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1. Project Abstract

This research study is an important component of a broader comprehensive project, “Geochemistry of
Interfaces: From Surfaces to Interlayers to Clusters,” which sought to identify and evaluate the critical
molecular phenomena at metal-oxide interfaces that control many geochemical and environmental
processes. The primary goal of this research study was to better understand and predict adsorption of
metal ions at mineral/water surfaces. Macroscopic data in traditional batch experiments was used to
develop predictive models that characterize sorption in complex systems containing a wide range of
background solution compositions. Our studies focused on systems involving alkaline earth metal (Mg?*",
Ca*", Sr**, Ba*") and heavy metal (Hg*", Co®’, Cd**, Cu**, Zn**, Pb*") cations. The anions we selected for
study included CI, NOs", ClO4, SO4*, COs* and SeO;* and the background electrolyte cations we
examined included (Na“, K*, Rb" and Cs") because these represent a range of ion sizes and have varying
potentials for forming ion-pairs or ternary complexes with the metal ions studied.

The research led to the development of a modified titration congruency approach for estimating site
densities for mineral oxides such as goethite. The CD-MUSIC version of the surface complexation
modeling approach was applied to potentiometric titration data and macroscopic adsorption data for
single-solute heavy metals, oxyanions, alkaline earth metals and background electrolytes over a range of
pH and ionic strength. The model was capable of predicting sorption in bi-solute systems containing
multiple cations, cations and oxyanions, and transition metal cations and alkaline earth metal

ions. Incorporation of ternary complexes was required for modeling Pb(II)-Se(IV) and Cd(I1)-Se(1V)
systems. Both crystal face contributions and capacitance values were shown to be sensitive to varying
specific surface area but were successfully accounted for in the modeling strategy. The insights gained
from the macroscopic, spectroscopic and CD-MUSIC modeling developed in this study can be used to
guide the implementation of less complex models which may be more applicable to field conditions. The
findings of this research suggest that surface complexation models can be used as a predictive tool for fate
and transport modeling of metal ions and oxyanions in fresh and saline systems typical of energy
production waters and wastewaters.

2. Technical Report

A. Introduction

Energy production, operation and waste management practices have all contributed to environmental
contamination of surface and groundwaters in the U.S. In many areas, the release of heavy metals into
water and soil phases has caused aqueous concentrations of these metals to rise to unsafe levels.
Remediation strategies for these pollutants require a fundamental understanding of their fate and transport
in natural and engineered systems. To facilitate selection of an optimal cleanup method, fate and
transport models can be utilized to ascertain contaminant mobility and to assess, in the particular
background soil/water environment, the potential options for remediation. Oftentimes, the metal
contaminants in question at these remediation sites are observed to adsorb to the mineral surfaces present
and adsorption is often selected as the remediation technology for metal ion treatment of contaminated
water.

The adsorption of transition metal cations, oxyanions and alkaline earth metal ions to aluminum, iron and
silicon oxide minerals present in natural and engineered systems is highly dependent on the pH, ionic
strength, and concentration of competing and co-adsorbing species in a particular system. Indeed, the



adsorption of metal cations and anions at the mineral-water interface is a complex process that may
involve surface deprotonation, changes in cation solvation as the metal approaches the surface, metal
hydroxylation, and metal-anion pairing. Thus, predictive models must be both accurate and
comprehensive if they are to be used to guide our understanding of fate, transport and remediation.

Surface complexation models (SCMs) have shown great promise in predicting ion adsorption onto metal
oxides and other variable charge surfaces. In these models, adsorption reactions are thought to be similar
to aqueous complexation reactions where reactive sites present on the mineral surface act as ligands with
the adsorbate. A number of different surface complexation models have been developed over the last
forty years that range in complexity depending on their description of the mineral — water interface and
the number of adjustable parameters required. The application of these SCMs to field scale prediction of
metal ion fate and transport has evolved significantly over the last decade; however, the extensibility of
these models is still hampered by several fundamental issues including mineral surface characterization,
surface precipitation reactions, ternary surface complex formation, and accurate inclusion of the impacts
of background solution components (background electrolytes, competing sorbates, etc.). The impact of
background solution characteristics is becoming increasingly significant as water from desalination
processes, fracking operations and CO, sequestration processes contain significant ion concentrations.
This research focused on addressing several of these issues to improve surface complexation modeling of
metal ion fate and transport:

1) Improved characterization of the mineral/water especially with respect to assessing adsorption
site densities and characterizing the inner-layer charge distribution;

2) The potential adsorption of ternary complexes (metal-anion pairing) at oxide-water interfaces;

3) Detailed surface complexation modeling of alkaline earth metal ions over a range of background
electrolytes, competing sorbates, and ionic strengths that span the range of conditions found in
energy production waters.

This research was conducted as part of a larger effort led by Sandia National Laboratories entitled,
“Geochemistry of interfaces: from surfaces to interlayers to clusters” Randall T. Cygan, Jeffery A.
Greathouse, Louise J. Criscenti, Kevin Leung and May Nyman (Sandia National Lab); Lynn E. Katz
(University of Texas at Austin); and Heather C. Allen, (Ohio State University. The comprehensive
project sought to identify and evaluate the critical molecular phenomena at the metal-oxide interface that
control many geochemical and environmental processes. By combining the most advanced experimental
and spectroscopic methods with state-of-the-art molecular simulations, the research presents an integrated
effort to improve our understanding of the mineral-water interface and to develop a predictive capability
for evaluating geochemical processes that are critical to water quality and treatment, fate and transport of
contaminants, radionuclide isolation and waste forms, carbon capture and sequestration, resource
extraction, materials stability and corrosion, and other related technologies.

B. Background

Surface complexation theory developed from the observation that ion adsorption to mineral surfaces is
analogous to the formation of solution-phase complexes [1]-[3]. In surface complexation models,
adsorption of dissolved chemical species to the mineral surface is described thermodynamically via
formation reactions between solutes and specific surface sites [4]. The free energies associated with these
formation reactions have a chemical and electrostatic component to them, both of which are influenced by
the surface sites involved [5]. A core tenet in surface complexation theory is the idea that the adsorbed
ions reside at specific locations within the mineral — water interface and impact the charge at these
locations. In general, there are three possible regions for ion adsorption to occur: the surface layer, the



compact layer, or the diffuse layer. These three layers comprise what is termed the electrical double layer
(EDL) [5]. The charge arising from interactions between surface sites and aqueous ions is divided by
Sposito [6] into two categories: net proton charge (on) and net adsorbed ion charge (Aq); the latter
includes inner-sphere and outer-sphere surface complexes as well as the diffuse layer of ions that provide
charge balance in the bulk.

The adsorption and desorption of protons from these sites allows for a variable charge surface that is
positively charged at lower pH values and becomes negatively charged as the pH of the system rises
(Figure 1). Both proton adsorption and adsorption of ions as inner-sphere or outer-sphere complexes can
be described by surface complexation reactions between the fixed number of surface sites and the ions.
Cations that form either inner-sphere surface complexes can displace protons from the surface and anions
that form inner-sphere complexes undergo ligand exchange with surface hydroxyl sites to alter the surface
charge. These reactions can be described as follows:

=SOH’ + H' +» =SOH," (K™, protonation reaction) @)

=SOH’ <> =SO" + H" (K™ deprotonation reaction)  (2)

=SOH’ + Me*" «» =SOMe" + H" (Kme™, inner-sphere reaction)  (3)
=SOH’ + H" + OxAn* «» =S(OxAn)" + H,0 (Koxan™, inner-sphere reaction) (4)

=SOH’ + Cat*" <> =SO"_Cat** + H+ (Kca™, outer-sphere reaction)  (5)

=SOH’ + H' + An «> =SOH*" An’ (Kan™, outer-sphere reaction)  (6)
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Figure 1. Potentiometric titration data for a goethite sample with a specific surface area (SSA) of
76 m?/g using a NaNO3 background electrolyte. Data taken from Barrow and Cox [7].

In contrast to protons that are bound directly to the surface and inner- or outer- surface complexing, ions
present in the diffuse ion swarm are completely dissociated from the surface and relatively free to engage
in diffusive motion [5], [6].



Surface complexation models (SCMs) based on this construct follow three basic tenets associated with
these reactions and electrical double layer theory [5]:

1. Adsorption/surface complexation of aqueous ions occurs at specific sites on the adsorbent’s surface;

2. Surface complexation reactions can be described thermodynamically using mass law expressions
that take into account the electrostatic effects of the EDL;

3. The electrostatic effects associated with adsorption (i.e., surface charge and surface potential) are
accounted for in the model.

SCMs describe the surface and compact layers of the EDL as electrostatic planes termed the 0- and -
planes, respectively. These electrostatic planes run parallel to the adsorbent’s surface with potentials yo
and g, respectively. This theoretical construct implies that all ions adsorbed in a given layer as well as
their charge, reside on the same plane and are the same horizontal distance from the mineral’s surface.
Therefore, although ions that adsorb in the surface or compact layers can be located on or between
electrostatic planes, for modeling purposes, the charge of these adsorbed ions is placed on either the 0-
plane or the B-plane. Differences among the various surface complexation models commonly used (the
Diffuse Layer Model (DLM) [8]-[10], the Constant Capacitance Model (CCM) [3], [11]-[14], various
versions of the Triple Layer Model (TLM) [15]-[23], and the Charge Distribution Multi-Site
Complexation (CD-MUSIC) Model [24]-[26] are in large part due to different simplifications regarding
the presence of ions on particular planes, the corresponding distribution of charge, and the relationship
between charge and potential in the EDL. The Diffuse Layer Model (DLM) assumes adsorption occurs on
the O-plane and the relationship between charge and potential in the diffuse layer is described by the
Gouy-Chapman theory. In one triple-layer version of the surface complexation, strongly adsorbing ions
adsorb on the 0-plane and weakly adsorbing ions, including the alkaline earth metal ions, adsorb onto the
B -plane. This particular construct allows adsorption of strongly sorbing metal ions to be independent of
ionic strength. The charge-potential relationship for these planes is assumed to be analogous to two
parallel plate capacitors in series; hence, two capacitance values are required in the model. In addition, a
diffuse layer is also present which is described using Gouy-Chapman theory. Various models including
the Charge Distribution Multi-Site Complexation (CD-MUSIC) Model employ this construct.

Each of the common surface complexation models has been shown to describe adsorption behavior over a
range of conditions; however, a number of challenges remain with respect to predicting adsorption in
multi-solute systems, characterizing the reactive site density of oxide minerals, and selecting capacitance
values that describe the charge/potential relationships. Finally, each model also requires selection of
surface complexation reactions for protons and each metal cation or oxyanion that is consistent with
crystallography, spectroscopic data and computational molecular modeling simulations.

1. Limitations in surface characterization for surface complexation modeling

As indicated previously, there are several areas in which inadequate characterization of the surface limits
surface complexation modeling. Two of these areas are estimating surface site density and assigning
capacitance values to the 0 and 3 planes. Other areas that need to be addressed include the heterogeneity
of surface sites and intrinsic proton reaction constants (K-™and K ™).

Surface site density. Oxide and oxyhydroxides contain hydroxyl functional groups at the mineral
surface [27]. The number of (reactive) surface hydroxyl sites present per unit surface area on a mineral
surface is represented by the surface site density (Ns). Quantifying the value of Ns for particular
minerals has remained a challenge for surface complexation models in part due to differences in reactivity



of different functional groups on the surface and in part because different techniques for measuring
surface site density often yield different values [28]. Several different techniques such as objective curve
fitting [29]-[31], crystallography [25], tritium exchange, and surface saturation data [12], [32]-[36] have
been used previously to estimate the Ng parameter for adsorbents of interest. In the case of the iron
(hydr)oxide goethite, Ns values determined using the methods listed above have been found to range from
0.5 to 20 sites/nm? [37]-[39].

In most modeling studies, once a site density value is selected for a given mineral, it is considered valid
for all samples of that particular mineral. For example, the site density of 16.4 sites/nm?, obtained from
tritium exchange data for a goethite sample with a specific surface area (SSA) of 54 m?%g, has been
utilized in a number of SCM studies for goethite samples with SSAs ranging from 49 to 95 m%/g. While
this assumption regarding a uniform site density is useful in reducing the number of fitting parameters
needed to run a SCM, there is strong evidence suggesting that Ng varies between mineral samples. From
crystallography, it has been shown that mineral surfaces are composed of different crystal faces
possessing unique site types and site densities that vary from one crystal face to another. Microscopic
imaging studies have observed the contribution of these crystal faces to differ between mineral samples,
especially when comparing samples with differing SSAs. Given this information, it stands to reason that
the current modeling practice of using the same site density value for all samples of a given mineral is
not realistic.

Although numerous modeling studies have proven successful in predicting single solute adsorption data
utilizing different site densities within the range of 0.5 to 20 sites/nm?, a number of problems have been
encountered. In particular, the equilibrium constants determined for surface complexation reactions in
one modeling study are not often transferrable to other modeling studies utilizing a different mineral
sample or employing a different site density value. This result has poor implications for field scale
predictions where constants generated from one site are unlikely to be extensible to other field sites.
Furthermore, SCM predictions of ion adsorption in multi solute systems are often inaccurate; a result that
is believed to be due, at least in part, to the site density value(s) employed in the model. In summary,
different techniques have been utilized by researchers to estimate Ns for adsorbents of interest. In the
case of goethite, the Ns values determined with these methods ranges from 0.5 to 20 sites/nm?. Typically,
a single site density value is employed for all samples of a given mineral or the Ns value predicted from a
particular technique is used to estimate a mineral’s site density [28]. Both of these approaches disregard
all other N values that were predicted from theoretical and experimental studies of goethite. Hence,
there is a need for a methodology to be developed that unifies the different site density values predicted
and explain their apparent incongruence.

Capacitance values. Capacitance values of an electric double layer at a mineral-water interface are not
directly measured; values are commonly considered an adjustable fitting parameter and determined by
optimizing their values to fit potentiometric titration data sets [37], [40]. Titration data relate the surface
charge value (o) with the solution pH [24], [41]. However, capacitance values are theoretically related to
the distance of approach of the ions to the surface, which means that the range of possible values of
capacitance is constrained by solution chemistry and dimensions of the interfacial region [42]-[44].

Since capacitance values need to be physically realistic, it has been suggested that the optimized values
should be somewhat independent of a particular surface complexation model [39], [42], [45]. The
theoretical relationship between capacitance value and distance of approach of ions is: C = gy¢&,./d, where
go and &, are the absolute (8.85 X 10 CV''m™) and relative dielectric constant, respectively [43].

As indicated, many surface complexation constructs employ an inner and outer layer for adsorption which
constrain the location of ion complexes relative to surface ligands [46]. The two layers may act as
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separate parallel plate capacitors, thus having two different capacitance values: C; and C,. For proton
adsorption, however, the effect of C, is known to be minimal in simulating potentiometric titration data,
while C; directly impacts the surface charge calculation [23]. Thus, finding a value of C; is commonly
regarded to be one of the main objectives in fitting surface charge data. In early studies, the C, value was
commonly assumed to be a fixed value of 0.2 F/m? in the triple layer model (TLM), based on direct
measurements of the Agl-electrolyte interface [37], [47]. However, more recent studies have pointed out
that the assumption that Agl could be used as a surrogate for oxide minerals was based on a
misinterpretation of the relationship between the double layer properties of Agl and that of metal
(hydr)oxides [24], [41], [43], [44]. Thus, modeling studies now often use the approximation that C, is
equal to C; [48]-[51]; Hiemstra and Van Riemsdijk (2006) [44] and Sverjensky (2005) [23] were able to
accurately simulate proton adsorption using this assumption.

It has also been suggested that the capacitance is related to the surface roughness of minerals such as
goethites [45] and that goethites with lower specific surface area (SSA) tend to have greater surface
roughness compared to higher SSA goethites [52], [53]. The basis for this hypothesis is that adsorbed
protons may locate closer to rough surfaces compared to smooth surfaces. Thus, for a rough surface, the
inner and outer layers of the EDL would be thinner which leads to higher capacitance values [45], [54].

2. Selection of surface complexes

Over the past several decades significant progress has been made in improving surface complexation
modeling through more accurate selection of the operative surface complexes. The selection of inner-
sphere, outer-sphere, mono-dentate, bi-dentate or multi-dentate complexes has grown tremendously since
the early work of Hayes and co-workers who employed x-ray adsorption spectroscopy to identify inner-
sphere sorption of selenite and outer-sphere sorption of selenite on goethite and incorporate those
complexes into their surface complexation modeling [55]. The use of in-situ techniques such as x-ray
absorption spectroscopy (XAS), FTIR and X-ray standing wave spectroscopy (XSW) have enabled
modelers to constrain the number of surface complexes considered during modeling. These approaches
have been instrumental in modeling single-solute systems. Molecular modeling approaches have also
helped constrain the selection of surface complexes in single solute systems.

While numerous modeling studies predicting ion adsorption in single solute systems has been successful
[e.g. [7], [41], [48], [51], [56]-[62]], fewer studies have attempted to model more complex systems
possessing multiple anion adsorbates [48], [53], [63], cation adsorbates, or a combination of both [64]—
[67]. Modeling adsorption in these more complex, multi-solute environments, has proven difficult
because the model must be able to take into account site competition and electrostatic effects that are
caused by the presence of multiple adsorbates in the system [41], [68]-[70]. Successful prediction of
adsorption in these multi-solute systems has required the use of surface species not supported by
spectroscopic evidence and/or adjustment of other model parameters such as the specific surface area
(SSA) of the mineral sample [48], [58], [63], [67], [71].

Of particular interest is the more recent spectroscopic work identifying ternary complexes such as Pb(II)-
chloro [72], Pb(Il)-carbonate[73], Pb-sulfate [74] Hg-Cl [75] and Cd(I1)-orthophosphate [76] that suggest
ternary complex formation on oxide surfaces. These data suggest that spectroscopic guidance can be used
to provide guidance for modeling sorption in more complex multi-solute systems.

3. A closer look at alkaline earth metal ion adsorption

Alkaline earth metals are abundant in natural and engineered waters, and often times are present in high
concentrations relative to regulated contaminants of concern [64], [69], [77]-[83]. While the importance



of understanding the fate and transport of alkaline earth metals is often overlooked, their presence at high
concentrations can have significant impacts on the fate of toxic metal ions, oxyanions, radionuclides and
even organic contaminants [22], [64], [69], [79], [80], [84]. In particular, extremely high concentrations
of these metals (e.g. 3,000 — 30,000 mg/L of Ca) are commonly found in ground waters, produced waters,
recycled fracking waters, and wastewaters from soil remediation sites [69], [77]-[83]. While alkaline
earth metals such as Mg and Ca are generally considered to be weakly adsorbed to common soil minerals
such as iron oxides, accurate modeling of their adsorption is required for predicting the adsorption of
other weakly and strongly adsorbing solutes [22], [64], [69], [79], [80], [84].

Although there have been numerous studies which elucidate the adsorption behavior of alkaline
earth metals, there is still a lack of agreement on many adsorption characteristics of these metals
including, but not limited to, the mode of adsorption (inner- or outer-sphere), complex structure
(monodentate, bidentate or tetradentate complexes) and surface affinity [22], [64], [85]-[103]. This has
been partially due to the lack of molecular modeling and/or spectroscopic data identifying the structure of
surface complexes for the dominant alkaline earth metal ions (e.g. Ca** and Mg*"). Another reason for
the insufficient understanding of alkaline earth metal adsorption is presumably due to the common
assumption of inert or indifferent background electrolytes [22], [69]. Most experimental studies have
conducted experiments using simple monovalent electrolyte systems, such as NaCl, NaNO3, NaClO4 and
KNOs. However, recent studies have started to investigate potential impacts of the interaction between
the background electrolytes, sorbed ions and surfaces at the water-mineral interface. As an example,
recent molecular modeling studies have suggested that alkali metal ions such as Na* form inner-sphere
surface complexes which suggests that their impact on strongly sorbing transition metal ions may be more
significant than originally thought (Unpublished study by Criscenti et al.). Hence, investigation on
adsorption in various electrolyte systems is critical for the isolation of these electrolyte effects and for
identifying the true adsorption behavior of alkaline earth metals independent of the particular background
electrolytes in the system. Moreover, prediction of ion adsorption in saline systems typical of produced
waters, desalination waters and other energy waste streams requires incorporation of these species into
surface complexation models.

C. Experimental and Modeling Approach

1. Experimental Systems

A number of different mineral oxides were used in this research including silica, ferrihdydrite, goethite
and gibbsite. The preparation and characterization of these materials varied depending on the research
focus at the time.

Silica. The crystalline silica used was Min-U-Sil® 5 obtained from U.S. Silica (Berkeley Springs,
WV) with 96.3% finer than 5 microns and a median diameter of 1.6 microns. The silica was prepared
with a procedure modeled after MacNaughton and James [104] by first firing in a furnace at 550°C for 24
hours to remove volatile contaminants. Following the furnace, the silica was boiled in 4N ACS-grade
hydrochloric acid (HCI) for 4 hours, and then rinsed with CO; free Milli-Q water repeatedly until the pH
of supernatant reached neutral and the conductivity was less than or equal to 20 microsiemens per
centimeter. After rinsing, the silica was stored in a slurry form with the same background electrolyte used
in the adsorption experiments in a nitrogen-purged glove box until needed.

The crystal structure of Min-U-Sil® 5 was confirmed to be a-quartz using powder x-ray diffraction
(XRD, Siemens D500). The BET surface area of the silica was determined to be 4.00 £ 0.02 m?/g using
nitrogen gas adsorption (Quantachrome, Autosorb-1).Fumed silica (from Sigma, St. Louis, MO) was used
as the substrate for Co(Il) and Sr(IT) XAS experiments and macroscopic sorption experiments due to its
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high surface area relative to Min-U-Sil® 5 which was also used to study sorption mechanisms of Pb(II),
Co(Il) and Sr(I). The fumed silica was used as received without further treatment except for rinsing
several times with Milli-Q treated water followed by a 0.01 M NaNOs solution. A stock solution of the
fumed silica was prepared at a solid concentration of 15 g/L in a 0.01 M NaNOj3 solution 48 hours prior to
preparation of the experimental samples to insure full hydrolysis of the solid surfaces.

Gibbsite. The adsorbent, OC-1000 gibbsite (Al(OH)3) was obtained from Almatis (Bauxite, AR) with a
surface area of 2.19 m?/g. The point of zero salt effect (PZSE) of the adsorbent of 9.8 was determined by
potentiometric titration method. The solid was used as obtained without further purification. The solid
was hydrated with 0.001M NaNOs at a concentration of 100 g/L in a glove box with N, for at least 48
hours before used in experiments.

Ferrihydrite. Methods for preparing ferrihydrite have been well documented [105], [106]. Ferrihydrite
was precipitated from the rapid titration of a 0.33 M reagent grade ferric nitrate [Fe(NO3)3-9H20] (EM
Science, Gibbstown, NJ) solution to pH 7 using IN sodium hydroxide (NaOH) according to a previously
developed method [105]. Inside a nitrogen-purged glove box, 40 g of ferric nitrate [Fe(NO3);-9H,O] were
added to 300 mL of CO, 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 CO, free H,O 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 presence of 2-line ferrihydrite was confirmed using x-ray
diffraction and a pHy.c of 8 was determined.

Goethite. Goethite was prepared according to the method described by Schwertmann et al. [107], Peak et
al. [108] and further refined by Vieira [109], where Fe(NOs); was used as the precursor and aged for 14
days in KOH solution at 25°C. The entire synthesis process was performed inside a N, gas-filled glove
box (Protector®, Labconco, Kansas City, MO) in order to minimize potential contamination of CO», and
degassed CO»-free ultrapure water of 18.2MQ-cm resistivity (Barnstead™ Nanopure™, Thermo Fisher
Scientific, Waltham, MA) was used to wash out impurities left on the solids. Characterization of solids
were done by N>-BET (Quantachrome Instruments, Boynton Beach, FL) and XRD (Philips Analytical,
Amsterdam, Netherlands), and pHy.s. of goethite was determined by potentiometric titration [4]. Three
different types of goethite were prepared, each having specific surface area (SSA) of 50, 64.5, and 73
m?*/g, respectively. The SSA value of goethite were similar to values reported in previous studies using
the same preparation method [109], [110]. The pHpze = 9.1 was also within the range of 9.0 — 9.5 which
is documented by many studies [39], [45], [52], [111], [112].

2. Potentiometric Titrations

Titration experimental results are often used to estimate several parameters required in surface
complexation models including the acidic constants (K’ and K'in), the background electrolyte
equilibrium constants (Ke™ and K,,™), and one of the capacitance terms (C). Additionally, titration data
are used to determine the pH of the point of zero salt effect pHpzse, which is an estimate of the pH of the
point of zero charge (pHrzc) of the adsorbent.

To this end, 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 (CO.) from entering the
system, an inert N> atmosphere was maintained by purging the system with high purity N» gas. 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 an automatic titrimeter by sequential base addition
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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.
Titrations were performed on each adsorbent at three different ionic strengths, to obtain a set of titration
curves.

3. Batch adsorption experiments

Batch adsorption experiments were conducted throughout this research with different mineral oxides,
involving alkaline earth metal (Mg**, Ca**, Sr*, Ba*") and heavy metal (Hg*', Co**, Cd*", Cu*', Zn*",
Pb*") cations. The anions we selected for study included CI', NO3", ClO4, SO4*, CO3* and SeOs* and the
background electrolyte cations we examined included (Na*, K*, Rb" and Cs"). In most cases, stock
solutions containing adsorbent media particles, alkaline earth metal ions and background electrolyte
reagents were prepared from degassed CO,-free ultrapure water and high purity salts (> 99.999%,
Puratronic® by Alfa Aesar or equivalent). Metal ion stock solutions were acidified to 0.318 N nitric acid
(Trace metal grade, Fisher Scientific) for preservation. The electrolyte stock solutions were made from
high purity NaNOs;, NaCl, NaClO4, KNO3;, RbNOs, and CsNOs salts at multiple concentrations ranging
from 0.01 M to 0.7 M. The whole process of preparing the stock solutions and batch reactors was
preformed inside an N, gas-filled glovebox to avoid introduction of carbonates.

The basic procedure for conducting the batch experiments involved adding the specified quantities of
stock solutions to 15 mL polypropylene vials. Once the contents of the batch reactors were added, pH
was adjusted using either 0.1N HNO3, 0.1N HCI, 0.1N HCIO4 or 0.1N NaOH depending on the
electrolyte composition and target pH. Reactors were then placed on a shaker in a 25°C temperature
controlled room for equilibration. Equilibration time was set to 24 hours, based on expected times to
equilibrium [24], [42], [95], [113], [114]. After equilibration, samples were taken out of the reactors and
either centrifuged and/or filtered with 0.45 pm Polyethersulfone (PES) membranes for analysis.

The metal cation composition of each filtered sample was analyzed by inductively coupled plasma -
optical emission spectrometry (ICP-OES) (ICP 710, Agilent Technologies, Santa Clara, CA) or graphite
furnace atomic absorption spectroscopy (Perkin-Elmer) depending on the concentration range and
analyte. The pH of each reactor was measured in a N»-filled glovebox at 25°C, with a Thermo Orion®
ROSS® combination pH electrode (8103BNUWP).

4. Surface Complexation Modeling

A number of surface complexation models were employed in this research including the diffuse layer
model (DLM) for modeling single and bi-solute Cu(II), Pb(Il) and Cd(II) sorption onto ferrihydrite [115],
triple layer modeling of Cd(II), Pb(II) and Se(IV) single and bi-solute data onto ferrihydrite and goethite
[109] . Upon completion of that early effort, it became clear that neither of these models could
adequately capture adsorption over the range of behavior expected in the field, even though both
modeling efforts were based on surface complexes determined from x-ray absorption spectroscopy and
significant efforts were made to account for potential precipitate formation, aqueous complexation and
surface polymerization. As a result, in the final years of the project modeling efforts focused on the CD-
MUSIC model and relied heavily on modeling goethite as a model sorbent.

The CD-MUSIC surface complexation model was used in this study to describe and predict surface
reactions. The CD-MUSIC model incorporates the MUSIC surface complexation model with a charge
distribution model [24]. It describes the mineral-water interface with three electrostatic planes (the 0-, 1-,
and d-plane) as in the case of the TLM. The MUSIC model utilizes crystallographic information to
describe protonation and reactive site densities of specific surface sites of adsorbent minerals [24], [40].
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Three different oxygen-terminated groups at the goethite surface are identified in the MUSIC model;
which are oxygen groups that are singly, doubly, and triply coordinated to the central Fe atoms. These
surface sites have distinctive surface charge, proton affinity, reactivity, and densities. The capability to
account for surface heterogeneity through crystal face distributions is one of the advantages of the
MUSIC model [24], [26], [45], [116], [117].

The CD model accounts for the physical size of sorbed ions instead of assuming that they are point
charges like many other SCMs [24]. This means that the charge of the ions does not need to be located on
a specific electrostatic plane but can be distributed over multiple planes. This interpretation of surface
complexation is incorporated into the electrostatic calculations through the apportioning of the ionic
charge to different planes [24], [42], [113]. The charge from protonation or deprotonation are all
attributed to the 0-plane, while the charge from inner-sphere complexes are distributed between 0- and 1-
planes. The charge distribution of inner-sphere complexes is determined by the number of ligands shared
with the surface and the bond strength [113]. For outer-sphere complexes and ion pairs, the charges were
originally located on the d-plane which designates the head end of the diffuse layer [40], [41]. However,
a study by Rahnemaie et al. (2006) [42] revealed that there is charge separation between the minimum
distance of approach of the ion-pairs and the head end of the diffuse layer. Due to this finding, current
SCM studies which utilize CD-MUSIC places charge for outer-sphere complexes and ion-pairs on the 1-
plane [44], [48]-[51], [66], [118].

The charge distribution values and equilibrium constants of the ion-pair reactions between background
electrolyte and surface sites can also be defined. Monovalent ions, such as Na" and NO5', are normally
assumed to be adsorbed as outer-sphere monodentate complexes on oxide surfaces [15], [42], [86], [113],
[119], [120]. Hence, the charge distribution of Na” and NOs™ on the 0-plane and B-plane are set to Azy =
0, Az; =+1 and Azy = 0, Az; = -1, respectively in this study.

Reaction constants and surface parameters for the CD-MUSIC model were determined through fitting
experimental potentiometric titration data and adsorption data using the computer software packages
FITEQLC [121] and FITEQL 4.0 [122]. Parameter estimation was typically performed in several distinct
steps: (1) simulation of the potentiometric titration data for the goethite surface to determine the intrinsic
surface protonation and ion pair formation equilibrium constants; (2) fitting the single solute pH
adsorption edge experimental data conducted on the goethite to obtain the equilibrium constants for each
ion’s surface complexes; (3) simulating the single solute isotherm adsorption experiments and the bi-
solute adsorption edge experiments conducted utilizing the same parameters, surface species, and affinity
constants previously determined in steps 1 and 2. In summary, the potentiometric titration data and single
solute pH adsorption edge data were used for each ion to calibrate the CD-MUSIC model. The single
solute isotherm data and bi-solute adsorption edge data were used to substantiate the model’s predictive
capability. Model predictions were also conducted over varying ionic strengths. Aqueous metal
speciation was calculated in FITEQLC [121] using the equilibrium constants supplied in Visual MINTEQ
at 25°C. The model’s performance in predicting adsorption edge and isotherm data was quantified for
each data set by calculating the weighted sum of squares divided by degrees of freedom (WSOS/DF).
WSOS/DF values between 0.1 and 20 are considered to be satisfactory model fits of the experimental data
[122].

In order to model adsorption, the surface complex species must be properly determined. The structure and
location of surface species are commonly identified by conducting molecular modeling [95], [98], [100]
and spectroscopic analysis [41], [55], [93], [123]-[125]. Spectroscopic data and computational
molecular modeling simulations found in the literature were used to guide the selection of surface
complexes employed in the CD-MUSIC model. Bond valence analysis as described by Bargar et al. [72],
was also be used to help elucidate the identity of each surface species used in the model. For example,
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many studies examining Sr** have identified the surface complex species on goethite using various
methods [22], [64], [85], [86], [91]-[94]. Although there is a lack of agreement on what the actual
structures are for Sr-goethite complexes, most researchers agree that they exist as outer-sphere
complexes. In addition, many studies have suggested tetradentate surface complex species with the rutile
surface [97]-[100]. Therefore, these findings served as the starting point for selecting the surface species
which most accurately fit experimental data.

Finally, one of the goals of this research was to determine a strategic approach for estimating surface site
density and capacitance as a function of the surface area of goethite. Potentiometric titration data,
maximum oxyanion adsorption data, crystallography and tritium data were used to develop an approach
that reconciles the different values of surface site density often obtained from these data. The approach
builds on previous research by Villalobos and co-workers [60] termed the crystal face composition (CFC)
approach. Potentiometric titration data was also analyzed for goethites having different surface areas
(different CFCs) to determine a relationship between surface area and capacitance value.

D. Results and Discussion

1. Macroscopic Adsorption Behavior

Silica. Initial research in this project sought to identify systems in which ion-pair (e.g. Pb-Cl, Co-Cl, Co-
NO:3) surface complexes were evident. Macroscopic sorption data was combined with aqueous speciation
calculations and x-ray absorption experiments to assess whether ion-pair sorption complexes were
possible. Metal sorption mechanisms were investigated for strontium, cobalt, and lead using sodium
chloride, sodium nitrate, and sodium perchlorate as background electrolytes and quartz as the adsorbent.
Spectroscopic analyses of concentrated sorption samples were evaluated for their ability to provide
insight into the controlling sorption process for more dilute systems. For strontium, outer-sphere
complexes identified using x-ray absorption spectroscopy (XAS) of concentrated samples were consistent
with macroscopic sorption data collected in more dilute systems. XAS results indicated that cobalt
formed a new solid phase upon sorption to silica. Macroscopic experiments and solubility modeling
(Figure 2) of cobalt sorption supported the spectroscopic data for total cobalt concentrations of 10° M
regardless of the background electrolyte composition or concentration. While other researchers have
attributed an ionic strength of Ni(II) adsorption to Ni-ClO4 ternary complexes, no evidence for such
complexes were identified in this research [126]. At a lower total cobalt concentration (10 M),
adsorption appeared to be the prevailing mechanism of cobalt removal. Spectroscopic results suggested
that lead adsorbed as an inner-sphere complex on silica. The decrease of lead removal with increasing
chloride concentration was attributed to competition with aqueous lead-chloride complexes based on
thermodynamic calculations. These results are reported in Chen et al. (2006) [96].
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Figure 2. Comparison of aqueous Co(II) data from sorption experiments to aqueous
concentrations predicted based on Co-kerolite solubility. Co(II) adsorption data are for
NaNOs background electrolyte concentrations of 0.01M and 0.1 M. Co-kerolite
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Gibbsite. Two approaches, macroscopic adsorption experiments and molecular dynamics simulations,
were employed to study the effect of temperature on alkaline earth metal ion adsorption to gibbsite
surfaces. Increased reaction temperature enhanced the extent of metal ion adsorption for all of the
alkaline earth metals studied. Whereas Mg”" and Sr** (Figure 3) adsorption displayed dependence on ionic
strength with increasing temperature, Ba*" adsorption (Figure 4) exhibited less dependence on
background ionic strength regardless of temperature. The ionic strength dependence was attributed to
outer-sphere complexation and triple layer surface complexation modeling supported these results.
Results from molecular dynamics simulations were in agreement with changes from outer-sphere to inner
sphere complexation as a function of temperature and with periodic trends. The amount of thermal
energy required to remove waters of hydration from the metal cation and the ratio of outer-sphere to
inner-sphere complexation decreased with increasing ionic radii.
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Figure 3. Sr** (Srrow = 2 x 107 M) adsorption isotherms on gibbsite (10 g/L) at 298 K and 358 K
with NaNQj as background electrolyte.
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Figure 4. Ba>" (Barow = 1 x 10 M) adsorption isotherms on gibbsite (10 g/L) at 298 K and 358 K
with NaNOs as background electrolyte.

Goethite. A significant effort was put forth in the collection of extensive adsorption data of alkaline earth
metal ions (Mg®*, Ca?*, Sr**, and Ba®") on goethite over a range of ionic strengths, background electrolyte
anions and background electrolyte cations. There have been few studies that extensively examined the
effects of such complex matrices of solution chemistry on the adsorption behavior of alkaline earth
metals. The adsorption batch test results that were collected in this study displayed several important
adsorption trends which may aid in characterizing the structure and location of alkaline earth metal
surface complexes within the interfacial region, which are currently less understood and controversial
compared to transition metals.

One significant trend that was found from our test results was that the impact of ionic strength on metal
cation adsorption on goethite increases proportionally with the crystal radii of the cations, which follows:
Mg*" < Ca®" < Sr*" < Ba?'. Figure 5 shows the adsorption edges of the four alkaline earth metals on
goethite in various ionic strength solutions. It can be clearly seen that the separation of adsorption curves
among different ionic strength is smallest for Mg”*" and largest for Ba*". This trend differs from that
observed in our previous work with gibbsite.

Another trend that was observed from this study was the inverse correlation between the crystal radii of
alkaline earth metals and their affinity for goethite (Figure 5). This trend is identical with the trend seen
with gibbsite in our previous study, and with predictions made by Sverjensky (2006) [22]. The results
indicate that smaller cations tend to adsorb more strongly to goethite and gibbsite despite their larger
hydration energies, due to low dielectric constants of the solids.

The impact of background electrolyte cation also demonstrates differences between Ba** and Mg*"
adsorption (Figure 6). At the same ionic strength, Na* leads to reduction in Ba*" sorption, whereas no
impact is observed for Mg**. The observed trend for Ba*"is consistent with increased adsorption for larger
electrolyte cation radii.
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The impact of electrolyte anions also showed a greater impact on Ba*" compared to Mg>*. However, this
was in part attributable to aqueous speciation modeling which showed that BaNO3; complexes were
significant. Thus, the amount of free Ba®" in solution was lower than Mg*".

The results from the macroscopic adsorption experiments highlight the importance of considering
background electrolytes in solution for adsorption of alkaline earth metals; at least two different
mechanisms are operative. First, the effect of the electrolyte will depend on the relative affinity of the
cations to the surface due to competition. Another important factor related to electrolyte effects is the
formation of aqueous complexation of alkaline earth metals with anionic electrolytes. It was shown in
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this study that altering the anionic electrolyte affects the adsorption of alkaline earth metals by changing
the fraction of free metal ions in solutions. In other words, less availability of free metal ions results in
less total adsorption to the surface. Regardless of the mechanisms attributing to the impact of background
electrolytes on alkaline earth adsorption, the concentration of electrolyte plays an imperative role.
Generally, background electrolytes have weak complexing power which is why they are commonly
considered inert in many adsorption studies. However, high concentrations of these electrolytes can
compensate for their weak reactivity, and their effect on metal adsorption may be significant especially in
saline solutions.

2. Goethite Site Density Estimation

Mineral surfaces are comprised of crystal faces that are specific to a given mineral [53], [128]-[130].
These crystal faces possess surface functional groups (i.e. adsorption sites) that can vary in type and
density (sites/nm?) from one crystal face to another. Each type of surface functional group, herein
referred to as surface site type, is thought to possess its own unique reactivity to adsorbing ions, including
protons [41], [46], [118], [131]. Furthermore, adsorption studies utilizing spectroscopy, computational
molecular modeling, bond valence analysis or some combination thereof, have revealed that site reactivity
varies depending on the adsorbate, the surface site type, and the coordination environment [41], [48],

[66], [72], [73], [75], [118], [132]-[139]. Since the surface site type, site density, and coordination
environment can vary depending on the crystal face considered, the mineral surface’s morphology or
crystal face composition (CFC), greatly affects its reactivity [25], [26], [53], [60], [140].

In the case of the iron hydroxide mineral goethite, researchers have typically assumed the mineral surface
to be composed of 90% (101) face and 10% (210) face, regardless of mineral sample in question [41],
[42], [48], [50], [63], [67], [86]. While this approach for estimating CFC provides a simple and
straightforward method for determining the Ns of each surface site type considered, it fails to account for
the differences in reactivity and CFC that have been observed for goethite both experimentally and
through microscopic image analysis [24], [25], [28], [39], [45], [52], [60], [61], [116], [140]. As a result,
in order to attain satisfactory model fits using the 90% (101) and 10% (210) CFC, researchers have
needed to adjust the SSA of goethite samples or utilize surface species not consistent with spectroscopic
observations [48], [63], [67].

Goethite is comprised of singly, doubly, and triply coordinated sites. Mounting evidence suggests that
doubly coordinated sites on goethite are nonreactive to protons at environmentally relevant pHs; however,
singly and triply coordinated surface oxygens are considered to be proton reactive, with log Ky’s of =8
and 11.7, respectively [41], [46], [53], [66], [131], [140], [141]. The (101) and the (001) crystal faces of
goethite both possess singly, doubly, and triply coordinated surface sites (cf. Table 1) [116]. All singly
and doubly coordinated sites present on these two crystal faces have a surface oxygen atom with a low
proton affinity (OII). In addition, one third of the triply coordinated sites found on the (101) and (001)
faces also possess
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Table 1. Site types and site densities (sites/nm2) present on the predominant crystal faces of

goethite.
Surface Crystal Face N, (sites/nm?)
Site Type  (101)°  (001)® (2100  (010)°

=FeO, 0 0 3.75

9.1
=fe0,  3.03 3.34 3.75
=Fe,0, 0 0 3.75

9.1
=fe,0,  3.03 3.34 3.75
=Fe,0,  6.06 6.68 0 0
=Fe;0,, 3.03 3.34 0 0

Site densities are taken from: a) Venema et al.[131], b) Gaboriaud and Ehrhardt [116], and ¢) Lutzenkirchen et al. [28]

an Oy surface oxygen; the other two thirds are comprised of a surface oxygen with a high proton affinity
(On) [41],[46], [116], [131]. The combination of two triply coordinated sites, one with high and the other
with low proton affinity (=Fe;O; and =Fe;Ou, respectively), has been found to render both surface sites
inert [25]. For this reason, only one third of the triply coordinated sites present on the (101) and (001)
crystal faces are considered reactive. On the (210) and (010) capping/terminal faces of goethite, only
singly and doubly coordinated sites are present, and in the case of the (210) face both surface groups are
comprised of equal amounts of low and high proton affinity oxygens [131]. To our knowledge, the
distribution of sites with low and high proton affinity oxygens on the (010) face has not been determined.

Once a CFC is established for a given mineral sample, the different site types and their respective site
density values can be determined for goethite using the crystallographic information presented in Table 1.
Previous modeling studies that have estimated the CFC of goethite have typically considered only two
crystal faces to be present on the mineral surface, either the (101) and (210) [41], [48], [S1], [58], [67], the
(101) and (001) [116], or the (101) and (010) [53], [60]; resulting in a total of eight, eight, and six possible
site types, respectively. To make the SCM more manageable, certain assumptions regarding the site types
present on the different crystal faces are employed. In particular, doubly coordinated sites on the (101) and
(001) crystal faces are not considered reactive [41], [46], [53], [116], [118], the combination of one =Fe;0
site and one =Fe;Oy site is thought to result in both sites being unreactive [25], =FeO; and =FeOp sites on
the (210) and (010) crystal faces are equivalent [41], [53], [60], [67], and =Fe,Or and =Fe,Oy sites on the
(210) and (010) crystal faces are equivalent. These assumptions result in a simplified description of the
interface (Table 2).
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Table 2. Simplified site types and site densities (sites/nm?) present on the predominant crystal
faces of goethite.

Surface Crystal Face N, (sites/nm?)

Site Type  (101) (001) (210) (010)
=FeO 3.03 3.34 7.5 9.1
=Fe,O 0 0 7.5 9.1
=Fe;0 3.03 3.34 0 0

Using the titration congruency method proposed by Salazar-Camacho and Villalobos [60], the
potentiometric titration data of the 63 m*/g goethite used in this research, GOE63, was compared with a
second goethite sample, previously produced by Weng et al. [90], labeled HVR94 and possessing a
specific surface area (SSA) of 94 m*/g. Based on Gaboriaud’s and Ehrhardt’s [116] work using atomic
force microscopy (AFM) imaging to characterize goethite surfaces with varying SSAs, the HVR94
goethite sample was determined to have a CFC consisting of 70% (101) crystal face and 30% (001)
crystal face (using the Pnma space group) [60], [116]. Alignment of GOE63’s potentiometric titration
data with that of HVR94 (Figure 7) revealed a proton reactive site density value of 6.6 sites/nm?” for
GOEG63. Using the Ny value of 6.6 sites/nm? for GOE63, and the fact that only singly and triply
coordinated surface sites are considered to be proton reactive on goethite, allows for calculation of Ng.

Ny = Z(% Crystal Face;)(Ns =peon ;i + Ng=re;0,i) (7
%

where Ny is in units of sitesnm™, % Crystal Face; is the percent of the mineral surface comprised from the
i crystal face, Ns,=FeOH,; and Ns,=Fe;0,; are the site densities of singly and triply coordinated sites,
respectively, present on the ith crystal face, in units of sitesnm™, and the summation is over all crystal
faces k considered. The surface of the goethite sample GOE63 was considered to be comprised of some
combination of the (101), (001), and (210) crystal faces:

1= Z(% Crystal Face); ®)
k

where (% Crystal Face)i is the percent of the mineral surface comprised from the ith crystal face and the
summation is over all crystal faces k considered. Using Equation 8 along with GOE63’s selenite surface
saturation data and its proton reactive site density (Nu), the CFC of the goethite sample was estimated.

Utilizing the selenite surface saturation value observed for GOE63, along with the Ny value determined
for the goethite sample, and recalling that the (101), (001), and (210) crystal faces are considered to be
present on the mineral surface, the CFC of GOE63 can be estimated to be 31% (101), 55% (001), and
14% (210). This CFC is in good agreement with the findings of Gaboriaud and Ehrhardt [116] who,
using AFM images, found a CFC of 30% (101) and 70% (001) for a goethite sample possessing a SSA of
49 m?/g. Furthermore, using the CFC presented here, GOE63’s predicted tritium exchange site density
(Nri7) was found to be 17.0 surface protons/nm” which is in good agreement with the experimental and
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Figure 7. Fits from titration congruency method for GOE63 and HVR94 potentiometric titration
data. NH for GOE63 was adjusted until the HVR94 and GOE63 data sets aligned for a
given ionic strength (a) = 0.01 M and (b) = 0.08 M. The background electrolyte used in
each case was NaNOs.

theoretical values obtained by Yates et al. [142] of 16.4 + 0.7 and 16.8 surface protons/nm?, respectively,
for goethite samples with SSAs ranging from 39 to 54 m?*/g. Hence, the resulting CFC for GOE63 provides
conformity among the different site density values predicted using crystallography, microscopic image
analysis, surface saturation data, surface charging data, and tritium exchange. With the CFC for GOE63
determined, the NS value for each different site type considered in the CD-MUSIC model can be calculated
(Table 3).

Table 3. Site Types and Ns used in the CD-MUSIC model for GOE63.

Site Type " CFC (%) s (sites/nm’) :
Face Individual * Model
(101) 31 0.94 7
=FeOH (010) 55 1.85
(210) 14 1.03 1.03
(101) 31 - ]
=Fe,OH (010) 55 -
(210) 14 1.03 1.03
(101) 31 0.94 37
=fe30 _ (010) 55 185
(210) 14 - R

2 “Individual” Ns values were calculated for each site type by multiplying the CFC percentage by the respective crystal
face’s reactive site density (cf. Table 2)

®Values under the column labeled “model” represent the site densities used in CD-MUSIC for GOE63. For the (101)
and (001) crystal faces, the Ns value for a given site type is calculated by summing the Ns values presented in the
“Individual” column for the (101) and (001) faces. For the (210) crystal face, the site densities in the “model” column
are equivalent to those presented in the “individual” column.

3. Estimation of capacitance

Several precedent setting studies have documented the role that the capacitance values play in predicting
potentiometric titration data; there is an inverse semi-linear relationship between the SSA and capacitance

20



value of goethites [23], [39], [42], [45], [52], [60], [116], [140]. The current study hypothesizes that
establishing a predictive method to determine capacitance values based on SSA of goethite can extend the
capability of SCMs to predict proton adsorption behavior and metal ion adsorption to various preparation
of goethites.

In this study, the relationship between capacitance and SSA was created by fitting multiple proton
adsorption data on goethites of various SSA with the CD-MUSIC model. Titration data was collected
from other studies [41], [42], [45], [109], and the capacitance value were adjusted to fit the data using
FITEQL 4.0.

Titration data for four different goethite preparations was collected from literature. The specific surface
area (SSA) of the goethites used in the collected data ranged from 37 m?%/g to 98.6 m*/g. All titrations
were reported to be performed in CO,-free environments, with NaNOs as electrolytes, and with the pHp,.
of goethite ranging within 9.1+0.3. The data were used to establish a linear relationship between specific
surface area and capacitance that was able to describe all four data sets.
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Figure 8. CD-Music modeling of titration data collected for four different specific surface area
goethites.

4. Surface Complexation Modeling of Transition Metal Ions

Potentiometric titration data and pH adsorption edge data for Cd(II) from our research were used to calibrate
the CD-MUSIC model while the Cd(II) isotherm adsorption data and experimental data from Venema et al.
[41]were used to test the model’s predictive capability. Cd(II) adsorption was modeled on goethite utilizing
a tridentate edge sharing complex forming on the (210) crystal face, and a bidentate corner sharing complex
and monodentate surface complex, both forming on the (101) and (001) crystal faces of goethite based on
spectroscopic and DFT calculations [67], [132], [133], [143]. The resulting model fits for the pH adsorption
edge experiments were satisfactory and the model proved capable of accurately predicting GOE63’s Cd(II)
isotherm adsorption data.
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Figure 9. (a) Cd(II) pH adsorption edge data for GOE63 at four different Cd(II) surface loadings.
(b) Cd(II) isotherm adsorption data for GOE63 at pH 6.89. Symbols denote
experimental data points while solid lines represent model simulations of total Cd(II)
adsorbed. The dashed orange line in plots (b) represents the amount of Cd(II) adsorbed
to the (210) crystal face while the dotted and dashed purple line denotes the amount of
Cd(II) adsorbed as the monodentate surface complex that binds via a vertex linkage to
the (101) and (001) crystal faces.

Utilizing a newly proposed Pb(Il) tridentate surface complex, CD-MUSIC’s simulated surface speciation
of Pb(II) on GOE63 is in agreement with spectroscopic findings [139], [144] over the entire pH range
studied. To our knowledge, this is the first model that is capable of describing Pb(II) ion adsorption to
goethite over the pH range from 3 to 11.
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Figure 10. (a) Pb(II) pH adsorption edge data for GOE63 at four different Pb(II) surface loadings.
(b) Pb(II) isotherm adsorption data for GOE63 at pH 4.89. Symbols denote
experimental data points while solid lines represent model simulations of total Pb(II)
adsorbed. The dashed orange line in plot (b) represents the amount of Pb(I) adsorbed
to the (210) crystal face while the long dash blue line denotes the amount of Pb(II)
adsorbed as the (EFeOH),-Pb-(=Fe,0) surface complex that binds via a corner and edge
linkage to the (210) crystal face.
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In Cd(II)/Pb(II) bi-solute systems, competition between the adsorbates for surface sites affects the
adsorption behavior of Cd(II) relative to what is observed in single solute systems. The CD-MUSIC
model developed in this study is able to predict the effects of this site competition and correctly describe
the adsorption behavior of both cations in the Cd(II)/Pb(II) bi-solute system. Similar attempts to model
cation/cation competition with simpler models has often lead to over prediction of the extent of
competition [18].
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Figure 11. (a) and (b) Cd(II) and Pb(II) bi-solute pH adsorption edge data for the GOE63 goethite
sample with surface loadings of (a) 0.31 and 0.26 pmol/m?, respectively (“Low” surface
loading); and (b) 2.15 and 1.87 umol/m? respectively (“Medium” surface loading. In all
plots, symbols denote experimental data and solid lines denote CD-MUSIC model
predictions.

In both the Cd(I1)/Se(IV) and Pb(I1)/Se(IV) bi-solute adsorption experiments, total ion adsorption
exceeded the site capacity of the goethite. In contrast to the Cd(II)/Pb(II) bi-solute system where evidence
for competition was observed in Cd(Il)’s adsorption edge shift (Figure 4d), comparison of single and bi-
solute experimental adsorption data for the cation/oxyanion systems revealed that no reduction in sorption
occurred for any of the adsorbates (i.e., Cd(II), Pb(Il), and Se(IV)) considered. These differences
between the cation-cation and cation-oxyanion bi-solute systems can be attributed to the reduction in
charge associated with adsorption of counter-ion solutes and/or the formation of ternary complexes.
Based on comparison with similar bi-solute systems (i.e., Cd(I[)/S(IV) and Pb(I1)/S(IV)), the formation of
ternary complexes is expected. Incorporation of ternary surface complexes did lead to excellent
simulations of the bi-solute data for both systems. Further confirmation of these species through
molecular modeling and/or spectroscopy should be conducted to confirm the presence of these complexes
within the range of conditions implicated by the modeling results.
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Figure 12. Cd(I) and Se(IV) bi-solute pH adsorption edge data for the GOE63 goethite sample
with surface loadings of (a) and (c) 0.43 and 0.49 umol/m?, respectively (“Low” surface
loading); and (b) and (d) 1.98 and 1.97 umol/m?, respectively (“Medium” surface
loading). CD-MUSIC model simulations were conducted assuming ternary surface
complexes were (a) and (b) absent; and (c) and (d) present. Symbols denote
experimental data and solid lines denote CD-MUSIC model predictions. The black
dashed line in plots (¢) and (d) represents the amount of Cd(II) and Se(IV) adsorbed to
the (101) and (001) crystal faces via the proposed (=FeOH),-CdOSeO; ternary surface
complex.
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Figure 13. Pb(Il) and Se(IV) bi-solute pH adsorption edge data for the GOE63 goethite sample
with surface loadings of (a) and (c) 0.34 and 0.39 umol/m?, respectively (“Low” surface
loading); and (b) and (d) 2.24 and 2.10 pmol/m?, respectively (“Medium” surface
loading). CD-MUSIC model simulations were conducted assuming ternary surface
complexes were (a) and (b) absent; and (c) and (d) present. Symbols denote
experimental data and solid lines denote CD-MUSIC model predictions. The black
dashed line in plots (¢) and (d) represents the amount of Pb(II) and Se(IV) adsorbed to
the (210) crystal face via the proposed (=FeOH)-PbOSeO,-(=Fe,OH) ternary surface
complex.

A summary of the surface complexation model parameters for this system is presented in Table 4.
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Table 4. CD-MUSIC surface complexation model parameters for goethite

Crystal Linkage
Adsorbate Face  Surface Complex Type Az Azy Log Kin
= 0.5 D = +0.5 _ .
(101), =FEOH®®+H" > =FeOH, 1 0 8.5
(001) =FeOH™ >+ H*+ NOs - =FeOH,">>_NOs - 1 -1 8.0
(2?0) =FeOHOS + H* + CI' > =FeOH,*S_CI - 1 -1 8.1
b =FeOH? > + Na* = =FeOH*> Na* - 0 0.1
=Fe300° + H* = =Fe30H*° - 1 0 11.7
‘121) —Fe,005 + H* + NO5 - =Fe;0H*5_NO5 - 1 1 112
(001) =Fes0®>+H"+Cl > =Fe;0H"°_CI - 1 -1 113
=Fe3005 + Na* > =Fe;0%°_Na* - 0 1 0.1
(101)  2(=FeOHY2) + Cd*2 > (=FeOH),-Cd Corner 0.82 1.18 5.88
&
=FeOHY2 + Cd*?2 + 2H,0 > (=FeOH)-Cd(OH), + 2H* Vertex 041 -041 -11.96
cd? (001)
(210) 2(=Fe'OHY2) + =Fe,'OH° + Cd*2 > (=Fe'OH),-Cd-(=Fe,'OH) Edge 1.15 0.85 7.31
2(=Fe'OH2) + =Fe,'OHC + Cd*? - (=Fe'OH),-Cd-(=Fe,'0) + H* Edge 0.32 0.68 -0.90
(101)  =FeOH2 + Fe;0Y2 + Pb*2 + H,0 - (=Fe0)-PbOH-(=Fe;0) + 2H* Edge 016 -0.16 -4.13
&
(001) 2(=FeOHY2) + Fe;0Y2 + Ph*2 > (=FeOH),-Pb-(=Fe;0) Edge 1.49 0.51 11.83
Pb*?
=Fe'OH 2 + =Fe,'OHC + Pb*2 +H,0 > (=Fe'OH)-PbOH-(=Fe,'0) + 2H* Edge 0.08 -0.08 -5.60
(210) Edge &
2 (=Fe'OHY/2) + =Fe,'OH° + Pb*2 - (=Fe'OH),-Pb-(=Fe,'OH) Corner 1.4 0.6 10.70
(101)
& 2(=FeOH2) + Se032 + 2H* > (=Fe0),-Se0 + 2H,0 Corner 0.75 -0.75  22.85
Se03—2 (001)
(210) 2(=Fe'OH2) + Se03?2 + 2H* > (=Fe'0),-Se0 + 2H,0 Corner 0.67 -0.67 23.93
2(=Fe'OH™2) + Se03? + 3H* > (=Fe'0),-SeOH + 2H,0 Corner 067 033  29.83
(101)
Cd*? and Se05? & 2(=FeOH2) + Se03 + Cd*? > (=FeOH),-Cd-0Se0, Corner 0.82 -0.82
(001) 13.07
Pb*? and Se03 (210)
=Fe'OH 2 + =Fe,'OHC + Pb*2 + Se032 > (=Fe'OH)-Pb0Se0,-(=Fe,'OH) Edge 092 -092 19.09
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5. Surface Complexation Modeling of Alkaline Earth Metal Ions

The same CD-MUSIC parameters developed for the transitions metal ions was applied to model alkaline
earth metal ion adsorption. The resulting surface complex species for each alkaline earth metal ion
determined from the data fitting process are listed in Table 5. For Ba*" and St**, only outer-sphere
species were required to fit experimental data, whereas for Ca** and Mg”", inner-sphere species were also
required. This is consistent with the observed trend from our adsorption batch experiments where Mg**
and Ca*" show stronger binding with the goethite surface compared to Sr** and Ba*". MeOH = species
were required to fit the adsorption at high pH ranges for all alkaline earth metals except Ba. Also, as
suggested by spectroscopic and molecular dynamic data, outer-sphere tetradentate species were the
dominant species for Sr** and Ba*".

Table 5. CD-Music surface complex species of alkaline earth metal ions on goethite

Surface Complex Species Charge Distribution log K
Formula Description Azo | Az1 | Az | Mg | Ca Sr Ba

=FeOHMeOH Inner-, Mono- 0.33 | 0.67 0 -3.90 | -7.35

(FeOH) Me (=Fes0) Outer, Bi- 0 2 0 4.39
2(=FeOH) Me 2(=Fe;0) Outer, Tetra- 0 2 0 7.66
4(=Fes0)_Me 13.21
=FeOH_MeOH Outer, Mono- 0 1 0 -7.12
4(=FeOH) MeOH Outer-, Tetra- 0 1 0 -3.60 | -5.29

Based on the surface complex species described above, predictions were made for alkaline earth metal ion
adsorption on goethite under various solution conditions. Figure 14 compares the model prediction with
experimental data for Ca*" adsorption at different surface-to-metal loading ratios for two extreme cases of
0.01M and 0.7M ionic strength. As the surface/metal ratio is reduced, it is expected that the fraction of
the alkaline earth metal ion removed from solution will decrease. Also, due to the limited availability of
surface sites, the proportion of tetradentate surface species will also decrease as surface/metal ratio
decreases. The predictions in Figure 14 show good agreement with experimental data where the
surface/metal ratio is reduced by 1/6 and 1/20 from the original value used for the data fitting. (i.e. 1.2 g/L
goethite with 1E x10M Ca*", and 1.2 g/L goethite with 3.33x10*M Ca?", respectively)
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Figure 14. Experimental data and model prediction of Ca*" adsorption on goethite for different
surface-to-metal loadings in 0.01M and 0.7M NaNQOs solutions. (2) surface/metal ratio
changed to 1.2g/L goethite / 1x10*M Ca®*; (b) ratio changed to 1.2 g/L goethite /
3.33x10“M Ca*".

Predictions were also made for electrolyte concentrations between the two extremes (0.01M and 0.7M)
that were used for data fitting. Figure 15 shows four examples of modeling results: Mg** and Sr**
adsorption in 0.1M and 0.3M NaNOs solutions. The agreement between the model with the experimental
data demonstrates that the model is capable of predicting alkaline earth metal ion adsorption over a wide
range of NaNOj concentrations which spans at least from 0.01M to 0.7M.
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Figure 16. Predictions of Ba®" and Mg”" adsorption on goethite in 0.7M NaNOj; and NaCl
solutions

Figure 16 illustrates the modeling results of Ba and Mg adsorption on goethite in 0.7M NaNO; and NaCl
solutions. As described in previous chapters, the aqueous complexation of alkaline earth metal ions with
NOs™ ligands reduces the concentration of free metal ions which consequently affects the adsorption on
goethite. In comparison with NaNOjs solutions, the free concentration of Ba®" is higher, whereas for Mg
the uncomplexed concentration is lower in NaCl solutions. The model accurately predicted these
differences in adsorption associated with different solution chemistry. The relatively small difference in
Mg*" adsorption between NaNO; and NaCl solution is assumed to be due to the higher surface affinity of
Mg*" compared to Ba®".

Model predictions of Ba® adsorption in a more complex solution system (i.e. mixture of 0.35M NaNOs
and 0.35M NaCl) were also conducted. Ba®" was specifically selected as the adsorbate due to its
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relatively low affinity to goethite which results in greater impact on adsorption by background
electrolytes. Figure 17 illustrates the agreement with the experimental data.

Ba adsorption in mixed electrolyte systems
(0.35M NaNO; + 0.35M NaCl)
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Figure 17. Experimental data and model prediction of Ba** adsorption in complex electrolyte
system (mixture of 0.35M NaNOj; and 0.35M NaCl).

The predictions for Ba adsorption in two different preparations of goethite (i.e. 50 m?/g and 64.5 m?/g) are
shown in Figure 18. When the electrolyte concentration and total surface area of goethite in batch
reactors are identical, Ba adsorption is observed to be greater on the 50 m*/g goethite compared to the
64.5 m*/g goethite. Our predictions show trends consistent with the experimental results. This provide
evidence that the model developed can be extended to different preparation of goethites with different
CFCs.
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Figure 18. Experimental data and model prediction of Ba adsorption in complex electrolyte
system (mixture of 0.35M NaNO; and 0.35M NaCl).
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