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EXPERIMENTAL AND THEORETICAL THERMODYNAMIC STUDIES OF CHARGING 

AND ADSORPTION AT THE SOLID-AQUEOUS INTERFACE OF ALUMINUM-BEARING 

FERRIHYDRITES AND RUTILE 

 

by 

 

FAISAL TORBU ADAMS 

 

Under the Direction of Nadine Kabengi, PhD 

 

ABSTRACT 

In this thesis, three techniques are integrated to investigate how best to capture and 

parameterize complexity in interfacial reactions at mineral-aqueous interfaces. The first chapter 

employs a novel approach that leans on spectroscopic and computational data to build a Surface 

Complexation Model for aluminum-doped ferrihydrites. The model places Al on the surface in 

Fe1 sites and was found to fit empirical zeta potential measurements reasonably well. In chapter 

two, Flow Adsorption Microcalorimetry and Density Functional Theory calculations were each 

used to derive the enthalpies of phosphate, oxalate, and chromate sorption on the (110) face of 

rutile. The difficulty in determining the masses adsorbed in the experiment, and the complexity of 

electron interactions in our computational calculations, did not allow for a reconciliation of 

adsorption enthalpies. Although we successfully captured the complexity associated with 

substitution, we were unable to rationalize differences in deriving thermodynamics parameters.  

INDEX WORDS: Flow calorimetry, MUSIC model, Computational modeling, enthalpies, SCM   
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1 INTRODUCTION  

Chemical reactions at mineral-water interfaces are of great interest to geochemists and 

colloidal scientists as they are fundamental to the retention and distribution of nutrients and 

contaminants in terrestrial and aqueous environments. For decades, researchers have employed 

various approaches and techniques (Parfitt and Smart 1978, Lasaga and Gibbs 1988, Wang et al. 

2014, Lee et al. 2020) to understand and probe these surface interactions, e.g., adsorption, 

desorption, ion exchange, protonation, and deprotonation.  Whereas some researchers utilize 

experimental techniques, such as calorimetry (Kabengi et al. 2006, Wu et al. 2015, Namayandeh 

and Kabengi 2019) and infrared spectroscopy (Johnston and Chrysochoou 2012, Johnston and 

Chrysochoou 2016), others employ empirical and theoretical approaches such as surface 

complexation models (Ridley et al. 2015, Machesky et al. 2019) and computational calculations 

that utilize first principles of physics to simulate and understand interactions (Pinney et al. 2009, 

Kubicki et al. 2012). These investigations have, alone and in tandem, led to a great deal of 

molecular-level understanding of interfacial reactions, mineral surfaces, and the interactions of the 

species in solution.  Yet, it has become increasingly evident that a comprehensive and predictive 

understanding of interfacial reactions requires a holistic approach, which adequately represents 

realistic conditions by factoring in defects and impurities,  and integrates various scales of data by 

tying experimental data with theoretical modeling. This thesis aims to help achieve the goal of 

merging both theory and practice in two systems - charging reactions of aluminum-doped 

ferrihydrite, and the adsorption of oxyanions on the rutile (110) face. The first seeks to incorporate 

increased complexity in attempts to model realistic surfaces, and the second reverts back to the 

utilization of a more straightforward system with the goal of examining the methodologies used.  
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1.1 Investigative thermodynamic techniques under study 

 In this thesis, three major techniques are explored and used in various degrees of 

entanglement. We first employ a surface complexation model (SCM) for its ease of use and 

versatility and apply it to an aluminum-doped iron (oxyhdr)oxide. In the latter section, an 

electrochemical technique, flow microcalorimetry, and computational calculations, Density 

Functional Theory (DFT), are benchmarked against each other to break down the complexity at 

play between their two scales. These two techniques are applied to the rutile  (110) face, a well 

described and understood titanium oxide mineral surface (Diebold 2003, Bourikas et al. 2014). 

1.1.1 Surface Complexation Modeling  

Surface Complexation Models (SCMs) utilize a combination of surface chemical 

equilibrium equations with an interpretation of the electric double layer of the surface (Figure 1.1) 

to describe interactions between surface sites and aqueous species.   

 

Figure 1.1. The (a) Helmholtz, (b) Gouy and Chapman, and (c) Stern models of the Electric 

Double Layer at solid-aqueous interfaces (Hiemstra and van Riemsdijk 2002. 
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There are several SCMs in use including but not limited to: the Constant Capacitance 

model (Sposito 1984), the Diffuse Double Layer model (Dzombak and Morel 1990), the Basic 

Stern model (Machesky et al. 1998) and the Triple Layer model (Davis and Leckie 1978). These 

SCMs aim to describe adsorption phenomena by iteratively solving chemical reaction equations 

and electrostatic interactions to equilibrium. The different SCMs vary in their methods of defining 

interfacial chemical reactions and the contribution of the aforementioned electrical components. 

Of these SCMs, the MultiSite Complexation (MUSIC) model has been the most successful at 

estimating the proton affinity of Fe and Al oxides (Hiemstra et al. 1989, Hiemstra et al. 1999). An 

extension of this model, the Charge Distribution MultiSite Complexation (CD-MUSIC) model was 

introduced to account for the spatial distribution of adsorbed charged ions within the interfacial 

region, a principle not applied previously in other conventional SCM models (Hiemstra and Van 

Riemsdijk 1996, Hiemstra and Van Riemsdijk 2000). The CD-MUSIC model acknowledges that 

surface complexes do not exist as point charges and accounts for the effect of their binding 

geometry (Hiemstra and Van Riemsdijk 1996). 

1.1.2 Flow Adsorption Microcalorimetry  

Flow microcalorimeters (FMC) measure minute heat changes associated with reactions 

within solutions. Early work involving FMCs aimed to determine thermodynamic and kinetic 

parameters, such as heat capacities (Picker et al. 1971, Desnoyers et al. 1976), enthalpies of 

dilution (Fortier et al. 1973), and reaction rates (Johnson and Biltonen 1975) of solutions and 

solvents, both organic and inorganic. With time, FMCs were used to study sorption phenomena 

between solutions and solids (Joslin and Fowkes 1985), and in this study, this approach that 

involves a stationary solid surface is termed Flow Adsorption Microcalorimetry (FAMC). Some 

more recent works involving FAMC, namely from our group have studied a plethora of surfaces 
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and solutions aimed at studying the implications of their interfacial interactions (Appel et al. 2013, 

Hawkins et al. 2017, Situm et al. 2017, Allen et al. 2019, Laudadio et al. 2019, Namayandeh and 

Kabengi 2019, Knight et al. 2020). FAMC provides the benefits of not being restricted by optic 

interferences, unlike classic spectroscopic techniques, and the ability to vary solution conditions 

without terminating the current experimental run. This approach has been successfully used to 

determine the energetics of ion exchange, and these values have served as a probe for determining 

the charge and structural characteristics of surfaces. FAMC  has also been used to measure the 

energetics and reversibility of oxyanions that attach more strongly, offering an insight into the 

types of complexes forming. For example, Laudadio et al. (2019) complemented their 

spectroscopic analyses of phosphate adsorption on nanoparticles of LiCoO2 with FAMC 

measurements, and these contributed to proposing a two-step mechanism for bidentate inner-

sphere binding of phosphate. 

1.1.3 Density Functional Theory Calculations  

Computational studies have, for decades, been used to describe interatomic, 

intramolecular, and intermolecular interactions, with many investigations focusing on mineral-

aqueous interfaces (Car and Parrinello 1985, Ogasawara et al. 2002, Bhandari et al. 2010, Ajayi 

and Kubicki 2020).  Various computational techniques have been used to this effect - classical 

molecular mechanics (CMM) simulations and Density Functional Theory (DFT) calculations are 

two examples. While CMM simulations can assess nanometer-sized systems containing millions 

of atoms on the millisecond timescale, the accuracy of the method is still limited by the accuracy 

of the parameters employed. These parameters, commonly referred to as a force field, seek to 

dictate atomic interactions during simulations and are usually specialized towards specific moieties 

such as water, organics, clay minerals, etc. (Gaigeot and Sulpizi 2016, Kubicki and Ohno 2020). 
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These constraints also prevent the breaking and forming of bonds during CMM simulations, so 

chemical reactions, which are an integral aspect of interfacial processes, cannot be simulated. 

DFT uses quantum mechanical principles to calculate electronic (and nuclear) structures, 

successfully circumventing the need for parameterization that plagues the classical approach. It 

can provide information on and predict thermodynamic properties, chemical bonds, and, therefore, 

spectroscopic properties as well (Car and Parrinello 1985). Although DFT  does not require fitting 

parameters like the classical approach, possible structures can be constrained using experimental 

and spectroscopic data (Kubicki and Ohno 2020). DFT has been successfully used to study the 

adsorption of pollutants such as O3, SO2 (Rastegar et al. 2014), and acrolein (Rastegar et al. 2013)  

as a pathway to developing gas sensors. It has also been used to study magnetism (Assadi and 

Hanaor 2013), and to infer physical properties such as hardness (Music et al. 2016).  

 

1.2 Mineral Surfaces   

Two synthetic minerals are investigated in this thesis, chosen for properties unique to each. 

The first mineral explored is Aluminum-doped Ferrihydrite (Al-Fh) studied for the uncertainty 

surrounding its structure and the complexity of its surface. Both zeta potential measurements and 

an SCM of the surface are utilized here. The next section focuses on the rutile (110) face,  which 

is very well researched and understood. The techniques used are FAMC and DFT, and their 

thermodynamic results compared and contrasted.   

1.2.1 Ferrihydrite and Al-Ferrihydrite 

Ferrihydrite (Fh) is an environmentally common iron oxyhydroxide that has relatively large 

specific surface areas reported between ~230 m2/g and ~1250 m2/g (Villalobos and Antelo 2011), 

which afford it high surface reactivity and sorptive capacity (Cornell and Schwertmann 2003, 
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Postma et al. 2007, Hiemstra and Van Riemsdijk 2009, Kabengi et al. 2017).  Fh plays a vital role 

in the sequestration and cycling of environmentally relevant contaminants and nutrients and has 

been investigated for various applications, most notably water treatment (Ruby et al. 2016, Morone 

et al. 2019, Yang et al. 2020).  

Over the years, various models (Figure 1.2) have been proposed for the structure of Fh 

(Drits et al. 1993, Manceau and Gates 1997, Michel et al. 2007). Drits et al. (1993) proposed a 

model comprised of three phases: defect-free, defect rich, and hematite-like. The model, however, 

was contradicted by Michel et al. (2007), who put forth a defect-free structure for Fh that contains 

both tetrahedrally- and octahedrally- coordinated Fe. Recently, a search involving over 5000 

unique configurations of the Fh structure using ab initio DFT calculations determined that although 

several possible structures including that proposed by Michel et al. (2007) had viable low enthalpy 

structures, only the 2007 Michel model resulted in calculated Pair Distribution Function and X-

ray Diffraction patterns consistent with their experimentally measured counterparts (Sassi and 

Rosso 2019). The presence of abundant elements in nature, like Silicon (Si) and Aluminum (Al), 

which can substitute into the Fh structure, further complicate the attempt to understand its 

structure. Consequently, there have been several investigations into the effect of Al substitution 

on crystallinity and reactivity of Fh (Hansel et al. 2011, Adra et al. 2013, Massey et al. 2014, 

Johnston and Chrysochoou 2016, Namayandeh and Kabengi 2019). The location of Al, however, 

within the structure of Fh and on the aluminum substituted Fh (Al-Fh) surface is not entirely 

understood (Cismasu et al. 2012, Manceau and Gates 2013).  
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Figure 1.2 The (a) Michel et al. (2007) Keggin model showing the Fe1 and Fe2 octahedra, 

and the Fe3 tetrahedra. (b) The Drits f-phase model for Ferrihydrite (Manceau and Gates, 2013). 

 

There has been at least one attempt by Manceau and Gates (2013) to describe the bulk 

structure of Al-Fh. This model did not define a surface structure. Neither did it state whether the 

surface would be representative of the core, or have a completely different makeup (Manceau and 

Gates 2013). 

1.2.2 Rutile 

Rutile is one of the more common polymorphs of titanium dioxide and has a wide range of 

applications – it is used as a photocatalyst in solar cells and as the white pigment of some paints 

(Diebold 2003).  Its bulk structure consists of hexa-coordinated Ti atoms forming distorted TiO6 

octahedra in a tetragonal structure (Bourikas et al. 2014). Of interest to geochemists, however, are 

the interfacial reactions at the rutile surface, especially those involving the (110) crystal face that 

has been widely studied. There are several reasons for this focus – the (110) crystal face is the 

dominant and most stable crystal face. Additionally, synthetic rutile crystals with the (110) face 

predominant are relatively easy to produce and readily available. The termination of the rutile 

crystal lattice at this face results in undercoordinated Ti and O atoms of 5 and 2 coordination, 
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respectively. This deficiency results in the development of surface charge that greatly influences 

interfacial reactions and is influenced by solution pH. The pHznpc charge, the pH at which the net 

charge on the rutile surface equals zero, has been reported to be 5.4 at 25°C (Ridley et al. 2002). 

There is little ambiguity concerning the rutile-aqueous interface, especially at the (110) face since 

extensive investigations have been carried out on its near-surface properties (Bourikas et al. 2014). 

These include the adsorption of water at the surface (Předota et al. (2004),  as well as the interaction 

of surface sites and ions (Hiemstra et al. 1996, Zhang et al. 2004). For all intents and purposes, 

rutile and, in particular, its (110) face have become the archetypical surface for studies of mineral-

water interfaces.  

 

1.3 Overview 

 This thesis aims to reconcile theoretical, empirical and experimental approaches to 

understanding mineral-surface interactions while traversing various levels of complexity. This 

goal is achieved by using experimental data to complement a modeling approach in one case. The 

other scenario seeks to investigate the mechanisms linking two different methods, one 

computational and one experimental in obtaining thermodynamics parameters. A common theme 

of this work is "complexity". On one end, we seek to build complexity to better model the "real 

world" implications of one surface. On the other end, we aim to deconvolve some "real world" 

data to understand its underlying molecular-scale mechanisms better while allowing a real-time 

benchmarking of the techniques used.  

In Chapter 2, we develop a novel SCM approach that leans on a host of experimental and 

computational data to account for defects and substitution in minerals. This approach is applied to 

Al-doped Ferrihydrites, and the SCM is used to fit experimental zeta potential data on that solid.  
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Chapter 3 explores measured and calculated energetics involved in the sorption of 

phosphate, chromate, and oxalate on rutile at pH 3.0. Both techniques, FAMC and DFT, are 

benchmarked against each other on the rutile (110) face, and this constraint to one surface 

eliminates much of the complexity and aids in investigating the discrepancies in the adsorption 

enthalpies obtained.   
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2 A NOVEL SURFACE COMPLEXATION MODELING APPROACH FOR 

SUBSTITUTION IN MINERALS – A CASE STUDY OF ALUMINUM 

FERRIHYDRITES. 

2.1 Introduction 

Surface Complexation Models (SCMs) have been successfully applied to describe and 

predict surface protonation and ion sorption at a host of interfaces, involving metal oxides (Waite 

et al. 1994, Hiemstra et al. 1999, Spathariotis and Kallianou 2007, Hawkins et al. 2017), clay 

surfaces (Payne et al. 2004) and under a range of temperatures going up to 250ºC (Machesky et al. 

1998, Fedkin et al. 2003, Machesky et al. 2015). Although most SCMs could describe interfacial 

reactions fairly well (Goldberg 1992), the parameters used in these early models were not based 

on specific experimental data for the systems studied (Machesky et al. 2015).  As such, one 

experimental data set could be modeled by several different yet plausible sets of parameter values. 

The advent of cutting-edge spectroscopic and computational modeling techniques, however,  aided 

in selecting unique parameters by providing constraints based on accurate data, molecular-level of 

the surface and interface. The Charge Distribution (CD) extension to the Multisite Complexation 

(MUSIC) model developed by Hiemstra and Van Riemsdijk (1996) assigned charges to surface 

groups based on their structural coordination and was successfully used to model PO4 sorption on 

goethite. Subsequently, the CD-MUSIC approach has been utilized in numerous ways, for 

example, by Rietra et al. (1999). They constrained the stochiometry in their model based on 

spectroscopically observed surface complexes for a host of oxyanions on goethite. Similarly, 

Zhang et al. (2004) utilized ab initio bond length  and partial charges  to determine the proton 

affinities for surface oxygens on rutile.  
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Still, and for the most part, the utilization of SCMs has remained limited to idealized 

surfaces and single-phase minerals, which are, however, not representative of environmentally 

prevalent and relevant surfaces. There have been some attempts to simulate substitution-doped 

metal oxides and more complex mineral assemblages typically found in natural environments. 

These approaches consisted of either combining the parameters of the end members or assigning 

uniform values for intrinsic affinity constants and site densities to the entire mineral surface. For 

instance, using a non-electrostatic SCM, Pagnanelli et al. (2006) modeled protonation and lead 

(Pb) sorption for a mixture of quartz, muscovite, clinochlore, goethite, and hematite by adding the 

proton binding values of all individual components. Similalry, Reich et al. (2010) modeled Pb 

sorption on mixtures of hydrous ferric oxide, quartz, and kaolinite using the diffuse Double Layer 

Model (DLM) (Dzombak and Morel 1990) and a component additivity approach, i.e., summing 

the parameters for the pure end members. On the other hand, Spathariotis and Kallianou (2007) 

used both the Constant Capacitance Model and the DLM to fit the adsorption of copper (Cu), zinc 

(Zn) and cadmium (Cd) on Al substituted (Al-Gh) goethite. The authors assigned a uniform site 

density and binding constant value to the whole surface and compared the results from these two  

models. Although Ainsworth et al. (1989) assigned a singular site density to their mineral surface, 

they accounted for the individual binding constants of surface groups in modeling chromate 

adsorption on Al-Gh using the Triple Layer Model. However, none of these attempts is entirely 

realistic as the approaches do not account for the impact of the substitutions’ location on the overall 

reactivity of the modified surfaces.  

Ferrihydrite (Fh) is one such iron oxyhydroxide whose structure, after decades of 

deliberation (Drits et al. 1993, Manceau and Gates 1997, Gilbert et al. 2013), has been suggested 

to possess defects. The latest model, proposed by Michel et al. (2007)  has been widely scrutinized 
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and seemingly corroborated by spectroscopic methods that showed isolated Keggin-like Fe 

clusters aggregating into Fh nanoparticles (Sadeghi et al. 2015) and computational models that 

calculated Pair Distribution Function and X-ray Diffraction patterns consistent with empirically-

measured counterparts (Sassi and Rosso 2019). A surface depletion model for Fh developed by 

(Hiemstra 2013) provided insights into the structure of the Fh nanoparticle and informed a surface 

that catered to defects. This surface possessed 11 reactive sites consisting of singly-coordinated 

surface groups that belong to Fe1 octahedra and facilitate double corner complexes and bidentate 

edge complexes, and triply-coordinated Fe surface groups that contribute to protonation. Bompoti 

et al. (2017) fit numerous past titration datasets on Fh using the CD-MUSIC approach based on 

this 11 site surface model and simplified three (3) site variants of it to a high degree of certainty. 

Similarly, PO4 and CO3 sorption were successfully modeled using the same surface model and 

SCM method (Mendez and Hiemstra 2019, Mendez and Hiemstra 2020). 

Fh is commonly found doped with impurities such as silicon, Si,  (Carlson and 

Schwertmann 1981, Vempati and Loeppert 1989) and aluminum, Al, (Adra et al. 2013, Adra et al. 

2016) .The surface of Al-doped Fh (Al-Fh) is not as well understood as its undoped analog. Some 

studies have investigated the effects of Al doping and potential substitution on the overall structure 

(Cismasu et al. 2013) and surface reactivity of Fh (Hansel et al. 2011, Adra et al. 2013, Massey et 

al. 2014, Johnston and Chrysochoou 2016, Namayandeh and Kabengi 2019). Manceau and Gates 

(2013) investigated the location of Al substitutions in both the Michel and Drits models. They 

concluded that due to Al-Al avoidance, a maximum of 20% substitution could occur in the Michel 

model. Previous empirical studies had placed the upper limit of Al substitution higher at ~25 to 

~30% (Cismasu et al. 2012). The authors also concluded that the f-phase model of (Drits et al. 

1993) provided a better fit with Al occupying positions in alternating octahedral sites.  The f-phase 
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model is comprised of three phases: defect-free, defect rich, and hematite-like, all of which are 

octahedrally coordinated Fe. 

In this study, we propose a novel SCM approach for determining the surface structure 

resulting from doping in metal oxides. Based on clues and findings from spectroscopic (Cismasu 

et al. 2012, Cismasu et al. 2013), thermodynamic (Namayandeh and Kabengi 2019) and modeling 

studies (Bazilevskaya et al. 2011, Pinney and Morgan 2013), we hypothesized that Al substituted 

for the octahedrally-coordinated surface Fe (Fe1) sites. This replacement results in singly 

coordinated AlOH surface groups whose affinity constants we inferred from the literature. The 

substituted mineral surface was modified from Hiemstra’s surface depletion model for Fh 

(Hiemstra 2013). The new SCM was used to model charging of undoped Fh (0Al Fh), 12 mol% 

Al (12 Al-Fh), and 24% Al (24 Al-Fh) Al doped Fh samples. Finally, we discuss the merit of our 

approach as a platform for future efforts to model environmentally relevant and realistic surfaces.  

2.2 Modeling and Experimental Methods 

2.2.1 Model Description  

The surface complexation model (SCM) developed has two new features – an approach to 

account for Al substitution within the Fh model and a mechanism for simulating zeta potential 

data.   

Approach to Describe the Al-Fh Surface  

To account for the presence of Al in Fh, we first opted to investigate the reactivity of the 

Al-Fh surface. According to Hiemstra (2013), 11 sites consisting of both singly and triply 

coordinated Fe on the (110)  and (111) faces of  Fh nanoparticles are the most reactive over the 

typical environmentally accessible pH range (pH 4 to 10). Therefore, these sites dictate Fh’s 

surface reactivity and sorption properties (Bompoti et al. 2017, Mendez and Hiemstra 2020).  
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Spectroscopic (Cismasu et al. 2013, Johnston and Chrysochoou 2016) and thermodynamic 

(Namayandeh and Kabengi 2019) investigations have demonstrated that Al affects the charging 

and sorptive properties of Fh even when a separate aluminum phase is not detected. Furthermore, 

in the idealized Fh structure, the singly-coordinated sites make up ~29% of all Fh surface sites, a 

value close to the proposed upper limit of Al substitution in Fh (~25% to ~30%). (Cismasu et al. 

2012, Manceau and Gates 2013) Additionally, all singly-coordinated reactive sites can be found 

only on Fe1 sites, which are predominant and make up ~72% of the Fh nanoparticle (Hiemstra 

2013). We postulate, therefore, that Al is substituting for these singly coordinated reactive sites on 

the surface and, in essence, replacing the Fe1 sites. To account for the presence of Al on the 

surface, we began with the 11-site model for Fh (Hiemstra 2013, Bompoti et al. 2017) and 

introduced four additional sites having Al-based parameters (log KH+ and charge distribution) . 

The values of the parameters for the “Al-sites” were informed from previous SCMs of Al-oxides 

and Al-doped minerals (Ainsworth et al. 1989, Hiemstra et al. 1999, Spathariotis and Kallianou 

2007). 

Table 2.1. The surface site types and their designations, the coordination, face 

distribution, site densities, charge, and the corresponding log K value from (Hiemstra 2013). 
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Four sites have been added, and as such, the site designations here differ from the designations 

used by (Hiemstra 2013) 

Designation Face 

Face 

Distributi

on  

Type 

Ns(nm-2) 

Charge log K1 log K2 0% Al-

Fh 

s1 

(1-10) 37.5 

FeOHa 1.90 -0.5   10.4 

s2 FeOHb 7.40 -0.5   8 

s3 Fe3Oa 3.70 -0.5 10.4   

s4 Fe3Ob 1.90 -0.5 5.5   

s5 Fe3Oc 3.70 -0.25 3.3   

s6 AlOHa - -0.5   11 

s7 AlOHb - -0.5   9 

s8 

(1-11) 37.5 

FeOHc 1.60 -0.5   10.4 

s9 FeOHd 6.50 -0.5   8 

s10 Fe3Od 3.30 -0.5 10.4   

s11 Fe3Oe 3.30 -0.25 3.3   

s12 AlOHc - -0.5   11 

s13 AlOHd - -0.5   9 

s14 (001) 12.5 Fe3Of 1.10 -0.5 5.5   

s15 (00-1) 12.5 Fe3Og 1.10 -0.5 7.5   

 

Past research by (Bompoti et al. 2017) has proven that varying specific crystal face 

contributions influences the point of zero charge (pHznpc) simulated by a model. Similarly, previous 

SCM models (Ainsworth et al. 1989, Spathariotis and Kallianou 2007) and experiments (Adra et 

al. 2013, Adra et al. 2016) on Al doped Fe-oxides have shown that these samples tend to have a 

higher pHznpc than their undoped counterparts. In that vein, the extent of Al substitution in our 

SCM was controlled by attenuating the contribution of all singly-coordinated Fe sites while 

introducing singly-coordinated Al sites to keep the overall mineral surface site density constant. 

The extent of Al intrusion in our model was constrained by our experimental samples, which had 

Al contents of 12% and 24%. We represented the presence of Al by determining the number of 

sites equivalent to 12% and 24% of all present Fh surface sites and assigned those numbers solely 

to the singly coordinated Fe positions. Based on these calculations, ~12% of all surface sites is 
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equivalent to ~42% of singly-coordinated sites, and 24% of all surface sites equals ~84% of singly-

coordinated sites. We believe these assumptions and our hypothesis that Al is replacing the Fe1 

sites in Fh provide a plausible description of the Al-Fh surface. 

Zeta Potential Modeling  

Modeling the charge characteristics of the Al-Fh surfaces was difficult because, to our 

knowledge, there are no complete surface charge titration data sets for Al-Fh in the literature and 

no SCMs that utilized our approach to account for substitution.  Without these data, it was not 

possible to determine the values needed to constrain the equations involved or the parameters that 

needed to be taken into account. Therefore, previously published results of zeta potential as a 

function of pH obtained by our research group were utilized and simulated. Most existing SCMs 

(Davis and Leckie 1980, Ainsworth et al. 1989, Spathariotis and Kallianou 2007, Machesky et al. 

2015, Machesky et al. 2019) describe sorption and surface charging as a function of pH. Still, few 

have sought to model zeta potential effects and describe electrolyte interactions (Hiemstra et al. 

1999, Fedkin et al. 2003). The parameters and methods involved in our model are specific surface 

area, protonation constants (log KH+), binding constants for background electrolyte ions, and an 

electrical double layer model (in this case, the Basic Stern model, which reduces parameterization). 

The MUSIC method was utilized (Hiemstra et al. 1989, Hiemstra et al. 2009, Hiemstra 2010) since 

it has been successfully used to describe protonation on Fe-oxides (Bompoti et al. 2017) and Al-

oxides (Hiemstra et al. 1999, Corral Valero et al. 2019).  

Protonation log K constant values for all reactive Fe surface groups were obtained from 

previous SCMs for Fh (Hiemstra 2013, Bompoti et al. 2017) . The protonation constants, K, for 

singly- and triply-coordinated surface oxygens respectively for Fe in Fh were not changed from 

previously published values in those papers.  
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A Stern Layer capacitance of 0.92 Fm-2, as derived by Nefeli et al. (2017), was adequate 

for curve fitting in our model and, as such, was unchanged. The relationship between the surface 

charge (𝜎0), Stern layer capacitance and plane potential, as determined by the Basic Stern (BS) 

model, is given by;  

𝜎0 = 𝐶S𝑡𝑒𝑟𝑛 (𝜓0 − 𝜓1)       (1) 

where CStern = the capacitance of the Stern Layer, 𝜓0 = potential at the 0 or surface plane, 

and 𝜓1 = potential at the 1 or Stern plane. Using established values for Fh with no Al substitution 

(Hiemstra 2013, Bompoti et al. 2017), the zeta potential was modeled with constrained parameters 

for protonation, electrolyte ions binding and the Stern layer capacitance. As such, the slipping 

plane distance (Ds) was used as the optimization parameter to obtain the best fit between model-

generated charging curves and the experimental l data consistent with the basic Stern layer model. 

The Ds value is understood to represent the slipping plane distance from the head of the diffuse 

layer, at which the zeta potential is expressed. (Hiemstra et al. 1999, Fedkin et al. 2003, Pate and 

Safier 2016) The following equation from (Fedkin et al. 2003), valid for 1:1 electrolytes, was used: 

ζ = (
4𝑅𝑇

𝐹
) arctanh [tanh [

Fψd

4RT
] 𝑒𝑥𝑝(−𝑘𝐷𝑠)    (2) 

where ψd = potential at the head of the diffuse layer, 𝑘 = the Debye-Huckel parameter, 𝐷𝑠= 

the slipping plane distance from the head of the diffuse layer, 𝑅 = gas constant, 𝑇 = absolute 

temperature, and 𝐹 = Faraday constant. The Debye-Huckel parameter, k, is in turn determined 

from: 

𝑘 = √
(2𝐹2𝑚𝑡𝑜𝑡 × 1000)

𝜖𝜖0𝑅𝑇
 

Where 𝑚𝑡𝑜𝑡 = the total concentration of ions, 𝜖 = relative permittivity of a medium, 𝜖0 = 

permittivity of a vacuum, 𝑅 = gas constant, and 𝑇 = absolute temperature. The mathematical 
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construct of the zeta potential model was developed from modified Mathematica notebooks for Fh 

(Bompoti et al. 2017) and run within Wolfram Mathematica version 12 (Wolfram Research, 

Champaign-Illinois). The goodness of fit was determined by the root mean square error method. 

2.2.2 Zeta Potential Measurements  

The theoretical zeta potential values were contrasted with experimentally measured zeta 

potential on three Al-Fh samples: an undoped Fh (0Al-Fh), 12 mol% Al substituted Fh (12Al-Fh), 

and 24% Al substituted Fh (24Al-Fh). Samples were precipitated from the hydrolysis of Fe(NO3)3 

and Al(NO3)3 by KOH according to a modified Schwertmann and Cornell protocol (Schwertmann 

and Cornell 2000). Zeta potential measurements (Zetasizer Nano, Malvern Panalytical, UK) were 

performed in a suspension of 0.05 M NaNO3, a 1:1 electrolyte, while 0.1 M NaOH was used for 

pH adjustments as required. The procedure for zeta potential measurements and sample synthesis 

has been detailed in a previous publication (Namayandeh and Kabengi 2019).   

2.3 Results and Discussion  

2.3.1 Placement of Al in the model 

In earlier work, Manceau and Gates (2013) suggested that the Michel model (Michel et al. 

2007) for Fh was incapable of explaining the experimentally derived upper limit of Al substitution 

into Fh. The authors used the core of the Michel model and arrived at the conclusion that Al would 

only substitute up to 20% of Fe. Owing to the defects present in the Michel model and the strains 

associated with the Fe2 and Fe3 octahedra, it is expected that these octahedra are depleted, and 

resulting nanoparticles of varying sizes are formed. The surface depletion model of Hiemstra 

(2013) and the more recent work of Boily and Song (2020) support the existence of this 

nanoparticle, instead of only nanocrystals with a structure akin to the Fh core of the Michel model. 

Replacing all of these FeOH baring Fe1 sites gives a similar value to the proposed upper limit of 
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24% to 29% Al substitution. During the hydrolysis of the Fe and Al ions, it is expected that Fe 

oligomers pre-aggregate before Al ions adsorb to the surface. Further aggregation of these 

nanoclusters into a nanoparticle – as the mechanism of formation is understood to be (Navrotsky 

2004), would result in an Fe nanoparticle with Al sites on the exterior. According to Pinney and 

Morgan (2013), substitution of Al on the surface is more thermodynamically favorable than 

substitution in the bulk as determined via ab initio simulations. In fact, the energetics of Al-Al 

interactions at the surface, particularly at dilute Al concentrations are smaller compared to the 

energetics associated with Al substitution. Therefore, Al does not show a specific predilection 

towards Al segregation and clustering because of Al-Al avoidance. That is to say, as Al approaches 

the upper limit of substitution, it destabilizes the Fh bulk structure, and this causes Al segregation 

rather than Al-Al avoidance. Our interpretation of the resulting Fh nanoparticle, at various levels 

of Al substitution, can be observed in Figure 2.1.   

 

Figure 2.1. Models of Fh nanoparticles at 0 (a), 12 (b) and 24(C) mole % Al substitution 

representing the three samples used. In (b), Al sites (green) substitute for 12% of Fe sites 

equivalent to ~42% of all singly-coordinated surface groups. Similarly, for (c), 24% of Fe sites 

corresponding to ~84% of all singly-coordinated surface groups are replaced.  
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In Figure 2.1. Al (shown in green) is shown substituting for the FeOH bearing Fe1 

octahedra at 12 and 24% of surface/Fe coverage. The nanoparticles derived are based on the 

Hiemstra surface depletion (SD) model for Fh. We want to extend our gratitude to Tjisse Hiemstra 

for providing us with the CrystalMaker files for the Fh model. At lower concentrations, Al is 

expected first to be distributed more randomly on the surface of the nanoparticle and would, where 

possible, avoid being seated in adjacent sites (Ducher et al. 2016) to reduce the distortion caused 

by the difference in metal ionic sizes. At higher Al concentrations approaching the proposed upper 

limit of substitution, however, Al should replace the protruding Fe1 sites resulting in alternating 

rings of Al octahedra, as shown in panel (c) of Figure 2.1. Research into chain monomers 

consisting of Al and Si (Tossell 1993) discovered that although alternating Si-Al-Si-Al linking 

seemed more energetically favorable, Al-Al adjacent sites could occur at higher temperatures and 

in disordered materials – like Fh. Chains of  Al-octahedra with edge-and corner-sharing have been 

observed to exist (Loiseau et al. 2005), and the Al2F8•2NC5H6•C6H3(CO2H)3 synthesized in that 

study, spanned the a-axis, not unlike our proposed structure. Similarly,  Al substitution in other Fe 

oxyhydroxides like α-FeOOH (Silva et al. 2010, Wang et al. 2014) and γ-FeOOH (Liao et al. 2020) 

as well as in Fh samples (Namayandeh and Kabengi 2019) has been reported to result in an increase 

in oxyanion adsorption as well as a reduction in the reversibility of complexes formed.  These 

results have been attributed to an increase in inner-sphere complexation (Silva et al. 2010, 

Namayandeh and Kabengi 2019). In the case of Fh,  the corner and edge-sharing sites                                                                                                                      

having been suggested to dictate mono and bidentate bonding (Hiemstra 2013). We reason that 

this further proves the positioning of Al. The reader should note that we are only suggesting a 

structure for the Al-Fh surface, based on our interpretation of a limited set of experimental data. 
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In the unlikely event that doubly and triply coordinated Al sites exist on our Fh surface, these sites 

would probably not affect the parameterization of the electrostatic properties and hence zeta 

potential fitting of our SCM. This assumption is because a) the Fe2 and Fe3 sites are “recessed” 

within the Hiemstra structure and are not readily available for surface reactions, and b) doubly- 

and triply- coordinated Al sites are not pH reactive over the range under study (pH 4 - 10), and for 

most environmentally relevant ranges (Hiemstra et al. 1999).  

2.3.2 Parameterizing the Al-surface in SCM  

All sites, as expressed in Table 2.2, have sub-designations – a to d for FeOH sites, a to g 

for Fe3O sites, and a to d for AlOH sites. These sub-designations were used to differentiate between 

sites of similar coordination, but differing in site density, face position, and affinity constants. The 

sites designated s6, s7, s12, and s13 show the locations of Al substitution, and the boldened 

sections show the change in site densities of both singly-coordinated Fe and Al groups as more Al 

sites are included. Naturally, the undoped Fh has no sites catering to the presence of Al. It is worth 

mentioning that the face distribution of Al here is solely due to the replacement of singly-

coordinated Fe1 sites while maintaining site density and was not arbitrarily assigned. 
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Table 2.2. The new properties of the undoped and Al-doped Fh surface, modified from 

the surface characteristics table of Hiemstra (2013). Four sites have been added, and as such, 

the site designations here differ from the designations used by (Hiemstra 2013). 

Designation Face 

Face 

Distribution   

(%) 

Type 
Ns (nm-2) 

0% Al-Fh 12% Al-Fh 24% Al-Fh 

s1 

(1-10) 37.5 

FeOHa 1.90 1.10 0.30 

s2 FeOHb 7.40 4.29 1.18 

s3 Fe3Oa 3.70 

s4 Fe3Ob 1.90 

s5 Fe3Oc 3.70 

s6 AlOHa - 0.80 1.60 

s7 AlOHb - 3.11 6.22 

s8 

(1-11) 37.5 

FeOHc 1.60 0.93 0.26 

s9 FeOHd 6.50 3.77 1.04 

s10 Fe3Od 3.30 

s11 Fe3Oe 3.30 

s12 AlOHc - 0.67 1.34 

s13 AlOHd - 2.73 5.46 

s14 (001) 12.5 Fe3Of 1.10 

s15 (00-1) 12.5 Fe3Og 1.10 

 

The physical changes introduced by the Al substitution described above impact, as 

expected, the chemical properties of some surface sites. For the triply coordinated sites found on 

the (001) and (00-1) faces, there is no substitution, and all surface parameters remain the same as 

for undoped Fh. The affinity constants, as expressed in Error! Reference source not found., and o

btained from the work of Hiemstra (2013), remain unchanged for the Fe3O sites on these faces.  

 

In all, there are a total of 45 complexation reactions, both protonation and electrolyte 

binding, accounted for in our SCM. Each of the sites involved in these reactions differs in site 

densities (Table 2.2). While some sites differ in charge and affinity constant values, others share 

those same values (Table 2.3). To reduce redundancy, only one instance of each is shown in Table 
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2.3. The charge and log k values for FeOHa and FeOHb are equivalent to those for FeOHc and 

FeOHd, respectively. Similarly, the values for FeOHa and FeOHb are equivalent to those for 

FeOHc and FeOHd, respectively. Fe3O a to c groups likewise equal Fe3O d to e groups respectively 

in charge and log k values while Fe3Og sites are unique and do not share these parameters with 

other sites. Al groups replacing the Fe sites possess a protonation log k value higher than the 

original for that site, for example, 11 > 10.4 for AlOHa and FeOHa, respectively. The higher log 

k value is based on past experimental and model results for charging on Al-oxides (Hiemstra et al. 

1999). 

 

Table 2.3. Protonation and Electrolyte Complexation Reactions, Stoichiometry, Site 

Charge, and Equilibrium Constants. 

Surface protonation   Charge  log k 

≡FeOHa0.5- + H+ → ≡FeOH2
0.5+  

 
-0.5 10.4 

≡FeOHb0.5- + H+ → ≡FeOH2
0.5+  

 
-0.5 8 

≡Fe3Oa0.5- + H+ → ≡Fe3OH 0.5+  -0.5 10.4 

≡Fe3Ob0.5- + H+ → ≡Fe3OH 0.5+  -0.5 5.5 

≡Fe3Oc0.25- + H+ → ≡Fe3OH0.75+  -0.25 3.3 

≡Fe3Og0.5- + H+ → ≡Fe3OH 0.5+  -0.5 7.5 

≡AlOHa-0.5 + H+ → ≡AlOH2 
+0.5  

 
-0.5 11 

≡AlOHb-0.5 + H+ → ≡AlOH2 
+0.5  

 
-0.5 9 

Electrolyte-surface interactions    Charge  log k 

≡FeOH0.5- + Na+ → [≡FeOH – Na]0.5+  
 

-0.5 -1* 

≡FeOH0.5- + H+ + NO3
- → [≡FeOH2 – NO3

-]-0.5  
 

-0.5 -0.7* 

*  Electrolyte binding constants for Na+ and NO3
- were held constant for all surface 

groups, as per the example given for FeOH. All site charges were the same as for protonation 

reactions. 
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As shown in Table 2.3, Al sites have higher protonation pKa values than their Fe 

counterparts.  As the contribution of these Al sites was increased in tune with our model, from 12 

to 24 mole %,  we observed a shift in the pHIEP value to higher pH, reminiscent of Al-oxides 

(Figure 2.2).  

Visually, model values comported with the experimental data, and the goodness of fit was 

determined using a weighted root mean square error (WRMSE) method. The WRNSE values 

obtained are 0.00217486 for 0Al-Fh, 0.00224942 for 12Al-Fh, and 0.00185706 for 24Al-Fh. 

Additionally, the calculated zeta potential values are within the standard error of the experimental 

values, as shown by the error bars in Figure 2.2.  

 

2.3.3 Fit of model to ZP and relation to charge 

 

Figure 2.2. A plot of experimentally measured zeta potential values (symbols) and model-

derived values (lines) for the three Al-Fh samples. 
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Experimental investigations and empirical modeling have suggested that the slipping plane 

distance, where the zeta potential is expressed, is a function of the ionic strength of the background 

electrolyte (Hiemstra et al. 1999, Hunter et al. 2013). Since all zeta potential measurements for our 

samples were carried out in suspensions of equal ionic strength, the derived slipping plane distance 

was similar in value - 1nm for 0Al-Fh, 1.064nm for 12Al-Fh and 1.069nm for 24Al-Fh. The points 

corresponding to our values were plotted on a graphical relation between ionic strength and 

slipping plane distance by Hiemstra et al. (1999) (Figure 2.3). Our points overlap and are in good 

agreement with the relation, lending weight to the fidelity of our model in simulating the zeta 

potential.  

 

 

Figure 2.3. Relationship between ionic strength and the slipping plane distance. Modified 

from (Hiemstra et al. 1999). 
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2.4 Significance and Conclusion 

In this work, we explore a novel SCM approach for factoring in the presence of impurities 

and defects on the surface of metal oxides. For Al-Fh, we hypothesize that Al substitutes for the 

Fe1 sites of the Fh nanoparticle and support our hypothesis with computational and spectroscopic 

findings from the literature. The resulting singly-coordinated Al surface sites are shown to affect 

surface charging and possibly, surface complexation. Our model also includes a mechanism to 

simulate the zeta potential of the Al-Fh surface and is successfully used to fit experimental zeta 

potential data. The observed shift in the pHIEP for both experimental and SCM results match the 

trend expected for Al (hydr)oxides and further corroborate our placement of Al on the surface. The 

slipping plane distance obtained via SCM was consistent with previous studies, although a 

different metal oxide was involved, further proof that distance to be a function of the solution than 

the solid.  This model approach is a vital step, we believe, towards the development of more 

accurate contaminant fate and transport models at larger scales. On the other hand, the approach 

discussed here can be used to provide a more realistic atom-scale representation of surfaces as 

used in computational models.  
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3 RECONCILING FLOW MICROCALORIMETRY AND DENSITY FUNCTIONAL 

THEORY ENTHALPIES FOR THE ADSORPTION OF PHOSPHATE, 

CHROMATE AND OXALATE ON RUTILE 

3.1 Introduction 

Adsorption is a critical and complicated process that can control the fate and transport of 

natural and anthropogenic contaminants in aquatic and terrestrial systems (Charbeneau 1981, 

Sposito 1984, Dzombak and Morel 1990). Over the last few decades, deciphering the molecular 

complexity of adsorption reactions at mineral-water interfaces has meant the utilization of various 

cutting-edge theoretical, experimental and computational techniques (Lee et al. 2013, Senftle et al. 

2016, Ricci et al. 2017, Dovesi et al. 2018, Mendez and Hiemstra 2019). Each method has offered 

unique answers and insights into an aspect of the interface from properties of the surface (Boily 

and Song 2020) to those of the near-surface aqueous regions (Martin-Jimenez et al. 2016, 

Machesky et al. 2019).  For instance, Lee et al. (2020) used resonant anomalous X-ray reflectivity 

(RAXR) to determine that outer-sphere species may interact more strongly with a surface than 

inner-sphere complexes, which is not an unprecedented notion but is uncommon (Park et al. 2008). 

This technique and most other spectroscopic techniques are unable to explain the driving 

mechanisms behind the formation of surface complexes. Computational chemistry can help by 

providing a better understanding of the underlying thermodynamic forces driving reactions and 

has been successfully used alongside other techniques to describe the nature of surfaces and surface 

complexes. Kubicki and Ohno (2020) calculated the free energy associated with the adsorption of 

phosphate on goethite using DFT and obtained results that were consistent with Infrared (IR) 

spectroscopy and extended X-ray absorption fine structure (EXAFS) data. An earlier study had 
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also successfully modeled the interaction of chromate with ferrihydrite (Kubicki et al. 2018). 

There, the authors compared empirically-derived attenuated total reflection Fourier transformation 

infrared spectroscopy (ATR-FTIR) spectra and EXAFS data with DFT calculated counterparts and 

found them to be consistent.   

Less successful have been the attempts to directly compare experimentally-measured 

thermodynamic parameters to those calculated by DFT calculations, although this reconciliation 

is a vital step. A systematic description of the mechanisms connecting thermodynamic data, both 

measured and predicted, with the advanced knowledge of molecular-level structures, would afford 

the ability to predict macroscopic behavior based on surface reactivity. A major contributing factor 

to this “thermodynamic incongruence” is scaling, which remains an obstacle for quantum and 

molecular level simulations that remain limited by current computing power. This limitation 

prevents the inclusion of environmentally-relevant variables, such as ionic strength and pH 

variance. On the other hand, experimental methods of obtaining thermodynamic parameters, such 

as calorimetry (Kabengi et al. 2006a, Harvey et al. 2011) or van’t Hoff analysis of batch isotherms 

(Malati et al. 1993, Morel et al. 2012) average data over longer time scales, meaning minutes and 

hours, and across the entire mineral surface and aqueous interface under study. Conversely, DFT 

is, relatively, a spatial and temporal snapshot involving a specific site or group of surface sites, 

and does not account for the energetic heterogeneity introduced by defects and various surface 

sites (Kabengi et al., 2017).  Efforts to reconcile methodologies and benchmark experiments and 

calculations against each other should reduce complexity where possible, and focus on discerning 

the source of errors and discrepancies.  

Rutile (α-TiO2) is the most common and stable polymorph of TiO2 The rutile (110) face is 

its most dominant and most thermodynamically stable face (Hanaor et al. 2012). Many 
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computational studies of the (110) face have been undertaken  (Hiemstra et al. 1996, Fedkin et al. 

2003, Předota et al. 2004, Ridley et al. 2012, Bourikas et al. 2014, Machesky et al. 2015, Predota 

et al. 2016, Machesky et al. 2019) making it one of the most understood surfaces among metal 

oxides and an archetypical system of mineral-aqueous interface studies. Additionally, 

nanoparticles of rutile are ideal for experimental investigations as clean, polished crystals with 

high surface quality are widely available (Diebold 2003). The rutile bulk structure consists of a 

tetragonal unit cell with Ti tetrahedra and trigonal planar coordinated O, whereas the (110) surface 

hosts under-coordinated Ti atoms. The resulting valency leads to the development of a surface 

charge and allows rutile to interact with a range of cations and anions (Diebold 2003). Oxyanions, 

of the formula AxOy, such as chromate, phosphate, sulfate, arsenate, and oxalate, to name a few, 

are of particular interest in earth ecosystems as they encompass both natural nutrients and 

hazardous contaminants (Nooney et al. 1998, Hug and Bahnemann 2006, Kabengi et al. 2006a, 

Luengo et al. 2006, Mendive et al. 2008). Their behavior simultaneously depends on the aqueous 

concentration and speciation, as well as the nature, size, and nanoscale reactivity of the mineral 

surfaces present. Of key interest to us are phosphate, oxalate, and chromate oxyanions. Phosphate 

is an essential plant nutrient in soils and, conversely, a contaminant in water bodies where it can 

cause eutrophication (Luengo et al. 2006). Although chromate has been widely studied due to its 

carcinogenic nature (Cohen et al. 1993), few studies have been conducted regarding chromate 

adsorption on rutile, especially since TiO2 has been suggested as a photocatalytic instrument to 

immobilize chromate (Yao et al. 2010). On the other hand, oxalate sorption on rutile has been 

widely studied (Fahmi et al. 1995, Jones 1998, Hug and Bahnemann 2006), possibly because it is 

secreted by roots and helps to immobilize nutrients and contaminants (Jones 1998). Nevertheless, 

there are varying opinions on the energetics and complexation modes associated with its sorption 
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on rutile. Where some observed inner-sphere complexation (Mendive et al. 2008), others suggested 

this adsorption to be predominantly outer-sphere (Machesky et al. 2019). 

This study aims to understand the molecular level processes causing discrepancies in 

theoretically derived and experimentally measured thermodynamic values. We reduce complexity 

by benchmarking our FAMC and DFT results in real-time using the “non-complex” rutile (110) 

face. For FAMC, we obtain our experimental values by measuring the heats associated with the 

adsorption and exchange of oxalate, chromate, and phosphate on the rutile (110) face at pH 3.0 

and in a NaNO3 background. We also perform DFT minimizations on a periodic rutile model using 

VASP and calculate the thermodynamics associated with the exchange of these oxyanions with 

NO3
- and CO3

2-. The kinetic and enthalpic data obtained from our FAMC analysis is compared to 

the theoretical thermodynamic data derived from DFT. We believe that this work will be a 

significant milestone towards piecing together a predictive understanding capable of tackling 

complex and more extensive systems. 

3.2 Experimental Section  

3.2.1 Solid and Chemicals  

All acids, bases, and salts used in the experiment were ACS reagent grade and were used 

as received from Fisher Scientific (Waltham, MA). Baseline solutions of NaNO3 and NaCl were 

prepared to a concentration of 50 mM. Oxyanion solutions of 1 mM Na2C2O4, 1 mM NaH2PO4, 

and 1mM Na2CrO4 were prepared in a background solution of 47 mM NaNO3 to maintain a 

constant ionic strength. All solutions were prepared using 18.2 MΩ deionized water and were 

adjusted to pH 3 ± 0.02 using either 0.1 M NaOH or 0.1 M HCl as required. The concentrations of 

each solution, as well as the speciation of anions in the injection solutions are presented in Table 

1.  The speciation data provided in Table 3.1 were obtained via Visual MINTEQ ver. 3.1. 
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The rutile (TiO2) used in this work was obtained from Tioxide Specialties Ltd. (Cleveland, 

UK). To remove impurities, the sample underwent multiple washing-centrifuge cycles using 

deionized water (Ridley et al. 2009). The N2-BET specific surface area value for the rutile sample 

as measured by the Brunauer-Emmet-Teller N2-BET gas adsorption isotherm method was 17.0 

m2/g (Hawkins et al. 2017). 

3.2.2 Flow Microcalorimetry Experiments 

The proprietary flow adsorption microcalorimeters (FAMCs) used to conduct all sorption 

experiments were designed and constructed in the Kabengi Laboratory at Georgia State University. 

The details concerning the instrumental layout and operation of the FAMCs have been outlined in 

previous publications (Rhue et al. 2002, Kabengi et al. 2006a, Kabengi et al. 2006b) and in the SI. 

The interactions of the oxyanions with the rutile surface were investigated by measuring the heats, 

associated with the adsorption of the ions. The surface charge of the rutile surface was also probed 

using Cl-
 and NO3

-.  

Exchange experiments 

A mass of the rutile sample (20.0 ± 0.2 mg, 30.0 ± 0.2 mg) was packed into the instrument 

column and flushed with 0.05 M NaCl until a steady heat signature baseline was achieved, 

indicating thermal equilibrium of the solution and sample surface. To perform an exchange 

experiment, the solution was switched to one that had the same pH, concentration, and cation, but 

a different anion (0.05 M NaNO3).  
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Table 3.1. The concentrations and speciation of ions in the experiment. 

 

Solution Component 
Concentration 

(mM) 

Species 

Formula 

% 

Species  

Baseline 
NaNO3 NO3

- 50 NO3
- 100 

NaCl Cl- 50 Cl- 100 

Injection 

NaNO3 + 

NaH2PO4 

NO3
- 47 NO3

- 100 

PO4
3- 1 

H2PO4
- 88.1 

H3PO4 11.9 

NaNO3 + 

Na2C2O4 

NO3 47 NO3
- 100 

C2O4
2- 1 

HC2O4
- 92.7 

C2O4
2- 5.7 

H2C2O4 1.6 

NaNO3 + 

Na2Cr2O4 

NO3
- 47 NO3

- 100 

CrO4
2- 1 

HCrO4
- 93.3 

Cr2O7
2- 6.7 

 

The calorimetric signal associated with NO3
- replacing Cl- [C/N] on the rutile surface was 

recorded. When the signal returned to the calorimetric baseline, the input solution was switched 

back to the 0.05 M NaNO3 solution, and a calorimetric signal was obtained, thereby completing a 

cycle. This cycle was repeated for 5 days to ensure that the rutile surface had equilibrated with the 

baseline solutions, indicated by consistency in the heat measured during exchanges. Averages were 

obtained and used to calculate for the heats of exchange, Qexch, expressed in mJ/mgsubstrate. The 

exchange reactions were also used to determine the reversibility of oxyanion adsorption, further 

described below.  

Adsorption Experiments 

 All adsorption experiments were carried out on rutile samples that had achieved surface 

equilibration. After achieving a steady baseline with 0.05 M NaNO3, an injection was performed 

by switching the input solution to 0.047 M NaNO3 + 0.001 M Na2C2O4 for oxalate and recording 
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the calorimetric response generated after the signal returned to baseline. Additional exchange 

cycles ([C/N] and [N/C]) were performed post injection with replicates repeated until no further 

change in calorimetric response for Qexch was recorded. The same procedure was carried out with 

NaNO3 + NaH2PO4 for phosphate and NaNO3 + Na2CrO4 for chromate. Throughout the injection 

experiments and during the post-injection exchange cycles, the effluent was collected, and samples 

were analyzed to determine the concentration of oxyanions in solution. Mass analysis for oxalate 

was performed at Georgia State University in Kabengi Lab using High-Performance Liquid 

Chromatography – Ion Conductivity (Metrohm, 881 compact IC pro) to determine the mass 

recovered. For phosphate, samples were digested using EPA method 30502B, and the oxyanion 

mass was determined by Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) 

using an ARL 3560 ICP analyzer at Waters Agricultural Laboratories, Inc., GA. For chromate, a 

Genesys 10S UV-VIS Spectrophotometer (Thermo Fisher Scientific) in Kabengi Lab at Georgia 

State University was used with EPA 7196A method. Mass balance calculations were then used to 

determine the mass adsorbed/retained and the mass desorbed for each column. 

3.2.3 Density Functional Theory Calculations.  

Model Details  

For our work, models of the mineral-surface interactions were built and visualized using 

Materials Studio (BIOVIA – San Diego, CA). The (110) surface of rutile (α-TiO2) was cleaved 

using the “Cleave Surface” tool from the Surface Builder in Materials Studio. Ti atoms terminating 

at the surface formed by the cleavage had their charges neutralized by bonding with H2O molecules 

resulting in 5-coordinated Ti. The only exception to the H2O satisfied Ti atoms was by O atoms of 

the adsorbate (NO3
- or HCO3

-) manually bonded to the surface as a bidentate bridging complex 

(Figure 3.1). The bidentate bridging HCO3
- complex has been suggested to be the most likely 
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configuration of carbonate at the surface(Kubicki et al. 2007). A 20 Å (2 nm) vacuum space was 

added to the periodic surface and filled with the aqueous oxyanion compound as well as H2O 

molecules to a density of 1 g/cm3. For the carbonate exchange, the stoichiometry obtained as a 

result was Ti80 O263 H197 C1 P1 for phosphate, Ti80 O263 H196 C1 Cr1 for chromate and Ti80 O263 H195 

C3 Na1 for oxalate. The stoichiometry for oxalate replacing nitrate is given as Ti80 O263 H194 C2 

Na1 N1. 

 

Figure 3.1. Models showing the periodic rutile (110) face with (a) Na, NO3, and C2O4 in 

an aqueous environment and (b) HCO3 and Na in solution while C2O4
2¬ forms a bidentate 

binuclear bond with the surface. 

 



43 

Computational Details  

While the atoms of the rutile, nitrate, and oxyanion were fixed, the H2O molecules were 

relaxed with energy minimization (structural optimization) and 100 ps classical MD simulation at 

300K, utilizing the Universal Force Field. Periodic calculations were performed by converting 

initial structures into a Vienna Ab-Initio Simulation Package (VASP Software GmbH, Austria) 

input format and performing energy minimizations using the PBE exchange correlation functional, 

a 500 eV energy cut-off and a self-interaction correction Coulomb potential, U, of 3 eV on Ti (Park 

et al. 2010). The Grimme D3 dispersion correction (Grimme et al. 2010) and fixed lattice 

parameters were utilized.  

 

3.3 Results and Discussion  

3.3.1 Adsorption energetics from microcalorimetry 

All calorimetric responses associated with phosphate, chromate, and oxalate adsorption on 

rutile were positive, corresponding to an exothermic reaction. Similar responses have been 

measured in previous works, although the magnitudes of heats released in this work were much 

smaller. This smaller response peak results in a larger signal-to-noise ratio, as can be observed in 

Figure 3.2. Calorimetric signals associated with the adsorption of chromate, oxalate, and 

phosphate. An increase in voltage corresponds to the release of heat and hence, an exothermic 

reaction. The concentrations of each oxyanion in solution is 0.001 M. The mass of  all samples in 

this figure is 20 ± 0.2mg.Additionally, the reactions of these oxyanions with the surface took 

different time to achieve calorimetric equilibrium. Even when differences in flow rates were taken 

into consideration, the reaction of oxalate was the fastest to return to baseline, followed by that of 

phosphate and finally chromate. The noted times of reactions and corresponding flow rates were 
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25 min and 0.283 ml/min for oxalate, 26 min and 0.323 ml/min for phosphate, and 32.3 min and 

0.313 ml/min for chromate. These kinetic differences were observed on both runs of the 

experiments. Kinetic differences underlying sorption mechanism, namely for oxyanions, have 

been reported before. For instance, Laudadio et al. (2019), using FAMC, observed a two-step 

process in the adsorption of phosphate onto LiCoO2, with an initial rapid release of heat over ~20 

min followed by a slower release over ~40-60 min. This two-step process was corroborated by 

time-sequence in situ ATR−FTIR with two-dimensional correlation analysis that indicated that 

phosphate surface complexes undergo a secondary loss of water before transforming to an inner 

sphere bidentate mode.  A similar report of a fast reaction followed by another slower step was 

made by Nooney et al. (1998) in their study of phosphate adsorption on TiO2 using a similar liquid 

cell reaction approach, although over longer time scales of hours.  Adsorption of Cr (VI) species 

on anatase was observed to be a slow process, and the saturation of reactive sites was suggested to 

have occurred after more than 24 hours (Vasileva et al. 1994). 
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Figure 3.2. Calorimetric signals associated with the adsorption of chromate, oxalate, and 

phosphate. An increase in voltage corresponds to the release of heat and hence, an exothermic 

reaction. The concentrations of each oxyanion in solution is 0.001 M. The mass of  all samples in 

this figure is 20 ± 0.2mg. 

 

The heats of adsorption, Qads, for all reactions are summarized in Table 3.2. The heat 

released as the anions interact with the mineral surface was consistent across two runs of injections, 

and the measured values were averaged at –0.33 ± 0.014 mJ/mg for phosphate, –0.34 ± 0.064 

mJ/mg for oxalate and –0.64 ± 0.023 mJ/mg for chromate.  
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Table 3.2. Summary of the heats of exchange values, enthalpies, and masses associated 

with the adsorption of phosphate, oxalate, and chromate onto rutile. 

Specie 
Heat1 

(mJ/mg) 

Mass adsorbed Molar Enthalpy 

(µmol/m2)3 (kJ/mol) 

Run 1 Run 2 Average Run 1 Run 2 Average 

PO4 -0.33 (0.014)2 -8.02E-06 -2.55E-06 -5.29E-06 ( 2.73E-06)2 -2.32 -7.94 -5.13 (3)2 

C2O4 -0.34 (0.064) -5.71E-06 -5.10E-06 -5.40E-06 (3.04E-07) -3.40 -4.67 -4.03 (1) 

CrO4 -0.64 (0.023) -1.32E-05 -4.95E-06 -9.08E-06 (4.13E-06) -2.74 -7.84 -5.29 (3) 

1 Heat values are averaged across both runs. 
2 Number in parentheses corresponds to the standard error of both runs. 
3 Surface excess calculated with a SSA value of 17.0 m2/g 

 

The full mass adsorbed for each oxyanion, normalized to both sample weight and available 

specific surface areas, is also included in the Appendix. Two noteworthy observations can be 

made. First, although at the same initial concentration, the mass adsorbed for chromate in the first 

run was significantly higher than that calculated for phosphate and oxalate. Second, for the second 

experimental replicate, while the masses were more consistent with each other, the values were 

~40% to ~68% lower than measured previously. Although it is imperative to obtain further 

replicates, the observation underscores at least qualitatively, the difficulty in accurately 

determining the mass adsorbed, particularly in the case of rutile that possesses a relatively low 

specific surface area (17.0 m2/g in this scenario). These uncertainties are exacerbated by the fact 

that, at least in the case of oxalate and chromate, the complexation at the surface is expected to 

include a significant pool of outer-sphere species that are reversible (Yao et al. 2010, Kabengi et 

al. 2017, Machesky et al. 2019). It would not be possible to delineate between the heats released 
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from the first layer of adsorption and those form subsequent adsorption and desorption reactions 

of incoming ions in the flow. This obstacle is demonstrated further by the observed incongruence 

between the breakthrough curves and thermograms, which often trails on until calorimetric 

equilibrium. 

The variability in determining the mass adsorbed causes a corresponding variability in the 

calculated molar enthalpy values, Hads in kJ/mol.  The magnitudes of Hads were found to 

decrease in the order of Hads C2O4 > Hads CrO4 > Hads PO4 for Run 1 and Hads PO4 > Hads 

CrO4 > Hads C2O4 for Run 2. Conversely, the Qads released, independent of the surface excesses, 

proved more consistent for chromate and oxalate resulting in Qads chromate > Qads phosphate. 

Although the Qads for oxalate seems to place it in between Qads chromate and Qads phosphate in 

terms of magnitude, the heats for both runs of oxalate were less consistent, and could not be 

accurately compared to the more consistent Qads chromate and Qads phosphate values.    

Juxtaposing our data with the results of other investigations proved difficult because the 

energetics and enthalpies of oxyanion adsorption on rutile have been largely not measured.  The 

pHpzc charge of rutile has been previously measured at 5.4 ± 0.2 (Machesky et al. 1998, Ridley et 

al. 2002), suggesting that under normal environmental conditions, the rutile surface is positively 

charged and therefore exchange and adsorption of anionic species are expected to be minimal, if 

not environmentally irrelevant.   Nevertheless, previous work on Fe and Al (oxyhydr)oxides 

provide valuable insights into the nature of these oxyanions as surface complexes. For instance, 

Kabengi et al. (2017) report chromate adsorption to be exothermic and in inner-sphere 

complexation on ferrihydrite and goethite. A follow-up study by Kubicki et al. (2018), offered a 

nuanced reality by suggesting an equilibrium between inner-sphere and outer-sphere species 

distribution that depends on a number of parameters, chief among them are pH and ionic strength.  
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In fact,  Spanos et al. (1995) observed an increase in the sorption of Cr (VI) species as pH decreased 

from 8.0 to 4.8 on the TiO2 surface. However, a further reduction in pH below 4.8 resulted in less 

adsorption of the Cr(VI) species, implying speciation plays a vital role in ion uptake by the surface. 

The correlation of pH with both complexation type and speciation suggests that different species 

contributions to the total energetics of adsorption are likely, and an accurate account of both will 

be needed to rationalize the calorimetric heats, and eventually relate them to calculated values.  

 The difficulty in obtaining an accurate mass-balancing further highlights the role of the 

complexation mechanism at play. We hypothesize that for species that exhibit a more substantial 

portion of outer-sphere, potentially reversible species, doubts regarding the nature of the 

equilibrium between the flowing solution and the surface, particularly as surface coverage 

changes, will introduce errors in the quantification of adsorbed masses. This is specifically the 

case when the total mass expected to adsorbed is low (Table 3.2) owing to the lower surface areas 

and the inherent analytical challenge of measuring a small difference from a solution concentration 

under flow. A workaround would be to inject a known mass smaller than that required to achieve 

maximum surface coverage and thus will not break through into the effluent. An important caveat 

to would be to ensure detectable heats are obtained. Additional thought would also be warranted 

to the interpretation and values of this thermodynamic parameter far off from equilibrium.  

 

3.3.2 DFT analysis. 

Table 3.3 contains relative energies of the oxyanion-rutile (110) models simulated with 3-

D periodic DFT calculations. The modeled adsorption energies calculated for phosphate and 

chromate exchange are both exothermic, while that of either nitrate or carbonate for oxalate is 

endothermic. The net Eads values for oxalate replacing nitrate is less favorable than that for 
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oxalate replacing carbonate. This result highlights the important role of the background 

chemistries, namely, as these Eads are compared to measured Hads where CO2 is not completely 

stripped. For phosphate and chromate where the experiment and the calculation concur on the 

enthalpic sign, it is worth noting that the Eads values are significantly more negative than the 

Hads. In all, the trend of Eads obtained via DFT does not concur with the observed order of Hads. 

Table 3.3. DFT Model adsorption energies (ΔE) for various oxyanions adsorbed to the 

rutile (110) surface. 

Inner-sphere/Aqueous Energy (eV) ΔE (kJ/mol) 

CO3
2-/H2PO4

- -3567.42093   

HPO4
2-/H2CO3 -3568.0648 -62 

CO3
2-/H2CrO4

- -3562.34801 
 

HCrO4
2-/H2CO3 -3562.75207 -39 

CO3
2-/C2O4

-  -3569.91585 
 

C2O4
2-/HCO3

- -3569.85603 +6 

NO3
-/C2O4

2- -3564.54827 
 

C2O4
2-/NO3

- -3564.11892 +41 

 

There are numerous reasons for the discrepancy between the Eads and Hads. As has 

already been reiterated, the difficulty in determining the mass retained on the rutile surface during 

the calorimetry experiments results in an underestimation of the ΔH. Additionally, while FAMC 

inherently averages the energetic over several sites and a mixture of species, DFT is calculating a 

case of much lower surface coverage where bidentate binuclear species are the only ones assumed 

to be present.  The issue of speciation is multifaceted and cuts across both techniques. For example, 

oxalate exists across three species at pH 3of HC2O4
-, C2O4

2
- and H2C2O4, although the contribution 

of the latter is negligible ~1.6%. However, this implies that different concentrations of various 

specifications are at play aside the one calculated for. In fact, only ~5.7% of oxalate occurs as 

C2O4
-2. The DFT calculations do not capture these nuances in the results, further driving the 
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variation. Finally, the presence of CO2 as a competitive adsorbate is not accounted for in DFT. 

Although the FAMC is equipped with a CO2 scrubber, Villalobos and Leckie (2000) have shown 

that even minuscule amounts of CO2 in a system can affect surface charging and hence 

complexation.  

In our study, DFT calculations were performed with PBE exchange-correlation functionals, 

which work well for metals. However, since our work involves a metal oxide – aqueous interface, 

we suspect an overestimation in band gap between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO). These errors would propagate through 

calculations of the bonds present, and the electronic structure of both the surface and oxyanion.  

 

3.4 Significance and conclusions 

In this chapter, we investigate the adsorption of oxyanions on rutile (110) using FAMC and 

DFT with the goal of benchmarking the techniques against each other. For FAMC, we measure 

the heats associated with the adsorption of phosphate, chromate, and oxalate on rutile at pH 3.00 

± 0.2. We obtain heat trends that hint at the prowess of our calorimetric technique but are unable 

to obtain consistent molar enthalpies due to the minute masses adsorbed. We also run DFT 

calculations on a periodic rutile surface and calculate energies associated with the exchange of 

NO3 and HCO3 with the oxyanions mentioned earlier. The DFT calculated molar enthalpies had 

similar trends with the heats measured via FAMC but exhibited and endothermic exchange for 

oxalate where FAMC was exothermic. We were unable to acquire consistent molar enthalpies from 

FAMC analysis. Due to the low masses adsorbed on the rutile surface during our oxyanion 

injections, consistent ΔH was not obtained and could not be reconciled with the ΔE obtained via 

DFT calculations. 
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Among other possible reasons, we believe the speciation of ions, masses adsorbed, the 

presence of and competitive uptake  CO2, as well as the choice of exchange and correlation 

functionals, influenced the variations in our results. This work is an important stepping stone 

towards discerning the complexity of interfacial reactions and reveals possible avenues of 

improvements  for future experimental and computational investigations. 

Note:  

The DFT calculations were performed by Prof. James D. Kubicki at the University of Texas-El 

Paso.  
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4 CONCLUSIONS 

This thesis explored the different ways experiments and theory could be interlinked to 

describe interfacial reactions involving minerals and aqueous solutions. A consistent theme of this 

work is complexity. As such, the first part focuses on capturing the complexity of interfaces by 

developing an approach to account for surface defects/substitution in models that will be a more 

accurate description of “real” co-precipitated mineral oxide surfaces. The second section of this 

work acknowledges the complexity of interfaces and seeks to constrain it to examine the sources 

of errors introduced by two techniques used to derive thermodynamics parameters. One technique 

views the interface from the lens of solution chemistry while the other focuses on an atomistic-

view of the interface.  

In Chapter 2, we developed a novel SCM model that successfully modeled experimental 

zeta potential measurements of Al-Fh surfaces. It consists of a surface structure model for Al-Fh 

that we inferred by considering the implications of the upper limit of Al substitution ( 24 mol %) 

as determined by spectroscopic techniques. With insights from computational modeling results 

that highlighted the most stable sites for replacement, we situated Al on the surface of Fh and 

hypothesized that it is replacing Fe1 sites. The resulting surface model for Al-Fh, based on 

Hiemstra’s surface depletion model, has Al forming chain-like structures at the upper limit of 

substitution. We also inferred that the placement of these in place of edge and corner-sharing Fe 

sites plays a significant role in controlling inner-sphere to outer-sphere species ratio, which is 

commonly reported to be perturbed as an effect of Al substitution. The zeta potential model 

developed fit experimental measurements successfully and to a reasonable degree of certainty. 

These zeta potential values are the surface potential “measured” at a distance from the surface, 

referred to as the slipping plane distance. In our work, we measured that potential at ~10 Å (~1 
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nm) from the surface. Coupled with our suspension concentration of 0.05M, the results obtained 

were consistent with previous empirical data that showed the slipping plane distance to be a 

function of the ionic strength of the solution.  

Chapter 3 of this work examined the enthalpies, both measured and calculated, of 

phosphate, chromate, and oxalate sorption on the rutile (110) crystal face. The goal was to 

benchmark FAMC and DFT against each other to better understand the underlying sources of 

errors that have made the reconciliation of computational results and experimental 

thermodynamics elusive. FAMC was used to measure the heats associated with the adsorption of 

phosphate, chromate, and oxalate in a background of 0.05M NaNO3 at pH 3. Mass analysis was 

also performed on effluent collected during the injection run to determine the mass of oxyanions 

adsorbed. The heat and mass values obtained were used to calculate the molar enthalpies of 

adsorption. DFT calculations were performed on a periodic model of the rutile (110) face 

terminating at the aqueous interface with the oxyanions in solution. Energy minimizations were 

performed using VASP with PBE exchange correlation functionals, a 500 eV energy cut-off, a 3 

eV U self-interaction correction on Ti, a D3 dispersion correction, and fixed lattice parameters. 

Due to the small masses adsorbed on the rutile surface during oxyanion injections, consistent ΔHads 

was not obtained, and could not be reconciled with the ΔEads obtained via DFT calculations. 

Instead, Eads aligned with Qads.   

 

4.1 Future Work 

Although the novel approach discussed in Chapter 2 helps us account for defects, there are 

aspects of Al-Fh that are still not completely understood. For example, Fh is known to possess an 

amorphous phase(Funnell et al. 2020), which may contribute to charging and adsorption. 
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Unfortunately, this phase of the mineral is not captured in any SCM modeling efforts.  

Additionally, Fh aggregates into nanoparticles of different sizes, and accounting for the 

corresponding change in site densities and possibly face contributions should provide a better fit 

with future models. Since we insinuate the participation of Al at specific faces to surface 

complexation, future works may focus on an intersection of an imaging technique like 

Transmission Electron Microscopy (TEM) with a powerful spectroscopic technique like RAXR 

that would help pinpoint the proximity of ionic species to the Al-Fh surface. These techniques, 

using a host of cations and anions that form inner- and outer-sphere complexes, coupled with this 

SCM model, should result in an accurate and concrete description of the Al-Fh surface. In a broader 

sense, the approach we utilized to develop this SCM opens the door to much improved ways to 

capture complexity and could be applied to multiphase minerals with more complex surfaces. 

For Chapter 3, two thermodynamic techniques were benchmarked against each other using 

a “simple” surface. The heats for FAMC were replicable, but the masses adsorbed were so small 

that minor deviations were relatively very substantial. We could remedy this obstacle by injecting 

known smaller masses that would reach total surface coverage. Additionally, the pH at which 

experiments were carried out, pH 3, resulted in a complex speciation profile that is difficult to 

account for. The divergence in the DFT results may have also been a function of the exchange 

correlation functionals used since DFT with PBE works well for metals, and B3LYP works better 

for oxides.  A hybrid Hartree-Fock and DFT method for the periodic model, with cluster models 

running in Gaussian basis sets and using B3LYP functionals, would possibly provide more 

accurate results. An alternative would be to carry out both FAMC experiments and DFT 

calculations on a non-oxide mineral surface, eliminating the need to account for oxides. A 

successful reconciliation of FAMC and DFT may be the gateway to break down and parameterize 
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molecular thermodynamic processes, leading to models that are capable of accurately predicting 

thermodynamic attributes, and subsiding the need for intensive experimental work. 
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