experimental findings
concern adsorption isotherms as a function of pH and are often
accompanied by electrokinetic data. The interpretation is some-
times semi quantitatively based on the Langmuir isotherm [22],
while more detailed studies are based on the surface complex-
ation model (SCM) in the original form [23] and on the more
advanced MUSIC model [24]. The application of SCM requires

∗ Corresponding author. Tel.: +385 1 4606 133; fax: +385 1 4606 131.
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the choice of the reaction mechanism, i.e. the knowledge of
the conformation of the surface complex. However, the adsorp-
tion data solely do not suffice to distinguish between different
hypotheses. For example, several different conformations of sal-
icylic ions adsorbed at metal oxide surface were proposed on the
basis of spectroscopy and adsorption data [6,7,12–17,20,21].
It is clear that the problem might be solved by introducing
a new experimental technique. Recently, the measurements of
the surface potential by means of the single crystal electrodes
were introduced [25]. Surface potential ϕ0, as evaluated from
the potential of the single crystal electrode, corresponds to the
electrostatic potentials of the inner plane of the electric inter-
facial layer (EIL). This potential affects directly the state of
ionic species created by interactions with potential determining
ions and bound directly to the solid surface. Other ions may be
either associated to these surface charges or bound directly to
the surface. The aim of this study is to apply surface potential
measurements in order to elucidate the adsorption mechanism
of organic species and to evaluate corresponding equilibrium
parameters. For this purpose salicylic acid and hematite will be
used as a model system. Our previous report on this subject was
based on the adsorption and electrokinetic data [10]. This arti-
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cle uses reported data, but introduces new results on the surface
potentials for the same system.

2. Theory

The interpretation of data will be based on the model of
electrical interfacial layer [26] and on the surface complexation
model [23] assuming both 2-pK and 1-pK mechanisms. Within
the EIL, several layers and planes are postulated. The first plane
at the solid surface (0-plane) is characterized by inner surface
potential ϕ0. Centers of associated counterions are located in
the �-plane and are characterized by the outer surface poten-
tial ϕ�. The specifically adsorbed organic ions might be located
either in 0-plane or in �-plane. In some cases one is forced to
postulate a new plane in which organic ionic surface species
are located. The onset of diffuse layer is d-plane with electro-
static potential ϕd. Diffuse layer may be divided in two parts,
the immobile one that stays (or moves) together with solid sur-
face (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) characterized by the
electrokinetic ζ-potential. Within the double layer approxima-
tion (DL), which is in fact the basic stern model, the onset of
diffuse layer is taken as �-plane so that ϕd = ϕ�, while the triple
layer model (TLM) assumes significant potential drop between
�- and d-planes [26,27].

For the interpretation of data on the basis of the surface
complexation model one should consider conformation of sali-
cylic species at the metal oxide surface. At first, the formation
of complex with one surface metal ion will be considered
[1,9,11,12,15]. In the pH range covered by the experiment the
dominant salicylate species in the bulk of the solution are singly
charged HL− ions, so that formation of the surface complex may
be described as binding of these species to active surface sites.

In view of the 2-pK mechanism binding of salicylate ions
should be considered as interactions with amphotheric ≡MOH
sites:

≡ MOH + HL− →≡ ML− + H2O;

K◦
a1 = exp

(
−ϕ�F

RT

) {≡ ML−}
{≡ MOH}aHL−

(1)

where ≡MOH stands for the hydrated metal atom at the sur-
face, ≡ML− is the surface complex, K◦

a1 is the thermodynamic
surface equilibrium constant of the reaction (1), curly brace
denotes surface concentration of defined surface species, and
ϕ� is the electrostatic potential affecting the state of salicylate
ions at the surface. The above mechanism will be later in the
text denoted as mechanism (1). As it will be discussed later,
the exponential term represents the activity coefficients [28].
Regarding the water molecules, in considering the equilibrium
it does not make any difference if they are in the hydration shell
at the interface or released from the surface, as denoted in the
above equation. If one writes the reaction equation as binding
of uncharged H2L molecules, or doubly charged L2− ions, the
equilibrium equations will be equivalent and the corresponding

equilibrium constants will be simply related through the acid dis-
sociation equilibrium constants in the bulk of the solution. The
same applies if one introduces positive surface sites ≡MOH2

+

instead of the neutral sites ≡MOH. In considering the equilib-
rium, the conformation of the resulting product is of the main
importance. Also, the equilibrium Eq. (1) applies for both mono
and bidentate complex.

Another possibility, that is interesting to examine, is the for-
mation of uncharged bidentate complex with two neighboring
surface metal ions [1,9,12,15]:

(≡ MOH)2 + HL− + H+ → (≡ M)2
+L− + 2H2O;

K◦
a2 = exp

(
(ϕ0 − ϕ�)

F

RT

) {(≡ M)2
+L−}

{(≡ MOH)2}aHL−aH+
(2)

Note that (≡MOH)2 stands for two sites that are already
together, while 2(≡MOH) would mean two independent sites.
In the expression for equilibrium constant the latter case would
require introduction of the square of surface concentration
{≡MOH}.

According to (2) a charge separation takes place within the
surface complex affecting the activity coefficient of the surface
complex. The above mechanism will be later in the text denoted
as mechanism (2). Regarding the charge separation within the
surface complex, other possibilities were also examined and will
be considered in the discussion part of the article.

Assuming 2-pK mechanism [29] of surface charging, due to
interactions of metal oxide surface with potential determining
H+ and OH− ions, the following relationships hold:

≡ MOH + H+ →≡ MOH2
+;

K◦
p = exp

(
Fϕ0

RT

) {≡ MOH2
+}

{≡ MOH}aH+
(3)

and

≡ MOH → ≡ MO− + H+;

K◦
d = exp

(
−Fϕ0

RT

) {≡ MO−}aH+

{≡ MOH} (4)

where K◦
p and K◦

d are thermodynamic equilibrium constants of
protonation and deprotonation of amphotheric surface ≡MOH
sites, respectively, while ϕ0 is the inner surface potential, i.e.
the electrostatic potential affecting the state of charged surface
groups ≡ MOH2

+ and ≡MO−.
The concept of standard states at the interface enables def-

inition of the activity coefficients of surface species [28] and
thus exact treatment of the equilibrium. For complex species,
with several charged groups exposed to different electrostatic
potentials, the following relationship holds:

RT ln γS =
∑

i

ziϕiF (5)

where zi is the charge number of i-th ionic group (exposed to
electrostatic potential ϕi) composing the surface complex S.
Accordingly, activity coefficients for already defined surface
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species are defined as follows:

γ(≡ MOH2
+) = exp

(
ϕ0F

RT

)
(6)

γ(≡ MO−) = exp

(
−ϕ0F

RT

)
(7)

γ(≡ ML−) = exp

(
−ϕ�F

RT

)
(8)

γ((≡ M)2
+L−) = exp

(
(ϕ0 − ϕ�)

F

RT

)
(9)

Introduction of activity coefficients, defined by relations
(6–9), resulted in equilibrium Eqs. (1)–(4).

The definition of the total surface concentration of active
surface sites Γ tot depends on the assumed conformation of sal-
icylate surface complex, so that for mechanisms (1) and (2):

Γtot = {≡ MOH} + {≡ MOH2
+} + {≡ MO−} + ΓL;

mechanism (1) (10)

Γtot = {≡ MOH} + {≡ MOH2
+} + {≡ MO−} + 2ΓL;

mechanism (2) (11)

where Γ L denotes surface concentration of salicylate species
regardless to their conformation at the surface.

The definition of the net or effective surface charge density
σs also depends on the assumed reaction mechanisms (1 or 2).
It is equal in magnitude but opposite in sign with respect to the
“surface charge density of the diffuse layer” σd:

σs = −σd = F ({≡ MOH2
+} − {≡ MO−} − ΓL);

mechanism (1) (12)

σs = −σd = F ({≡ MOH2
+} − {≡ MO−}); mechanism (2)

(13)

According to the Gouy–Chapman theory, the net surface
charge density is related to the potential at the onset of diffuse
layer ϕd by

σs = −σd = −
√

8RTεIc sinh

(
Fϕd

2RT

)
(14)

where Ic is the ionic strength and ε the permittivity of the
medium.

The relationship between ϕd and electrokinetic ζ-potential is
given by the same theory as

ϕd = 2RT

F
ln

(
exp(−κs) + th(Fζ/4RT )

exp(−κs) − th(Fζ/4RT )

)
(15)

where s is the separation distance of the electrokinetic s-plane
from the d-plane, and κ is the Debye–Hückel parameter given
by

κ =
√

2IcF2

εRT
(16)

The definition of the surface charge density in 0-plane (σ0)
also depends on the assumed mechanism, (1) and (2), respec-
tively

σ0 = F ({≡ MOH2
+} − {≡ MO−}); mechanism (1) (17)

σ0 = F ({≡ MOH2
+} − {≡ MO−} + ΓL); mechanism (2)

(18)

The above equations assume that negatively charged sali-
cylate ions are not directly bound to the surface and that they
have markedly higher adsorption affinity than other anions in
the solution, i.e. than NO3

− ions.
The capacitance of the inner layer capacitor C1 is commonly

defined by

C1 = σ0

ϕ0 − ϕ�
(19)

Eqs. (3) and (4) yield the expression for the surface potential in
0-plane as

ϕ0 = RT ln 10

F

(
1

2
lg

K◦
p

K◦
d

− pH

)

−RT ln 10

2F
lg

( {≡ MOH2
+}

{≡ MO−}
)

(20)

According to above equation the electroneutrality point [30],
or the pristine point of zero charge [31,32], pHeln, at which
all electrical properties diminish, {≡ MOH2

+} = {≡ MO−}and
(ϕ0 = 0), is given by

pHeln = 1

2
lg

K◦
p

K◦
d

(21)

so that

ϕ0 = RT ln 10

F
(pHeln − pH) − RT

2F
ln

( {≡ MOH2
+}

{≡ MO−}
)

(22)

The first term in Eq. (22) is Nernstian, while the second one
determines a decrease in the slope with respect to the Nernstian
enabling evaluation of the ratio of concentrations of positive and
negative surface groups. In the absence of specific adsorption
and in the case of negligible or symmetric ionic association, the
electrokinetic isoelectric point (pHiep), the point of zero charge
(pHpzc), and the point of zero potential (pHpzp), coincide with
pHeln.

Adsorption of salicylate ions (HL−) at metal oxide surface
could be also interpreted on the basis of 1-pK mechanism of
surface charging:

≡ MO1/2− + H+ → ≡ MOH1/2+

K◦
1/2 = exp

(
Fϕ0

RT

) {≡ MOH1/2+}
{≡ MO1/2−}aH+

(23)

The formation of the salicylate surface complex with metal
atom is then described as
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≡ MO1/2+ + HL− → ≡ M1/2+L− + H2O

K◦
a3 = exp

(
−Fϕ�

RT

) {≡ M1/2+L−}
{≡ MOH1/2+}aHL−

(24)

The equivalent relationship could be obtained if binding with
negative ≡MO1/2− sites is assumed, and also if binding of H2L
or L2− is considered. The only assumption of importance is
the conformation of the surface complex ≡M1/2+L−. Eq. (24)
applies for the surface complex in which the charge on metal
remains +1/2.

In principle, it is possible to speculate that the metal in
the surface complex is uncharged, i.e. that surface complex is
≡M0L1/2−. Another problem is the electrostatic potential affect-
ing different parts of the surface complex. Eq. (24) is based on
the assumption that metal is exposed to the surface potential ϕ0,
while the ligands are affected by the potential ϕ�. In this article
we shall also examine the possibility that both metal and ligand
are exposed to the surface potential ϕ0. The exponential term in
the Eq. (24) is the ratio of the activity coefficients of the surface
species. According to (5) the activity coefficients are as follows

γ(≡ MO1/2−) = exp

(−0.5ϕ0F

RT

)
(25)

γ(≡ MOH1/2+) = exp

(
0.5ϕ0F

RT

)
(26)

γ(≡ M1/2+L−) = exp

(
(0.5ϕ0 − ϕ�)

F

RT

)
(27)

Once the activity coefficients are defined, one could introduce
them in the equilibrium equation and obtain the exponential term
in the equilibrium equation.

According to Eq. (23) the surface potential for 1-pK mecha-
nism is equal to

ϕ0 = RT ln 10

F
(lg 0

1/2 − pH) − RT

F
ln

(
{≡ MOH1/2+}
{≡ MO1/2−}

)
(28)

The thermodynamic equilibrium constant of protonation is
given by

lg K◦
1/2 = pHeln (29)

3. Experimental

3.1. Materials

All solutions were prepared using redistilled and decar-
bonised water: NaNO3 (p.a., Fluka), HNO3 (0.1 mol dm−3,
titrival, Fluka), NaOH (0.1 mol dm−3, titrival, Fluka), standard
buffers (Fluka), NaOH (0.1 mol dm−3, titrival, Fluka), salicylic
acid (p.a., Fluka), standard buffers (Fluka). The hematite sin-
gle crystal electrode was prepared using mineral sample from
Vesuvius (Italy) and is shown in Fig. 1.

Fig. 1. Hematite single crystal electrode.

3.2. Methods

Surface potential of hematite was measured by hematite sin-
gle crystal electrode as a function of pH, which was varied
by NaOH and HNO3. The experiments were performed in the
presence and in the absence of salicylic acid. Electrode poten-
tial of hematite electrode was measured using the Methrom
827 pH-meter. The pH was measured with glass electrode
(Metrohm, 6.0222.100) using a separate Methrom 827 pH-
meter. Reference electrode was Ag/AgCl/Cl− with salt bridge
(Metrohm, 6.0233.100) filled with same electrolyte solution as
in the measuring system. The glass electrode was calibrated
with three standard buffers. In the course of measurements the
system was thermostated at 25.0 ◦C and kept under an argon
atmosphere. The surface potentials were evaluated from the mea-
sured hematite electrode potentials by calibration in absence
of salicylic acid at low ionic strength. The isoelectric point,
as measured by electrophoresis of suspended hematite parti-
cles at low ionic strength of 1 × 10–3 mol dm−3 (pHiep = 6.2),
was taken as the pristine point of zero charge pHeln and thus
as the point of zero potential for that condition. It was found
[33] that surface potential of hematite in nitric acid aqueous
solution (Ic = 10−2 mol dm−3, pH = 4.2) is ϕ0 = 47 mV. The elec-
trode potential of single crystal hematite electrode in the same
conditions was found to be E = –50 mV. Therefore the surface
potentials were calculated from electrode potentials by adding
97 mV. The procedure is described in more details in previous
reports [30,33]. Adsorption and electrokinetic data were taken
from our previous publication [10].

4. Interpretation

The data were interpreted by using the surface complexa-
tion model. Surface potential data enabled us to avoid the linear
regression analysis based on the assumption of the constancy
of equilibrium parameters. Instead, in our calculations equi-
librium parameters K◦

p, K◦
d, K◦

a1 and K◦
a2 (in the case of

2-pK model),K◦
a3 (in the case of 1-pK model), as well as the

capacitance C1 (for both models) were calculated from each
measurement point. In doing so, the corresponding values of
Γ L and ζ were obtained by interpolation of experimental data.
In the calculations, the value of s was assumed as 10 Å. In the
case of 2-pK mechanism it was necessary to assume also the
value of Γ tot. The effect of these assumptions will be discussed
later. Such an approach based on simultaneous interpretation of
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Fig. 2. Surface potential of hematite (ϕ0) as a function of pH at 25 ◦C in absence
(©) and in the presence (�) of salicylic acid (7.21 × 10−3 mol dm−3). Ionic
strength was adjusted with NaNO3; Ic = 1.6 × 10−2 mol dm−3.

sets of measured data (ϕ0, ζ and Γ L, Figs. 2–4) enables a test
of the constancy of equilibrium parameters for examined pH
range, and thus critical evaluation of the proposed adsorption
mechanisms.

4.1. The procedure for 2-pK mechanism is as follows

4.1.1. Calculation of thermodynamic equilibrium constants
of surface protonation and deprotonation

(i) Calculation ofϕd from measured electrokinetic ζ-potentials
using Eqs. (15) and (16) assuming s = 10 Å. The calcula-

Fig. 3. Electrokinetic ζ-potential of hematite as a function of pH at
25 ◦C in absence (©) and in the presence (�) of salicylic acid
(7.21 × 10−3 mol dm−3) taken from Ref. [10]. Ionic strength was adjusted with
NaNO3; Ic = 1.6 × 10−2 mol dm−3. The pristine point of zero charge pHeln = 6.2
is denoted by an arrow. Reproduced with permission from Croatica Chemica
Acta.

Fig. 4. Upper part: speciation of the salicylic acid in the bulk of the solution.
In the calculations the following values of the dissociation equilibrium con-
stants were used [38] K1 = 1.06 × 10−3 mol dm−3; K2 = 1 × 10−13 mol dm−3.
Lower part: surface concentration of salicylate species at the hematite surface
(�) as a function of pH at 25 ◦C taken from Ref. [10]. Total equilibrium bulk
concentration of salicylic acid was 7.21 × 10−3 mol dm−3. Ionic strength was
adjusted with NaNO3; Ic = 1.6 × 10−2 mol dm−3. Reproduced with permission
from Croatica Chemica Acta.

tions were repeated for a broad range of s values, from 0
to 20 Å, but the effect of the choice of the s-value was not
significant.

(ii) Calculation of σs from ϕd (obtained in step i) using Eq.
(14).

(iii) Evaluation of the ratio {≡ MOH2
+}/{≡ MO−} from sur-

face potential data using Eq. (22) taking pHeln = 6.2,
corresponding to pHiep measured in absence of salicylic
acid at low ionic strength of 1 × 10−3 mol dm−3.

(iv) Calculation of the individual values of {≡ MOH2
+} and

{≡MO−} from their ratio (obtained in step iii) using cal-
culated σs (obtained in step ii) and measured Γ L values.
For mechanisms (1) and (2), Eqs. (12) and (13) were used,
respectively.

(v) Calculation of surface concentration of neutral {≡MOH}
sites from {≡ MOH2

+} and {≡MO−} values (obtained
in step iv) and measured Γ L values, assuming
Γ tot = 1.5 × 10−5 mol m−2. For mechanisms (1) and
(2), Eqs. (10) and (11) were used, respectively. The
results were sensitive on the choice of Γ tot value so the
calculations were repeated for the values of Γ tot in the
range of 1–5 × 10−5 mol m−2.

(vi) Once all surface concentrations are known (as obtained
in steps iv and v) one uses Eqs. (3) and (4) and calcu-
lates K◦

p and K◦
d values using the experimental values

of ϕ0. The results were sensitive on the {≡MOH} val-
ues (obtained in step v), i.e. on the choice of Γ tot value.
Therefore the calculations were repeated for the values of
Γ tot in the range of 1–5 × 10−5 mol m−2. As expected, the
ratio K◦

p/K
◦

d yielded pHeln = 6.2 for all pH values (Eq.
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Fig. 5. Thermodynamic equilibrium constant of surface protonation K◦
p

(♦) and deprotonation K◦
d (�) of amphotheric hematite surface sites,

as calculated for 2-pK model (mechanism 1) using experimental data
shown in Figs. 2–4; Ic = 1.6 × 10−2 mol dm−3, t = 25 ◦C. Assumed values:
Γ tot = 1.5 × 10−5 mol m−2; s = 10 Å.

(21)). For mechanism (2) K◦
p and K◦

d values were neg-
ative in the region pH > 3.5, so that this assumption was
disregarded as inadequate. Such finding was observed also
when no charge separation within the surface complex was
assumed. The results for mechanism (1) are presented in
Fig. 5.

4.1.2. Calculation of thermodynamic adsorption
equilibrium constant for mechanisms (1) and (2)
(vii) The values of the thermodynamic adsorption equilibrium

constants K◦
a1 (for mechanism 1) and (for mechanism

2) were calculated from {≡MOH} values (obtained in
step v), experimental adsorption data (Γ L) by apply-
ing DL approximation ϕ� = ϕd (ϕd values were obtained
in step i). For mechanisms (1) and (2) the correspond-
ing equations were used. Note that for mechanism (1):
{≡ML−}= Γ L, while for mechanism (2) the similar rela-
tion holds: {(≡M)2L−}= Γ L. It is interesting to note that
despite the inadequate assumption (2) the adsorption equi-
librium constant, as calculated for this mechanism, had
reasonable value lg K◦

a2 = 12. The results for mechanism
(1) are presented in Fig. 6.

4.1.3. Calculation of inner layer capacitance C1

(viii) The values of the surface charge density in 0-plane σ0
were calculated from {≡ MOH2

+} and {≡MO−} val-
ues (obtained in step iv) and experimental Γ L values.
For mechanisms (1) and (2), Eqs. (17) and (18) were
used, respectively. The calculated values depended on the
assumed mechanism but did not depend on the choice of
Γ tot.

Fig. 6. Thermodynamic equilibrium constant of adsorption of salicylic acid
at hematite, as calculated for 2-pK model (mechanism 1) using experimental
data shown in Figs. 2–4; Ic = 1.6 × 10−2 mol dm−3, t = 25 ◦C. Assumed values:
Γ tot = 1.5 × 10−5 mol m−2; s = 10 Å. In calculations different internal charge
distributions within the surface complex were assumed: K◦

a1 (≡ML−) (�) and
K◦

a2 (≡M+L2−) (�).

(ix) The values of inner layer capacitance C1 were calculated
from σ0 values (obtained in step viii), measured ϕ0 values
and values of ϕ�, approximated by ϕd (obtained in step i).
The calculated values depended on the assumed mechanism
but did not depend on the choice of Γ tot. The results for
mechanism (1) are presented in Fig. 9.

The values of the thermodynamic equilibrium constants for
protonation (K◦

p) and deprotonation (K◦
d) of surface sites, as

calculated by assuming mechanism (1), are presented in Fig. 5.

Fig. 7. Total density of surface sites calculated assuming 1-pK model.



Author's personal copy

46 N. Kallay et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 306 (2007) 40–48

Fig. 8. Thermodynamic equilibrium constant of adsorption of salicylic acid
at hematite, as calculated for 1-pK model using experimental data shown in
Figs. 2–4. Ic = 1.6 × 10−2 mol dm−3, t = 25 ◦C. Assumed value: s = 10 Å. The
calculations were performed for different internal charge distributions within
surface complex: ≡M1/2+L– (�) and ≡M+L2− (�). The corresponding results
assuming that both ligand and metal are exposed to surface potential ϕ0 are given
by open symbols.

Mechanism (1) assumes binding of salicylate species to one sur-
face metal atom through the oxygen bond. The values did not
depend significantly on pH, but are still not quite constant in the
examined pH range, which may be attributed to the experimental
uncertainties. The choice of the electrokinetic slip plane sepa-

Fig. 9. Inner layer capacitance C1 for the hematite/salicylic acid aqueous
solution interface, as calculated for 2-pK and 1-pK models using experimen-
tal results shown in Figs. 2–4; Ic = 1.6 × 10−2 mol dm−3, t = 25 ◦C. Assumed
values: Γ tot = 1.5 × 10−5 mol m−2; s = 10 Å. In calculations different internal
charge distributions within the surface complex were assumed: ≡ML− (2-pK
model �), (1-pK model �) and ≡M+L2− (2-pK model ©).

ration value did not significantly affect the result. The choice
of the total density of surface sites would not affect the general
feature. However, the higher Γ tot values would produce higher
values of both equilibrium constants [34].

A possible charge separation within the surface complex
formed by mechanism (1), i.e. possible formation of ≡M+L2−
surface species was also tested. In that case K◦

p and K◦
d val-

ues did not change, while the adsorption equilibrium constant
significantly decreased with pH.

4.2. The procedure for 1-pK mechanism is as follows

The procedure for 1-pK model is in principle similar to that
described for 2-pK model of surface reaction but differs in sev-
eral points:

(x) Calculation of ϕd and σs from ζ-potentials is the same as
in case of 2-pK model.

(xi) Calculation of the ratio of positive and negative surface
sites {≡MOH1/2+}/{≡MO1/2−} from Eq. (28) is similar
to the calculation shown in step iii.

(xii) Individual values of {≡MOH2+}and {≡MO1/2−} were
obtained from σs (in step x) and their ratio using

σs = F (0.5{≡ MOH1/2+}
−0.5{≡ MO1/2−} − 0.5{≡ M1/2+L1−}) (30)

by taking {≡M1/2+L1−}= Γ L.
(xiii) The total density of 1-pK surface sites was calculated using

individual values for charged surface sites (obtained in step
xii) and the adsorption data for salicylic acid

Γtot = {≡ MOH1/2+} + {≡ MO1/2−} + ΓL (31)

Results are presented in Fig. 7.
(xiv) The equilibrium constant of adsorption of salicylic acid

on hematite, K◦
a3, was calculated on the basis of Eq. (24)

using individual values of {≡MOH1/2+} (obtained in step
xii) and adsorption data {≡M1/2+L1−}= Γ L. In calcula-
tions the ϕ� and values were used as obtained previously
(step x). Results for different assumed charge distributions
within surface complex are presented in Fig. 8

(xv) The capacitance of the inner layer C1 was calculated as in
step ix by taking:

σ0 = F (0.5{≡ MOH1/2+} − 0.5{≡ MO1/2−}
+0.5{≡ M1/2+L1−}) (32)

The results for both 2-pK and 1-pK models are presented
in Fig. 9.

The analysis based on 1-pK mechanism showed a very good
agreement between the model and the experimental data. At
first, the protonation thermodynamic equilibrium constantK◦

1/2
did not depend on pH, which is due to the definition (29). The
thermodynamic equilibrium constant of adsorption was found to
be independent on pH for the ≡M1/2+L1− conformation. Other
possibilities of charge distribution within the surface complex
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did not result in the constancy of the adsorption equilibrium
constant.

The capacitance of the inner layer was found to be same
for 2-pK and 1-pK mechanisms. The total density of surface
sites was found to be practicality independent on pH, which
supports the proposed interpretation. The obtained value of
Γ tot = 4.5 × 10−6 mol m−2 is reasonable.

5. Discussion

Results presented in this article could be considered semi
quantitatively but on higher level they could also be interpreted
quantitatively. In the presence of salicylic acid, the isoelectric
point is shifted to acidic region, which indicates the formation
of negatively charged surface species (Fig. 3). The point of zero
potential practically remains the same, which means that neg-
ative charges are not formed in the inner 0-plane (Fig. 2). The
adsorption isotherm shows a maximum at approximately pH 3,
which is due to the interplay of two phenomena (Fig. 4). At lower
pH values the surface is more positively charged increasing the
attraction of negative species from the bulk of the solution. How-
ever, at pH < 4 the fraction of negatively charged HL− species in
the solution decreases (Fig. 4). Formation of the complex with
two neighboring surface metal ions leads to uncharged complex,
and is thus not probable. The interpretation was performed using
both 2-pK and 1-pK models of surface charging. Both models
agreed with experimental data leading to the same conclusion
that salicylic acid is bound to one metal through two oxygen
bounds. Quantitative analysis provides values of the equilibrium
parameters. For 2-pK model, assumption that salicylic acid is
bound to two surface metal atoms led to negative values of K◦

p
and K◦

d in the region pH > 3.5, so that this assumption should
be disregarded. However, assuming the binding with one sur-
face metal atom the positive and reasonably constant K◦

p and
K◦

d values were obtained (Fig. 5). Also, the thermodynamic
adsorption equilibrium constant K◦

a1 was found to be practi-
cally independent on pH, as required (Fig. 6). The mechanism
(1) allows the assumption of internal charge separation within
the surface complex. The stoichiometry and total charge remains
the same if, e.g. ≡M+L2− surface complex is formed. The only
difference lies in the activity coefficient due to the electrostatic
effects since the metal is exposed to surface potential ϕ0, while
the organic part is exposed to ϕ�. This possibility was exam-
ined; the K◦

p and K◦
d values remained the same, while K◦

a2
values were higher and decreased with pH (Fig. 6). The effect of
charge separation was tested also for mechanism (2) but again no
reasonable results were obtained. Interpretation based on 1-pK
model shows the agreement with experimental data if the forma-
tion of ≡M1/2+L1− complex is assumed. The conclusion is based
on the pH independency of thermodynamic equilibrium constant
of adsorption and of the value of Γ tot. Results of this study sug-
gest that a surface salicylate complex with one Fe atom at the
hematite surface with total charge −1 is formed. This conclu-
sion is based on the interpretation based on both 1-pK and 2-pK
mechanisms. The examined data did not provide information on
the type of the bond; both monodentate and bidentate complex
might be formed. However, IR and Raman spectroscopy showed

Fig. 10. The conformation of salicylate complex at the hematite surface.

that Fe in solid state strongly and simultaneously interacts with
carboxylate and hydroxyl of salicylic molecule [35]. Based on
the interpretation presented in this article and the spectroscopy
data one may conclude that the salicylate ions are bound to Fe
at the surface through two oxygen bonds, as shown in Fig. 10.

In Fig. 9, calculated values of the inner layer capacitance C1
for 2-pK model (mechanism 1), assuming also the charge separa-
tion within the surface complex, are displayed. The same values
were obtained for 1-pK model. The values are reasonable and
increase with pH, which does not contradict to the model since
the constancy of C1 is not required [36,37]. In the interpretation,
the value of electrokinetic slip plane separation s was assumed.
Also for 2-pK model it was necessary to assume the value of
total concentration of surface sites Γ tot. While the choice of the
s value did not significantly affect the results, the values of equi-
librium parameters are dependent on Γ tot. However, the general
feature remained the same supporting the above conclusion on
the conformation of the surface complex.
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[6] M.V. Biber, W. Stumm, Environ. Sci. Technol. 28 (1994) 763–768.
[7] J.D. Filius, T. Hiemstra, W.H. Van Riemsdijk, J. Colloid Interface Sci. 195

(1997) 368–380.
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[16] J. Rosenqvist, K. Axe, S. Sjöberg, P. Persson, Colloids Surf. A 220 (2003)

91–104.
[17] S.B. Johnson, T.H. Yoon, A.J. Slowey, G.E. Brown, Langmuir 20 (2004)

11480–11492.
[18] M.R. Das, D. Bordoloi, P.C. Borthakur, S. Mahiuddin, Colloids Surf. A

254 (2005) 49–55.



Author's personal copy

48 N. Kallay et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 306 (2007) 40–48

[19] S.J. Hug, D. Bahnemann, J. Electron. Spectrosc. Relat. Phenom. 150 (2006)
208–219.
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