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2.1 Mineral-Solution Interface [13]

The interfacial region between the mineral surface and solution is
marked by a discontinuity density, composition, and structure of the two phases.
A mineral is made up of three dimensional arrays of ions in a crystal structure and
varieties of surface groups, while an aqueous solution consists of polar, water
molecules and chemical elements. These elements in natural waters may be present

in many different forms such as cations, anions, neutral molecules and complexes.

Mineral surfaces commonly have a non-zero electrical charge,
producing the electrostatic forces that can be modified by the arrangement of water
dipoles and aqueous species near the interface as ions accumulate at the mineral
surface to preserve net electrical neutrality. A net charge at the interface may also
be produced by chemical reactions between ions in solution and those at the mineral
surface. In metal(hydr)oxides, for example, the oxygens at the interface may bind

with protons in two steps forming OH" and OH2® ligands. This can be written as:

02+ 2H* <> OH' + H+ <> OH? (1)



This means that the oxide surface may contain 0'2, OH" and OHZ2 groups

Hydroxyl group is so reactive that a proton may be accepted from the adjacent

solution phase or removed from the mineral surface by chemical reactions :

=X-OH + ET <> =X-OHX (2)

=X-0H + OH' <> sX-0' + HX 3)

where =XOH is the surface hydroxyl group( X represents a metal ion on the surface
forming bond with the surface hydroxyl groups and other ions in the bulk
structure). Reaction(2) shows that the metal(hydr)oxides surface favors positive
charge in acid solution while in basic solution a proton may be lost from the

hydroxyl group and the surface carries a negative charge as in reaction(3).

Because of these reactions, mineral surface charge can change signs
from positive to negative with increasing pH. The pH at which the mineral surface
charge becomes zero is called a point of zero charge (PZC) or pHpzc At pH lower
than pHpzc value mineral surface has a net positive charge due to reactions such as

reaction (2) and for higher pH the mineral has a net negative charge due to reaction

3.

The number of oxygen atoms exposed at the mineral surface
and the charge on the surface control the types of aqueous species that accumulate

on the mineral surface and the ability to exchange with other ions in solution.



2.2 Complexation at the Oxide - Solution Interface [13,301

There are varieties of chemical reactions occuring at the
oxide-solution interface. These reactions involve uptake of species from the

aqueous solution phase in the presence of a mineral which are termed sorption.

Sorption occurs by three processes (Figure 2.1). First, the
formation of a surface precipitate having a structure or composition different from
the host mineral. The second process is ahsorption or coprecipitation whereby a
chemical species is removed from the agueous solution and penetrates the crystal
lattice of the mineral surface. The third process is adsorption whereby chemical
species are taken up from the solution and are chemically bound in a monolayer at

the oxide water interface. In this study, adsorption reactions will be focused.

Sorption

—

Adsorption Absorption Precipitation

Figure 2.1 Representation of the adsorption,absorption and precipitation
of Zn on goethite surface. All three processesare described

by the general term sorption.



The adsorption takes place by reactions between the solute species
and the mineral surface forming surface complexation. There are two types of
adsorption hased on atomic arrangement and bonds formed between solute and
oxide surface (Figure 2.2). The first type is the inner-sphere complex with ionic or
covalent bonds formed. This kind of complex has no water molecules positioned
between the mineral surface and the adsorbed species. The second one is the outer-
sphere complex whereby the solute species is attached to the mineral surface by

electrostatic interaction with water molecules located between the mineral and the

solute species.

Figure 2.2 Representation of inner-sphere and outer-sphere

complexation.

The amount of adsorption depends primarily on the initial
concentrations of adsorbate and adsorbent, surface area of mineral, temperature,
pressure and the pH of solution which is the most important factor controlling the
adsorption. Other factors which can affect the adsorption processes are the ionic

strength of the solution and the extent of hydrolysis or complexation of the metal

ions.
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In the oxide-solution system, the mineral surface, metal ions and
corr.plexing ligands (e g. organic acids or anions) can interact in a number of ways:
(1) metal ions and ligands may compete directly for surface sites; (2) metal ions and
ligands may influence each other indirectly by altering charges (electrostatic
properties) at the oxide-solution interface; (3) non-adsorbing or weakly adsorbing
metal-ligand complexes may be formed in solution, thereby reducing adsorption of
metal ions; (4) metal-ligand complexes may be adsorbed strongly on the surface
(ternary surface complexes), thereby enhancing adsorption of metal ions, ligands or

both compared to single sorbated systems.
2.3 Ferric (hydr)oxide Goethite [6,21,30]
Goethite is a common mineral and abundant in soils that has long
been known as having large reactive surface area. In nature, it is decomposed from

iron ore such as pyrite or siderite by the oxidation reactions :

2FeS2 + 7502 + 4H2N <> Fe .+ 4H2 .

Pyrite Hematite
or  2FeC03+ 0502+ 2H20 Fe2 3 +2H2 3
Siderite Hematite
then
Fe20 . + H20 2Fe00H

Hematite Goethite



Goethite forms a reddish-brown or yellowish-brown surface coating
on other less reactive mineral during weathering and hydrothermal alteration. The

physical characteristics of goethite are summerized in table 2.1,

Table 2.1 Goethite characteristics

Goethite property Goethite characteristics
Chemical formula a-FeOOH*
Empirical formula Fe#3 O0OH, -FeOH, =FeOH
Composition 62.85% Fe, 36.1% 0, 1.13% H
Crystal system Orthorhombic
Crystal shape Needles, laths

* The a denotes hexagonal close-packing of 0(H) atoms

The crystal of goethite has a size range of 10-100 nm . High
resolution transmission electron microscopy and X-ray line broadening show
dominant crystal planes of goethite on the surface to be 110 and 021 as shown in

figure2.3. The lesser extent planes are 100, 010, and 001.



Figure 2.3 A is the 110 surfaces and B is the 021 surfaces.

(a) top view of the surface atoms.

(b) slab viewed perpendicular to the z direction.

From the infrared spectroscopy data,the amphoteric goethite surfaces
are likely to be populated by three types of surface hydroxyl groups due to the
surface oxygens being coordinated to either one, two or three iron atoms in the
bulk. This leads to singly, doubly, and triply coordinated groups, respectively. The
singly coordinated groups are the most reactive surface sites capable of undergoing
protonation-deprotonation and complexation reactions. While, the doubly and triply

coordinated groups are thought to be unreactive and inert. These types of hydroxyl

groups are shown in figure 2.4,



(A)

8)

Figure 2.4 Representation of (A) singly, (B) doubly, and(C) triply

coordinated surface oxygen atom on goethite.
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2.4 Surface Complexation Models [14,29,30]

The adsorption reactions on mineral surface play an important role
in controlling the concentrations of most reactive elements in soil and natural water
system. In order to understand these reactions in a manner similar to real natural
system, various surface complexation models (SCMs) have been developed to
describe ion adsorption behaviors on mineral surfaces. Surface complexation
models provide molecular descriptions of ion adsorption using equilibrium
approach defining surface species, chemical reactions, mass balances and charge

balances.
All SCMs share at least four common characteristics [30], First, it is
assumed that mineral surfaces can be described as a flat plane of surface hydroxyl

sites. To describe the reactions at these specific sites, for example, the surface

lonization reactions can be written as,

=X0fV A sXOHO+ FT  :K]ap (4)

=XOH® A =XO + H* 'K 24p (5)

where Kigpand K2apare apparent equilibrium constants.
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The second assumption is that the reactions at the mineral surfaces
may be described using mass law equations, in other word, these reactions are
assumed to be in a state of local equilibrium. For reactions (4) and (5), therefore the

mass law equations can be written as,

Kapp _ {= XOH KH }

1 ~ {=X0nJ} ©
Kapp _ {=xo" }n } (7)
2 {= XOH°}

where { } represents an activity of the species.

The third assumption adopted in all SCMs is that variable charges on
the mineral surface are the direct results of chemical reactions occuring at the

surface.

Finally, it is also assumed that the apparent equilibrium constant of
such a mass law is the product of two terms: a constant ‘intrinsic’ term
corresponding to the chemical free energy of binding to a specific surface site, and
avariable ‘coulombic’ term corresponding to the coulombic free energy of binding
contributed by the electrostatic charge at the surface. The surface charge is caused
by the ionization of all surface sites, mostly by proton exchange reactions. The
distinction of intrinsic constant from apparent constant using coulombic correction

factor can be written as,
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Kt =K f AzF W
U exp, RT (8)

where Kirt is the intrinsic equilibrium constant, Kap is the apparent equilibrium
constant, az is the net change in charge of the surface species due to the adsorption

reactions, F is the Faraday constant, W is the electrical potential ofthe surface, R is

the gas constant, and T is the temperature. The mass law of reactions (4) and (5)
can thus be separated as,

Kint = — X H .exp(—FWI/RT) = kapp.exp(- R /RY) (9)
xohT)
Kat = - * -exP(- xv  RT) = K2pp-exp (- FUI/RY) (10)

The surface complexation models differ in the number of layers that
are used to represent surface charges, as well as the types of species that are
permitted to adsorb in each layer, and the description of the electrical potential
profile. Four models of the most commonly employed SCMs are Diffuse Double
Layer Model, Constant Capacitance Model, Basic Stem Model, and Triple-Layer
Model. These models will be discussed briefly.

In the Diffuse Double Layer and Constant Capacitance Models
(figure 2.5), a single surface layer referred to as the 0-layer accepts all adsorbing
ons including potential determining ions (H+and OH'). This is accompanied by a
diffuse outer layer, called the d-layer. The difference between them is how they
relate surface potential wpo) to Surface charge (o).
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For the Diffuse Double Layer Model:

To-au«hk «(M}; (11)

For the Constant Capacitance Model

130 =CVO'T (12)
= (13)

where TQ@ is the total charge at O-layer, I is the ionic strength (mol/L), DIs the

surface potential at 0-plane, A Is the total surface area (m2g), ¢ is the capacitance,
@is the net surface charge density (C/m2, T is the temperature (K), F is the
Faraday constant (96,485 ¢/mol) and R is the Gas constant (8.314 J/K-mol) .
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Figure 25 The schematic illustration of (A) Diffuse Double Layer
Model and (B) Constant Capacitance Model.



In the Basic Stern Model (figure 2.6), the interface model is
extended with a charge free layer called Stern layer . Stern layer is limited by two
electrostatic planes which can be treated as plate condenser. Protons are adsorbed in
the surface plane called 0-plane, whereas the specificially adsorbing ions can be
located either 0-plane or 1-plane. The electrostatic plane at the head end of the

diffuse double layer is called 1-plane. The sum of the charge in the two electrostatic

planes (20 (7i) is neutralized by the charge in the double layer (Ocd) according to
D+ al = Qu (14)

The value of Wtﬂin the Stem model equals the potential at the
outer plane (\yi). Because the Stem layer is free of charge, there is a linear

relationship between W0, vpi and (To according to

Q= Cem(Vio- V) (15)

where Csten, is the capacitance of the Stem layer

The surface potential (\[/o) can be related to pH by Nernst’equation,

recently used and described in detail by Fokkink and Lyklema [19] as :
PZC-pH = loge.( — MO0 ) (16)
RT

where PZC is the point of zero charge, log e = 0.43, and wo S

the potential at the surface.
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Figure 2.6 The schematic illustration of Basic Stem Model.

In the triple layer model(figure2.7), the adsorbing surface is defined
by 2 layers : an inner O-layer and a middle 1-layer. The outermost diffuse layer is
referred to as the d-layer. Protons are located in the surface plane(O-plane). Metal
lons can be located in either surface plane or in 1-plane. lons in background
electrolyte are located in 1-plane. Applying the principle of electroneutrality, the
sum of the charge in the three electrostatic planes o + oi+ 02 ) is compensated by

the charge of the diffuse double layer according to,

®+0+02- Qo (17)
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the relation between the potentials and surface charge (a0) is
ao  Cinner (MO~ MY) (18)

(*0 c] — Couler (W1 - w2) (19)

where Cinner and Colter are the Cfpacitance of the inner and outer layer, respectively,
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Figure 2.7 The schematic illustration of Triple Layer Model



2.5 Determination of the Equilibrium Constant Potentiometry

Potentiometric Titration is the method used to measure the change in
potential of the cell during titration. The resulting titration curve shows the
relation between the volume of titrant and the measured potential. This method has
been used for the determination of equilibrium constants by means of the
relationship between the measured potentials and the concentrations of the species
in solution, the Nernst’s equation:

E=E0-  MQ (20 )

where E s the measured potential
E° is the standard potential at 25 °C
R is gas constant (8.3 MJk'Imol'})
T is the absolute temperature (K)
F s the Faraday constant (96,485 Cmol'])
is the number of moles of electrons involved
in the reaction
Q s the product concentrations of the species in

solution



5

In this study, the glass calomel electrode is used for measuring the

concentration of free H\ The Nemst’ equation thus becomes,

E=EO0- ~-Infh+]
E°-Anlojlog[H 4]

" RT In10 pH (21)

which is a linear equation. For complex system, however, a non linear equation of

Nemst type is usually employed :
> \
E=Er "1 pH+ajT+bH (29
V J
where a, b is the correction factors

The concentrations of species in solution and the protonation-

deprotonation constants are related in the following acid-hase equilibria,
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Another way of expressing the equilibria relations can be shown as follows

LH + H A 1h :B“:[Ll‘;H]’ETJ']

L |

“funfucf

LH + 2H+ A  LHf B,

B Ly 1)

LH + nH+ = LHM
= [1hdn+

The K values are called stepwise protonation constants and the p values called the

overall or cumulative protonation constants. The mass balance equations for these

equilibria can be expressed as,

[LH] + [th;] + [LH3+]+... + [LH%]  and

[LH]t

[Hlt = [H]+[th;]+ 2[LHf]+ ...+ [1h:;] (25)

Similarly, the concentrations of the species in solution and the

stability constants for metal(M)-ligand(LH) system can be described by stepwise or

overall ligand additions as,

M+ LH -X ML+H+ LK -

ML+ LH :A?> ML2+ H+ ;K22:

(m1]frh]

MLn.!+ LH MLn + H+ mt Al 7] (26)

m ML.;1[LH]



or
M + LH ML + H+ I p, b1 -
' 1p ]
M +2LH ML2+2Lr - p: M ILHf
M + nLH
N +nH: @n
where
Pi = K,
P = K,.Kz
pn = K,.K...Kn

The K values are stepwise stability constants and the p values are the overall or

cumulative stability constants. The mass balance equations for these equilibria can

be expressed as,

[LH]t = [LH] + [ML] + [ML2] + .. + [ML,]
MJe = [M] +[ML] + [MLZ+ .. + [ML,] (28)

In the computation process, the [H+] are calculated from the values
of E and E° according to equation (22). These values were then used in equations
(24) and (27) to determine the equilibrium constants and the species concentrations

based on mass balance equations (25)and (28).
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