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Many environmental problems require reliable quantitative prediction of the fate
and transport of metal ion contaminants in surface and groundwaters.

Surface

Complexation Models (SCMs) have emerged as the most promising tools for predicting
contaminant ion sorption to iron (hydr)oxides.

The reliability of SCMs is highly

dependent on the ability to select appropriate surface complexation reactions and model
parameters.

This research focused on developing a strategy for developing a self-

consistent database for the Triple Layer Model (TLM) parameters for two iron
(hydr)oxides, ferrihydrite (HFO) and goethite (α-FeOOH). To this end, spectroscopic
data were used to guide the selection of surface complexation model reactions, and to the
extent possible, theoretically based parameter estimation techniques were used to
characterize the mineral surfaces throughout this work.
The adsorption of two divalent metals, Cd(II) and Pb(II), and one oxyanion,
Se(IV) onto α-FeOOH and ferrihydrite was modeled in single and bi-solute systems
using the TLM. Selection of all surface complexes was supported by evidence from
viii

extended x-ray absorption fine structure spectroscopy. The fixed surface site density
values based on tritium exchange experiments were used (Ns = 10.2 and 16.4 sites /nm2
for ferrihydrite and goethite, respectively). Ferrihydrite was modeled using one surface
site while goethite was modeled with strong and weak sites, with the following
distribution: Nwk = 90% and Nst =10%.
Cd(II) and Pb(II) adsorption were modeled using bidentate and monodentate
surface complexes onto ferrihydrite. The model was able to predict the competitive
adsorption behavior of Cd(II) and Pb(II) in bisolute systems. For the goethite system,
Cd(II) and Pb(II) adsorption was modeled using bidentate surface complexes on both
weak and strong goethite surface sites. The TLM was able to predict the competitive
adsorption behavior of Cd(II) and Pb(II) in bisolute systems.
Se(IV) adsorption onto goethite was investigated in the presence of Cd(II) or
Pb(II) and was modeled using bidentate surface complexes. The TLM predicted data
reasonably well in low and medium surface coverage single-solute systems; however, it
did not predict adsorption behavior for a high surface coverage adsorption edge. In
bisolute systems, the TLM overestimated adsorption enhancement for low and medium
surface coverage adsorption edges. TLM predictions using lower surface site densities
improved the oxyanion predictions but diminished the quality of the divalent metal ion
predictions.
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CHAPTER 1: INTRODUCTION

1.1.

PROBLEM STATEMENT
Many environmental problems associated with raw material production,

agricultural methods, and waste management practices have resulted in unnaturally high
concentrations of toxic metal and non-metal ions in the environment. Management of
these contaminated areas often requires reliable, quantitative modeling of the fate and
transport of metal ion contaminants in surface and ground waters. As a result, the
development of predictive models to describe metal ion sorption has been a primary
focus of environmental research over the past several decades.
Surface Complexation Models (SCMs) have emerged as the most promising tools
for predicting metal ion sorption to oxide and clay materials and have been studied for
the past 35 years. However, the reliability of SCMs is highly dependent on the ability to
determine the parameters required in the models. For example, one of the most popular
surface complexation models, the Triple Layer Model (TLM), requires estimation of
seven different parameters to describe potentiometric titration of the solid phase. These
parameters are used to describe the acidity of the surface, quantify the number of reactive
surface sites, characterize the relationship between surface charge and surface potential,
and predict the adsorption of background electrolyte ions. Additional parameters are then
required to predict metal ion sorption.
SCMs have been used successfully to predict adsorption of several different ions
onto a wide range of adsorbents over a fairly extensive set of conditions. The most
common technique for estimating the SCM parameters has been to calibrate the model to
1

a limited set of experimental sorption and titration data. This technique can lead to a
wide range of parameter values for the same adsorbent/adsorbate combination. As a
consequence, it is possible to fit adsorption data equally well using different sets of
parameter values. Furthermore, the models may not be extensible to a large range of
conditions and systems. One area where the models have shown limited predictive
capability is in the area of bi-solute adsorption (often referred to as competitive
adsorption). There are a number of potential reasons for SCM failure in predicting
adsorption in competitive systems, including a) inaccurate model parameters, b) the
choice of reaction stoichiometry, c) the description of the interfacial region d) adsorbent
surface heterogeneity, and e) incorrect estimation of the surface site density (SSD)
parameter.
Surface site density is one of the most important parameters required in all SCMs.
It is also one of the parameters that varies widely among applications of the models. This
parameter defines the number of surface sites available for adsorption.

Several

techniques are available to determine this parameter, including objective curve fitting of
potentiometric titration data, calculation from crystallographic structure, estimation from
infrared spectroscopy, measurements from tritium exchange, and monitoring weight loss
from thermogravimetric experiments.

Unfortunately, these measurement techniques

provide a large range of predicted values for most oxide structures, and it is not clear
which methods provide the “true” estimate of the number of surface sites available for
metal ion adsorption. In many cases, modelers have selected objective curve fitting
because it is a relatively straightforward approach and does not require additional data
collection. However, determination of many other SCM parameters also employs
objective curve fitting of the same data. As a result, the values of these parameters are
often biased by the selection of the surface site density. Thus, it is preferable to utilize an
2

independent technique for estimating the surface site density that corresponds to available
surface sites.

1.2.

OBJECTIVES
The determination of surface site densities of mineral surfaces is of fundamental

importance for surface complexation modeling (SCMs), since many of the other
modeling parameters are correlated to site density. In addition, when toxic substances
adsorb onto minerals through surface complexation, the maximum adsorption density is a
function of the surface site density. Therefore, the objectives of this work are:

1. To evaluate a technique for unambiguous estimation of the surface site density
(SSD) parameter that can be incorporated into a surface complexation model to
accurately predict single and bi-solute metal ion sorption over a range of
conditions;

2. To verify that the technique is appropriate for estimation of the surface site
density of crystalline and amorphous materials;

3. To improve surface complexation modeling (SCM) predictions of single and bisolute metal ion adsorption.

The method selected for estimating surface site densities of oxide minerals used in
this research was tritium exchange because it can be applied to both crystalline and
amorphous materials, provides data that are consistent with crystallographic analyses
(Koretsky, 1997), and its use in triple layer surface complexation modeling significantly
3

reduces the ambiguity associated with simultaneously estimating other SCM parameters.
To evaluate the potential of this method of SSD estimation, an experimental research plan
was developed that included collection of laboratory data for adsorption of two metal
cations and one oxy-anion onto a crystalline and non-crystalline iron oxide over a range
of conditions. The results of these experiments were then used to calibrate and evaluate
the triple layer version of the surface complexation models for its ability to predict
sorption over the range of conditions.
A significant focus of this work was to outline a strategy for developing a selfconsistent database of SCM parameters for a particular mineral oxide. To this end,
spectroscopic data were used to guide the selection of surface complexation model
reactions, and to the extent possible, theoretically based parameter estimation techniques
were used to characterize the mineral surfaces throughout this work.

1.3.

DISSERTATION OUTLINE
In Chapter 2, a review of surface complexation theory is presented as well as the

basic concepts inherent to commonly used surface complexation models (SCMs), namely
the Constant Capacitance model (CCM), Diffuse Layer model (DLM), Triple Layer
model (TLM), and Charge Distribution – Multi-site Complexation model (CD-MUSIC).
Next, the current techniques for estimating SCM parameters are reviewed to justify the
selection of the tritium exchange method in this research. Previous literature highlighting
the capabilities and current limitations of SCMs for describing single and bi-solute
adsorption is offered to highlight the need for advancing the current approaches used for
calibrating and implementing SCMs for predicting metal ion adsorption. In particular,
the lack of success of SCMs for describing several competitive systems is presented, and
4

the role of surface site density is discussed in the context of its impact on the failure of
SCMs to predict multi-solute adsorption.
In Chapter 3, the experimental methods and materials employed in this research
are described in detail. The experimental portion of this investigation was divided into
three phases. In Phase I, the two adsorbents, ferrihydrite and goethite, were chosen,
synthesized and characterized. Additionally in Phase I, three adsorbate ions [Cd(II),
Pb(II), and Se(IV)] were selected and used in the macroscopic and microscopic
experiments (Phase II). In Phase II, macroscopic experiments were performed using the
adsorbent synthesized and characterized in Phase I. In Phase III, the results gathered
from Phases I and II were evaluated and used in the triple layer surface complexation
model to predict metal ion adsorption onto the selected adsorbents.
In Chapters 4, 5, and 6, the Triple Layer modeling results of several adsorption
experiments in single and bisolute systems performed over a wide range of conditions are
presented. Chapter 4 reports data and TLM results for adsorption of the divalent metals,
Cd(II) and Pb(II) onto ferrihydrite in single and bi-solute systems. Chapter 5 presents the
results of adsorption and modeling of Cd(II) and Pb(II) onto goethite in single and
bisolute systems.

Chapter 6 provides the data and TLM results of single solute

adsorption of the oxyanion SeO2-3 [Se(IV)] to goethite and bi-solute modeling of Se(IV)
and Cd(II) and Se(IV) and Pb(II) onto goethite.
Chapter 7 presents the conclusions and recommendations drawn from this
investigation.
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CHAPTER 2: LITERATURE REVIEW

2.1.

SURFACE COMPLEXATION
Metal ion contaminants can be removed from solution through interactions with

solid phases present in the system. One of the most common interactions occurring
between contaminants (sorbates) in solution and a solid phase (sorbent) is sorption. By
definition, sorption involves either adsorption or absorption, although macroscopic
measurements of sorption rarely distinguish precipitation and surface precipitation from
these other two processes. The term adsorption typically refers to the accumulation of
compounds on a solid surface, and absorption is related to accumulation in the internal
region of a solid phase. Surface complexation is predicated on an adsorption process and
is the major focus of this research.
Surface complexation is a thermodynamically based approach for describing
adsorption in which solutes interact with functional groups on the surface either through
ion pair association or solute-functional group complexation. In addition, these models
also incorporate a description of the electrical double layer (EDL) surrounding the
particle, and this description is used to modify the activity coefficients for each surface
species (Davis and Leckie, 1979; Goldberg, 1992; Westall and Hohl, 1980).
In the surface complexation paradigm, protons and metal ions undergo reactions
with surface functional groups leading to the development of surface charge as depicted
in Figure 2.1. The proton is understood to be a potential-determining ion at the mineralwater interface of oxide surfaces and is associated with the development of surface
acidity.
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Schematic representation of the Gouy-Chapman Electric Double Layer

In surface complexation, two reactions are frequently used to describe surface
acidity as shown in the following equations:
≡SOH0 + H+ = ≡SOH2+

(Protonation, K +int ) ................................... 2-1

≡SOH0 = ≡SO- + H+

(Deprotonation, K −int ) .............................. 2-2
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where the equilibrium constants K +int and K −int are the intrinsic surface acidity constants,
and a neutral surface site is represented by ≡SOH0. The mass law expressions (also
referred to as equilibrium expressions) for the above reactions can be written as follows:

[SOH ]
+

K

int
+

=

2

[SOH ]* [H ]* γ
+

0

H+

⎛ − F *ψ ⎞
* exp⎜
⎟ ........................................................ 2-3
⎝ R *T ⎠

and,

[SO ]* [H ]* γ
=
[SOH ]
−

K

int
−

+

0

H+

⎛ − F *ψ ⎞
* exp⎜
⎟ ........................................................... 2-4
⎝ R *T ⎠

⎛ − F *ψ ⎞
where the term exp⎜
⎟ is the Boltzmann factor, F is the Faraday constant (J/volt
⎝ R *T ⎠
equiv), R is the ideal gas constant [J/(K*mole)], T is the absolute temperature (K), and ψj
is the electrostatic potential of the layer j.
Figure 2.1 shows the Guoy Chapman representation of the EDL in which
background electrolyte species create a diffuse layer to balance the surface charge created
by adsorption and desorption of potential determining ions.

The mathematical

representation of the EDL provides a relationship between the surface charge (σ) and
potential (ψ) that allows calculation of the surface potential in the mass law equations
(see Equations 2-3 and 2-4) based on the speciation on the surface.
In many SCMs, metal ions can form inner-sphere or outer-sphere surface
complexes with surface functional groups. Inner-sphere complexes are formed when no
water of hydration resides between the adsorbed ion and the reactive surface. If at least
one water molecule is intercalated between the adsorbed ion and the reactive surface, the
complex formed is termed an outer sphere complex (Manning et al., 1998; Sposito,
8

1984). The formation of inner- and outer-sphere surface complexes occurs through
reactions between surface hydroxyls (≡SOH) and sorbing ions (e.g., Me2+).

For a

divalent metal ion, these reactions can be represented by (Hayes and Katz, 1996):

≡SOH + Me2+ = ≡SOMe+ + H+ (inner-sphere complex) ...................... 2-5
For example:

≡SOH + Pb2+ = ≡SOPb+ + H+ (inner-sphere complex)......................... 2-6

and,

≡SOH + Me2+ = ≡SO-⎯Me2+ + H+ (outer-sphere complex) ................ 2-7
For example:

≡SOH + Sr2+ = ≡SO-⎯Sr2+ + H+ (outer-sphere complex).................... 2-8
Figure 2.2 illustrates the outer- (Equation 2-8) and inner-sphere (Equation 2-6)
surface complexation of divalent metal cations to an iron oxide.
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Figure 2.2 Outer- and inner-sphere surface complexation of divalent metal cations to an
iron oxide. (A) Strontium (Sr) outer-sphere complex; (B) Lead (Pb) inner-sphere
complex. After Chen (2000).

A number of other reactions between adsorbing ions and surface hydroxyls can
occur as well. These reactions can lead to formation of ion-pair or coordination surface
complexes depending on the binding affinity between the adsorbing ion and the surface
hydroxyl (Hayes, 1987). These include:

Background electrolyte reactions (e.g., NaNO3):

≡SOH + H+ + NO3- = ≡SOH2+⎯NO3-

(Ion-pair, outer-sphere) ................ 2-9

≡SOH + Na+ = SO⎯Na+ + H+

(Ion-pair, outer-sphere) .............. 2-10
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Divalent metal ion reactions (e.g., Pb2+):

≡SOH + Pb2+ + H2O = ≡SOPbOH+ + 2H+ (Coordinative, inner-sphere) ...... 2-11
⎯SOH
⎯SOH

+ Pb2+ =

⎯SO
⎯SO

Pb + 2H+

(Bidentate coordinative,
inner-sphere) .............................. 2-12

Oxyanion reactions (e.g., SeO42- and SeO32-)

≡SOH + SeO42- + H+ = ≡SOH2+⎯SeO42-

(Ion-pair, outer-sphere) .............. 2-13

≡SOH + SeO32- = ≡SOSeO2- + OH-

(Ligand exchange,
inner-sphere) .............................. 2-14

≡SOH + SeO32- + H2O = ≡SOSeO(OH) + 2OH(Ligand exchange, inner-sphere)

⎯SOH
⎯SOH

+ SeO32- =

⎯SO
⎯SO

.................................................... 2-15

SeO + 2OH- (Binuclear ligand exchange,
inner-sphere) .............................. 2-16

In order to illustrate some of the above reactions, Figure 2.3 shows a
representation of inner- and outer-sphere surface complexes formed between divalent
metal cations and surface hydroxyls of goethite.
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Figure 2.3 Outer- and inner-sphere surface complexation of divalent metal cations to an
iron oxide. (A) Inner-sphere bidentate complex; (B) Inner-sphere mononuclear complex;
and (C) Outer-sphere mononuclear complex. After Hayes and Katz (1996).
The solution pH greatly affects the amount of sorption because, as can be seen in
Reactions 2-5 and 2-7, the divalent metal ions (Me2+) are competing with protons (H+) for
the sorption sites. As the solution pH increases, metal ion sorption is enhanced because
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surface hydroxyls tend to dissociate adsorbed protons. As a consequence, more sorption
sites become available for divalent metal ion adsorption.
Although the correlation between pH and metal ion sorption can be illustrated by
Reactions 2-6 and 2-8, the amount of divalent cation sorption and the relative pH range at
which adsorption occurs depend on the specific divalent cations and the sorbent (metal
oxide) present in the system. When metal cations have a greater affinity for the metal
oxide surface, they will sorb at a lower pH. Moreover, when surfaces have a greater
affinity for a given metal cation, they will sorb metal cations at a lower pH (Hayes and
Katz, 1996). The acid-base properties of the sorbing metal cations and the metal oxide
surface hydroxyls dictate the relative affinity between sorbent and sorbate. For example,
Figure 2.4 shows that, for the same experimental conditions, lead [Pb(II)] adsorbs at a
lower pH than copper [Cu(II)] which adsorbs at a lower pH than cadmium [Cd(II)] onto
ferrihydrite. In addition, Figure 2.4 also shows that the adsorption of cationic metal ions
onto solid phases typically increases with pH as suggested by Reactions 2-1 and 2-2.

2.2.

SURFACE COMPLEXATION MODELS (SCMS)
Surface complexation models (SCMs) incorporate surface and aqueous

complexation reactions as well as the electric double layer theory (EDL) for describing
metal adsorption onto mineral surfaces (Davis et al., 1978; Davis and Kent, 1990; Davis
and Leckie, 1978; Dzombak and Morel, 1986; Dzombak and Morel, 1990; Goldberg and
Sposito, 1984a; Goldberg and Sposito, 1984b; Hachiya et al., 1984; Hayes, 1987; Hayes
and Katz, 1996; Hiemstra et al., 1989a; Hiemstra et al., 1989b; Huang and Stumm, 1973;
Stumm et al., 1970; Turner, 1995; Venema et al., 1996).

SCMs incorporate the

electrostatic contribution of protonation and deprotonation of surface hydroxyls
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Figure 2.4 Effect of pH on the adsorption of divalent metal ions onto ferrihydrite. All
three single solute adsorption edge experiments were performed under similar conditions
(metal concentration, MeT = 1 x 10-4 M and solids concentration, Cs = 4 g/L).
(Reactions 2-1 and 2-2) as well as those associated with metal ions (Reactions 2-5 to 216). As an example, for a metal species (Me2+) near the surface, its activity can be
calculated as follow:

{Me }
2+

surface

= {Me

2+

}

bulk

z

⎡ ⎛ − ψ j * F ⎞⎤
⎟⎟⎥ ........................................ 2-17
* ⎢exp⎜⎜
⎢⎣ ⎝ R * T ⎠⎥⎦

where z is the valence of the ion, F is the Faraday constant (J/volt equiv), R is the ideal
gas constant [J/(K*mole)], T is the absolute temperature (K), ψj is the electrostatic
potential of the layer j, and exp[(ψj*F)/(R*T)] is the Boltzmann factor.
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The role of pH for surface charge development is explicitly shown in Reactions 21 and 2-2 and from Reactions 2-5 to 2-16. In this representation of the oxide surface, the
surface is positively charged at low pH because there are more ≡SOH2+ sites
(Protonation, Reaction 2-1) than ≡SO- sites (Deprotonation, Reaction 2-2). Conversely,
at higher pH the ≡SO- sites are present in larger number and the surface is negatively
charged. At an intermediate pH, when the number of positively and negatively sites are
balanced, the zero point of charge (pHPZC) is defined. As a result, the electrostatic
attraction at the adsorption sites is dependent on pH and will affect the adsorption of
anions or cations (Hohl and Stumm, 1976; Huang and Stumm, 1973; Stumm et al., 1970).
Figure 2.5 shows the pH effect on the surface charge.
Analogous to aqueous speciation, adsorption reactions of metals (Me2+), or other
contaminants, can be written as shown in Equations 2-5 to 2-16. Speciation on the
surface can be determined using approaches similar to those for solving equilibrium
problems in aqueous systems by using mass law (Reactions 2-3 and 2-4) and mass
balance expressions to determine the average charge of a surface plane. Equations 2-18
and 2-19 show the mass balance expressions for a system comprised of an oxide surface
added to water (Westall and Hohl, 1980).
T≡SOH0 = NT = [≡SOH0] + [≡SO-] + [≡SOH2+]............................... 2-18
TH = [H+] - [OH-] + [≡SOH2+] - [≡SO-] ......................................... 2-19
In order to determine the average charge of a surface plane, knowledge of the
total number of sites (NT, in moles sites/L) is required. The total concentration of
available surface sites (NT) is determined from :

15

Increasing pH

O

H

O

Fe

O

O
H

O

+
H

H

O
H
H

O

+

H
H

+

O

H

O

O

Fe

H

-

H

-

O

-

O

-

O

Fe

H

O

O

Fe

O

(B)

O H

H

O

-

O

Fe

O

O

O

O
H

O

O

Fe

(A)

-

O H

H

O

O

O

H

H

Fe

+

O

Fe

O

O

H

H

O

H

O

Fe

O H

Fe

O

H

H

O

Fe

+

O

Fe

O

H

O

O
H

O

O

H

H

O

Fe

+
H

O

Fe

H

O

O

H

H

O

Fe

O

O

O

(C)

Figure 2.5 Effect of pH on surface charge. (A) Low pH: surface is positively charged.
≡SOH2+ sites are predominant. (B) Intermediate pH: positive and negative sites are
balanced; pHPZC is defined. (C) High pH: surface is negatively charged. ≡SO- sites are
predominant.
16

⎛
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⎞
⎟
m ⎟⎠
2

(N S ) * ( ASP ) * ⎛⎜ M ⎞⎟ * ⎜⎜1018 nm2
⎝V ⎠ ⎝
sites
6.023 * 10 23
mole

[moles sites / L] ............... 2-20

where M/V is the solid-mass to solution-volume ratio in g/L, ASP is the specific surface
area of the mineral expressed in m2/g, and NS is the site density in sites/nm2 (Turner
1995).
The major challenges associated with SCM development have included the
following: 1) formulating the types and reaction stoichiometry of surface complexes, 2)
developing a strategy for parameter estimation of SCMs, and 3) adequately describing the
electrical double layer (EDL).
To appropriately select surface reactions and stoichiometry, the surface species
and their controlling reaction processes must be known (or less preferably, assumed).
Recent advances in spectroscopic tools (such as X-ray absorption spectroscopy, XAS) for
identifying surface complexes have helped to understand the structure of surface
complexes formed, and consequently, increased the level of confidence in selecting the
proper surface reactions (Bargar et al., 1997; Dyer et al., 2003; Hayes, 1987; Hayes and
Katz, 1996; Katz and Hayes, 1995b; Manceau et al., 1992; Spadini et al., 1994).
The use of spectroscopy data to guide reaction selection is a relatively new
subject, and the majority of the adsorption modeling investigations has not been based on
spectroscopy information. For example, as recently as 2002, Criscenti and Sverjensky
described cobalt adsorption to corundum (α-aluminum oxide) using surface complexes
(≡SOHCo2+ NO3- and ≡SOCoOH) in regions of the isotherm where XAS data clearly
showed the formation of a surface hydrotalcite phase.
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Additional concerns arise regarding the technique for selection of SCM
parameters. Many currently (and formerly) employed techniques for estimating SCM
parameters are discussed in Section 2.2.2. The description of the EDL is also ambiguous,
and each SCM interprets the EDL differently. As a consequence, the major differences
among the various SCMs are 1) the description of the EDL (Westall and Hohl, 1980); and
2) the location of adsorbed species relative to the surface (Davis and Kent, 1990;
Dzombak and Morel, 1990; Hayes, 1987; Hayes and Katz, 1996; Turner, 1995). The
next section briefly describes aspects and characteristics of several frequently used
SCMs, including the Constant Capacitance Model (CCM), the Diffuse Layer Model
(DLM), the Triple Layer Model (TLM), and the Charge Distribution - Multisite
Complexation Model (CD-MUSIC).

2.2.1.

Components of Surface Complexation Models
The complexity of SCMs varies among the models according to their capability

for predicting adsorption over a wide range of conditions. Clearly, the more parameters
we add to a model the more closely we can fit data. However, the ability to more
accurately predict data comes at an expense. The major drawback of more inclusive
models is that a relatively large number of parameters are required for describing ion
adsorption and surface ionization. In many cases, metal ion adsorption behavior can be
adequately described using simpler models that require fewer parameters.

2.2.1.1

Diffuse Layer Model (DLM)
The Diffuse Layer Model (DLM) was first proposed by Stumm and coworkers

(Huang and Stumm, 1973; Stumm et al., 1970) and further refined by Dzombak and
18

Morel (Dzombak and Morel, 1990).

The DLM is considered one of the simplest

electrostatic models, since it needs only four parameters for its description, viz., two
surface acidity constants ( K +int and K −int ), the binding constant for the adsorbing metal
(KMe), and the number of surface sites (Ns). In this model, all the ions are adsorbed
within the surface plane as coordination complexes and only the formation of innersphere complexes is allowed. Additionally, the DLM often uses two types of adsorption
sites, a low affinity site and a high affinity site (Dzombak and Morel, 1990), in its
framework. Dissociated counter ions are present in the diffuse layer, as shown in Figure
2.6. The ionic strength effects on ion adsorption are accounted via the direct relation
between the Gouy-Chapman diffuse layer charge (σd) and the ionic strength (I). Thus,
this model can be applied to systems with low and variable ionic strength conditions.
Equation 2-21 shows the relation between diffuse layer charge and ionic strength:

⎛ z * F *ψ d ⎞
2
⎟ [C/m ] ................................................. 2-21
⎝ 2 * R *T ⎠

σ d = −0.1174 * I * sinh ⎜

where z is the valence of the ion, F is the Faraday constant (J/volt equiv), R is the ideal
gas constant [J/(K*mole)], T is the absolute temperature (K), ψd is the electrostatic
potential of the layer d.
The DLM assumes the following molecular hypotheses (Hayes, 1987):
1. Amphoteric surface sites (a site can be neutral, positively, or negatively charged);
2. Monodentate inner-sphere surface coordination complexes only;
3. Two planes in the interfacial region:
a) a surface plane for adsorption of H+, OH-, and all other adsorbed solutes;
b) a diffuse layer plane representing the bordering distance of approach of the
counter ions;
19

OH
O-

Cat+2

OH
OCat+
+

OH2
OH2 An0

(Ψ0 )

AnCat+2
An-

(Ψd)

Potential (ψ)

σd = -0.1174 * I1/2 * sinh(zFψd/2RT)

σ0

σd
Counterions

Figure 2.6
(DLM)

Distance

Schematic of the electric double layer (EDL) used in the diffuse layer model

4. The Gouy-Chapman theory to relate charge and electrostatic potential in the diffuse
layer (applicable only at low ionic strength conditions);
5. Reference states:
a) infinite dilution for aqueous species;
b) zero surface charge for surface species.
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2.2.1.2

Constant Capacitance Model (CCM)
The Constant Capacitance Model (CCM) (Hohl and Stumm, 1976; Schindler and

Kamber, 1968; Schindler and Gamsjager, 1972; Stumm et al., 1976; Stumm et al., 1980)
assumes that a layer of constant capacitance isolates the bulk solution from the charged
surface sites. Therefore, an additional fitting term called the capacitance of the sorption
layer (C1) is required. Moreover, C1 is associated with the charge/potential relation
between the bulk solution and the charged surface sites. Figure 2.7 shows a schematic
representation of the solid-solution interface and the electrical double layer properties of
the CCM. The capacitance (C1) term linearly relates surface charge (σd = -σo = -σs) to
electrostatic potential (ψo = ψd) as shown in Equation 2-22.

− σ 0 = σ d ≈ C1 *ψ 0 ............................................................................ 2-22

Since at high ionic strength the electrical double layer can be interpreted as a
parallel plate capacitor, the CCM model is usually applied to systems of constant and
high ionic strength (> 0.1 M background electrolyte). However, if the capacitance term
C1 is not presented as a specific attribute of a certain system (fixed value), but rathere as
an empirical fitting parameter, one can use the CCM to model systems with ionic strength
changes (Turner, 1995; Westall and Hohl, 1980). Nevertheless, while this approach can
provide reasonable fits to a given data set, the theoretical basis for which the model was
derived is compromised.
The CCM assumes the following molecular hypotheses (Hayes, 1987):
1. Amphoteric surface sites;
2. Inner-sphere surface coordination complexes (monodentate) only;
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Figure 2.7 Schematic of the electric double layer (EDL) used in the constant
capacitance model (CCM)
3. Only one plane in the interfacial region:
a) a surface plane for adsorption of H+, OH-, and all other adsorbed solutes. Some
ions (Na+, K+, Cl-, NO3-) are assumed to be passive with regard to the surface
(Davis and Kent, 1990);
4. The charge / electrostatic potential relation is shown in Equation 2-22 and it is
applicable only at high and constant ionic strength conditions;
5. Reference states:
a) constant ionic medium for aqueous species;
b) zero surface charge for surface species.
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Because the CCM uses the constant ionic medium reference state for aqueous
species, the activity coefficients of the species in solution can be integrated into the
equilibrium constants of the complexation reactions.

Alternatively, the constant

capacitance assumption leads to an expression for the activity coefficients of the surface
species, as shown in Equation 2-23 (Hayes, 1987):

⎛ z CC * F *ψ 0 ⎞
⎟ ............................................................. 2-23
R *T
⎝
⎠

0
γ CC = γ CC
* exp⎜

0
where γ CC
and γcc refer to the reference state and composition-dependent activity

coefficients, zcc the valence of the coordination complex, and ψ0 is the average
electrostatic surface potential and it is estimated using Equation 2-22 (Hayes, 1987).

2.2.1.3

Triple Layer Model (TLM)
Davis and coworkers (Davis et al., 1978; Davis and Leckie, 1978; Davis and

Leckie, 1980) developed the original Triple Layer Model (TLMO) [note that the symbol O
indicates original] as an expansion of the model elaborated by Yates et al. (1974) and
designated a site-binding model (Goldberg, 1992). The TLMO assumed that all ligands
and metals adsorbed onto the mineral surface via outer-sphere complexes.

Only

adsorption of hydroxyls (OH-) and protons (H+) formed inner-sphere complexes. As a
consequence, at least one water molecule was present between the metal ion (or ligand)
and the surface functional group (Davis et al., 1978).
Later, the TLMO was modified and upgraded in order to allow metal ion
adsorption with inner-sphere surface complexes (Blesa et al., 1984; Hayes and Leckie,
1986; Hayes and Leckie, 1987; Hayes et al., 1988). The following paragraphs describe
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the modified TLMO, and in the remainder of this dissertation, the term TLM will be used
to denote the modified TLMO developed by Hayes and coworkers (Hayes, 1987; Hayes
and Leckie, 1986; Hayes and Leckie, 1987; Hayes et al., 1988).
As the name suggests, the Triple Layer Model (TLM) (Hayes, 1987; Hayes and
Leckie, 1986; Hayes and Leckie, 1987; Hayes et al., 1988) divides the mineral-water
interface into three layers. The first layer is a surface plane for the adsorption of H+, OH-,
and strongly-bound ions; the second layer is a near-surface plane, also called the β-plane,
for the adsorption of weakly-bound ions; and the third layer is a diffuse layer plane (dplane) which represents the boundary distance of approach of ions in solution. Thus, the
TLM is considered a more complete and complex model when compared to the DLM and
CCM.
The outermost adsorption layer (β-plane) allows ion pair adsorption of cations
and anions associated with the background electrolyte as well as other weakly adsorbing
species (Figure 2.2). To account for adsorption of the background electrolyte species a
minimum of two additional reactions are needed to describe speciation at the
water/mineral interface (Davis et al., 1978; Hayes, 1987):

≡SOH0 + Cation+ = ≡SO•Cation0 + H+

int
( K cat
) ............................ 2-24

≡SOH0 + Anion- + H+ = ≡SOH2•Anion0

int
( K an
)............................ 2-25

int
int
where K cat
and K an
are the equilibrium constants for the adsorption of cations and

anions from the background electrolyte. For example, if sodium nitrate (NaNO3) is used
as the background electrolyte, the equilibrium expressions are as follows:
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int
K Na

int
K NO
3

⎡ −
⎢ SO
=⎣

⎤
Na + ⎥ * H + * γ H +
⎡ F * (ψ β − ψ 0 )⎤
⎦
* exp ⎢
⎥ .................... (2-24)
+
R *T
[SOH ]* Na
⎦
⎣

[ ]
[ ]

⎡
+
−⎤
⎢ SOH 2 NO3 ⎥
⎡ F * (ψ 0 − ψ β )⎤
⎦
⎣
* exp ⎢
=
⎥ ................. (2-25)
−
+
R *T
[SOH ]* NO 3 * H * γ H +
⎦
⎣

[

][ ]

where the terms F, R, and T are as defined above and the term εi is the electric potential
of the layer i. .
Furthermore, the TLM requires two capacitance terms (C1 and C2) to model ion
adsorption.

Figure 2.8 shows a representation of the mineral-water interface as

interpreted by the TLM.
As introduced in the CCM section, the constant capacitance terms are associated
with the charge/potential relation between the layers as described in the equations below.
To derive these relationships, it is assumed that the adsorption layers are similar to plates
of two parallel plate capacitors in series (Levine, 1971) and the electroneutrality
condition is valid. The final equations are shown below and a detailed derivation can be
found in Katz (1993).

ψ0 + ψ β + ψd = 0

............................................................................ 2-26

ψ0 = (σ0 - σβ) * C1

............................................................................ 2-27

-ψd = ψ0 + ψβ = (σβ - σd) * C2 ................................................................. 2-28
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Schematic of the electric double layer (EDL) used in the triple layer model

The charge at the diffuse layer plane (σd) is calculated using the Gouy-ChapmanStern-Grahame theory:

(z *ψ d * F )⎤
⎡
σ d = − 8 * ε * ε 0 * I * R * T * ⎢sinh
................................ 2-29
2 * R * T ⎥⎦
⎣

(

)

or, at 25 ºC and for 1:1 electrolyte solution:
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⎛ z * F *ψ d ⎞
⎟ .................................................. 2-30
⎝ 2 * R *T ⎠

σ d = −0.1174 * I * sinh ⎜

where σi are the surface charges and ψi are the potentials for the i layers, ε is the
dielectric constant, ε0 is the permittivity in free space, and I is the ionic strength. F, R, T
and z are as defined above.

The TLM assumes the following molecular hypotheses (Hayes, 1987):
1. Amphoteric surface sites;
2. Monodentate surface complexes:
a) coordination complexes (inner-sphere) for surface plane (0-plane);
b) ion-pair complexes (outer-sphere) for β-plane.
3. Three planes in the interfacial region:
a) surface plane for adsorption of H+, OH-, and strongly-adsorbed ions;
b) β-plane (near-surface plane) for weakly-adsorbed ions;
c) diffuse layer plane which represents the closest distance of approach of ions in
solution.
4. The charge / electrostatic potential relations of Equations 2-26 to 2-30;
5. Reference states:
a) infinite dilution: Davies equation for aqueous-phase species;
b) zero surface charge: adsorbing species activity correction.

2.2.1.4

Charge Distribution - Multisite Complexation Model (CD-MUSIC)
The Charge Distribution - Multisite Complexation Model (CD-MUSIC) utilizes

crystallographic data for the adsorbent (Hiemstra et al., 1989a; Hiemstra et al., 1989b;
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Hiemstra et al., 1996) and the assumption that surface complexes have a spatial charge
spreading in the interfacial zone (Hiemstra and VanRiemsdijk, 1996). The CD-MUSIC
model considers surface heterogeneity and correlates it to the surface structure of each
crystal face of the adsorbent. The model has been applied successfully to predict proton
affinities of individual surface groups of crystal materials such as goethite, hematite, and
lepidocrocite (Venema et al., 1998). The major drawback of using this model is that it
can only be applied to adsorbents with known crystallographic structures, which is not
the case for amorphous materials such as ferrihydrite.
In the simplest case of only a single metal coordinate site on one crystal face, the
CD-MUSIC model can predict ion adsorption using eight parameters, and the model
becomes similar to a 2-pK one site binding model such as the TLM.

Thus, the

parameters needed in the CD-MUSIC model can be estimated in a manner similar to the
method for the TLM parameters described above. Nonetheless, the number of estimated
parameters significantly increases when more than one crystal face and coordinate
adsorption site are used in the model calculations. In this scenario, information about the
adsorbent surface structure is required, and it is obtained from crystallography studies.
Figure 2.9 shows a summary of the important attributes of the CD-MUSIC model
(Venema et al., 1996).
Even though the parameter estimation protocol for the CD-MUSIC model is
similar to the TLM, three differences between their frameworks are important (Venema
et al., 1996):

a. In the CD-MUSIC model, C2 (outer layer capacitance) is fixed at a value
of 5.0 F/m2, while in the TLM C2 is 0.2 F/m2;
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Figure 2.9 Summary of the CD-MUSIC attributes. which are very similar to the
previous described SCMs with the exception of crystallography considerations (VENEMA
ET AL., 1996).
b. In the CD-MUSIC model, ion pair-forming species are placed in the dplane (Figure 2.10), while in the TLM these ions are placed in the β-plane
(Figure 2.8);
c. In the CD-MUSIC model, the charge of the cation is divided over the 0
and β electrostatic planes (Figure 2.10), while in the TLM a cation is
considered a point charge in one specifically electrostatic plane (Figure
2.8).
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Figure 2.10 Schematic of the electric double layer (EDL) used in the CD-MUSIC model.
Pair forming ions are located in the d-plane (outer plane) while the charge of a cation
(i.e., Cd) is divided over the 0 and β electrostatic planes (Venema et al., 1996)
2.2.1.5

Summary
The complexity of SCMs varies among the models according to their capability

for predicting adsorption over a wide range of conditions. For example, the DLM needs
only four parameters for its description, but only the formation of inner-sphere complexes
is allowed. The CCM, requires five parameters to describe metal ion adsorption, but it
can be used only for high constant ionic strength systems. Analogous to the DLM, the
CCM describes adsorption of inner-sphere complexes. On the other hand, the TLM
needs eight parameters to describe metal ion adsorption. However, this model can be
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used in systems with variable ionic strength and allows for the formation of inner- and
outer-sphere surface complexes. In addition to the TLM features, the CD-MUSIC model
can consider different adsorption surface planes and in the simplest case, eight
parameters are required to model ion adsorption.
Thus, the more parameters we add to a model the more closely we can fit data
over a wider range of conditions. However, the ability to more accurately predict data
comes at an expense. The major drawback of more inclusive models is that a reasonably
large number of parameters are required for describing ion adsorption and surface
ionization. Table 2.1 shows the parameters required for the four models described above.

Table 2.1

Model parameters used in the different Surface Complexation Models.
Model

# of Parameters

Parameters

Diffuse Layer Model (DDL)

4

int
K Me
, K +int , K −int , Ns

Constant Capacitance Model
(CCM)

5

int
int
int
K Me
, K + , K − , Ns, C1

Triple Layer Model (TLM)

8

Charge Distribution - Multisite
Complexation Model (CD-MUSIC)

int
int
int
K Me
, K + , K − , Ns, C1,

int
int
C2, K cat
, K an

Varies (depends on the number of crystal faces
and coordinate reactive sites considered)

int
Note: K Me
is the binding constant for the adsorbing metal.
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2.2.2.

Current Techniques for Estimating SCM Parameters
In order to use SCMs to model the adsorption behavior of ions onto oxides,

theoretical or experimental methods are necessary to ascertain the values of the several
model parameters. Parameters that need to be determined are the surface equilibrium
constants ( K iint ), the interfacial capacitances (Ci), and the total surface site density of the
adsorbent (Ns). The best way to estimate any of these parameters would be by measuring
each directly, but currently few of these properties can be directly measured. As a result,
the equilibrium constants and interfacial capacitances are frequently selected as a set of
values and evaluated based on their ability to adequately predict experimental titration
data and adsorption data (Hayes et al., 1991).
The Ki parameters can be estimated by three different techniques. Two of these
techniques use acid-base titration data; one is a graphical extrapolation method and the
second is an objective curve fitting method. The third method uses properties of the
adsorbent. The graphical extrapolation method requires plotting an approximation for the
conditional protolysis equilibrium constants (Equation 2-31) versus the fractional
ionization, α (Equation 2-32) to determine log K +int and log K −int (Hayes et al., 1991).

⎛ α ⎞
pQ* = − log H + ± log⎜
⎟ ............................................................... 2-31
⎝1−α ⎠

[ ]

α=

σ0 ⎛ NA ⎞

*⎜
⎟ ..................................................................................... 2-32
Ns ⎝ F ⎠
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⎛N ⎞
where pQ * is the apparent acidity quotient and ⎜ A ⎟ converts σ 0 to the net number of
⎝ F ⎠
charged sites per square meter to provide the dimensionless α (fractional ionization).
The single extrapolation method consists of plotting data according to Equations
2-31 and 2-32 and extrapolating α back to zero for a certain ionic strength value. This
method is applicable to all SCMs (Davis et al., 1978; Hayes et al., 1991). On the other
hand, for the TLM, where model predictions are performed for a range of ionic strengths,
the conditional protolysis equilibrium constants (Equation 2-31) are plotted versus a
linear combination of α and the ionic strength, as shown in Equation (2-33):

α + I ........................................................................... 2-33

The double extrapolation method consists of plotting data according to Equations
2-31 and 2-33 and extrapolating to the zero value of Equation 2-33 (Hayes et al., 1991).
A more detailed explanation of the double extrapolation approach can be found elsewhere
(Balistrieri and Murray, 1979; Davis and Leckie, 1979; James et al., 1978; James and
Parks, 1982; Kent et al., 1986).
The objective curve fitting approach provides estimates of the surface
complexation parameters by minimizing errors between measured and calculated titration
curves (Kent et al., 1986). A computer code such as FITEQL (Herbelin and Westall,
1996) is usually used to optimize parameters for particular sets of adsorption and titration
data to generate a surface complexation database that is internally consistent. This
approach, also known as numerical nonlinear optimization, has been used in a number of
investigations (Ainsworth et al., 1994; Dardenne et al., 2001; Dzombak and Morel, 1990;
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Goldberg et al., 1996; Hayes, 1987; Jakobsson, 1999; Katz and Hayes, 1995a;
Lutzenkirchen, 1999; Nilsson et al., 1996; Tadanier and Eick, 2002).
A third more theoretical method to estimate the Ki parameters uses a model which
is based on two properties of the adsorbent: a) the dielectric constant (ε) and b) the
Pauling bond strength per unit bond length, in Å, (s / rM-OH). This model is used to
predict the pristine point of zero charge (pHPPZC) and the difference between the logs of
the surface acidity constants (∆pKa). Then, as can be seen in Equations 2-34 and 2-35,
the acidity constants K +int and K −int can be calculated when the pHPPZC and ∆pK are
known (Sahai and Sverjensky, 1997a).

(

)

1
* log K +int + log K −int .......................................................... 2-34
2
∆pK a = log K +int − log K −int ................................................................ 2-35
pH PPZC =

(

)

Based on Born salvation theory (James and Healy, 1972) and electrostatic theory
(Parks, 1965; Parks, 1967; Yoon et al., 1979), Sverjensky (1994) demonstrated that the
pristine point of zero charge (pHPPZC) can be calculated by using two properties of the
adsorbent: a) the inverse dielectric constant (1/ε) and b) the Pauling bond strength per
unit bond length, in Å, (s / rM-OH) of the central metal ion in the adsorbent. Equation 2-36
illustrates this relationship that was derived by his research group (Sverjensky, 1994;
Sverjensky and Sahai, 1996).
∆Ω r , z
⎛ s
⎞ ⎛1⎞
⎛
⎟⎟ * ⎜ ⎟ − B z * ⎜⎜
pH PPZC = −0.5 * ⎜⎜
⎝ 2.303 * R * T ⎠ ⎝ ε ⎠
⎝ rM −OH
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⎞
⎟⎟ + log K H" + , z ................... 2-36
⎠

∆Ω r , z
⎞
⎛
⎟⎟ is the Born coefficient, Bz is the repulsion coefficient or
where M z = ⎜⎜
2
.
303
*
*
R
T
⎠
⎝

electrostatic constant, and K H" + ,z is related to the ion-intrinsic contribution (Sahai and
Sverjensky, 1997a; Sverjensky and Sahai, 1996).
Equation 2-36 can then be calibrated by using points of zero charge published in
the literature. For example, Sverjensky and Sahai (1996) derived the correlation below:
⎛ s
⎛1⎞
pH PPZC = 21.1158 * ⎜ ⎟ − 42.9148 * ⎜⎜
⎝ε ⎠
⎝ rM −OH

⎞
⎟⎟ + 14.4866 ................................. 2-37
⎠

Using an analogous procedure, the difference between the logs of the surface
acidity constants (∆pK) can also be calculated as shown in Equation 2-38.
∆Ω r ,n
⎛ s
⎞ ⎛1⎞
⎛
⎟⎟ * ⎜ ⎟ − Bn * ⎜⎜
∆pK = ⎜⎜
⎝ 2.303 * R * T ⎠ ⎝ ε ⎠
⎝ rM −OH

⎞
⎟⎟ + log K H" + ,n ................................. 2-38
⎠

where the terms are defined similarly to the terms in Equation 2-36. Again, Equation 238 can be calibrated and the result is shown in Equation 2-39 (Sverjensky and Sahai,
1996)
⎛ s
∆pK = 12.692 * ⎜⎜
⎝ rM −OH

⎞
⎟⎟ + 3.537 .......................................................... 2-39
⎠

Then, knowing the values of pHPPZC and ∆pK and by applying Equations 2-34 and
2-35, the acidity constants K +int and K −int can be calculated. The complete discussion of
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the theory behind the model as well as the derivations of Equations 2-36 to 2-39 can be
found elsewhere (Sverjensky, 1994; Sverjensky and Sahai, 1996).
At present, there is no established method capable of independently estimating the
interfacial capacitance (C1 and C2) parameters. Usually C2 is fixed at 0.2 F/m2 based on
experimental methods measuring the capacitance of the AgI-electrolyte interface (Pieper
and deVooys, 1974) and measurements of the impedance on ion-sensitive transistors
coated with SiO2 (Bousse and Bergveld, 1983).

The capacitance C1 is frequently

considered a fitting parameter with values in the range of 0.1 to 2.0 F/m2 (Hayes et al.,
1991; Katz and Hayes, 1995a; Kent et al., 1986).
A number of techniques are available to determine the surface site density (Ns)
parameter including: a) objective curve fitting of potentiometric titration data; b)
calculation from

crystallographic

thermogravimetric

experiments;

d)

structure;

c)

monitoring

estimation from infrared

weight

loss from

spectroscopy;

e)

measurements from H2O vapor adsorption; and f) measurements from tritium exchange
experiments (Davis and Kent, 1990; James and Parks, 1982; Kent et al., 1986; Koretsky,
1997; Koretsky et al., 1998; Sahai and Sverjensky, 1997a).
The potentiometric titration method is based on the hypothesis that all available
surface sites are ionized (i.e., occupied) by adsorbed H+ or OH-. This method uses
nonlinear optimization software (e.g., FITEQL) to fit a set of potentiometric titration data
and estimate the optimum value of the surface site density which gives the fit to the
experimental data.
The crystallographic structure method (Barron and Torrent, 1996; James and
Parks, 1982; Peri, 1965b; Pivovarov, 1997; Yates, 1975) calculates the surface site
density parameter from the density of oxide ions on different crystal faces of the mineral
and, thus, based on the crystal structure of the mineral. In the thermogravimetric method
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(Peri, 1965a), the sample weight loss is monitored while the ignition temperature
increases. As a result, it is possible to determine the temperature at which chemisorbed
water is released as well as the mass of water released. The amount of chemisorbed
water released is used to calculate the surface site density of the sample.
The infrared spectroscopy (IR) method (Erkelens and Linsen, 1969; Gorski et al.,
1988; James and Parks, 1982; Peri, 1965a; Vanveen, 1988) is used to identify types of
surface OH groups and it needs to be used in conjunction with another technique in order
to estimate surface site density. For example, IR can be applied in combination with the
thermogravimetric method to identify the surface hydroxyls that vanish as the sample is
heated. Thus, the infrared spectroscopy method cannot be quantitatively used by itself.
In the H2O vapor adsorption method (McCafferty and Zettlemoyer, 1971; Morimoto et
al., 1969), the amount of H2O adsorbed from vapor phase versus the partial pressure of
H2O is used to estimate the surface site density. This method relies on the assumption
that H2O adsorbs on surface OH groups and surface site density is estimated from the
monolayer coverage.
The tritium exchange method (Bérubé et al., 1967; Yates, 1975; Yates and Healy,
1976) can be used to calculate the surface site density by measuring the amount of
hydrogen-tritium exchange between liquid water and the sample which is tritium labeled.
The sample is suspended in a solution containing tritium for a certain time, and then the
sample is dried and re-suspended in tritium free water. The surface site density is
estimated by measuring the tritium in solution, which was released by the sample.
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2.2.3.

2.2.3.1

Predictive Capabilities of Surface Complexation Models

Single solute adsorption
Surface complexation models have been used to predict adsorption of several

different ions onto a wide range of adsorbents over a reasonably extensive set of
conditions. Tables 2.2 to 2.5 show several investigations that have reported successful
model fits when describing single solute adsorption onto typical mineral materials.
For example, the constant capacitance model (CCM) has been applied in single
solute systems to describe the adsorption of transition metals and oxyanions onto several
types of adsorbents including (hydr)oxides, clays and natural soils.

Goldberg and

coworkers (Goldberg, 1985; Goldberg, 1986; Goldberg and Johnston, 2001; Goldberg
and Sposito, 1984a; Goldberg and Sposito, 1984b; Goldberg et al., 1998; Manning and
Goldberg, 1996) primarily reported studies on the adsorption modeling and behavior of
oxyanions such as phosphate (PO4-3), selenite (SeO3-2), silicate (SiO4-4), arsenate (AsO43

), and molybdate (MoO4-2) onto a number of different adsorbents.

Stumm and

coworkers (Hohl and Stumm, 1976; Schindler and Stumm, 1987) performed modeling
experiments using the CCM to successfully predict the adsorption of transition metals,
for instance iron [Fe(III)], copper [(Cu(II)), lead [Pb(II)], and cadmium [Cd(II)], onto
(hydr)oxides such as rutile, silica and gibbsite.
In the first published adsorption modeling study using the diffuse layer model
(DLM), Huang and Stumm (1973) predicted the adsorption of calcium (Ca+2),
magnesium (Mg+2), strontium (Sr+2), and barium (Ba+2) onto gibbsite (γ-Al2O3).
Dzombak and Morel (1990) applied the DLM to predict the adsorption behavior of an
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Table 2.2
Surface
Complexation
Model (SCM)

SCMs application in single solute adsorption systems - Constant
Capacitance Model

Adsorbent

Adsorbate

Transition
Metals

(Hydr)oxides

Constant
Capacitance
Model (CCM)

(Hohl and Stumm, 1976)
(Schindler et al., 1976) (Sposito,
1984) (Schindler and Stumm,
1987) (Gunneriusson et al., 1994)
(Angove et al., 1999) (Lackovic et
al., 2003) (Anderson and Benjamin,
1990); (Goldberg et al., 1996);
(Silvester et al., 2005); (Pokrovsky
et al., 2005); (Zenobi et al., 2005)

Oxyanions

(Goldberg and Sposito, 1984a)
(Goldberg, 1985) (Goldberg, 1986)
(Manning and Goldberg, 1996)
(Goldberg and Johnston, 2001)
(Anderson and Benjamin, 1990);
(Goldberg et al., 1998); (Cheng et
al., 2004)

Actinides

(Cheng et al., 2004)

Metals

Clays

Reference

Transition
Metals
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(Pokrovsky et al., 2004)
(Angove et al., 1997) (Angove et
al., 1998) (Ikhsan et al., 1999)
(Lackovic et al., 2003)
(Spathariotis and Kallianou, 2001),
(Goldberg et al., 1996); (Srivastava
et al., 2005); (Peacock and
Sherman, 2005); (Ikhsan et al.,
2005b); (Ikhsan et al., 2005a)

Table 2.2

Cont’d

Surface
Complexation
Model (SCM)

Adsorbent

Clays

Constant
Capacitance
Model (CCM)

Adsorbate

Oxyanions

Reference

(Goldberg and Glaubig, 1988),
(Motta and Miranda, 1989);
(Goldberg et al., 1998)
(Goldberg and Sposito, 1984b);

Oxyanions
Natural Soils

Carbonates

(Goldberg and Glaubig, 1988);
(Goldberg et al., 1996); (Goldberg
et al., 1998)

Metalloid

(Goldberg et al., 2004)

Metals

(Pokrovsky et al., 2004)
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Table 2.3

Surface
Complexation
Model (SCM)

SCMs application in single solute adsorption systems – Diffuse Layer
Model.

Adsorbent

(Hydr)oxides

Diffuse Layer
Model (DLM)

Natural Soils /
Sand

Amphoteric
polymeric
latex colloids

Adsorbate

Reference

Transition
Metals

(Dzombak and Morel, 1986;
Dzombak and Morel, 1990)
(Robertson and Leckie, 1998);
(Buerge-Weirich et al., 2002);
(Martin et al., 2005); (Peacock and
Sherman, 2004a); (Tonkin et al.,
2004); (Peacock and Sherman,
2004b)

Alkali Earth
Metals

(Huang and Stumm, 1973);
(Tonkin et al., 2004)

Oxyanions

(Mesuere and Fish, 1992a)
(Vangeen et al., 1994); (Vaughan
and Reed, 2005); (Dixit and
Hering, 2003)

Lanthanides

(Naveau et al., 2005)

Actinides

(Waite et al., 1994); (Liu et al.,
2005); (Missana et al., 2003)

Rare Earth
Elements

(Tang and Johannesson, 2005)

Actinides

(Logue et al., 2004)

Transition
Metals

(Harding and Healy, 1985)
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Table 2.4

Surface
Complexation
Model (SCM)

Triple Layer
Model (TLM)

SCMs application in single solute adsorption systems – Triple Layer
Model.

Adsorbent

Adsorbate

Reference

Transition
Metals

(Davis and Leckie, 1978); (Hayes
and Leckie, 1986) (Hayes, 1987)
(Hayes and Leckie, 1987) (Cowan et
al., 1991) (Katz and Hayes, 1995a)
(Katz and Hayes, 1995b) (Smith,
1998) (Villalobos et al., 2001)
(Robertson and Leckie, 1998);
(Davis and Leckie, 1979); (Hachiya
et al., 1984); (Peacock and Sherman,
2004a); (Subramaniam et al., 2003);
(Peacock and Sherman, 2004b); (Liu
et al., 2004)

Oxyanions

(Hayes, 1987) (Zachara et al., 1987)
(Hayes et al., 1988) (Mesuere and
Fish, 1992a) (Villalobos et al., 2001)
(Vangeen et al., 1994); (Vaughan
and Reed, 2005); (Davis and Leckie,
1979); (Zhang and Sparks, 1990b);
(Goldberg et al., 1998); (Sverjensky
and Fukushi, 2006)

Actinides

(Hsi and Langmuir, 1985)
(Laflamme and Murray, 1987)
(Hunter et al., 1988) (Girvin et al.,
1991) (Villalobos et al., 2001); (Liu
et al., 2005)

(Hydr)oxides
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Table 2.4

Cont’d

Surface
Complexation
Model (SCM)

Adsorbent

Adsorbate

Alkali Earth
Metals

(Hydr)oxides

Triple Layer
Model (TLM)

Reference

(Hayes, 1987) (Cowan et al., 1991)

Quinoline and
aminonaphtha (Zachara et al., 1990)
lene
Metalloid /
Non-metal

(Blesa et al., 1984); (Villalobos and
Leckie, 2001); (Goldberg, 2005)

Oxyanions

(Goldberg et al., 1998)

Metalloid

(Goldberg, 2005)

Oxyanions

(Goldberg et al., 1998); (Hellerich
and Nikolaidis, 2005)

Metalloid

(Goldberg, 2005)

Clays

Natural Soils /
Sand
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Table 2.5

Surface
Complexation
Model (SCM)

Charge
Distribution –
Multisite
Complexation
Model (CDMUSIC)

SCMs application in single solute adsorption systems - Charge
Distribution – Multisite Complexation Model.

Adsorbent

Adsorbate

Reference

Transition
Metals

(Venema et al., 1996) (Tadanier and
Eick, 2002) (Boily et al., 2005)

Oxyanions

(Hiemstra and VanRiemsdijk, 1996)
(Rietra et al., 2000) (Tadanier and
Eick, 2002); (Rietra et al., 2001a);
(Antelo et al., 2005)

Alkali Earth
Metals

(Ridley et al., 2004); (Weng et al.,
2005)

(Hydr)oxides

Weak organic
acids

(Filius et al., 1997)

Lanthanides

(Ridley et al., 2005)

extensive collection of experimental data gathered from several researchers.

The

adsorption of a large number of transition metals onto ferrihydrite was described using
the simplest electrostatic adsorption model available: the DLM.
The application of the triple layer model has been comprehensively described by
Leckie and coworkers (Benjamin and Leckie, 1981; Davis and Leckie, 1978; Hayes and
Leckie, 1986; Hayes and Leckie, 1987; Hayes et al., 1988). The TLM was first applied
44

to describe adsorption of ions onto hydroxides in 1978 by Davis and Leckie. The model
successfully fit the adsorption of a limited set of data for lead [Pb(II)], cadmium [Cd(II)],
copper [Cu(II)], and silver [Ag(I)] onto ferrihydrite, gibbsite, and titanium dioxide.
Later, Hayes and coworkers (1988) applied the model to predict the adsorption of
oxyanions, namely selenite (SeO3-2), and selenate (SeO4-2) onto ferrihydrite and goethite.
Additionally, the TLM has been used to model the adsorption of radioactive materials
such as of thorium onto goethite (Laflamme and Murray, 1987), neptunium onto
ferrihydrite (Girvin et al., 1991), thorium onto goethite and manganese oxide (Hunter et
al., 1988) and uranyl onto ferrihydrite, goethite, and hematite (Hsi and Langmuir, 1985).
The charge distribution – multisite complexation model (CD-MUSIC) has also
been successfully used to describe single-solute adsorption of transition metals (cadmium
and copper), oxyanions (sulfate and phosphate), and organic acids (lactate, oxalate,
malonate, phthalate, and citrate) onto goethite (Filius et al., 1997; Hiemstra et al., 1989a;
Hiemstra and VanRiemsdijk, 1996; Hiemstra et al., 1989b; Hiemstra et al., 1996; Rietra
et al., 2000; Tadanier and Eick, 2002; Venema et al., 1996).
Not only have SCMs been used to model ion adsorption onto common adsorbents
[e.g. (hydr)oxides, clays, and natural soils], but they have also been used to predict metal
ion adsorption onto unusual adsorbents. Reddad et al. (2002) explored the capabilities of
the diffuse layer model (DLM) to describe the adsorption of various divalent metal
cations, namely copper (Cu2+), zinc (Zn2+), cadmium (Cd2+), and nickel (Ni2+) onto a
natural polysaccharide commonly known as sugar beet pulp. The DLM was reported to
describe the adsorption experiments successfully (Reddad et al., 2002).

Successful

results were reported by Fein et al. (1997) when using the constant capacitance model to
predict the adsorption of Cd, Cu, Pb, and Al onto bacteria, an organic and heterogeneous
adsorbent. Moreover, Daughney and Fein (Daughney and Fein, 1998) also used the
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CCM to successfully model the adsorption of several heavy metals (Cd2+, Pb2+, and Cu2+)
and hydrogen (H+) onto two different bacterial surfaces.
Surface complexation models (SCMs) can also be used to describe the adsorption
of heavy metals onto activated carbon cloths (ACCs). The diffuse layer model has been
efficient in describing the adsorption of copper (Cu2+), lead (Pb2+), and nickel (Ni2+) onto
ACCs over a wide range of experimental conditions (Faur-Brasquet et al., 2002). Several
other investigations have stated that SCMs have been effectively used to illustrate single
ion adsorption onto a variety of adsorbent including wheat bran (Ravat et al., 2000),
granular and/or powder activated carbon (Corapcioglu and Huang, 1987; Gabaldon et al.,
1996; Reed and Matsumoto, 1993), recycled iron-bearing material (80 – 95% iron, ~1%
manganese, up to 0.5% other metals, and 3.5 – 18.5% silica) (Smith, 1998), natural
sediments (Wang et al., 1997), peat (Allen et al., 1997), and dry waste slurry produced as
a by-product in seafood processing plants (Lee and Davis, 2001).
Hence, it is widely reported that surface complexation models (SCMs) work for
predicting single-solute adsorption onto many adsorbents over a wide range of
experimental conditions. However, the most common technique for estimating SCM
parameters has been to calibrate the model to a restricted set of experimental sorption and
titration data (Cowan et al., 1992; Davis et al., 1978; Hayes and Leckie, 1987). Though
this parameter estimation technique is widely used it can lead to a wide range of
parameter values. As a consequence, it is possible to fit adsorption data equally well
using different sets of parameter values (Westall and Hohl, 1980). Furthermore, the
models may not be extensible to a large range of conditions and systems. One area where
the models have shown limited predictive capability is bi-solute adsorption commonly
called competitive adsorption.
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2.2.3.2

Bi-solute adsorption
As described in the previous section, surface complexation models (SCMs) have

been successfully used to predict metal ion adsorption in single-metal systems over a
range of pH, ionic strength and metal ion concentrations for a variety of metal oxides,
clays, natural soils, and unusual adsorbents.

Conversely, SCMs have not been

extensively nor successfully used to describe systems in which competition for
adsorption sites among metal ions in solution may occur (Balistrieri and Murray, 1982;
Boily et al., 2001; Cowan et al., 1991; Goldberg, 1992; Palmqvist et al., 1999; Srivastava
et al., 2005; Zachara et al., 1987).
The competitive adsorption between divalent metals has been studied by a small
number of research groups. Palmqvist et al. (1999) investigated competitive systems
involving the adsorption of lead (Pb), cadmium (Cd), and zinc (Zn) onto goethite. The
experiments were performed at 25 °C, an ionic strength of 0.1 M NaNO3 and goethite
concentrations ranging from 0.09 to 9 g/L. For the modeling, they assumed that, for all
three metals, goethite had the same site density. At low metal ion concentrations (10-6 to
10-3 M) and below the point of saturating surface sites, they reported that the constant
capacitance model (CCM) when applied to a Zn/Cu competitive system could predict the
ion adsorption satisfactorily. Nevertheless, the researchers had to adjust the equilibrium
constant for Pb surface complexation in order to represent the experimental results. In
disagreement, Trivedi et al. (2001) stated that, with an accurate value of the site densities,
model calibration should be feasible with single adsorbate systems, instead of
experimenting each competition scenario. Trivedi’s conclusion reaffirms the importance
of utilizing an accurate technique for estimating the surface site density that corresponds
to available surface sites.
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Christl and Kretzschmar (1999) used the TLM to predict the competitive
adsorption of copper [Cu(II)] and lead [Pb(II)] onto hematite. The model was able to
describe single solute adsorption and acid-base titration very well. However, the model
was unsuccessful in predicting competitive adsorption at high surface coverage and
overestimated the competitive behavior between Pb and Cu when a site density of 2.2
sites/nm2 was used. When using a site density of 7.0 sites/nm2 the model results were
much better (Christl and Kretzschmar, 1999).
Competitive adsorption between anions has also been investigated. Zachara et al.
(1987) investigated chromate (CrO42-) adsorption onto amorphous iron oxyhydroxide or
ferrihydrite (Fe2O3.H2O) in single and multiple-ion systems including CaSO4 and CO2.
They found that the triple layer model (TLM) provided good fits to their adsorption edge
data for the low solids case at pHs above 6.5, but underestimated CrO42- adsorption below
pH 6. The researchers reported that SO42- was inducing site saturation. Moreover, for the
high solids concentration scenario the TLM overestimates CrO42- adsorption by as much
as 15%.

Therefore, the SCM used to describe the system competition could not

completely describe any of the experimental conditions (low or high solids
concentration).
In another competitive anion adsorption investigation, Hawke et al. (1989) tried to
model phosphate and marine electrolyte adsorption onto goethite. They used a model
derived from the triple layer model (TLM). The overall conclusion reached by Hawke et
al. (1989) was that adsorption modeling could only account for competition qualitatively.
Mesuere and Fish (1992b) evaluated the competitive adsorption of oxalate and
chromate onto goethite. Two surface complexation models (SCMs), namely the diffuse
layer model (DLM) and the triple layer model (TLM), were used to quantitatively predict
the adsorption of the experimental data. Model constants used successfully to describe
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single-solute adsorption and goethite surface hydrolysis (Mesuere and Fish, 1992a) were
employed in the modeling of competitive systems. The researchers reported that both
models had very similar behavior and when surface concentrations of the two solutes
were high, the models could predict bi-solute adsorption as function of pH. On the other
hand, the SCMs failed when one or both of the solutes were present at low surface
concentrations.

In conclusion, Mesuere and Fish (1992b) stated that prediction of

competitive adsorption in bi-solute systems for a wide range of solution conditions could
not be reliably accomplished.
Several other researchers have reported unsuccessful results when using SCMs to
model competitive adsorption systems (Balistrieri and Chao, 1990; Balistrieri and
Murray, 1987; Goldberg, 1985). Goldberg (1985) used the constant capacitance model
(CCM) to describe the adsorption of silicate, selenite, and phosphate onto goethite (αFeOOH). In the combined systems, the model represented the experimental data only
qualitatively. In other words, the shape of the adsorption edge in the model was similar
to the adsorption edge resulting from the experimental competition data. The model
underestimated the adsorption of silicate or selenite when competing with phosphate,
while overestimating phosphate adsorption. The triple layer model (TLM) was used to
estimate the adsorption of simple organic acids, namely oxalic, salicylic, phthalic, and
lactic, in synthetic sea water solution (0.46 M Na+, 0.054 M Mg+2, 0.01 M Ca+2, 0.01 M
K+, 0.55 M Cl-, 0.028 M SO4-2) onto goethite (Balistrieri and Murray, 1987). The model
could not successfully predict the behavior of each organic acid in four adsorption
experiments where each of the organic acids was in the synthetic sea water solution.
Balistrieri and Chao (1990) also used the TLM to model ion adsorption, but instead of
hematite or goethite, they used amorphous iron oxyhydroxide and manganese dioxide as
adsorbents and tried to model selenite adsorption in the presence of silicate, phosphate,
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and molybdate. The researchers used model parameters estimated from single adsorbate
systems, and the model failed in predicting the behavior of selenite in those competitive
systems.
Hsi and Langmuir (1985) studied the adsorption of uranyl onto goethite, hematite,
and amorphous ferric oxyhydroxide as a function of solute concentrations, pH of the
solution, ionic strength, and competing cations. The experiments were performed at
25°C and dissolved uranyl concentrations ranged from 10-5 to 10-8 M. In addition, they
attempted to replicate the experimental data using the TLM. The model performed well
when describing uranyl adsorption in carbonate-free systems. Unfortunately, the model
was much less successful when hydroxy-carbonate and uranyl carbonate were present in
the system.
More recently, Srivastava et al. (2005) investigated single and multi-element
adsorption systems of several heavy metals, namely Cd(II), Cu(II), Pb(II), and Zn(II)
onto a clay mineral (kaolinite). All the experiments were performed using 0.01 M
NaNO3 as the background electrolyte solution and pH varying from 3.5 to 10 for the
adsorption edges and pH = 6 for the adsorption isotherm. A metal concentration of 133.3

µM was used for the single solute system, whereas in the multi-solute system a metal
concentration of 33.3 µM was used for each of the four heavy metals (such that the total
metal concentration was 133.3 3 µM). The researchers used the extended constant
capacitance model (Goldberg, 1992) to fit the edge and isotherm data in single and multisolute systems.

Accordingly to Srivastava et al. (2005) the model adequately fit

isotherms and adsorption edges in single solute systems. Moreover, the researchers
claimed that the model also performed reasonably well for fitting the majority of the data
in the multi-solute system. The exception was the Cd adsorption isotherm data; the
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model did not successfully fit the Cd isotherm data in the multi-solute system (Srivastava
et al., 2005).
The CD-MUSIC model has been used in a number of adsorption modeling
investigations to predict the competitive behavior between calcium (Ca+2) and phosphate
(PO4-3) (Rietra et al., 2001b); selenite (SeO3-2) and phosphate (PO4-3), and arsenate
(AsO4-3) and phosphate (PO4-3) (Hiemstra and Van Riemsdijk, 1999); phosphate (PO4-3)
and citrate (Geelhoed et al., 1998); cadmium (Cd+2) and phosphate (PO4-3) (Venema et
al., 1997); and phosphate (PO43-) and sulfate (SO42-) (Geelhoed et al., 1997). All these
studies used goethite (α-FeOOH) as the adsorbent. Another investigation used the CDMUSIC model to describe the competitive adsorption of arsenate/sulfate, arsenate/silicic
acid and arsenate/phosphate onto ferrihydrite and gibbsite (Gustafsson, 2001). Since the
CD-MUSIC model was designed to be applied to adsorbents with defined crystal
structure, the researcher had to assume that the surface charge of ferrihydrite was
controlled by a singly coordinated FeOH group on one solid face.

All these

investigations have reported that the CD-MUSIC model predicted the bi-solute
adsorption data. Nonetheless, model parameters had to be adjusted in order to fit the bisolute adsorption data. For example, Venema et al. (1997) had to assume an extra
monodentate surface species in their cadmium competition modeling. When modeling
the experimental results of Manning and Goldberg (1996), Hiemstra and Van Riemsdijk
(1999) had to decrease the surface area of goethite from 44 to 39 m2/g and when
modeling the data from Hingston et al. (1971) they increased the phosphate log K value
with 0.4 log K units per Fe-O-P bond (Hiemstra and Van Riemsdijk, 1999). Geelhoed et
al. (1997) and Geelhoed et al. (1998) have also reported adjustments in the model
parameters in order to predict bi-solute data.
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In addition to parameter adjustments, the satisfactory performance of the CDMUSIC model in predicting the bi-solute adsorption data could be a result of the model
capability in considering adsorbent surface heterogeneity or the fact that the bi-solute
systems did not present a real competition scenario for the adsorbates involved.
Interestingly, there are no studies addressing cation-cation competition and CD-MUSIC
modeling. Nonetheless, the model shows promise.

2.2.3.3

Speculations on Model Failure for Competitive Systems
Several hypotheses for why SCMs do not work for modeling bi-solute systems

were raised by several researchers. Balistrieri and Chao (1990) tried to predict ion
competition adsorption using the triple layer model (TLM) and stated that the model was
unsuccessful because it did not consider surface site heterogeneity. In addition, they
pointed out that a better understanding of the ion interaction with site heterogeneity and
the coordination/structure of adsorbed ions are required to achieve successful results
when modeling ion adsorption in bi-solute systems.

The concern related to site

heterogeneity is shared by other researchers (Balistrieri and Chao, 1990; Mesuere and
Fish, 1992b; Zachara et al., 1987). Mesuere and Fish (1992b) stated that the utilization of
a homogenous block of surface sites was the main reason for the failure of the triple- and
diffuse-layer models in predicting adsorption in bi-solute systems. They suggested the
inclusion of surface heterogeneity into SCMs by considering distributions of surface
energies or multiple site adsorption. Zachara et al. (1987) also used the TLM to model
chromate adsorption onto amorphous iron oxyhydroxide, and, citing an investigation by
Goldberg (1985), the researchers stated that multiple-site adsorption and site
heterogeneity should be considered to successfully predict competitive adsorption
between ions.
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A modified TLM was used by Hawke et al. (1989) to model phosphate adsorption
onto goethite (α-FeOOH) in competitive systems. The researchers affirmed that the
model failure was probably due to its restriction in working with mixed electrolyte
systems. Hsi and Langmuir (1985) studied the competitive adsorption of uranyl in a
system containing hydroxy-carbonate and uranyl carbonate. Model predictions using the
TLM were not successful, and to get better fits to the experimental data, they had to
slightly vary some of the adsorption constants used. The researchers speculated that the
failure of the model was related to poor estimates of the surface complexation constants
and/or aquo-complexing constants (Hsi and Langmuir, 1985). This could be related to
the incorrect estimation of the site density, since the estimation of complexation constants
is directly related to the surface site density parameter.
Srivastava et al. (2005) used the extended CCM to model heavy metal adsorption
onto kaolinite in single and multi-solute systems. The researchers stated that the model
was not able to fit the Cd isotherm data in the multi-solute system. They speculated that
the correct sorption chemistry for Cd adsorption is not correctly formulated in the
adsorption model. For instance, reactions for the formation of multi-element sorbates and
co-precipitates are not included in the model and these sorption processes are operative
under their experimental conditions (Srivastava et al., 2005).

Additionally, the

researchers affirmed that the use of extended x-ray absorption fine structure spectroscopy
(EXAFS) could be helpful in determining the correct surface complexation reactions and
mechanisms in the adsorption of metal ions in multi-solute experiments. It is important
to point out that Srivastava et al. (2005) fit potentiometric titration data to determine the
surface site density for kaolinite. This fitting procedure could also be a reason for model
failure in fitting adsorption data in competitive systems. As several researchers have
affirmed (Christl and Kretzschmar, 1999; Hayes et al., 1991), a broad range of surface
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site density values can provide reasonable fits to a family of titration curves.

As

consequence, it is hard to define which set of complexation constants are most
appropriate.
Adsorption studies of organic acids onto goethite (α-FeOOH) in synthetic
seawater solution were performed by Balistrieri and Murray (1987). The researchers
used the TLM to predict the adsorption of the organic acids in competitive systems. In
the case of oxalic acid, it was speculated that the model failed because it did not consider
the adsorption of Mg solution complexes of oxalic acids. For salicylic acid, the model
was unsuccessful because it underestimated the adsorption of the acid when sulfate was
present (Balistrieri and Murray, 1987). Goldberg (1985) used the constant capacitance
model (CCM) to predict the adsorption of silicate, phosphate, and selenite onto goethite.
Although the CCM was adequate for modeling single ion systems, the researcher
concluded that the hypothesis that adsorption occurs at one site type is too simple for
modeling bi-solute systems.

Thus, Goldberg (1985) suggested two possibilities for

enhancing model results: a) independent experimental estimation of the surface site
density [FeOH]T and b) experimental determination of log K +int and log K −int of the
specific goethite investigated.
Christl and Kretzschmar (1999) investigated the adsorption of lead and copper
onto hematite in single and bi-solute systems and used surface complexation modeling to
predict the behavior of the systems. Their results showed that the surface site density
parameter is crucial when dealing with multi-component and complex systems.

In

addition, the researchers stated that the site density parameter is hard to estimate
experimentally, and as a result, most of the time it is applied as a fitting parameter. The
drawback of this approach is that in principle all the other model parameters are
correlated to surface site density since they are not determined independently. Thus,
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improper site density estimation can have a cascading effect and lead to model failure.
Similarly, Trivedi et al. (2001) stated that model calibration should be feasible with
single adsorbate systems, if the site density is known. Moreover, the researchers affirmed
that an understanding of the surface site density combined with accurate representation of
the surface complexes enable the description of any complicated system. The importance
of utilizing an accurate technique for estimating the surface site density that corresponds
to available surface sites is well supported.

2.2.4

Importance of the Technique used to Estimate Surface Site Density (SSD)

Several techniques are available to determine the surface site density (SSD)
parameter, including objective curve fitting of potentiometric titration data,
crystallographic structure, H2O adsorption, infrared spectroscopy, tritium exchange, and
thermogravimetric measurements (Davis and Kent, 1990; Goldberg, 1991; James and
Parks, 1982; Koretsky, 1997; Koretsky et al., 1998). Unfortunately, these measurement
techniques provide a large range of predicted values for most oxide structures, and it is
not clear which methods provide the “true” estimate of the number of surface sites
available for metal ion adsorption.
As an example of this uncertainty, Robertson and Leckie (1998) used two
different surface site density values for their adsorption modeling of copper [Cu(II)] onto
goethite (α-FeOOH) using the diffuse layer model (DLM). The researchers used 2.3
sites/nm2 as suggested by Davis and Kent (1990) and also used 7.0 sites/nm2 based on
Hayes (1987) investigation. The scenario is similar for ferrihydrite; Dyer et al. (2003)
used 9.04 sites/nm2 to model the adsorption of lead [Pb(II)] onto ferrihydrite using the
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triple layer model (TLM) but they used 13.56 sites/nm2 for the adsorption modeling of
zinc [Zn(II)] also onto ferrihydrite and using the TLM as well.
Table 2.6 and Table 2.7 shows the range of surface site density values used in
surface complexation modeling for ferrihydrite and goethite, respectively. In many cases,
modelers have selected objective curve fitting of potentiometric titration data because it is
a relatively straightforward approach. However, determination of many of the other
SCM parameters is often conducted through objective curve fitting. As a result, the
values of these parameters are often biased by the selection of the surface site density.
Christl and Kretzschmar (1999) modeled the acid-base titration behavior of hematite
using the TLM. They assumed surface site densities of 2.2, 7.0, and 16.6 sites/nm2 and
excellent fits of the experimental data were achieved. For each site density, different site
parameters (K+, K-, and C2) were obtained. Then, the goodness of fit for each situation
was evaluated by an approach developed by Herbelin and Westall (1996), where the ratio
weighted sum of squares per degree of freedom (WSOS/DF) is calculated and a value
close to one indicates a perfect model fit of the experimental data. The results for each
calculation showed minimal differences among the quality of fits for different sets of
parameters, indicating that there is no difference in the goodness of fit for the model
when using any of the three different site density values. Moreover, Hayes et al. (1991)
obtained similar results when performing sensitivity analysis of model fits of the acidbase titration behavior of goethite (α-FeOOH), alumina (α-Al2O3), and rutile (TiO2).
The researchers used three surface complexation models (SCMs) namely the diffuse layer
model (DLM), the constant capacitance model (CCM), and the triple-layer model (TLM).
They varied surface site densities between 2 and 20 sits/nm2 and no difference was noted
in the goodness of fit of the modeled data (Hayes et al., 1991).
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Table 2.6

SSD values used in SCMs for ferrihydrite
Ferrihydrite

SSD Ranges
(sites/nm2)

Method Used

References

Γmax for AsO4 at pH 4;
Γmax for H3AsO3 at pH 7

(Pierce and Moore, 1980); (Pierce and
Moore, 1982); (Morrison et al., 1995);
(Chen et al., 2005)

Average of several
methods; Fitting
potentiometric titration
data; Γmax for As(V) and
As(III) adsorption

(Dzombak and Morel, 1990); (Davis and
Kent, 1990); (Goldberg and Johnston,
2001); (Tonkin et al., 2002);
(Karthikeyan and Elliott, 1999);
(Dardenne et al., 2001); (Tiffreau et al.,
1995); (Ainsworth et al., 1994); (Liger
et al., 1999); (Appelo et al., 2002);
(Goldberg, 2002); (Gustafsson, 2001);
(Hayes et al., 1988); (Goldberg et al.,
1998); (Silvester et al., 2005); (Dixit and
Hering, 2003)

Based on regression of
potentiometric titration
data

(Dyer et al., 2003); (Barnett et al.,
2002); (Waite et al., 1994); (Waite et al.,
2000); (Dyer et al., 2004); (Martin et al.,
2005); (Wang and Salvage, 2005); (Liu
et al., 2005)

10.0 – 15.0

Tritium Exchange;
Fitting potentiometric
titration data

(Yates, 1975); (Yates et al., 1977);
(Balistrieri and Chao, 1990); (Zachara et
al., 1987); (Criscenti and Sverjensky,
2002); (Dyer et al., 2004); (Davis et al.,
1978); (Girvin et al., 1991); (Cowan et
al., 1991)

15.0 – 20.0

Tritium exchange /
weight loss by heating

(Hsi and Langmuir, 1985); (Morrison
and Spangler, 1992); (Payne and Waite,
1991)

20.0 – 30.0

Tritium exchange

(Anderson and Benjamin, 1990)

0.2 – 2.0

2.0 – 5.0

5.0 – 10.0
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Table 2.7

SSD values used in SCMs for goethite
Goethite (α-FeOOH)

SSD Ranges
(sites/nm2)

0.5 – 2.0

2.0 – 5.0

Method Used

References

Fitting titration data;
Γmax for As(V) and
As(III) adsorption

(Hawke et al., 1989); (Goldberg, 1985);
(Goldberg and Traina, 1987); (Mesuere and
Fish, 1992a); (Mesuere and Fish, 1992b);
(Palmqvist et al., 1999); (Lovgren et al.,
1990); (Lackovic et al., 2003); (Nilsson et al.,
1996); (Ali and Dzombak, 1996);
(Gunneriusson and Sjoberg, 1993); (Silvester
et al., 2005); (Philippini et al., 2006);
(Atkinson et al., 1967); (Naveau et al., 2005);
(Dixit and Hering, 2003); (Buerge-Weirich et
al., 2003);(Lackovic et al., 2004)

Fitting titration data;
average of several
methods;
crystallographic
studies

(Goldberg, 1985); (Goldberg and Traina,
1987); (Mesuere and Fish, 1992a); (Mesuere
and Fish, 1992b); (Balistrieri and Murray,
1987); (Vangeen et al., 1994); (Sigg and
Stumm, 1981); (Zinder et al., 1986);
(Balistrieri and Murray, 1981); (Manning and
Goldberg, 1996); (Manning et al., 1998);
(Sposito, 1984); (Villalobos et al., 2001);
(Villalobos and Leckie, 2001); (Lumsdon and
Evans, 1994); (Robertson and Leckie, 1998);
(Robertson and Leckie, 1997); (BuergeWeirich et al., 2002); (Goldberg, 2005);
(Goldberg et al., 1998); (Cheng et al., 2004);
(Richter et al., 2005); (Sverjensky and
Fukushi, 2006); (Missana et al., 2003)
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Table 2.7

Cont’d
Goethite (α-FeOOH)

SSD Ranges
(sites/nm2)

Method Used

References

5.0 – 10.0

Fitting isotherm data;
Fitting titration data;
crystallographic
studies

(Coughlin and Stone, 1995); (Hayes and
Leckie, 1986); (Hayes and Leckie, 1987);
(Hayes et al., 1988) (Geelhoed et al., 1997);
(Geelhoed et al., 1998); (Boily et al., 2001);
(Kooner et al., 1995); (Baryosef et al., 1975);
(Zhang and Sparks, 1989); (Zhang and
Sparks, 1990b); (Zhang and Sparks, 1990a);
(Venema et al., 1997); (Hiemstra and
VanRiemsdijk, 1996); (Rietra et al., 1999);
(Villalobos et al., 2001); (Villalobos and
Leckie, 2001); (Robertson and Leckie, 1998);
(Robertson and Leckie, 1997); (Rietra et al.,
2001a); (Peacock and Sherman, 2004a);
(Pokrovsky et al., 2005); (Wang and Salvage,
2005); (Liu et al., 2005); (Peacock and
Sherman, 2004b); (Antelo et al., 2005);
(Weng et al., 2005)

10.0 – 15.0

Fitting titration data

(Hayes et al., 1991)

Tritium exchange;
crystallographic
studies

(Yates, 1975); (Yates et al., 1977); (Criscenti
and Sverjensky, 2002); (Machesky and
Anderson, 1986); (Hiemstra et al., 1989a);
(Hsi and Langmuir, 1985); (Sahai and
Sverjensky, 1997b); (Sahai and Sverjensky,
1997a); (Rustad et al., 1996); (Buffle, 1990)

15.0 – 20.0
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Based on the observations described above, Christl and Kretzschmar (1999)
concluded that ambiguous results are generated when determining the surface site density
by fitting acid-base titration data.

Thus, it is preferable to utilize an independent

technique for estimating the surface site density that corresponds to available surface sites
such as crystallographic structure, thermogravimetric measurements, H2O adsorption,
infrared spectroscopy, or tritium exchange. However, thermogravimetric (weight loss
methods) measurements and H2O adsorption methods are not considered accurate
methods (Koretsky, 1997; Koretsky et al., 1998; Yates, 1975), and the infrared
spectroscopy method presents several difficulties regarding interpretation of the results
(Koretsky et al., 1998). Therefore, a number of researchers have suggested the use of
two other methods to estimate the SSD: the crystallographic structure method
(Lutzenkirchen et al., 2002) or the tritium exchange method (James and Parks, 1982;
Sahai and Sverjensky, 1997a; Yates, 1975). Both methods estimate SSD independently
regardless of the experimental conditions. Thus, these methods may be advantageous
compared to fitting potentiometric titration data to estimate SSD from experimental
results that may be affected by different experimental conditions. As a result, surface
complexation modeling is facilitated if a SSD estimated by the crystallographic structure
or the tritium exchange methods is used.
The crystallographic method estimates the total (theoretical) surface site density
value of a mineral (Koretsky et al., 1998; Yates, 1975), and it is based on the assumption
that the mineral has perfect crystal faces. But, crystal faces usually have several types of
defects (Brown et al., 1999). Thus, if this method is applied, caution is needed regarding
the condition of the adsorbent surfaces. Moreover, the application of the crystallographic
method is restricted to minerals with well defined crystal structures, which makes the
method less general.
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The tritium exchange method can be applied to both amorphous and crystalline
materials and when applied to crystalline minerals, it gives results slightly smaller than
the crystallographic method (Koretsky et al., 1998; Yates, 1975). Additionally, the
tritium exchange method can account for crystal face defects, since it is an experimental
method, rather than a theoretical approach such as the crystallographic technique. Other
advantages of the tritium exchange method include the estimation of the SSD parameter
independent of pH and the direct use of the adsorbate of concern, H+ (Sahai and
Sverjensky, 1997a).

Nonetheless, the tritium exchange method also presents

disadvantages. The experimental procedure is not as straightforward as the procedures
for the other methods, and the use of radioactive material is required for the estimation of
SSD using the tritium exchange. Another disadvantage is the difference in size between
the adsorbing ions and H+. Even though there might be a certain number of sites
available for H+ adsorption, not all of these sites would be necessarily available for a
bigger adsorbing ion. Finally, not all of the sites amenable to tritium exchange are proton
active, and are not titrated during potentiometric titrations of the surface. This means that
the site density assumed for the surface acidity reactions might not be appropriate. The
benefits of the tritium exchange method outweigh the disadvantages, and therefore, the
tritium exchange method will be used in the proposed investigation for estimating the
surface site density of amorphous and crystalline materials.
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2.3.

SUMMARY
Metal ion contaminants can be removed from solution through interactions with

solid phases present in the system. The most common interaction is called adsorption.
SCMs have been used to describe contaminant adsorption on mineral surfaces over an
ample range of pH, ionic strength, and total concentration of adsorbent and adsorbate
conditions for single solute systems. Conversely, SCM adsorption predictions have not
afforded the same degree of success to bi-solute systems (or competitive systems) as they
have to single solute adsorption systems.
Two reasons for the limited success of the SCMs for competitive systems need to
be investigated. One hypothesis is that model failure can be attributed to the surface site
density (SSD) parameter.

Several techniques are available to estimate the SSD

parameter, but they provide a large range of predicted values for most minerals, and it is
not clear which methods provide the “true” estimate of the number of surface sites
available for metal ion adsorption. Therefore, a reliable method to estimate the SSD
parameter, not only for crystalline minerals, but also for amorphous materials, needs to be
determined.
A second possibility for model failure is improper selection of surface
complexation reactions.

In this research, extended x-ray absorption fine structure

spectroscopy (EXAFS) guided the selection of surface complexes and surface
complexation reactions for the adsorption of contaminant ions in single and multi-solute
experiments.
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CHAPTER 3: MATERIALS AND METHODS

3.1.

OVERVIEW

The research plan described in this chapter was designed to accomplish the goals
outlined in Chapter 1 regarding the ability of the tritium exchange method for estimating
surface site densities to improve surface complexation model predictions of divalent
metal ion adsorption to oxide surfaces in single and bi-solute systems. The approach
included careful selection of the experimental systems investigated, surface
characterization, a review of spectroscopic literature regarding the structure of surface
complexes for each system, laboratory adsorption experiments conducted over a range of
pH and surface coverage (Γ = µmoles metal ion adsorbed / m2 absorbent surface area or
mole Me adsorbed / mole of the central metal ion of the adsorbent) conditions, model
calibration and validation. The investigation was divided into three phases: I)
preparation/characterization of bulk solids (adsorbents) and selection of contaminant ions
(adsorbates); II) macroscopic experiments; and III) and review of spectroscopic data and
application of the selected surface complexation model (SCM), namely the Triple Layer
Model (TLM).
In Phase I, two adsorbents were chosen, synthesized and characterized. The
adsorbents were selected based on two criteria.

The first criterion considered the

environmental relevance of the two adsorbents. Adsorbents were chosen if they are
ubiquitous in nature and play an important role in the fate and transport of contaminants
in soils and ground waters via adsorption processes. The second criterion was the sorbent
structure. Representative crystalline and amorphous materials were chosen in order to
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verify the proposed method for both types of structures. Thus, one adsorbent of each
category was selected. Additionally in Phase I, three adsorbate ions were selected and
used in the macroscopic and microscopic experiments (Phase II). The main criteria for
the selection of adsorbates included their known ability to form inner-sphere surface
complexes on most oxide minerals and that they represent a range in sorption affinity for
oxide minerals.

In addition, the adsorbates were selected based on environmental

significance and adsorption controlled fate and transport in natural and engineered
systems.
Characterization and synthesis of the selected adsorbents as well as the selection
of adsorbate ions is described in detail in section 3.3. Characterization data for the
selected sorbents included X-ray diffraction (XRD) diffractograms and BET (Brunauer,
Emmett, and Teller) surface area.
In Phase II, macroscopic experiments were performed using the adsorbents
synthesized and characterized in Phase I. Preliminary assessment of the reaction time
required to reach equilibrium is provided in this section. Macroscopic investigations
included adsorption edge, adsorption isotherm, and potentiometric titration experiments.
In Phase III, literature results from x-ray absorption spectroscopy (XAS)
experiments with the selected adsorbates and oxide minerals were used to select the type
of surface complex and surface complexation reactions for the triple layer modeling.
Results from the surface characterization methods in Phase I and the macroscopic
experiments conducted in Phase II were used to estimate surface complexation model
parameters for the triple layer model and to evaluate the ability of the model to predict
metal ion adsorption onto the selected adsorbents. The modeling results were used as a
basis to assess the effectiveness of the approach in selecting surface complexation
parameters including the evaluation of the tritium exchange method for estimating
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surface site densities. A description of the methods used in each of the phases of this
research is outlined in this chapter.

3.2.

3.2.1.

PHASE I: SELECTION, PREPARATION AND CHARACTERIZATION OF
ADSORBENTS AND ADSORBATES

Adsorbents
Two adsorbents were selected for use in this investigation based on the criteria

described in the preceding section. Ferrihydrite was selected to represent the amorphous
minerals group and goethite (α-FeOOH) was used selected for the crystalline mineral
group. Both of these iron oxides are ubiquitous in nature and exhibit strong affinity for
metal ion sorption (Davis and Kent, 1990).

3.2.1.1

Ferrihydrite

Ferrihydrite is widespread in natural environments and plays a significant role as
an adsorbent because of its very high surface area and amorphous structure.

The

proposed formula for ferrihydrite is Fe3HO5·4H2O; however, this structure has not been
universally accepted. Additionally, its mineral structure is not completely understood
(Schwertmann and Cornell, 2000). Therefore, any modeling or experimental technique
requiring a well defined mineral structure can not be applied to ferrihydrite. This is the
case for the charge distribution multisite complexation model (CD-MUSIC) and multisite
complexation model (MUSIC). In addition, the crystallographic structure method used to
estimate surface site density of crystalline materials cannot be applied to ferrihydrite.
This is one of the reasons for choosing ferrihydrite for this investigation: the need to find
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a reliable method to estimate surface site density for amorphous materials for which the
mineral structure is not well defined.

Another reason was that ferrihydrite plays a

significant role in natural environments as a dynamic adsorbent phase because of its very
high surface area. Additionally, ferrihydrite is extensively found in natural systems due
to its potential to form surface coatings on other phases, and it is generally present as
fresh iron oxide (Schwertmann and Cornell, 2000).
Depending on the number of X-ray diffraction (XRD) peaks, ferrihydrite is
referred to as 2-line ferrihydrite or 6-line ferrihydrite. 2-line ferrihydrite exhibits two
very broad peaks in its XRD diffractogram, as shown in Figure 3.1, and it is the least
crystalline form. The 6-line ferrihydrite is more crystalline and its XRD diffractogram
shows 6-8 broad peaks (Figure 3.1). In this research, 2-line ferrihydrite was used because
it is the most poorly crystalline form.

Thus, throughout this dissertation 2-line

ferrihydrite will be referred to simply as ferrihydrite.
Ferrihydrite was prepared fresh for every set of macroscopic experiment due to
aging effects that can cause the slow crystallization of ferrihydrite to goethite and
hematite. In addition, freeze dried ferrihydrite has different aggregate characteristics than
fresh ferrihydrite, which can result in different sorption kinetics (Scheinost et al., 2001).
The main concern when preparing fresh batches of precipitated oxides for each
experiment is the lack of reproducibility of the synthesized material, since changes in the
oxide characteristics can influence the macroscopic experimental results. Nevertheless,
when careful solid preparation procedures and lab techniques were employed, differences
in batches of ferrihydrite were minimal. Figure 3.2 shows that different batches of
ferrihydrite prepared using the same procedure, yielded results with very negligible
differences in adsorption isotherm replicates.
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Figure 3.1 Typical XRD diffractograms of a 6-line ferrihydrite and a 2-line ferrihydrite
(upper and lower curves, respectively). (Schwertmann and Cornell, 2000)

Γ (mol Cd/mol Fe)
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1.E+00

Aqueous conc. (mol/L)

Figure 3.2 Cadmium isotherms at pH 7 prepared from two different batches of freshly
precipitated ferrihydrite. The two sets of replicate data were prepared using identical
procedures but at different times
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A. Preparation
Methods for preparing ferrihydrite have been well documented (Kinniburgh et al.,
1975; Schwertmann and Cornell, 2000). Ferrihydrite was precipitated from the rapid
titration of a 0.33 M reagent grade ferric nitrate [Fe(NO3)3·9H2O] (EM Science,
Gibbstown, NJ) solution to pH 7 using 1N sodium hydroxide (NaOH) according to a
previously developed method (Kinniburgh et al., 1975). Inside a nitrogen-purged glove
box, 40 g of ferric nitrate [Fe(NO3)3·9H2O] were added to 300 mL of CO2 free water in a
1000 mL Teflon beaker with a magnetic stirring bar placed at the bottom to provide
mixing. Preparation of the 1N NaOH utilized 450 mL of CO2 free H2O that was mixed
with 50mL of 10N NaOH (Dilut-it). The pH-meter (Orion 920A) was calibrated using 3
standards with pH = 4, 7, and 10. Next, the 0.33N ferric nitrate solution was titrated with
1N sodium hydroxide to pH 7.

Then, the solid precipitated slurry was placed in

centrifuge bottles and washed. This step was completed within 24 hours to avoid aging
effects. The samples were centrifuged at 3000 rpm for 10 minutes, and the supernatant
was replaced with fresh CO2 free Millipore water. The washing step was performed at
least 5 times or when the conductivity of the supernatant was below 50 µS/cm. The
precipitated and washed solids were placed in dialysis tubing (SpectraPor 1000 MWCO),
which were set in inside the nitrogen-purged glove box in a 2-L bottle filled with CO2
free Millipore water.

The dialysis solution was changed every 6-8 hours and its

conductivity was monitored. Dialysis continued for 24-36 hours or until the conductivity
was between 4-10 µS/cm. The last step involved solids mixing and homogenization.
The slurry was placed in a 600 mL Teflon beaker with a stirring bar to provide energetic
mixing for at least 6 hours, in order to guarantee good solids homogenization. At this
point, the ferrihydrite was ready for use.
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It is important to emphasize that the

precipitation and subsequent solids washing, dialysis, and mixing were conducted in the
nitrogen-purged glove box to reduce CO2 contamination.

B. Characterization
B.1 X-ray diffraction (XRD)
XRD was used to confirm that the oxide produced from the rapid titration of ferric
nitrate [Fe(NO3)3·9H2O] was indeed ferrihydrite. After solids homogenization, about 100
mL of the slurry was placed in a 125 mL high density polyethylene (HDPE) bottle and
quickly frozen with liquid nitrogen (L-N2). Then the frozen slurry was placed in a freezedry apparatus for approximately 3 days. This apparatus reached vacuum pressures of
about 70-80 millitorr and temperatures below -50 ºC with all the frozen water transferring
to a gas phase without being liquefied. At this point, the dry powder was ready for XRD
analysis.
Powder XRD utilizes the scattering of x-rays from a crystal to produce a
characteristic interference pattern, commonly known as diffractogram, which can be
compared to standard diffractograms for different minerals. The precipitated oxide used
for this study is known, so XRD data were compared to diffractograms for 2-line
ferrihydrite. Samples were placed in an aluminum rectangular sample holder and filled to
the top. A microscope slide placed at a slight angle was used to evenly distribute the
powder, but the powder was not packed to allow for random orientation. A Siemens
D500 diffractometer was used to perform scans with the following parameters: an angle
scan (2 ) between 5° and 80° using a 0.02 step size and one second dwell time at each
step.

Figure 3.3 shows a typical diffractogram for 2-line ferrihydrite used in this

investigation, with two characteristic broad peaks at 2θ of approximately 35 and 62
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degrees. Please note well that the two very sharp peaks at around 38 and 44 degrees are
due to the aluminum sample holder.
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Figure 3.3 Representative XRD diffractogram of 2-line ferrihydrite used in this
investigation.

3.2.1.2

Goethite

Goethite is one of the most thermodynamically stable forms of the iron oxide
group under aerobic surface conditions. As a consequence, goethite is one of the most
prevalent Fe oxides in natural systems containing sediments and soils. In addition, to
illustrate how ubiquitous goethite is, Schwertmann and Cornell (2000) affirmed that
goethite has even been found in living organisms (e.g. in the teeth of limpets and chitons,
which are a type of mollusks). In laboratory investigations involving sorption, goethite is
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the iron oxide most commonly used as the adsorbent, not only because it is the most
common iron oxide in natural systems but also because its crystal morphology, surface
structure and chemistry are well characterized in the literature. For the scope of this
investigation, an adsorbent that possesses a well defined crystal morphology and surface
structure was required. Therefore, goethite was chosen to be the second oxide used in the
adsorption experiments.

A. Preparation
Goethite was synthesized following the procedure described by Schwertmann et
al. (1985) and further refined by Peak et al. (1999).

The procedure first requires

precipitating ferrihydrite and then converting it to goethite through aging.

The

ferrihydrite was precipitated inside a nitrogen-purged glove box by adding 50 mL of a 1
M ferric nitrate [Fe(NO3)3·9H2O] solution to 450 mL of 1 M potassium hydroxide
(KOH). Both solutions were prepared inside the nitrogen-purged glove box and using
CO2 free Millipore water. Then, the precipitated ferrihydrite was aged for 14 days at 25
ºC. The next step involved washing the precipitated goethite by centrifugation and
replacing the supernatant with fresh CO2 free Millipore water.

The goethite was

centrifuged at 3000 rpm for 10 minutes, and five wash cycles were performed.
In order to eliminate any residual ferrihydrite from the surface of the goethite, the
precipitated solid was resuspended in 0.4 M hydrochloric acid (HCl) and shaken for two
hours using a mechanical shaker. To remove dissolved iron and chloride ions, the
acidified goethite suspension was washed and centrifuged repeatedly. This step was
repeated until the conductivity of the supernatant was around 50 µS/cm or up to a
maximum of five times to avoid excessive solids loss. The precipitated and washed
solids were placed in dialysis tubing (SpectraPor 1000 MWCO), which were set in a 2-L
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bottle filled with CO2 free Millipore water and a magnetic stirring bar to provide mixing.
Dialysis was performed inside the nitrogen-purged glove box. The dialysis solution was
changed every 6-8 hours and its conductivity was monitored. Dialysis continued for 2436 hours or until the conductivity was between 4-10 µS/cm. At this point, the goethite
slurry was freeze dried and stored prior to use. The same procedure described above for
ferrihydrite was used to freeze dry the goethite.

B. Characterization
B.1. X-ray diffraction (XRD)
XRD was used to confirm the synthesis of goethite and was performed for each
goethite batch as well as for the composite goethite batch. The same procedure used for
ferrihydrite was used to run the goethite samples, with the exception of the 2θ scan angle.
Due to the location of the goethite XRD characteristic peaks, a 2θ scan angle varying
from 12° to 42° was sufficient for the goethite runs. Figure 3.4 shows the XRD spectra
for the six goethite prepared batches. The vertical bars represent the XRD characteristic
peaks and confirm that the synthesized solid was indeed goethite. The sharp peak present
at 2θ = 38.5° is due to the aluminum sample holder.
B.2. BET Surface Area
Continuing with goethite characterization, the BET method (Brunauer et al.,
1938) was used to estimate the surface area of the synthesized oxide. A Micromeritics
ASAP 2010 BET analyzer was employed for the BET surface area estimation. Nitrogen
was used as the adsorbing gas.
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Figure 3.4 XRD diffractogram for the six goethite batches used in this research.
Goethite standard peaks are located at approximately 18, 21, 26, 33, 35, 37, 40 and 41 2θ
degrees. Please note the peak at around 38.5 degrees present in batches #s 3, 4, and 5 are
due to the aluminum sample holder. Batch numbers increase from bottom to top.

Approximately 0.1 - 0.5 g of freeze dried sample was weighed in a four digit
balance and placed in a tared BET sample holder using a funnel with a long stem to avoid
sample adhesion alongside the tube walls of the sample holder. Next, the total system
was weighed again to verify whether the total mass of the system was equal to the
goethite mass plus the mass of the tarred BET sample holder. Then, the sample holder
was placed in the degassing port of the BET apparatus, and the sample was degassed at
room temperature for at least 24 hr. Previous research has shown that outgassing iron
oxides at room temperature for at least 19 hours provides stable measurements of surface
area while avoiding errors associated with phase transformation to non-stoichiometric
hematite that have been observed when outgassing at higher temperatures (Clausen and
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Fabricius, 2000). After degassing, the system was weighed again and the sample weight
after degassing was calculated. Next, the sample holder was connected to the analysis
port of the BET equipment, and a second and slower degassing was performed to ensure
that the goethite pores would be helium free. The first hour of the second degassing
required manual operation of the BET valve controls which was done by interacting with
the ASAP 2010 software. The second degassing was run for at least 20 hrs and until the
vacuum pressure reached at least 0.0025 mmHg. At this stage, the sample was ready for
analysis. Analysis was controlled by the ASAP 2010 software and required between 12
and 24 hours to finish. Table 3.1 shows the detailed results for all six synthesized batches
of goethite.

Table 3.1

BET surface area results for the six synthesized goethite batches
Degassing (hrs)

Sample
ID

Mass (g)

First (fast
vacuum)

Second
(“manual”)

Vacuum
(mmHg)

BET (m2/g)

C

GO-B1

0.291

23

64

0.00185

62.3 ± 0.3

94.5

GO-B2

0.364

24

96

0.00235

61.0 ± 0.2

122.9

GO-B3

0.143

117

22

0.00210

69.7 ± 0.6

73.8

GO-B4

0.279

67

26

0.00150

68.9 ± 0.4

96.9

GO-B5

0.119

23

24

0.00175

66.6 ± 0.5

105.2

GO-B6

0.213

27

20

0.00194

68.7 ± 0.5

91.0
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B.3. Final characterization of the composite goethite sample: XRD and BET
After measuring the BET surface area for each synthesized goethite batch,
verifying that there were no discrepancies in the results (Table 3.1) and confirming that
all synthesized goethite yielded the same XRD characteristic peaks (Figure 3.5), a
composite batch of goethite was prepared by mixing all of the individual batches in a 250
mL HDPE bottle. The mixing occurred inside a N2 purged glove box to minimize
exposure to CO2. The composite batch was placed in an end-over-end tumbler for 10
days to ensure complete sample homogenization. Then, a final XRD characterization and
BET surface area were performed by running three replicates of the composite sample
(Figure 3.5 and Table 3.2, respectively).
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Figure 3.5 XRD diffractograms (three replicates) of the composite goethite batch used
to perform all goethite experiments in this research. Goethite standard peaks located at
approximately 18, 21, 26, 33, 35, 37, 40 and 41 2θ degrees. Please note that the peak at
approximately 38.5 degrees present for replicate #02 is due to the aluminum sample
holder. Replicate numbers increase from bottom to top.
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Table 3.2

BET surface area results for the composite goethite sample.

Sample
ID

Mass
(g)

GO-R1

Degassing (hrs)

Vacuum
(mmHg)

BET (m2/g)

C

First (fast
vacuum)

Second
(“manual”)

0.483

72

20

0.00250

63.4 ± 0.2

97.7

GO-R2

0.483

94

24

0.00210

63.6 ± 0.4

85.3

GO-R3

0.483

24

72

0.00135

61.8 ± 0.3

91.1

3.2.2.

Adsorbates
Three adsorbate ions were used in the experimental phase of this investigation.

Adsorbates were selected based on their environment relevance, knowledge of varying
challenges as contaminant ions for SCM modeling, and on their ability to serve as probes
of inner-sphere adsorbing metal ions that differ with respect to their binding affinity. Two
divalent metal ions and one oxyanion were selected. With these aspects in mind, the
selected adsorbates were cadmium (Cd+2), lead (Pb+2), and selenite (SeO3-2). Regarding
the environmental relevance of the adsorbates, all are on the Environment Protection
Agency (EPA) priority pollutant list (Keith and Telliard, 1979). Cadmium and lead are
frequent components found in industrial wastewaters and polluted soils, sediments, and
groundwater streams (Dyer et al., 2003; Gabaldon et al., 1996). In addition, Cd and Pb
are harmful heavy metals that are hazardous to humans if passed all the way through the
food chain (Angove et al., 1997; Angove et al., 1999). Selenium (Se) is a vital element in
animal nutrition being necessary in small amounts, but it can generate toxicity symptoms
at elevated concentrations (Goldberg, 1985). Concerns related to the presence of Se in
the environment were magnified in the 1980s when the Kesterson National Wildlife
76

Refuge (CA) demonstrated that Se accumulated in animals and plants at levels that could
be harmful to wildlife (Zhang and Sparks, 1990b).
Modeling competitive adsorption in systems containing heavy metals such as
cadmium and lead in a wide range of conditions has proven difficult (Christl and
Kretzschmar, 1999; Palmqvist et al., 1999). For example, Palmqvist et al. (1999) had to
adjust the equilibrium constant for Pb surface complexation in order to represent the
experimental results. Regarding selenium, Hiemstra and Van Riemsdijk (1999) states
that 2pK models such as the CCM and the TLM are not capable of capturing the bidentate
binding mechanism correctly for selenite (SeO3-2) adsorption. Hence, the adsorption
modeling of contaminant ions such as the ones selected for this investigation require
further investigation.

3.3.

PHASE II: MACROSCOPIC CHARACTERIZATION OF SURFACES

The emphasis of Phase II was on the collection of the macroscopic data required
for the model evaluation in Phase III. Macroscopic experiments included potentiometric
titration, adsorption experiments, and a preliminary study of the time required to reach
equilibrium for the systems studied.

3.3.1.

Potentiometric Titration
Potentiometric titrations of the adsorbents were performed in a 400-mL Teflon

beaker kept in a controlled temperature room at 25 ± 0.5 °C. In order to prevent carbon
dioxide (CO2) from entering the system, the beaker was covered with Para film and an
inert N2 atmosphere was maintained by purging the system with high purity N2 gas. A
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Teflon-coated magnetic stir bar ensured that the solids were kept in suspension. Reagent
grade nitrate salts were added to the known solids concentration slurry to achieve the
desired ionic strength value.

Then, the titration was conducted in a custom built

automatic titrimeter by sequential base addition and pH measurement. At the end of the
titration, sequential acid additions and pH measurements were made as the pH was
lowered, and finally base was added again to raise the pH back to the starting value. All
information such as volume of acid or base added, total volume, solution pH, and run
time were recorded by titration software designed by Dr. George Redden (INEEL, Utah).
In addition, the acid and base delivery was controlled by the same software.
Titrations were performed on each adsorbent at three different ionic strengths,
0.005, 0.02, and 0.1 M for ferrihydrite and 0.01, 0.08, and 0.31 M NaNO3 for goethite, to
obtain a set of titration curves.

Purified sodium nitrate (NaNO3) was used as the

background electrolyte. Acid and base delivery were performed by two 2,500 µL highprecision digital syringes (Gilmont GS 3200-S) which were connected to the 400-mL
Teflon beaker by two 1/16” Teflon tubing (Alltech #3132). A capillary glass tube
(Fisherbrand #22-260-943) was connected at the end of the Teflon tubing and was
immersed in the solids suspension. The system was kept CO2 free by purging with high
purity nitrogen gas (HP-N2 gas). One 1/16” Teflon tubing (Alltech #3132) was immersed
in the solids suspension and HP-N2 gas was dispensed in the system. The pH was
measured using an Orion 920A pH meter with a Ross semi-micro combination pH probe
(ThermoOrion 8115BN).
Titration experimental results can be used to estimate several parameters required
in the Triple Layer Model including the acidic constants ( K −int and K +int ), the background
int
int
electrolyte equilibrium constants ( K cat
and K an
), and one of the capacitance terms (C1).

Additionally, titration data were used to determine the pH of the point of zero salt effect
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pHPZSE, which is an estimate of the pH of the point of zero charge (pHPZC) of the
adsorbent. This value, in conjunction with the calculated value of ∆pKa, was required for
determining the value of K −int and K +int

3.3.2.

Adsorption Experiments
Batch equilibrium reactors were used to generate single points on pH adsorption

edges (constant adsorbate concentration and varying pH), or on adsorption isotherms
(fixed pH and varying adsorbate concentration). VWR Polypropylene centrifuge tubes
(15 mL) were used as batch reactors. First, inside a CO2 free glove box (Labconco model
50700-00), slurry at the specified solids concentration was prepared using the freshly
precipitated ferrihydrite or goethite (as described above), background electrolyte
(NaNO3) and CO2 free water. The pH of the slurry was adjusted to approximately 3, and
then 10 mL aliquots of ferrihydrite or goethite slurry were placed in individual batch
reactors. Next, the reactors were spiked with metal [Cd(II), Pb(II), and/or Se(IV)] stock
solution to achieve the desired metals concentration.

The reactors were vigorously

shaken before adjusting the pH using CO2 free 1N NaOH. The base was added after
solid/metal mixing to prevent local metal hydroxide precipitation. To verify the final
solids concentration, gravimetric analysis of three 10 mL samples taken from the diluted
solid slurry was performed. Furthermore, samples that did not contain ferrihydrite or
goethite (metal blanks) were prepared for each experiment to check for system losses and
metal precipitation. For the sorption edge experiments, the metal concentration was held
constant throughout the experiment while the pH varied in each reactor. For the sorption
isotherm experiments, the metal concentration was varied and the pH was maintained.
After preparing the samples, the centrifuge tubes were tumbled end-over-end in a
constant temperature room at 25 ± 0.5º C for 48 hours to permit sufficient time to
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accomplish equilibrium conditions. Preliminary experiments were used to determine that
48 hours was sufficient.

To maintain a constant pH for the adsorption isotherm

experiments, the pH of each reactor was checked and adjusted (if necessary) using either
CO2 free 1N NaOH or 1N HNO3 every 4-6 hours for 48 hours. After equilibrium, the
samples were transferred inside the glove box and the final pH of each batch reactor was
measured. Next, the samples were transferred outside the glove box and they were
centrifuged at 3000 rpm for ten minutes in a constant temperature centrifuge (Beckman
J2-21). The supernatant was then filtered through a 0.2 µm Supor polyethersulfone
membrane filter (Pall Corporation) and acidified to 1.5% HNO3 (Ultrex Ultrapure
Reagent, JT Baker, NJ) to avoid sorption to the container walls and precipitation.
Finally, the supernatant was analyzed by inductively coupled plasma (ICP) optical
emission spectroscopy (Spectro CirosCCD) to verify the amount of metal ion remaining
in solution. Figure 3.6 depicts the procedure for these adsorption experiments.
The amount of metal ion adsorbed was calculated based on a mass balance on the
reactor: initial solute concentration minus the final supernatant concentration. Batch
equilibrium data for sorption of the metal ions covered a wide range of pH values for
different adsorbate and adsorbent concentrations.

Additionally, single solute pH

adsorption edges were performed in low, medium, and high surface coverages conditions
as described in Table 3.3
3.3.3.

Preliminary Rate Study
A rate study for lead [Pb(II)] adsorption onto goethite was performed to verify the

equilibration time of 48 hrs used in the sorption experiments (please refer to previous
section). A goethite slurry solution was prepared inside a CO2 free glove box by adding
80 mL of 10 g/L goethite stock solution, 20 mL of 1.0 N NaNO3 background electrolyte
solution, 1.0 mL of 0.1 M Pb(II) stock solution, and 99 mL of Millipore CO2 free water
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NaNO3

Solids
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and metal concentration
analysis

Schematic representation of the adsorption experiments.
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Table 3.3

Goethite and ferrihydrite surface coverages used in this investigation

Surface Coverage (Γ) at
100% Adsorption

Ferrihydrite
(mol Me / mol Fe)

Goethite
(µmol /m2)

Low

0.0015

0.438

Medium

0.0305

2.219

High

0.1805

9.084

to a 250 mL Teflon bottle. The resulting 200 mL goethite slurry had an initial Pb(II)
concentration of 5.0 x 10-4 M (103.6 ppm), goethite concentration (Cs) of 4.0 g/L,
background electrolyte concentration of 0.1 N NaNO3, and initial pH adjusted to 5.0.
Then, the batch reactor was removed from the glove box and it was placed in end-overend tumbler in a controlled temperature room (25 ± 0.5° C).
At specific intervals (Table 3.4), the pH of the batch reactor was measured and 10
mL of goethite slurry was extracted (all inside a glove box) from the batch reactor and the
aqueous lead concentration was determined following the procedures described in section
3.4.1.2. Then the pH of the batch reactor was adjusted to 5 and the batch reactor was
returned to the controlled temperature room until the time for the next sample extraction.
Table 3.3 shows a summary of the rate study results that demonstrate that the aqueous
Pb(II) concentrations did not vary significantly. In addition, the pH of the goethite slurry
solution was within 5 ± 0.025 at each time interval after 24 hrs (and there was no need for
pH adjustment after sample extraction). Based on these two observations, it can be stated
that a 48 hr equilibration time was sufficient for these experiments. Figure 3.7 shows a
graphic representation of the rate study results.
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Table 3.4

Rate study results of Pb(II) adsorption onto goethite.

Sample
#

Time
Interval
(hrs)

Initial pH

Adjusted pH (after
10 mL sample
extraction)

Pb(II)
Aqueous
conc. (ppm)

% Adsorbed

1

0

5.035

5.035

46.27

55.34

2

2

4.903

5.038

42.72

58.76

3

4

5.112

5.033

38.1

63.22

4

6

5.065

5.008

40.24

61.16

5

8

5.021

5.021

43.09

58.41

6

12

5.045

5.006

42.9

58.59

7

16

5.008

5.008

45.08

56.49

8

20

5.032

4.985

43.51

58.00

9

24

4.988

4.988

46.21

55.40

10

30

5.000

5.000

45.92

55.68

11

36

4.995

4.995

45.02

56.54

12

42

4.998

4.998

45.18

56.39

13

48

5.007

5.007

44.34

57.20

14

60

4.998

4.998

44.55

57.00

15

72

5.022

5.022

43.02

58.47

16

96

4.990

4.990

39.19

62.17
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3.4.

Lead [Pb(II)] adsorption rates onto goethite.

PHASE III: REVIEW OF SPECTROSCOPY INFORMATION AND SURFACE
COMPLEXATION MODEL (SCM) EVALUATION – TRIPLE LAYER MODEL
(TLM)
The TLM requires estimation of a number of parameters that describe the density

of surface functional groups, acidity of the functional groups, and electrical double layer
properties of the adsorbent, as well as parameters describing the reaction stoichiometry
between sorbing ions and reactive surface sites (hydroxyl groups for oxide surfaces).
Determination of these constants requires the data from the surface characterization
described in Phase I (e.g. surface area of the adsorbents) and the macroscopic sorption
experiments conducted in Phase II (e.g. pHPZC, surface acidity, electrolyte anion and
cation surface reactions and constants, and the inner and outer layer capacitances). A
summary of these parameters is provided in Table 3.5. The procedural approach used to
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obtain these parameters is described more explicitly for each adsorbent in Chapters 4, 5
and 6.

The specific details for collecting the potentiometric titration data and the

adsorption data were described in the previous section, and a brief description of the
information provided by XAS is presented below.

Table 3.5

Summary of parameter sources required for TLM
Parameter

Parameter Source
for Goethite

Parameter Source
for Ferrihydrite

Surface Area, SAoxide

BET N2 Analysis

Literature Value

Point of Zero Charge, pHPZC

Potentiometric Titration Data

Site Density, Ns

Literature Based Tritium Exchange Value

∆pKa = log K +int - log K −int

Semi-Empirical Equation

Surface Acidity Equilibrium Constants,
K +int and K −int

∆pKa and pHPZC

Inner Layer Capacitance, C1

Potentiometric Titration Data and Curve
Fitting

Inner Layer Capacitance, C2

Fixed based on Literature

Background Electrolyte SCM
int
int
and K an
Equilibrium Constants, K cat

Potentiometric Titration Data and Curve
Fitting

Type of Surface Complex

Literature Results from XAS Experiments

Metal Ion SCM Equilibrium Constants

Single-Solute Adsorption Data

Aqueous Complexation Equilibrium
Constants

Mineql+ Revised Database (which is based
on EPA’s 1999 revised MINTEQA2
Database)

Aqueous Activity Corrections

Davies Equation: (valid for I < 0.5 M)
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3.4.1.

Review of Microscopic Characterization of Surfaces
Results from previous research using x-ray absorption spectroscopy (XAS) was

used to provide information regarding the local atomic coordination (coordination
number), the local atomic structure (bonding distance), and the chemical identity /
oxidation state of chemical molecules. When an energy source interacts with matter, a
number of processes could develop depending on energy conditions.

Photoelectric

absorption is the governing process in the energy range of 0.5 to 100 keV, and it can be
observed from the sudden rise in absorption of X-rays by matter over a short interval of
incident energies depending on the biding energy of the core atom. X-ray absorption
spectroscopy (XAS) uses sufficient energy in the x-ray region to remove an electron from
an atom; thereby, producing a photoelectron wave that can interact with neighboring
atoms.
Several factors have helped advance the use of x-ray absorption spectroscopy
(XAS) over the past 25 years, including a) the increase in availability of synchrotron
radiation sources, b) more stable and powerful x-ray source over a large spectral range,
and c) more user-friendly software and equipment.
The experiment consists of scanning a sample over a range of X-ray energies and
measuring the absorption spectra generated by the sample.

XAS provides several

advantages over other approaches including the capability of studying a diverse number
of elements in dilute concentrations in the existence of water and solids and under
different physical conditions. Therefore, XAS presents an authentic in situ molecular
technique to investigate metal ion coordination at water-oxide interfaces.

A more

complete explanation of the XAS theory can be found elsewhere (Brown, 1990; Brown et
al., 1988; Koningsberger and Prins, 1988; Teo, 1986).
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XAS results were used to assess whether the sorbent phase should be modeled
using a single-site or with multiple sites and the type of surface complex. The adsorbent
central metal ion - adsorbate metal bond distances can be used in conjunction with the
adsorbent mineral structure (crystallography) to determine whether the surface complex
is mononuclear or binuclear and mono-, di-, tri, or quadradentate (for a definition of these
terms see Chapter 2). Thus, information obtained from XAS analysis was used as a
constraint for selecting surface complexation reactions used in the Triple Layer Model.

3.4.2.

Single-Solute Modeling
The first task in Phase III was to calibrate the TLM to fit single-solute adsorption

data.

Potentiometric titration data was used to determine the intrinsic equilibrium

int
int
constants K an
and K cat
, the acidic constants K +int and K −int and the capacitance

parameter C1. The capacitance parameter C2 was fixed at 0.2 F/m2 as suggested by
Hayes et al. (1991). The acidic constants and the capacitance parameter was manually
int
int
varied while the K an
and K cat
were calculated using the FITEQL software. Isotherm

adsorption or adsorption edges data were used to estimate the metal binding constant
int
K Me
for each of the adsorbates in the adsorption experiment with the different

adsorbents. Then, the TLM was evaluated for its ability to fit and predict single-solute
adsorption data over a wide range of conditions.

3.4.3.

Bi-Solute Modeling
The fitted parameters generated from the single solute adsorption experiments

were used to predict metal adsorption in bi-solute systems. It is important to emphasize
that none of the TLM parameters were estimated using bi-solute adsorption data, and all
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modeling results were performed without any changes to the surface complexation model
parameters. This part of Phase III work was used to verify the abilities of the Triple
Layer Model to predict bi-solute adsorption using parameters generated from singlesolute adsorption.

3.4.4.

Model Performance Assessment
Equation 3.1 was used to evaluate the quality of triple layer model calibrations

and predictions of single and bi-solute isotherms and pH adsorption edge data.

⎛ Γmeas − Γ pred
∑ ⎜⎜ Γ
max
⎝
f =
n

2

⎞
⎟⎟
⎠ *100 ...................................................... 3-1

where f is given in percentage, and smaller f values indicate better model performance, Γi
is the sample coverage in µmol/m2 for goethite or mol ion/mol Fe for ferrihydrite, and n
is the number of experimental data points for the isotherm or the number of data points
falling between 5 and 95% adsorption for pH adsorption edges.
Table 3.6 shows the range of f values determined in this research and provides a
classification scale for assessing model performance. A different scale was used for
assessing isotherm and pH adsorption model predictions due to the logarithmic nature of
the isotherm plots.
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Table 3.6

Classification scheme used for TLM assessment
f range (%)

3.5.

Fitting / predication
classification

Isotherms

pH adsorption edges

0.07 – 0.50

0.23 – 1.00

Very Good

0.51 – 1.20

1.01 – 2.00

Satisfactory

1.21 – 2.00

2.01 – 4.00

Marginal

> 2.00

> 4.00

Not satisfactory

QUALITY ASSURANCE / QUALITY CONTROL (QA/QC) METHODS

The goal of this section is to describe the measures taken to guarantee that the
results of this investigation would remain within an acceptable margin of error.

3.5.1.

Calibration of pH Meter and Error Analysis
For the titrations, isotherms, and adsorption edges experiments, the pH was

measured using an Orion 920A pH meter with a Ross semi-micro combination pH probe
(ThermoOrion 8115BN or 8103BN).

The pH meter was calibrated, before each

experiment, using pH 4.00, 7.00, and 10.00 buffer solutions (VWR Cat no. 34170-127,
34170-130, and 34170-124 respectively). To verify how stable the pH readings were, the
pH of two 10 mL samples of the goethite slurry taken from a stock solution used for an
adsorption experiment (Cs = 4.0 g/L and 0.1 N NaNO3 background electrolyte
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concentration) was monitored over a period of 100 hrs. The 10 mL samples were placed
in a 15 mL VWR centrifuge tube and the pH values for this experiment were measured in
the same fashion as for the isotherm and adsorption edge experiments. Figure 3.8 shows
the results of the pH stability experiment. The average pH was 6.938 and 6.579 for
samples #01 and #02, respectively while the standard deviations were 0.041 and 0.064
pH units for samples #01 and #02 respectively. Based on these results, it was assumed
that pH measurements had an error of ± 0.053 pH units.

7.2

% Adsorbed

7.0
6.8
6.6
6.4
Slurry Conditions:
Cs = 4.0 g/L

6.2

Sample #01
Sample #02

Background electrolyte = 0.1 N NaNO3
6.0
0

20

40

60

80

100

Time Interval (hrs)

Figure 3.8

3.5.2.

Stability of pH during 100 hrs for Pb(II) adsorption to goethite.

Error Associated with Slurry Solids Concentration
Gravimetric analysis (GA) of the slurry used in each sorption experiment was

performed to verify the calculated concentration of solids (Cs) in the experiment. The Cs
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values reported in this dissertation are the ones measured by gravimetric analysis and not
the theoretical Cs values designed for each experiment. For each GA experiment, three
10 mL samples were taken from the goethite slurry and placed in three pre-weighed
porcelain crucibles. The porcelain crucibles were placed in a 104° C oven for at least 24
hrs. Then, the crucibles were re-weighed, and the mass of solids in each crucible was
determined.

The Cs for the slurry was calculated, taking into consideration the

background electrolyte concentration, and any acid addition to the slurry solution. Table
3.7 shows a summary of all the gravimetric analysis performed for goethite. The average
standard deviation is 0.034 g/l.

Therefore, the error associated with the solids

concentration was assumed to be ± 0.034 g/L.

3.5.3.

QA/QC for Inductively Coupled Plasma (ICP) Analysis
The concentrations of contaminant ions in the sorption experiments were

measured by inductively coupled plasma (ICP) optical emission spectroscopy (Spectro
CirosCCD). The ICP was calibrated before each run using standards prepared by diluting
certified commercial stock solutions [Fisher Scientific SL21-100 (Pb), SI124-100 (Fe),
SS464-100 (Se), and SC118-100(Cd)]. Additionally, scandium (Sc) plasma standard
solution (Alfa Aesar – Specpure #35755) was used as the internal standard and Argon
(Ar) and Sodium (Na) were used as informal reference checks. Each element emission
line was selected based on the relative standard deviation (RSD ≤ 5%) and on the
correlation coefficient (r2 ≥ 0.9997) of their calibration curves. For each sample, five
replicates were taken and the reported concentration was the average of these values.
The RSD for the analyzed samples was less than 5%.
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Table 3.7

Summary of gravimetric analysis (GA) performed for goethite.

GA #

1

2

3

4

5

6

7

Cs GOAL (g/L)

4.00

4.00

6.00

4.00

4.00

4.00

4.00

Meas. #1 (g/L)

4.00

3.96

5.91

4.03

4.01

3.51

3.56

Meas. #2 (g/L)

4.02

3.98

5.94

3.98

3.96

3.47

3.66

Meas. #3 (g/L)

3.92

4.01

5.99

4.03

4.03

3.49

3.63

Average (g/L)

3.98

3.98

5.94

4.01

4.00

3.49

3.62

Stand. Dev.
(g/L)

0.052

0.025

0.040

0.029

0.036

0.020

0.051

GA #

8

9

10

11

12

13

Cs GOAL (g/L)

4.00

4.00

4.00

4.00

4.00

4.00

4.00

Meas. #1 (g/L)

3.38

3.84

3.90

3.83

3.97

3.74

3.84

Meas. #2 (g/L)

3.34

3.81

3.94

3.83

3.96

3.81

3.86

Meas. #3 (g/L)

3.44

3.85

3.93

3.87

3.90

3.79

3.89

Average (g/L)
Stand. Dev.
(g/L)

3.39

3.83

3.92

3.84

3.95

3.78

3.86

0.050

0.021

0.021

0.023

0.038

0.038

0.025
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3.5.4.

Summary
This Chapter discussed in detail the three phases of this research and the QA/QC

employed for the experimental methods. Each step taken in the research design was
intended to address the research goals described in Chapter 1. The three research phases
described in this Chapter were: I) selection, preparation, and characterization of bulk
solids (adsorbents) and selection of contaminant ions (adsorbates); II) macroscopic
sorption experiments; and III) surface complexation modeling using the Triple Layer
Model (TLM).

Preliminary experiments reported in this chapter confirmed the

reproducibility of sorbent preparation, sorption experiments, and the analytical
measurements used for quantifying pH, metal ion concentration, and solids concentration.
Error estimates for all of these methods were within acceptable limits based on the goals
of the research.
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CHAPTER 4: SURFACE COMPLEXATION MODELING OF HEAVY
METALS ION SORPTION ONTO FERRIHYDRITE IN SINGLE
AND BI-SOLUTE SYSTEMS

4.1.

INTRODUCTION
The literature review presented in Chapter 2, indicates that surface complexation

models (SCMs) (Davis et al., 1978; Hiemstra et al., 1989b; Schindler and Kamber, 1968;
Stumm et al., 1976; Stumm et al., 1970; Yates et al., 1974) have considerable potential
for quantifying the mass of solute lost from solution as a function of pH, ionic strength,
proton release, and solid phase concentrations. Parameter estimation is one of the most
challenging aspects of surface complexation modeling. In this research results from
extended x-ray absorption fine structure spectroscopy (EXAFS) were used to guide the
selection of surface complexation reactions for metal ion sorption to two iron oxides.
Successful application of SCMs for predictive modeling requires the development of a
self-consistent database that can describe adsorption behavior over the range of
conditions expected in the field. In this chapter, a strategy for estimating the Triple Layer
Model (TLM) is employed to determine a set of TLM parameters that can be used to
describe and predict Cd(II) and Pb(II) adsorption onto ferrihydrite in single and bi-solute
systems. The strategy reduces the number of TLM parameters that are simultaneously
determined through objective curve fitting by employing tritium exchange results to
estimate the surface site density as discussed in Chapter 2.
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4.2.
4.2.1.

RESULTS AND DISCUSSION
Overview
Potentiometric titration data for ferrihydrite and sorption data collected using the

methods outlined in Chapter 3 were modeled in this chapter using the Triple Layer Model
(TLM). Results from the titration experiments were used to estimate several parameters
int
required in the TLM including the background electrolyte equilibrium constants ( K cat
int
and K an
), and the inner-layer capacitance term (C1). Additionally, titration experiments

were used to determine the pHPZSE of the adsorbent. To the extent possible, metal ion
surface complexation reactions were based on x-ray absorption spectroscopy data
presented in the literature.

Single solute adsorption isotherm or single solute pH

adsorption edge experimental results were used to estimate the equilibrium constants for
int
) and to validate the choice of the TLM parameters estimated from
these reactions ( K Me

independent measurements and objective curve fits to potentiometric titration data.

4.2.2.

Fixed Triple Layer Model Parameters
The fixed parameters used throughout all the ferrihydrite modeling process were:

a) ferrihydrite surface area (SAferrihydritee); b) surface site density (Ns); c) the surface
acidity constants ( K +int and K −int ), and d) the outer-layer capacitance term (C2). N2 BET
gas adsorption (Micromeritics ASAP 2010 BET analyzer) measurements yielded an
average surface area of 253 m2/g for ferrihydrite. This value is consistent with literature
values of 200-300 m2/g (Dzombak and Morel, 1990). However, Dzombak and Morel
noted that the results of BET analyses of ferrihydrite strongly depend on the outgassing
procedure employed and evidence exists that surface decomposition can occur during the
drying process required for gas adsorption measurements (Dzombak and Morel, 1990).
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Other researchers have also indicated that N2 BET measurements are not suitable for
microporous adsorbents (Davis and Kent, 1990; Gregg and Sing, 1982). Therefore, the
BET measurement is considered to be a low estimate for surface area, and the
recommended value of 600 m2/g (Davis and Leckie, 1978; Dzombak and Morel, 1990)
was used for the modeling performed in this dissertation.
The surface site density (Ns) used in all the modeling performed in this
dissertation was estimated based on tritium exchange experiments conducted previously
by Hsi and Langmuir (1985). For ferrihydrite, a tritium exchange site density of 20.0
sites/nm2 was calculated (Hsi and Langmuir, 1985) using a ferrihydrite surface area of
306 g/m2. Thus, in this dissertation work, a site density of 10.2 sites/nm2 was employed
to be in consistency with the surface area used (600 m2/g). The outer layer capacitance
term, C2, was fixed at 0.2 F/m2, a value commonly used in triple layer modeling of iron
oxides (e.g. Hayes et al., 1991; Sahai and Sverjensky, 1997). This value was originally
based on experimentally measured values of the capacitance of the AgI-electrolyte
interface (Pieper and deVooys, 1974), and has been supported by measurements of the
impedance on ion-sensitive transistors coated with SiO2 (Bousse and Bergveld, 1983).
The ∆pKa value [0.5*(log K +int + log K −int )] used in the TLM modeling was
predicted based on the method of Sahai and Sverjensky (1997a) in which the Pauling
bond strength per unit bond length, in Å, (s / rM-OH) of the central metal ion in the
adsorbent is the dependent parameter of equation 2-39 that was regressed using data from
Davis et al. (1978). As shown in Chapter 2, the equation is:
⎛ s
∆pK = 12.692 * ⎜⎜
⎝ rM −OH

⎞
⎟⎟ + 3.537
⎠

................................................................ 2-39
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A brief summary of this approach is described in Chapter 2 and the complete
theory derivation can be found elsewhere (Sverjensky, 1994; Sverjensky and Sahai,
1996). For ferrihydrite, with the predicted ∆pKa = 5.6 (Criscenti and Sverjensky, 2002)
and the estimated pHPZC = 8.0, the acid/base equilibrium constants were calculated as
log K +int = 5.09 and log K −int = -10.69 (Equations 2-34 and 2-35).
Aqueous complexation constants were obtained from the Mineql+ database unless
otherwise specified. Activity corrections were made using the Davies Equation.

4.2.3.

Potentiometric Titrations
Triple Layer Modeling of the potentiometric titration data for ferrihydrite

assumed that all of the 10.2 sites/nm2 exhibited the same acid/base behavior. This
statement was assumed to be valid regardless of whether the metal ion modeling
employed strong and weak surface hydroxyl groups or a single type of surface hydroxyl
site. The point of zero salt effect (pHPZSE) was estimated from the crossover point of the
data shown in Figure 4.1 for the three potentiometric titrations collected at different ionic
strengths using NaNO3 as the background electrolyte. The value determined from the
data shown in Figure 4.1 was pH 8.0. This value is in good agreement with previous
reported values ranging from 7.9 to 8.2 (Dzombak and Morel, 1990).
Three TLM parameters were estimated from the potentiometric titration data: the
int
int
and K an
), and the inner-layer
background electrolyte equilibrium constants ( K cat

capacitance term (C1). These constants were optimized using FITEQL 4.0 (Herbelin and
Westall, 1999) and the potentiometric titration data shown in Figure 4.1. Because it is
not possible to obtain convergence when all three of these parameters are fit
simultaneously, the optimization procedure involved selecting values of C1 for a given
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Figure 4.1 Ferrihydrite titrations performed at three different ionic strengths (0.005;
0.02; and 0.1 N NaNO3). Solid, dashed, and dotted lines are obtained by fitting the
int
=
experimental data using the triple layer model (TLM). Model parameters used: log K cat
int
-8.97; log K an
= 6.84; log K +int = 5.09; log K −int = -10.69; C1 = 0.95 F/m2; C2 = 0.2 F/m2;
and Ns = 10.2 sites/nm2.

int
int
model calibration and determining optimized values of K cat
and K an
for the

selected values using FITEQL 4.0. The value of C1 was constrained to between 0.2 and
2.0 F/m2 (Hayes et al., 1991). A broad range of input parameters were tested and the best
fit, as determined from the F value calculated within FITEQL 4.0, was selected (Herbelin
and Westall, 1999). The mathematical definition of the F value is given in Equation 4-1
(Herbelin and Westall, 1999).
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2

⎛ YIIP ⎞
⎟
∑⎜
⎜
⎟
s
WSOS
⎝ y ⎠
=
F=
DF
n p * n II − nu

.................................................................. 4-1

where WSOS is the weighted sum of squares; DF is the degrees of freedom; YIIP is the
mass balance residual (difference between calculated and experimental mass balance); sy
is the propagating error for free and total concentrations for each component (total and
aqueous concentrations, and pH) determined using absolute and relative errors estimates
associated with each measurement; np is the number of titration points, n II is the number
of known components (free and total concentrations); and nu is the number of adjustable
parameters.
The solid, dashed, and dotted lines in Figure 4.1 are the result of FITEQL 4.0
optimization. Table 4.1 presents a list of the values of the fixed TLM parameters and the
optimized TLM parameters obtained from the best fit to the potentiometric titration data.

4.2.4.

Lead - Pb(II)
Pb(II) is considered to be a strongly adsorbing metal ion on oxide surfaces, and it

is often considered to be one of the most challenging metal ions to model (Dyer et al.,
2003). Dyer et al. (2003) conducted a comprehensive study evaluating Pb(II) sorption
modeling onto ferrihydrite with several SCMs using their spectroscopic results as a basis
for selecting one-site to describe the ferrihydrite surface. They were unable to predict
Pb(II) sorption on ferrihydrite over a wide range of conditions using a single set of SCM
thermodynamic parameters. To obtain accurate predictions, the set of “constants” was
adjusted for different pH ranges. Therefore, they questioned the ability of existing SCMs
to predict Pb(II) sorption onto 2-line ferrihydrite (Dyer et al., 2003). The goal of this
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Table 4.1

Summary of the ferrrihydrite TLM parameters

Parameter Type

Value or Reaction

Description

SAferrihydrite =600 m2/g
pHPZC =8.0
Ns =10.2 sites/nm2

∆pKa =5.6
Fixed Parameters

log K +int =5.09

Adsorbent Surface
Properties

≡SOH0 + H+ Ù ≡SOH2+
log K −int =-10.69

≡SOH0 Ù ≡SO- + H+
C2 =0.2 F/m2

Outer Layer Capacitance

IS =0.1 N NaNO3

Background Electrolyte

int
log K cat
=-8.97

FITEQL Optimized
Parameters
F = 19.01

≡SOH + Na+ Ù ≡SONa + H+
int
log K an
=6.84

Background Electrolyte
Sorption Equilibrium

≡SOH + NO3- + H+ Ù ≡SOH2NO3
C1 =0.95 F/m2

Inner Layer Capacitance

research phase was to determine whether re-interpretation of XAS data and appropriate
selection of surface complexation parameters is the key to improving SCM predictions of
Pb(II) sorption.
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4.2.4.1

X-Ray Absorption Fine Structure Background

Spectroscopic data for Pb(II) sorption to various oxide minerals is consistent with
the formation of inner-sphere complexes (Bargar et al., 1997; Roe et al., 1991; Scheinost
et al., 2001). Bargar (1997) employed extended x-ray absorption fine structure (EXAFS)
to study Pb(II) sorption to ferrihydrite for limited pH and metal ion surface coverage (mol
Pb/mol Fe or µmoles Pb/m2 ferriydrite) ranges.

They identified inner-sphere,

mononuclear, bidentate Pb(II) surface complexes. Trivedi et al. (2003) suggested that
solution pH rather than Pb(II) surface coverage determined the coordination environment
of adsorbed Pb(II). For pH > 5, Pb(II) formed an inner-sphere, bidentate complex on the
surface of ferrihydrite, and the coordination structure of adsorbed Pb(II) changed at pH
4.5 (Trivedi et al., 2003).

The researchers attributed the change in the structural

parameters to a mixture of both monodentate and bidentate surface complexes instead of
multiple surface sites based on their macroscopic and spectroscopic assessments (Trivedi
et al., 2003).
Thus, the modeling implemented in this work used mononuclear bidentate and
mononuclear monodentate, inner sphere Pb(II) surface complexes and a one-site
ferrihydrite surface (i.e., no differentiation was made between strong and weak sites).
Due to the observed formation of different adsorption complexes based on pH (Trivedi et
al., 2003), the pH adsorption edge data were used to optimize the metal surface
int
equilibrium constants (log K Biint and log K mono
).

101

4.2.4.2

Single Solute Pb(II) Adsorption

Low coverage sorption data (Γmax = 0.0015 mol Pb / mol Fe ) presented in Figure
4.2a and medium coverage data (Γmax = 0.0216 mol Pb / mol Fe) shown in Figure 4.2b
were used to optimize the Pb(II) surface equilibrium constants for Pb(II) adsorption.
Based on EXAFS evidence (Trivedi et al., 2003), Figure 4.2a was used to fit the
int
adsorption data at pH ≤ 4 and to find an initial log K mono
. This initial equilibrium

constant for monodentate adsorption was then fixed and used in the optimization of the
equilibrium constant for the bidentate adsorption constant (log K Biint ) using pH ≥ 4.5
adsorption edge data shown in Figure 4.2b. Then, both constants were used to verify the
model calibration for the entire pH range for both adsorption edges. This approach
required a number of iterations to attain good fits to both adsorption edges and was
performed manually using MINEQL+ software. This optimization procedure resulted in
very good fits (f < 1%) to the pH low and medium surface coverages (Γmax = 0.0015 mol
Pb / mol Fe and Γmax = 0.0216 mol Pb / mol Fe) adsorption edges shown in Figure 4.2a
and 4.2b, respectively. A summary of the Pb(II) surface complexation reactions and
corresponding equilibrium constants is shown in Table 4.2.

Table 4.2

Pb(II) sorption equilibrium constants fit using FITEQL 4.0

Reaction

Log K

(≡SOH)2 + Pb2+ Ù (≡SO)2HPb+ + H+

3.75

2+

≡SOH + Pb

Ù ≡SOHPb
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2+

F value

NA
10.8

0.0015

100%

0.0012

75%
Data

0.0009

Total TLM fitting

50%

Cs = 5.59 g/L

Bidentate
-5

PbT = 9.50 x 10 M

0.0006

Monodentate

Γmax = 0.0015 mol/mol

25%

0.0003

(mol Pb / mol Fe)

Percent Adsorbed

a.

f = 0.13%
0%

0.0000
3

4

5

6

7

pH

Cs = 4.43 g/L

0.020

b

PbT = 1.08 x 10 -3 M

Percent Adsorbed

8

Γmax = 0.0216 mol/mol

75%

0.016
Data

0.012

Total TLM fitting

50%

Bidentate

0.008

Monodentate

25%
0.004

(mol Pb / mol Fe)

2
100%

f = 0.56%
0%

0.000
2

3

4

5

6

7

8

pH

Figure 4.2 a. Low coverage (Γmax = 0.0015 mol Pb / mol Fe) Pb(II) and b. medium
coverage (Γmax = 0.0216 mol Pb / mol Fe) single solute adsorption edges. The solid and
dash-dotted lines represent the TLM fitting using the following constants: log K Biint = 3.75
int
and log K mono
= 10.8 in addition to the parameters used in Table 4.1.
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The prediction of the Pb(II) pH = 5 adsorption isotherm was classified as very
good (f = 0.23%) based on the scale presented in Section 3.4.4. The TLM slightly
overpredicted the amount of metal removal at low surface coverage as shown in Figure
4.3. In contrast to the Trivedi’s (2003) interpretation of spectroscopic results, the model
results suggested that at pH 5, both the monodentate and bidentate surface complexes
participate; however, the monodentate reaction only dominates at low surface coverage.
Thus, it appears that both pH and surface loading may be important for determining the
distribution between the monodentate and bidentate reactions.
Figure 4.4 and Figure 4.5 show that the set of optimized parameters
underpredicted the low pH range of a second set of medium Pb(II) surface coverage (Γmax
= 0.0305 mol Pb / mol Fe) pH adsorption edge data (f = 1.64%), but provided a
reasonable prediction of the high surface coverage data (Γmax = 0.0915 mol Pb / mol Fe).
Indeed, Figure 4.5 shows that the model performed well (f = 0.41%), especially
for pH > 4.5, for the high surface coverage pH adsorption edge (Γmax = 0.0915 mol Pb /
mol Fe). Despite some small discrepancies between model and experimental data, the
model predictions obtained with the approach used in this work captured the adsorption
behavior over the range of experimental conditions adopted without the need to adjust
surface complexation reaction constants as a function of pH or the surface site density
parameter.

104

1.E+00

(mol Pb/mol Fe)

pH = 5
Cs = 6.04 g / L
1.E-01

1.E-02
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1.E-02
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Aqueous Concentration (mol Pb/L)

Figure 4.3 Lead single solute isotherm performed at pH 5. The thin solid and dashed
int
lines represent the TLM bidentate (log K Biint = 3.75) and monodentate (log K mono
= 10.8)
contributions to the total adsorption. Additional surface model parameters are shown in
Table 4.1, and aqueous complexation constants were taken from the Mineql+.
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Figure 4.4 Medium coverage (Γmax = 0.0305 mol Pb / mol Fe) Pb(II) single solute
int
adsorption edge data and model fit. Log K Biint = 3.75 and log K mono
= 10.8. Additional
surface model parameters are shown in Table 4.1 and aqueous complexaton constants
were taken from the Mineql+ database.
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Figure 4.5 High coverage (Γmax = 0.0915 mol Pb / mol Fe) Pb(II) single solute
int
adsorption edge. Log K Biint = 3.75 and log K mono
= 10.8. Additional surface model
parameters are shown in Table 4.1.
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4.2.5.

Cadmium - Cd(II) Sorption
Cd(II) typically forms inner-sphere complexes upon sorption onto various metal

oxides (Boily et al., 2005; Papelis, 1995; Randall et al., 1999; Spadini et al., 1994). For
example, Spadini et al. (1994) conducted a series of XAS experiments for Cd(II) on
ferrihydrite for a range of surface loading (µmoles sorbate/m2 sorbent) and pH values,
and suggested that Cd(II) was predominately adsorbed onto high affinity sites and that
the Cd(II) coordination structure remained the same regardless of surface coverage. The
ferrihydrite used in this dissertation, however, was different from that generated by
Spadini et al. (1994) due to synthesizing procedures involving different pH values, iron
source, and aging time. Previous research has shown that aging ferrihydrite can affect the
extent of sorption (Scheinost et al., 2001). Therefore, it is plausible to assume that the
surface characteristics of these two ferrihydrites may be different.

4.2.5.1

X-Ray Absorption Fine Structure Data Collection and Analysis

To verify the coordination structure of adsorbed Cd(II), XAS spectra were
collected for Cd(II)/ferrihydrite sorption samples with different Cd(II) surface coverages
(Figure 4.6) as part of a related project in which the ability of the DLM to describe metal
ion sorption to ferrihydrite was evaluated. These data were used in conjunction with
previous XAS studies to guide the selection of DLM surface species (Stokes et al., 2006).
This research has been submitted for publication; however, an excerpt from that
work follows:
Sorption samples were prepared for XAS using the same
procedures described in Chapter 3 for generating pH adsorption edges and
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Cd(II) EXAFS Spectra

Cd(II) RDFs
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Figure 4.6 EXFAS spectra and radial distribution functions(RDFs) of Cd(II) sorption
samples on ferrihydrite. Solid lines denote experimental data, dotted lines represent fit
results.
isotherm data.

X-ray absorption spectra were collected at room

temperature on beam line 4-3 at Stanford Synchrotron Radiation
Laboratory (SSRL) using Si(220) crystal monochromators. All samples
were collected in fluorescence mode using a 13-element Ge detector with
beam energy calibrated to the Cd metallic foil.
Extended X-ray absorption fine structure (EXAFS) data were
analyzed using IFEFFIT (Newville, 2001) for normalization and spline
removal and EXAFSPAK (George and Pickering, 2000) for the EXAFS
signals.

FEFF8.0 (Ankudinov et al., 1998) was used to calculate
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theoretical phase and amplitude parameters of individual paths used to fit
EXAFS spectra from experimental samples. Structural information for the
sorption complexes was determined following regular fitting procedures
described elsewhere (Boyle-Wight et al., 2002b; Chen and Hayes, 1999).
The surface coverages of the XAS samples ranged from 0.0013 to
0.048 (mol Cd / mol Fe), which is equivalent to 0.30 to 14.1 % surface
coverage based on a site density of 10.2 sites/nm2. For low and medium
surface coverage samples (0.0013 and 0.0067 mol Cd / mol Fe), the
coordination parameters of adsorbed Cd(II) (Table 4.3) resembled the
structural parameters of the inner-sphere Cd(II) complexes on ferrihydrite
reported by Spadini et al. (1994) (i.e., RO = 2.27 – 2.30, RFe1 = 3.26 – 3.35,
and RFe2 = 3.46 – 3.54), although RFe2 values in this work were slightly
higher than those reported by Spadini et al. (1994). The XAS samples
from this work showed that from surface coverages of 0.0013 to 0.0067
mol Cd / mol Fe, the atomic distance RFe1 increased from 3.29 to 3.38 Å
while the coordination number of the first Cd-Fe path (CNFe1) decreased
from 0.4 to 0.1, and CNFe2 increased from 0.4 to 0.7 when the DebyeWaller factor (σ2) was allowed to float. No significant change of the
coordination parameters was found after applying the σ2 value obtained
from the XAS spectrum of the lowest surface coverage sample (0.0013
mol Cd/mol Fe) to the medium surface coverage sample (0.0067 mol Cd /
mol Fe). It should be noted that the error associated with CN estimation
above the first coordination shell is often large (> 20%), and the
differences between the CNs observed from these two samples may fall
within the error range. Nevertheless, the change of RFe1, CNFe1, and CNFe2
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with surface coverage, suggests that Cd(II) adsorbed onto multiple types
of surface sites under the experimental conditions.

Table 4.3

XAS results for Cd(II) sorption samples collected at pH 7.

Γ

Cd-O

Cd-Fe

Cd-Fe

(mol
Cd /
mol
Fe

CNo

0.048

4.0

2.24 0.00936 6.96

0.3

3.10

0.00518

0.5

3.29

0.0067*

4.4

2.25 0.00932 5.29

0.2

3.38 0.00505*

0.5

3.77 0.00505*

0.0067

4.4

2.25 0.00932 5.29

0.1

3.39

0.00671

0.7

3.77

0.00671

0.0013

3.6

2.23 0.00786 1.53

0.4

3.29

0.00505

0.4

3.75

0.00505

Ro

σ2

∆E

CNFe1 RFe1

σ2

σ2

CNFe2 RFe2

0.00518

Fixed σ2 based on Γ = 0.0013 sample
For the high surface coverage (0.048 mol Cd / mol Fe) sample, the
atomic distances between Cd and Fe decreased significantly to RFe1 = 3.15
Å and RFe2 = 3.29 Å. This RFe1 distance is too close for edge-sharing
coordination of adsorbed Cd(II) on a ferrihydrite surface (Spadini et al.,
1994). Spadini et al. (1994) analyzed a coprecipitate sample of Cd(II) and
goethite, and determined from XAS analysis that Cd(II) was substituted
into the goethite lattice structure.

A study of synthesized cadmium

substituted magnetites also showed the formation of non-stoichiometric
solid solutions between CdFe2O4 and γ-Fe2O3 (Gillot et al., 1999). Hence,
it is plausible to assume that Cd-Fe surface precipitates will be formed in
systems involving iron oxides and Cd(II). The RFe1 that we obtained from
the high coverage sample was comparable to that of the Cd-goethite co110

precipitate (Spadini et al., 1994) strongly suggesting formation of some
type of surface precipitate consisting of Cd(II) and Fe(III) under our
experimental conditions. The RFe2 value was smaller than the reported
value of the co-precipitate (Spadini et al., 1994), but is similar to the RFe1
value of our low coverage sample (Table 4.3). This result suggests that
the EXAFS spectrum observed may be a combination of paths including
inner-sphere Cd(II) surface complexes and Cd(II)-Fe(III) solid solutions.

4.2.5.2

Single Solute Cd(II) Adsorption

Relatively few SCM studies have focused on modeling Cd(II) adsorption onto
ferrihydrite. Spadini et al. (1994) provided a detailed discussion for Cd(II) sorption onto
ferrihydrite based on spectroscopic results, wet chemistry, and surface site structure.
While they utilized a single site and a single surface complexation reaction based on
spectroscopic results, they acknowledged the significance of contributions from low
affinity sites with increasing Cd(II) surface coverage (Spadini et al., 2003).

The

uncertainty associated with the presence of a second site and the decision to utilize a
single site for Pb(II) modeling, led to the decision to incorporate monodentate and
bidentate inner sphere surface complexes for Pb(II) sorption onto ferrihydrite in this
research. The selection of the bidentate reaction was based on the spectroscopic evidence
provided by Spadini et al. (2003) and Stokes et al. (2006). However, the structure of the
second surface site observed by Stokes et al. (2006) was not resolved. As a result, a
monodentate reaction was utilized to provide consistency with the Pb(II) modeling.
Additionally, a surface precipitation term based on the formation of an ideal solid
solution of Cd-Fe hydroxide was used based on the spectroscopic evidence at high Cd(II)
surface coverage. The incorporation of surface precipitation reactions were executed
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following the model developed by (Farley et al., 1985) in which the activity of the solid
phase is reduced from unity based on the mole fractions of the two metal ion hydroxides
participating in the solid solution. Inclusion of a Cd-Fe hydroxide solid solution surface
precipitate for Cd(II) removal on ferrihydrite does not necessarily increase the number of
fitting parameters because the only additional information required for the model are the
values for the solubility constants of amorphous Fe(OH)3(s) and Cd(OH)2(s).

The

solubility constant for amorphous Fe(OH)3(s) was taken from the Mineql+ database. A
review of possible values for a Cd(OH)2(s) precipitate shows that the reported values
(Table 4.4) range from log Kso=-12.77 to -14.58. Initial modeling was performed by
incorporating the value reported by Baes and Mesmer (1976).

Table 4.4
al. (1991))

Reported solubility constants for cadmium hydroxide (adapted from Rai et

LogKso

Ionic Strength

Reference

-14.14

0

(Rai et al., 1991)

-14.41

3.0

(Schindler 1959)

-14.35

0

(C. F. Baes and Mesmer, 1976), (Schindler
1959)

-14.28

0

(Wagman DP 1982)

-12.77 to -14.58

0

(L. G Sillen 1964)

-14.74

0

Used in this work

Figure 4.8 shows the results from a Cd(II) isotherm experiment conducted at pH
7. These data were used to estimate the values of the equilibrium constants for the two
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Cd(II) surface complexation reactions shown in Table 4.5. These surface reactions are
based on the EXAFS considerations described above.

FITEQL 4.0 (Herbelin and

Westall, 1999) was used in conjunction with the TLM parameters in Table 4.1 and
isotherm experimental data to optimize the two Cd(II) equilibrium constants: log K Biint
int
corresponding to a bidentate surface reaction and log K mono
corresponding to a
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Figure 4.7 Cadmium single solute isotherm performed at pH 7. The thin solid, dotted,
and dashed lines represent the contributions from the different surface reactions used in
int
= 7.15;
the TLM. The TLM constants for these reactions were: log K Biint = 2.35; log K mono
logKsp = -14.35; logKferrihydrite = -3.191 in addition to the parameters used in Table 4.1 and
aqueous speciation constants from the Mineql+ database.
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Table 4.5

Cd(II) sorption equilibrium constants fit using FITEQL 4.0
Reaction

Log K

(≡SOH)2 + Cd2+ Ù (≡SO)2Cd+ + H+

2.35

≡SOH + Cd2+ Ù ≡SOHCd+

7.15

F value
119.3

monodentate surface reaction. These two reactions yielded excellent fits to the single
solute isotherm as shown in Figure 4.8; however, the contribution from surface
precipitation shown in the isotherm data is not sufficiently high to be sensitive to x-ray
absorption spectroscopy. Previous diffuse layer modeling of these data yielded similar
results (Stokes et al., 2006) and attributed the discrepancy to the formation of a non-ideal
solid solution rather than the ideal solid solution behavior which is assumed in the surface
precipitation model developed by Farley et al. (1985). Other researchers have resorted to
adjusting the solubility constant of the adsorbing ion to describe solid solution formation
on oxide minerals (Karthikeyan and Elliott, 1999). This necessity is also indicative of
non-ideal solid solution behavior.
Adjustment of the solubility constant to a value of log Kso = -14.74 (Figure 4.10a)
increased the contribution of the surface precipitate to the total model; however, it is still
too small to be identified in XAS studies. Thus, the model results are still inconsistent
with the data. Increasing the value to log Kso= -15.21 (Figure 4.10b) does lead to a more
substantial contribution of the surface precipitate at high surface coverage which is more
consistent with the spectroscopy; however, the overall TLM prediction do not provide a
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Figure 4.8 Cadmium single solute isotherm performed at pH 7 with logKsp = -14.74,
int
log K Biint = 2.35, log K mono
= 7.15, and logKferrihydrite = -3.191 in addition to the parameters
used in Table 4.1.
reasonable fit to the data. As a result, a log Kso=-14.74 was selected for use in the
remainder of the cadmium surface complexation modeling (Figure 4.9).
Both the monodentate and bidentate reaction appear to contribute to ferrihydrite
adsorption in this system (Figure 4.9); however, the trends in the ratios of contributions
from each of these sites depicted by the TLM are not entirely consistent with the
spectroscopic data, which suggested that there should be an increase in the relative
contribution of the bidentate site at higher surface coverage. The relative distribution of
monodentate and bidentate sites was similar throughout this isotherm.
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Figure 4.9 TLM modeling of cadmium single solute isotherm performed at pH 7 for
different values of the Cd(OH)2(s). Solubility constant: a) logKsp = -14.74 and b) logKsp =
int
= 7.15,
-15.21. The TLM constants for these reactions were: log K Biint = 2.35; log K mono
logKferrihydrite = -3.191 ; in addition to the parameters used in Table 4.1 and aqueous
speciation constants from the Mineql+ database.
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The calibrated TLM predicted the adsorption edge data shown in Figure 4.10,
Figure 4.11, and Figure 4.12 reasonably well throughout the range of surface coverages
investigated. Again, contributions from both surface species are apparent for all of the
surface coverages, and the ratio of these contributions at pH 7 is similar for the two lower
surface coverages.
For the highest surface coverage pH adsorption edge, significant contributions
from surface precipitation are evident at surface coverages consistent with those reported
for the XAS sample exhibiting surface precipitation. However, the pH values for which
significant contributions of surface precipitation are evident are higher than those used in
the XAS sample at high surface coverage.
Finally, due to the ambiguity associated with the interpretation of the second
surface complex from the EXAFS data, model calibration and predictions based on a
single reaction and surface precipitation were employed.

Exclusion of the second

reaction led to poorer predictions of the low coverage data as shown in Figure 4.13.
Similar results were observed in the low surface coverages isotherm data.
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Figure 4.10 Low coverage (Γmax = 0.0015 mol Cd / mol Fe) Cd(II) single solute
adsorption edge. The lines represent the TLM prediction using the following constants:
logKsp = -14.74; logKferrihydrite = -3.191 in addition to the parameters used in Table 4.1 and
4.5.
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Figure 4.11 Medium coverage (Γmax = 0.0216 mol Cd / mol Fe) Cd(II) single solute
adsorption edge. The lines represent the TLM prediction using the following constants:
logKsp = -14.74; logKferrihydrite = -3.191 in addition to the parameters used in Table 4.1
and 4.5.
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Figure 4.12 High coverage (Γmax = 0.1805 mol Cd / mol Fe) Cd(II) single solute
adsorption edge. The lines represent the TLM prediction using the following constants:
logKsp = -14.74; logKferrihydrite = -3.191 in addition to the parameters used in Table 4.1
and 4.5.
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Figure 4.13 Low coverage (Γmax = 0.0015 mol Cd / mol Fe) cadmium single solute
int
adsorption edge using bidentate reaction only. Log K Cd
= 2.15; logKsp = -13.48; logKFe =
-3.191 in addition to the parameters used in Figure 4.1.
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4.2.6.

Bi-solute Cd(II)/Pb(II) System
Few investigations have attempted to describe adsorption of heavy metal ions in

competitive systems and their degree of success has been somewhat limited (Christl and
Kretzschmar, 1999; Palmqvist et al., 1999; Srivastava et al., 2005). One of the goals of
this section was to determine whether the modeling strategy used in this research could
lead to reasonable SCM predictions of bi-solute adsorption of Pb(II) and Cd(II) onto
ferrihydrite in which surface complexation reactions are consistent with EXAFS
spectroscopy and the surface site density parameter was estimated by tritium exchange
experiments. Thus, this section presents the TLM modeling results of Cd(II) and Pb(II)
adsorption onto ferrihydrite in bi-solute systems. All optimized single solute model
parameters were fixed in the bi-solute modeling.

4.2.6.1

Isotherms

The TLM modeling of single (SS) and bi-solute (BS) isotherms for Pb(II) at pH 5
is shown in Figure 4.14. The single-solute isotherm is the same as shown in Figure 4.3.
The experimental data for the bi-solute isotherm was obtained from experiments in which
the Cd(II) and Pb(II) were added to reactors containing the background electrolyte
solution and ferrihydrite at the same concentrations. Note that the single-solute data and
modeling, and bi-solute data and modeling collapse on top of each other. This is an
indication that the adsorption of Pb(II) is not affected by the presence of Cd(II) in the
system. This behavior is somewhat anticipated since Pb(II) is a much stronger adsorbate
than Cd(II).

Bi-solute modeling was performed without any modification to the

parameters optimized for single-solute modeling and displayed in Table 4.1, Table 4.2,
and Table 4.5.
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Figure 4.14 Lead bi-solute (Cd-Pb) isotherm performed at pH 5 using the TLM
parameters optimized for single solute data and shown in Tables 4.1, 4.2, and 4.5.

Figure 4.15 shows the TLM modeling of single (SS) and bi-solute (BS) isotherms
for Cd(II) performed at pH 7. The single solute isotherm is the same as shown in Figure
4.9. The experimental data for the bi-solute isotherm was obtained when Cd(II) and
Pb(II) were present in the system at similar concentrations. The TLM modeling of the bisolute data was performed using the parameters shown in Tables 4.1, 4.2, and 4.5 and the
modified log Kso determined from the single-solute modeling. The bi-solute prediction
slightly underestimated the amount of Cd(II) adsorption i.e., overestimated competitive
effects.
The experimental data and modeling clearly show the competition between the
divalent metals since there is a reduction in the amount adsorbed in the bi-solute results.
Moreover, it is interesting to notice that the extent of competition decreases as surface
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coverage increases, and there is an apparent kink in the data and the model.

This

behavior could be the result of cadmium surface precipitation; more sites become
available for Cd(II) adsorption as surface coverage increases. It is noteworthy that both
the data and the bi-solute modeling exhibit this decrease in competition at higher
coverage. Thus, the model is able to capture the trends in the sorption behavior of Cd(II)
adsorption in the bi-solute system.
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Figure 4.15 Cadmium bi-solute (Cd-Pb) isotherm performed at pH 7. The solid line
represents the TLM fitting of the single solute (SS) isotherm while the dashed line
represents the TLM prediction of the bi-solute (BS) isotherm data. Model parameters
presented in Tables 4.1, 4.2 and 4.5. Log Kso=-14.74.

The contribution of the surface precipitation term in the TLM modeling can be
observed in Figure 4.16. As mentioned above, the incorporation of surface precipitation
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reactions was executed following the model developed by (Farley et al., 1985). This
figure clearly shows that the kink in the data was due to surface precipitation. In Figure
4-18, the improvement in the bi-solute prediction due to changing the solubility constant
is apparent. Thus, the bi-solute data provides further evidence for the formation of a nonideal solid solution.
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Figure 4.16 Contribution of the surface precipitation (SP) term in modeling Cd(II) in the
competitive system (dashed line). “ADS” is the adsorption contribution while “TOT” is
the total Cd(II) removed from solution.
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Figure 4.17 Comparison of the TLM modeling results when using two different values
for logKso
4.2.6.2

pH Adsorption Edges

Figure 4.18 shows the pH adsorption edges for the Pb-Cd bi-solute system at low
surface coverage (Γmax = 0.003 mol TOT Me / mol Fe). This graph format will be used
for all bi-solute adsorption edges plotted in the remainder of this dissertation. It is
important to stress that the same TLM modeling parameters used for the single solute
systems were used to model the bi-solute system. As discussed above, Pb(II) is a
stronger adsorbate than Cd(II), and Figure 4.18a graphically shows that at pH 4, Pb(II)
was completely adsorbed from the system while less than 2% of Cd(II) was adsorbed.
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Figure 4.18 a. Low coverage (Γmax = 0.003 mol TOT / mol Fe) Cd-Pb bi-solute
adsorption edges. b. Low coverage (Γmax = 0.0015 mol Cd / mol Fe) single and bi-solute
adsorption edges for Cd(II). c. Low coverage (Γmax = 0.0016 mol Pb / mol Fe) single and
bi-solute adsorption edges for Pb(II). All bi-solute modeling are predictions using the
parameters shown in Table 4.1, Table 4.5, and Table 4.2
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The TLM predicted Pb(II) adsorption very well (f = 0.16%) over the entire pH
range. In the case of Cd(II) adsorption (Figure 4.18a), the model did not perform as well,
but the prediction was still very reasonable (f = 1.12%). The extent of the competition on
each metal ion is shown in Figure 4.18b and Figure 4.18c for Cd(II) and Pb(II),
respectively. It was observed that Cd(II) was not impacted by the presence of Pb(II) in
solution as there is no shift of the adsorption edge data and modeling. The bi-solute
modeling also indicated this lack competition effect at low surface coverage. Figure
4.18c shows that Pb(II) did not respond to the presence of Cd(II) in solution. Again, this
is anticipated, especially at low surface coverage.
Figure 4.19 shows the pH adsorption edges for the Pb-Cd bi-solute system at
medium surface coverage (Γmax = 0.0429 mol TOT / mol Fe). The TLM predicted Pb(II)
adsorption well (f = 0.25%) over the entire pH range. However, the model overestimated
the competitive effect of Pb(II) on Cd(II) adsorption between pH 6 and 8 (f = 7.00%).
The extent of the competitive effects on each metal ion are shown in Figure 4.19b and
Figure 4.19c for Cd(II) and Pb(II), respectively. It is observed that at medium surface
coverage, Cd(II) adsorption was slightly impacted by the presence of Pb(II) in solution as
there is a small but noticeable shift of the adsorption edge data to the right (Figure 4.19b).
The bi-solute modeling overestimated this competition, and Figure 4.19c shows, again,
that Pb(II) did not respond to the presence of Cd(II) in solution even at medium surface
coverage.
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Figure 4.19 a. Medium coverage (Γmax = 0.0429 mol TOT / mol Fe) Cd-Pb bi-solute
adsorption edges. b. Medium coverage (Γmax = 0.0219 mol Cd / mol Fe) single and bisolute adsorption edges for Cd(II). c. Medium coverage (Γmax = 0.0216 mol Pb / mol Fe)
single and bi-solute adsorption edges for Pb(II). All bi-solute modeling are predictions
using the parameters shown in Table 4.1, Table 4.5, and Table 4.2.
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Figure 4.20 shows the pH adsorption edges for the Pb-Cd bi-solute system at high
surface coverage (Γmax = 0.2672 mol TOT Me / mol Fe). The TLM predicted Pb(II)
adsorption well over the entire pH range (f = 0.71%). For Cd(II), the model performed
satisfactorily (f = 1.14%). The extent of the competition between the metal ions is shown
in Figure 4.20b and Figure 4.20c for Cd(II) and Pb(II), respectively. It was observed that
at high surface coverage, Cd(II) was affected by the presence of Pb(II) in solution as
there was an obvious shift to the right of the adsorption edge data (Figure 4.20b). Figure
4.20c shows, again, that Pb(II) did not respond to the occurrence of Cd(II) in solution
even at high surface coverage; the Pb(II) experimental adsorption data was not affected
by the presence of Cd(II) and this behavior was also evident in the isotherm data.
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Figure 4.20 a. High coverage (Γmax = 0.2672 mol TOT / mol Fe) Cd-Pb bi-solute
adsorption edges. b. High coverage (Γmax = 0.1805 mol Cd / mol Fe) single and bi-solute
adsorption edges for Cd(II). c. High coverage (Γmax = 0.0915 mol Pb / mol Fe) single and
bi-solute adsorption edges for Pb(II). All bi-solute modeling were predictions using the
parameters shown in Table 4.1, Table 4.5, and Table 4.2
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4.3.

SUMMARY
In this Chapter, the adsorption of single and bi-solute data of two divalent metals,

Cd(II) and Pb(II) onto ferrihydrite (HFO) was modeled using the Triple Layer Model.
Very careful consideration was given to the selection of surface complexation reactions
and to the choice of the surface site density parameter.

All surface complexation

reactions selections were supported by evidence from extended x-ray absorption fine
structure spectroscopy (EXAFS), and a fixed surface site density value based on tritium
exchange experiments was used (Ns = 10.2 sites /nm2).
Ferrihydrite was modeled with the assumption of one average surface site.
Cadmium and lead adsorption were modeled by forming mononuclear inner-sphere
bidentate and monodentate surface complexes with ferrihydrite. For cadmium, solid
solution formation was incorporated into the model, and the cadmium hydroxide
solubility constant was adjusted to account for non-ideal solid solution behavior.
The TLM model results described the data reasonably well. The TLM parameters
were optimized for single solute adsorption and then used, without any modification, to
predict adsorption in single and bi-solute systems over a range of experimental
conditions. The model was able to predict the competitive adsorption behavior of
cadmium and lead in all of the bi-solute systems except for the medium coverage pH
adsorption edge.
Overall, the TLM performed acceptably and it seemed that the appropriate
selection of surface complexation reactions and the surface site density parameter played
a central role to its success.
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CHAPTER 5: SURFACE COMPLEXATION MODELING OF HEAVY
METALS ION SORPTION ONTO GOETHITE IN SINGLE- AND BISOLUTE AQUEOUS SYSTEMS

5.1.

INTRODUCTION
Goethite was selected as the second model adsorbent in this research for two

primary reasons, first it occurs frequently in nature, either as a separate mineral or as a
coating on other minerals, and is often responsible for controlling the fate and transport
of metal ions in natural systems. Second, it is readily synthesized in the laboratory, and a
significant amount of spectroscopic information for examining the structure of adsorbed
metal ions on its surface is available. Reported values for specific surface areas of
laboratory-synthesized goethite vary from 11 m2/g to 153 m2/g, and the particular value
depends on the Fe(III):OH ratio used, the rate of base titration of the iron salt used in the
preparation, and the time and temperature during crystallization (Kosmulski et al., 2004).
While the morphology of synthetic goethites varies depending on the preparation method,
research has shown that goethites having specific surface areas > 50 m2/g are typically
present as elongated needles with a rhomboidal cross-section. The sides of the needles
(110 faces) contribute up to 90 percent of the surface area and the 021 faces form the
ends. The image shown in Figure 5.1 has been used to represent the morphology of
goethites (Manceau et al., 2000).
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Figure 5.1

Proposed morphology of synthetic goethite (after Manceau et al., 2000)

Potentiometric titration data were collected to characterize the bulk acidity of the
goethite surface, and adsorption of Pb(II) and Cd(II) onto goethite in single- and bi-solute
systems was measured over a range of pH and surface loading conditions. The titration
data and the single-solute adsorption data were then used in conjunction with previously
published crystallographic data, theoretical analysis of goethite surfaces, and XAS results
to guide the selection and calibration of triple layer surface complexation parameters and
reactions. The calibrated model was then tested for its ability to predict sorption in bisolute systems. All of these results are reported in this chapter.

5.2.
5.2.1.

RESULTS AND DISCUSSION
Overview
Four of the Triple Layer Model parameters were selected based on theoretical

calculations of the goethite surface or previous experimental measurements of the surface
properties. These parameters were fixed prior to any modeling performed in this research
and were not allowed to vary in either the potentiometric titration or the single- and bi132

solute modeling. Experimental titration results were used to estimate several parameters
int
required in the TLM including the background electrolyte equilibrium constants ( K cat
int
and K an
), and one of the two capacitance terms (C1). Additionally, titration experiments

were used to estimate the point of zero charge (pHPZC) of the adsorbent. Single solute
adsorption isotherm experimental results (and on one occasion, adsorption edges) were
int
used to estimate the binding constant ( K Me
) for each of the adsorbing metal ions. Once
int
the optimized value of K Me
was determined, no adjustment to the model parameter was

allowed.

In addition to surface complexation constants, the modeling incorporated

aqueous complexation constants, obtained from the updated Mineql+ v4.0 database
(Schecher and McAvoy, 2000) and compared with the constants reported by Smith et al.
(2004) and bulk solubility constants.

5.2.2.

Fixed Triple Layer Model Parameters
The fixed parameters used throughout all the goethite modeling process were: a)

goethite surface area (SAgoethite); b) surface site density (Ns); c) the outer-layer capacitance
(C2); and d) the acid-base equilibrium constants (log K +int and log K −int ). The goethite
surface area (SAgoethite) measured by using BET surface area analysis and described in
Chapter 3 was 62.92 ± 0.54 m2/g. For simplification, a value of 62.9 m2/g was used for
all goethite modeling performed in this investigation. The SAgoethite = 62.9 m2/g is in very
close agreement with the value reported by Peak et al. (1999) of SAgoethite = 62.5 m2/g,
which used the same goethite preparation procedure described in this research. It was
also relatively close to the value reported by Spadini et al. (1994) of 66 m2 / g ± 3 m2 / g
who conducted spectroscopic analysis of Cd adsorption onto goethite.
The surface site density (Ns) used in all the modeling performed in this
dissertation was estimated based on tritium exchange experiments (Yates, 1975; Yates et
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al., 1977) for goethite in which Ns was estimated to be 16.4 sites/nm2. This value was
also used by Sahai and Sverjensky (1997a) in their TLM study and is similar to the
theoretical value reported by Rustad et al. (1996) in molecular modeling studies. The
outer-layer capacitance value, C2, was fixed at 0.2 F/m2 based on experimental methods
measuring the capacitance of the AgI-electrolyte interface (Pieper and deVooys, 1974)
and supported by measurements of the impedance on ion-sensitive transistors coated with
SiO2 (Bousse and Bergveld, 1983). This value has been used in many previous TLM
studies with goethite (e.g., Hayes et al., 1991; Sahai and Sverjensky, 1997a). The acid
base equilibrium constants (log K +int and log K −int ) were fixed throughout the modeling,
but were based on an estimate of the pHPZC obtained from the potentiometric titration
results. Estimation of the pHPZC is further discussed in the following section.

5.2.3.

Potentiometric Titrations
Potentiometric titrations of goethite at three different ionic strengths are shown in

Figure 5.2. The point of zero salt effect (pHPZSE) was used to estimate a pHPZC = 9.1 as
shown by the intersection point of the titration curves collected at three different ionic
strengths (0.01, 0.08, and 0.31 N NaNO3). This value is slightly higher than the value of
8.9 calculated from a somewhat theoretically based equation which incorporates the
dielectric constant (ε) and the Pauling bond strength per unit bond length, in Å, (s / rM-OH)
of the central metal ion in the adsorbent (Fe in the case of goethite). Three constants in
the equation are determined through regression of zero points of charge of numerous
oxide minerals (Sahai and Sverjensky, 1997b). The measured value, however, agrees
very well with previous estimated results for goethite (Antelo et al., 2005; Filius et al.,
1997; Lumsdon and Evans, 1994; Spark et al., 1995; Venema et al., 1996; Villalobos and
Leckie, 2000; Weng et al., 2005) in which the experimentally determined values ranged
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Figure 5.2 Goethite titrations performed at three different ionic strengths (0.01; 0.08;
and 0.31 N NaNO3). Solid, dashed and dotted lines are obtained by fitting the
int
=
experimental data using the triple layer model (TLM). Model parameters used: log K cat
int
-10.04; log K an
= 7.95; log K +int = 6.19; log K −int = -11.79; C1 = 0.95 F/m2; C2 = 0.2 F/m2;
SAgoethite -= 62.9 m2/g, and Ns = 16.4 sites/nm2.

from 9.1 to 9.48. Lower goethite pHPZC values varying from 7.5 to 9 have also been
documented, but these low values are speculated to result from carbonate contamination
of the goethite (Lumsdon and Evans, 1994).
The ∆pKa value [0.5*(log K +int + log K −int )] used in the TLM modeling was
predicted based on the method of Sahai and Sverjensky (1997a) in which the Pauling
bond strength per unit bond length, in Å, (s / rM-OH) of the central metal ion in the
adsorbent is the dependent parameter of equation 2-39 that was regressed using data from
Davis et al. (1978). As shown in Chapter 2, the equation is:
135

⎛ s
∆pK = 12.692 * ⎜⎜
⎝ rM −OH

⎞
⎟⎟ + 3.537
⎠

................................................................ 2-39

A brief summary of this approach is described in Chapter 2 and the complete
theory derivation can be found elsewhere (Sverjensky, 1994; Sverjensky and Sahai,
1996). For goethite, with the predicted ∆pKa = 5.6 (Sahai and Sverjensky, 1997a) and the
estimated pHPZC = 9.1, the acid/base equilibrium constants were calculated as log K +int =
6.19 and log K −int = -11.79 (Equations 2-34 and 2-35).
Three remaining TLM parameters are required: the background electrolyte
int
int
and K an
), and one of the capacitance terms (C1). These
equilibrium constants ( K cat

constants were optimized using FITEQL 4.0 (Herbelin and Westall, 1999) with the
potentiometric titration data shown in Figure 5.2. The solid, dashed and dotted lines in
Figure 5.2 are the results of the FITEQL 4.0 optimization. Table 5.1 displays the fixed
TLM parameters and the optimized TLM modeling parameters resulting from fitting the
potentiometric titration data.
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Table 5.1 Fixed and Optimized Parameters used in for TLM modeling of goethite
potentiometric titration data.

Parameter Type

Value or Reaction

Description

SAgoethite =62.9 m2/g
pHPZC =9.1
Ns =16.4 sites/nm2

∆pKa =5.6
log K +int =6.19
Fixed Parameters

Adsorbent Surface
Properties

≡SOH0 + H+ Ù ≡SOH2+
log K −int =-11.79

≡SOH0 Ù ≡SO- + H+
C2 =0.2 F/m2

Outer Layer Capacitance

IS =0.1 N NaNO3

Background Electrolyte

int
log K cat
=-10.04

FITEQL Optimized
Parameters
F = 12.95

≡SOH + Na+ Ù ≡SONa + H+
int
log K an
=7.95

Background Electrolyte
Sorption Equilibrium

≡SOH + NO3- + H+ Ù ≡SOH2NO3
C1 =0.95 F/m2
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Inner Layer Capacitance

5.2.4.

Goethite Surface Sites
Crystallographic studies indicate that goethite has two dominant crystal planes:

110 and 021 (Schwertmann and Cornell, 2000; Weidler et al., 1996) and based on the
length of the goethite crystals it was estimated that the 110 plane accounts for 90% of the
goethite surface area while the 021 plane accounts for the remaining 10% (Venema et al.,
1996). The 021 plane is believed to contain high affinity sites for adsorbates according to
EXAFS results (Manceau et al., 2000; Venema et al., 1996). While the percentage of 021
plane surface area to the 110 plane surface area will vary depending on the morphology
of the surface, modeling studies conducted by Venema et al. (1996) showed that model
results were similar on two goethites for which the 021 face differed by 10 percent.
Therefore, goethite was modeled in this investigation as having two adsorption sites with
the following site distribution: 10% high affinity sites and 90% low affinity sites.

5.2.5.

Cadmium Single Solute Sorption
5.2.5.1
Selection of Surface Complexation Reactions from Spectroscopic
Evidence
All of the x-ray absorption spectroscopic evidence available suggests that Cd(II)

forms inner-sphere surface complexes when adsorbing onto metal (hydr)oxides including
aluminum oxides (Papelis, 1995) and iron (hydr)oxides (Boily et al., 2005; Manceau et
al., 2000; Randall et al., 1999; Spadini et al., 1994; Venema et al., 1996).
The first major XAS study examining Cd(II) sorption to goethite was conducted
by Spadini et al. (1994). In their original analysis of the XAS data, they suggested that
Cd(II) adsorbs as predominantly tridentate or quadradentate complexes on the high
energy surface planes with some contribution from bi and monodentate complexes. On
the lower energy 110 and 100 planes, bidentate complexes predominate. In modeling
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Cd(II) adsorption, Venema et al. (1996) used the work by Spadini et al. (1994) and
crystallographic evidence to support the use of tridentate surface complexes on the high
affinity 021 surface sites in their CD-MUSIC modeling effort.
In a later discussion of Spadini’s work (Spadini et al., 1994), Manceau et al.
(2000) backed off from the suggestion of quadradentate sorption as they suggested that
the high energy sites located on the 021 plane form edge sharing complexes with
adsorbed Cd(II) as shown in Figure 5.3 (Manceau et al., 2000). This finding is in
agreement with that of Randall et al. (1999) where an ab initio calculation using Density
Functional Theory (DFT) resulted in the same conclusion. Accordingly, two possible
surface complex structures can fit onto the 021 plane as shown in Figure 5.3. One of the
structures is a single edge sharing bidentate complex, and the other one is double edge
sharing tridentate complex, that adsorbed onto a type C surface site (doubly coordinated
to Fe atoms).

Based on ab initio calculations, the double edge cluster (tridentate

structure) is more stable and more energetically favorable (Randall et al., 1999).
According to these coordination structural analyses, it seems to be appropriate to
choose a tridentate surface reaction for the modeling effort. However, Koretsky et al.
(1998) used several methods to count surface sites based on crystallography data, and
they found that using a method that counts each broken bond on a near-surface atom as
one site agrees well with tritium exchange estimation.

For example, a three-fold

coordinated surface metal atom was counted as one site (e.g., double edge coordination as
shown in Figure 5.3), and a two-fold coordinated surface atom was counted as two sites
(Koretsky et al., 1998). Consequently, using a tridentate surface reaction in the modeling
effort to describe the double edge structure (which occupies three sites) would not be
consistent with the tritium exchange estimation of the surface site density which counts
only one site for the double edged coordination. Further, the three-fold coordinated site
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Double Corner

Single Corner

Double Edge

Single Edge

Figure 5.3 Potential Cd(II) sorption complexes proposed by Manceau et al. (2000).
The E and the C refer sorption to the edge (E) or corner (C) of an Fe octahedron and the
superscript on the left refers to the number of bonds between Fe and Cd octrahedra.
Possible coordinate structures of corner and edge sharing complexes are based on ab
initio calculation results (Randall et al., 1999). Figure adapted from Manceau et al.
(2000) and Randall et al. (1999).

is not considered to be proton active, and was not accounted for in the potentiometric
titration data. Thus, to provide consistency between the tritium exchange estimation of
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the surface site density and the potentiometric titration data, bidentate surface reactions
were used in this work for modeling Cd(II) adsorption onto strong affinity sites where
three-fold surface Fe atom coordination was speculated to form. Moreover, even though
Venema et al. (1996) used tridentate reactions in their modeling, they did not include
these type C sites in their surface acidity estimates.
Support for the formation of bidentate corner sharing complexes on the 110 low
affinity planes was also provided by other research investigations (Parkman et al., 1999;
Randall et al., 1999). These researchers did not identify any cadmium adsorption
complexes that were consistent with sorption to the high affinity 021 surface sites most
likely due to the limited range of surface coverages examined (Manceau et al. 2000).
Based on these more recent results, TLM surface reactions for Cd(II) ion
adsorption onto goethite incorporated bidentate, inner-sphere surface complexes onto two
types of surface sites (i.e., low and high affinity surface sites) with the following
distribution Nst = 10% and Nwk = 90%. The nomenclatures, Nst and Nwk, are used
throughout this dissertation, where Nst (“strong” surface sites) designates high affinity
surface sites and Nwk (“weak” surface sites) designates low affinity surface sites. In
addition, no surface precipitation nor surface polymerization reactions were included in
the modeling because there is no EXAFS spectroscopy evidence supporting these
mechanisms for Cd(II) adsorption onto goethite (Spadini et al., 1994) even at high
coverage (2.02 µmol / m2).

5.2.5.2
TLM Calibration of Cd(II) Single-Solute Sorption Reaction
Constants
Figure 5.4 shows the FITEQL 4.0 (Herbelin and Westall, 1999) fit obtained by
optimizing the two bidentate inner-sphere surface complexation reaction constants,
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Figure 5.4 Cadmium single solute isotherm data and model calibration results
performed at pH 7. The thin solid line dashed lines represent the contributions to the
total sorption from the weak and strong sites respectively. The TLM constants for the
surface complexation reactions for these model results are: log K Biint− St = 3.90 and
log K Biint− wk = -0.15
log K Biint− St for strong sites and log K Biint− wk for weak sites, to data from an isotherm
experiment conducted at pH 7. The calibration was performed using the TLM parameters
listed in Table 5.1 and aqueous speciation constants from Mineql+ (Schecher and
McAvoy, 2000).

Table 5.2 shows the two reaction stoichiometries and the optimized equilibrium
constants for the bidentate, inner-sphere surface reactions (weak and strong sites) used to
fit the cadmium isotherm data. The TLM fit the isotherm experimental data reasonably
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Table 5.2

Cd(II) sorption equilibrium constants fit using FITEQL 4.0
Reaction

Log KBi

(≡SOHwk)2 + Cd2+ Ù (≡SOwk)2HCd+ + H+

-0.15

(≡SOHst)2 + Cd2+ Ù (≡SOst)2HCd+ + H+

3.90

F value
40.17

well. The F value obtained from FITEQL for the optimization was 40.17 and the f value
calculated from the results was 1.43% indicating marginal agreement between the model
calibration and the experimental data.
Examination of the distribution of the strong and weak sites is shown in Figure
5.4, by the thin solid line (weak sites) and the dashed line (strong sites) indicates that the
strong sites dominate over the majority of the data. This result is consistent with the
work of Spadini et al. (1994), which showed a transition from strong to weak sites
between 0.22 µmol / m2and 1.35 µmol / m2.
5.2.5.3

TLM Predictions of Cd(II) Adsorption

Figure 5.5 shows the TLM predictions for two low coverage cadmium adsorption
edges. The surface coverage, shown on the secondary y-axis, and corresponding to the
percent adsorbed on the primary axis varies from 0 to 0.308 µmol Cd / m2 or 0.438 µmol
Cd / m2 for the two edges, respectively. The model results (f values less than 0.3%)
suggest that the TLM model adequately predicted the adsorption behavior of cadmium
pH adsorption edge data at low surface coverage conditions, and the proton stoichiometry
appears to fit the slope of the data well. Even though no spectroscopic data was available
for low surface coverage data, the majority of the adsorption is expected to occur on
strong surface sites as predicted for both sets of data.
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Figure 5.5 Low coverage, A) Γmax = 0.308 µmol Cd / m2 and B) Γmax = 0.438 µmol Cd
/ m2, Cd(II) single solute adsorption edges. The thin solid and dashed lines represent the
TLM strong and weak site predictions using the following constants: log K Biint− St = 3.90
and log K Biint− wk = -0.15 in addition to the surface complexation parameters shown in Table
5.1 and aqueous speciation constants from Mineql+.
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Figure 5.6 shows the TLM prediction for a medium coverage Cd(II) adsorption
edge. The Cd(II) surface coverage varied from 0 to 2.219 µmol Cd/m2. The solids
concentration (Cs) in this experiment was similar to the Cs in the low coverage
experiment (Figure 5.5) but the total cadmium concentration (CdT) was about five times
that of the low coverage experiment. As shown in Figure 5.6, the TLM model predicted
the adsorption behavior well with an f value of 0.15%. The increased contribution of
weak adsorption sites to the overall adsorption prediction is expected because the total
surface coverage exceeds the total number of high density surface sites available. Thus,
adsorption to the weaker sites begins to play a significant role in the adsorption.
The TLM prediction for a high coverage cadmium adsorption edge is shown in
Figure 5.7.

Under these conditions, the model predicted the onset of aqueous

precipitation of cadmium hydroxide (Cd(OH)2(s) above pH ≅ 8.6, Γ ≅ 4.7 µmol Cd / m2.
No spectroscopic data were collected under these conditions to verify the presence of a
bulk precipitate; however, the TLM model predicted the overall removal under these
conditions very well (f=0.14%) without the need to modify any thermodynamic
constants. In addition, the surface coverages for which both strong and weak site
adsorption are evident are consistent with published spectroscopic results (Manceau et
al., 2000; Spadini et al., 1994) in which corner sharing Cd coordination (weak site)
becomes predominant at surface coverage higher than 1.35 µmol Cd/m2.
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Figure 5.6 Medium coverage (Γmax = 2.219 µmol Cd / m2) Cd(II) single solute
adsorption edge using constants shown in Table 5.1 and 5.2, and aqueous speciation
constants from Mineql+.
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Figure 5.7 High coverage (Γmax = 9.084 µmol Cd / m2) Cd(II) single solute adsorption
edge. Log K Biint− St = 3.90, log K Biint− wk = -0.15, and logKsp = -14.35 from Mineql+ v4.0
database (Schecher and McAvoy, 2000).
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5.2.6.

Lead Single Solute Adsorption

5.2.6.1
Selection of Lead – Pb(II) Surface Complexation Reactions from
Spectroscopic Evidence
In the earliest spectroscopy investigation of Pb(II) sorption to geothite, Roe et al.
(1991) stated that Pb(II) adsorbed onto goethite forming inner-sphere complexes. No
attempt to elucidate the particular type of inner-sphere complex was made in this
research. Several more recent EXAFS spectroscopy studies have shown that Pb(II)
adsorbs onto iron hydr(oxides) forming mononuclear bidentate surface complexes
(Bargar et al., 1997; Manceau et al., 1992; Trivedi et al., 2003). Bargar et al. (1997)
concluded that, for all experimental conditions investigated (6.02 ≤ pH ≤ 7.99), Pb(II)
adsorbed on both goethite and hematite by forming an edge-sharing mononuclear
bidentate complex with Fe octahedral.

Manceau et al. (1992) reached the same

conclusion as Bargar et al. (1997), investigating Pb(II) adsorption onto ferrihydrite (pH =
6.5). Trivedi et al’s (2003) work with ferrihydrite was also consistent with Bargar et al.
(1997) and Manceau et al. (1992) for data collected above pH ≥ 5.0. However, Trivedi
et al. (2003) discovered the existence of two Pb-Fe bond average radial distances [R(Å) =
3.34 and 3.89] at pH 4.5, which could be an indication of the presence of two sorption
complexes: one monodentate and one bidentate (Trivedi et al., 2003). No evidence for
the formation of surface precipitates of Pb(II) on goethite have been reported in the
literature.
Based on the spectroscopic evidence presented, a bidentate inner-sphere surface
complexation reaction was selected for modeling weak site adsorption of Pb(II) to
goethite.

The lack of spectroscopic evidence to support or dispute the use of a

monodentate Pb(II) surface complex on goethite at low pH (typically corresponding to
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low surface coverage) presents a dilemma for modeling low pH data in this research.
Other researchers have utilized spectroscopic results from ferrihydrite for guiding the
selection of goethite surface reactions. Xu et al. (2006) and Bargar et al. (1997) suggest
the use of goethite to understand the structure of ferrihydrite surface complexes. Thus,
the decision was made to include a second surface complexation reaction for strong sites
since these strong sites would be expected to dominate at low pH. A bidentate reaction
was selected based on the evidence for multidentate surface complexes for cadmium on
the 021 plane of goethite.

5.2.6.2
TLM Calibration of Pb(II) Single-Solute Sorption Reaction
Constants
Data presented in Figure 5.8 and Figure 5.9 were used to optimize the Pb(II)
surface equilibrium constants, log K Biint− St and log K Biint−Wk , for the two reactions shown in
Table 5.3. Based on the slope of the pH adsorption edges, low surface coverage data
below pH 4 was used to optimize the bidentate strong site Pb(II) adsorption constant,
log K Biint− St with zero proton release. The optimized value for log K Biint− St was then fixed
and used in a model calibration that included the bidentate weak site reaction (one proton
release). The weak site reaction constant was optimized to edge adsorption data collected
at medium surface coverage and pH ≥ 4.5, shown in Figure 5.9. The values of the two
Pb(II) surface reaction constants and the reaction stoichiometry required to fit the slopes
of the adsorption edges are shown in Table 5.3. Due to the differences in the approach
used to fit these constants, no F statistic was reported for this calibration method.
However, the f values were low for both adsorption edges, and the model results using
this optimization procedure appears to provide very good fits (f < 1.00%) to the pH
adsorption edges at both low and medium surface coverage (Γmax = 0.269 µmol Pb / m2
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and Γmax = 1.861 µmol Pb / m2) as shown in Figure 5.8 and Figure 5.9 respectively.
Indeed, the model results plotted for these adsorption edges include both the strong and
weak site reactions.
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Figure 5.8 Low coverage (Γmax = 0.269 µmol Pb / m2) Pb(II) single solute pH
adsorption edge data used to optimize log K Biint− St = 16.99 and model results incorporating
both log K Biint− St = 16.99 and log K Biint−Wk = 4.94, the additional parameters shown in Table
5.1, and aqueous complexation reactions included in the Mineql+ database.
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Figure 5.9 Medium coverage (Γmax = 1.861 µmol Pb / m2) Pb(II) single solute pH
adsorption edge data used to optimize log K Biint−Wk = 4.94 and model results incorporating
both log K Biint− St = 16.99 and log K Biint−Wk = 4.94, the additional parameters shown in Table
5.1, and aqueous complexation reactions included in the Mineql+ database.

Table 5.3

Pb(II) sorption equilibrium constants fit using FITEQL 4.0
Reaction

Log K

(≡SOHwk)2 + Pb2+ Ù (≡SOwk)2HPb+ + H+

4.94

2+

(≡SOHst)2 + Pb

Ù (≡SOHst)2Pb
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2+

F value
NA

16.99

5.2.6.3

TLM Predictions of Pb(II) Adsorption

Figure 5.10 shows the TLM prediction for isotherm data collected at pH 5. The
pH of this isotherm is lower than the Cd(II) isotherm because Pb(II) sorbs more strongly
than Cd(II), and at pH 7 the aqueous Pb(II) concentration from sorption samples is
difficult to quantify due to the large extent of Pb(II) sorption for the range of surface
coverages investigated.

The data provided in Table 5.1 and in Table 5.3 were

incorporated into MINEQL+ to generate TLM model predictions. The TLM predicted
the isotherm data well (f = 0.26%) and suggested that as the surface coverage decreases,
the strong sites bidentate surface reaction can dominate at pH 5, which would suggest
that the distribution between strong and weak bi-dentate surface complexes is a function
of both surface coverage and pH.
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Figure 5.10 Lead single solute isotherm performed at pH 5 using the following
constants: log K Biint− St = 16.99 and log K Biint−Wk = 4.94 in addition to the parameters shown in
Table 5.1.
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TLM modeling using the set of parameters shown in Table 5.1 and Table 5.3
resulted in a very good prediction of the pH adsorption edge data at low Pb(II) surface
coverage as shown in Figure 5.11. As with the isotherm model predictions, no constants
were modified to predict the data. The range of surface coverage varied from 0 to 0.356

µmol Pb / m2 in this experiment conducted with a solids concentration, Cs = 3.94 g/L and
PbT = 8.82 x 10-5 M. As with the other low coverage adsorption edge and the isotherm,
these model predictions suggest that the distribution between strong and weak sites is a
function of both pH and surface coverage.
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Figure 5.11 Low coverage (Γmax = 0.356 µmol Pb / m2) lead single solute adsorption
edge. The thin solid and dashed lines represent the TLM prediction of the extent of
adsorption to the weak and strong sites, respectively, using constants in Table 5.1,
log K Biint− St = 16.99, and log K Biint−Wk = 4.94, and aqueous complexes from Mineql+.
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The TLM prediction for a high coverage lead pH adsorption edge is shown in
Figure 5.12. The model predicted the onset of an aqueous crystalline Pb(OH)2(s) phase
(logKsp = -19.85) at pH ≅ 6, Γ ≅ 4.4 µmol Pb / m2 ( approximately 59% adsorption).
While the TLM model predicted the percent removal very well below this point, the
model overpredicted the data collected for greater removal or pH > 6. Comparison of the
model results to the data in this region suggested that bulk precipitation did not occur to
an appreciable extent in our systems, which implies that the kinetics of the formation of a
thermodynamically stable Pb precipitate was slow relative to the timeframe of this
experiment (48 hours). Without inclusion of the precipitate phase, the model provided a
better fit to the data; however, it still slightly overpredicted the extent of sorption at
higher pH.
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Figure 5.12 High coverage (Γmax = 7.340 µmol Pb / m2) lead single solute adsorption
edge. The solid and dotted lines represent the TLM prediction using constants in Table
5.1, log K Biint− St = 16.99, and log K Biint−Wk = 4.94. A. Considering aqueous precipitation of
Pb(OH)2(s) and B. without aqueous precipitation reaction.
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5.2.7.

Predictions in Bi-solute systems
As described in Chapter 2, surface complexation models (SCMs) have been

successfully used to predict metal ion adsorption in single-metal systems over a range of
pH, ionic strength and metal ion concentrations for a variety of metal oxides, clays,
natural soils, and unusual adsorbents. In contrast, SCMs have not been extensively nor
successfully used to describe systems in which competition for adsorption sites among
metal ions in solution may occur (Balistrieri and Murray, 1982; Boily et al., 2001; Cowan
et al., 1991; Goldberg, 1992; Palmqvist et al., 1999; Srivastava et al., 2005; Zachara et
al., 1987). However, prediction of bi-solute data is a relatively rigorous test of model
performance, and can often be used to determine whether sufficiently high site densities
have been employed in surface complexation modeling. Thus, to further validate the
selection of SCM parameters selected in the previous phase of research, bi-solute data
were collected for Pb(II)/Cd(II) isotherms and pH adsorption edges.

This section

presents these data and the TLM model predictions obtained using the TLM parameters
determined from single-solute Cd(II) and lead Pb(II) adsorption data onto goethite.

5.2.7.1

Isotherms

Pb(II) adsorption data and TLM model results for pH 5, single solute (SS) Pb(II)
and bi-solute (BS) Pb(II)-Cd(II) isotherms are shown in Figure 5.13. The single solute
isotherm and model results are the same as shown in Figure 5.10. The experimental data
for the bi-solute isotherm were obtained for experimental systems in which the solid
concentration was held constant in a series of reactors, and the total amount of Cd(II) and
Pb(II) added to a particular reactor in a series was equal. Note that the single solute data
and modeling, and bi-solute data and modeling superimpose with each other. Not only
does this indicate that the adsorption of Pb(II) is unaffected by the presence of Cd(II) in
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the system, it also demonstrates the level of reproducibility of the experiments. That the
extent of Pb(II) sorption in the bi-solute system shows little impact from Cd(II) is not
surprising given that adsorption of Cd(II) was minimal at pH 5 throughout the range of
surface coverage conditions examined in the single-solute pH adsorption edges. Thus,
Pb(II) is a much stronger adsorbate than Cd(II).
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Figure 5.13 Pb(II) adsorption data and TLM predictions for single-solute Pb(II) and bisolute (Pb-Cd) isotherm experiments and of at pH 5. Surface complexation parameters
are listed in Tables 5.1, 5.2 and 5.3.

Figure 5.14 shows the Cd(II) adsorption data and TLM model results for single
(SS) and bi-solute (BS) isotherms for Cd(II) conducted at pH 7 using the same approach
as used for the isotherm conducted at pH 5. The single-solute isotherm is the same as
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shown in Figure 5.4. The experimental data for the bi-solute isotherm were obtained
when Cd(II) and Pb(II) were added at the same initial concentrations in each reactor. The
experimental data and model prediction clearly show the competition between the two
divalent metal ions, as there is a significant decrease in Cd(II) adsorption at surface
coverages greater than 0.4 µmol/ m2. The TLM modeling of the bi-solute data was
performed using the parameters shown in Table 5.1, 5.2 and 5.3 (same parameters used
for the single solute system), and no adjustments of any kind were performed. While the
model captured the shape of the bi-solute isotherm, it did not predict the bi-solute data
well (f = 5.75%), especially at low surface coverage where the data did not show any
competitive effect and the model predicted a decrease in Cd(II) adsorption.

The

discrepancy between the model prediction and the data at low coverage is likely due to
the fact that more than 90 percent of the total amount of Cd(II) added to the system was
adsorbed in these samples. For the sample with the lowest aqueous concentration, the
percent adsorbed was greater than 95%, and the aqueous concentration was approaching
the practical detection limit of the ICP.
The model did appear to capture the trend in the bi-solute data at higher aqueous
concentration.

In fact, it did a reasonably good job of predicting the kink in the

adsorption data for the data point located at 10-3 M Cd(II). The shape of the bi-solute
isotherm up to and including the decrease at 10-3 M Cd(II) is expected for the weaker
adsorbate in a competitive adsorption experiment. Since Cd(II) is a weaker adsorbate
than Pb(II), as shown by the equilibrium constants listed in Table 5.2 and Table 5.3,
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Figure 5.14 Cadmium bi-solute (Cd-Pb) isotherm performed at pH 7. The solid line
represents the TLM fit of the single solute (SS) isotherm while the dashed line represents
the TLM prediction of the bi-solute (BS) isotherm data. Model parameters are presented
in Table 5.1, Table 5.2 and Table 5.3.

it is expected that Cd(II) adsorption would decrease as the available adsorption sites
decrease. The increase in Cd(II) adsorption after 9 x 10-4 M Cd was due to a change in
sorption mechanism from adsorption to precipitation for initial Pb(II) concentrations
exceeding 10-3 M. As Pb(II) was precipitated rather than adsorbed, more adsorption sites
were available for Cd(II) adsorption. This behavior was confirmed by examining the
TLM model results shown in Figure 5.15. These model predictions of the amount of
metal ion adsorbed in units of µmoles/L of solution versus the initial amount of metal ion
added to the system show that essentially all Pb(II) added to a system containing 4.01 g/L
of goethite at pH 7 was adsorbed onto the goethite surface up until 10-3M of Pb(II) are
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added. At higher initial Pb(II) concentrations, precipitation was the predicted dominant
mechanism for Pb(II) removal; however, there was still a significant amount of Pb(II)
adsorbed to the goethite surface. Thus, while the Cd(II) isotherm model prediction
tended to increase after the onset of Pb(II) precipitation, it did not approach the singlesolute Cd(II) isotherm prediction.

As shown in Figure 5.14 at high aqueous

concentration, the single solute isotherm and the bi-solute isotherm were essentially
parallel.

Pb(II) / Cd(II) Adsorbed (M)
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Figure 5.15 TLM results for Pb(II) -Cd(II) bi-solute isotherm experiment conducted at
pH 7. The total concentration of each metal ion added to the system is plotted on the
abscissa and the predicted concentrations of adsorbed Pb(II) and Cd(II) are plotted on the
ordinate in units of moles Pb(II) or moles of Cd(II) per liter of solution.

While the bi-solute data were relatively consistent with the model predictions, the
model overpredicted the amount of Cd(II) removal even at the kink in the isotherm. This
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overprediction for Cd(II) is likely due to the fact that Pb(II) precipitation was
overpredicted in the single-solute experiments as shown in Figure 5.12. In addition, the
bi-solute data point at 10-2 M aqueous Cd(II) was not consistent with the modeling results
or the trends in adsorption. While the location of the data point may suggest aqueous
precipitation, the model failed to predict Cd precipitation for these conditions. Further
research would be required to confirm the presence of a precipitate in this system.

5.2.7.2

Bi-solute Modeling of pH Adsorption Edges

Figure 5.16 shows the pH adsorption edges for the Pb-Cd bi-solute system at low
surface coverage (Γmax = 0.560 µmol TOT Me / m2). As in the ferrihydrite approach,
same TLM modeling parameters used for the single solute systems were used to model
the bi-solute adsorption edge data. As was discussed above, Pb(II) is a stronger adsorbate
than Cd(II), and Figure 5.16a graphically shows this trend: at pH 5; Pb(II) was 100%
adsorbed while less than 10% of Cd(II) was adsorbed.

The TLM predicted Pb(II)

adsorption very well over the entire pH range. In the case of Cd(II) adsorption, the model
did not perform as well, but the prediction is still acceptable (f = 0.83%). The impact of
competition on each metal ion is shown in Figure 5.16b and Figure 5.16c for Cd(II) and
Pb(II), respectively. It is observed that even at low surface coverage, Cd(II) was slightly
affected by the presence of Pb(II) in solution as there was a small but noticeable shift in
the adsorption edge data to the right (Figure 5.16b). Figure 5.16c shows that Pb(II) did
not respond to the presence of Cd(II) in solution. Again, this is anticipated, especially at
low surface coverage.
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Figure 5.16 a. Low coverage (Γmax = 0.560 µmol TOT / m2) Cd-Pb bi-solute adsorption
edges and model predictions. b. Low coverage (Γmax = 0.308 µmol Cd / m2) single and
bi-solute adsorption edges for Cd(II). c. Low coverage (Γmax = 0.269 µmol Pb / m2)
single and bi-solute adsorption edges for Pb(II). All bi-solute modeling are predictions
using the parameters shown in Tables 5.1, 5.2, and 5.3.
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Figure 5.17 shows the pH adsorption edges for the Pb-Cd bi-solute system at
medium surface coverage (Γmax = 4.022 µmol TOT / m2). The TLM predicted Pb(II)
adsorption very well over the entire pH range (f = 0.30%). The model also performed
well for Cd(II) adsorption, slightly overpredicting adsorption at the high end of the pH
edge (pH ≥ 7.5). The impact of competition on each metal ion is shown in Figure 5.17b
and Figure 5.17c for Cd(II) and Pb(II), respectively. At medium surface coverage, Cd(II)
adsorption was significantly affected by the presence of Pb(II) in solution, as there was
an obvious shift of the adsorption edge data to the right (Figure 5.17b). The bi-solute
modeling also captured this competitive behavior of Cd(II) adsorption in the bi-solute
system. Figure 5.17c shows, again, that Pb(II) did not respond to the presence of Cd(II)
in solution even at medium surface coverage.
Figure 5.18 shows the pH adsorption edges for the Pb-Cd bi-solute system at high
surface coverage (Γmax = 16.420 µmol TOT Me / m2). The TLM predicted Pb(II)
adsorption well over the entire adsorption pH range (f = 0.13%). However, as with the
single-solute system, the model did not perform well when aqueous precipitation of lead
hydroxide was predicted.
For Cd(II), the model performed reasonably well in predicting adsorption (f =
0.93%) and aqueous precipitation. The extent of competition on each metal ion is shown
in Figure 5.18b and Figure 5.18c for Cd(II) and Pb(II), respectively. At high surface
coverage, Cd(II) adsorption was reduced in the presence of Pb(II) in solution as there was
an obvious shift of the adsorption edge data to the right (Figure 5.18b). The bi-solute
model prediction also captured the competitive behavior of Cd(II) adsorption in the bisolute system. Figure 5.18c shows, again, that Pb(II) did not respond to the presence of
Cd(II) in solution even at high surface coverage. However, it is interesting to observe
and compare the trend of the Pb(II) adsorption in the single and bi-solute systems.
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Figure 5.17 a. Medium coverage (Γmax = 4.022 µmol TOT / m2) Cd-Pb bi-solute
adsorption edges. b. Medium coverage (Γmax = 2.219 µmol Cd / m2) single and bi-solute
adsorption edges for Cd(II). c. Medium coverage (Γmax = 1.862 µmol Pb / m2) single and
bi-solute adsorption edges for Pb(II). All bi-solute modeling are predictions using the
parameters shown in Tables 5.1, 5.2, and 5.3.
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In the single solute system, the predicted amount of adsorption remained constant after
aqueous precipitation started (Figure 5.18c). But, in the bi-solute system, the Pb(II)
adsorption line decreased after Pb(OH)2 aqueous precipitation started and prior to the
onset of Cd(OH)2 precipitation. With increasing pH, Pb(II) adsorption removal remained
constant again. Thus, it appears, that the model predicted Cd(II) and Pb(II) sorption
behavior reasonably well in the bi-solute system; however, a better description of Pb(II)
precipitation would be required to more accurately capture the removal of these metal
ions.
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Figure 5.18 a. High coverage (Γmax = 16.42 µmol TOT / m2) Cd-Pb bi-solute adsorption
edges. b. Medium coverage (Γmax = 9.084 µmol Cd / m2) single and bi-solute adsorption
edges for Cd(II). c. Medium coverage (Γmax = 7.147 µmol Pb / m2) single and bi-solute
adsorption edges for Pb(II). All bi-solute modeling are predictions using the parameters
shown in Tables 5.1, 5.2, and 5.3.
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5.3.

SUMMARY
In this Chapter, the data for adsorption of single and bi-solute experiments for two

divalent metals, Cd(II) and Pb(II) onto goethite (α-FeOOH) was modeled using the
Triple Layer Model.

Careful consideration was given to the selection of surface

complexation reactions and to the choice of the surface site density parameter. To the
extent possible, theoretically based or independently determined estimates of the surface
parameters were used. The ∆pKa of 5.6 was based on a semi-empirical correlation
developed by Sahai and Sverjensky (1997b). All surface complexation reactions
selections were supported with evidence from extended x-ray absorption fine structure
spectroscopy (EXAFS) and a fixed surface site density value based on tritium exchange
experiments was used (Ns = 16.4 sites /nm2). The goethite surface was assumed to be
comprised of two active surface sites with the following site distribution: 10% of high
affinity sites and 90% of low affinity sites.
Cd(II) adsorption was modeled using inner-sphere bidentate surface complexes on
both weak and strong goethite surface sites. Pb(II) was also modeled using inner-sphere
bidentate complexes for the weak and strong sites. The TLM parameters were optimized
for single solute adsorption and then used, without any modification, to predict
adsorption in single and bi-solute systems over a range of experimental conditions. The
calibrated TLM predicted data reasonably well in single-solute systems over a range of
conditions, and was able to predict the competitive adsorption behavior of Cd(II) and
Pb(II) in bi-solute systems.
Overall, the TLM performed acceptably well and it seemed that the appropriate
selection of surface complexation reactions and the surface site density parameter played
a crucial role on the success of the TLM for predicting sorption in the bi-solute systems.
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CHAPTER 6: SURFACE COMPLEXATION MODELING OF HEAVY
METALS AND SELENITE SORPTION ONTO GOETHITE IN BISOLUTE SYSTEMS

6.1.

INTRODUCTION
The focus of this chapter is to investigate the adsorption of selenium, Se(IV), onto

goethite in single-solute and bi-solute systems. Se is a vital element required in small
amounts for animal nutrition, but it can generate toxicity symptoms at elevated
concentrations (Goldberg, 1985).

Concerns related to the presence of Se in the

environment were magnified in the 1980s when the Kesterson National Wildlife Refuge
association (CA) demonstrated that Se accumulated in animals and plants at levels that
could be harmful to wildlife (Zhang and Sparks, 1990b). Se occurs in two different
oxidation states in the natural environment, Se(IV) and Se(VI), as the (oxy)anions
selenite (SeO32-) and selenate (SeO42-), respectively.
Investigation of the adsorption of Se(IV) provides an opportunity to test the
strategy used for the TLM modeling adopted in this study (namely, estimated surface site
density from tritium exchange data and spectroscopic constraints on the selection of
surface complexation reactions) in systems involving both cation and anion adsorbates.
Since selenate is a weaker adsorbate than selenite (Balistrieri and Chao, 1987; Peak and
Sparks, 2002; Wijnja and Schulthess, 2000) and has little effect on the adsorption of other
strong cations (Boyle-Wight et al., 2002a; Boyle-Wight et al., 2002b), only selenite was
used in this study. This oxyanion is also on the Environment Protection Agency (EPA)
priority pollutant list (Keith and Telliard, 1979); and therefore, it is of environmental
concern.
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Relatively few studies have focused on selenite adsorption in both spectroscopic
and modeling efforts. Hiemstra and Van Riemsdijk (1999) stated, however, that 2pK
models such as the CCM and TLM are not capable of capturing the bidentate binding
mechanism correctly for selenite adsorption due to poor descriptions of proton release
from the surface reaction sites. Hence, the adsorption modeling of contaminant ions such
as selenite warranted further investigation.

6.2.

RESULTS AND DISCUSSION

6.2.1.

Overview
Following the same modeling strategy as described in Chapter 5 for goethite, six

int
int
, and K cat
) and three goethite surface
of the TLM parameters (Ns, C2, K +int , K −int , K an

property values (SAgoethite, ∆pKa, and pHPZC) were used for selenite single and bi-solute
systems without any adjustment from the values presented in Chapter 5. The only
parameter that required optimization was the binding constant for each selenite
complexation reaction. These parameters were obtained by fitting experimental single
solute adsorption isotherm data as described in previous chapters. Once the optimized
values of K Seint( IV ) were determined, no adjustment to the model parameters was allowed.
As in the Cd(II) and Pb(II) systems, the modeling incorporated aqueous
complexation constants and bulk precipitation in addition to surface complexation
constants.

In addition to the aqueous precipitation reactions found in the Mineql+

database, two more metal-selenite precipitates, cadmium and lead selenite (Elrashidi et

al., 1987; Seby et al., 2001) were also incorporated into this modeling effort.

168

6.2.2.

Selection of Surface Complexation Reactions
Only two XAS studies have been conducted for selenite sorption on solid surfaces

(Hayes, 1987; Manceau and Charlet, 1994) and both concluded that selenite adsorbs onto
goethite by forming inner-sphere bidentate surface complexes. However, the type of
surface reaction site (i.e., high or weak affinity site) was not identified. Several modeling
studies investigating selenite adsorption suggested that both SeO32- and HSeO3participated in surface complexation reactions. While EXAFS results did not provide
evidence for any HSeO3- on goethite (probably due to the small ionic radius of the
hydrogen ion), Zhang and Sparks (1990b) stated that both unprotonated (SeO3-2) and
protonated (HSeO3-) selenite surface species are important in describing selenite
adsorption based on pressure-jump relaxation techniques.

Hence, both SeO32- and

HSeO3- were included in surface complexation modeling in this study. Moreover, based
on the discussions regarding the active types of surface sites on goethite presented in
Chapter 5, two types of surface sites (Nst = 10% and Nwk = 90%) were used to model
selenite and divalent metals onto goethite. Thus, the equilibrium constants of four surface
complexation reactions needed to be optimized to describe selenite adsorption.

6.2.3.

Single Solute Isotherm Fitting for Selenite
The fixed and optimized parameters used for the TLM modeling of goethite

potentiometric titration data are shown in Chapter 5 (Table 5.1) and were used in
conjunction with the selenite isotherm adsorption data shown in Figure 6.1 to optimize
the four selenite binding constants (log K Biint− St − prot ; log K Biint−Wk − prot ; log K Biint− St −un ;
log K Biint−Wk −un ). FITEQL 4.0 was used in the fitting procedure, and at first, all four
equilibrium constants were allowed to float during the optimization. Not surprisingly,
due to the high number of degrees of freedom, this approach did not converge, but it
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provided some insight information regarding the range of the binding constants and the F
value associated with them. Based on the information acquired from the first modeling
attempt, two binding constants were fixed based on the previous results, and the other
two were optimized. The process was repeated, varying the binding constants that were
fixed and the ones allowed to float until a satisfactory set of optimized parameters was
identified.
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Figure 6.1 Selenite single solute isotherm data and model calibration results performed
at pH 10. The weak protonated species did not contribute to the overall sorption. The
TLM constants for the surface complexation reactions for these model results are:
log K Biint− St − prot = 26.94; log K Biint−Wk − prot = 20.21; log K Biint− St −un = 18.94; log K Biint−Wk −un = 15.34.
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Table 6.1 shows the four reaction stoichiometries and the optimized equilibrium
constants for the bidentate, inner-sphere surface reactions (weak protonated and
unprotonated, and strong protonated and unprotonated sites) used to fit the selenite
isotherm data. The TLM fitted the isotherm experimental data reasonably well and the F
value obtained from the optimization was 6.57.

Table 6.1

Se(IV) sorption equilibrium constants fit using FITEQL 4.0
Reaction

Log KBi

(≡SOHwk)2 + SeO3-2 + H+ Ù ≡S2OHwkSeO3- + H2O

15.34

(≡SOHst)2 + SeO3-2 + H+ Ù ≡S2OHstSeO3- + H2O

18.94

(≡SOHwk)2 + SeO3

-2

6.57

+

+ 2H Ù ≡S2OHwkHSeO3 + H2O

(≡SOHst)2 + SeO3-2 + 2H+ Ù ≡S2OHstHSeO3 + H2O

6.2.4.

F value

20.21
26.94

Single Solute Adsorption Edges Prediction for Selenite
TLM modeling using the set of parameters shown in Table 5.1 and Table 6.1

resulted in an excellent prediction to the pH adsorption edge data at low and medium
selenite surface coverage as shown in Figure 6.2 and Figure 6.3, respectively. The low
surface coverage varied from 0 to 0.383 µmol Se / m2 with a solids concentration, Cs =
3.94 g/L, and SeT = 9.5 x 10-5 M, while the selenium concentration (SeT = 4.6 x 10-4 M)
in the medium surface coverage experiment (Figure 6.3) was approximately five times as
great and the maximum surface coverage was 2.100 µmol Se / m2.
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Figure 6.2 Low coverage Γmax = 0.383 µmol Se / m2, Se(IV) single solute adsorption
edge. The thin solid, dotted, and dashed lines represent TLM unprotonated strong,
unprotonated weak, and protonated weak site predictions using: log K Biint− St − prot = 26.94;
log K Biint−Wk − prot = 20.21; log K Biint− St −un = 18.94; log K Biint−Wk −un = 15.34.
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Figure 6.3 Medium coverage Γmax = 2.100 µmol Se / m2, Se(IV) single solute
adsorption edge. Line description and equilibrium constants used are the same as those
in Figure 6.2.
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At low surface coverage, most of the selenite adsorbed on strong affinity sites in
the form of SeO32-. The contribution of HSeO3- adsorption onto strong affinity sites was
approximately 10% of the total amount of selenite removed, while weak affinity sites had
little impact on the selenite adsorption process. This observation is consistent with the
model predictions for Cd(II) and Pb(II) systems, in which strong affinity sites dominated
at low surface coverage. For medium surface coverages, weak affinity sites dominated
up to about pH 9 for the pH adsorption edge data shown in Figure 6.3. At higher pH,
strong affinity sites played a more important role in selenite adsorption. This trend is
reasonable since, at higher pH, the surface becomes negatively charged, and therefore,
adsorption of selenite onto weak affinity sites becomes more difficult. These results also
suggested that the model parameters chosen adequately describe adsorption processes for
selenite. In addition, these model predictions suggested that the distribution between
strong and weak sites and protonated and unprotonated species is a function of both pH
and surface coverage.
Figure 6.4 shows the model prediction for a high coverage selenite adsorption
edge. The model predicted the set of data reasonably well in the high pH range of the
adsorption edge, but it clearly overpredicted the amount of adsorption below pH 9.5. One
possible reason for this overprediction is that, at these high surface coverages, repulsion
between adsorbed selenite molecules limits the extent of sorption, and lateral repulsion is
not taken into account in the TLM. Although selenite can form close-packed diselenite
groups in solid phases such as VOSe2O5, CoSe2O5, and ZnSe2O5 (Manceau and Charlet,
1994), no spectroscopic evidence has been found for any diselenite or poly-selenite
groups at liquid/solid interfaces. Therefore, it is not likely that adsorbed close packed
selenite can form on solid surfaces. Furthermore, based on diselenite structures, the
closest Se-Se atomic distance is 3.19 Å (Manceau and Charlet, 1994). Therefore, in an
173

area of 1 nm2, at most 16 selenite ions can reside on the surface. This maximum number
represents the closest packing of Se atoms; hence the actual selenite occupancy is much
less than 16 sites per nm2. As a result, the surface site density of 16.4 site/nm2 largely
overestimates the available sites, and therefore, overpredicts selenite adsorption at high
loadings with the model.
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Figure 6.4 High coverage Γmax = 7.844 µmol Se / m2, Se(IV) single solute adsorption
edge. Line descriptions and equilibrium constants used are the same as in Figure 6.2.
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6.2.5.

Predictions in Bi-solute systems

6.2.5.1

Se(IV) / Cd(II) System

Figure 6.5 shows Se(IV) adsorption data and TLM model results for pH 10, single
solute selenite and bi-solute selenite-Cd(II) isotherms. The single solute isotherm and
model results are the same as those shown in Figure 6.1. The experimental data for the
bi-solute isotherm were obtained for experimental systems in which the solid
concentration was held constant in a series of reactors, and the total amount of Se(IV) and
Cd(II) added to a particular reactor in a series was equal. The bi-solute model prediction
satisfactorily showed the trend of the experimental results but did not provide satisfactory
predictions (f = 8.02%). The predicted isotherm exhibited an overall enhancement in
adsorption starting with the low surface coverage region of the isotherm, while in the
experimental data, the enhancement was more noticeable at higher surface coverage. The
model did not predict the high surface coverage region very well where experimental data
exhibited a steep rise, a general indication of precipitate formation. While the model did
include a precipitation term for CdSeO3(s)(s), it is quite possible that this equilibrium
constant, based on the aqueous phase precipitation process, does not accurately describe
the precipitation process operative at water/solid interfaces. It is possible that the solid
phase formed on the surface is amorphous, and in this case, would have a lower solubility
constant.
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Figure 6.5 Selenite bi-solute (Se-Cd) isotherm performed at pH 10. The solid line
represents the TLM fit of the single solute (SS) isotherm while the dashed line represents
the TLM prediction of the bi-solute (BS) isotherm data. Model parameters are presented
in Table 5.1, Table 5.2, and Table 6.1. Solubility constant for CdSeO3(s) from Elrashidi
et al. (1987)

Cd(II) adsorption data and TLM model results for pH 7, single solute (SS) Cd(II)
and bi-solute (BS) Cd(II)-Se(VI) isotherms are shown in Figure 6.6. The single solute
isotherm and model results are the same as shown in Figure 5.2. The experimental
procedures for the bi-solute isotherm were the same as described above for the pH 10
selenite-Cd(II) system. The model prediction overestimated the amount of adsorption
enhancement in the lower to medium coverage range of the isotherm. Unfortunately, the
176

model did not converge in the transition region between adsorption and aqueous
precipitation, but the model results do indicate where the onset of CdSeO3(s) precipitation
was expected to dominate Cd(II) removal from the system. This behavior could explain
the three high coverage data points in Figure 6.6.
The convergence problem is commonly encountered with numerical approaches
for solving nonlinear equations. MINEQL+ and FITEQL use a Newton-Raphson method
to solve the set of simultaneous equations. While this method is efficient in solving for
roots of the equations, non-convergence often occurs if an initial guess is inappropriate or
the iteration process goes in the wrong direction. Numerous attempts to avoid the nonconvergence problem were attempted without success. This problem may be resolved by
using a different algorithm such as the Powell hybrid method for non-linear systems.
However, that would require development of a new computer code, a task that was
beyond the scope of this work.
Figure 6.7 shows the pH adsorption edges for the Se-Cd bi-solute system at low
surface coverage (Γmax = 0.917 µmol TOT / m2). Although the modeling results slightly
overpredicted the extent of adsorption of both selenite and Cd(II), the model predicted the
overall bi-solute adsorption system well at low surface coverages, and was consistent
with the isotherm modeling and data results (Figure 6.5and Figure 6.6).
The TLM model showed slight adsorption enhancement for selenite and Cd(II)
throughout the pH range of the data (Figure 6.7a, b, and c). The impact of adsorption
enhancement on each metal ion is shown in Figure 6.7b and Figure 6.7c for Se(IV) and
Cd(II), respectively. In contrast to the model results, the adsorption data did not show
significant enhancement at low surface coverage, neither the adsorption of Se(IV) or
Cd(II) was enhanced. This discrepancy suggested that the model was overpredicting the
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Figure 6.6 Selenite bi-solute (Se-Cd) isotherm performed at pH 7. The solid line
represents the TLM fit of the single solute (SS) isotherm while the dashed line represents
the TLM prediction of the bi-solute (BS) isotherm data. Model parameters are presented
in Table 5.1, Table 5.2 and Table 6.1. Solubility constant for CdSeO3(s) from (Elrashidi
et al., 1987)
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Figure 6.7 a. Low coverage (Γmax = 0.917 µmol TOT / m2) Se-Cd bi-solute adsorption
edges and model predictions. b. Low coverage (Γmax = 0.383 µmol Se / m2) single and
bi-solute adsorption edges for Se(IV). c. Low coverage (Γmax = 0.438 µmol Cd / m2)
single and bi-solute adsorption edges for Cd(II). All bi-solute modeling are predictions
using the parameters shown in Tables 5.1, Table 5.2, 6.1.
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impact of charge/potential reduction that was expected to result from adsorption of
oppositely charged species.
Figure 6.8 shows the pH adsorption edges for the Se-Cd bi-solute system at
medium surface coverage (Γmax = 3.954 µmol TOT / m2). The experimental results
indicated a noticeable shift of the selenite adsorption edge and a slight enhancement of
Cd(II) adsorption as shown in Figure 6.8b and 6.8c. The TLM prediction, however,
showed significant enhancement for Cd(II) adsorption data greater than pH 5.5 (Figure
6.8c). While enhancement of selenite adsorption was observed in the experimental data,
the model overpredicted the enhancement (Figure 6.8b). Nevertheless, these results are
consistent with the model prediction of isotherms shown in Figure 6.5and Figure 6.6.
It should be noted that no ternary complexation reaction is included in the TLM.
Therefore, the predicted enhancement was mostly due to differences in surface charge
distribution between single- and bi-solute systems.
The pH adsorption edges for the Se-Cd bi-solute system at high surface coverage
(Γmax = 15.642 µmol TOT / m2) are shown in Figure 6.9. The model predictions for these
figures included adsorption and aqueous precipitation of Cd(OH)2(S) and/or CdSeO3(s),
where CdSeO3(s) precipitated in the pH range between 6.5 to 9.2, and Cd(OH)2(s)
precipitated above pH 9.2. Both selenite and Cd(II) exhibited significant enhancement in
the extent of adsorption as indicated by the experimental results (Figure 6.9b and c). The
adsorption of selenite at such high surface coverage in the bi-solute system exhibited
different adsorption behavior than that of the single-solute system.

The selenite

adsorption edge shifted to the right (enhancement) and reached a plateau at about pH 9.
With decreasing pH, the extent of selenite adsorption also decreased even though the
surface was more positively charged. It should be noted that the decrease in adsorption
for selenite at lower pH (pH < 8) almost parallels that with the Cd(II) adsorption edge.
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This sorption behavior for selenite may be explained by the surface charge and
the formation of bulk precipitates. At lower pH where Cd(II) did not display significant
adsorption, the extent of selenite adsorption was similar to that of the single-solute
system as shown in Figure 6.9b. With increasing Cd(II) uptake, the surface became more
positively charged and hence selenite adsorption was enhanced. The selenite removal
was further enhanced by the precipitation of CdSeO3(s) until it reached almost complete
removal of selenite. When the pH increases further (pH > 9.2), CdSeO3(s) dissolved and
Cd(OH)2(s) started to form. This caused the surface to become more negatively charged
in a region where the pH > pHPZC, hence adsorption of selenite to this negatively charged
surface became less favorable and overall removal of Se(IV) decreased. While the TLM
prediction matched the Cd(II) experimental data well, the TLM only captured part of the
selenite adsorption behavior at higher pH values, and cannot predict the decrease of
selenite adsorption in the lower pH range. This result, again, is due to the overestimation
of available surface sites for selenite in the TLM at high coverage.
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Figure 6.8 a. Medium coverage (Γmax = 3.954 µmol TOT / m2) Se-Cd bi-solute
adsorption edges and model predictions. b. Medium coverage (Γmax = 1.974 µmol Se /
m2) single and bi-solute adsorption edges for Se(IV). c. Medium coverage (Γmax = 2.100
µmol Cd / m2) single and bi-solute adsorption edges for Cd(II). All bi-solute modeling
are predictions using the parameters shown in Tables 5.1, Table 5.2, 6.1.
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Figure 6.9 a. High coverage (Γmax = 15.642 µmol TOT / m2) Se-Cd bi-solute
adsorption edges and model predictions. The lines represent total metal removal. b.
High coverage (Γmax = 7.944 µmol Se / m2) single and bi-solute adsorption edges for
Se(IV). c. High coverage (Γmax = 9.084 µmol Cd / m2) single and bi-solute adsorption
edges for Cd(II). All bi-solute modeling are predictions using the parameters shown in
Tables 5.1, Table 5.2, 6.1.
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6.2.5.2

Se(IV) / Pb(II) System

Pb(II) adsorption data and TLM model results for pH 5, single solute (SS) Pb(II)
and bi-solute (BS) Pb(II)-Se(VI) isotherms are shown in Figure 6.10. The single-solute
isotherm and model results are the same as shown in Figure 5.10 (Chapter 5). The
experimental data for the bi-solute isotherm were obtained following the same procedure
as described above. The model overestimated the amount of adsorption enhancement in
the low to medium coverage range of the isotherm. The model shown in Figure 6.10 did
not converge in the transition region between adsorption and aqueous precipitation as
occurred when modeling the bi-solute (Se-Cd) isotherm (Figure 6.6). Therefore, the
model could not capture the aqueous precipitation of PbSeO3(s). Nonetheless, because of
the trend observed in Figure 6.6, the Kso for PbSeO3(s), and adsorption edge results shown
below, the formation of a PbSeO3 precipitate is a reasonable explanation for the three
high coverage data points in Figure 6.10.
Se(IV) adsorption and TLM modeling for pH 10, single solute (SS) Se(IV) and bisolute (BS) Pb(II)-Se(VI) experiments were not performed due to lead precipitation at
this high pH value.
Figure 6.11 and Figure 6.12 show the pH adsorption edges for the Se-Pb bi-solute
system low surface coverage (Γmax = 0.728 µmol TOT / m2) and medium surface
coverage (Γmax = 4.344 µmol TOT / m2) data, respectively. The results were similar to
that of selenite-Cd(II) bi-solute systems. At low surface coverage, both selenite and
Pb(II) had similar adsorption behavior compared to the single-solute systems. The TLM
slightly overpredicted the removal of both selenite and Pb(II).

At medium surface

coverage, slight enhancement of adsorption of both adsorbates was observed in the
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Figure 6.10 Selenite bi-solute (Se-Pb) isotherm performed at pH 5. The solid line
represents the TLM fit of the single solute (SS) isotherm while the dashed line represents
the TLM prediction of the bi-solute (BS) isotherm data. Model parameters are presented
in Table 5.1, Table 5.3 and Table 6.1. Solubility constant for PbSeO3 from from
(Elrashidi et al., 1987).
experimental data.
removal of selenite.

The model prediction, once again, overestimated the extent of
The extent of adsorption enhancement (Figure 6.12c) for the

modeling of Pb(II) could not be verified due to non-convergence of the model, very
likely due to the same reasons as observed in Figure 6.10. The discrepancy between
model prediction and experimental results was consistent with the results presented
above.
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Figure 6.11 a. Low coverage (Γmax = 0.728 µmol TOT / m2) Se-Pb bi-solute adsorption
edges and model predictions. b. High coverage (Γmax = 0.383 µmol Se / m2) single and
bi-solute adsorption edges for Se(IV). c. High coverage (Γmax = 0.356 µmol Pb / m2)
single and bi-solute adsorption edges for Pb(II). All bi-solute modeling are predictions
using the parameters shown in Tables 5.1, 5.3, and 6.1.
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Figure 6.12 a. Medium coverage (Γmax = 4.344 µmol TOT / m2) Se-Pb bi-solute
adsorption edges and model predictions. b. Medium coverage (Γmax = 2.100 µmol Se /
m2) single and bi-solute adsorption edges for Se(IV). c. High coverage (Γmax = 1.861
µmol Pb / m2) single and bi-solute adsorption edges for Pb(II). All bi-solute modeling
are predictions using the parameters shown in Tables 5.1, 5.3, 6.1.
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The pH adsorption edges for the Se-Pb bi-solute system at high surface coverage
(Γmax = 16.10 µmol TOT / m2) are shown in Figure 6.13. The model prediction line for
Se(IV) consists of contributions from adsorption only, no formation of PbSeO3
precipitate was observed in the model for pH values greater than 7.5 (Figure 6.13a and b).
The model predicts the Se(IV) data reasonably well, which is surprising given that the
single-solute model overpredicted the adsorption of Se(IV) and the adsorption edge had
flattened out suggesting site limitation. Perhaps the adsorption of Pb(II) onto the surface
either reduced the extent of surface repulsion for Se(IV) or led to formation of ternary
complexes or an amorphous precipitate containing both sorbates. In either case, the
success of the model in this region of data is likely fortuitous.
For Pb(II), the single-solute (Figure 6.13c) model prediction included adsorption
and aqueous precipitation of Pb(OH)2.

The TLM showed very high adsorption

enhancement in the presence of Se(IV) over the entire pH range (Figure 6.13c). Similar
to the results for the medium coverage system, the extent of adsorption enhancement
(Figure 6.13c) for the modeling of Pb(II) could not be verified due to non-convergence of
the model. However, the large amount of enhancement supports the formation of either a
ternary complex involving Se(IV) and Pb(II) or formation of a Pb(II)/Se(II) precipitate on
the surface. Since Pb(II) is a stronger adsorber and the adsorption edge started at very
low pH, the selenite adsorption at low pH follows the trend of Pb(II) adsorption, as in the
case of selenite-Cd(II) systems, but exhibits a broader plateau.
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Figure 6.13 a. High coverage (Γmax = 16.10 µmol TOT / m2) Se-Pb bi-solute adsorption
edges and model predictions. Lines represent total metal removal. b. High coverage
(Γmax = 7.844 µmol Se / m2) single and bi-solute adsorption edges for Se(IV). c. High
coverage (Γmax = 7.340 µmol Pb / m2) single and bi-solute adsorption edges for Pb(II).
All bi-solute modeling are predictions using the parameters shown in Tables 5.1, 5.3, 6.1.
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c

6.2.6.

Re-Estimation of Surface Site Density Based on Selenite Adsorption
Capacity

The TLM overprediction of the high coverage single-solute data for Se(IV) may
also provide insight into the inability of the TLM to predict the bi-solute data for the
metal cation-oxyanion systems. The overprediction of both the single and bi-solute data
at high coverage suggests the possibility of a site density that is too high for the oxyanion
To examine this possibility, a new site density was estimated from the maximum surface
coverage achieved in the selenite single-solute experiments, and the model was recalibrated to potentiometric titration data and single-solute sorption data.
Figure 6.4 showed that the TLM did not satisfactorily predict Se(IV) adsorption at
high surface coverage (Γmax = 7.84 µmol / m2) onto goethite.

The experimental

adsorption edge data seemed to reach an apparent maximum sorption capacity at
approximately Γ = 3.2 µmol / m2 (40.5% adsorbed at pH 6.6). This coverage represented
a site occupation of 3.85 sites / nm2 using bidentate reactions. A new TLM calibration
was performed using 4 sites / nm2 as the surface site density value. Figure 6.14 shows
the fit of the Se(IV) isotherm data using the new parameters. As can be seen in Figures
6.15 through 6.17, the TLM predicted the complete range of experimental data well,
including the high surface coverage data (same as shown in Figure 6.4).
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Figure 6.14 Selenite single solute isotherm data and model calibration results performed
at pH 10. The TLM constants for the surface complexation reactions for these model
int
int
results are: Model parameters used: log K cat
= -9.43; log K an
= 8.56; log K +int = 6.19;
log K −int = -11.79; C1 = 1.00 F/m2; C2 = 0.2 F/m2; SAgoethite -= 62.9 m2/g; Ns =4.00
sites/nm2; ∆pKa = 5.6; log K Biint− St − prot = 27.88; log K Biint−Wk − prot = 24.68; log K Biint− St −un = 17.94;
and log K Biint−Wk −un = 18.39.
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Figure 6.15 Low coverage Γmax = 0.383 µmol Se / m2, Se(IV) single solute adsorption
edge. Model parameters are the same as those used in Figure 6.14
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Figure 6.16 Medium coverage Γmax = 2.100 µmol Se / m2, Se(IV) single solute
adsorption edge. Model parameters are the same as those used in Figure 6.14
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Figure 6.17 High coverage Γmax = 7.844 µmol Se / m2, Se(IV) single solute adsorption
edge. Model parameters are the same as those used in Figure 6.14

TLM optimization of the cation binding constants was also conducted using Ns =
4 sites / nm2 and the same surface parameters as used for Se(IV). Figure 6.18 shows the
TLM fit to the single-solute Cd(II) isotherm and Figure 6.19 shows a similar fit for the
Pb(II) pH adsorption edges. Predictions for the low coverage data were also reasonable;
however, as shown in Figure 6.20 and Figure 6.21, the TLM model started to
underpredict the extent of metal adsorption. This behavior was magnified for the high
coverage scenarios (Figure 6.22 and Figure 6.23). For both Pb(II) and Cd(II), the model
predictions exhibited behavior consistent with site limitations at 1.7 and 2.1 µmol / m2
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Figure 6.18 Cadmium single solute isotherm data and model calibration results
performed at pH 7. The TLM constants for the surface complexation reactions for these
int
int
model results are: Model parameters used: log K cat
= -9.43; log K an
= 8.56; log K +int =
6.19; log K −int = -11.79; C1 = 1.00 F/m2; C2 = 0.2 F/m2; SAgoethite -= 62.9 m2/g; Ns =4.00
sites/nm2; ∆pKa = 5.6; log K Biint− St = 6.40 and log K Biint− wk = 3.31
respectively indicating site saturation. These values represented a surface site occupation
of 2.05 and 2.53 sites / nm2 for Pb(II) and Cd(II), respectively. Thus, it appears that a site
density of 4 sites/m2 is not sufficient for either Pb(II) or Cd(II) modeling.
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Figure 6.19 Lead single solute adsorption edge data and model calibration results. The
TLM constants for the surface complexation reactions for these model results are: Model
int
int
parameters used: log K cat
= -9.43; log K an
= 8.56; log K +int = 6.19; log K −int = -11.79; C1 =
1.00 F/m2; C2 = 0.2 F/m2; SAgoethite -= 62.9 m2/g; Ns =4.00 sites/nm2; ∆pKa = 5.6;
log K Biint− St = 18.21 and log K Biint− wk = 6.94
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Figure 6.20 Medium coverage (Γmax = 2.219 µmol Cd / m2) Cd(II) single solute
adsorption . Model parameters were the same as used in Figure 6.18.
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Figure 6.21 Medium coverage (Γmax = 1.861 µmol Pb / m2) Cd(II) single solute
adsorption edges. Model parameters were the same as used in Figure 6.19.
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Figure 6.22 High coverage (Γmax = 9.084 µmol Cd / m2) Cd(II) single solute adsorption.
A) With Cd(OH)2(s) aqueous precipitation reaction and B) without aqueous precipitation
reaction.
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Figure 6.23 High coverage (Γmax = 7.340 µmol Pb / m2) Pb(II) single solute adsorption
edges. A) with Pb(OH)2(s) aqueous precipitation reaction and B) without aqueous
precipitation.

Indeed, calculation of the number of sites/nm2 utilized in the cation/oxyanion bisolute experiments demonstrates that more than 4 sites/nm2 are utilized in these systems.
The estimated site density used for adsorption can be calculated by re-plotting the data on
the secondary axis of Figures 6.9a and 6.13a in terms of total surface coverage as shown
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in Figure 6.24.

For example, the surface coverage due to adsorption at pH 8 is 12.35

µmol TOT / m2. This value can be converted to a site density using Equation 6-1:
−6
1m 2
⎛ µmoles ⎞ 10 moles
⎛ molecules ⎞
* 18 2 * Av n ⎜
N = Γ⎜
⎟*
⎟ ............................... 6-1
2
µmole
10 nm
⎝ m
⎠
⎝ mol ⎠

where N is the number of molecules adsorbed per nm2 of solid surface and Avn is the
Avogadro’s number, 6.023 x 1023 molecules / mol. Therefore, 12.35 µmol TOT / m2
becomes 7.44 molecules / nm2. If a bidentate surface reaction is used, each molecule
requires 2 adsorption sites. Consequently, at least 14.9 sites / nm2 is required to satisfy
the adsorption conditions at pH 8 shown in Figure 6.2424a. Analogously, Figure 6.2424b
also yields 14.9 sites / nm2. These values are valid only if bidentate adsorption is the
only mechanism involved in ion removal at these pH values. Nonetheless, the results
suggest that in the bi-solute systems more than 4 sites/nm2 are utilized.
One possible explanation for reaching a plateau in the single-solute oxyanion
systems is that that oxyanion sorption is limited in the single-solute systems, not by the
site density, but by the projected surface area of the molecules and the potential for
anion-anion repulsion. Other explanations for the differences in behavior between the
cations and the oxyanions is that oxyanions and cations adsorb to different sites on the
surface or that surface precipitation for cations occurs in the absence of spectroscopic
data to support it. This lack of understanding of the selenite adsorption behavior in high
coverage systems is clearly an area that will benefit from further spectroscopic analysis.
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Figure 6.24 Site utilization in high coverage adsorption systems.
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6.3.

SUMMARY
In this Chapter, the adsorption of single and bi-solute data for Se(IV), onto

goethite (α-FeOOH) was modeled using the Triple Layer Model. For the bi-solute
system, Se(IV) was investigated in the presence of Cd(II) or Pb(II).

Careful

consideration was given to the selection of surface complexation reactions for the selenite
binding constant onto goethite. Four equilibrium constants were optimized to describe
Se(IV) adsorption: log K Biint− St − prot = 26.94; log K Biint−Wk − prot = 20.21; log K Biint− St −un = 18.94;
log K Biint−Wk −un = 15.34. All the other model parameters used and the physicochemical
properties of goethite were the same as described in Chapter 5.
Se(IV) adsorption was modeled using inner-sphere bidentate surface complexes
on both weak and strong goethite surface sites using a protonated and deprotonated
surface complexation species. The four equilibrium constant reactions were optimized
for single solute pH isotherm and then used, without any modification, to predict
adsorption in single and bi-solute systems over a range of experimental conditions.
The calibrated TLM predicted data reasonably well in low and medium surface
coverage single-solute systems, but it did not predict the behavior of the high coverage
adsorption edge below pH 9.5. Reducing the site density to the selenite adsorption
maximum and re-calibrating the TLM surface parameters led to excellent fits to the
single-solute Se(IV) data; however, these same parameters could not be used for either
Pb(II) or Cd(II) sorption because the site density was too low.
In the competitive systems, the TLM overestimated the adsorption enhancement
for low and medium coverage adsorption edges in both systems. This behavior was more
pronounced in the Se(IV) / Pb(II) experiments and is consistent with a value for the site
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density of the oxyanion that is too high. Thus, it appears that not all of the sites available
for cation sorption are available for oxyanion sorption.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1.

INTRODUCTION

The fate and transport of metal ions in surface and ground water systems are often
controlled by sorption processes. Accurate prediction of sorption depends on the ability
of models to accurately capture sorption behavior over the range of conditions operative
in the field. Surface complexation models have emerged as the most promising approach
for describing sorption processes in soil systems because variations in pH, ionic strength
and solution chemistry are incorporated directly into the model formulation.

The

literature review provided in this dissertation highlighted the success of these models for
describing single-solute sorption over a range of conditions. It also identified several
current limitations of SCMs for predicting sorption outside of the range of conditions for
which the models were calibrated.
One area of limited success of SCMs has been in the prediction of multi-solute
adsorption. This is a serious limitation with respect to modeling sorption in natural and
engineered systems because most contaminated waters and natural systems contain a
range of solutes with varying sorption potential. Inaccurate estimation of the surface site
density or inaccurate selection of the structure of surface complexes were frequently
implicated as causes of model failure in bi-solute systems. The goal of this research was
to evaluate the use of tritium exchange for estimating the surface site density and the use
of x-ray absorption spectroscopy for selecting the type of surface complex for ferrihydrite
and goethite, representative amorphous and crystalline oxide minerals, respectively.
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The research plan involved characterization of each of the sorbent phases,
collection of a range of macroscopic adsorption behavior for two cationic metal ions and
one oxyanion over a range of pH and surface coverage conditions in single- and bi-solute
systems. Pb(II), Cd(II) and Se(IV) were selected as the representative sorbates because
they are all known to sorb as inner-sphere complexes and they vary with respect to their
affinity for the oxide surface. Cation, Pb(II) and Cd(II), sorption onto oxide surfaces is
preferred at high pH, whereas anion, Se(IV), is preferred at low pH. Pb(II) is considered
to have greater affinity for iron oxides compared to Cd(II).
Surface complexation modeling was conducted with the triple layer model (TLM)
which requires estimation of a minimum of seven parameters for characterizing proton
adsorption and additional parameters for describing metal ion sorption. The modeling
approach described in this research reduced the number of parameters determined
simultaneously through objective curve fitting by employing independent methods for
determining the surface protonation constants, the surface site density, and the outer layer
capacitance.

For both of the mineral phases, only three SCM parameters were

determined through objective curve fitting. The remaining parameters were determined
either through direct measurement or they were estimated based on theoretical
considerations. This represented an improvement compared to other SCM approaches
where most of the model parameters were estimated using objective curve fitting of
potentiometric titration and sorption data.
The TLM metal ion sorption reaction constants were calibrated to a minimal set
of single-solute macroscopic data for each metal ion/iron oxide system in 0.1M NaNO3.
The model was then tested for its ability to predict sorption for a range of pH adsorption
edge and constant pH isotherm data in single and bi-solute Pb(II)/Cd(II), Pb(II)/Se(IV)
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and Cd(II)/Se(IV) systems without manipulation of any of the surface complexation
constants.

7.2.

CONCLUSIONS

Adsorption onto ferrihydrite was modeled using a single reactive surface hydroxyl
site. Single-solute adsorption of Pb(II) onto ferrihydrite incorporated one monodentate
and one bidentate surface complexation reaction with this surface hydroxyl site based on
x-ray absorption spectroscopy results published in the literature. Sorption of Cd(II) also
incorporated a monodentate and bidentate reaction; however, based on the spectroscopic
data, an ideal solid solution model was also implemented for modeling Cd(II) sorption to
ferrihydrite. In both cases, the model captured the single-solute adsorption behavior of
these two solutes; however, the model underpredicted the contribution from surface
precipitation observed in spectroscopic data, suggesting that a non-ideal solid solution
was formed in this system. Adjustment of the Cd(OH)2(s) constant was used as an
approximate method for capturing the non-ideal behavior.

The adjustment of the

constant was made to the initial model calibration, and the value was not altered for any
of the predictive modeling.
Single-solute modeling of Pb(II) and Cd(II) onto goethite utilized a two site
model that was consistent with sorption to high affinity sites on the 021 plane and weaker
affinity sites on the 100 and 110 planes. The distribution of strong (10%) and weak
(90%) sites was based on morphological considerations. Sorption of Cd(II) and Pb(II) to
both types of sites was modeled using inner-sphere bidentate reactions. The selection of
the bidentate reaction for Cd(II) was not consistent with spectroscopic data. However,
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even though the microscopic data suggests that Cd(II) sorbs as a double-edge tridentate
surface complex, one of the hydroxyl sites in this complex is not proton active, and
correlations developed by Koretsky et al. (1998) suggest that incorporation of this site
into the surface complexation reaction would overestimate its significance.
The Triple Layer Model (TLM) was able to predict single and bi-solute
adsorption of the two divalent metals, Pb(II) and Cd(II) onto ferrihydrite and goethite
over a range of conditions. The model not only predicted sorption in systems where two
metal ions were present (bi-solute system), but also when metal ion competition was
operative (competitive system). Both the macroscopic data and the TLM predictions
demonstrated the higher affinity of Pb(II) for both ferrihydrite and goethite. Indeed,
Pb(II) was essentially unaffected by the presence of Cd(II) in the system. In contrast, the
presence of Pb(II) significantly reduced the adsorption of Cd(II); however, the impact of
Pb(II) on Cd(II) sorption was reduced at high coverage due formation of a Pb(II)
precipitate. The TLM was able to predict this behavior reasonably well.
The appropriate selection of surface complexation reactions played a crucial role
in the success of the model. For example, addition of a surface precipitation reaction,
determined based on EXAFS spectroscopy, was the key to modeling Cd(II) adsorption
onto ferrihydrite at high surface coverage. The selection, again based on EXAFS, of two
surface complexation reactions (monodentate and bidentate) for Pb(II) adsorption onto
ferrihydrite was imperative to capturing the sorption behavior at low pH.
Se(IV) adsorption to goethite was modeled using mononuclear bidentate, innersphere surface complexation reactions for a protonated and unprotonated surface species
on both low and high energy sites based on previous spectroscopic data. The singlesolute modeling was successful for a range of the conditions studied; however, the model
overpredicted sorption at low pH for high surface coverage systems. This discrepancy
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between the model results and the data was speculated to result from lateral repulsion of
adsorbed Se molecules on the surface that reduced the extent of sorption at high
coverage.

In low and medium coverage bi-solute systems (Cd(II)/Se(IV) and

Pb(II)/Se(IV)), the model overestimated the adsorption enhancement predicted from the
reduction in surface charge provided by adsorption of an ion of opposite charge. This
behavior was more pronounced in the Se(IV) / Pb(II) experiments. Both the single-solute
and bi-solute results for Se(IV) suggest that the oxyanions are only able to occupy a
fraction of the sites estimated by tritium exchange.
In summary, independent estimation of the TLM parameters reduced the number
of fitting variables, which made the optimization process faster and more reliable. Even
though the TLM requires a minimum of 8 parameters to predict metal ion sorption onto
oxides, only three were optimized simultaneously since all the other values were
calculated based on theoretical considerations or were independently determined. On this
basis, fixing the surface site density at 10.2 sites/nm2 (ferrihydrite) and 16.4 sites/nm2
(goethite) based on tritium exchange experiments helped to decrease model parameter
variability and contributed to the ability to predict cation adsorption in the systems
investigated. However, this site density was not appropriate for selenite adsorption to
goethite due to the overestimation of adsorption in high coverage systems.

7.3.

ENGINEERING IMPLICATIONS
The application of surface complexation models to natural and engineered

systems is only in its infancy, and there is still a large gap between our ability to describe
sorption in controlled laboratory experiments and our ability to predict sorption in multisolute, multi-sorbent field scale systems.

The results of this investigation have

diminished this gap by using a systematic approach for improving our ability to predict
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sorption in bi-solute systems. The tritium exchange technique provided an unambiguous
and efficient method for quantifying the surface site density (SSD) parameter.
Application of the tritium exchange SSD values provided reasonable predictions of single
and bi-solute adsorption of two divalent metal cations which differ in their binding
strength onto two representative iron (hydr)oxides. For the oxyanion evaluated, the
results were not satisfactory; and application of the SSD approach for oxyanions requires
a better understanding of the charge/potential behavior that can be used to modify the
TLM to account for the inability of oxyanions to utilize a large percentage of the surface
sites.
The appropriate selection of surface complexation reactions (EXAFS based) also
contributed to improvements in TLM predictions of divalent metal adsorption onto
crystalline and amorphous iron (hydr)oxides in single and bi-solute systems.

After

optimizing the TLM parameters for a set of single solute adsorption, no changes were
made to the parameters to predict adsorption in bi-solute systems, which exhibited
competition between the metal ions for surface sites.
These results can be applied to understanding the fate and transport of metal ions
in natural or engineered systems. For example, this research demonstrated that the
environmental mobility of a weaker adsorber will be different in the presence of a
stronger adsorber. Hence, even if quantitative predictions of complex systems are still
infeasible with the TLM, the results of this investigation still provide a qualitative
understanding of the conditions that lead to metal ion competition and enhancement in
multi-solute systems.

This information is valuable even when empirically based

modeling approaches are applied for decision making and selection of treatment options.
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7.4.

RECOMMENDATIONS

While the TLM modeling in this research did predict contaminant ion adsorption
onto two iron hydroxides oxides in the majority of the studied conditions, there were
instances where the model showed limitations. For example, EXAFS spectroscopy could
be used to elucidate the mechanism of metal ion removal, and possible solid solution
formation, in the Pb(II) bi-solute high coverage system in which the TLM predicted
precipitation of a bulk Pb(OH)2(s) phase. Further EXAFS data could also be collected to
identify the formation of precipitates in the mixed cation/oxyanion systems. For instance,
it was observed that in the Cd(II) / Se(IV) bi-solute adsorption isotherm experiment
performed at pH 10, there was significant removal of Se(IV) from solution before
CdSeO3(s) was expected to form and in a region of the isotherm where the TLM did not
predict removal due to adsorption onto goethite. However, the TLM model showed that
Cd(OH2) was being formed in those conditions. This new solid phase in the system could
have contributed to Se(IV) removal.
One of the greatest difficulties in this work was to correctly account for the
adsorption enhancement of Cd(II) or Pb(II) due to the presence of Se(IV) in bi-solute
isotherms or adsorption edges and vice-versa. Further investigation of the causes of this
enhancement is necessary to understand the mechanisms of ion removal from solution
and to adequately select the proper surface complexation model reactions for predicting
the sorption behavior in these systems.
In this research, high coverage Se(IV) data were overpredicted by the TLM,
possibly, perhaps due to lateral repulsion from selenite molecules. Further evaluation of
this phenomenon is recommended, and an approach for accounting for these interactions
should be developed and incorporated into the SCM approach.
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