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Abstract 
Ferrihydrite (Fh) is the most important iron (hydr)oxide nanoparticle in nature. Due to its large 

surface reactivity, Fh influences the cycling, availability, and mobility of nutrients and pollutants in 
soils and water bodies, largely via adsorption processes. Ferrihydrite also forms stable complexes with 
natural organic matter (NOM), contributing to the long-term stabilization of organic carbon in soils. In 
the context of surface complexation modeling (SCM), studying the surface reactivity of Fh is important 
because this nanomaterial is envisioned as a good proxy for describing the reactivity of the natural metal 
(hydr)oxide fraction in soils. However, despite the recognized importance of Fh as a highly reactive 
material, many fundamental aspects of its surface reactivity have remained poorly understood. This 
thesis aimed to gain new insights into the surface reactivity of Fh, focusing on the analysis of ion 
adsorption mechanisms and on the development of a SCM framework for describing the adsorption of 
a suite of relevant cat- and anions to Fh in a realistic physical-chemical manner. In this thesis, a special 
emphasis is given to the adsorption of phosphate (PO4) and its interfacial interactions with other ions 
(i.e. Ca, Mg, CO3) that are relevant in nature and from the perspective of soil chemical analysis. 
Phosphate has been chosen as a model oxyanion due to its ubiquity in the environment and its high 
affinity for binding Fe (hydr)oxide surfaces. Moreover, the adsorption of Ca and Mg to Fh has been 
also studied in single-ion systems due to the abundance of these ions in the environment and their effect 
on the adsorption behavior of other ions, such as PO4.  

The approaches implemented in this thesis comprise adsorption experiments with freshly-prepared 
Fh nanoparticles and data interpretation using an advanced SCM (i.e. CD-MUSIC model) as well as 
molecular orbital (MO) calculations that allow to derive independently the charge distribution (CD) 
coefficients of the surface complexes considered in the modeling. The consistent treatment of the size 
dependency of the Fh properties is an essential aspect of this thesis. For this, a novel methodology has 
been proposed to evaluate the specific surface area (SSA) of Fh nanoparticles in suspension and to 
derive a coherent set of size-dependent values for the molar mass, mass density, and Stern Layer 
capacitance(s) of Fh, which are all of major importance for scaling and modeling the collected ion 
adsorption data. The combination of the above approaches allowed the development of a self-consistent 
thermodynamic database for describing ion adsorption to Fh. The insights obtained from the model 
systems, using synthetic Fh suspensions, have been applied to assess the reactive surface area (RSA) of 
the metal (hydr)oxide fraction in a series of agricultural Dutch top-soils and weathered tropical top-
soils. Ferrihydrite is found to be a better proxy than well-crystallized goethite for describing the 
reactivity of the metal (hydr)oxide fraction in both soil series, despite the contrasting differences in the 
ratio of crystalline and nanocrystalline metal (hydr)oxides in these two soil series. The reactive metal 
(hydr)oxide fraction in these soils is dominated by nano-sized particles (~1.5 – 5.0 nm) with a variable 
specific surface area (SSA ~350 – 1700 m2 g‒1). The interaction between metal (hydr)oxide 
nanoparticles and NOM has been evaluated in these soil series and a structural model has been 
formulated for the nanoscale arrangement of the organo-mineral associations in soils. Overall, the 
results of this thesis are relevant from both a fundamental and a practical perspective. They contribute 
to increase our understanding of molecular-scale ion adsorption processes occurring at the solid-
solution interface of Fh, which is important to develop more accurate predictions of the behavior and 
availability of ions at the macroscopic level, studied at the laboratory and field scale. 
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1.1. Relevance of the study 

1.1.1. Global iron cycling 

Ferrihydrite (Fh) is an important iron (hydr)oxide nanoparticle (FeoxNP) present in most natural 
environments. It is a key component of the global biogeochemical cycle of iron (Fe). Ferrihydrite is the 
first solid (hydr)oxide phase formed at precipitation of Fe(III) ions and it works as a precursor for the 
formation of other, more crystalline, Fe (hydr)oxides (e.g. hematite, goethite).1,2 Fh can be formed by 
forced hydrolysis of Fe(III) in solution or by the oxidation of Fe(II) species.2 In nature, Fh particles may 
be surrounded by organic matter molecules3,4 or associated with other minerals such as phyllosilicate 
clays or well-crystallized metal (hydr)oxides.2,5 Fh nanoparticles are thermodynamically unstable and 
have a rather high solubility that leads to particle growth and transformation into other Fe (hydr)oxides 
with a higher intrinsic stability.6 Because of its high solubility, Fh often controls the availability of Fe 
for plant uptake7,8 via dissolution processes, especially under oxic soil conditions. The transport of 
FeoxNPs (i.e. Fh-like particles) from the continent to the ocean represents a significant input of Fe into 
marine environments.9 These FeoxNPs regulate the availability of Fe in the oceans, affecting their 
primary productivity and consequently, the global concentrations of atmospheric CO2 by altering the 
rates of carbon sequestration in oceans.10–12 Moreover, these FeoxNPs may transport adsorbed metal ions 
and anions in the environment from one location to another. 

1.1.2. Nutrients availability in soils: assessment of phosphate availability  

In soil environments, Fh is one of the most reactive mineral phases due to the ultra-small size of the 
primary particles (~2–5 nm) and corresponding large specific surface areas (SSA ~300 – 850 m2 g-1),3,13 
even if present in low mass-based concentrations. For instance, in one cubic meter of soil (i.e. 1 m depth 
× 1 m2 surface) with a bulk density of ρsoil ~ 1500 kg m-3 and only (!) 1% w/w of Fh, the corresponding 
contribution of Fh in terms of surface area is in the order of ~107 m2 (ten million!). Thereby, Fh can 
greatly regulate the bioavailability and mobility of nutrients and pollutants in the environment, 
especially those of oxyanions with high affinity for metal (hydr)oxide surfaces, such as phosphate (PO4).  

The adsorption of PO4 to the natural fraction of FeoxNPs is a relevant process in soils of natural and 
agricultural systems because it often leads to PO4 solution concentrations (e.g. < 10 µM in non-fertilized 
soils) that are much lower than the required optimum for plant growth.14,15 The adsorption of PO4 to the 
nano-meter sized oxide fraction is a rather complex phenomenon, as it depends not only on the physical-
chemical properties of the surfaces of the adsorbent, but also on the overall chemical composition of the 
solution phase (i.e. pH, type and concentration of coexisting ions), as well as on the presence of organic 
matter.16,17 Hence, a comprehensive understanding of all the individual factors affecting the overall 
adsorption process of PO4 is required for predicting the chemical behavior of this essential nutrient in 
the environment.   

The availability of P in arable lands and pastures is traditionally assessed with routine analysis in 
laboratories using a variety of methods that differ in their mechanisms of PO4 extraction.18–20 The 
amount of extracted PO4 can greatly vary from one method to another, which might lead to contradicting 
conclusions about the soil P status when different methods are used for the same soil sample.21,22 The 
inability of some soil P analyses to predict accurately the soil P status can be partly attributed to a poor 
mechanistic understanding of the chemical processes affecting the extractability of PO4.23 Thus, there is 
a need for better understanding the chemical factors affecting the PO4 release from the natural fraction 
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of Fe (hydr)oxides, which would help to achieve more mechanistic interpretations of the outcome of soil 
P analyses. 

1.1.3. Soil organic carbon stabilization 

In natural environments, Fh nanoparticles may precipitate in the presence of soil organic carbon 
(SOC), forming chemically (meta) stable organo-mineral complexes.24–29 The formation of these 
organo-mineral complexes is related to the physical-chemical surface properties of the naturally formed 
Fh nanoparticles. Moreover, the interaction with ubiquitously present inorganic ions also affect the 
formation and stability of these organo-mineral complexes. For instance, oxyanions such as PO4 and 
AsO4 compete with SOC for the binding sites at the Fh surfaces, which will lead to less and weaker 
interactions between SOC and Fh.16,30,31 Inverse relationships have been found between the loadings of 
SOC and PO4 in the surfaces of metal (hydr)oxides of soils.32,33  On the other hand, divalent cations such 
as calcium (Ca) may enhance the binding of SOC to the Fh surfaces due to the combined effect of 
stronger electrostatic interactions and formation of ternary Fe-SOC-Ca complexes.34,35 Therefore, 
studying the surface reactivity of Fh is also important from the perspective of a long-term stabilization 
of organic carbon in soils and sediments, which consequently contributes to mitigating the effects of 
increasing CO2 emissions on the global climate.36–38 

1.1.4. Environmental and remediation technologies 

Lastly, studying the mechanisms of ion adsorption to Fh is relevant from the practical perspective 
of environmental engineering and remediation technologies. Promising results have been obtained from 
the use of engineered FeoxNPs for removing contaminants from drinking- and wastewater.39,40 For 
instance, the removal of PO4 from municipal and industrial wastewater, agricultural drainage, and 
household sources is critical for preventing environmental problems such as eutrophication of water 
bodies.41 For this, FeoxNPs are envisioned as good cost-effect materials.40,42 Field applications of Fh 
nanoparticles have been proposed to amend P-enriched soils and reduce the potential runoff of P to the 
groundwater.43 Recently, Koopmans et al.44 applied a Fe oxide sludge, containing mainly siliceous Fh, 
to increase the reactive surface area of a non-calcareous sandy soil and effectively reduce the 
concentration of PO4 in the soil solution.  

Despite the encouraging results, some critical aspects that reduce the efficiency of contaminant 
removal by FeoxNPs still need to be addressed40 (e.g. particle aggregation, reduction of reactive surface 
area, and competitive adsorption of coexisting ions). These challenges underline the importance of this 
thesis, which contributes to improve our understanding of the surface reactivity of FeoxNPs and their 
mechanisms of ion adsorption. 

 

1.2. Ferrihydrite: a brief retrospection of literature 
The aim of this literature retrospection is to frame the contributions of this PhD thesis within the vast 

amount of research performed about Fh over the years. Together with Sections 1.3 and 1.4, this section 
is intended to provide an overview of important studies that have contributed to the state-of-the-art 
knowledge about Fh reactivity at the moment of starting this thesis. 
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1.2.1. Ferrihydrite identification 

Nowadays, the ubiquity of Fh as a naturally occurring nanomineral in soils, sediments, and water 
environments is well-recognized.2,45 However, the name “ferrihydrite” and its recognition as a distinct 
mineral phase is relatively new in the scientific literature, if compared to other Fe (hydr)oxides (e.g. 
goethite, hematite). It has been “only” 50 years since Chukhrov et al.46 in 1972 firstly introduced this 
name for referring to a Fe (hydr)oxide precipitate, formed on the walls of an old mine deposit. By 1974, 
the name ferrihydrite had been formally approved by the nomenclature commission of the International 
Mineralogical Association,47 and it started soon to be adopted by other researchers48 for referring to the 
“amorphous” solid phases of ferric oxides, until then known as “hydrous ferric oxide” (HFO). 
Nowadays, the names “two-line” and “six-line” Fh are commonly assigned to the end members of a 
range of Fh materials according to the number of reflection peaks distinguishable in the X-ray diffraction 
patterns. The particle size of these end-members vary from ~2 nm for 2LFh to ~6 nm for 6LFh.2 

The natural Fh material described by Chukhrov et al.46,47 has X-ray diffraction patterns that are 
consistent with those reported previously by Towe and Bradley49 in 1967 for a synthetic Fe (hydr)oxide 
precipitate obtained by forced hydrolysis of a ferric nitrate solution. In addition, Towe and Bradley49 
reported similar X-ray diffraction patterns for a Fe micelle extracted from ferritin, a biological Fe storage 
protein. The studies of Chukhrov et al.46,47 and Towe and Bradley49 greatly contributed to finish a long 
scientific controversy about the existence of a naturally formed Fe(III) precipitate, analogous to the 
synthetic “amorphous” oxide freshly precipitated in the laboratory from hydrolyzed Fe(III) solutions. 
The direct identification of Fh in soils using X-ray diffraction is rather challenging because of the weak 
and broad diffraction peaks observed for this material.50 It was approximately 10 years after the work of 
Chukhrov et al.46 that a direct identification of Fh was reported for the first time in the groundwater of 
soils, using X-ray diffraction and Mössbauer spectroscopy.2,51  

1.2.2. Ion adsorption studies 

Despite the relatively recent recognition of Fh as a distinctive mineral phase, the extraordinarily high 
ion binding capacity of this material had been acknowledged long before. For instance, in 1837 Bunsen 
and Berthold52 already documented the capacity of freshly precipitated Fe (hydr)oxides to effectively 
remove arsenite from solution. However, the authors postulated the formation of basic ferric arsenite 
salts as the mechanism explaining such observations. Almost a century later, different research groups 
recognized this observation as an ion adsorption process that is influenced by specific experimental 
conditions.53,54 In other early studies, the relevance of freshly-precipitated Fe (hydr)oxides for adsorbing 
organic compounds and radionuclides was also recognized, as it can be noted respectively in the works 
of Grbttie and Williams55 in 1928 and Kurvatov56 in 1932. 

 Since then, synthetic Fh suspensions have been extensively used for studying the adsorption of both 
metal cations57–60 and oxyanions.61,62 The ion adsorption studies prior to 1990 have been critically 
evaluated and compiled by Dzombak and Morel63 in the context of Surface Complexation Modeling 
(SCM) development. Cornell and Schwertmann2 present an overview of the ion adsorption studies found 
in the literature until early 2000’s. More recently, ion adsorption studies using synthetic Fh as a model 
(hydr)oxide nanomaterial have continued, many of these focusing on providing a more realistic physical-
chemical picture of the ion adsorption processes, using SCM, advance spectroscopic techniques, and/or 
quantum chemical computations (e.g. see references 64–78).  

Despite the substantial number of studies, most of the ion adsorption data collected for fresh Fh 
materials have been measured in single-ion systems, whereas for geochemical and soil chemical 
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applications the interactions between multiple adsorbing ions is important. However, adsorption studies 
in multi-component systems have received considerably less attention. To date, the interfacial 
interaction of PO4 with major ions has not been systematically tested for systems with freshly-prepared 
Fh, while this is key for understanding the adsorption behavior of this oxyanion in more complex media, 
for instance in the extraction solution of common soil tests for P availability. For instance, cooperative 
adsorption interactions with metal ions such as Ca and Mg, and competitive adsorption interactions with 
CO3 ions need to be analyzed if the aim is to develop a robust modeling approach applicable for 
describing PO4 adsorption in a wide range of environmental and analytical conditions. Moreover, as I 
will show in this thesis, analyzing ion adsorption in multicomponent systems allows the elucidation of 
additional adsorption mechanisms that otherwise cannot be identified by only studying ion adsorption 
in single-ion systems.  

In addition, a consistent interpretation and modeling of ion adsorption data collected in literature for 
different Fh suspensions is a challenging task, because the surface area of Fh may vary substantially 
depending on the preparation protocol and aging conditions.63,79,80 For fresh Fh suspensions, this 
variation cannot be assessed as it is conventionally done for crystallized metal (hydr)oxides, using for 
instance gas adsorption analysis.81,82 In the present thesis, a self-consistent scaling and modeling 
approach of data has been made possible, thanks to the development and implementation of a novel 
probe-ion approach for assessing the specific surface area (SSA) of fresh Fh in suspension. In this 
approach, the adsorption of PO4 is measured in single-ion Fh systems and the data are interpreted with 
the charge distribution (CD) model, defining the SSA as the only adjustable parameter. The above issue 
will be further explained in Section 1.4. 

 

1.3. Mineral and surface structure of ferrihydrite 
Detailed knowledge about how atoms are arranged in the core (i.e. crystal structure) and surface of 

metal (hydr)oxides is essential to understand their thermodynamic behavior, magnetic properties, and 
surface reactivity.83–85 The latter aspect is especially important for studying and elucidating mechanisms 
of ion adsorption. However, the mineral and surface structure of Fh have remained rather enigmatic for 
many years. This has hampered the development of a mechanistic SCM that incorporates a realistic 
molecular representation of the adsorption processes at the surfaces of this important nanomaterial. The 
study of ion adsorption in relation to the mineral and surface composition of Fh constitutes a central 
aspect in the interpretation and modeling of the adsorption data collected in this thesis. In this section, 
an overview is provided about the developments that have contributed to the state-of-the-art knowledge 
on the mineral and surface structure of Fh. 

1.3.1. Mineral structure 

In the pioneering work of Towe and Bradley49 in 1967, a crystal model with a chemical composition 
of Fe5HO8·4H2O was proposed for Fh. In this model, the mineral structure of Fh was related to that of 
hematite but with a larger number of vacant Fe(III) sites, i.e. Fh was proposed to be a defective type of 
hematite. Contemporaneous to the work of Towe and Bradley,49 Harrison et al.86 proposed an atomic 
structure for the Fe (hydr)oxide core of ferritin, a Fh-like iron storage protein, with a corresponding 
chemical composition of FeOOH. In Harrison’s model the Fe(III) atoms are randomly present in 
octahedral and tetrahedral coordination. Since then, several models have been proposed for the mineral 
structure of Fh. An overview of the “classical” structural models proposed for Fh is discussed in the 
literature review of Jambor and Dutrizac.45 Amongst these, the models proposed by Eggleton and 



Chapter 1 
__________________________________________________________________________________ 

14 

 

Fitzpatrick87 in 1988 and by Drits et al.88 in 1993 have received wide attention in the literature. In the 
former model,87 two sheets of Fe(III) octahedra are linked by two sheets of mixed Fe(III) in tetrahedral 
and octahedral coordination, with a stoichiometry of FeOOH for the bulk mineral, and an overall 
chemical composition that varies between Fe4(OH)12 and Fe5O3(OH)9 due to the high and variable water 
content. On the other hand, in the model of Drits et al.88 the structure of Fh is seen as a multiphase 
system that consists of both defected and defect-free phases, including variable amounts of 
nanocrystalline hematite, maghemite/magnetite, and/or a highly defective material. One fundamental 
difference between the model of Eggleton and Fitzpatrick87 and that of Drits et al.88 is the presence and 
absence, respectively, of Fe(III) in tetrahedral coordination. Since then, two types of “competing” 
structural models existed in the literature in which the existence or absence of tetrahedral Fe(III) in the 
crystal structure of Fh was a central point of debate.89  

More recently, Michel et al.90,91 proposed a new structural model for Fh based on the analysis of the 
pair distribution function (PDF) of data collected with High-Energy X-ray Total Scattering (HEXS). 
According to Michel’s model, the mineral structure of Fh is a periodic single-phase containing three 
types of Fe(III) atoms, namely Fe1, Fe2, and Fe3. The Fe1 and Fe2 atoms represent, in an ideal structure, 
respectively 60% and 20% of total Fe(III) in the mineral and have an octahedral coordination, whereas 
the Fe3 atoms (20%) are present in tetrahedral coordination. In the mineral structure of Fh, Fe13 units 
(i.e. δ-Keggin like  structures, see references 92,93 for further explanation) can be recognized in which 12 
Fe octahedra (Fe1 and Fe2) are surrounding one central Fe3 tetrahedron (Figure 1.1a). For Fh with an 
ideal structure, the chemical composition is FeO1.6H0.2, which interestingly is in close agreement with 
the composition that Towe and Bradley49 had proposed ~40 years before. 

In recent studies, using advanced spectroscopic techniques such as high resolution EXAFS83 and 
XANES,89 conclusive evidence has been found for the presence of tetrahedral Fe(III) in the mineral core 
of Fh, setting an end to a long-term dispute. In addition, the structural model of Michel et al.90,91 has 
been supported by further evidence, as found by Pinney et al.,94 Peak and Regier,89 Xu et al.,95 Maillot 
et al.,83 Mikutta,96 and Harrington et al.97 Although the debate about a ultimate crystal model for Fh is 
maybe not yet fully settled,98–100 the Michel’s model has gained wide acceptance in the current scientific 
literature.  

Important to note is the fact that Michel et al.91 reported systematic discrepancies between model and 
experimental data. These differences were attributed to the presence of randomly distributed vacancies 
of Fe(III) positions in the mineral structure that gradually disappeared with Fh aging, ultimately leading 
to a defect-free material called “ferrifh”. However, according to Hiemstra,84 this phenomenon is not 
related to vacancies of Fe(III) in the mineral bulk structure, but it is due to a surface contribution, thereby 
advocating a core-surface model. This notion has led to the development of a model for the surface 
structure of Fh, which is described in the next section. 

1.3.2. Surface structure 

At the surface, the repetitive arrangement of metal ions of the mineral core is interrupted, changing 
the coordination environment of the metal ions present at the mineral-solution interfaces. The metal ions 
present at the surfaces will have different physical-chemical properties in comparison to those present 
in the mineral core. The relatively high fraction of surface metal ions, in relation to the number of ions 
in the bulk mineral, makes the surface structure a crucial factor determining the overall stability and 
reactivity of nanoparticles.6,101,102 Therefore, analyzing the surface structure of Fh is essential for 
understanding the overall behavior of this nanomaterial.  
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According to the surface depletion (SD) model proposed by Hiemstra,84 the surface of Fh forms an 
“inter-phase” with a distinct chemical and polyhedral composition that differ from those of the mineral 
core. In general, Fh can be seen as the combination of a mineral core that is defect-free and hydrogen 
poor, and a surface layer that is water-rich due to the large contribution of -OH and -OH2 surface 
groups.84 The presence of a distinct surface layer with a polyhedral composition that differs from the 
mineral core of Fh, as proposed in the SD model, is supported by recent studies using Mössbauer 
spectroscopy103 and in-situ collected small-angle X-ray scattering (SAXS) data.93 

More specifically, the fundamental difference between the core and surface composition of Fh results 
from the surface depletion of part of the Fe2 octahedra and Fe3 tetrahedra. At the surfaces of Fh, part of 
the Fe2 and Fe3 polyhedra are less stable than the Fe1 octahedra. The Fe3 polyhedra have intrinsically 
a lower stability as the ionic radius of the Fe3+ cation is rather large and fits less well in a tetrahedral 
coordination. The lower stability of the Fe2 octahedra at the Fh surface may arise from the large 
asymmetry in the coordination sphere of the central Fe3+ cation in the Fh structure.84 Fe2 and Fe3 
polyhedra are only stable at the surface if the ligands coordinate simultaneously to another Fe of the 
surface. Consequently, only Fe1 octahedra form singly coordinated groups (≡FeOH-0.5) at the surfaces 
of Fh, and these groups are involved in adsorption processes of ions via ligand exchange reactions. 
Figure 1.1b shows the polyhedral representation of an idealized Fh particle in which parallel sheets of 
edge-sharing Fe1 octahedra (blue colored) are linked together by Fe2 (orange colored) and Fe3 (red 
colored) ions. 

 
Figure 1.1. a) Representation of a Fe13 unit (Keggin structure) as can be distinguished in the mineral core of 
ferrihydrite particles. A Keggin unit consists of a central Fe3 tetrahedron (red colored) surrounded by Fe2 (orange 
colored) and Fe1 octahedra (blue colored). Note the asymmetrical position of Fe2 in the polyhedron. The blue 
spheres are the oxygen ions. The protons are not shown. b) Representation of a ferrihydrite particle with a size of 
~ 2.5 nm and chemical composition equivalent to FeO1.4(OH)0.2·nH2O with n = 1.5. Sheets of Fe1 octahedra (blue 
color) are connected by Fe2 (orange colored) and Fe3 polyhedra (red colored). Oxygen atoms are given as blue 
spheres. The protons are not shown. The constructed Fh particle is surface depleted by Fe2 octahedra and Fe3 
tetrahedra because part of these polyhedra become unstable at the surface when forming singly coordinated surface 
groups. Figure is adapted from Hiemstra.84 In the surface of Fh, only singly-coordinated (≡FeOH-0.5) groups reacts 
with ions via a ligand exchange processes. Structurally, two types of singly coordinated groups are distinguished: 
≡FeOH(a)-0.5 and ≡FeOH(b)-0.5, which can form either single edge (1E) or double corner (2C) bidentate surface 
complexes, respectively. Both types of groups can form monodentate complexes. Examples of these types of 
groups are pointed out in panel b. 

a) b)

≡FeOH(b)-0.5

≡FeOH(a)-0.5
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With the SD model, a suite of size-dependent properties of Fh can be explained quantitatively.80,84 
According to this model, the overall chemical composition of Fh is FeO1.4(OH)0.2·nH2O, where 
FeO1.4(OH)0.2 is the composition of the mineral core, and nH2O is the variable molar amount of 
chemisorbed water completing the coordination spheres of the Fe3+ ions present at the surface. As the 
particle size decreases, the fraction of Fe3+ ions forming surface groups becomes larger, leading to 
increasing values of nH2O. Consequently, the molar mass of Fh (Mnano) increases with decreasing 
particle size, whereas the value of mass density (ρnano) decreases because the surface groups (–OH2 and 
–OH) will contribute more to the particle volume than to the mass. This changes the relationship between 
the specific surface area SSA (m2 g-1) and the mean particle diameter. Moreover, the SD model also 
explains other physical-chemical properties of Fh such as the size-dependent ratio of edge and corner 
sharing of the Fe polyhedra of Fh80, the size-dependency of magnetic properties,104 and the size-
dependent solubility of Fh.6 

 

1.4. Surface area assessment 
The specific surface area (SSA in m2 g-1 oxide) is a key property of Fh because it determines the high 

adsorption capacity of this nanomaterial. In systems with a given solid concentration (kg L-1) and surface 
site density, the number of sites available for ion binding is defined by the SSA value. For Fh 
nanoparticles (d ~2–5 nm), the SSA is up to ~10–15 times larger compared to well-crystallized Fe 
(hydr)oxides having a larger particle size (e.g. goethite, hematite). The SSA is also important because it 
defines a number of size-dependent properties of Fh nanoparticles, comprising chemical composition, 
molar mass (Mnano) and mass density (ρnano),84,105 as well as the thermodynamic stability and solubility 
of Fh.6 The SSA of Fh is required for scaling ion adsorption data to the unit mol m-2, because these data 
are often collected on a mass or molar basis (e.g. mol g-1 or mol mol-1 Fe). Scaling to surface area is 
particularly important for interpretation of adsorption data with SCM because the metal (hydr)oxides 
usually have a (variable!) surface charge, radiating an electrostatic field that is related to the surface 
charge density (in C m-2). This charge density is used to calculate the variable electrostatic energy 
contribution involved in the binding process of ions, using an electrical double layer model (EDL).  

The SSA of freshly-prepared Fh in suspension depends on the precipitation conditions. Slight 
variations in the preparation protocol of Fh might lead to significant differences in its value of SSA. In 
addition, the SSA of Fh decreases over time (Figure 1.2) because Fh nanoparticles are 
thermodynamically unstable and tend to grow spontaneously, by for instance Ostwald ripening. The rate 
of particle growth and correspondingly, the rate of SSA decrease, depends on the aging conditions of 
the Fh suspensions, as it will be shown in this thesis. Therefore, a precise and consistent assessment of 
the SSA is essential for comparing the results of ion adsorption studies performed with Fh suspensions 
that have been produced with different protocols and/or have a different aging history. This is required 
for developing a consistent thermodynamic database for applications of SCM using Fh as a reference 
oxide material. 

 



General Introduction 
__________________________________________________________________________________ 

17 

 

 
Figure 1.2. Representation of the growth of a ferrihydrite nanoparticle as a function of time (h) and the 
corresponding change in specific surface area A (m2 g-1). The dotted arrow gives the time of ~4 hours, which 
corresponds to the aging time of ferrihydrite suspensions as commonly used in batch adsorption experiments. 
Figure taken from the online publication corresponding to Chapter 3 of this thesis.106 

 

The gas adsorption analysis (e.g. N2, Ar) and interpretation with the BET equation is by far the most 
common method for assessing the SSA (ABET) of regular metal (hydr)oxides.2 However, when applied 
to oxide nanomaterials such as Fh, this technique presents a number of drawbacks. A major limitation 
of the gas adsorption analysis is that it requires sample drying and outgassing, which leads to a partially 
irreversible aggregation of the primary Fh nanoparticles and a significant reduction of the SSA.60,81,82,107 
The reduction in SSA due to particle aggregation can be as large as 50% in comparison to the SSA of 
Fh kept in the wet state (Chapter 2) and, as I will discuss in this thesis, this aggregation may be not 
entirely reversible making freeze-dried Fh a less suitable candidate for ion adsorption studies. In 
literature, other methods have been proposed to assess the SSA of Fh,87,108,109 some of them based on 
probing the surface with reactive ions that specifically adsorb to Fh in suspension.60,110 However, despite 
the extensive efforts, a consistent and unambiguous assessment of the SSA of Fh in suspension has 
remained challenging. Moreover, testing consistency between different methods applied to the same 
sample is rarely found in the literature.2,87,108 

Considering the above issues, in this thesis I propose a novel approach to assess the SSA of Fh in 
suspension, in a way that is consistent with the description of the primary surface charge and specific 
adsorption of ions. The inferred methodology has been implemented in all adsorption experiments 
performed in this thesis, allowing the development of an internally consistent thermodynamic database 
for describing the adsorption of major ions relevant in the natural environment (e.g. PO4, CO3, Ca, Mg, 
and others). 

 

1.5. Surface complexation modeling 
As mentioned before, the adsorption of ions to the mineral surfaces of metal (hydr)oxides is a rather 

complex phenomenon influenced by a large number of factors such as the chemical composition of the 
solution phase (e.g. pH, ionic strength, and coexisting cations) and the various properties of the surface. 
As adsorption reactions proceed, the physical-chemical properties of the solid-solution interface change 
due to the influence of an electrostatic field, originated from the presence and development of surface 
charge. Surface complexation models (SCMs) are a key tool for deriving mechanistic-based descriptions 
of how these multiple factors interact and affect the overall adsorption of ionic species.  
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Over the years, several SCMs have been proposed for describing ion adsorption to metal 
(hydr)oxides, e.g. the constant capacitance model,111 the triple-layer model,60,112 the generalized two-
layer model,63 and the CD-MUSIC model.113,114 Common characteristics of these SCMs is the use of 
equilibrium thermodynamic approaches formulating ion adsorption reactions, the use of mass and 
charge balance equations, and corrections of the intrinsic adsorption energy for electrostatics effects due 
to surface charging.63,115,116 However, these SCMs differ in their representation of the solid-solution 
interface, and as a result, in their calculation of the electrostatic energy involved in the ion adsorption. 
Moreover, traditional models generally use a hypothetical single site approach to describe ion binding 
without a proper relation to the surface structure, while metal (hydr)oxides generally have various types 
of reactive sites. These single site approaches contrast with a model framework, known as the Multi-
Site Ion Complexation model (MUSIC), in which different types of charged binding sites are defined 
with site densities that are based on surface structural information 

The CD-MUSIC model is presently one of the most advanced SCM for describing the adsorption of 
ions to the surfaces of metal (hydr)oxides.115,117,118 This approach actually consists of two components: 
a structural approach for describing interfacial charge distribution (CD) of the adsorbed surface 
complexes, and a structural treatment of the mineral surface defining a suite of reactive sites (MUSIC 
model). The CD-MUSIC model provides a realistic physical-chemical framework for describing various 
ion adsorption phenomena and surface speciation, allowing to link measurable processes occurring at 
the nanoscale to observations observed at the macroscopic scale. The key features of the CD and MUSIC 
models, in combination extensively applied in this thesis, are introduced below. 

1.5.1. Charge distribution (CD) model 

In the CD model, specifically adsorbed ions, i.e. inner-sphere complexes, are not treated as point 
charges but instead, their charge is distributed over two different electrostatic planes.113 This interfacial 
distribution of charge is the main feature distinguishing the CD model from other SCMs. The rationale 
for the charge distribution concept is that, at the compact part of the double layer, the electrostatic 
potential changes drastically. Therefore, the ligands of the adsorbed ions common with the metal ions 
in the surface will experience the effect of the surface potential, whereas other ligands of the adsorbed 
moiety will experience a different potential. In the model, the interfacial charge distribution is defined 
by means of the CD coefficients (i.e. Δz0, Δz1, Δz2).  

In its most updated version, the CD model has been combined with an extended Stern layer approach 
to describe the compact part of the electrical double layer (EDL).119 This electrostatic representation of 
the solid-solution interface is illustrated and explained in Figure 1.3.  

The charge distribution coefficients are used to calculate the electrostatic contribution to the overall 
adsorption energy. For instance, one may formulate the adsorption reaction of a phosphate ion (PO4

3‒) 
via ligand exchange with two negatively charged singly coordinated groups (≡FeOH‒1/2) at the surface 
of a Fe (hydr)oxide as:  

2≡FeOH‒1/2 + PO4
3‒(aq) + 2H+(aq) ↔ ≡(FeO)2

‒1+Δz0PO2
Δz1 + 2H2O(l);    logK(ads)           (Equation 1.1) 

where Δz0 and Δz1 represent the change of charge introduced in the 0- and 1- plane respectively upon 
adsorption of 1 PO4

3‒ and 2 H+, and the overall change in charge is Δz = Δz0 +Δz1= ‒1. 
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In Equation 1.1, the logK(ads) value is related to the total change in Gibbs free energy (ΔGads, in kJ 
mol‒1), according to the expression logK(ads) = –ΔGads / 2.3RT, with R being the ideal gas constant (in J 
mol‒1 K‒1) and T the absolute temperature (in K). The ΔGads is a combination of two energy 
contributions: 

∆𝐺𝐺ads = ∆𝐺𝐺chem + ∆𝐺𝐺elec                                                                                                      (Equation 1.2) 

where ΔGchem is the intrinsic adsorption energy due to the formation of chemical bonds, and ΔGelec is the 

(variable) electrostatic energy contribution. In the CD model approach, the ΔGelec is defined as:  

∆𝐺𝐺elec = ∆𝑧𝑧0F𝛹𝛹0 + 𝛥𝛥𝑧𝑧1F𝛹𝛹1                                                                                                  (Equation 1.3) 

where Ψ0 and Ψ1 are respectively the electrostatic potentials (in V) at the 0- and 1-planes.  

 

 
Figure 1.3. Schematic representation of the ferrihydrite-solution interface according to the extended Stern layer 
model as described by Hiemstra and Van Riemsdijk.119 The blue polyhedra represent the Fe1 octahedra at the 
surface of Fh forming singly coordinated groups that react with protons and other ions such a PO4. The red spheres 
in the Fe1 octahedra are oxygen atoms, which can be either singly (–OH) or doubly (–OH2) protonated when 
present at the surfaces of Fh. For simplification, the protons have been omitted from the surface –O ligands. At 
the interface, three electrostatic planes are defined, namely the 0- (or surface-) plane, the 1- plane, and the 2- (or 
d-) plane. These planes define an inner and an outer Stern layer, each one with a corresponding capacitance value, 
C1 and C2. The inner Stern layer represents the space between the distance of minimum approach of hydrated 
electrolyte ions (1- plane) and the metal (hydr)oxide surface (0- plane), whereas the outer Stern layer represents 
the charge separation existing between the 1- plane and the head end of the diffuse double layer (DDL). Water 
molecules (red spheres are oxygen with bound protons given as white spheres) are present in the Stern layers. 
Structurally, these water molecules are differently organized than the “free” water molecules in the solution phase, 
due to H-bonding with surface groups, orientation on adsorbed ions, and the charged surface groups. In the scheme, 
a phosphate ion (turquoise sphere) is adsorbed as inner-sphere bidentate complex, sharing two ligands with the 
surface of Fh whereas two other ligands are located at the 1-plane. This distinction in the position of the ion ligands 
leads to the concept of charge distribution. The yellow spheres represent hydrated ions. These ions form outer-
sphere complexes when they reach their minimum distance of approach. In such a case, the charge of these ions is 
fully attributed to the 1-plane in the CD model. 

As it can be inferred from Equation 1.3, the contribution of the electrostatic component to the total 
adsorption energy depends on the distribution of the total change of charge Δz over two electrostatic 
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positions (Δz = Δz0 + Δz1). The values of these CD coefficients are related to the structure of an adsorbed 
complex in the interface. For instance, for a PO4

3- ion forming an inner-sphere monodentate complex 
(i.e. sharing one common ligand with the surface) about ~ ¼ and ~ ¾ of the ion charge are located at the 
surface and 1- plane respectively; whereas for the formation of a bidentate PO4

3- complex (i.e. two 
common ligands with the surface) the corresponding distribution of ligand charge is ~ ½ for both the 
surface and the 1- plane. Therefore, molecular scale information about the binding mechanisms is a key 
aspect in the CD model. In this respect, advances in in-situ spectroscopic techniques and in quantum 
chemical calculations have contributed to constrain the CD model with adsorption mechanisms that are 
realistic from a physical perspective. Vice-versa, the CD model may also be useful in certain cases to 
reveal the main binding mode of surface species, based on the values of the charge distribution needed 
for describing adsorption phenomena.120   

In the original approach,113 the CD coefficients were estimated applying the Pauling bond valence 
concept. The assumption is a symmetrical distribution of the charge of the central ion over the 
coordinating ligands. However, the bond length between the central ion and the various coordinating 
ligands often differs, leading to an asymmetrical charge distribution. These differences in bond lengths 
can be interpreted with the Brown bond valence concept, using bond lengths calculated from the 
optimized geometry of the adsorption complexes, found with molecular orbital (MO) calculations.119 In 
this thesis, I have implemented this approach using optimized geometries for the different adsorbed 
complexes, which have been obtained using a common template composed by two linked Fe(III) 
octahedra that represent the surface groups of Fh (see ref 121 for details on the template). In addition, the 
interfacial charge distribution is affected by a change in dipole orientation of interfacial water molecules 
upon adsorption. This will be included in the present CD modeling.119  

1.5.2. Multi-Site Ion Complexation (MUSIC) approach for ferrihydrite 

The rational of the MUSIC approach is that at the mineral-solution interfaces of metal (hydr)oxides 
various types of surface groups exist (i.e. surface heterogeneity) and these groups may have a different 
affinity for binding protons.114 In this approach, the charge undersaturation of the surface -O(H) ligands 
is used to estimate the intrinsic proton affinity (i.e. logKH) of the different types of surface groups. This 
charge undersaturation is linked to the coordination number of the ligands with metal ion(s) of the solid, 
which was originally calculated with the Pauling bond valence. In a later model refinement,122 the charge 
undersaturation of the surface -O(H) ligands was calculated on the basis of the Brown bond valence, 
which accounts for asymmetrical distribution of charge in the coordination environment of the central 
metal ion(s) of the complex. This refined approach also accounts for the contribution of H bonds to 
charge neutralization of the surface ligands.122 The MUSIC approach has been applied to describe the 
relationship between the surface charge (σ) and the pH in solution for various metal (hydr)oxides, 
including goethite (α-FeOOH),122 gibbsite (α-Al(OH)3),123 rutile (α-TiO2),124,125 and cassiterite (α-
SnO2).126 

From the above, a crucial aspect of the MUSIC model is the detailed analysis of the surface structure 
of the metal (hydr)oxide involved. For Fh, this information was unknown until not long ago, and this 
had impeded the development of a mechanistic ion adsorption model for this nanomaterial. Therefore, 
Hiemstra and van Riemsdijk105 firstly attempted in 2009 to develop an ion complexation model for Fh 
using the structure of goethite as a starting point. Although the model has a disputable origin, the type 
of surface groups used, and corresponding site densities, have a strong resemblance with a more recent 
approach that is firmly based on the newest insights into the mineral and surface structure of Fh.72 In 
their early work, Hiemstra and van Riemsdijk105 also formulated a set of mathematical relationships that 
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describe the size-dependency of the molar mass and mass density of nanoparticles in general, which will 
be applied in the present work.  

After unravelling the surface structure of Fh,84 Hiemstra and Zhao72 have developed an appropriate 
MUSIC approach for Fh, in which the types of sites and corresponding densities have been derived 
independently from the surface analysis of Fh, based on the structural insights described in Section 1.3. 
For Fh, three types of surface groups can be identified according to the coordination number with Fe, 
namely singly (≡FeOH‒0.5), doubly (≡Fe2OH0), and triply (≡Fe3O‒0.5) coordinated groups. The singly 
coordinated groups bind protons and react with ions via ligand exchange reactions. Structurally, two 
types of singly coordinated groups are distinguished: ≡FeOH(a)‒0.5 and ≡FeOH(b)‒0.5, which can form 
either single edge (1E) or double corner (2C) bidentate surface complexes, respectively. The 
corresponding site densities of these groups are Ns(a) = 3.0 ± 0.6 nm‒2 and Ns(b) = 2.8 ± 0.6 nm‒2. Both 
types of ≡FeOH‒0.5 groups (a and b) may also form single corner (1C) monodentate surface complexes 
with for instance oxyanions. For illustration, examples of these two types of singly coordinated groups 
are pointed out in Figure 1.1b. The doubly coordinated groups are uncharged and do not react with 
protons or ions under common pH conditions. Various types of triply coordinated groups exist at the 
surface of Fh. These ≡Fe3O‒0.5 groups have very different proton affinities, leading partially to an 
internal charge compensation. Overall, the suite of triply coordinated groups is represented by a single 
type of site with a net surface density of Ns(T) = 1.4 ± 0.5 nm‒2, which has been established by fitting 
PO4 adsorption data. The triply coordinated surface groups do not take part in ligand exchange reactions 
but contribute to the development of primary surface charge.   

The above MUSIC approach for Fh has been applied to describe the adsorption of oxyanions such 
as PO4, AsO4, As(OH)3,72 Si(OH)4

80. In the present thesis, this modeling framework will also be applied 
to describe the interfacial interactions of PO4 with other important anions as well as metal cations. For 
the metal cations, this will be done by introducing the concept of high and low affinity sites, which will 
be rationalized based on an analysis of the surface structure of Fh. 

 

1.6. Ferrihydrite as a proxy for natural soils’ oxides 
The availability and mobility of ions in soils is largely controlled by sorption processes with natural 

organic matter, clays, and metal (hydr)oxides. The latter are particularly important for the binding of 
oxyanions such as PO4 and AsO4.17 The edges of clay minerals with oxidic properties may also 
contribute to the adsorption of oxyanions,127 particularly in clay soils. The natural metal (hydr)oxide 
fraction in soils comprises a range of materials with a variable chemical composition and crystallinity. 
In addition to information about the interaction of metal (hydr)oxide particles and soil organic matter, 
implementation of SCM for describing ion adsorption to the natural oxide fraction of soils also requires 
i) information about the reactive surface area of metal (hydr)oxide fraction in the soil samples (RSA in 
m2 kg-1 soil), and ii) the choice of a proper reference material representing the mineral oxide fraction of 
these soils. The latter aspect is important because, as I will show in this thesis, different reference oxide 
materials might have different adsorption properties, which would affect consequently the outcome of 
the model descriptions.  

Previously, a novel approach has been developed for assessing the effective RSA of the metal 
(hydr)oxide fraction in soils, which uses native soil PO4 as probe-ion.3 This methodology also provides 
an estimation of the total pool of PO4 associated to this metal (hydr)oxide fraction. In the approach, soil 
samples are equilibrated with 0.5 M NaHCO3 at different solution-to-solid ratios (SSR) and the 
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adsorption interaction PO4−CO3 was interpreted by CD modeling, using well-crystallized goethite as a 
reference (hydr)oxide material. This material was chosen because of the existence of an internally 
consistent thermodynamic database with intrinsic adsorption constants for a range of relevant ions. 
However, application of this probe-ion methodology to a series of agricultural top-soils from the 
Netherlands revealed that the reactive metal (hydr)oxide fraction is dominated by nanoparticles (d ~ 2 
− 6 nm) with a high specific surface area (SSA ~200 − 1200 m2 g‒1).3 In literature, other studies have 
also provided evidence for the presence of nanoparticles as the dominant reactive fraction of metal 
(hydr)oxides in soils.13,44,128 

The results of these studies advocate the use of Fh nanoparticles as a proxy for the natural fraction 
of metal (hydr)oxides for assessing the RSA of soils with SCM. Using the thermodynamic database 
developed in this thesis for ion adsorption to Fh, a subsequent aim is to test whether Fh is a better proxy 
than goethite for describing with SCM the surface reactivity of the metal (hydr)oxide fraction in field 
top-soils from both temperate and tropical regions. In the latter soils, the crystalline metal (hydr)oxides 
(e.g. goethite, hematite, and gibbsite) often dominate the (hydr)oxide fraction on a mass basis,129,130 
while the contribution of the fraction containing nano-sized oxides (e.g. Fh-like materials) may be 
relatively small on a mass basis. Nonetheless, due to their high surface area and high surface site density 
of reactive groups, Fe and Al (hydr)oxide nanoparticles may greatly contribute to the total PO4 
adsorption even at very low concentrations,50 which I propose in this study as a hypothesis. To the best 
of my knowledge, the most recent insights into the mineral and surface structure of Fh have not been 
implemented yet in SCM studies to describe the PO4 adsorption to the reactive fraction of oxides in 
soils. 

 

1.7.  Objectives and thesis outline 
Considering all the above, a first objective of this thesis is to develop a systematic approach for 

assessing the SSA of Fh in suspensions by using either the H+ or PO4 as probe-ions and by interpreting 
the primary adsorption results with a consistent modeling approach that accounts for the size-
dependency of a number of important Fh properties such as the molar mass (Mnano) and the mass density 
(ρnano). Applied to freshly precipitated Fh, this method will provide insights into the mechanisms and 
rate of particle growth of Fh at aging. In addition, the use of this approach for assessing SSA of Fh in 
all adsorption experiments allowed me to compile an internally consistent thermodynamic database with 
intrinsic ion affinity constants (logK) for Fh. 

A second objective of this thesis is to gain mechanistic insights into the surface reactivity of Fh in 
relation to ion adsorption phenomena, and to develop a consistent modeling approach for describing 
simultaneously, in a realistic physical-chemical manner, the adsorption of a series of relevant cat- and 
anions to Fh. This modeling approach incorporates state-of-the-art knowledge about the mineral and 
surface structure of Fh. In this thesis, special emphasis is given to the adsorption of PO4 to Fh and to the 
interfacial interactions of this oxyanion with other major ions of relevance in nature and from the 
perspective of soil chemical analysis for assessing P availability. Therefore, for PO4, its synergistic 
adsorption interaction with the divalent cations Ca and Mg, as well as its competitive adsorption 
interaction with CO3 ions will be extensively analyzed in this thesis. Moreover, the adsorption of the 
alkaline-earth metal ions will be studied in single-ion systems with Fh since these ions are generally 
abundant in the environment and might affect the chemical behavior of important nutrients and 
pollutants, e.g. PO4 and AsO4. From a more fundamental perspective, analyzing the adsorption of these 
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cations will enable the study of the surface site heterogeneity for the binding of cations (i.e. occurrence 
of high and low affinity sites), in consistency with the structural surface model of Fh.84 

A third objective of this thesis is to quantify the reactive surface area of field soil samples and to 
describe the extractability of phosphate in a series of agricultural top-soils from temperate and tropical 
regions, which is important, for instance, to enable mechanistic interpretations of the results of different 
soil extraction methods, commonly used to asses PO4-availability For this, the thermodynamic database 
developed in this thesis for Fh will be implemented in the SCM of the selected soil samples. The 
hypothesis is that Fh is a better proxy for the natural fraction of metal (hydr)oxides in agricultural top-
soils, rather than well-crystallized goethite. In this thesis, the analysis of the surface reactivity of the 
metal (hydr)oxide in soils will also enable to study the nano-scale interactions between this reactive 
mineral (hydr)oxide fraction and SOM.  

This thesis consists of nine chapters, including the present introduction (Chapter 1), seven 
experimental and modeling chapters (Chapters 2 – 8), and a synthesis and discussion chapter (Chapter 
9). The experimental and modeling chapters can be organized, according to their main goal/subject, into 
three sections as shown in Table 1.1. 

Table 1.1. Summary of the experimental chapters of this thesis, which have been organized in three different 
sections according to their main subject. 

Section Chapter Main topic  

1. Basic insights into the 

surface reactivity of Fh 

2 
Develop a systematic approach for probing the surface 
area of Fh with phosphate, consistently with the 
description of primary charge  

3 Study of the dynamic change of the specific surface area 
of Fh: Modeling and mechanisms 

2. Parametrization of the ion 
adsorption model 

4 Adsorption of alkaline-earth ions to Fh: high and low 
affinity sites 

 5 Cooperative interaction of phosphate with Ca and Mg 
ions for the binding to ferrihydrite 

6 Competitive interaction of phosphate with (bi)carbonate 
ions for the binding to ferrihydrite 

3. Application of the 
developed SCM to soils 

7 
Assessing the reactive surface area of Dutch top-soils 
using Fh as a proxy for the natural metal (hydr)oxide 
nanoparticles  

8 Surface reactivity of the natural metal (hydr)oxide 
fraction in weathered tropical soils 

 

In Chapter 2, a novel approach is proposed for assessing the SSA of Fh preparations kept in the wet 
state, using H+ as a probe ion. For this study, the pH-dependent primary charge of Fh has been measured 
in solutions with a series of different types of electrolyte ions. For data interpretation and modeling, the 
capacitance of the electrical double layer of well-crystallized goethite is used as a reference and 
translated in a consistent and systematic manner into the capacitance of Fh, using the molar mass (Mnano), 
the mass density (ρnano), and the surface curvature. The results show full consistency between the values 
of SSA of Fh derived with the present H+ probing methodology and an approach that uses PO4 as probe 
ion. However, probing the surface of Fh with PO4 is preferred because measuring the primary charge is 
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more time-consuming and less sensitive than measuring the PO4 adsorption. The validated probe ion 
methodology with PO4 can be considered as an excellent and practical alternative to overcome the severe 
limitations of the traditional BET technique for assessing the SSA of metal (hydr)oxide nanoparticles, 
as well as the limitations of approaches that use transmission electron microscopy (TEM). 

The probe-ion method with PO4 has been applied in Chapter 3 to trace the changes in the SSA of 
Fh produced by ultra-fast neutralization with NaOH of an acid Fe(NO3)3 solution. This allowed to reveal 
the major factors (i.e. time, pH, temperature, and organic molecules) controlling the change in SSA of 
Fh. The data provided insights into the mechanisms and rate of particle growth of Fh by Ostwald 
ripening, which allowed the development of a dynamic model that predicts the initial size of Fh 
nanoparticles and their change in diameter and corresponding SSA. The dynamic model has also been 
applied to describe the pH-dependent aging of Fh suspensions synthesized by standard procedures. The 
insights gained allow the preparation of Fh suspensions with a well-targeted surface reactivity, which 
contributes to high-quality measurements of the ion adsorption in different Fh batches.  

In Chapter 4, the adsorption of Ca and Mg ions (M2+) to Fh has been comprehensively studied in 
single-ion systems over a wide range of pH values, ionic strengths, and total molar M2+/Fe ratios. The 
adsorption data were consistently scaled to the surface area using the ion probing methodology 
developed in Chapter 2. To describe the results, the surface complexation model, initially developed for 
describing the adsorption of oxyanions to Fh, has been further developed in this chapter by 
distinguishing reactive surface sites with high and low affinities for the binding of metal ions. For the 
first time, an attempt is made to identify and quantify the plausible surface configurations that are 
possibly related to the observed differences in the binding affinity of metal ions. The mechanistic 
insights developed in this chapter have been generalized for describing, in a self-consistent manner, the 
binding of the entire series of alkaline-earth ions, which comprises Be2+, Mg2+

, Ca2+
, Sr2+, Ba2+, and Ra2+. 

In Chapter 5, the interfacial interaction of PO4 with Ca and Mg ions (M2+) has been extensively 
analyzed in binary adsorption systems with Fh, covering a broad range of pH values, M2+/PO4 ratios, 
and ion loadings. The adsorption data were scaled to the surface area determined with the PO4 probe-
ion method (Chapters 2 and 3) and the results were interpreted with the extended structural surface 
model for ferrihydrite (Chapter 4). The PO4–M2+ interaction is a typical example of the cooperative 
binding of cat- and anions. The adsorption of PO4 and M2+ is mutually enhanced when these ions are 
simultaneously present in the system. For Fh systems, this synergistic adsorption is largely explained by 
the formation of anion-bridged (i.e. ≡Fe–PO4–M2+) ternary complexes, which has been revealed by CD 
modeling of the collected adsorption data. The results of this chapter enable the evaluation of the 
difference in the pH-dependent cooperative adsorption of Ca and PO4 between Fh and goethite systems. 

In Chapter 6, the interaction between CO3 and PO4 was studied in closed systems with Fh, using a 
range of total added CO3 concentrations that are relevant for environmental systems (e.g. groundwater) 
and for interpretation of soil chemical analysis data (e.g. 0.5 M NaHCO3 soil extractions). In the applied 
approach, the binding modes of CO3 to Fh and the corresponding affinity constants have been derived 
by only measuring the competitive effect of this ion on the adsorption of PO4. The thus-calibrated model 
describes well the CO3 interaction with Fh measured in single-ion systems, showing the validity of the 
implemented approach for describing CO3 adsorption in a wide range of conditions. Differences in the 
competitive CO3-PO4 interaction between ferrihydrite and goethite systems are discussed in this chapter. 
The CD model parameters derived in this work for the CO3-PO4 interaction have been applied in 
Chapters 7 and 8 for assessing the reactive surface area of agricultural top-soils. 
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In Chapter 7, the model parameters for the competitive interaction CO3–PO4 in Fh systems (Chapter 
6) have been used to describe, for a series of Dutch agricultural top-soils, the results obtained from a 
probe-ion method that consists of a series of soil extractions with 0.5 M NaHCO3 at different solution-
to-solid ratios. This approach reveals simultaneously the fraction of reversibly adsorbed PO4 (R-PO4) 
and the reactive surface area of soils (RSA). The latter is an essential parameter for describing ion 
adsorption phenomena in soils using SCM. The results show that the natural fraction of (hydr)oxides of 
these top-soils is dominated by nano-sized particles (d ~1.5–5.0 nm). It is also shown that Fh is a better 
proxy than goethite for assessing the RSA of these Dutch top-soils with the ion-probing methodology 
and for predicting the availability of PO4 using SCM. Combining modeling and experimental results, a 
structural model is proposed for explaining the observed remarkable relationships of the soil organic 
carbon content with the derived RSA, as well as with the specific surface area and mean particle size of 
the metal (hydr)oxide fraction of these soils. 

In Chapter 8, the probe-ion method, initially developed and tested for soils from regions with a 
temperate climate, has been applied for assessing the RSA of a series of tropical soils used for 
agriculture. In general, these highly weathered soils have a higher content of Fe and Al (hydr)oxides and 
a lower content of P, as compared to the set of top-soils from the Netherlands studied in Chapter 7. The 
results show that the probe-ion method can also be effectively used in this set of low-P soils without 
major adaptations. Similar to the observations for Dutch top-soils, Fh is shown to be a better proxy than 
goethite for describing the surface reactivity of the metal (hydr)oxide fraction in these tropical soil 
samples, even though the crystalline Fe and Al (hydr)oxides are, on a mass basis, the dominant fraction 
of metal (hydr)oxides in these soils. Combining experimental and modeling results, a conceptual model 
is formulated for the structural arrangement of the organo-mineral associations in these oxide-rich soils. 
Similarities and differences are established with the structural model proposed in Chapter 7 for the 
studied soils from a temperate region. 

 Finally, in Chapter 9, I will summarize the major findings of my PhD thesis and will critically 
discuss a number of results and concepts that, from my perspective, deserve further analysis in the 
overall context of this thesis. In addition, I will frame in a broader context the implications of my 
findings, and when opportune, I will propose future research opportunities in light of the results obtained 
in this thesis. 
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Abstract 
The specific surface area (SSA) of metal oxides is pivotal for the scaling of surface phenomena. For 
ferrihydrite (Fh), the SSA can be assessed by probing the surface with ions that specifically adsorb (e.g. 
protons or phosphate). In the approach, an appropriate material with a known surface chemical behavior 
is used as reference, accounting for differences in e.g. surface sites and structure. As Fh is a 
nanomaterial, the size-dependency of many of its properties requires a consistent implementation for 
data analysis and modeling. In the present study, the proton adsorption of Fh was measured in NaNO3, 
NaCl, and NaClO4 solutions using a potentiometric titration methodology that leads to an internally 
consistent primary data set (H+/Fe). For data interpretation, we employed a size-dependent molar mass, 
mass density, and chemical composition (FeO1.4(OH)0.2·nH2O), as well as a size-dependent surface 
curvature since the latter increases the value of the Stern layer capacitance. Using well-crystallized 
goethite as a reference, state-of-the-art multisite complexation modeling discloses the underlying SSA 
of Fh. Similar to goethite, a significant variation in electrolyte affinity constants (logK) is found for Fh. 
This largely explains the differences in pHPZC reported in literature when using e.g. KNO3 or NaCl rather 
than NaNO3 as electrolyte solution. Our data collection was done for Fh materials with a known aging 
history. The same Fh samples were also probed with phosphate ions and the collected primary data 
(PO4/Fe) were interpreted with the CD model. This methodology yields SSA values that are consistent 
with those found by probing the surface of Fh with protons. As ion probing with phosphate is rapid and 
sensitive, it is recommended as a tool to determine the SSA of Fh materials. This enables the 
development of a consistent thermodynamic database for application of surface complexation modeling 
in natural systems. 

 

Keywords: iron nanoparticles, potentiometric titrations, probe ions, surface reactivity, electrolyte ions, 
CD model   
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2.1. Introduction  
Ferrihydrite (Fh) is a highly reactive Fe(III)-oxide nanomaterial. It is omnipresent in nature where 

it strongly contributes to regulating the geochemical cycling of numerous elements, particularly via 
adsorption processes.1–3 Since Fh has a high adsorption capacity, it is also a promising material for 
environmental engineering and remediation. Due to its relevance, Fh nanoparticles are often synthesized 
in the laboratory to study the binding of metal ions,4–7 oxyanions,8–11 and organic compounds,12–14 
applying a range of in-situ spectroscopic techniques as well as surface complexation modeling (SCM). 
Understanding the surface reactivity of Fh is also interesting from a scientific perspective in general. 

The surface area is a key characteristic of Fh, as it determines the extraordinary ion adsorption 
capacity of Fh as well as a large number of the size-dependent properties of this nanomineral, such as 
the chemical composition, the corresponding molar mass (Mnano, g mol-1 Fe) and the mass density (ρnano, 
g m-3).8,15 For the interpretation of experimental ion adsorption data, which are often expressed on a 
mass basis (mol g-1), scaling to the specific surface area (SSA) is required to account for the variation 
in the number of surface sites available in the system. In addition, the SSA is important in model 
interpretation because it is involved in the contribution of the electrostatic field to the overall adsorption 
energy of ions. Moreover, Fh has a strong surface curvature that changes this electrostatic contribution 
in comparison to a linear field at a planar crystal face. This will lead to an increase in the surface charge 
density, which consequently will depend on the particle size16,17 and corresponding SSA.  

The SSA often varies between Fh preparations, as it is well documented in various studies.18–20 
Slight variations in the conditions of Fe(III) precipitation lead to the formation of Fh particles with 
different size, which hampers a reproducible synthesis of this nanomaterial. In addition, the SSA of Fh 
changes over time because Fh nanoparticles are thermodynamically metastable and grow 
spontaneously.21–23 Therefore, data of different ion adsorption studies can only be compared when 
consistently scaled to the SSA. Only then, a consistent set of thermodynamic affinity constants (logK) 
for ions can be derived, which can be used in applications of SCM. 

Over the past decades, a large variety of methods have been used to assess the SSA of Fh,18,19 which 
comprises multilayer adsorption of gases,24,25 monolayer adsorption of organic molecules,26 phosphate 
(PO4) ions27 and water,28 as well as cation exclusion at low pH or proton binding.29 Despite the extensive 
efforts, a consistent and unambiguous assessment of the SSA of Fh in suspension remains challenging. 
In addition, assessment of the SSA with different methods applied to the same sample is rare in 
literature.19,26,28 

Gas adsorption analysis (e.g. N2, Ar) applying the BET equation30 is traditionally used to measure 
the SSA (ABET) of regular metal (hydr)oxides19 and silica particles.31 With adaptations, the approach can 
also be applied to microporous metal-organic frameworks.32–34 The gas adsorption analysis requires 
sample drying and outgassing,25,29,35,36 which causes in the case of Fh an irreversible aggregation of the 
primary nanoparticles and a reduction of the SSA that no longer reflects the reactive surface area of Fh 
kept in the wet state.   

Transmission Electron Microscopy (TEM) can provide a first estimate of the SSA of Fh 
(ATEM),21,36,37 but ATEM measurements are often associated with significant uncertainties related to 
methodological artefacts, statistical problems, and interpretation of data.38 In the approach, the 
experimental particle diameter based on an idealized spherical shape is translated into a SSA, assuming 
a certain mass density. A more precise assessment of ATEM requires additional information such as the 
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particle size distribution, the aspect ratio of the particles, particle porosity, and surface roughness, 
reducing the precision and accuracy of the TEM approach.10 

Because of the above multiple challenges, methods that are based on probing the surface of Fh with 
reactive ions, rather than with gas molecules, have been proposed. In their pioneering work, Davis and 
Leckie29 have used the adsorption of protons as a tool (H+ surface probing). Probing the surface can also 
be done with PO4.27 From an analytical perspective, the use of PO4 has the advantage that it can be 
measured accurately and because of its high adsorption affinity, PO4 is less sensitive to interference of 
ions such as carbonate.39 Previously, linearization of the Langmuir adsorption isotherm of PO4 was used 
to estimate the monolayer coverage of Fh by this anion.27 More recently, the SSA of Fh in suspension 
has been assessed with CD modeling.23 With the latter approach, the SSA of Fh preparations can be 
derived with precision. To date, the calibration of this probing method with PO4 is based on an estimate 
of the SSA of the used Fh material,8 making the accuracy of the method uncertain. Consistency with 
other methods of ion surface probing, particularly with protons, has not been established yet. 

Based on the above, our first objective is to develop a methodology for systematically deriving the 
SSA of Fh in suspension using H+ as probe ion and evaluate the consistency when probing the surface 
of Fh with PO4. Since the surface area of Fh changes continuously due to particle growth, the adsorption 
of both ions will be measured simultaneously for Fh in a suspension that is regularly sampled during 
aging. The central question is whether we can consistently describe the adsorption of H and PO4 within 
a common modeling framework using a consistent set of parameters that allow the calculation of unique 
set of values for the SSA.  

One of the many key aspects in the interpretation of the H+ adsorption data is the affinity of the 
background electrolyte ions. In literature, the pH-dependent surface charge of Fh has been studied 
extensively in different types of background electrolyte solutions.24,40–45 However, the variation in ion 
pair affinity is difficult to resolve from literature studies because of the use of Fh materials prepared by 
different methods. To the best of our knowledge, no previous study has measured the variation in 
electrolyte ion affinity for Fh in a consistent manner, based on a common reference state of the material 
studied. As this is a challenge, it will be an additional objective of the present study. For this, we will 
collect sets of H+ adsorption data in various electrolyte solutions using a methodology that leads to an 
internally consistent data set, as previously developed for goethite.46  

Interpretation of ion adsorption data requires detailed insights into the mineral and surface structure 
of Fh. Over the years, many research groups have contributed to elucidate the mineral structure of this 
nanomaterial.26,47–56 This information has been used to formulate a structural surface model for Fh,57 
allowing the development of a mechanistic ion complexation model for Fh that uses these state-of-the-
art insights to reveal a set of reactive surface site densities.8 Presently, we will apply this multisite ion 
complexation model for interpreting the collected H+ and PO4 adsorption data.  

Since Fh particles are nano-sized, scaling of the primary adsorption data requires more attention 
than usual before such data can be interpreted with any SCM. This crucial aspect in the primary data 
processing will be comprehensively addressed in the present study. We will introduce a systematic 
approach for scaling of the primary ion adsorption data, which can consistently account for the above-
mentioned size-dependent factors, comprising the chemical composition and the corresponding molar 
mass Mnano and mass density ρnano. The latter parameter will be relevant as it defines the relationship 
between the surface area A and the particle diameter d which is a measure for the surface curvature and 
determines the capacitance of the Stern layer.15 The sensitivity of the assessment of the SSA to these 
factors will be evaluated in the discussion of our work.  
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2.2. Experimental 
Pre-boiled ultrapure water (18.2 MΩcm at 25 °C, <1 ppb TOC) and chemical reactants of analytical 

grade were used to prepare all the stock solutions and Fh suspensions. Contact between solutions and 
air was minimized to prevent the intrusion of atmospheric CO2(g). The stock suspensions of Fh were 
purged with moist N2(g) for at least 20 h to remove CO2(g). The N2(g) was purified by passing it through 
sequential traps with 1.0 M H2SO4, 1.0 M NaOH, and ultrapure water.  

2.2.1. Ferrihydrite synthesis 

Three different batches of Fh suspensions (Fh1, Fh2, and Fh3) were prepared following a 
methodology described previously.23,39 Briefly, solutions containing about 3.7 mM Fe(NO3)3·9H2O, 
dissolved in 0.01 M HNO3, were titrated by adding in steps a freshly-prepared solution of 0.02 M NaOH. 
The final pH was either 6.0 (Fh1 and Fh2) or 8.2 (Fh3). The Fh suspensions were centrifuged at 3500g 
for 45 min. Next, the supernatant was carefully removed, and the precipitated Fh particles were re-
suspended in a 0.01 M NaNO3 background electrolyte solution.  

Prior to any use, each preparation was first aged at 20 oC during 4 h after neutralization. The 
subsequent treatments were different. Fh1 was acidified to pH 5.1 and stored at 4 oC for 72 h. Next, the 
temperature was brought back to 20 oC and the suspension was continuously purged with moist N2(g) 
for 20 to 68 h, depending on the final aging period. This Fh preparation was used in a series of 
experiments at 96, 120, and 144 h since precipitation. The Fh2 and Fh3 suspensions were first stored in 
closed bottles at the pH of preparation (pH 6.0 and pH 8.2 respectively) for 4 h, and then were purged 
with N2(g) until the start of the acid-base titrations and PO4 adsorption experiments (i.e. 24 h since 
precipitation). The total Fe concentration of the suspensions was 20.1 ± 1.3 mM, as measured by 
inductively coupled plasma - optical emission spectrometry (ICP-OES) in a matrix of 0.8 M H2SO4. The 
recovery efficiency of Fe with respect to the total Fe added initially was ~100 % for Fh1 and Fh3, whereas 
for Fh2 this value was 93 %. This poor recovery efficiency of Fe for Fh2 may lead to lower values of 
SSA for the Fh suspension, as it will be discussed later in Section 2.3.3. 

2.2.2. Potentiometric titrations 

Two types of potentiometric titration experiments were performed. For all suspensions, classical 
forward and backward acid-base titrations were done, using NaNO3 as background electrolyte solution 
at different levels: 0.05, 0.20, and/or 1.0 M. For Fh1, we applied additionally a methodology with 
internally consistent one-way (base) titrations in three types of background solutions (i.e. NaNO3, NaCl, 
and NaClO4) at two different concentrations (0.20 and 0.50 M). These background solutions were 
selected based on the expected differences in affinity of the accompanying anions for Fh. All data 
collected for each of the different electrolyte ions were scaled relatively to the charge of Fh in a common 
stock suspension (Fh1 at pH 5.11 ± 0.01 in 0.01 M NaNO3) from which the sub samples were taken for 
various titrations in different electrolyte solutions, similarly as done previously for goethite 
suspensions.46,58 Aliquots of 40, 50, and 75 mL of Fh stock suspensions were used to conduct the 
titrations with Fh1, Fh2, and Fh3 respectively. Details about the specific conditions of each titration 
experiment are summarized in Table S2.1 in the Supplementary Information. 

Standardized CO2-free 0.100 M HNO3 and NaOH solutions were used as acid and base titrants 
respectively. The titrations were performed at 20 oC in sealed reaction vessels of 50 or 100 mL, equipped 
with a combined glass electrode, a magnetic stirrer, and two inlets to allow the addition of titrants and 
the injection of moist purified N2(g). The glass electrode was calibrated with standard buffer solutions 
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(Merck KGaA, Germany) ranging from pH 4.00 to 9.00. First, the ionic strength of each system was 
adjusted to the target value by adding appropriate volumes of the stock solutions with background 
electrolyte. For Fh2 and Fh3, the pH of the suspension was adjusted to pH ~4.7 using the same acid titrant 
solution, whereas for Fh1 the pH was kept constant at a value of 5.11± 0.01 as mentioned above.  

Before starting the titrations, the above Fh suspensions were equilibrated under a continuous flow of 
N2(g) for ~1 h. Change of less than 0.01 pH unit min-1 was defined as the equilibrium criterion, which 
was typically achieved within 2–3 min after each addition of the titrant. Titrations with base solution 
continued until a pH of ~9.5 was reached. Then, the addition of acid titrant started in the case of the 
forward-backward titrations. The addition of stock background electrolyte solutions to adjust the ionic 
strength was performed in the acid pH range. The duration of the forward-backward titrations at each 
ionic strength was ~1–1.5 h. This time is short if compared with the aging period (96 h) of the Fh1 before 
starting the experiments. For the one-way titrations, we used individual aliquots of the Fh1 suspension 
that served as common reference state. 

The excess H+ adsorption to Fh (mmol H+ mol-1 Fe) was calculated from the raw potentiometric 
titration data (i.e. pH vs mL added acid/base) as explained elsewhere.59 The classical Davies equation 
(with D = 0.2) was used to calculate the activity coefficients. Further scaling of the primary data was 
done as described in Section 2.3.1. 

2.2.3. Phosphate adsorption  

For all the Fh suspensions, previously purged with N2(g), batch adsorption experiments with PO4 
were performed in parallel to the potentiometric titrations. Each individual system was prepared in 50 
mL polypropylene tubes, using a total solution volume of 40 mL. First, a proper volume of background 
electrolyte solution was added (0.010 M NaNO3), followed by the addition of 4.0 mL of stock solution 
of Fh re-suspended in 0.010 M NaNO3. This led to total Fe concentrations of ~2.0 mM in the adsorption 
systems. Next, volumes of 1.0–1.7 mL of 0.010 M HNO3 or NaOH were added to adjust the pH to the 
desired range. Finally, 2.00 mL of a 0.010 M NaH2PO4 stock solution was added to the systems, which 
yielded a total initial PO4 concentration of ~0.50 mM. Each adsorption series was composed of 4 
evaluation points within a pH range of ~4.5 to 8.0. 

The PO4 adsorption systems were continuously shaken (120 strokes min-1) at 20 °C, and after 20 h 
of equilibration, the suspensions were centrifuged at 3500g for 15 min. For each system, an aliquot of 
the supernatant was passed through a 0.45 µm filter and acidified with HNO3 to analyze the total 
concentration of P in solution by ICP-OES. The equilibrium pH in the remaining solution was measured 
with a glass electrode after re-suspending the Fh particles. The adsorption of PO4 was estimated from 
the difference between the total added and final concentrations of PO4 in the equilibrium solution. These 
surface probing data were consistently interpreted with charge distribution (CD) model, resulting in a 
specific surface area (𝐴𝐴PO4). The PO4 adsorption envelopes of each Fh suspension are presented in 
Figure S2.4, together with the modeled PO4 adsorption and surface speciation of this oxyanion. 

2.2.4. Data analysis and modeling 

The CD model60 was applied, in combination with a recent multisite ion complexation model 
(MUSIC) for Fh,8 to interpret the results of both the potentiometric titrations and the PO4 adsorption 
experiments. In the structural model of Fh, the site densities (Ns) of the singly (Ns = 5.8 nm-2) and triply 
(Ns = 1.4 nm-2) coordinated groups were derived from an independent analysis of the surface structure.8 
The electrical double layer (EDL) was described with the extended Stern Layer approach61 and spherical 
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double layer theory was applied to the compact part of the EDL to calculate the size-dependent 
capacitance values (Cnano,1 and Cnano,2) of the Fh particles.15 Modeling was performed with the software 
ECOSAT (version 4.9)62 and the parameters optimization was done with the FIT program (version 
2.581).63  

 

2.3. Results and discussion  

2.3.1. Primary surface charge  

2.3.1.1. Data processing  

Figure 2.1 shows the excess H+ adsorption of Fh at different scales. The excess adsorption depends 
on the pH and ionic strength, as it is typically found for fresh Fh suspensions10,24,42,44 and metal 
(hydr)oxides in general. For nanoparticles, and particularly for freshly-prepared Fh, the scaling of the 
primary H+ adsorption data, as well as its interpretation in terms of surface charge, differs in a number 
of crucial points from the traditional approach that can be followed for most other metal (hydr)oxides. 
The reason is that the chemical composition and the related molar mass Mnano (g Fh mol-1 Fe) of Fh, as 
well as its surface area A (m2 g-1) and mass density ρnano (g cm-3), are not known beforehand. All these 
properties are particle size-dependent, which requires a consistent scaling approach as described next. 

The excess H+ adsorption, expressed per mole Fe present in the system as Fh (H/Fe), is one of the 
most basic and indisputable forms of representing titration data. For Fh1, this molar excess ratio is given 
at the left y-axis of Figure 2.1a. The H/Fe excess ratio is still relative to the starting point of the titration 
(red point in Figure 2.1a). It can be changed into an absolute scale, using the common intersection point 
(pHCIP) of the titration curves measured at three different concentrations of background electrolyte 
(black arrow in Figure 2.1a). This scaling has been widely used in literature,59,64,65 however, it is only 
valid if the background ions have a (nearly) equal affinity for the surface groups of the studied metal 
oxide. As we will discuss later, NaNO3 seems the most suitable background solution for scaling H+ 
adsorption data of Fh. The thus-scaled excess adsorption (∆H/Fe) is given at the right y-axis of Figure 
2.1a. 

A next step in the translation of the basic H/Fe ratio to surface charge is expressing the excess H+ 
adsorption per unit mass. This requires information about the chemical composition of Fh, which can 
be given as FeO1.4(OH)0.2·nH2O. The first part of the equation (FeO1.4(OH)0.2) refers to the composition 
of the mineral core of Fh,52 whereas the second part (nH2O) gives the amount of chemisorbed water that 
is involved in the formation of surface groups upon saturation of the coordination spheres of the Fe ions 
present at the surface.23 In the past, due to the lack of detailed insights into the mineral and surface 
structure of Fh, the chemical composition of Fh has been often simplified to FeOOH (or FeO1.5·½ H2O) 
and this value was used for the translation of H+ adsorption per mass unit. More recently, the chemical 
composition FeO1.4(OH)0.2 was applied.45 However, the use of the latter formula ignores the formation 
of additional surface groups (nH2O). It will lead to a higher value for the surface charge if expressed per 
unit mass, and this will increase the SSA when interpreted with modeling, or it will lead to relatively 
high capacitance values if the SSA is fixed to a standard value as found by Bompoti et al.20 

Based on the chemical composition of Fh, one can calculate its molar mass. For FeO1.4(OH)0.2 as the 
bulk material, the molar mass is Mcore = 81.65 g mol-1 Fe, while for FeO1.5·½H2O the molar mass is M = 
89 g mol-1 Fe. The excess water content can be measured by removing the physisorbed water at 125 



Chapter 2 
__________________________________________________________________________________ 

38 

 

oC,49,54 showing that the actual molar mass of Fh is particle size dependent.57 For Fh, the value of nH2O 
varies between ~0.25 – 1.1 as a function of the particle size (~2 – 6 nm).23 In principle, the experimental 
chemical composition of Fh, i.e. its water content nH2O, can be used to derive the SSA, as the amount 
of chemisorbed water and ATEM are related as follows from the data of Michel et al.49 (Figure S2.10). A 
crucial aspect in this method is the temperature used in the interpretation of the thermogravimetric 
analysis (TGA) to distinguish chemisorbed and physisorbed water.54 

 
Figure 2.1. Panel a: Molar ratio (H/Fe) of the pH-dependent excess H+ adsorption to Fh (symbols), expressed in 
a relative (left y-axis) and an absolute scale (right y-axis). Transformation of values from the left into right y-axis 
was done by defining pHCIP = pHPZC. The red point represents the initial condition of the Fh1 stock solution, which 
is used as preliminary reference value. Addition of electrolyte solution before the start of the titrations increases 
the pH (red arrow) and correspondingly the surface charge, although the latter change is little in this experiment. 
Panel b: Excess H+ adsorption expressed per mass unit of Fh (left y-axis) and surface charge density (mC m-2). 
Titrations are for the Fh1 suspension, produced at pH 6.00 and aged for 96 hours (stored at 4 °C for 72 h). Forward 
(closed symbols) and backward (open symbols) titrations were performed using a CO2-free 0.10 M solutions of 
NaOH and HNO3 respectively. NaNO3 solution was used as background electrolyte. The lines are CD-MUSIC 
model simulations, using the ion pair formation constants for Na+ and NO3

- presented in Table 2.1. The initial total 
Fe concentration was 20.8 mM. A specific surface area of AH = 642 ± 10 m2 g-1 at a corresponding molar mass of 
Mnano= 95.6 g Fh mol-1 Fe was used to calculate the H+ adsorption and charge density presented in panel b. This 
value was iteratively found by modeling, see text. 

The chemical composition (nH2O) and molar mass (Mnano) of Fh can also be found by calculation 
using a self-consistent set of mathematical expressions10,23 with the SSA as input. This implies that the 
scaling of the excess proton ratio (∆H/Fe) of Figure 2.1a to the proton adsorption per unit mass (mmol 
g-1 Fh) of Figure 2.1b requires the value of the yet unknown SSA or particle size. In theory, the value of 
the SSA of Fh can be derived by interpreting the experimental ion adsorption data with a parameterized 
surface complexation model (SCM). However, the model parametrization can only be done if the 
adsorption data (mol g-1) are scaled to the SSA (m2 g-1). For traditional metal oxides, the BET surface 
area is used for scaling, but as we mentioned before, this is not appropriate for Fh. This obstructs for Fh 
an independent calibration of the parameters of the SCM because the determination of the affinity 
constants is inversely correlated with the SSA66,67 Therefore, another route will be used. The 
parametrized behavior of well-crystalized goethite will be used as a reference.  

In our modeling approach, the Stern capacitances values of Fh are not treated as fitting parameters 
but will be calculated independently accounting for the surface curvature of the material involved. The 
size-dependency of the capacitance will be explicitly considered using as reference a set of 
representative values for the capacitance values of an inner (C1) and outer (C2) Stern layer with zero 
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curvature. This approach also provides consistency in the treatment of Fh suspensions with different 
particle sizes, as the Stern layer capacitances can be adapted correspondingly. In the present study, we 
will use as reference a set of capacitance values (C1 = 0.90 F m-2 and C2 = 0.74 F m-2) representative for 
well-crystalized goethite as derived by Hiemstra and Van Riemsdijk.15 In Section 2.3.2.3 we will discuss 
the sensitivity of our approach if the influence of surface curvature on the capacitance values is not 
considered in the modeling.  

In the calculations, the particle size (d) of Fh is consistently linked to its surface area (AH) by using 
the corresponding value of the mass density ρnano. As mentioned above, the latter value is not a constant, 
because the coordinated water in excess (nH2O) contributes more to the particle volume than to the 
particle mass.15,23 From the above, it is obvious that both data scaling and interpretation requires a 
consistent set of parameter values comprising the molar mass (Mnano), mass density (ρnano), particle size 
(d), and Stern layer capacitances (Cnano). Having as the starting point a given A value, the consistent set 
of parameters can be derived with the following equations:  

 

𝑀𝑀nano =  𝑀𝑀core
1−𝐴𝐴 𝑁𝑁H2O 𝑀𝑀H2O

                                                                     (Equation 2.1) 

 

ρnano = 𝑀𝑀core
𝑉𝑉O  [𝑛𝑛O−�𝑛𝑛O−𝑀𝑀core 𝑀𝑀H2O⁄ � 𝐴𝐴 𝑁𝑁H2O 𝑀𝑀H2O]

                                   (Equation 2.2) 

 

𝑑𝑑 =  6
𝜌𝜌nano  𝐴𝐴

                                                                                         (Equation 2.3)  

in which Mcore is the molar mass of the mineral core (81.65 g mol-1 Fe),  𝑀𝑀H2O is the molar mass of water 
(18 g mol-1), 𝑁𝑁H2O is the excess surface water density of Fh (12.6 10-6 mol m-2),68 𝑉𝑉O is the volume of 
the lattice expressed per mole oxygen ions (10.7 10-6 m3 mol-1 O), 𝑛𝑛O is the mean number of oxygen ions 
per metal ion in the core (𝑛𝑛O = 1.6 for FeO1.4(OH)0.2), and A (m2 g-1) is the yet unknown specific surface 
area. The mean particle diameter calculated with Equation 2.3 can be used to calculate the size-
dependency of the capacitance values (Cnano,1 and Cnano,2) of Fh, according to: 

 

𝐶𝐶nano,1 =  
𝑑𝑑 + ∆𝑑𝑑1

𝑑𝑑
 𝐶𝐶1                                                                                   (Equation 2.4.1)          

𝐶𝐶nano,2 =  
𝑑𝑑 + ∆𝑑𝑑1 + ∆𝑑𝑑2

𝑑𝑑 + ∆𝑑𝑑1
 𝐶𝐶2                                                                     (Equation 2.4.2) 

where Δd1 (2 × 0.35 nm) and Δd2 (2 × 0.35 nm) are twice the thickness of the inner and outer Stern 
layers respectively, and C1 (0.90 F m-2) and C2 (0.74 F m-2) are the capacitances of the  reference surface 
with zero curvature.61 

With the above approach, we derived by iterative CD-MUSIC modeling for the Fh1 preparation a 
mean particle diameter of d = ~2.48 nm, a specific surface area (SSA) of AH = 642 ± 10 m2 g-1, n = 0.77, 
and the corresponding molar mass is Mnano = 81.65 + (0.77×18) = 95.6 g mol-1. In this modeling, we 
relied on the ion pair formation constants of the goethite material that was used as reference.61 The 
scaling of Figure 2.1b is based on these values. 
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2.3.1.2. Interaction with electrolyte ions 

The scaling of the H+ adsorption of Fh materials measured in various types of electrolyte solution 
(e.g. NaCl, NaClO4, or NaNO3) is rather uncertain as it is difficult to find the absolute value of the zero–
charge condition, even for data set collected for the same material. The reason is that common 
intersection points (cip) do not exist by definition if the affinity of electrolyte ions is rather asymmetrical. 
This hinders a reliable translation of the basic data on the relative scale (H/Fe) to the absolute scale 
(∆H/Fe). For this reason, Rietra et al.58 have suggested to perform connected potentiometric titrations in 
systems prepared from the same stock that is kept under well-defined conditions. The surface charge of 
the material in this stock suspension is used as common reference.  

The above concept of a common stock used as a reference has been implemented by Rahnemaie et 
al.46 to study the variation in ion pair formation constants for goethite. This creates a self-consistent set 
of H+ adsorption data. For fresh Fh suspensions, however, obtaining a self-consistent set of H+ titrations 
is more challenging from an experimental perspective. A major problem is that Fh is chemically less 
stable in comparison with well-crystalized Fe-(hydr)oxides, such as goethite or hematite.69 The SSA of 
Fh will change continuously with time as a function of the aging conditions.23,49 When using the same 
stock suspension as a reference for a large number of experiments, one should ideally correct for 
intervening changes in SSA due to the aging of the Fh batch. This is particularly relevant if the 
experiments are performed in time intervals and under aging conditions21,23 that promote a rapid change 
in SSA. 

In the present study, a set of acid-base titrations is reported for three different electrolytes at a single 
salt level and a fixed moment of aging. The collected data at the 0.20 M level are shown in Figure 2.2a 
for Fh1 after an aging time of t = 120 h. The experiment was repeated for the 0.50 M level (Figure 2.2b) 
using the same Fh1 suspension but with one more day of aging (t = 144 h). The same batch with Fh1 has 
also been used to measure the proton adsorption by varying the electrolyte level of a single salt (NaNO3). 
The latter data have already been given in Figure 2.1 and were collected at an aging time of t = 96 h. In 
Figures 2.1a and 2.2, the red symbol represents the common reference condition of the Fh1 stock 
suspension in 0.01 M NaNO3. The pH of this stock suspension remained unchanged within the 
uncertainty (5.11 ± 0.01) during the whole period of aging. Figure 2.2 shows that, upon the addition of 
the different types of electrolyte solutions, the pH of the Fh1 suspension increased by ~0.7−1.4. The 
corresponding increase of the surface charge is almost negligible and not visible at the y-scale for the 
given experimental conditions. 

Figure 2.2 shows that the effect of the different types of electrolyte anions on the H adsorption is 
most evident below the pH of point of zero charge (pHPZC). At a given pH, the highest positive surface 
charge is developed in the presence of Cl‒ and the lowest is for ClO4

‒. The variation is due to a different 
degree of interaction of the counter-anions with the surface of Fh. The stronger interaction of Cl‒ ions, 
relatively to that of ClO4

‒, has been attributed to a larger charge-to-size ratio of Cl‒ ions.70 Ions of smaller 
size are closer to the surface and therefore, may have a stronger interaction with the surface groups.71 
Additionally, specific interactions between anions and mineral surfaces may also contribute to these 
differences.16,46 Our data show that for Fh, the interaction of electrolyte anions increases in the order of 
ClO4

‒ < NO3
‒ < Cl‒. The same trend in anion affinity has been previously reported for other iron 

(hydr)oxides such as goethite46,58,72,73 and lepidocrocite.70 

As suggested by our data (Figure 2.2), the differences in electrolyte affinity results in a shift of the 
pHPZC with the type of electrolyte solution. Only if the electrolyte cation and anion have the same 
affinity, the pHPZC can be found indisputable from the pHCIP of acid-base titrations at different salt levels. 
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In the present approach, we have used pHCIP derived by acid-base titrations in NaNO3 (Figure 2.1a), 
because both electrolyte ions have a very similar affinity constant.58,61,73 In that case, the corresponding 
pHCIP also represents the pristine point of zero charge, which is pHPPZC = ~8.1 for Fh.  

 

 

Figure 2.2. pH dependency of the excess H adsorption of Fh1 presented on a relative (H/Fe) and absolute (∆H/Fe) 
scale for systems with NaNO3, NaCl, or NaClO4 background electrolyte solutions at a concentration of either 0.20 
M (a) or 0.50 M (b). The corresponding time of aging of the Fh suspension was t = 120 h (a) and t = 144 h (b). 
The red point represents the initial reference condition of the Fh1 stock solution. The lines have been calculated 
with the CD-MUSIC model using the parameters of Table 2.1. The values of the SSA are AH = 638 ± 12 m2 g-1 (a) 
and AH = 613 ± 16 m2 g-1 (b) with corresponding Mnano values of 95.5 and 94.8 g mol-1 Fe respectively. These 
values were calculated consistently using the H+ adsorption data measured in NaNO3 (for explanation, see text).  

 

2.3.1.3. Time dependency of surface reactivity  

Recently, the evolution of the surface area of Fh has been studied as a function of time, pH, and 
temperature of aging. In this approach, the PO4 ion was used to probe the changes in the specific surface 
area (𝐴𝐴PO4) of Fh. The collected PO4 adsorption data were also used to gain insights into the mechanisms 
and rate of growth of Fh (see Hiemstra et al.23 for more information about the aging mechanisms of Fh). 
The interpretation of the PO4 adsorption was done with the charge distribution and multisite ion 
complexation model for Fh using the parameter set of Hiemstra and Zhao.8 This parameter set has been 
derived by scaling the PO4 adsorption to a SSA (m2 mol-1 Fe), suggested by Hiemstra and Van 
Riemsdijk15 as representative for freshly-prepared Fh within the 1-pK framework. This best guess of the 
SSA based on literature data was derived using well-crystallized goethite as a reference with respect to 
the ion pair formation constants for Na+ and NO3

-, and the reference Stern layer capacitances.  

Based on the PO4 adsorption measured at each reaction time, the corresponding SSA has been 
calculated for the various materials studied here, applying the parameter set of Table 2.1. A detailed 
description of the approach used to assess 𝐴𝐴PO4  is presented in Appendix D of the Supplementary 
Information. Figure 2.3 shows the time dependency of the SSA of Fh1 measured with PO4 as probe ion 
(green diamonds). The preparation and initial aging (t = 4 h) of Fh1 was at pH = 6.0 and 20 oC, followed 
by acidification to pH 5.11 and storage of 72 hours at 4 oC, before returning back to 20 oC, as described 
in the Experimental Section. For comparison, we also give for a similar Fh preparation23 the evolution 
of the SSA at pH 6.0 and constant 20 oC (blue spheres). The lines in Figure 2.3 have been calculated 
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with a model recently developed for the particle growth of Fh by Ostwald ripening,23 in which the 
growth-rate is related to the particle-size dependent solubility of Fh, calculated with the Ostwald-
Freundlich theory.68 The initial particle size predicted with this dynamic model is in line with the mean 
particle size (2.0 ± 0.3 nm) found by TEM for fresh Fh precipitates.49,74 

 
Figure 2.3. Change in the specific surface area (m2 g-1) of Fh1 measured using either H+ (open squares) or PO4 
(green diamonds) as probe ions. The lines have been calculated with a dynamic model 23 and show the aging 
history of the Fh1 suspension: i) synthesis and aging at pH 6.00 and 20 °C for 4 h, ii) aging at pH 5.11 and 4 °C 
for 72 h (dotted line), and iii) subsequent aging at pH 5.11 and 20 °C under a purified N2 atmosphere (green line). 
As reference, we also included the experimental (blue symbols) and modeled (blue line) evolution of the SSA of 
a different Fh suspension, aged at constant pH 6.00 at 20 °C. The rate constant logk of the Fh particles growth is 
9.1 at 20 °C and its pH dependency of logk is -0.11 ∆pH. The temperature dependency of the logk value is described 
using an activation energy of Eact = 68 kJ mol-1. 

 

The experimental time dependency of the SSA of Fh1 can also be obtained by interpreting the acid-
base titration data in NaNO3 (Figures 2.1 and 2.2) with surface complexation modeling. For our analysis, 
we applied the parameter set of Table 2.1. The obtained AH values for Fh1 are shown in Figure 2.3 as 
open squares. Within the uncertainties, the SSAs obtained with H+ titrations in NaNO3 are equal to the 
values found by surface probing with PO4. As mentioned before, the parametrization of the model for 
the PO4 adsorption has been based so far on the best guess for the SSA of Fh proposed by Hiemstra and 
Van Riemsdijk,15 without any explicit test for consistency with surface charge. The present results show 
that the primary surface charge of Fh in NaNO3 solutions is consistent with the scaling of PO4 adsorption 
per unit surface area and vice versa. Figure 2.3 also shows that the time-dependent variation of our data 
collected for Fh1 can be well understood with the dynamic model for aging of Fh (lines) that we recently 
developed.23 It must be noted that the accuracy in the predictions of the dynamic model is conditioned 
by the reproducibility of the preparation method of Fh, as we will discuss it in Section 2.3.3.   

In the present study, we have calculated the reactive surface area AH for a large number of Fh 
preparations using the H+ adsorption data reported in literature. The set of AH values given in Appendix 
F is an extension of previous work10 that has been reinterpreted, where needed. The overview shows 
that the surface area of Fh in the wet state, prepared by a variety of methods and aged for short periods 
at different conditions, ranges from 530–720 m2 g-1 having corresponding molar masses of 92.8–97.6 g 
mol Fe-1, i.e. A = 49–70 103 m2 mol-1 Fe. 
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Table 2.1. Surface reactions, charge distribution coefficients and logK values for the primary surface charge 
reactions and for the adsorption of phosphate to Fh. The proton and electrolyte affinity constants have been set 
equal for the singly (≡FeOH-0.5) and triply (≡Fe3O-0.5) coordinated surface groups. The surface sites densities, 
respectively Ns=5.8 and Ns=1.4 nm-2, are taken from Hiemstra and Zhao.8 The size-dependency of the Stern 
capacitance values of the inner and outer Stern is accounted for by applying spherical double layer theory (Equation 
2.4), using the reference values of C1 = 0.90 F m-2 and C2 = 0.74 F m-2 for a surface with zero curvature (see text). 

 

 
* (a/b) refers to monodentate reactions that occur with singly coordinate groups (≡FeOH-0.5) of type a (NS = 3.0 nm-

2) and b (NS = 2.8 nm-2), whereas (b) is for bidentate reactions that occur only with type b ≡FeOH-0.5 groups, 
according the ion complexation model for Fh of Hiemstra and Zhao.8    
* From Hiemstra and Zhao.8    
** From Hiemstra and Van Riemsdijk.61 
*** The logK values (± SD) of the electrolytes Cl‒ and ClO4

‒ were derived from the self-consistent set of titrations 
performed with Fh1. (n = 171, R2 = 0.992). 
# The logK values of K+ and Li+ for Fh systems are extrapolations using the values for goethite as reference (See 
Figure 2.4).  

 

2.3.2. Ion pair formation constants 

2.3.2.1. Model parametrization 

One of the objectives of our study is to derive a consistent set of thermodynamic affinity constants 
(logKip) for the interaction of electrolyte ions with Fh. In the present approach, the quantification of the 
logKip values has been done on a relative scale. For nano-particulate Fh, it is not feasible to derive the 
logKip values entirely independently by conventional fitting procedures because the SSA cannot be used 

Reaction Δz0 Δz1 Δz2 Eq.

≡FeOH-0.5 + H+  ↔  ≡FeOH2
+0.5                                        (a/b)* 1 0 0 (2.5.1)

≡Fe3O
-0.5 +  H+   ↔  ≡Fe3OH+0.5 1 0 0 (2.5.2)

≡FeOH-0.5 + Na+  ↔  ≡FeOH-0.5--Na+                             (a/b)* 0 1 0 -0.60 ± 0.02** (2.6.1)

≡Fe3O
-0.5  + Na+   ↔  ≡Fe3O

-0.5--Na+ 0 1 0 -0.60 ± 0.02** (2.6.2)

≡FeOH-0.5 + Na+  ↔  ≡FeOH-0.5--K+                             (a/b)* 0 1 0 -1.61 ± 0.13**/# (2.7.1)

≡Fe3O
-0.5  + Na+   ↔  ≡Fe3O

-0.5--K+ 0 1 0 -1.61 ± 0.13**/# (2.7.2)

≡FeOH-0.5 + Na+  ↔  ≡FeOH-0.5--Li+                             (a/b)* 0 1 0 0.10 ± 0.02**/# (2.8.1)

≡Fe3O
-0.5  + Na+   ↔  ≡Fe3O

-0.5--Li+ 0 1 0 0.10 ± 0.02**/# (2.8.2)

≡FeOH-0.5 + H+ + NO3
-  ↔  ≡FeOH2

+0.5--NO3
-         (a/b)* 1 -1 0 8.10 - 0.68 ± 0.02** (2.9.1)

≡Fe3O
-0.5 + H+ + NO3

-   ↔  ≡Fe3OH+0.5--NO3
- 1 -1 0 8.10 - 0.68 ± 0.02** (2.9.2)

≡FeOH-0.5 + H+ + Cl-  ↔  ≡FeOH2
+0.5--Cl-         (a/b)* 1 -1 0 8.10 - 0.36 ± 0.04*** (2.10.1)

≡Fe3O
-0.5 + H+ + Cl-   ↔  ≡Fe3OH+0.5--Cl- 1 -1 0 8.10 - 0.36 ± 0.04*** (2.10.2)

≡FeOH-0.5 + H+ + ClO4
-  ↔  ≡FeOH2

+0.5--ClO4
-         (a/b)* 1 -1 0 8.10 - 0.97 ± 0.04*** (2.11.1)

≡Fe3O
-0.5 + H+ + ClO4

-   ↔  ≡Fe3OH+0.5--ClO4
- 1 -1 0 8.10 - 0.97 ± 0.04*** (2.11.2)

≡FeOH-0.5 + PO4
3- + 2H+  ↔  ≡FeO-0.22PO2OH-1.28   + H2O              (a/b)* 0.28 -1.28 0 26.36 ± 0.20* (2.12)

≡FeOH-0.5 + PO4
3- + 3H+  ↔  ≡FeO-0.17PO(OH)2

-0.33   + H2O                (a/b)* 0.33 -0.33 0 29.84 ± 0.23* (2.13)

2≡FeOH-0.5 + PO4
3- + 2H+  ↔  ≡(FeO)2

-0.54PO2
-1.46   + 2H2O                  (b)* 0.46 -1.46 0 28.31 ± 0.04* (2.14)

2≡FeOH-0.5 + PO4
3- + 3H+  ↔  ≡(FeO)2

-0.35POOH-0.65   + 2H2O                    (b)* 0.65 -0.65 0 33.52 ± 0.13* (2.15)

Phosphate adsorption

   8.10*

logK

Primary charge 

   8.10*
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as independent input for scaling ion adsorption, in contrast to traditional metal (hydr)oxides. Therefore, 
we presently rely on the basic assumption that the logKip values for Na+ and NO3

‒, derived for well-
crystalized goethite,61 are also applicable to Fh if consistently used with the size-dependent values of 
the molar mass (Mnano), the mass density (ρnano), and the Stern layer capacitance values (Cnano), as 
discussed above in Section 2.3.1.1.  

 The ion pair formation constants of Na+ and NO3
‒ for goethite are nearly symmetrical (Table 2.1), 

implying that the pHPPZC can be well approximated from the values of pHCIP (i.e. pHPPZC = ~8.1) for the 
series of potentiometric titrations performed at different concentrations of NaNO3 (Figure 2.1). 
Consequently, we can use in our 1-pK model for the titrations in NaNO3 logKH ≈ pHPPZC ≈ pHCIP. With 
this approach, the ion pair formation constants for the other anions of this study (Cl‒ and ClO4

‒) can be 
derived (Table 2.1), interpreting the internally consistent H+ adsorption data obtained with the Fh1 
suspensions (Figure 2.2), after scaling all data to the SSA derived with the titrations in NaNO3.  

In the modeling of the systems with Cl‒ and ClO4
‒, we have accounted for the presence of a small 

quantity of NaNO3. This amount originates from the preparation of the Fh1 stock in 0.01 M NaNO3. 
However, in the most extreme case, the concentration of NO3

‒ ions did not exceed ~5% of the total anion 
concentration in the background solutions of both other anion systems. Our data show that ion pair 
formation constants strongly vary (Table 2.1). This is also illustrated in Figure 2.4, where we compare 
the logKip values for Fh and goethite. For both materials, the affinity constant of Cl‒ is clearly higher 
than that of NO3

‒ while the value for ClO4
‒ is much lower. Goethite and Fh follow the same trend as 

shown in Figure 2.4 with colored symbols. For both materials, the values are set by definition equal for 
Na+ and NO3

‒, but for the other anions (Cl‒ and ClO4
‒) the values are closely related for both materials. 

Extrapolating the results to electrolyte ions not yet studied for Fh, the logKip values of Li+ and K+ can 
be specified using the values derived for goethite (open symbols). These logKip values will be applied 
in the next section.  

2.3.2.2. Ion pair formation and PZC  

As mentioned, the value of pristine point of zero charge (pHPPZC) in our study is ~8.1 for Fh. In 
literature, significantly higher pHPZC and pHCIP values (~8.7) have been reported for two freeze-dried Fh 
materials.43,75 Structural changes in the surface of Fh provoked by the drying process and/or inefficient 
CO2 removal from the fresh-prepared materials have been suggested as reasons for the reported higher 
pHPZC values of the freeze-dried Fh materials.20,43 Yet, there is no conclusive evidence supporting this 
hypothesis. A higher pHPZC value (~8.5) has also been found for a non-dried Fh suspension.76,77 In the 
latter case, NaCl was used as background electrolyte. We consider asymmetry in ion pair formation as 
a major factor explaining the reported differences between the observed pHPZC and the pHPPZC of Fh. 

Application of the logKip values of Figure 2.4 (Table 2.1) in our modeling of data collected from 
literature for Fh in KCl and KNO3 shows that a good description of the charging behavior of Fh in these 
media can be achieved using logKH = 8.1 rather than 8.7. For example, the H+ adsorption data of freeze-
dried Fh in KNO3, as reported by Antelo et al.,43 can be well-described with this approach using the SSA 
(AH = 300 m2 g-1) as the only adjustable parameter. With the same approach, other H+ titrations of Fh 
with a high reported pHPZC measured in KCl78 and NaCl76 solutions can also be well interpreted (Figure 
S2.2 in the Supplementary Information). Table 2.2 shows the predicted (CD-MUSIC model) and 
experimental pHPZC values for various Fh materials (both freeze-dried and wet materials) in different 
electrolyte solutions as reported in the literature. In general, the experimental and modeled pHPZC values 
agree within the uncertainties. 



Assessment surface area of ferrihydrite  
__________________________________________________________________________________ 

45 

 

 
Figure 2.4. Comparison of the ion pair formation constants of Fh and goethite (colored symbols), using in the 
modeling common values for Na+ and NO3

‒ (blue diamonds). For comparison, the logKip values of K+ and Li+ for 
goethite are given (open diamonds) showing that a wide range of values can be found. For goethite, the logKip 
values are taken from the internally-consistent analysis presented by Hiemstra and Van Riemsdijk;61 except for 
the value for ClO4

‒, which was fitted by modeling the consistent titration datasets presented by Rietra et al.58 

 

Table 2.2. Comparison between the pHPZC values reported in literature for various Fh materials (including freeze-
dried and wet materials) and the pHPZC values predicted with the CD model, using the logKip values given in Table 
2.1 and Figure 2.4. The values of AH were derived by modeling the reported surface charge.  

Reference Type Background 
pHPZC Fitted AH 

(m2 g-1) Reported CD model 

Wang et al.75,78 Freeze-dried KCl 8.7 8.7 455 

Antelo et al.43 Freeze-dried KNO3 8.7 8.6 300 

Jain et al.76 Wet NaCl 8.5 8.4 670 

Fukushi et al.45 Wet NaCl 8.2 8.4 650 

Other studies* Wet NaNO3 8.0 ± 0.1 8.1 530–720 

* For these wet Fh materials in NaNO3 electrolyte solution, the pHPZC value is an average (± SD) of the 
experimental values reported by a large number of authors and the AH value shows the range of values found for 
these materials. Detailed information for each analyzed Fh suspension is presented in Table S2.2 of the Supporting 
Information. 

 

2.3.2.3. Sensitivity analysis 

In Figure 2.3, consistency was shown between the SSA values derived by probing the surface of Fh 
with protons (AH) and phosphate (𝐴𝐴PO4). Possibly, the consistency can be increased (Appendix E) by 
simultaneously optimizing the ion pair formations constants for all four ions used in this study (Na+, 
NO3

‒, Cl‒, ClO4
‒) with the assumption of equality of AH and 𝐴𝐴PO4 . This leads to a slightly better 

agreement with the logKip values obtained for goethite. Modeling shows that the description of PO4 
adsorption to Fh is not sensitive to the exact value of the ion pair constants in the range of PO4 
concentrations used to derive 𝐴𝐴PO4 . This is illustrated in Figure 2.5 for the variation of logKNO3 by ± 

-2

-1

0

-2 -1 0

lo
gK

ip
(fe

rr
ih

yd
rit

e)

logKip (goethite)

K+

ClO4
‒

NO3
‒

Na+

Cl‒ Li+



Chapter 2 
__________________________________________________________________________________ 

46 

 

0.50 units. The relatively low sensitivity found for the usual concentration range of PO4, as implemented 
in the probe-ion method, is due to the large difference in affinity of the PO4 and NO3

‒ ions. 

The simultaneous optimization of the logKip for all four ions shows that the ion pair combination Na+ 
and NO3

‒ has the most symmetrical interaction with the surface groups of Fh (Figure S2.5a), supporting 
our initial assumption of logKNa ≈ logKNO3. Taking AH = 𝐴𝐴PO4 , the optimized values of logKNa and 
logKNO3 for Fh are –0.68 ± 0.03 and –0.75 ± 0.03 respectively. These values are hardly different from 
the values derived for our reference goethite,61 meaning that small variations (± 0.08) in the values of 
logKip will have only a small effect on the fitted AH (~2%). Considering the uncertainty of the 
experimental and model approaches, using logKNa and logKNO3 for goethite seems to be a valid 
assumption for describing the surface charge of Fh. 

In the above analysis, the size dependency of the molar mass Mnano, mass density ρnano, and the 
capacitance values (Cnano,1 and Cnano,2) of Fh is assumed. If changes due to surface curvature are ignored 
and the Stern Layer capacitances of the reference goethite are used, calculations for Fh1 at 96 h aging 
show that the SSA measured with protons (AH) would increase by 17% (Figure 2.6, A-B). Additionally, 
if the chemical composition of goethite (FeOOH = 89 g mol-1) is used rather than the size-dependent 
composition of Fh, the SSA further increases by ~10% (Figure 2.6, B-C). Using the size density Ns of 
either goethite or Fh has only a minor impact (Figure 2.6, C-D) , because in the description of the surface 
charge of Fh the sum of sites densities of the singly and triply coordinated groups is similar for both Fe-
(hydr)oxides. Consequently, the effect in the value of SSA is small if protons are used as probe ion. 

  
Figure 2.5. Adsorption isotherm of PO4 to Fh at pH 5 and ionic strength of 0.01 M NaNO3 (full line), modeled 
with the CD-MUSIC model using the parameters of Table 2.1. The dashed and dotted (red) lines illustrate the 
change of the predicted adsorption isotherm if the logK value of the interaction between NO3

- and Fh is changed 
by ± 0.5 units. The shaded region in the graph corresponds to the range of equilibrium PO4 concentrations used 
for deriving the logK values of PO4 adsorption reactions and for assessing APO4, showing negligible influence of 
logKNO3. PO4 concentrations outside the shaded region (i.e. ~1 µM) are lower than the detection limit for P using 
ICP-OES.  
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Figure 2.6. Changes in the fitted value AH of Fh1 derived with different modeling 
assumptions. The values of ΔAH represent the percentage of change of the surface 
area in the direction showed by the arrows. A) SSA is fitted using the full 
approach proposed in Section 2.3.1.1. B) SSA is fitted without considering 
influence of surface curvature, i.e. without using size-dependent values for Cnano,1

 

and Cnano,2. The applied capacitance values are for well-crystallized goethite 
measured by Hiemstra and Van Riemsdijk.61 C) SSA is fitted without additionally 
considering the size-dependent chemical composition of Fh. For Fh, the chemical 
composition and molar mass of goethite is assumed (see text). D) SSA is fitted 
without additionally considering difference in sites density (Ns) of Fh and 
goethite. All SSA values have been rounded to the nearest ten. 

 

 

 

 

 

 

2.3.3. Applications and implications 

The SSAs derived for Fh1 at various times of aging show good agreement using either H+ or PO4 as 
probe ions (Figure 2.3). To enlarge our H+ titration database, two additional Fh samples were 
synthesized, but at slightly different conditions. Fe(III) nitrate solution was titrated with NaOH to pH 
6.0 (Fh2) or pH 8.2 (Fh3) and both preparations were aged for 24 h. The surface area was measured with 
the PO4 probing methodology and with H+ titrations in 0.05 and 1.0 M NaNO3 (Figure S2.1). As shown 
in Table 2.3, the difference between AH and 𝐴𝐴PO4 is less than 1%. Comparing all data collected (including 
those for Fh1) leads to a precision of ~2 %. The result is encouraging if compared to the precision of the 
measurement of the SSA with gas adsorption. For instance, replicate (n = 3) measurements of ABET 
provide a precision in the order of ~5 % for Fh.79 

 

Table 2.3. Specific surface area of Fh2 and Fh3 assessed by using H+ (AH) and PO4 (APO4) as probe ions, as found 
by applying the CD-MUSIC model (Table 2.1) or by using the set of transfer functions. Both Fh suspensions were 
aged for 24 hours at a constant temperature of 20 °C before starting the H+ and PO4 adsorption experiments. The 
pH values at synthesis and subsequent aging of Fh2 and Fh3 were respectively 6.0 and 8.2.  

   SSA (m2 g-1) 

    CD-MUSIC model a Transfer functions b 

Sample pH aging AH APO4 AH APO4 

Fh2 6.0 636 ± 8 627 ± 12 639 631 

Fh3 8.2  620 ± 10 633 ± 10 625 632 
a AH and APO4 values derived by fitting the experimental adsorption data of H and PO4 respectively, using the CD-
MUSIC model parameters of Table 2.1. 
b AH and APO4 values were derived, respectively, from the H+ adsorption data in 1.0 M NaNO3 and from the PO4 
adsorption data, using the set of practical transfer equations presented in the Appendixes G and H.  

No adaptation Ns  
(860 m2 g-1) 

 No consistent Cnano 

(750 m2 g-1) 
  

ΔAH ~ 4% 

ΔAH ~ 10% 

ΔAH ~ 17% 

Present approach 

(640 m2 g-1) 
  

A 

B 

D 

No consistent Mnano 

(830 m2 g-1) 
  

C 
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To enable a fast and convenient determination of the SSA, we have derived a helpful set of 
mathematical functions that translate the collected H+ and PO4 adsorption data straightforwardly into a 
value of SSA. These practical transfer functions have been parameterized with the CD-MUSIC model, 
using the parameter set of Table 2.1. The procedure followed to derive these transfer functions is 
explained in the Appendixes G and H of the Supplementary Information. For comparison with the results 
obtained with the CD-MUSIC model, the values of A derived with these functions are also presented in 
Table 2.3. 

The SSA of our Fh3, prepared at pH 8.2 and aged for 24 h (𝐴𝐴PO4= 633 ± 10 m2 g-1), is in line with 
the value of the SSA predicted by our dynamic model (ADM = 645 ± 7 m2 g-1). For Fh1 (prepared at pH 
6.0), we also found a good agreement between APO4 and the SSA predicted by the model at different 
aging times (Figure 2.3). However, for Fh2 prepared at pH 6.0 and aged for 24 h, the predicted value 
(ADM = 672 ± 7 m2 g-1) is significantly higher than the one experimentally measured (𝐴𝐴PO4= 627 ± 10 
m2 g-1). The difference is related to an unusually low recovery of Fe (93%) in the synthesis of this hetero 
disperse material. At pH 6, Fh particles are positively charged, which hinders the aggregation of the 
primary particles into larger conglomerates in comparison to suspensions with a pH value close to the 
pHPZC. Moreover, the separation of the liquid and solid phases by centrifugation was performed for Fh2 
almost immediately after the particle precipitation, whereas for Fh1 this procedure was done ~2 h after 
precipitation. In the former case, the finest particles remained possibly in suspension due to incomplete 
aggregation, and therefore, were removed with the supernatant, making the SSA of the remaining Fh 
suspension lower. From the difference between the theoretical (model prediction) and experimental 
value of the SSA, one can calculate that the removed part of Fh2 has a SSA of ~1250 ± 150 m2 g-1 using 
f /(1-f) (ADM-APO4), in which f  is the fraction of recovery (f = 0.93). The finest removed particles have 
an equivalent mean diameter of d ~ 1.5 nm and contains approximately nFe ~ 30 ± 15 Fe. Our result 
shows that slight differences in protocols for Fh synthesis may change the surface area and this advocates 
the use of ion probing as a tool to characterize individual batches of Fh with respect to SSA.  

Overall, probing the Fh surface using either H+ or PO4 is a practical and consistent alternative to 
overcome the well-known limitations of the traditional BET method for assessing the SSA of Fe 
(hydr)oxide nanoparticles. For non-dried Fh suspensions, our modeling suggests that the reported ABET 
underestimates the surface area by around ~50% in comparison to the fitted AH value,24,79 as already 
noticed in the early work of van der Giessen74 when comparing ABET and ATEM  measurements. The same 
can be concluded from the data of Michel et al.49 showing a substantially lower ABET than ATEM for Fh 
with mean particle diameter of d < 5 nm (Figure S2.10). For re-suspended freeze-dried Fh, we found a 
surface area of AH = 300 ± 9 m2 g-1 when analyzing the H+ adsorption data of Antelo et al.43 while their 
reported ABET is 229 m2 g-1. This difference suggests that the reduction of the SSA due to freeze-drying 
is partially counteracted by rewetting. If so, use of freeze-dried as a Fh proxy becomes questionable 
when ABET is used for scaling. 

As in general the SSA of Fh varies considerably (Table S2.2) between preparations,10,20 future ion 
adsorption studies may benefit from calibrating this important property of Fh with ion surface probing. 
This may lead to more consistency between studies, which will facilitate the development of a self-
consistent thermodynamic database for describing ion adsorption within a common theoretical 
framework. For this purpose, the use of PO4 is most suitable, because this ion has a high affinity for Fh 
and its adsorption is more sensitive to variations in the surface area. Moreover, its measurement is rapid 
and accurate. Our proposed methodology has the advantage that it incorporates consistency amongst 
important properties such as molar mass, mass density, mean size and Stern layer capacitances, which 
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otherwise would be treated as fitting parameters or fixed to standard but unknown first order estimates,80 
even though they are variable. 

In retro-perspective, the SSA of Fh derived in this study is actually found by calibrating it on the 
BET surface area of goethite accounting for differences in the site densities of both materials while 
assuming equal electrolyte ion affinity of Na+ and NO3

‒. However, a correction is needed to account for 
the nano-character of Fh, implying a correction for the size dependency of the molar mass, the mass 
density, and the surface curvature. The latter follows from theoretical double layer considerations while 
both others are firmly based on experimental data that have been collected by Michel et al.49 using TGA, 
TEM, and HEXS. Although the accuracy of the method remains disputable, its precision is very good, 
in the order of 2 % or better.  

 

2.4. Conclusions  
The following conclusions can be drawn from the present study:  

• Scaling of the excess H+ adsorption (∆H/Fe) of Fh to a surface charge per unit mass (mC g-1) requires 
the molar mass Mnano (g mol-1 Fe). However, this value is particle size-dependent due to the variable 
chemical composition of Fh (FeO1.4(OH)0.2·nH2O) as the result of the formation of OH/OH2 surface 
groups, completing the coordination sphere of Fe at the surface.57 Furthermore, scaling of the surface 
charge per unit mass (mC g-1) to a surface charge per unit surface area (mC m-2) requires a consistent 
value of the mass density of Fh (g cm-3), which is also particle size-dependent. Therefore, the ∆H/Fe 
cannot be scaled and interpreted in a traditional manner, as is done for most other metal (hydr) 
oxides.  
 

• With proton titration data in NaNO3, the specific surface area of Fh (AH) can be assessed consistently 
using the ABET of well-crystallized goethite as reference, accounting for the difference in surface 
composition of both materials, while assuming equal ion pair formation constants (logKNa and 
logKNO3). In our methodology, the size dependency of the molar mass, the mass density, and the 
surface curvature of Fh is taken into account, entirely based on respectively experimental data and 
theoretical double layer considerations. 
 

• The specific surface area of Fh can also be assessed with specifically adsorbed oxyanions with a 
relatively high affinity, suppressing more effectively possible interferences by CO2. In the present 
work, PO4 has been chosen. Our work shows that within an uncertainty of ~2 % the specific surface 
area of Fh can be equally well assessed using either H+ or PO4 as probe ion, applying a common 
self-consistent modeling framework. However, PO4 is most suitable for probing as it is quite 
sensitive to the values of SSA and can be conveniently, rapidly and accurately measured. 
 

• The time-dependent change of the SSA of Fh is in agreement with a dynamic aging model that 
consistently resembles the mean particle size according to TEM. Since generally protocols for Fh 
synthesis lead to variation in the mean particle size, the use of ion surface probing is advocated to 
pinpoint the value of the SSA experimentally for individual batches of Fh, creating consistency in 
adsorption data collection. 
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• Assessment of the affinity of electrolyte ions at a relative scale shows that the affinity decreases in 
the order of Cl‒ > NO3

‒ > ClO4
‒ and the logK values are close to those obtained for goethite.46,58 

Based on the good agreement between the ion pair formation of goethite and Fh, the logK values of 
other electrolyte ions (Li+ and K+) can be provisionally assessed and have been tabulated in the 
present study.  
 

• The pHPPZC of Fh is close to 8.1. The higher pHPZC values reported in literature for Fh can be largely 
understood from the asymmetric electrolyte ion affinity due to the use of KCl, KNO3, and NaCl as 
background solutions, rather than NaNO3. 
 

• The presented concept of a consistent assessment of the SSA of Fh is a vital tool for the development 
of a coherent thermodynamic database with intrinsic affinity constants (logK) than can be applied 
in SCM. 
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Supplementary Information  
A. Experimental conditions of the potentiometric titrations 

Table S2.1. Experimental conditions of the potentiometric titrations performed with three ferrihydrite suspensions.  

Series 
Synthesis Aging  Purging [Fe] stock Vol stock Fh Vol0  Background Salt level(s) 

pH a h b with N2(g) c mMd ml e ml f solution(s) M 

Fh1 6.0 

96 20 h / pH 5.1 20.8 40.00 40.54 NaNO3 0.05, 0.20, 1.0 

120 44 h/ pH 5.1 20.8 40.00 42.85 NaNO3, NaCl, NaClO4 0.20 

144 68 h/ pH 5.1 20.8 40.00 48.00 NaNO3, NaCl, NaClO4 0.50 

Fh2 6.0 24 20 h / pH 6.0 
1h / pH ~4.7 18.6 50.00 51.35 NaNO3 0.05, 1.0 

Fh3 8.2 24 20 h / pH 8.2 
1h / pH ~4.7 20.9 75.00 76.85 NaNO3 0.05, 1.0 

 

a Final pH value reached after addition of base (0.02 M NaOH) to a Fe(NO)3*9H20 solution, which had been 
dissolved in 0.01 M HNO3. The original suspensions produced by titration were concentrated by centrifugation, 
decanting, and resuspension in 0.01 M NaNO3. If needed, the pH of these stock suspensions was readjusted to the 
targeted values. 
b During aging, the stock suspensions had a background solution of 0.01 M NaNO3. The contribution of this 
background solution to the final composition of the titration media has been considered in the model calculations.  
c Duration of the purging step with moist purified N2(g) and pH of the stock solution of Fh during this period. 
d Concentration of Fe in the stock suspensions of ferrihydrite, measured in a matrix of 0.8 M H2SO4. 
e Volume of the stock ferrihydrite suspensions pipetted into the reaction vessel for each titration experiment. 
f Starting volume of the titration suspension upon adjustment of pH and/or the ionic strength and before titrants 
addition. For Fh1, the ionic strength was adjusted using a 3.0 M stock solution of the corresponding electrolyte 
solution, whereas for Fh2 and Fh3 the ionic strength was adjusted with a 2.5 M NaNO3 solution.   

B. Potentiometric titration data for Fh2 and Fh3 

 
Figure S2.1. pH dependency of the excess H adsorption (left y-axis) and surface charge density (right y-axis) of 
Fh2 (panel a) and Fh3 (panel b). The ionic strength of the systems was fixed at 0.05 and 1.00 M, using NaNO3 as 
electrolyte solution. Forward (closed symbols) and backward (open symbols) titrations were performed using 
(CO2-free) 0.10 M solutions of NaOH and HNO3 respectively. The lines are CD model simulations, using the ion 
pair formation constants for Na+ and NO3

- presented in Table 2.1 of the main text. For Fh2, AH = 636 ± 8 m2 g-1 
with a corresponding Mnano= 95.4 g Fh mol-1 Fe. For Fh3, AH = 620 ± 10 m2 g-1 with a corresponding Mnano= 95.0 
g Fh mol-1 Fe. The size-dependent capacitance values of the inner and outer Stern layers were consistently 
calculated using as reference the values C1=0.90 F m-2 and C2=0.74 F m-2 for a flat surface. The initial Fe 
concentration was 18.6 and 20.9 mM for Fh2 and Fh3 respectively. 
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C. Effect of electrolyte asymmetrical affinities on the pHPZC  

In literature, the reported range of pHPZC values of Fh is ~7.9–8.7. Factors such as synthesis 
procedure, aging conditions, and an (in)efficient removal of CO2 may contribute to this variation. 
Surprisingly, the variation in pHPZC that results from the type of background electrolytes has not been 
analyzed yet following a systematic approach. The pH of the common intersection point (pHCIP) of acid-
base titrations performed at different salt levels is often used to find the reference zero-charge condition, 
assuming pHPZC ≈ pHCIP. Only if the background anions (A-) and cations (C+) have the same affinity 
(logKA- = logKC+), the pHCIP is equal to the pHPZC, as well as to the pristine point of zero charge (pHPPZC) 
of the material. If the background ions interact largely asymmetrically, then the pHCIP deviates from the 
actual value of pHPPZC. In general, if logKA- > logKC+ one gets pHPZC > pHPPZC. The opposite effect occurs 
if logKA- < logKC+. Asymmetrical interactions of electrolytes also shift the pH of the isoelectric point 
(pHIEP) into an opposite direction than the shift in pHPZC.59 In the main text (Figure 2.4), we showed that 
Na+−NO3

‒ is likely the most symmetrical pair of electrolyte ions, based on the trends in affinity for Fh 
and goethite.46,58,61 Therefore, the use of NaNO3 as background solution is more recommended for Fh to 
get pHCIP ≈ pHPZC ≈ pHPPZC. 

The relatively high pHPZC values (~ 8.5–8.7) of freeze-dried Fh materials have been attributed to 
changes in the surface structure that result from the drying procedure.20,43 So far, there is no direct 
evidence supporting this assumption. Values of pHPZC significantly larger than 8.1 have been also 
reported for a freshly prepared Fh suspension.76 Below, we will show that the reported high values for 
the pHPZC of various Fh materials (including freeze-dried and wet materials) can be largely explained 
by the asymmetrical affinity of the electrolyte ions used in the underlying experiments.  

Figure S2.2 shows the pH–dependent surface charge density (C m-2) of a selected number of freeze-
dried and fresh Fh material. The potentiometric titrations were performed using KNO3,43 KCl,78 NaCl,76 
or NaNO3 

79 as background solutions. The reported pHPZC values ranged between 8.0–8.7 (Table 2.2 in 
the main text). The surface charge of all these Fh preparations can be consistently described using a 
unique pHPPZC value of 8.1. The corresponding logKH = 8.1 was also used for describing the surface 
charge of our Fh suspensions. The shift in the pHPZC can be explained by the CD model, only considering 
the ion pair constants of the electrolyte ions involved (Table 2.1 and Figure 2.4 in the main text). In our 
approach, the capacitance values of the inner and outer Stern layers (Cnano,1 and Cnano,2) are not treated 
as fitting parameters. These values are particle-size dependent and have been calculated according to 
Hiemstra and Van Riemsdijk.15 Only the specific surface area (SSA) was an adjustable parameter (see 
caption of Figure S2.2), and for each Fh suspension, its value has been iteratively calculated following 
the approach presented in Section 2.3.1.1 in the main text. 
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Figure S2.2. pH dependency of the surface charge of different freeze-dried Fh (panels a-b) and Fh materials kept 
in the wet state (panels c-d), as reported in literature. The different panels are for systems with different types of 
electrolyte solutions, which represent different degrees of asymmetry in the interaction with the surface groups of 
Fh. The lines are CD model predictions, using the ion pair constants of Table 2.1 and Figure 2.4 (see main text). 
The capacitance values are size-dependent,15 using as reference C1 = 0.90 F m-2 and C2 = 0.74 F m-2 for a flat 
plane.61 Panel a: Data are from Antelo et al.43 using a freeze-dried Fh material and KNO3 as background 
electrolyte. The SSA was fitted to 300 m2 g-1 with a corresponding Mnano of 87.6 g Fh mol-1 Fe. Modeled lines were 
shifted by +0.005 units in the y-axis. Panel b: Data are from Wang et al.78 using a freeze-dried Fh material and 
KCl as background electrolyte. The SSA was fitted to 455 m2 g-1 with a corresponding Mnano of 91.1 g Fh mol-1 

Fe. The description of the titration series at 0.01 M of KCl is inconsistent, and therefore not considered in the 
fitting of the SSA. Previous modeling attempts20 have also reported an inconsistent description of surface charge 
of a Fh material prepared by the same research group.75 All that presently matters is to show that the reported 
pHPZC value can be well reproduced by the model, only considering the proper values of ion pair constants and 
logKH = 8.1. Panel c: Data are from Jain et al.76 using a fresh Fh suspension (aged at 2 °C for <10 d) and NaCl as 
background electrolyte. The SSA was fitted to 670 m2 g-1 with a corresponding Mnano of 96.3 g Fh mol-1- Fe. 
Modeled lines are shifted by +0.004 units in the y-axis. Panel d: Data from Moon and Peacock79 using a fresh Fh 
suspension and NaNO3 as background electrolyte. The SSA was fitted to 570 m2 g-1 with a corresponding Mnano of 
93.8 g Fh mol-1 Fe. Experimental lines are shifted by +0.003 units in the y-axis. When the Mnano was not specified, 
nor the molar concentration of Fe, a molar mass of 89 g Fh mol-1 was assumed to transform the reported H+ 
adsorption data from mol kg-1 to mol mol-1 Fe. As we advocated it in the main text, reporting this information for 
Fh is essential to consistently scale the primary H+ adsorption data. 
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D. Probe ion method with PO4 to assess the SSA of Fh 

Figure S2.3 presents a scheme of the proposed method to assess the specific surface area of Fh using 
PO4 as probe ion (APO4). At the left-hand side (red box), the range of experimental conditions and 
measured variables are depicted. Typically, the total PO4 and Fe concentrations are in the order of 0.50 
and 2.0 mM respectively (i.e. molar PO4/Fe ration ~ 0.25). The final pH in the equilibrium solution 
ranges between ~4.5–8.0. The ionic strength of the systems is kept constant at 0.01 M, using NaNO3 as 
background solution. Each adsorption series is composed of at least 4 evaluation points. The type and 
the concentration of the different reactants used to attain these conditions are explained in Section 2.2.3 
of the main text. With this approach, adsorption envelopes of PO4 are obtained (Figure S2.4a) in which 
the percentage adsorption varies between ~40–85%. The final PO4 concentrations in the equilibrium 
solution range between ~0.05–0.30 mM. These conditions allow an accurate analytical determination of 
PO4 concentrations, resulting in relatively high percentages of PO4 adsorption found by calculating the 
difference between the total PO4 concentration and the final PO4 concentration in the equilibrium 
solution. For the proposed experimental conditions, the surface speciation of PO4 in Fh systems has been 
calculated as a function of pH (Figure S2.4b). At pH < ~5.5, the protonated bidentate (BH) and doubly 
protonated monodentate (MH2) species contribute significantly to the adsorption of PO4 to Fh. At pH > 
~5.5, the bidentate (B) and singly protonated monodentate (MH) are the dominant surface species. 

In the right-hand side (green box) of Figure S2.3, the CD model parameters (input) are listed. The 
logK values and CD coefficients for the adsorption reactions of H+, electrolyte ions, and PO4 are given 
in Table 2.1 (main text). The site densities are based on the structural surface model for Fh discussed in 
Hiemstra and Zhao.8 Experimental data of pH and total concentration of PO4, Na+, and NO3

- are needed 
as model inputs. The solid-to-solution ratio (SSR in g L-1) is also required. It corresponds to the product 
of total Fe concentration (mol L-1) and the molar mass of Fh (Mnano in g mol-1 Fe). For Fh, Mnano is size-
dependent and its value increases with increasing the SSA,10,81 as described in the main text. Therefore, 
the value of the SSR is found iteratively, after a first approximation of the value for the SSA as input. 
In our approach, the capacitance values Cnano,1 and Cnano,2 are also size-dependent. Therefore, the values 
of Cnano,1 and Cnano,2 are also iteratively calculated using the values of well-crystallized goethite as 
reference. Equation 2.4 (main text) is used for calculating the size-dependency of the capacitance values 
for Fh.  

In the workflow of Figure S2.3, the SSA is the only adjustable parameter and its value is found by 
scaling the experimental data of PO4 adsorption (PO4/Fe) to the values predicted by the CD model.  
Following this procedure, changes in the SSA of Fh, as a result of aging, can be consistently assessed.23 
This approach would also allow comparing differences in the surface reactivity of different Fh 
suspensions. This latter aspect is essential for developing an internally consistent thermodynamic 
database for applications in Surface Complexation Modeling (SCM). 
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Figure S2.3. Workflow of the proposed method using PO4 as probe ion for assessing the SSA of Fh suspensions. 
The left-hand side of the scheme (red square) depicts the experimental conditions of the batch adsorption 
experiments with PO4. Generally, the determination of a PO4 adsorption envelope with 4 evaluation points is 
enough to obtain reproducible and consistent evaluations. For an accurate evaluation of the PO4 adsorption, we 
suggest the use of the pH range ~4.5–8.0 and a total molar ratio P/Fe ~ 0.25. The right-hand side of the scheme 
depicts the modeling procedure to fit the SSA iteratively. The experimental results of PO4 adsorption (PO4/Fe) are 
rescaled until the best description is achieved (dark-blue arrow), resulting in the optimum value of SSA. The fitting 
procedure is done iteratively to adjust the input values of capacitances (F m-2) and SSR (g L-1), as those parameters 
are size-dependent. 

 

 

Figure S2.4. Panel a: Adsorption envelopes of PO4 to three Fh suspensions used in this study. The experimental 
data (symbols) were collected following the proposed PO4-method to assess the SSA of Fh (see text). The lines 
are CD model calculations performed with the parameters set of Table 2.1 (main text). In the modeling, the value 
of SSA is the only adjustable parameter. Panel b: Modelled surface speciation of PO4 as a function of pH in single-
ion systems with Fh. The adsorption conditions are the same as the experimental conditions used in the batch 
experiments presented in panel a; i.e. 0.01 M NaNO3 as background solution, total PO4 and Fe concentrations of 
0.50 and 2.0 mM respectively. MH= singly protonated monodentate, MH2 = doubly protonated monodentate, B = 
bidentate, BH = protonated bidentate complex. 
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E. Ion pair constants of Na and NO3 based on scaling with APO4 

Presently, for fresh Fh suspensions, it is not possible to derive by fitting procedures the logKip 
independently, i.e. free of assumptions. The reason is the absence of an independently derived value for 
the SSA. Traditionally, the BET method is used to assess the SSA of well-crystallized oxides, but this 
method is not suitable for freshly prepared Fh suspensions kept in the wet state. For this reason, we rely 
on goethite as reference material with a well characterized surface chemical behavior. The logKip values 
of Na+ and NO3

- are used to fit the relative affinity constants of other electrolyte anions, Cl- and ClO4
-. 

For the capacitances, well-crystallized goethite is also used as reference, accounting for the changes in 
surface curvature of the ultra-small Fh nanoparticles. 

The electrolyte ion affinity constants of Fh and goethite are highly related, but a small deviation from 
the 1:1 line is found for Cl- and ClO4

-. By using APO4 as an input for scaling the acid-base titration data 
of Fh1 (Figures 2.1 and 2.2, main text), the logKip values of all four electrolyte ions (Na+, NO3

-, Cl-, 
ClO4

-) can be optimized simultaneously. Implicitly, we assume AH = APO4. Overall, this leads to a minor 
shift of the logKip values minimizing the deviations from the 1:1 line (green symbols in Figure S2.5a). 
As the adsorption of PO4 to Fh is not sensitive to the precise logKip of Na+ and NO3

- within the working 
range of PO4 concentrations (Figure 2.5, main text), one may conclude that the adapted parameter set 
improves the consistency with the PO4 adsorption.  

 
Figure S2.5. Panel a: Comparison of the ion pair formation constants of Fh and goethite (green symbols), using 
the values of APO4 as input for scaling the H+ adsorption data of Fh. In the modeling, the logKip for Na+, NO3

-, Cl-, 
and ClO4

- were fitted simultaneously, using the self-consistent dataset of Fh1. Panel b: Comparison of the AH
 and 

APO4
 values of our three Fh suspensions found using the optimized logKip values of Na+ and NO3

-. 

 

Using the new set of logKip values, one can derive inversely from titration data, the best values of AH
 

for all Fh samples used in this study (Figure S2.5b). The data for Fh1 (dark spheres) remain closely 
around the 1:1 line. Only for Fh2 some deviation is observed, but this sample also has the largest 
uncertainty in the determination of the AH and APO4. The uncertainty in the fitted A values, expressed in 
the error bars, is ~ 2% and remains within the expected accuracy of the ion probe method. 
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F. Assessment of AH for freshly prepared Fh suspensions  

Recently, Hiemstra10 compiled a data set of acid-base titrations, reported in literature for Fh 
suspensions kept in the wet state and assessed the corresponding values of AH using the CD model. Here, 
we have extended the literature data set and critically reinterpreted the H+ adsorption data using the 
consistent approach presented in Section 2.3.1.1 of the main text. The results of this revaluation are 
presented in Table S2.2. The size-dependency of the molar mass (Mnano), mass density (ρnano) and 
capacitance values of the Stern layers (Cnano,1 and Cnano,2) has been systematically included in the 
assessment of AH. For expressing the original data of Fukushi et al.45 in terms of excess H/Fe ratio, the 
reported molar mass of 81.65 g mol-1 Fe was used. Scaling of all other data sets is based on M = 89 g 
mol-1 Fe, except for data of Moon and Peacock,79 who used explicitly a value of Mnano = 96.0 g mol-1 Fe. 

  

Table S2.2. Specific surface areas (AH), molar masses (Mnano), and particle sizes (d) of Fh suspensions that have 
been kept in the wet state. The reported acid-base titrations have been interpreted with the CD model to derive the 
values of AH, using the parameters set of Table 2.1 (main text). 

 

a Schwertmann and Cornell (1991) with 0.20 M Fe(NO3)3 or (a*) with 1 M Fe(NO3)3
  and 3% citrate, neutralized 

with 1 M KOH and washed. 
b Neutralization of 0.10 M Fe(NO3)3 to pH ~5.5. 
c Davis and Leckie (1978) with 0.10 M Fe(NO3)3 or (c*) with 0.10 M FeCl3.  
d Neutralization of 0.01 M Fe(NO3)3 in 0.01 M HNO3 with 0.02 M NaOH to pH =8.5. 
e Neutralization of probably 1 M Fe(NO3)3 with 1.5 M NaOH to pH =7.0. The resulting suspension was stored in 
1.0 NaNO3 solution at 5 °C. 
f Benjamin (1993) with 0.10 M Fe(NO3)3 and aging at pH = 7.0 . 
&Calculated from the H+ adsorption between pH 5.5 – 8.0 in 1.0 M NaNO3, reported by Kinniburgh and Jackson 
(1982). 

 

 

 

 

Reference Method Aging Electrolyte PZC 
AH Mnano d  

 (m2 g-1)  (g mol-1) (nm) 

Pivovarov (2009) b 2 days, pH 5 NaNO3 / NaCl 8.1 720 97.6 ~2.3 

Hsi and Langmuir (1985) c 4 h, pH 7 NaNO3 8.0 680 96.5 ~2.4 

Jain et al. (1999) a  < 10 days at 2 °C NaCl 8.5 670 96.3 ~2.4 

Fukushi et al. (2013) c* 4 h  NaCl 8.2 650 95.8 ~2.5 

Nagata et al. (2009) c 4 h NaNO3 7.9 620 95.0 ~2.6 

Davis (1977) c 4 h NaNO3 7.9 610 94.8 ~2.6 

Hiemstra (2018) d 4 h NaNO3 8.1 610 94.8 ~2.6 

(Kinniburgh et al. 1975) e few days at 5 °C NaNO3 8.1   585& 94.1 ~2.7 

Moon and Peacock (2013) a  5 days NaNO3 8.0 570 93.8 ~2.7 

Dyer et al. (2003) a  24 h NaNO3 7.9 550 93.3 ~2.8 

Girvin et al. (1991)  f 24 h, pH 7 NaNO3 8.0 530 92.8 ~2.9 
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G. Transfer function to calculate AH from proton titrations data 

In practice, a single H+ titration curve in NaNO3 at a sufficiently high electrolyte concentration 
enables the assessment of the SSA. Experimental data and modeling calculations show that, at a high 
ionic strength (I) (i.e. > 0.50 M), the excess H+ adsorption becomes linearly related to the pH within a 
pH range of ~5–9. Because of this linearity, no precise information about the pHPZC value of the Fh 
material is needed for the assessment of AH. The specific surface area can be directly related to the slope 
(S) of that relationship (i.e. Δ mmol H+ mol-1 Fe per Δ pH). 

To calibrate the transfer function for assessing AH, we first modelled the surface charge density (C 
m-2) for Fh systems in a 1.0 M NaNO3 background electrolyte solution, using the CD model with the 
parameters set presented in Table 2.1 (main text). The pH range was ~ 5.0–9.6. The generated charge 
density data for particles of different size were transformed into H adsorption data per mole Fe (mmol 
H mol-1 Fe), applying the set of mathematical relationships that account for the size-dependency of the 
SSA and Mnano.15,23 This was done for a range of SSA values between 500–800 m2 g-1.  

These calculated H+ adsorption series (mmol H mol-1 Fe) were plotted as a function of pH. The 
linearity of these relationships was checked (R2 > 0.999) and their corresponding values for the slope 
(S) were determined. As shown in Figure S2.6, the values of S (Δ mmol mol-1 Fe per ΔpH) are linearly 
related to the values of AH (R2 = 0.999). 

 
Figure S2.6. Relationship between the AH of Fh and the slope S of the pH-dependent H+ adsorption for titrations 
curves performed at 1.0. M NaNO3. 

 

The same calibration procedure was repeated for Fh systems with ionic strengths between I = 0.5–
1.0 M. This reveals the variation in the proportionality factor between AH and S as a function of I. This 
factor can be defined as a + b logI. The resulting transfer function can be presented as:   

 

AH = (a + b log I) S + c                                                                                         (Equation S2.1) 

 

where AH is the assessed SSA in m2 g-1, I is the ionic strength in mol L-1, a = -15.61, b = 4.66, and c = 
94 is a constant. Equation S2.1 can be applied to experimental data of proton adsorption and the resulting 
AH values can be compared with those predicted with the full CD model approach discussed in the main 
text. Kinniburgh and Jackson85 reported a constant slope of -32 mmol H+ mol Fe-1 / pH for a Fh 
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suspension titrated in 1.0 M NaNO3. Applying Equation S2.1 yields a value of AH
 ~594 m2 g-1, which 

agrees with the value previously calculated by Hiemstra10 (AH ~ 585 m2 g-1) using the CD model. Applied 
to the H+ adsorption data of our Fh2 and Fh3 suspensions (Figure S2.1), insignificant differences are 
found in the values of AH derived with either the CD model or Equation S2.1 (Table 2.3, main text). 

 

H. Transfer functions to calculate APO4 from phosphate adsorption data 

The SSA of Fh can also be assessed with surface probing using PO4. For a Fh system with a given 
solid-to-solution ratio (SSR in g L-1), the mass balance of PO4 is related to the value of APO4 (m2 g-1) 
according to: 

 

𝐴𝐴PO4 =  PO4(ini) − PO4(eq)
ΓPO4  ×  SSR

                                                                                    (Equation S2.2) 

 

where PO4(ini) and PO4(eq) are respectively the initial and the final solution concentration of PO4 (mol 
L-1), and ΓPO4

 is the surface density of adsorbed PO4 (mol m-2).  

As shown in Equation S2.2, the value of APO4 can be derived from the mass balance of PO4 in the Fh 
systems. An essential component of this mass balance is the value of ΓPO4. This ΓPO4 value cannot be 
obtained directly from the experimental measurements as the primary information only yields the ratio 
PO4/Fe, but it is derived by modeling. For a given condition of pH and ionic strength, there is a unique 
relationship between the equilibrium concentration of PO4 in solution (PO4(eq)) and ΓPO4, i.e. the 
adsorption isotherm.  

Using the CD model with the parameters of Table 2.1 (main text), we have generated a large number 
of data points in which the relationship PO4(eq) ↔ ΓPO4 was evaluated for Fh. With these data, a multiple 
linear relationship (Equation S2.3) has been calibrated linking the value of ΓPO4 to the experimentally 
available information (pH and PO4(eq)). It must be noted that this relationship is only valid for single 
PO4 systems in the absence of any other specifically adsorbing (cat)-anion; i.e. it does not consider 
cooperative or competitive adsorption interactions with PO4.  

 

ΓPO4 =  𝑎𝑎 pH + 𝑏𝑏 log(PO4(eq))  +  𝑐𝑐                                                         (Equation S2.3) 

 

First, the empirical relationship was calibrated for Fh systems in 0.01 M NaNO3, pH values between 
pH = 4.5–8.5, and ΓPO4of ~1.0–3.2 µmol m-2. The results of the multiple linear regression are shown in 
Figure S2.7a, where c = 7.80, a = –0.51, and b = 0.58. The values of ΓPO4 predicted by the transfer 
function (y-axis) agree with the ΓPO4 derived by the full CD model (x-axis). In Figure S2.7b, we show 
the results for Fh in 0.1 M NaNO3. The parameter values for this system are c = 7.59, a = –0.44, and b 
= 0.60.  

The values of APO4 derived for our Fh suspensions using Equation S2.2 and S2.3 are in good 
agreement with the values obtained with the CD model (Table 2.3 in the main text). 
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Figure S2.7. Relationship between the PO4 surface loading values (ΓPO4) derived with the CD model and predicted with the 
transfer functions. Panel a is for the multiple linear function calibrated for systems in 0.01 M NaNO3, whose parameters were 
used in the APO4 calculations of our Fh suspensions (main text). Panel b is for the multiple linear function calibrated for systems 
in 0.1 M NaNO3.  

 

I. Relationship between chemisorbed water and SSA 

As explained in the main text, information about the chemical composition of Fh is required for the 
consistent scaling of ion adsorption phenomenon. The composition of Fh can be given as 
FeO1.4(OH)0.2·nH2O·mH2O, where nH2O is the size-dependent amount of chemisorbed water and mH2O 
is the physiosorbed water. Both values can be estimated experimentally from thermogravimetric analysis 
(TGA) data. Physisorbed water is removed at  < 125 °C, and chemisorbed water between 125 and 350 
°C, while at higher temperature (> 350 °C) the structural OH is removed as H2O.49,54 Figure S2.8 shows 
TGA data of a 2-line Fh material reported by Eggleton and Fitzpatrick,26 in which the fractions of 
physisorbed, chemisorbed, and structural water are distinguished.  

TGA data can be interpreted with the surface depletion (SD) model57 to estimate the value of specific 
surface area (ATGA) of Fh. A crucial aspect in this assessment is an accurate distinction between the 
amounts of the various water fractions involved. As shown in Figure S2.8, the slope of the relationship 
mass loss vs temperature is rather steep for temperatures around 125 °C, in contrast to the slope at a 
temperature of 350 oC. This leads to a relatively high uncertainty in the estimation of ATGA (~ ±10%) for 
small differences in temperature (± 1 °C).  

The approach illustrated in Figure S2.8 has been applied for interpreting the TGA data reported by 
Michel et al.49 In Figure S2.9, the values of ATGA are compared with the SSA values estimated from the 
average particle size obtained by TEM analysis (ATEM). The latter values have been calculated iteratively 
using size-dependent values for the mass density (ρnano), as explained in Section 2.3.1.1 of the main text. 
For 2-line Fh with a high surface area and small particle size, good agreement exists between ATEM and 
ATGA within the uncertainties. At the lower end in the range of A ~ 20–750 m2 g-1 the values found with 
TGA deviate. More water is removed than can be explained by the surface composition. This difference 
can be attributed to the presence of structural defects and can be caused by an imperfect particle growth 
by oriented attachment, as discussed in Hiemstra86 and Hiemstra et al.23 

In Figure S2.9, the values of ATEM are also compared with the reported values of ABET. A good 
agreement between both approaches is only found for the particles with the lowest A (~ < 250 m2 g-1) 
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and corresponding largest particle size (d ~ > 5.5 nm). For higher A values, the ABET values are 
significantly lower than those of ATEM, indicating that the reduction in ABET due aggregation of primary 
particles is more significant for Fh suspensions with the smaller mean particle size. Results in Figure 
S2.9 provide further evidence that the traditional BET method is not suitable for assessing the SSA of 
fresh Fh suspensions. Therefore, the use of PO4 as probe ion has been advocated in the present 
contribution. 

 

Figure S2.8. Thermogravimetric analysis (TGA) curve for a 2-line ferrihydrite preparation reported by Eggleton 
and Fitzpatrick.26 The loss of mass below 125 °C is associated with the amount of physisorbed water, whereas the 
amount of chemisorbed water is related to mass loss occurring between 125 and 350 °C. Mass loss at > 350 °C is 
associated with structural water of the bulk mineral. 

 

 

 

Figure S2.9. Relationship between the SSA of ferrihydrite derived from TEM data (ATEM) with the SSA derived 
either from thermogravimetric analysis data (ATGA) or gas adsorption (ABET). Data are from Michel et al.49 The 
ATEM values were obtained from the reported average particle size obtained by TEM analysis, using size-dependent 
values of mass density (ρnano) as explained in the main text. The ATGA values were obtained by interpreting the 
experimental amount of chemisorbed water (> 125 °C) according to the surface depletion model (SD).57 
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Abstract  
Surface area is a crucial property of metal oxides for scaling ion adsorption phenomena. For ferrihydrite 
(Fh), the value is uncertain. Moreover, it rapidly changes with time, pH, and temperature. In this study, 
the dynamic change of the reactive surface area has been probed with phosphate for ferrihydrite, 
produced by ultra-fast neutralization at 20 0C. The initial nanoparticles are very small (d ~ 1.68 nm), 
have a remarkably large specific surface area (A ~ 1100 m2 g-1), and contain on average only 45 Fe 
atoms. Our data reveal the rapid change of the surface area showing that the rate of growth decreases by 
nearly three orders of magnitude (R ~ 0.01–10 µmol Fe m-2 h-1) within one week of ageing. The rate of 
growth is proportional to the square of the super saturation of the solution (Qso/Kso)2, which suggests a 
rate limitation by dual attachment of Fe to a surface site of growth. This process is significantly hindered 
by the presence of weakly bound organic molecules, particularly at low pH, implying for soils that 
natural organic matter may considerably contribute to the kinetic stability of the natural iron oxide 
fraction. Our data also show that the reaction pathways are very different in NaNO3 and NaCl solutions. 
The decrease of surface area in NaNO3, prepared in traditional batch experiments, can be described 
excellently with the above rate law implemented in our dynamic model. This model also covers the 
temperature dependency (4–120 oC) of Fh ageing using an activation energy of Ea = 68 ± 4 kJ mol-1. For 
traditionally prepared two-line Fh (2LFh), our model suggests that with solely dual Fe attachment, the 
growth of the primary particles is limited to d ~ 3–4 nm (A ~ 350–500 m2 g-1). Larger particles can be 
formed by oriented attachment, particularly at a high temperature. Using forced hydrolysis at 75 oC, 
large particles (d ~ 5.5 nm) can also be produced directly. According to our model, Ostwald ripening of 
such six-line Fh (6LFh) particles will be limited due to their low solubility. 
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3.1. Introduction 
Ferrihydrite (Fh) is a nanoparticle omnipresent in nature and used in environmental engineering. Its 

properties contribute to the fate of many elements in the geochemical cycle and environmental 
technology. Ferrihydrite nanoparticles are highly reactive and have a high ion adsorption capacity that 
is relevant for applications. For this reason, it is used and widely studied as model material to elucidate 
the adsorption of cations, anions, and organic matter.1–19 The surface area of Fh is an essential 
characteristic, particularly from the perspective of surface complexation modelling. One reason is that 
Fh particles are usually charged. This charge is scaled to a surface area. It allows the calculation of the 
variable electrostatic energy contribution that largely controls the variation in binding of ions to surfaces 
in relation to solution conditions.16,20–24 In addition, the supposed surface area determines the number of 
available adsorption sites at a given surface site density. Therefore, a proper scaling is crucial for 
describing ion adsorption behaviour of Fh. 

Ferrihydrite is easily synthesized in the laboratory.25 However, variations in protocols lead to 
different and not well-known surface areas.26,27 Moreover, the surface area of Fh will decrease with time 
because nanoparticles are thermodynamically unstable and will spontaneously grow. For Fh, the rate of 
change depends on controlling factors such as pH, adsorbed ions, and temperature.28 

Relatively, little information is available about the evolution of the reactive surface area and particle 
size of Fh immediately after preparing the nanomaterial for use in for instance ion adsorption 
experiments. Formation of Fh starts with nucleation and it is followed by the binding of yet unreacted 
Fe(III), still present in the solution phase. The combination of nucleation and supplementary Fe 
adsorption results in a polydisperse suspension that initially contains ultra-small nanoparticles with a 
very high surface area, a high reactivity, and a high instability. 

In a Fh suspension, the smallest particles will maintain a labile equilibrium between Fe in solution 
and the solid phase.29 Ferrihydrite particles, larger than a critical size, will spontaneously grow at the 
expense of the smaller particles that dissolve. This will lead to an increase in the mean particle size. This 
process of simultaneous growth and dissolution was first described by Ostwald,30 and therefore, we will 
refer to this process of coarsening as Ostwald ripening (OR). 

For relatively large Fh particles, the rate of growth by classical Ostwald ripening becomes very small, 
as will be demonstrated in the present study. Nevertheless, experimental data show that Fh particles can 
still increase significantly in size.31 This is due to growth by oriented particle attachment.32 As soon as 
the Fh particles become sufficiently large, patches of specific crystal faces may develop that allow 
oriented attachment (OA).33 Even larger particles may form by fusion as shown for ZnS.34 Self-assembly 
of primary Fh particles results in rod-shaped entities as shown with TEM by Murphy et al.35 and more 
recently, by Burleson and Penn.31 These units get a typical aspect ratio of 5 ± 1.31,35 The process of 
oriented particle attachment typically occurs for Fh particles with a size near ~ 4 nm and larger.33 The 
rate of this particle–particle interaction is second-order-dependent on the suspension concentration of 
the primary nanoparticles and has a rate constant that depends on the pH and interface structure.36 The 
process is most evident during aging at high temperature (60–120 oC) and high pH (10–12).31 

Ultimately, Fh transforms into more stable Fe (hydr)oxides. In the presence of dissolved Fe(II), the 
conversion is accelerated,37 forming lepidocrocite and goethite within hours. Otherwise, Fh may convert 
into goethite, hematite, or maghemite.38–41 This conversion occurs at a relatively large particle size29 and 
therefore, it has often been studied at hydrothermal conditions. To quantify the degree of transformation, 
the difference in rate of dissolution in an oxalate42–44 or ascorbate solution45 has been used to assess the 
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amount of Fh left at transformation, or X-ray diffraction and/or EXAFS is used to estimate the amount 
of crystalline material formed.41,46,47 

The initial size of primary Fh nanoparticles immediately formed after instantaneous hydrolysis of 
Fe(III) upon base addition is very small but not well-known. It has been proposed that the initial 
formation of Fh is via the formation of ultra-small Fe13 nuclei48 with a Keggin structure having one 
central tetrahedral Fe. Similar clusters may form in ferritin when loaded with little Fe.2 Fe13 nuclei are 
stable at very acid conditions but above pH ~ 2 they grow into Fh.48 This growth is driven by the 
adsorption of dissolved Fe-complexes such as dimers.49,50 Immediately after ultrafast synthesis of Fh at 
room temperature in a NaCl solution,51 the particles have a mean particle size of d ~ 1.8 nm, a specific 
surface area of A ~ 1000 m2 g-1, and contain nFe ~ 60 Fe.2 

With classical protocols for Fh synthesis, the specific surface area can be significantly smaller than 
with fast hydrolysis. Traditionally synthesized two-line Fh (2LFh) usually has a specific surface area in 
the range of just A ~ 530‒710 m2 g-1 when kept in the wet state.27 The corresponding mean particle size 
is between d ~ 2.3‒2.9 nm and the number of Fe per particle is nFe ~ 140‒325 Fe. When dried, the 
particles are irreversibly bound together in porous aggregates having a significantly lower reactive 
surface area.8,16,52–55 

The above overview illustrates that the particle size and surface area of Fh ultimately used in 
laboratory experiments may largely differ from the nanoparticles initially formed. During storage, the 
surface area will further decrease. The present study is meant to quantify the rate of ageing of freshly 
prepared Fh. We will study the change in reactive surface area of Fh in NaNO3 for a time scale of up to 
one week, covering a particle size range of d ~ 1.7‒3 nm. We aim to reveal the factors that control the 
change in specific surface area. The challenge is to elucidate the underlying mechanism of growth of 
the primary Fh particles due to Ostwald ripening in the early stage of growth. The ultimately goal is to 
develop a mechanistic model for describing the time-dependent change of particle size and surface area 
once the initial nanoparticles have been formed. With the collected insights, we will also disclose the 
size of the initial particles, immediately after formation. 

There are several approaches to assess the reactive surface area of Fh. Traditionally the specific 
surface area of metal (hydr)oxides is determined by probing the surface with gas molecules (N2, Ar, and 
Kr). For oxides in general, it gives good results compared to other methods.56 The BET equation is used 
to derive the specific surface area from the collected gas adsorption data. This method cannot be applied 
to assess the specific surface area of Fh nanoparticles in the wet state. Use of transmission electron 
microscopy (TEM) can be seen as an alternative, but the approach is experimentally challenging as fresh 
Fh particles are very small, usually strongly aggregated, and have a particle size distribution.40,57–60 In 
case of ZnS nanoparticles, peak broadening at X-ray diffraction has been used34 to derive the mean 
particle size. The translation of size to specific surface area requires information about the particle 
shape,61 while particle porosity should be unimportant. 

Davis and Leckie62 have suggested to use H+ as probe-ion to assess the specific surface area of 
freshly-prepared Fh. In that approach, the pH-dependent proton adsorption is interpreted with surface 
complexation modelling. Basic assumptions are the value of the capacitance of the inner Stern layer and 
the value of the molar mass of Fh. Both are strongly size-dependent2 but its variation can be consistently 
included, making the specific surface area the only adjustable parameter in a 1-pK approach.27 Applying 
this approach to H+ adsorption data from literature reveals a specific surface area ranging from 530‒710 
m2 g-1 for the various Fh preparations.27 The upper value corresponds to particles with a mean size of 
2.3 nm, in agreement with TEM data for freshly-prepared Fh without specific ageing.40 
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An alternative to H+ as probe-ion is the use of PO4 ions.2 The use of the latter has the advantage that 
the adsorption of PO4 can be measured easily and accurately, since this anion has a high affinity for Fe. 
Comparison of the results found with proton titrations suggests good agreement27 and is further 
supported by yet unpublished data. In the approach, the CD and MUSIC model recently developed for 
Fh has been used2 and will also be applied in the present study.  

In the present work, we will study the dynamic change of the reactive surface area of Fh kept in the 
wet state. We will start by producing Fh with high-speed titration of a Fe(III) nitrate solution with base, 
mixed in a flow chamber. For this material, the change of the specific surface area will be studied at a 
time scale between 0.1 hour and ~7 days for pH values of 5‒9, maintained by means of organic pH 
buffer solutions, similarly as used recently by Mao et al.51 In the second set of experiments, we will 
study the time and pH dependent ageing of traditionally produced Fh, and we will include in that study 
the temperature dependency (4–20 oC). The results will be compared to data for Oswald ripening of 
primary particles at high temperature (60–120 oC) collected with TEM.31 For the latter data, we will 
show that the observed growth of the primary particles can be described with the same model that we 
developed for our freshly prepared Fh. 

 

3.2. Experimental 
Fh was produced by titrating a Fe(III) nitrate solution with NaOH, which was subsequently aged. 

The experiments were done in the presence and absence of organic pH buffers. In the latter case, 
temperature dependency was studied too. At each reaction time and pH condition, the specific surface 
area was measured using phosphate as probe-ion. The collected PO4 adsorption isotherms or edges were 
interpreted with the charge distribution (CD) and multiple site complexation (MUSIC) model of 
Hiemstra and Zhao,2 making the specific surface area the only adjustable parameter. From the value of 
the specific surface area, the mean particle size, and number of Fe ions per particle were calculated. 

3.2.1. Ferrihydrite synthesis  

3.2.1.1. High-speed neutralization 

These experiments were conducted in a conditioned room (20 °C). All solutions were prepared with 
ultra-pure water (18.2 MΩcm at 25 °C, <1 ppb TOC) and chemical reactants of analytical grade. A 
mixture containing 100 mM Fe(NO3)3, 100 mM HNO3, 38 mM MES (C6H13NO4S) and 38 mM MOPs 
(C7H15NO4S) was neutralized with 380 mM NaOH at a common tip in a tubing system and led over a 
glass electrode in a reaction vessel for nonstop recording of the pH (Figure S3.1). The rate of Fe addition 
was set to 8.0 mL min-1 and the rates of base addition were chosen such that the pH value remained 
initially ~ 0.5‒1 pH units lower than the target value to be reached. The remaining NaOH addition (≤ 
~5 % of the total added NaOH) was done at a lower speed while magnetically stirring the suspension 
produced. The system was purged continuously with moist and cleaned N2 gas. Individual batches were 
produced for each reaction time and pH condition. The volume of added base solution varied only 
slightly between individual batches prepared for systems with the same target pH (CV% of base volume 
< 0.5%), i.e. the neutralization (OH/Fe ratio) was very reproducible.  

For ageing, the suspensions produced were transferred into closed plastic bottles and shaken in a 
reciprocal shaker (180 strokes per minute). At a predefined reaction time between 0.1 hour and 7 days, 
the suspension was characterized with a PO4 adsorption experiment using 6 different initial PO4 
concentrations, and the actual Fe concentration (~ 45 mM) was measured using Inductively coupled 
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plasma optical emission spectrometry (ICP-OES) after dissolving a sub sample in a final concentration 
of 0.1 M HNO3. 

3.2.1.2. Standard synthesis of ferrihydrite  

A second set of Fh suspensions was produced with our standard methodology.2 A freshly-prepared 
solution of about 1.1 L containing ~3.7 mM Fe(NO3)3 dissolved in 0.01 M HNO3 was titrated with 
approximately 1.1 L of freshly-prepared 0.02 M NaOH. The initial neutralization of ~90 % was done at 
a rate of ~200 mL NaOH min-1 until a pH of 3.1–3.2 was reached. Additional 0.02 M NaOH solution 
was subsequently added in ~5 mL increments until the suspension reached a final pH of either 6.00 (Fh 
pH 6) or 8.20 (Fh pH 8.2). The pH was stabilized for 15 min and next, the Fh suspensions were 
centrifuged at 3330g for 45 minutes. Subsequently, the supernatant was carefully removed and the 
settled Fh particles were re-suspended in a 0.010 M NaNO3 solution to a typical final volume of ~200 
mL.  

 In some cases, the pH was slightly changed after re-suspending the particles in the final 
background electrolyte solution. In that case, the pH was re-adjusted to the target value by using either 
0.01 M HNO3 or 0.01 M NaOH solution. These ferrihydrite suspensions were aged in a closed bottle at 
20 °C for 4 hours since neutralization. Part of this stock suspension was subsequently kept at 20 oC while 
another part was stored at 4 oC to determine the temperature dependency of ageing. The surface area of 
both suspensions was measured with PO4 as probe-ion covering the time span of 4‒168 h since 
neutralization. The total Fe concentration of the suspensions (~ 20 mM) was measured by ICP-OES in 
a matrix of 0.8 M H2SO4. 

3.2.2. Phosphate adsorption experiments 

3.2.2.1. Fh systems with pH-buffer 

 Systems for measuring the PO4 adsorption were prepared in 50 mL polypropylene tubes. The total 
volume (VT) was 30.0 mL and typically contained ~10 mM Fe. For each pH system, a ~10 mM PO4 
stock solution was prepared by mixing Na2HPO4 and NaH2PO4 in a ratio 1:99 (pH 5), 1:9 (pH 6), 1:1 
(pH 7), 3:7 (pH 8), and 7:3 (pH 9). Six different initial PO4 concentrations were used ranging from ~2.3‒
4.5 mM at low pH, to ~1.6‒3.2 mM at high pH. In addition, two systems (pH 5 and 6) with a 10 fold 
higher initial PO4 concentration range were used to test the possible influence of the buffer on the PO4-
adsorption, showing no evidence for this in agreement with the work of Mao et al.51 The background 
electrolyte solution contained ~ 0.10 M NO3, 3.8 mM MES, and 3.8 mM MOPs. Equilibration was 
established by shaking for 16 hours at 180 strokes per minute. Equilibration for 1 hour51 was found to 
be not enough. After measuring the pH and subsequent centrifugation (3750g for 20 min), the 
supernatant was filtered over a 0.45 µm filter, acidified with 1 M HNO3 and analysed for P with ICP-
OES. 

3.2.2.2. Standard Fh systems  

For standard synthesized Fh, PO4 adsorption was measured for five times of ageing at 20 °C (4, 24, 
48, 72, and 166 or 168 hours), whereas for the Fh suspensions aged at 4 °C, two reaction times were 
used (72 and 166 or 168 hours). The phosphate adsorption experiments were done in a similar way as 
described above but in the absence of organic buffers and using different volumes and initial 
concentrations. The adsorption was measured in a background electrolyte solution of 0.010 M NaNO3. 
Aliquots of 0.01 M acid (HNO3) or base (NaOH) solutions were added to adjust the pH values to the 
desired pH range of about 4‒8. The final volume was 40 mL and contained 0.50 mM PO4 and about 2.0 
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mM Fe. Each adsorption edge was usually composed of four evaluation points at one initial PO4 
concentration but different pH values. The final pH after equilibration for 20 hours was between pH 
~4.2‒7.6 for the series prepared with Fh pH 6 and between pH ~5.0‒8.0 for Fh pH 8.2. All adsorption 
experiments were done at 20 oC. After centrifugation (3300g for 15 minutes) and sampling with 0.45 
µm filtration, the pH was measured in the re-suspended system. The sampled supernatant was similarly 
analysed for P with ICP-OES as described above. In a number of samples, Fe was also measured for 
verifying the quality of phase separation. 

 

3.3. Results and Discussion 

3.3.1. Primary adsorption data  

The PO4 adsorption isotherms have been measured for Fh systems aged at pH 5.0, 6.0, 7.0, 8.0, and 
9.0. The pH was stabilized by using a combination of organic pH buffers (~ 0.02 M MES and ~ 0.02 M 
MOPS). Ageing times were 0.1, 1.5, 6, 24, and 168 hours in all pH experiments except pH 7, where 24, 
48, 72, and 144 hours were selected to measure the particle growth. For the systems at pH 5 and 6, the 
growth was also characterized by studying it with a 10-fold higher initial PO4 concentration (~ 15–35 
mM). Figure 3.1 gives two examples of the decrease of the PO4 adsorption isotherm with ageing. The 
trend of decrease with time of ageing is very similar in both cases. For pH 5, the P/Fe ratios are much 
higher than for pH 8, but this is mainly due to less PO4 adsorption at higher pH values as follows from 
CD modelling. Initially, all particles are very small. The PO4 adsorption is roughly halved after 168 
hours of ageing, suggesting a change of the surface area by a factor of about 2. 

 
Figure 3.1. Time-dependent PO4 adsorption isotherms in ~0.10 M NaNO3 measured at pH 5.38 ± 012 and 8.01 ± 
0.21 buffered with 3.8 mM MES and 3.8 mM MOPS (symbols). The Fh was formed and aged at pH 5.00 and 8.00 
(20 oC) in solution containing finally ~0.10 M NaNO3, ~19 mM MOPS, and ~19 mM MES. The lines have been 
calculated with the CD model, taking for each individual data point the corresponding experimental pH and total 
concentrations of Na, NO3, PO4, MES, MOPS, and Fe. The molar masses of Fh were found iteratively with CD 
modelling from the fitted specific surface area A (Equation 3.1). With time, it typically decreased from Mnano ~107 
to ~94 g mol-1 Fe.  

3.3.2. CD MUSIC modelling  

The adsorption measured in the various systems can be described with the CD model. Previously, 
the PO4 adsorption has been studied extensively2 and the resulting parameter set has been applied to 
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describe the present data sets. In this approach, the reactive surface area is the only adjustable parameter 
and its value can be found by fitting the measured PO4 adsorption isotherms. However, for a proper 
interpretation, the molar PO4/Fe ratio needs to be translated into the PO4 adsorption per unit mass of Fh. 
This requires the value of the molar mass. The latter is not constant but depends on the (yet unknown) 
specific surface area. The molar mass of the nanoparticle Mnano (g mol-1 Fe) is a function of the specific 
surface area A (m2 g-1) and the excess surface water density NH2O (12.6 10-6 mol m-2), as derived 
previously.29,63 

𝑀𝑀nano = 𝑀𝑀core
𝐴𝐴 𝑁𝑁H2O𝑀𝑀H2O

�1−𝐴𝐴 𝑁𝑁H2O𝑀𝑀H2O� 
                                                                                                    (Equation 3.1) 

 
The reason for a variable molar mass is the presence of surface groups that lead to a change of the 

molar composition.  

The molar composition of Fh can be given as FeO1.4(OH)0.2·nH2O in which n is the molar amount of 
chemisorbed water in excess to the bulk composition FeO1.4(OH)0.2. This excess amount of coordinated 
water (n) can be calculated from the difference in the molar mass of the nanoparticle (Mnano) and mineral 
core or bulk (Mcore), scaled to the molar mass of water MH2O, according to:  

 

𝑛𝑛 = 𝑀𝑀nano−𝑀𝑀core
𝑀𝑀H2O

                                                                                                                                (Equation 3.2) 

 

The molar mass Mnano (g mol-1) and surface area A (m2 g-1) are iteratively found in a cycle of CD 
modelling and recalculation of the PO4 adsorption per unit mass (mol kg-1) from the primary molar 
PO4/Fe ratio, and this is used to generate a new input for the fitting procedure. In this process, the values 
of the Stern layer capacitances are also continuously adapted to account for the surface curvature of the 
spherical particle with a diameter d calculated from the corresponding specific surface area A. In Figure 
S3.2, the influence of the surface curvature on the PO4 adsorption is shown. 

The translation from A (m2 g-1) to d (m) requires the value of the mass density of the nanoparticle 
ρnano (g m-3), which is variable since the amount of coordinated water (n) adds more to the volume than 
to the mass of the particle. The relationship between the mass density and molar mass of a nanoparticle 
can be given as: 

 

ρnano = 𝑀𝑀nano
𝑉𝑉O × (𝑛𝑛O+𝑛𝑛)

= 𝑀𝑀nano
𝑉𝑉O  × (𝑛𝑛O+(𝑀𝑀nano−𝑀𝑀core)/𝑀𝑀H2O)

                                                                   (Equation 3.3) 

 

in which VO
 is the lattice volume of Fh per oxygen in m3 per mole oxygen ions, nO is the number of 

oxygens per Fe in the bulk of Fh (1.6) and n is the amount of excess water defined in Equation 3.2. 

In the above approach, the primary PO4 adsorption data of Fh in the various systems have been used 
to derive the specific surface area. In a self-consistent manner, the effect of surface curvature is also 
included by translating the surface area to the corresponding spherical particle diameters d (m) according 
to: 

 
𝑑𝑑 = 6

ρnano  𝐴𝐴
                                                                                                                              (Equation 3.4) 
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The corresponding number of Fe ions in the particle (nFe) follows from: 

𝑛𝑛Fe  =  
ρnano
𝑀𝑀nano

  π𝑑𝑑
3

6
  NAv                                                                                                            (Equation 3.5) 

 

in which NAv is Avogadro’s number. The above-described theoretical relation between chemical 
composition and particle size is shown for Fh in Figure 3.2 (line) together with experimental data (blue 
spheres) of Michel el al.,40 as well as data derived by constructing Fh particles with Crystalmaker® 
(open squares) with a procedure described previously.33,64 Good agreement exits between model and 
data, which implicitly indicates the correct calculation of molar mass Mnano and mass density ρnano. 

 

 
Figure 3.2. Excess water (n) of Fh (FeO1.6H0.2·nH2O) as a function of particle size. The blue spheres are 
data collected by Michel et al.40 for a series of Fh particles aged at high temperature. The mean diameter 
has been found with high-resolution transmission electron microscopy (HR-TEM). The white squares 
have been derived by constructing near-spherical Fh particles from which all Fe2 and Fe3 were removed 
that formed singly coordinated surface groups.33,64 The corresponding size was calculated based on the 
number of oxygen in the particle and the value for lattice volume expressed per oxygen VO (10.7 10-6 m3 
mol-1). Using the principle of electro neutrality, the total number of H can be found for each particle from 
which one gets the excess number of protons by subtracting the number of structural H according to the 
composition FeO1.4(OH)0.2. It yields the corresponding amount of coordinated surface water. The model 
line is calculated applying Equations 3.1–3.4, showing good agreement with the data. 

At very low pH (<2), small angle X-ray scattering (SAXS) points to the formation of ultra-small 
nuclei.48 The reported Fe-dominated radius of ro = 0.41 nm translates to a particle size by incorporating 
an effective O diameter of about ~0.20‒0.25 nm, leading d ~1.22‒1.32 nm, in agreement with our 
equivalent spherical diameter of ~1.25 nm calculated for Fe13. A neutral Fe13 cluster will have a chemical 
composition of Fe13O40H41. Compared to the bulk composition of Fh, the excess amount of coordinated 
water is nH2O = 2.9, which is extremely above any of the values for excess water of Fh particles, given 
in Figure 3.2. It indicates that the Fh structure is significantly more condensed than any collection of 
aggregated Fe13 clusters. The core-shell structure suggested for the Fh48 is in line with the particle size 
dependency of the ferrimagnetic behaviour of Fh as shown recently.33 Other SAXS data59,60 for 
characterizing Fh will be discussed later. 
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3.3.3. Particle evolution with time 

In Figure 3.3, the pH and time dependent evolution of Fh is given showing the specific surface 
area A, the mean particle diameter d, and the number of Fe per particle nFe (symbols), obtained 
by interpreting the primary PO4 adsorption data collected at the various pH values and times of 
ageing at 20 oC. At the logarithmic time scale, the measured specific surface area decreases 
almost linearly. After a few minutes of ageing, the particles are still very small. Depending on 
the pH, A = 1100‒900 m2 g-1, d = 1.7‒1.9 nm, and nFe = 50–80. 

 

 

Figure 3.3. a) Evolution of the specific surface area (A), b) mean particle diameter (d), and c) number of Fe per 
particle (nFe) as a function of the logarithm of the ageing time for Fh produced and aged at 20 oC in a solution with 
0.2 M NaNO3, 19 mM MOPS, and 19 mM MES with pH values as indicated. The lines have been calculated with 
the dynamic simulation model presented and discussed using Equation 3.9 as rate law with logk0 = 4.80 (m-2 s-1) 
or logk0 = -9.58 (µmol m-2 s-1) and a = -0.5. The arrow at the x-axis indicates the ageing time of 4 hours that is 
often used in ion adsorption experiments with Fh. 

3.3.4. Rate of growth  

To get insight into the process of growth during Ostwald ripening, the collected data require rescaling 
to reveal the rate of growth that allows deriving the underlying rate law. During particle growth, there 
is a flux of Fe towards the surface. This flux (mol h-1) can be expressed per unit surface area (mol m-2 h-

1). To do this scaling, the data have been described with a mathematical trial function that can excellently 
depict the evolution of the particle size (d) with time of ageing (t). The equation used is d = a t 1/n + do 
in which the parameters a, do, and 1/n are derived by fitting. This can be done conveniently by plotting 
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the diameter d against the time parameter (t1/n), evaluating linearity by searching for the best value of 
the exponent 1/n (Figure S3.3). The regression coefficients obtained are very high (R2 ≥ 0.99), i.e. this 
linear relationship describes the time dependency very well. 

The parameterized trial functions can be used to calculate the rate of growth at the various times of 
ageing by taking the derivative (∂d/∂t) that also allows the calculation of the change of the number of 
Fe per particle (nFe) with time (∂nFe /∂t). By scaling to the corresponding surface area (m2) of the particle 
(A# = πd2), one derives the rate of growth R expressed as the number of Fe ions that become attached 
per unit surface area and time i.e. R = (∂nFe/∂t) / A# with the unit µmol m-2 h-1. At each reaction time, it 
represents the Fe-flux towards one unit of surface area. This rate of particle growth R is shown in Figure 
3.4 as a function of time for the various systems studied. 

3.3.5. Rate limiting step  

It is obvious from Figure 3.4 that the rate of growth R is not constant. Initially, it is around 3–10 
µmol m-2 h-1 but decreases dramatically by nearly three orders of magnitude during the course of the 
experiment. At the highest measured rates, the particles grow with less than one monolayer of Fe 
polyhedra per hour, as the Fe density of the Fh surfaces is 15–20 µmol m-2 (Figure S3.4). However, our 
dynamic model suggests significantly higher rates immediately after the formation of the initial, yet non-
aged, particles (scale of seconds). 

 
Figure 3.4. Development of rate of growth R with time for the Fh materials prepared and aged (20 oC) at the 
various pH values indicated. The rate of Fe growth continuously decreases and changes by nearly three orders of 
magnitude for the time range studied. The change of the rate of growth is very similar for the Fh systems of 
different pH. For the systems pH5H and pH6H, the results have been obtained using a 10-fold higher PO4 addition 
to measure the surface area. 

As mentioned, the Fe-flux towards the surface becomes substantially less with time. Considering the 
process of growth as a chemical reaction of Fe in solution with specific reactive surface sites, the 
decrease of the rate of growth suggests that the solution concentration of Fe is considerably changing 
since the reactive site density can be seen as an intrinsic surface property of Fh.   

At a given pH, the concentration of Fe in solution will be a function of the solubility product of Fh 
(Qso). The solubility of nanoparticles is enhanced relatively to the intrinsic solubility of the bulk material 
(Kso). In a suspension with a given particle size distribution, the solubility is determined by a labile 
equilibrium between Fe in solution and particles in the critical state having the highest Gibbs free 
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energy.29 All particles larger than the critical ones will have a lower chemical potential, a higher stability, 
and consequently, a lower solubility. For this reason, the vast majority of particles will grow, which will 
be at the expense of the smallest particles that dissolve in an attempt to maintain the solution 
concentration. This is the driving force for Ostwald ripening. The rate-limiting step of growth is the 
binding of Fe to the surface because the rate of dissolution of the smallest particles is sufficiently high 
to maintain an equilibrium concentration in the solution.  

The solubility of the critical nuclei of Fh with a surface area 𝐴𝐴crit (m2 g-1) can be described with the 
Ostwald-Freundlich equation, according to: 

 
𝑅𝑅𝑅𝑅 ln 𝑄𝑄so

𝐾𝐾so
=    2

3
 𝑀𝑀nano γ 𝐴𝐴crit                                                                                                 (Equation 3.6) 

 
in which Qso is the activity product that we define as Qso= (Fe3+) (OH-)3 and Kso is the corresponding 
intrinsic value for the virtual bulk, being log Kso = -40.6 ± 0.2 (ref 29) in agreement with calculations of 
Pinney et al.65 Furthermore, Mnano is the molar mass (Equation 3.1), R is the gas constant, and T is the 
absolute temperature. For Fh, the surface Gibbs free energy γ  (J m-2) has recently been derived by 
Hiemstra29 interpreting a set of thermochemical data of Majzlan et al.66 and Snow et al.67 The value of 
the surface Gibbs free energy is exceptionally low (γ  = 0.186 ± 0.01 J m-2) compared to the values for 
all other Fe (hydr)oxides.68 It indicates that the surface of Fh has a relatively high stability, which can 
be explained by the absence of unstable Fe2 and Fe3 polyhedra at the surface according to the surface 
depletion model.29 We assume that the value of γ is particle size independent, based on recent results 
obtained from silver nanoparticles.69 

As follows from TEM data,40,58 freshly prepared Fh has a particle size distribution in which the mean 
and minimum particle sizes are linearly correlated.29 Introducing the ratio φ ≡ Acrit / A mean between the 
specific surface area of the measurable mean (Amean) and critical (Acrit) particle (m2 g-1), the Ostwald-
Freundlich equation can be rewritten to: 

R𝑇𝑇 ln 𝑄𝑄so
𝐾𝐾so

=  2
3

 φ  𝑀𝑀nano γ  𝐴𝐴mean                                                                                          (Equation 3.7) 

 

Equation 3.7 shows that the super saturation of a solution relatively to the bulk material of infinite 
size (Qso/Kso) is related to the specific surface area of Fh material (Amean). This relation will be used in 
our derivation of the rate law of particle growth at Ostwald ripening. Analysis of the TEM data of Michel 
et al.40 reveals a factor φ = 3/2.29 The same conclusion follows from the data of Burrows et al.58 
Introducing this information (φ = 3/2) in the above Ostwald-Freundlich equation (Equation 3.7) leads to 
an equation without the factor 2/3 φ, known as the Ostwald equation.29  

3.3.6. Rate law 

As pointed out above, the process of growth can be considered as the attachment of dissolved Fe to 
reactive sites at the surface of Fh having a certain Fe-reactive site density Nr (mol m-2). Since the 
solubility of Fh can be related to the mean specific surface area A (Equation 3.7), a relation between the 
rate of growth R and the ratio for super saturation Qso/Kso is expected. In Figure 3.5, the growth rate R 
has been related to Qso/Kso by plotting both on a logarithmic scale. The data for pH 7 have been omitted 
in this part of the analysis, because the time scale of the measurement is too limited due to the absence 
of data for short ageing times. 
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Figure 3.5a shows that the rate of growth varies with the super saturation of the solution (Qso/Kso). 
Initially, the super saturation is typically ~1.000–10.000 (log Qso/Kso = 3–4). After a few minutes of 
ageing, the mean size is 1.8 ± 0.1 nm and the corresponding solubility is about logQso ~ -37.2 ± 0.3, 
which matches within the uncertainties with the solubility (logQso ~ -37.5 ± 0.1) at rapid titration of 
Fe(II)/Fe(III) solution with NaOH in NaClO4, back calculated to pH=PZC from the measured free [Fe3+] 
concentration.70  

The data in Figure 3.5a reveal a mean slope of s = 1.97 ± 0.18, which implies that within the 
uncertainty, the rate of growth R (µmol m-2 h-1) is proportional to the square of the super saturation 
(Qso/Kso). Therefore, the rate can be described with the conceptual equation: 

𝑅𝑅 =  𝑘𝑘r 𝑁𝑁r  �𝑄𝑄so
𝐾𝐾so
�
2
≡ 𝑘𝑘 �𝑄𝑄so

𝐾𝐾so
�
2

                                                                                                  (Equation 3.8) 

in which kr is a reaction constant (h-1) and Nr is the Fe-reactive site density of the surface (µmol m-2). 
The precise value of the latter is unknown and therefore, it is combined with kr to the pre-factor k (µmol 
m-2 h-1). 

 

Figure 3.5. a) Logarithm of the rate of growth R (µmol m-2 h-1) as a function of the logarithm of the super saturation 
of the solution (Qso/Kso) for Fh in 0.2 M NaNO3 buffered with 19 mM MES and 19 mM MOPS at the given pH 
values (T = 20 oC). The slopes of the calculated lines (s) have been set to s = 2. The intercept at log(Qso/Kso) = 0 
equals the logarithm of the rate constant (logk), which is plotted in Figure 3.5 b) against the pH, revealing the pH 
dependency of logk (Equation 3.8) with k in µmol m-2 h-1. 

The observation of a quadratic relation between rate and solubility can be interpreted as rate 
limitation by a site binding reaction of two Fe with one site (S + 2 Fe  SFe2). The rate-limiting step is 
the simultaneous attachment of two Fe species forming together a stable surface complex. The value of 
2 for the exponent of Qso/Kso expresses the chance that two Fe species occupy simultaneous a single site 
of growth, resulting in a stable complex. If only one monomeric Fe species is attached, it may be labile 
and desorb again in dynamic events, while the binding of two Fe ions, i.e. formation of an adsorbed Fe-
dimer, may be irreversibly. Possibly, the formation of the adsorbed Fe-dimer is via the attachment of 
individual Fe-monomers since aqueous Fe-dimers are typically formed at high total Fe-concentrations 
present in systems with very acidic conditions (pH~2), as confirmed experimentally.49,50 

In Figure 3.5a, the intercept at the y-axis is equal to logk of Equation 3.8. That intercept is pH 
dependent. The pH dependency of logk can be revealed by plotting its value versus pH (Figure 3.5b). 
To reduce the interrelation between the intercept value and the slope (s) of the lines in Figure 3.5a, the 
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latter has been fixed to s ≡ 2. Incorporating the obtained pH dependency of the rate constant, we can 
rewrite Equation (8) to: 

𝑅𝑅 = 𝑘𝑘0 (H+)𝑎𝑎  �𝑄𝑄so
𝐾𝐾so
�
2

                                                                                                                 (Equation 3.9) 

in which k0
 is a pH-independent rate constant and the exponent a determines the dependency of the 

growth rate R on the proton activity (H+). The data of Figure 3.5b suggest a = - 0.5. 

3.3.7. Dynamic modelling  

The above-derived rate law for Ostwald ripening of primary Fh particles in a suspension can be 
applied in dynamic modelling by defining a flux of Fe towards the surface of an Fh nanoparticle of 
certain mean size (d) and surface area of A# = πd2. The Fe flux F (mol h-1) can be related to the rate of 
surface growth of the particle R (mol m-2 h-1), according to: 

𝐹𝐹 = 𝑅𝑅 𝐴𝐴#                                                                                                  (Equation 3.10) 

in which the surface area A# has the unit m2. In our dynamic model, the rate of growth R is described 
with the rate law (Equation 3.9) that has been derived with the above data analysis (Figure 3.5). The 
results of these simulations are shown in Figure 3.3 with lines. 

At each (small) time step (∆t) in the modelling, the total number of Fe in the particle (nFe) has been 
calculated according to nFe = nFe(t=0) + Σ ∆nFe/∆t. Additionally, a corresponding set of related parameters 
was calculated, i.e. the molar mass Mnano (g mol-1), mass density ρnano (g m-3), diameter d (m), particle 
surface area A# (m2), and the specific surface area Amean = 𝑁𝑁Av/(𝑛𝑛Fe Mnano) 𝐴𝐴# (m2 g-1). Combining the 
latter with the surface Gibbs free energy γ (J m-2) and molar mass Mnano (g mol-1) allows the calculation 
(Equation 3.7) of the relative solubility Qso/Kso (φ = 3/2), which is subsequently applied in the rate 
equation (Equation 3.9) to find ∆nFe/∆t before calculating the next time step. 

In the modelling approach, the initial particle size at t = 0 is an adjustable parameter. Application of 
the model shows that we can describe the evolution of the size and specific surface area of the particles 
using a single value for the number of Fe present in the initial particle, independent of the pH. The data 
indicate that the non-aged particle (made at room temperature) has an equivalent spherical size of d ~ 
1.68 nm and a corresponding Fe content of nFe ~ 45. One may construct such a representative particle 
by linking two Fe13 moieties and extend it with attaching additionally Fe polyhedra in accordance to the 
surface depletion model as given in Figure S3.5. 

For different pH values, we find at the first sampling point (t = 0.1 h) a significant difference with 
the calculated initial size at t = 0. At pH=9, nFe ~ 80, while for pH = 5, nFe ~ 50 for t =0.1 h. The reason 
for this difference is the variation in the rate of growth. The model curves in Figure 3.3c show that 
practically no difference exits in the calculated number of Fe per particle (nFe) at the typically time scale 
of about a second. This is also the time scale of physical mixing of the Fe(III) and base solution in the 
flow chamber. The differences in size observed at the first sampling point, a few minutes after the 
formation, are due to differences in rate of growth by Ostwald ripening, being relatively high at pH 9 
and low at pH 5. We note that the data for the first sampling point at t = 0.1 h are potentially affected by 
the kinetics of the adsorption of PO4. However, one may expect that the added PO4 will promptly stop 
the ageing process when adsorbed, even though full equilibration2 may take more time. 

Visual inspection of the process of formation in a flow chamber and connected tubing system shows 
a rapid change in colour from pale-yellow to a yellow-brown upon mixing of the reactants. In the next 
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seconds, the transparency changes and one starts to observe the formation of aggregated, reddish-brown 
Fe (hydr)oxide that contains micro-aggregates with a size of about 50 nm or larger.48,60,71 Formation of 
loose flocs (~mm) in the tubing system is nearly completed in less than 30 seconds. These observations 
illustrate the ultra-high speed of the formation reaction of Fh and the subsequent very fast physical 
process of aggregation and floc formation.  

3.3.8. Ageing of transitionally synthesized Ferrihydrite 

Above, we find that flash neutralization of Fe(III) in a pH-buffered solution leads to the synthesis of 
relatively small particles that reach a specific surface area of 750–950 m2 g-1 after ageing for 4 hours 
(Figure 3.3a). These values are significantly higher than the typical values of 550–710 m2 g-1 found with 
the classical synthesis of two-line Fh (2LFh) described in literature.27 This difference is an important 
motivation to extend our work by including Fh synthesized with the traditional approach of Fe(III) 
neutralization. 

To extend the lifetime of freshly prepared 2LFh, researchers have stored their suspensions at low 
temperature in a refrigerator. Therefore, we have also studied the ageing at 4 oC to derive the temperature 
dependency of the particle growth. Our results refer to a single 2LFh material made by neutralizing a 
3.3 mM Fe(III) nitrate solution with a 0.02 M NaOH solution to a pH value of pH 6.0 or 8.2 and an 
initial ageing for 4 hours since neutralization. After sampling, the ageing was continued at temperatures 
of either 4 oC or 20 oC. The experimental results are shown in Figure 3.6. 

Analysis of the data of particle growth at pH 8.2 along the same lines as presented above (Figure 3.5) 
revealed that the rate dependency of the particle growth is basically the same as in the systems of Figure 
3.3, in the sense that the exponent for the dependency on the solubility is the same, i.e. R ∝ (Qso/Kso)2. 
It strongly suggests that the ageing process has the same rate-limiting step as found above, i.e. a dual 
attachment of Fe. 

 

 
Figure 3.6. Time dependency of the specific surface area (m2 g-1) for traditionally synthesized Fh, aged in 0.01 M 
NaNO3 in the absence organic pH buffers. After synthesis at pH 6.0 or 8.2, the Fh materials were aged for 4 hours 
since neutralization before a first sample was taken. The remaining suspensions were split and further aged at 
either 4 oC or 20 o C. The lines have been calculated with the model (Equation 3.8), only adjusting the rate constant 
k. At 20 o C, logk = 9.25 (pH=8.2) and 9.00 (pH=6), and at 4 o C, logk = 8.35 (pH=8.2) and 8.10 (pH=6) with k in 
Fe per m2 per second. Subtracting a value of 14.22 from these logk values gives logk in the unit µmol m-2 s-1. 
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When the dynamic model was applied, we found that we can use the same value for the initial size 
of the non-aged primary Fh particles (nFe = 45) as in the experiments with the formation of Fh in the 
flow chamber in the presence of organic pH buffers. However, a somewhat higher value is also possible 
as our data only refer to a relatively long time of ageing (≥ 4 h), making the approach less sensitive to 
pinpointing the precise initial value at t=0. This is illustrated in Figure S3.6, showing that an increase of 
the initial size hardly affects the particle size at a longer time of ageing (> day). The modelling of Figure 
S3.6 also shows that it is difficult to grow Fh particles to sizes larger than ~3–4 nm by the process of 
Ostwald ripening at room temperature and circumneutral pH values. However, additionally growth will 
occur by oriented attachment.31 

3.3.9. Evolution of ferrihydrite according to TEM 

The growth of Fh can also be studied by directly observing the change in particle size with TEM. 
This was done by Burleson and Penn31 studying the ageing of Fh for 20–2000 h as a function of 
temperature (60, 90, and 120 oC) and pH. The initial Fh sample was prepared by neutralizing a Fe(III) 
solution with NaHCO3, followed by dialysis at 4 oC during 5 days with a final pH of ~ 3.5. The created 
particles have a mean diameter of 3.0 nm (Black square in Fig. 7a) and will contain about 360 Fe.  

The TEM data of Burleson and Penn31 show the simultaneous presence of relatively small primary 
particles as well as larger particles with another aspect ratio (~5) that have formed by oriented 
attachment, particularly at pH ~10–12. However, the data in Figure 3.7a refer only to the growth of the 
fraction of primary particles. The other particles have been excluded and were evaluated differently by 
Burleson and Penn.31 With increase of temperature, the rate of growth of the primary particles increases. 
Despite the high temperature, the Ostwald ripening of these particles is still relatively slow. At 120 oC, 
the mean diameter increases with only ~1–1.5 nm in one day. 

Fh particles can also grow by oriented attachment.31 This typically occurs at high temperature, 
similarly as found for ZnS.34 Oriented attachment of Fh may occur once the particle size of Fh is large 
enough to develop preferred crystal faces. Ferrihydrite, hydrothermally aged at 175 oC,40 shows a rapid 
near-doubling of the mean particle size as soon as the particles reach a mean size of about 3.5–4 nm.33 
Simultaneously, the magnetic saturation becomes less than expected for defect free Fh,33 which suggests 
imperfect attachments. Upon further hydrothermal ageing, the reduction of the magnetic saturation (i.e. 
defects) gradually disappears, signifying completion of the particle fusion. These particles are large 
enough (~ 8 nm 29) to transform into hematite.40 

The TEM data (symbols) of Figure 3.7a have been described with our kinetic model (lines) by only 
adjusting the rate constant k of Equation 3.8 while using the reported experimentally value (3 nm) as 
initial particle size. These rate constants have been given as open squares in Fig. 7b as a function of the 
inverse of the temperature (1/T). The k value is given in the unit m-2 s-1 but can be expressed in µmol m-

2 h-1 using Avogadro’s number and 1 h = 3600 s. The blue spheres in Figure 3.7b refer to the logk values 
obtained from our data collected at the same pH (pH = 6) in 0.01 M NaNO3.  
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Figure 3.7. a)  Time dependency of the mean size of primary particles in Fh suspensions, measured with TEM at 
pH=6 by Burleson and Penn.31 for different temperatures (symbols). The data only refer to the fraction of primary 
particles in the suspension, excluding the particles that formed by oriented particle attachment. The k value 
(Equation 3.8) in Figure 3.7b) is given in the unit Fe per m2 per second. The slope of the line is equivalent to an 
activation energy of Eact = 68 ± 4 kJ mol-1 (see text). 

3.3.10. Temperature dependency 

The temperature dependency of the rate constants k obtained by modelling (Figure 3.7b) can be 
described with the classical Arrhenius equation: 

𝑘𝑘 = 𝐴𝐴 𝑒𝑒−𝐸𝐸act/𝑅𝑅𝑅𝑅                                                                                                                      (Equation 3.11)   
 
in which A is a pre-exponential factor related to the frequency and Eact is the energy of activation (J mol-

1). If applied to the overall rate constant k for particle growth of Fh at pH = 6 (Figure 3.7b), assuming 
no other factors of temperature dependency, it provides an apparent energy of activation of Eact = 68 ± 
4 kJ mol–1. This activation energy is of the same order as found in literature for the conversion of Fh to 
goethite (52 ± 4 kJ mol–1) at high pH (12) and the dissolution of various Fe oxides in hydrochloric acid 
(67–94 kJ mol–1) as summarized by Cornell and Schwertmann.28 Growth by oriented attachment is more 
temperature dependent than growth by Ostwald ripening, i.e. has a higher activation energy,34 and ion 
diffusion in water is less temperature dependent. 

3.3.11. Time dependency 

Burleson and Penn31 have previously used the classical model of Lifshitz and Slyozov72 to evaluate 
the growth of the primary Fh particles. In that model, the rate of growth is limited by the diffusion of Fe 
between the free solution and particle surface. In the model, the Ostwald-Freundlich equation is 
linearized which is increasingly justified for systems with little supersaturation (Figure S3.7). For a 
polydisperse system, Lifshitz and Slyozov72 derived that the particle volume increases linearly with time 
(∆Vmean ∝ t). This increase is equivalent to a time-dependent change of the particle diameter according 
to ∆d ∝ t1/3. However, our data do not show this time dependency. It can be shown that the growth of 
Fh is likely not limited by diffusion across the solid-solution interface (Figure S3.8, Table S3.1). The 
process is much slower. 

For a polydisperse system, Wagner73 derived a time dependency of the mean size of ∆d ∝ t1/2 if the 
growth is limited by a chemical reaction that is first order in concentration (c1). In case of a surface 
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reaction that is second order with respect to the concentration (c2), the rate will be more time-dependent. 
Our data analysis and model suggest ∆d ∝ t1/n with n = 3.9 ± 0.7 (Figure S3.3), i.e. approximately ∆d ∝ 
t1/4. Remarkably, the theoretical growth of lens-shaped particles at the boundary between two matrices 
may exhibit the same time dependency,74 indicating that time dependency should be interpreted with 
care.34 

Six-line Fh (6LFh) can be made by forced hydrolysis at 75 oC in about 10–12 minutes25 without base 
addition. It leads to particles with a size of ~ 5.5 nm according to TEM57 and SAXS.59 If formed by 
prompt adsorption of Fe to Fe13 nuclei, about 7 ± 1 monolayers of Fe polyhedra are needed (Figure 
S3.4). This assumption implies less nucleation in the solution than at the formation of 2LFh by Fe(III) 
neutralization with base at room temperature. The 6LFh particles with d = 5.5 nm typically contain nFe 

~ 2600 Fe. Further growth by classical Ostwald ripening will be little at room temperature according to 
our model (Figure S3.9). This is due to the very low solubility and super saturation (logQso/Kso~ 0.6) of 
the solution. Indeed, no ageing occurs during storage for months at room temperature, according to 
SAXS.59 Apparently, oriented attachment or particle fusion does not play a significant role in that case. 

3.3.12. pH dependency 

The logarithms of the rate constants, logk (Equation 3.8), for Fh aged in the absence and presence of 
organic pH buffers are compared in Figure 3.8. At low pH, the rate constants for growth are much lower 
in the presence of organic pH buffers (MES and MOPS), resulting in a larger pH-dependency. At low 
pH, the rates constants are strongly reduced compared to Fh systems without these organics. It suggests 
that at low pH the organic molecules are present at the surface, hindering the process of Fe adsorption. 
The interaction of these organic molecules with the surface will be relatively weak since these ions do 
not influence the adsorption of PO4 at the concentration scales studied.51 These organic molecules are 
negatively charged in the pH range studied (at 20 oC and I = 0.1 M, logKH = 6.16 for MES add logKH = 
7.17 for MOPS) and may interact by electrostatic forces with the positively charged surface groups at a 
pH below the value of the PZC (~8.2). At higher pH, the interaction will largely disappear leading to 
the same rates as in the pure Fh systems. 

 

Figure 3.8. pH dependency of the rate constant of growth of Fh at 20 oC (logk of Equation 3.8 with k in µmol m-2 
h-1) in the absence (squares) and presence (triangles) of an organic pH buffer solution. In the latter case, the rate is 
strongly reduced at low pH, which can be explained by a weak interaction of the organic molecules with the 
surface. 
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3.3.13. Role of organic matter and anions 

The above indicates that any disturbance of the Fe attachment by the presence of organic molecules 
may highly reduce the rate of transformation. As organic matter is readily available in nature, it implies 
that Fh particles may have significantly lower rates of transformation in the natural environment. This 
will contribute to the nano-character of the natural iron oxide fraction of many top soils.75 The primary 
iron and aluminium (hydr)oxide particles remain ultra-small, and are embedded in and/or covered by 
organic matter, since for the soils a good correlation is found between the reactive oxide surface area 
and the organic matter content.75  

As oxyanions may also interfere in the formation of Fh,44 primary particles may remain small if these 
anions adsorb.2 For instance, the adsorption of Si reduces the coherent length of scattering of Fh.76 This 
explains the small size (2 nm) of siliceous Fh particles produced in drinking water facilities at aeration 
of groundwater with Fe(II).27 Interference of oxyanions may also explain the small size of 2LFh (pH = 
8) prepared in the presence of As(OH)3.60 The characterization with SAXS suggested a size near 2 × 
(0.8 + 0.2) = ~2 nm.60 Such particles will have a surface area of ~850 m2 g-1. According to our model 
(Fig.6), this would require ageing for ~0.5 hours while the particles were aged for 24 h. The difference 
may be due to the adsorption of As(OH)3, suppressing the rate of ageing.  

In literature,51 Fh has been prepared and aged in the presence of Cl as major anion. The measured 
growth is very different from the growth observed in systems with NO3 as major anion, as shown in 
Figure 3.9 (squared colored symbols). Initially, the particles have nearly the same size in both systems. 
Shortly later, the time dependency of growth becomes very different. In NaNO3, the rate of growth on a 
volume basis decreases continuously, while in NaCl the volume or number of Fe per particle (nFe) 
increases linearly with time.2 This linearity is typical for a diffusion-controlled growth in systems with 
little super saturation, as derived by Lifshitz and Slyozov,72 resulting in ∆V ∝ t or nFe ∝ t. 

 
Figure 3.9. Ageing of ultra-fast synthesized Fe (hydr)oxide in 0.1 M NaCl51 and 0.1 M NaNO3 (present study) at 
pH=7 in the presence of organic pH buffers (squares). The reaction pathways start to deviate significantly after ~4 
hours of ageing. In NaCl, the number of Fe per particle (volume) increases linearly with time while it is non-linear 
in NaNO3. The open symbols and dotted line are for Fh aged in 0.01 M NaNO3 at pH 7 in the absence of organic 
pH buffers, derived by interpolation of the data collected at pH 6.0 and pH 8.2 (Figure 3.6). 
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The data in Figure 3.9 illustrate that the reaction pathways followed in NaCl and NaNO3 are very 
different. In Cl systems, akaganéite (β-FeOOH.xHCl) may form as found by X-ray diffraction77 and 
with HRTEM.78 This mineral has internal sites occupied with Cl ions, given rise to a Cl/Fe ratio of x ~ 
0.15-0.19.79,80 One may expect that such internal sites are still relatively unimportant in the initial 
particles from which akaganéite is formed because initially, most Fe is part of the surface and little is 
part of the bulk. 

 

3.4. Conclusions 
Fh is thermodynamically unstable and will ultimately transform into a more stable Fe (hydr)oxide. 

When initially formed, the particles are ultra-small and subject to Oswald ripening in which the smallest 
particles dissolve and the larger ones grow, resulting in a decrease of the reactive surface area. In the 
present study this pH, temperature, and time-dependent process has been probed using PO4. We show 
how the time-dependent change of the surface area can be translated into the rate of growth per unit 
surface area (µmol Fe m-2 h-1). In all calculations, we have accounted for the size dependency of molar 
mass and mass density that is the result of a variable contribution of coordinated surface water (n) in 
excess to the bulk composition (FeO1.4(OH)0.2·nH2O). 

The rate of growth R is highly time-dependent and decreases by nearly three orders of magnitude at 
ageing from a few minutes to one week. It varies between R ~ 0.01–10 µmol m-2 h-1. These rates can be 
considered as low because particle growth of Fh by a monolayer of Fe polyhedra requires 15–20 µmol 
m2, i.e. hours or days are needed to grow a single monolayer at room temperature. Additionally, we 
showed that the rate of growth of Fh is too low to be limited by a diffusion flux across the solid-solution 
interface. 

Our data only refer to primary particles (d = 1.7–2.9 nm) for which we show that the rate of growth 
is related to the solubility of Fh. The data analysis reveals that the rate of growth is proportional to the 
square of the super saturation of the solution, expressed in the ratio of the solubility product of the actual 
particle (Qso) and the virtual bulk (Kso). In our analysis, the size dependency of the solubility and super 
saturation is calculated using the surface Gibbs free energy of Fh (γ = 0.186 J m-2) that is implemented 
in the Ostwald-Freundlich equation accounting for the difference in surface area of the critical and mean 
particle (φ = 3/2). The squared proportionality of the super saturation in the rate law can be interpreted 
as a rate limitation by a chemical reaction with dual attachment of Fe to a single site of growth (S + 2 
Fe  SFe2). The time dependency of the change of the diameter is close to ∆d ∝ t1/4 for model and data. 

The rate constant for the process of growth is pH dependent. The presence of organic pH buffers 
reduces the rate constant for Ostwald ripening at low pH by a factor 10 or more, but its effect disappears 
at high pH, which is explained by the variable interference of the organic molecules in the Fe attachment. 
Interference will be enhanced if Fh is covered by natural organic matter and consequently, organic 
matter contributes to the kinetic stability of Fh in soils.  

Application of our dynamic model for particle growth discloses the initial size of non-aged Fh 
particles of d ~ 1.68 nm and the corresponding specific surface area of A ~ 1100 m2 g-1. These particles 
formed at room temperature contain on average ~ 45 Fe. Dynamic modelling further shows that the 
growth of the primary particles by Ostwald ripening is usually limited to a size of ~ 3.5–4 nm (A ~ 350–
500 m2 g-1). Additional growth will be by (oriented) particle attachment at the onset of the formation of 
crystal faces. This is typically observed at ageing in high temperature systems, particularly at high pH. 
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If 6LFh is produced with the classical method of forced hydrolysis at 75 oC, the initial particles are 
significantly larger (~ 5.5 nm). According to our model, Ostwald ripening becomes little because these 
particles have a relatively low solubility.  

Combining various data for growth of primary Fh particles at pH = 6, collected with TEM and PO4 
probing, reveals an activation energy of Ea = 68 ± 4 kJ mol-1 for the growth by Ostwald ripening, which 
will be lower than that for growth by oriented attachment.  

The reaction pathway of Ostwald ripening in NaCl is very different from that in NaNO3. In NaCl, 
the particle volume increases linearly with time while in NaNO3, it is clearly non-linear. In NaCl, 
akaganéite may start to form according to evidence obtained by X-ray diffraction. 
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Supplementary Information  

A. Flow chamber design 

 
Figure S3.1. Experimental setup for mixing a Fe nitrate and Na hydroxide solution added with motor burets. The 
tips, where mixing occurs, is mounted about halfway on a pH electrode hanging in a vessel that is kept under N2 
atmosphere. This allows continuous pH-recording of the mixed solution, passing the glass membrane before it 
flows into the vessel where it is stirred magnetically. The pH-recording allows the setting of the rate of the NaOH 
addition at a constant rate (8 mL min-1) of the Fe nitrate addition, keeping the pH value about 0.5-1.0 pH unit 
below the final target value. Progressively, the vessel gets filled and the recorded pH then refers to the suspension 
as a whole that is subsequently increased to the final pH once the addition of partially neutralized Fe-nitrate 
solution has stopped (~3 minutes). The final NaOH addition to reach the target pH value is done at a lower speed.  

 

B. Size-dependent Stern layer capacitances and adsorption 

Primary charge 

The capacitance of a spherical capacitor (𝐶𝐶1,𝑟𝑟) can be given as: 

𝐶𝐶1,𝑟𝑟  =  𝑟𝑟+∆𝑟𝑟
𝑟𝑟

  𝐶𝐶1                                                                                                                 (Equation S3.1) 

in which r is the inner radius of the sphere and ∆𝑟𝑟 the thickness of the layer.  

In case of an Extended Stern (ES) layer model81 with two Stern layers, a value of ∆𝑟𝑟1 = 0.35 nm is 
used to calculate the inner Stern layer capacitance from C1 of a flat layer at a given particle radius r.  

The capacitance of the second spherical Stern layer (𝐶𝐶2,𝑟𝑟) is found with:  

𝐶𝐶2,𝑟𝑟  =  𝑟𝑟+∆𝑟𝑟1+∆𝑟𝑟2
𝑟𝑟+∆𝑟𝑟1

  𝐶𝐶2                                                                                                         (Equation S3.2) 

using ∆𝑟𝑟2 = 0.35 nm as derived for the compact double layer with a total thickness of 0.7 nm, equivalent 
with the packed size of nearly three water molecules.81 In the calculation, C2 is the capacitance of the 
outer Stern layer of a flat layer. 

For Fh, the Stern layer capacitance values for the flat layer (r→∞) have been set equal to the numbers 
found for well-crystallized goethite, i.e. C1 = 0.9 F m-2 and C2 = 0.74 F m-2.81 For 2LFh, the typical 
capacitance values with a diameter of ~2.5 nm are C1 = 1.15 F m-2 and C2 = 0.90 F m-2.2 These values 
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are very different from the values given by Antelo et al.,52,55 i.e. C1= 0.74 F m-2 and C2 = 0.93 F m-2. The 
much lower value for C1 indicates a lower surface charge density. 

 

Phosphate adsorption and curvature 

The effect of the surface curvature on the PO4 adsorption at a given pH and PO4 equilibrium 
concentration is shown in Figure S3.2 (left panel). At decrease of the particle size, the electrostatic 
effects decrease. The reduction of the field strength allows the adsorption of more ions. The field 
becomes less limiting. In case of a constant PO4 loading (right panel), the increase of the capacitance at 
decrease of the particle size will lead to a lower equilibrium concentration of phosphate. 

 
Figure S3.2. Left panel. Adsorption of phosphate as a function of particle size, in case of spherical Stern layers 
(ES model) for Fh at the conditions given. The adsorption increases by ~10% or less compared to the adsorption 
at a flat surface. A similar size dependency of the adsorption due to a variable capacity has been illustrated in 
Hiemstra and Zhao.2 Right panel. Logarithm of the equilibrium concentration of PO4 at a constant surface loading 
(1 and 2 µmol PO4 m-2 at respectively pH=8 and pH=5 in 0.01 M NaNO3). The equilibrium concentration decreases 
substantially. 

 

C. Deriving the rate of growth R (mol m-2 h-1) 

Time-dependency of the particle size 

For obtaining the experimental rate of growth R, the function 

𝑑𝑑 = 𝑘𝑘𝑡𝑡1/𝑛𝑛 + 𝑑𝑑o                                             (Equation S3.3) 

has been used in the data analysis (Figure S3.3). Equation SI–3.3 is a general equation for describing 
the growth of particles with different theories and mechanisms.34 The value of exponent n depends on 
the rate limitation and conditions assumed. At crystal growth controlled by diffusion of ions across the 
solid-solution interface, n is equal to the value n = 3. In that case, the volume (V ∝ d 3) increases linearly 
with the ageing time t as derived by Lifshitz and Slyozov,72 and Wagner.73 However, our data for ageing 
of Fh in a NaNO3 solution show a non-linear relation of the volume V with time. For Fh, the process of 
growth has another time dependency. The growth decreases more quickly with time.   
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Figure S3.3. Particle diameter (d) related to a power function of time (t1/n) for ageing at pH 5 and 9. For each pH, 
the best value of the exponent 1/n of the time (h) is optimized to get the best description with a linear function d = 
k t 1/n + do, in which do is the diameter at t = 0. 

In the pH range 5–9, the fitted value of exponent 1/n equals 0.21 ± 0.06 if the value of do is 
simultaneously fitted. The value do represents the initial size at t = 0. It is the intercept in the plot. If a 
common value of do is assumed (do = 1.68 nm), 1/n = 0.26 ± 0.05. In the latter case, the corresponding 
inverse value is n = 3.9 ± 0.7.  

 

Rate of growth 

With the above function (Equation S3.3), the rate of growth R has been derived by fitting the values 
k, do, and 1/n for each data set (Figure S3.3). The calculation of R starts by taking numerically the 
derivatives of the optimized function at a chosen time t. The procedure requires simultaneously the 
calculation of the mass density ρnano according to Hiemstra27: 

 

ρnano = 𝑀𝑀core
𝑛𝑛O𝑉𝑉O

− �𝑀𝑀core
𝑛𝑛O

− MH2O�
6
𝑑𝑑

 𝑁𝑁H2O                                                                           (Equation S3.4) 

 
and specific surface area A according to: 

𝐴𝐴 = 6
ρnano  𝑑𝑑

                                                                                                                           (Equation S3.5) 

 
followed by calculating the molar mass Mnano according to: 

𝑀𝑀nano = 𝑀𝑀core
1

�1−𝐴𝐴 𝑁𝑁H2O𝑀𝑀H2O� 
                                                                                          (Equation S3.6) 

  

In combination (ρnano, Mnano), one can obtain the corresponding number of Fe per particle (nFe), 
according to:   

𝑛𝑛Fe  =  
ρnano
𝑀𝑀nano

  π𝑑𝑑
3

6
  NAv                                                                                                      (Equation S3.7) 
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In the above equations, NH2O is the surface density of coordinated water (12.6 10-6 mol m-2),29 nO is 
the amount of oxygen per Fe in the bulk (1.6), Mcore is the molar mass of the Fh core (81.65 g mol-1), 
MH2O is the molar mass of water (18 g mol-1), and NAv is Avogadro’s number (6.022 1023 mol-1).  

 In equation SI–3.4, VO is the lattice volume, expressed per mol oxygen. The value of VO can be 
estimated from the relation between mass density (g m-3) and molar mass per oxygen (g / mol O)63 or 
alternatively, it can be calculated from the chemical composition combined with the volume of the unit 
cell that provides the mass density of the bulk: 

𝑉𝑉O  =  𝑀𝑀core
𝑛𝑛O ρcore

                                                                                                                              (Equation S3.8) 

For Fe (hydr)oxides in general, VO ~ 10.8 10-6 m3 mol-1 O.63 Based on the unit cell dimensions derived 
by Wang et al.82 and Pinney et al.,65 VO = 10.7 10-6 m3 mol-1 O. The number is equivalent with a mass 
density of ρcore = 4.77 106 g m-3, but might be slightly higher (~ 2%) according to other 
parametrizations40,83,84 leading to ρcore = 4.92 ± 0.03 106 g m-3 and VO = 10.5 10-6 m3 mol-1 O. 

Ultimately, the rate of growth R (mol m-2 h-1) follows from the change of nFe with change of time t, 
scaled to the surface area of the particle (A# = π d 2) at the corresponding  time, according to:  

 

𝑅𝑅 =
𝑑𝑑𝑛𝑛Fe
𝑑𝑑𝑑𝑑
𝐴𝐴#

                                                                                                                               (Equation S3.9) 

 

D. A monolayer of Fe: surface density 

 
Figure S3.4. Mean surface density of Fe (spheres) at the repetitive growth of Fh using the a-direction of the unit 
cell with a = 0.587 nm as measure for the representative distance.85 The surface density has been derived by step-
wise increasing the particle diameter d with the repetitive Fe-Fe distance ( L = ½√3 a/2  = 0.25 nm), i.e. d + 2 L, 
and calculate self-consistently with the equations given in the main text  the increase of the amount of Fe in the 
volume of the layer with thickness L. By scaling to the corresponding particle surface area A# = π d 2, the Fe surface 
density follows. Another approach is to use the mean Fe-Fe distance in the Fh lattice as repetitive distance (L = 
0.33 ± 0.02 nm), leading to a higher surface density (squares). If individual crystal faces are considered, similar 
values are found for the mean repetitive growth, i.e. ~15 µmol m-2 for the 100 or 010 face, and ~20 µmol m-2 for 
the 001 face. The orange color gives the size of 6LFh (~ 5.5 nm, nFe ~ 2600), formed by forced hydrolysis of 
Fe(III) at 75 oC.57,59 If formed by Fe adsorption to Fe13 nuclei, the formation of this 6LFH particle is equivalent 
with the binding of ~6-8 monolayers of Fe. 
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E. Polyhedral representation of a non-aged initial Fh particle  

 
Figure S3.5. A ferrihydrite particle built from 45 Fe polyhedra with the composition Fe45O132H129. This is 
equivalent to FeO1.4(OH)0.2.nH2O with n = 1.5. The blue spheres are oxygen ions. The protons are not shown. The 
particle has a Fe13 signature and contains two linked Fe13 units that are given with red, dark red, and orange-colored 
polyhedra. Additionally attached Fe polyhedra are given in blue. The constructed particle is surface depleted by 
Fe2 (orange) octahedra and Fe3 (dark red)  tetrahedra because these polyhedra are considered as less stable at the 
surface of Fh when forming singly coordinated surface groups.64 
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F. Influence of initial particle size on ageing 

  

Figure S3.6. Time dependency of the mean particle diameter d (nm), number of Fe per particle nFe, specific surface 
area A (m2 g-1), and rate of growth R (µmol m-2 h-1) of traditionally synthesized Fh, produced and aged at pH 8.2 
in 0.01 M NaNO3 at 20 oC (spheres) for t ≥ 4 hours. The lines have been calculated with the dynamic model for 
logk = -4.97 (Equation 3.8, main text) using different values for the amount of Fe present in the initial particles.  

The model results of Figure S3.6 show that increase of the size of the initial particles (nFe) does not 
lead to a considerable increase of the particle size at prolonged ageing. The reason is that the increase 
of the particle size leads to a substantial decrease of the solubility and super saturation, acting as a very 
strong negative feedback on the rate of growth R. However, the choice of the value of nFe at time t = 0 

becomes critical at shorter times of ageing as used in the experiment with the organic pH buffers (t = 
0.1 and 1.5 hours). The dotted vertical line indicates 4 hours of ageing.  

 

G. Rate limitation by diffusion across the solid-water interface 

The rate limitation of growth by diffusion from the solution to the surface leads to a time dependent 
growth of the diameter according to ∆d = k t 1/n with n =3, according to Lifshitz and Slyozov.72 This 
theory is based on combining Fick first law with the Ostwald-Freundlich equation for describing the 
solubility as a function of the particle size. The latter equation is used in its linearized form. 

The classical Ostwald-Freundlich (OF) equation can be given as: 
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R𝑇𝑇ln 𝑄𝑄so
𝐾𝐾so

= 2
3
γ 𝐴𝐴c =   𝑀𝑀nano

ρnano

2γ
 𝑟𝑟c

                                                                                          (Equation S3.10) 

 

in which Qso and Kso are respectively the solubility products of the actual Fh of given radius of the critical 
particles and the virtual bulk, and Ac is the specific surface area (m2 mol-1) of the critical particle in the 
size distribution.  

Taking the exponential of Equation S3.10 and simplifying with ex = 1 + x for x→ 0, one gets the 
linearized Ostwald-Freundlich (L-OF) equation: 

𝑄𝑄so
𝐾𝐾so

=  𝑒𝑒
1
R𝑇𝑇  𝑀𝑀nano 

ρnano
  2γ𝑟𝑟c

 
 ≈ 1 + 2 γ  

R 𝑇𝑇 
𝑀𝑀nano
ρnano

1
𝑟𝑟c

                                                              (Equation S3.11)

       

With increase of the critical radius rc, linearization of the equation is increasingly justified as shown 
in Figure S3.7. In Figure S3.7, we have given the difference in super saturation. Only at a large size, the 
relative difference in the calculated solution concentration of OF and L-OF becomes small. For d ~6.5 
nm, ∆(Qso/Kso ) = 1 as indicated in the graph with the black sphere. In that case, Qso/Kso (OF) ~ 3 and 
Qso/Kso (L-OF) ~ 2, i.e. the super saturation calculated with the OF approach is 50% higher. The 
difference quickly increases at a smaller particle size. 

 

Figure S3.7. Size-dependent difference in relative solution concentration (∆Qso) of Fh calculated with the classical 
and the linearized Ostwald-Freundlich equation scaled to the solubility of the virtual bulk of Fh (Kso). The 
calculated concentration difference is orders of magnitude different when particles are small. The black sphere 
locates the system in which the relative difference has decreased to ∆(Qso/Kso)= 1, where the super saturation 
calculated by the OF equation is 50% higher than with the L-OF approach. 

 

The factors Qso and Kso can be linked to the concentration of dissolved aqueous species (aq) at a given 
pH in equilibrium with respectively a particle of critical size (crc) and virtual bulk material at infinite 
size c∞, leading to: 

 

𝑐𝑐𝑟𝑟c =  𝑐𝑐∞ + 2 γ  
R 𝑇𝑇 

𝑀𝑀nano
ρnano

1
 𝑟𝑟c  
𝑐𝑐∞  ≡    𝑐𝑐∞ + α

 𝑟𝑟c  
                                                    (Equation S3.12) 
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By defining super saturation of the solution as ∆ ≡ co - c∞ in which co is actual solution, Lifshitz and 
Slyozov72 derived for the concentration gradient between solution and surface of the growing particles 
with radius r   

𝑐𝑐𝑟𝑟c −  𝑐𝑐o = � α
 𝑟𝑟c 

+  𝑐𝑐∞� − (∆ −  𝑐𝑐∞) =  α
 𝑟𝑟c  

+  ∆                                              (Equation S3.13) 

 
This concentration difference is introduced in the Fick’s first law of diffusion.  

 

Required length of diffusion explaining the rate of growth of Fh   

Our measured rates of growth (R) are typically in the order of R ~ 0.01 - 10 µmol m-2 h-1 or R ~ 3 10-

12 - 3 10-9 mol m-2 s-1. Assuming that the rate of growth is limited by diffusion across the solid-solution 
interface, one may calculate the diffusion length required to explain the experimental rate of growth R 
by using Fick’s first law as a first approach that is combined with the classical Ostwald Freundlich 
equation. According to Fick’s first law, we may write for the flux F (mol s-1): 

𝐹𝐹 = −𝐷𝐷𝐴𝐴#
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                                                                                                                (Equation S3.14) 

 

in which D is the diffusion coefficient in m2 s-1, A# is the surface area (m2), and 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 is the linear 
concentration gradient with the concentration c in mol m-3 and the diffusion length x in m.  

Rewriting Equation S.3.14 leads to an expression for the length of the diffusion path L between the 
solution (x = 0) and surface (x = x):  

𝐿𝐿 = 1
𝐹𝐹/𝐴𝐴#

 𝐷𝐷 (𝑐𝑐o − 𝑐𝑐surf) ~ 𝐷𝐷
𝑅𝑅
𝑐𝑐eq                                                             (Equation S3.15) 

 

in which the flux F per unit surface area A# represents the rate R of growth (R = F/A# in mol m-2 s-1). The 
concentration in the solution (co) is determined by the solubility of the critical particle with size dcrit and 
the concentration at the surface (csurf) is determined by that of Fh particle of mean size dmean. For a 
polydisperse Fh suspension, both sizes are related by a factor of about φ = dmean / dcrit = 3/2. The 
corresponding equilibrium concentrations can be calculated with the Ostwald-Freundlich equation. If 
the difference co - csurf is relatively large, one may simplify to co - csurf = ceq in which the latter is the 
equilibrium concentration maintained by the critical particles. 

In Figure S3.8, the distance L at which the rate is limited by diffusion is given. It has been calculated 
for a suspension with Fh particles of different mean size having a rate of growth in the range R = 0.01–
10 µmol m-2 h-1 or ~ 3–300 10-12 mol m-2 s-1, taken from Figure 3.4 in the main text. The corresponding 
size dependent solubility products (logQso = log(Fe3+) + 3 log(OH-)) can be used to calculate the solution 
concentrations as a function of pH. Depending on the size, the concentrations at neutral pH are in the 
order of about 10-7 -10-9 M or 10-4 -10-6 mol m-3. 
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Figure S3.8. Interfacial length of diffusion L (µm) that can explain the observed rates of growth (R) of Fh with 
mean sizes (dmean in nm) as given. Compared to the mean particle size of Fh (~nm), the diffusion length L (~ µm) 
is very large, making rate limitation by interfacial transport unlikely, particularly because the Fh particles in the 
actual suspension are aggregated. The Fh solubility has been calculated with the Ostwald-Freundlich equation 
(Equation 3.7 main text) using a surface Gibbs free energy of 0.186 J m-2, a size distribution ratio of φ = dmean / dcrit 
= 3/2, and a solubility product for Fh bulk of logKso = -40.6. The rates (µmol m-2 h-1) used to calculate L are 10 
(blue spheres), 1.0 (red triangles), 0.1 (green diamonds), and 0.01 (yellow squares), typically for a timescale of 
ageing being respectively about 0.1, 1, 10, and 100 h.  

 

Using a representative value for the diffusion coefficient, for instance D = 0.6 10-9 m2 s-1 for Fe3+, the 
calculated distance L (Figure S3.8) at which the rate becomes limited by diffusion is typically in the 
order around one µm, depending on the particle size and pH in solution (Figure S3.8). As these distances 
are relatively large compared to the size of the Fh nanoparticle (> 100–1000 times), the calculated result 
supports our interpretation that the rate of growth is not limited by diffusion across the solid-solution 
interface but by another process. Moreover, Figure S3.8 shows that if diffusion would be rate-
controlling, the diffusion length would not change with size or time, whereas our data would point to a 
significant change (Figure S3.8).  

 

Mean particle-particle distance in suspensions   

One may calculate the mean equivalent distance x (m) between Fh particles in a suspension in the 
case of a homogenous distribution over space (no aggregation), taking the one-dimensional distance of 
the Fh particle density in the suspension according to: 

𝑥𝑥 = �𝑛𝑛Fe𝑀𝑀nano
𝑁𝑁Av ρsus

�
1/3

                                        (Equation S3.16) 

 

in which nFe is the number of Fe per particle and Nav is Avogadro’s number (mol-1), Mnano is the molar 
mass of Fh (g Fh mol-1 Fe), and ρsus is the suspension concentration (g m-3). In combination, this gives 
the Fh particle density (Fh particles m-3). The third root of this particle density can be seen as 
representative for the mean particle distance x (m). The calculated mean distance for representative 
particles of certain size (d-Fh) is given in the table below. 
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Table S3.1. Mean particle-particle distance in a supposed homogeneous suspension with a concentration of 1 g 
Fh L-1 (ρsus = 10-3 g m-3). Note that Fh with 5 and 10 nm has not been studied in this paper, but it has been added 
for comparison. 

d-Fh (nm) Mnano (g mol-1) nFe x (nm) 

1.7 108 47 20 

2.0 101 88 25 

2.5 95 195 31 

3.0 92 363 38 

5 87 1930 65 

10 84 16930 133 

 

Collectively, the above shows that rate limitation by diffusion across the interface cannot explain the 
rate of growth of Fh. The growth of Fh is much slower. In literature, rates of growth of materials are 
often limited by diffusion. This will occur if the reaction at the surface is fast, creating relatively large 
particles and low super saturation, i.e. low concentration gradient. Finally, it is interesting to note that 
the rate of Fe attachment is rather comparable with the rate of the adsorption of ions such as PO4, being 
typically in the order of the scale of µmol m-2 h-1.  

 

H. Ageing of 6LFh 

 
 

Figure S3.9. Time dependency of the mean particle diameter d (nm), and specific surface area A (m2 g-1) of 6LFh. 
If synthesized by forced hydrolysis at 75 oC for 10–12 minutes, according to the method of Schwertmann and 
Cornell,25 the initial size is about 5.5 nm.57,59 According to our model (lines), storage and long-term ageing of the 
material at 20 oC leads to no notable change in size and surface area by Ostwald ripening, in agreement with recent 
data collected by SAXS59 after 1 and 9 months of ageing. At 75 oC, some classical Ostwald ripening may occur 
according to our model, but more significant changes may be expected from oriented particle attachment and/or 
fusion, which is typical for ageing at high temperature.31 
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Abstract  
The alkaline-earth metal ions series comprises Be, Mg, Ca, Sr, Ba, and Ra. Calcium (Ca) and magnesium 
(Mg) are the most abundant alkaline-earth metal ions in nature and their interaction with the mineral 
surfaces of metal (hydr)oxides (e.g. ferrihydrite, Fh) affects the bioavailability, mobility, and 
geochemical cycling of many relevant ions. The adsorption of Ca2+ and Mg2+ ions to well-characterized 
freshly precipitated Fh has not been extensively measured yet in systems with a large variation in pH 
(4–10), ionic strength (0.01–1 M), and ion adsorption (0.002–2 µmol m-2). Nor have such adsorption 
data been interpreted with a surface complexation model that regards the structure of the adsorbed 
complexes and state-of-the-art insights into the surface structure of Fh. The primary adsorption data 
collected in this study (M2+/Fe) were scaled in a consistent manner to the surface area derived with a 
recently developed probe-ion methodology, before these data were interpreted with the charge 
distribution (CD) model, using MO/DFT/B3LYP/6-31+G** optimized hydrated geometries to obtain 
independently the CD coefficients. The pH-dependent adsorption behavior of Ca and Mg is rather 
similar. Both cations (M2+) form predominantly bidentate inner-sphere surface complexes 
(≡(FeOH)2

Δz0MΔz1), most possibly present as a binuclear bidentate double corner (2C) complex according 
to EXAFS data from literature for other divalent cations. This binding mechanism explains the relatively 
high H/Ca exchange ratio and the related pH-dependency of the Ca2+ adsorption. Modeling of the 
adsorption data reveals and quantifies the surface site heterogeneity of Fh, distinguishing high and low 
affinity sites for binding M2+ ions. Depending on the Fh preparation, the high affinity sites have a surface 
site density of ~0.3 ± 0.1 nm-2, equivalent to the binding of ~3 metal ions per particle. The surface 
structure of Fh has been evaluated to rationalize this phenomenon and identify possible surface 
configurations. Undersaturation of the charge of oxygen ions shared by specific sets of Fe1 octahedra at 
the surface and the bulk mineral may cause a redistribution of charge within these surface Fe1 polyhedra, 
leading to an increase of the ≡FeOH-M2+ bond strength of the adsorbed ion. The surface density of 
≡FeOH (0.28 ± 0.08 nm‒2) involved, according to our surface analysis of constructed 2.2‒2.8 nm Fh 
particles, matches with the above surface site density of high affinity sites found by ion adsorption 
modeling. Extending our analysis to ion adsorption data from literature, comprising the full series of 
alkaline-earth ions, showed an increase in the adsorption affinity with increase in the ionic radius of 
these cations, i.e. Be2+ < Mg2+ < Ca2+ ≈ Sr2+ < Ba2+ < Ra2+, which is opposite to the affinity trend observed 
for other Fe-(hydr)oxides (e.g. hematite, goethite). Our analysis suggests that a difference in the order 
of affinity (logK) can be explained by a different energy contribution of the interfacial water in the 
binding of the metal ions, pointing to a relatively strong binding of physisorbed water by Fh in 
comparison to other Fe (hydr)oxides. 

 

Keywords: calcium, magnesium, iron oxide nanoparticles, surface complexation modeling, CD model, 
cooperative and synergistic binding, electrostatic interactions, anion-bridged complexes 
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4.1. Introduction 
Ferrihydrite (Fh) is a naturally occurring Fe-(hydr)oxide nanoparticle (FeoxNP) ubiquitously present 

in soils, aquifers, and oceans, and it is also found in for instance mine waste drainage.1,2 Fh can be 
formed by either hydrolysis of ferric Fe(III) or oxidation of ferrous Fe(II) species.3 Thermodynamically, 
Fh is the most stable FeoxNP at the ultra-small nano-size scale.4 Precipitated Fh particles are precursors 
of other more crystalline Fe-(hydr)oxides.5–7 The (bio)geochemical cycle of Fh is coupled with that of 
many other elements, comprising nutrients, inorganic pollutants, and organic molecules.8–13 Therefore, 
analyzing the interfacial processes of Fh at the nanoscale is essential to understand ion adsorption 
behavior at the macroscopic scale.  

The extraordinarily high ion adsorption capacity of Fh is in the first place determined by its large 
specific surface area (SSA).14 For freshly precipitated Fh, the SSA is in the order of ~600–1100 m2 g-1.15 
Proton adsorption by the various types of surface groups of Fh results in an amphoteric behavior that is 
important for the pH-dependent binding of both metal cations and oxyanions. The mechanisms of ion 
adsorption to Fh have been extensively studied in a long history of surface complexation modeling 
(SCM), in situ spectroscopy, and quantum chemical computations (e.g. references 14,16–30). For metal ion 
adsorption, most of the studies have focused on analyzing the interactions of heavy metal ions with Fh, 
probably because of their potential harmful effects in the environment. In contrast, the interaction of 
alkaline-earth metal ions with Fh has received considerably less attention, yet these elements are highly 
abundant in the environment and can affect significantly the behavior of other compounds.31,32 

Historically, the rather enigmatic and elusive structure of Fh has impeded the development of a 
mechanistic SCM for this material, yet important contributions have been added over the last decade for 
clarifying the mineral and the surface structure of Fh.33–38 According to the surface model of Fh,35 the 
polyhedral composition of the Fh surface is different from that of the mineral core. In addition, the 
mineral core of Fh is H-poor while its surface is water-rich due to the large contribution of ≡FeOH and 
≡FeOH2 surface groups. The overall composition of Fh, given as FeO1.4(OH)0.2·nH2O, is particle size-
dependent due to the variable molar contribution of chemisorbed water (nH2O) that completes the 
coordination spheres of Fe atoms at the surface of Fh.35 This directly affects several Fh properties, 
including its molar mass Mnano (g mol‒1 Fe) and mass density ρnano (g m‒3). Changes in Mnano and ρnano 
affect the relationship between the specific surface area (m2 g‒1) and the mean particle size. In the present 
study, the size-dependency of these properties will be included for consistently scaling and interpreting 
ion adsorption data.39 

Surface site heterogeneity has been recognized as an important aspect of Fh for describing the 
binding of divalent metal ions.14,24,40 A minor fraction of the reactive sites has a relatively high affinity 
for metal ions compared to most other sites. In the present approach, we will use M2+ adsorption data to 
estimate the quantity of the high affinity sites and will discuss a possible structural rationale for the 
presence of these sites in relation to the binding mode and types of ions involved. The challenge is to 
contribute to develop a general surface complexation model for describing simultaneously the 
adsorption of an entire suite of cat- and anions to Fh, in a mechanistic physical-chemical manner. 

Based on all the above, the objective of the present study is to assess the binding of the alkaline-
earth metal ions Ca and Mg to the surfaces of freshly prepared Fh suspensions. In the present work, the 
adsorption data will be interpreted with an advanced ion complexation model for Fh,30 which considers 
state-of-the-art insights into the surface structure of Fh35 in junction with the mineral structure proposed 
by Michel et al.33 Using the mechanistic insights derived from the interpretation of Ca and Mg adsorption 
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data, we will generalize our interpretation to describe the adsorption of the full series of alkaline-earth 
metal ions, comprising Be2+, Mg2+, Ca2+, Sr2+ Ba2+, and Ra2+. The alkaline-earth ions form a unique class 
of divalent metal cations with distinct properties that differ from those of other divalent cations (e.g. 
heavy metal ions). Interpreting adsorption data of Fh reported in literature for strontium (Sr),41,42 as well 
as radium (Ra) and barium (Ba),43 the adsorption of this series of ions will be evaluated in a consistent 
manner to disclose their variation in affinities (logK) for the surface sites of Fh, and to compare the 
results with the behavior found for other Fe (hydr)oxides (e.g. goethite). 

 

4.2. Experimental section 
Ultra-pure water (18.2 MΩcm at 25 °C, 1 ppb TOC) and chemical reactants of analytical grade were 

used to prepare all stock solutions and Fh suspensions. Contact between solutions and air was minimized 
to avoid the interference of CO2(g) during the adsorption experiments. 

4.2.1. Synthesis of ferrihydrite 

Ferrihydrite nanoparticles were synthesized as described previously by Hiemstra et al.15 Briefly, 
approximately 1.0 L of a solution containing ~3.7 mM of Fe(NO3)3·9H2O, dissolved in 0.01 M HNO3, 
was hydrolyzed by adding a freshly-prepared solution of 0.02 M NaOH. The base solution was initially 
added at a rate of ~200 mL NaOH min‒1 until a pH of ~3.1 was reached. More NaOH solution was 
subsequently added in ~5 mL increments until the suspension reached a final pH of ~8.2. Once the pH 
was stabilized (over 15 min), the Fh suspension was centrifuged at 3300g for 45 min. Then, the 
supernatant was carefully removed, and the settled Fh particles were re-suspended in a solution of 0.01 
M NaNO3 to a final volume of typically ~160 mL. Each freshly-prepared Fh suspension was aged in 
closed bottles for 4 h at 20 °C before starting the adsorption experiments. The total Fe concentration of 
each Fh suspension was measured by ICP-OES in a matrix of 0.8 M H2SO4. On average, the total Fe 
concentration in these stock suspensions was 20.5 ± 0.5 mM (~2 g L‒1). The specific surface area (SSA 
in m2 g‒1) of each Fh batch was independently measured using PO4 as probe ion.39 In this approach, the 
pH-dependent adsorption of PO4 is measured in single-ion systems. The primary adsorption data (i.e. 
mol PO4 mol‒1 Fe) are then iteratively interpreted with the CD model, defining the SSA as the only 
adjustable parameter and accounting for the size dependency of the molar mass (Mnano) and mass density 
(ρnano) of Fh, as well as the size dependency of the Stern layer capacitance.39   

4.2.2. Adsorption experiments 

The adsorption of Ca and Mg in single-ion systems was determined in a series of batch experiments 
with freshly prepared Fh suspensions as a function of the pH and the total molar M2+/Fe ratio. Most of 
the experiments were performed in a background solution of 0.01 M NaNO3. For some Ca systems, 
higher background electrolyte concentrations of 0.10, 0.50, or 1.0 M NaNO3 were used to evaluate the 
ionic strength dependency of the Ca adsorption. An overview of the chemical conditions is given in 
Table S4.1 of the Supporting Information (SI). 

Each adsorption system was prepared in 50 mL polypropylene tubes kept under moist-purified N2(g) 
to prevent intrusion of CO2(g) during the preparation of the systems. First, a solution of NaNO3 was 
added according to the intended background electrolyte level (0.01–1.0 M NaNO3). Next, a volume of 
3.0, 7.5, or 15.0 mL of Fh stock suspension was added. The pH values of the suspensions were then 
adjusted within the desired range (i.e. pH 6 to 10) using 0.01 M solutions of either HNO3 or NaOH. 
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Finally, an aliquot of a stock solution of either Ca(NO3)2 or Mg(NO3)2 was added to achieve the intended 
total cation concentration M2+ within the range of ~0.01–1.0 mM. The final volume of each adsorption 
system was 40.0 mL. For Mg, an adsorption isotherm was additionally determined at a constant pH (8.82 
± 0.02) and constant ionic strength (0.01 M NaNO3). For this, different volumes of Fh stock suspension 
(8.0 to 20.0 mL) were combined with different total Mg concentrations (~0.02 to 1.0 mM) to obtain a 
wide range of Mg adsorption densities. All the adsorption systems were constantly shaken (120 strokes 
min‒1) at 20 °C. After 20 h of equilibration, the suspensions were centrifuged at 3330g for 20 min to 
separate the solid and liquid phases. An aliquot of 10 mL was taken from the supernatant of each 
adsorption system, filtered through a 0.45 µm membrane filter, and acidified with HNO3 for analyzing 
the equilibrium concentration of the corresponding cation. The analysis was done using either ICP-OES 
or ICP-MS, depending on the final M2+ concentration. The settled Fh particles were re-suspended in the 
50 mL polypropylene tube to measure the equilibrium pH with a combined glass electrode.  

4.2.3. Modeling 

The results of the adsorption experiments have been interpreted with the charge distribution (CD) 
model44 in combination with a recent multisite ion complexation (MUSIC) model for Fh.30 Details about 
this structural surface complexation model are described in Section 4.4.1. The electrical double layer 
(EDL) is described with the extended Stern layer approach.45 As Fh is a ultra-small nanoparticle, the 
effect of surface curvature on the capacitance values (Cnano,1 and Cnano,2) of the inner- and outer- Stern 
layers are made size-dependent, using as a reference the capacitance values of a goethite surface with 
nearly zero surface curvature.46 The protonation reactions determining the primary surface charge and 
the interactions of the background electrolyte ions with the surface groups of Fh are described according 
to Mendez and Hiemstra.39 

CD modeling was performed with the software ECOSAT (version 4.9).47 The affinity constants 
(logK) of the adsorption reactions of Ca and Mg were optimized using the program FIT (version 
2.581).48 The solution speciation reactions used in the modeling are given in Table S4.2 of the SI. In our 
modeling, we used CD coefficients for the various alkaline-earth metal ions that we derived with a 
Brown bond valence analysis49,50 from the geometries of complexes optimized with molecular orbital 
(MO) calculations, applying density function theory (DFT) implemented in the software Spartan18 
parallel of Wavefunction, Inc. Details about the template of the Fe cluster used in the geometry 
optimizations were recently described by Mendez and Hiemstra.17 

 

4.3. Results 

4.3.1. Adsorption of calcium 

4.3.1.1. Effect of pH and molar Ca/Fe ratio  

The Ca adsorption was studied in single-ion systems by varying either the Ca (Figure 4.1a) or Fe 
concentration (Figure 4.1b) in the Fh systems. In addition, the total concentrations of Ca and Fe were 
changed at a fixed molar Ca/Fe ratio (Figure 4.1c). The adsorption of Ca to Fh increases with increasing 
the pH, which is typical for the pH-dependent binding of metal ions to Fe-(hydr)oxides,14 as there is a 
net release of protons upon metal ion adsorption.51 The pH at which the Ca adsorption occurs is rather 
high compared to the adsorption pH values of divalent transition metal ions (e.g. Cd2+, Pb2+, Cu2+, 
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Zn2+).14,24,25,29,52 This reflects the relatively low affinity of this alkaline-earth metal ion for Fh, in 
comparison to heavy metal ions.  

As follows from Figure 4.1, the pH-dependency of the adsorption edges of Ca becomes less 
pronounced at increasing the molar Ca/Fe ratios. For systems with the same Ca/Fe ratio but different 
total concentrations of Ca and Fe, the adsorption edges of Ca are shifted towards higher pH values for 
the systems with a lower total concentration of Ca and Fe (Figure 4.1c). Similar observations have been 
described for the adsorption of Cd to Fh,53 and can be attributed to the non-linearity of the adsorption 
isotherms of these cations. The adsorption of Ca to Fh, expressed in mol mol‒1 Fe or µmol m‒2 (Figure 
S4.1), initially increases with increasing the total molar Ca/Fe ratio. Fh adsorbs more Ca than goethite 
per unit of Fe, especially at the higher pH range,54 which is mainly due to the much larger specific 
surface area (m2 g‒1) of Fh. 

 

 

Figure 4.1. pH-dependent percentage of Ca adsorbed to ferrihydrite in single-ion systems. The specific surface 
area of these Fh suspensions was A = 684 ± 15 m2 g-1 with a corresponding molar mass of Mnano= 96.6 g mol-1 Fe. 
The symbols are experimental data and the lines are CD model calculations obtained with the parameters set of 
Table 4.1. The translation of the data to surface loading is given in Figure S4.1 showing a variation over nearly 3 
orders of magnitude (~0.002 and ~1 µmol m-2). Panel a) presents the Ca adsorption at a fixed total Fe but variable 
Ca content in 0.01 M NaNO3. Panel b) presents the Ca adsorption at a fixed initial Ca but variable Fe concentration 
in 0.01 M NaNO3. Panel c) presents the Ca adsorption at fixed molar Ca/Fe ratio but different total Ca and Fe 
concentrations for systems in 0.01 M NaNO3. 
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4.3.1.2. Effect of ionic strength 

The effect of the ionic strength on the adsorption of Ca is presented in Figure 4.2 for two sets of Fh 
systems with contrasting total molar Ca/Fe ratios. For a given pH, the effect of the ionic strength depends 
on the adsorption density of Ca. For systems with the lowest total molar Ca/Fe ratio (Figure 4.2a), the 
adsorption of Ca clearly decreases when the ionic strength increases from 0.01 to 1.0 M NaNO3. This 
trend has been reported previously for the adsorption of Ca to Fh32 and goethite.55 The adsorption of Ca 
to Fh occurs predominantly in the pH range above the point of zero charge (PZC), which is pHPZC ~8.1 
for Fh suspensions in NaNO3.39 Under these pH conditions, the surface of Fh is negatively charged, 
which creates a set of negative electrical double layer potentials that are attractive for Ca2+ ions. At 
increasing the ionic strength, this attractive field diminishes and consequently, the Ca adsorption 
decreases too. At a high Ca/Fe ratio (Figure 4.2b), the effect of ionic strength on the Ca adsorption is 
less evident, possibly because the relative high adsorption density in these systems contributes by itself 
to the compensation of the surface charge, reducing the change of the field by the background 
electrolyte.  

 

Figure 4.2. pH-dependent percentage of the Ca adsorption to ferrihydrite in single-ion systems at different NaNO3 
concentrations, added as background electrolyte solution. Panel a) and b) are for systems with total molar Ca/Fe 
ratios of ~0.03 and ~0.13, equivalent to an initial loading of ~0.4 and ~2.0 µmol m‒2. The symbols are experimental 
data and the lines are CD model calculations obtained with the parameters set of Table 4.1. The specific surface 
area of Fh was A = 684 ± 15 m2 g‒1 with a corresponding molar mass of Mnsano= 96.6 g mol‒1 Fe. 

 

4.3.2. Adsorption of magnesium 

Despite the potential relevance of Mg in various marine and terrestrial environments, its interaction 
with Fh has not been studied in any detail yet. Here, we quantify the adsorption of Mg to freshly-
prepared Fh in single-ion systems (Figure 4.3a) with different total molar Mg/Fe ratios. Like in the case 
of Ca, the adsorption edges of Mg are right-hand shifted when the total molar Mg/Fe ratio increases, 
and this behavior can be attributed to the non-linearity of the adsorption isotherm (Figure 4.3b). The 
adsorption of Mg is about proportional to its solution concentration (c) according to cn with n ~ 0.4 (i.e. 
a Freundlich adsorption behavior) rather than n = 1 (i.e. a linear adsorption isotherm). 
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Figure 4.3. (a) pH-dependency of the Mg adsorption to ferrihydrite in single-ion systems with three total Mg 
concentrations (0.03, 0.10, and 0.30 mM) and one total Fe concentration (3.8 mM). The specific surface area of 
these Fh suspensions was A = 720 ± 10 m2 g‒1 with a corresponding molar mass of Mnano = 97.6 g mol‒1 Fe. The 
initial loading varied between ~0.1 and ~1.1 µmol m‒2 (b) Adsorption isotherm of Mg to ferrihydrite at pH 8.82 ± 
0.02. The specific surface area of this Fh was A = 690 ± 17 m2 g-1 with a corresponding molar mass of Mnano = 96.8 
g mol‒1 Fe. In both cases (panels a and b), the ionic strength was kept constant at I = 0.01 M NaNO3. The symbols 
are experimental data and the lines are CD model calculations obtained with the parameters set of Table 4.1. 

 

4.3.3. Ca versus Mg adsorption 

In Figure 4.4, the adsorption behavior of Ca and Mg is compared for Fh systems with two different 
molar M2+/Fe ratios. Both datasets show that, at the same experimental conditions, more Ca (spheres) 
than Mg (squares) is adsorbed to Fh, illustrating the higher adsorption affinity of Ca for Fh in comparison 
to Mg. This also follows from the higher logK values for the adsorption of Ca presented in Table 4.1. A 
higher binding affinity of Ca compared to Mg has also been found for TiO2.56,57 Interestingly, the 
opposite affinity trend has been found for other Fe (hydr)oxides, including goethite and hematite.58–61 
This difference in affinity trend will be discussed in the Section 4.4.2.5. 

 

Figure 4.4. pH-dependency of Ca (circles) and Mg 
(squares) adsorption to ferrihydrite in single-ion 
systems. The total concentration of either Ca or Mg is 
[M2+] = 1 mM. The dark-blue symbols are experimental 
data collected in the present study in systems with an 
ionic strength of I = 0.01 M NaNO3 and a total Fe 
concentration of 7.5 mM. The average specific surface 
area of this ferrihydrite is A = 700 ± 20 m2 g‒1

 and the 
initial M2+ loading is ~2 µmol m‒2. The light-blue 
symbols are experimental data from Kinniburgh et al.62 
in systems with an ionic strength of I = 1.0 M and a total 
Fe concentration of 93 mM. The initial M2+ loading is 
~0.2 µmol m‒2. The specific surface area of this 
ferrihydrite material is A = 585 m2 g‒1, as calculated by 
Hiemstra63 from proton adsorption data. The lines are 
model simulations obtained with the parameter set of 
Table 4.1. 
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4.4. Discussion  

4.4.1. Multisite ion complexation model for Fh 

Michel et al.33,34 proposed a new structural model for Fh that has been subsequently supported by 
additional evidence.36,37,64 Since Fh particles are ultra-small, the surface will dominantly contribute to 
the overall behavior of this nanomaterial. Many microscopic and macroscopic properties of Fh are size-
dependent. The particle size dependency of a suite of physical-chemical properties of Fh can be 
understood from the difference in the polyhedral composition of the mineral core and the surface.4,35,63,65 
As mentioned in the Introduction section, Hiemstra and Zhao30 have developed a mechanistic multi-site 
ion complexation model for Fh in which the types of sites, and corresponding densities, of this 
nanomaterial were derived independently with a surface structural analysis. The model includes the size-
dependent variation of the molar mass (Mnano) and the mass density (ρnano) that results from the variable 
contribution of chemisorbed water (nH2O) to the overall chemical composition of Fh 
(FeO1.4(OH)0.2·nH2O).15  

In this structural multi-site Fh model, three types of surface groups have been defined, which differ 
in their coordination number to Fe: i.e. singly (≡FeOH‒0.5), doubly (≡Fe2OH0), and triply (≡Fe3O‒0.5) 
coordinated groups. Furthermore, two types of singly coordinated groups can be distinguished 
structurally, namely ≡FeOH(a)‒0.5 and ≡FeOH(b)‒0.5, which can form respectively either single edge (1E) 
or double corner (2C) bidentate surface complexes, having a surface density of Ns(a) = 3.0 nm‒2 and 
Ns(b) = 2.8 ± 0.6 nm‒2. Both types of singly coordinated groups may also form single corner (1C) 
monodentate surface complexes. The triply coordinated groups do not participate in ligand exchange 
reactions but contribute to the development of primary surface charge with an effective site density of 
Ns(T) = 1.4 ± 0.5 nm‒2. The ≡Fe2OH0 groups are apparently uncharged and do not react with protons at 
common pH conditions. This surface model has been applied to describe consistently the adsorption of 
a range of oxyanions, such as PO4 and AsO4,30 Si(OH)4,63 and CO3.17 In the present study, this ion 
adsorption framework for Fh will be extended by introducing the concept of high affinity sites to 
describe the adsorption of alkaline-earth metal cations, and this can be relevant for metal ion adsorption 
in general.  

4.4.2. Modeling 

4.4.2.1. Adsorption mechanism  

To the best of our knowledge, no in-situ structural information is available about the binding modes 
of Ca and Mg to Fh. However, extended X-ray absorption fine structure (EXAFS) has been used in the 
past to analyze the surface complex structure of another alkaline-earth metal ion, namely strontium 
(Sr2+).66 With EXAFS, a Sr-Fe distance of 375 ± 6 pm has been found at a total molar Sr/Fe ratio of 
0.1,66 which is equivalent to an estimated initial loading of ~1.5 µmol m‒2. Under extreme conditions 
with a tenfold higher (1:1) Sr/Fe ratio, the reported Sr-Fe distance is shorter, i.e. 340 ± 11 pm. The short 
Fe-Sr distance may be due to edge (E) sharing while double corner sharing may lead to the larger Fe-Sr 
distance. Comparison to the structure of Sr ferrite SrFe(III)2O4(s)67 supports this, although we notice 
that in ferrites Fe is 4-fold rather than 6-fold coordinated.  

For a further interpretation, we have optimized the geometry of a hydrated SrFe2(OH,OH2)10 cluster 
with MO/DFT. Our MO/DFT/B3LYP/6-31+G** optimizations of various equilibrium geometries show 
an intricate picture of possible complexes in which, the initial location of the Sr ion, its coordination 
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number (CN), and the predefined water network play a role in the final outcome. For optimized hydrated 
double corner complexes of Sr2+ (CN = 8), we can find an equilibrium Fe-Sr distance of 426 ± 3 pm as 
well as 385 ± 25 pm. In case of the removal of one water molecule from the latter structure, the Fe-Sr 
distance decreases to 362 ± 15 pm. In that complex, the Sr2+ ion coordinates additionally to a doubly Fe-
coordinated OH-ligand (≡Fe2OH) in our cluster. In fact, a tridentate complex is then formed with double 
edge (2E) sharing. In case of the formation of a single edge (1E) complex, we find a similar value for the 
Fe-Sr distance (369 pm). Our optimizations suggest that a short Sr-Fe distance can be attributed to edge 
formation and the larger Sr-Fe distances refer to the formation of binuclear bidentate double corner 
complexes. 

For goethite, EXAFS data do not show convincing evidence for the presence of Fe in the 
coordination sphere of Sr  at pH 7 and in the absence of a background electrolyte.68 However, adsorption 
data and CD modeling suggest inner-sphere complex formation at a neutral pH. Inner-sphere surface 
complexes are observed for goethite with EXAFS at very high pH (10-13) showing d(Fe-Sr) = 430 pm,69 
or d(Fe-Sr) = 358 and 448 pm.70 Considering our MO/DFT calculations, the larger distance can be 
explained by the formation of a binuclear bidentate complex and the short distance points to the 
formation of a mononuclear bidentate complex. 

Based on the above, and after an extensive modeling search (Appendix K), we assume for the 
binding of M2+ to Fh the formation of binuclear bidentate complexes as the dominant binding 
mechanism, according to:  

2 ≡FeOH(b)‒0.5 + M2+(aq) ↔≡ (FeOH(b))2
‒1+Δz0M Δz1       logKBM                                                                  (Equation 4.1) 

in which ≡FeOH(b)‒0.5 represents the singly coordinated groups (type b) that can form double corner 
complexes and Δz0 and Δz1 are the charge attributions to respectively the surface and 1- Stern plane. 
These coefficients have been derived with a Brown bond valence analysis49,50 of the MO/DFT/B3LYP/6-
31+G** optimized geometry of the M2+ complexes (Table S4.4).  

Since both Ca2+ and Cd2+ are divalent cations of nearly equal ionic radius and have the same 
coordination number (CN = 6), the optimized structure of a hydrated CdFe2(OH,OH2)10 cluster used as 
a starting point for optimizing the structure of the various alkaline-earth metal ions. The experimental 
d(Fe-Cd) = 376 ± 4 pm reported by Tiberg and Gustafsson29 for this Cd complex is well-reproduced 
with our MO/DFT/B3LYP/6-31+G** calculations, resulting in d(Fe-Cd) = 370 ± 6 pm. The latter value 
represents the average (± S.D.) of the Fe-Cd distances found by optimizing 4 different Fe(III) clusters 
(see Appendix G).  

After replacing Cd2+ by Ca2+ in these Fe(III) clusters and subsequent geometry re-optimization, the 
equilibrium Ca-OH(H) distances obtained have been used to calculate the interfacial charge distribution 
coefficients, yielding for Ca2+ Δz0  = +0.94 v.u. and Δz1 = +1.06 v.u. The mean Fe-Ca distance in the 
optimized clusters is d(Fe-Ca) = 372 ± 8 pm. Similarly, we found for Mg (CN = 6), Sr (CN = 8), and Ba 
(CN = 8) respectively d(M-Fe) = 362 ± 4, 427 ± 5, and 440 ± 20 pm. Be (CN = 4) has the shortest M-
Fe distance, i.e. 323 ± 6 pm. In Table S4.3, the Fe-M2+ and M2+-OH(H) distances are given for a case in 
which the Fe(III) ions are fixed in the cluster, i.e. no Fe(III) relaxation is allowed.   
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In Figure 4.5a, the optimized structure of one of the alkaline-earth metal ions (Ca2+) is given as an 
example. In addition, we show in Figure 4.5b the interfacial charge attribution (∆z0) values for the 
various optimized complexes (also given in Table 4.2) in comparison to the values that are calculated 
assuming a symmetrical distribution of charge within the coordination sphere of each adsorbed metal 
ion, i.e. using Pauling bond valences. A linear relationship is observed between the Δz0 values derived 
from the Brown bond valance analysis of the MO-DFT optimized geometries and the Δz0 values 
calculated using Pauling bond valences. However, this relationship is shifted in the y-axis by about 
+0.20 v.u. (black arrow) with respect to the 1:1 line (dashed line). This shift may be rationalized in the 
first place as a change in charge distribution imposed by the coordinating –OH ligands of the Fe(III) 
cluster used in optimizations, rather than by the type of adsorbing metal ion. 

 

Figure 4.5. a) Optimized geometry of a Fe (hydr)oxide cluster (Fe2(OH)8(OH2)2) with a binuclear bidentate double 
corner complex of Ca2+ with 14 surrounding water molecules. b) Comparison of the interfacial charge attribution 
(∆z0) of the common surface -OH ligands of various binuclear bidentate double corner complexes of M2+ ions, 
calculated with a Brown bond valence analysis (y-axis) applied to the optimized MO/DFT/B3LYP/6-31+G** 
geometries (Table 4.2) and by assuming an equal charge distribution over the ligands in the M2+ coordination 
spheres (x-axis), i.e. using the Pauling bond valence approach. For Ra (open symbols), the Δz0-Brown values were 
calculated by extrapolating the results of the other ions, considering a coordination number of CN = 8 or 12.  

In theory, bidentate complex formation of Ca can also be inferred by a thermodynamic consistency 
analysis of macroscopic data, using either the net release of H+ per mol of adsorbed Ca2+ at constant pH, 
or the pH-dependency of the Ca adsorption, provided that the adsorption is dominated by only one 
binding mode. The H/Ca exchange ratio reflects the change in the net surface charge upon specific ion 
adsorption at fixed pH values.14,51,71 For Fh suspensions in 1.0 M NaNO3, the experimental H/Ca 

exchange ratio is 0.92 ± 0.03 as reported by Kinniburgh.51 In systems with 0.01 M NaNO3, the predicted 
H/Ca exchange ratio will be even larger, about ~1.7 (Figure S4.2). This points to a relatively strong 
electrostatic interaction of the Ca2+ ion with the protons bound at the surface and consequently, to a large 
pH dependency of the Ca adsorption. Our modeling predicts a H/Ca ratio of ~1.0 for Fh systems in 1.0 
M NaNO3 in the case of bidentate complex formation, which is in close agreement with the experimental 
data, while the ratio would be only H/Ca ~0.5 in the case of monodentate complex formation. In addition, 
the formation of monodentate complex as main binding mechanisms is inconsistent with the description 
of the adsorption of Ca and PO4 in the binary systems (Chapter 5). All this evidence obtained from 
macroscopic data supports our assumption that bidentate complex formation is most probably the 
dominant binding mechanism of Ca to Fh. 
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4.4.2.2. “High” and “low” affinity sites of Fh 

Surface site heterogeneity is a commonly reported phenomenon for the binding of metal ions to Fh.14 
From an electrostatic perspective, metal ions may bind stronger at a lower than at a higher surface 
loading. Heterogeneity is only evident if the metal adsorption is studied over a sufficiently large range 
of surface loadings. Kinniburgh and Jackson25 have collected an impressive set of Ca2+ adsorption data 
to Fh, covering a large concentration range of ~5 orders of magnitude (Figure 4.6a). The pH was also 
strongly varied (Figure 4.6b). Defining in our modeling approach the formation of bidentate complexes 
as the main binding mode of Ca (Equation 4.1), these dataset could be well described only by introducing 
in the CD modeling sites with a relatively high affinity for Ca, in addition to sites with a lower affinity. 
Excluding site heterogeneity from the modeling led to unacceptable deviations in the model predictions, 
particularly in systems with a high Ca loading. Evaluation other modeling options with different binding 
mechanisms of Ca neither provided an accurate description of the experimental adsorption data (see 
Appendix K in the SI). In addition, chemical heterogeneity was required for describing our own 
adsorption data of Ca (Figure 4.1) as well as for data from literature for Sr, Ba, and Ra adsorption as 
given in Figures S4.5, S4.6, and S4.7, respectively. 

 

Figure 4.6. a) Adsorption isotherm of Ca to Fh at pH 8.0 and b) pH dependency of the Ca adsorption to Fh for a 
broad range of total Ca concentrations in 1.0 M NaNO3 and at a total Fe concentration of 93 mM. Data are from 
Kinniburgh and Jackson.25 The full lines give the model result, using for Fh a derived specific surface area of A = 
585 m2 g‒1. The dashed and dotted lines in panel a) give respectively the contribution of the high and low affinity 
sites to the binding of Ca. The dashed line in panel b gives the contribution of the high affinity site at the highest 
Ca addition (10-2 M). The site densities for the high and low affinity sites are 0.29 ± 0.02 and 2.51 nm-2 respectively. 
Applying the CD model, the pH dependency of the data show that the Ca2+ ions bind to Fh predominantly as a 
bidentate complex. The CD values have been derived independently from MO/DFT optimized geometries, leading 
to a good description of the data (R2 = 0.99, n= 89). The model parameters are presented in Table 4.1.  

The shape of the isotherm in Figure 4.6a is characteristic for the adsorption of metal ions to the 
surfaces of Fh.14 At low surface coverages, the adsorption density of Ca increases almost linearly with 
the concentration of Ca in solution. The reason is the nearly constant electrostatic contribution to the 
overall adsorption energy, due to the insignificant introduction of interfacial charge by the adsorbed 
metal ion and the absence of site saturation. This results in a slope s of ~1 in the log-log plot (Figure 
4.6a). Linearity can also be deduced from the absence of a pH-shift in the adsorption edges of Ca for the 
series with the lowest total Ca additions (Figure 4.6b). According to Figure 4.6a, there is a loss in 
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linearity at increasing Ca adsorption densities. Our modeling shows that at high loadings, this loss in 
linearity cannot be explained by just changes in the electrostatic adsorption energy.14,24,40 A significant 
quantity of additional sites with a substantially lower intrinsic affinity for Ca is present at the Fh surface. 

In Figure 4.6, our modeling outcomes for Ca2+ are given with lines. In the modeling, we used a 
specific surface area of A = 585 m2 g-1 that is based on the reported proton titration in the pH range of 
~5.0–8.2.39 The consistent value of molar mass is Mnano = 94.1 g mol-1 Fe. The dashed and dotted lines 
in Figure 4.6a represent the adsorption to respectively the high and low affinity sites. The modeling 
shows that in this data set, the Ca adsorption at pH 8 is dominated by the binding to the high affinity 
sites. At pH 8, the high affinity sites get saturated only at solution concentrations of ~10-2 M Ca. 
Conversely, at pH 10, the adsorption of Ca is dominated by low affinity sites over a wider range of 
solution concentrations (Figure S4.3). 

In Figure 4.6a, the contribution of the low affinity sites to the overall Ca adsorption is still relatively 
low. However, at higher pH, it can be substantially larger, as given in Figure 4.6b. These data at high 
pH and high loading can be consistently described only if a combination of low and high affinity sites 
is included in our modeling approach (Appendix K). At the surface of Fh, the low affinity sites dominate 
(Ns = 2.51 nm‒2), but its contribution to the Ca adsorption is usually limited to a relatively high pH and 
Ca concentration, as is given in Figure 4.6 with the dashed lines. Calculations show that there is only a 
relatively small number of high affinity sites (Ns = 0.29 ± 0.02 nm‒2). This is also experienced in the 
modeling of our own data, where the contribution of the low affinity sites becomes only evident at high 
pH. The good agreement between the data and modeling advocates the presence of two types of sites 
that strongly differ in their affinity for Ca and in their surface density. The intrinsic logK values found 
for these high and low affinity sites differ by ~2.5 logK units and are respectively logKBhCa = 5.13 ± 0.02 
and logKBlCa = 2.62 ± 0.03 (Table 4.1). 

 

Table 4.1. Surface species, CD coefficients, and fitted logK for the binding reactions of Ca (n = 89, R2 = 0.99) and 
Mg (n = 32, R2 = 0.98) to Fh. The surface site densities used are from Hiemstra and Zhao30 with ≡FeOH(a) = 3.0 
nm‒2, ≡FeOH(b) = 2.8 nm‒2 and ≡Fe3O = 1.4 nm‒2. Two types of ≡FeOH(b) groups were defined to account for 
site heterogeneity ≡FeOH(bl) for low and ≡FeOH(bh) for high affinity sites. The site densities of these surface 
groups were fitted respectively to 2.48 ± 0.02 and 0.32 ± 0.02 nm‒2 for our Fh suspensions. The capacitance values 
for the extended Stern layers of Fh (Cnano,1 and Cnano,2) are size-dependent and are calculated taking the capacitance 
values of a flat plane as reference (C1 = 0.90 F m‒2 and C2 = 0.74 F m‒2).  

Species ID* ≡FeOH(bl)‒0.5 ≡FeOH(bh) ‒0.5 ∆z0** ∆z1 ∆z2 H+ Ca2+ Mg2+ logK ± SE*** 

(≡FeOH)2Ca BCa(l) 2 0 0.94 1.06 0 0 1 0 2.62 ± 0.03 

(≡FeOH)2Ca BCa(h) 0 2 0.94 1.06 0 0 1 0 5.13 ± 0.02 

           

(≡FeOH)2Mg BMg(l) 2 0 0.89 1.11 0 0 0 1 1.87 ± 0.06 

(≡FeOH)2Mg BMg(h) 2 2 0.89 1.11 0 0 0 1 4.09 ± 0.04 
 
*     BCa(l)  = Bidentate (double-corner) Ca with low affinity sites;  BCa(h) = Bidentate (double-corner) Ca with 
high affinity sites; BMg(l) = Bidentate (double-corner) Mg with low affinity sites; BMg(h) = Bidentate (double-
corner) Mg with high affinity sites 
**   The CD coefficients have been derived from MO/DFT optimized geometries. 
*** The logK values for Ca were optimized using the Ca adsorption data Kinniburgh and Jackson.25 See text.  
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4.4.2.3. Structural interpretation high affinity sites 

Presently, it is difficult to indisputably link the observed difference in metal ion affinity to a 
comprehensive structural surface configuration of Fh. In literature, the presence of sites for crystal 
growth has been proposed as explanation for the existence of high affinity sites.72 However, for Fh the 
crystal growth occurs by a simultaneous attachment of Fe octahedra in pairs,15 whereas the Ca2+ and 
Mg2+  adsorption refers to the binding of a single ion, making sites of crystal growth less likely as the 
reckoned high affinity sites. We propose that the high affinity character of a small fraction of the singly 
coordinated groups is related to the presence a selective number of surface -OH ligands that are less well 
neutralized by the Fe(III) ions of the solid. Consequently, these sites will have a higher affinity for 
binding metal (M2+) ions. Stronger ≡FeOH-M2+ bonds can then be formed.  Below, we present the result 
of a surface structural analysis, in an attempt to identify a possible set of ≡FeOH sites that may have a 
high affinity character. There are two criteria in the search for such a structure, namely, it gives a) an 
explanation for the number of high affinity sites found in our modeling and 2) there is a rationale for its 
high affinity character.    

A major characteristic of the Fh structure is that the Fe1 octahedra (60%) are organized in single 
sheets that are bound together by Fe in Fe2 octahedra (20%) and Fe3 tetrahedra (20%).33 At the surface, 
the Fe1 polyhedra are relatively protruded.35 In Figure 4.7, a snapshot is given of a part of the surface 
of a Fh particle, showing in yellow the layers with Fe1 octahedra that are bound together by highly 
distorted Fe2 (dark blue octahedra) and Fe3 (light blue tetrahedra). Both rose-colored Fe1 octahedra 
with singly coordinated ≡FeOH groups in the front can form a binuclear bidentate complex (2C) with a 
metal ion, having a supposed high affinity.  

In Figure 4.7, the two turquoise-colored spheres of the high affinity moiety represent two O3 oxygen 
ions, whereas the two white spheres are two O4 oxygen ions. These oxygen ions have the same 
coordination number (CN) as in the bulk mineral, namely CN=3 and CN=4 respectively, and without 
surface relaxation, these oxygen ions are under-saturated in bond valence charge, being respectively       
‒0.18 and ‒0.07 v.u.35 

The dark-blue spheres of the edge of the Fe1 octahedra are both undercoordinated due to the absence 
of a Fe3 tetrahedron, changing the coordination number from CN = 4 to CN = 3 (although this is not 
visible in the present representation). Due to the absence of a Fe3 tetrahedron, a bond valence charge of 
0.75 v.u. is lacking. For the upper dark-blue O4 oxygen ion, this leads to a charge of ‒0.07 ‒ 0.75 ≈        
‒0.82 v.u. Upon interaction with the water network with charge donation of ~0.2 v.u., the net oxygen 
charge will be reduced to ~0.62 v.u., equivalent to an estimated value of logKH ~12.73  Consequently, 
the oxygen ion will carry a proton, which saturates the oxygen valence (≈ 0 v.u.). The lower dark-blue 
O2 oxygen ion had originally a charge of +0.23 v.u.,35 but due to the absence of a Fe3 tetrahedron, its 
charge changes to +0.23 ‒ 0.75 ≈ ‒0.5 v.u. This charge will decrease by ~ 0.2 v.u. in case of hydrogen 
bond formation with interfacial water, leading to a relatively low value for the protonation constant, 
logKH ~ 6,73 effectively preventing protonation. The dotted black spheres are “ordinary” uncharged, 
doubly coordinated ≡Fe2OH0 surface groups.  
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Figure 4.7. a) Snapshot of the surface of a Fh particle showing layers with Fe1 octahedra (yellow), bound together 
by Fe2 (dark blue) and Fe3 (light blue) polyhedra with two rose-colored Fe1 octahedra having two singly 
coordinated ≡FeOH groups forming a high affinity site. The various types of oxygen ions of the Fe1 octahedra that 
are shared with the Fe octahedra of the solid are undercoordinated and contribute in a different degree (see text) 
to a redistribution of the charge within the Fe1 octahedra. The shift of charge leads to an increased demand for 
saturation of both singly coordinated ≡FeOH surface groups that can be delivered by the coordination of an 
adsorbed M2+ ion, yielding high affinity sites with a density of 0.28 ± 0.08 nm‒2 for representative Fh particles of 
different size. b) Fh particle (2.7 nm) with 3 pairs of Fe1 octahedra (rose-colored) with high affinity ≡FeOH sites 
and 27 pairs of other ≡FeOH sites (green) with a low affinity that both can form binuclear bidentate complexes.  

Collectively, the oxygen ions of both rose-colored Fe1 octahedra shared with the bulk may cause a 
redistribution of charge within the Fe1 moiety. Upon relaxation, bond valence charge may move towards 
the oxygen ions shared with the solid, decreasing the charge neutralization of the oxygen ligands of the 
≡FeOH surface groups having the lowest Fe coordination. This shift in charge will lead to an increased 
demand for saturation of the charge of both ≡FeOH surface groups that can be delivered by a M2+ ion 
that adsorbs. In Figure 4.7b, we present a 2.7 nm Fh particle that has three pairs of high affinity Fe1 
octahedra (rose-colored) and 27 other Fe1 pairs with a supposed low affinity for forming binuclear 
bidentate complexes.  

By constructing Fh nanoparticles of various sizes, we found some variations on the structure of 
Figure 4.7a, in which for instance the lower dark-blue O2 oxygen ion retained its coordination with the 
tetrahedral Fe3 (Figure S4.8a) or in which the Fe1octahedra at either side of the high affinity octahedra 
were absent (Figure S4.8b). Therefore, high affinity sites probably form a class of structural 
configurations rather than a single one. All these sites are affected to a greater or less extent by a shift 
of charge within the Fe1 octahedra to satisfy charge of the oxygen ions shared with the mineral bulk. 
The increase in affinity of the corresponding singly coordinated ≡FeOH groups is in the order of ~2–3 
logK units for alkaline-earth metal ions (Tables 4.1 and 4.2) according to our data analysis. 

  In our model approach, the class of high affinity sites is represented by a single site and a mean 
logK value. Actually, a small variation in logK may exist within this class of high affinity sites. If so, 
this will lead to less linearity in the adsorption isotherms at low loading where the electrostatic energy 
contribution is practically constant, unaffected by the metal ion loading. This may be the reason why 
the slope of the experimental isotherm in Figure 4.6a changes slightly more than the model prediction. 
By explicitly introducing within the high affinity sites a distribution of affinities, as done for proton and 
ion adsorption to organic matter,74,75 one may improve the model description, but this development is 
beyond the scope of the present paper.   
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We have constructed a few Fh particles of different sizes (2.2–2.8 nm) for counting the number of 
groups related to the above-described surface structures. The particles had a specific surface area 
between SSA 550–750 m2 g‒1. At the surfaces of these particles, only one to three high affinity moieties 
were found. This is equivalent to a typical density of high affinity ≡FeOH sites of 0.28 ± 0.08 nm‒2, 
which is 10% of the total amount of ≡FeOH(b) sites. This number obtained for the high affinity sites 
matches satisfactorily with the site densities found by fitting of M2+ adsorption data.  

4.4.2.4. Modeling our Ca and Mg adsorption data 

Our adsorption data for Ca cover a broad range of conditions, comprising different molar Ca/Fe 
ratios, pH values, and ionic strength. This extensive data set can be described using the Ca2+ ion as probe 
to derive the site density of the high affinity sites. In the approach, we use the intrinsic logK values 
derived above for the data collected by Kinniburgh and Jackson25 (Table 4.1). By only adjusting slightly 
the site density of the high affinity sites, our entire data set can be well described as illustrated with the 
model lines in Figures 4.1 and 4.2. The optimized site density for the high sites of our Fh preparations 
is Ns(bh) = 0.32 ± 0.02 nm‒2 (R2 = 0.951, n = 78) and the corresponding site density for the low affinity 
sites is set to Ns(bl) = 2.48 nm‒2, as the sum of both types of FeOH(b)‒0.5 groups is 2.8 nm‒2.30 The fitted 
Ns(bh) value is in excellent agreement with the density of high affinity sites derived from the adsorption 
data of Kinniburgh and Jackson25 and from the surface structural analysis of Fh. Using the parameters 
set of Table 4.1, the Ca adsorption data from Dempsey and Singer76 can also be well-described (Figure 
S4.4).  

For goethite, formation of inner-sphere monodentate complexes with the singly coordinated groups 
has been proposed as the dominant binding mode of Ca.54,59,60,77–79 For a freeze-dried Fh material, Antelo 
et al.21 have also used in the modeling monodentate inner-sphere complexes, combining non-hydrolyzed 
(≡FeOHCa+1.5) and hydrolyzed (≡FeOHCaOH+0.5) surface species. Applying these surfaces species in 
our modeling, with and without including outer-sphere complex formation, did not allow a good 
description of our data if the aim is to describe simultaneously and consistently also the extensive dataset 
of Kinniburgh and Jackson25 (Appendix K). Moreover, as mentioned in Section 4.4.2, defining 
monodentate complexes as the main binding mechanism of Ca is inconsistent with the description of Ca 
and PO4 adsorption in the binary Ca-PO4 systems (Chapter 5). 

For Mg, modeling of the adsorption data in single-ion systems suggests that the binding mechanism 
of this cation is similar to that of Ca. Formation of inner-sphere bidentate complexes is the dominant 
binding mode of Mg to the surfaces of Fh (Equation 4.1). Surface site heterogeneity is also required to 
describe properly the adsorption edges (Figure 4.3a) and the adsorption isotherm (Figure 4.3b) of this 
cation. In our modeling of the Mg adsorption data, we used the same site densities for the high and low 
affinity sites of Fh as derived above from our Ca adsorption data. The CD model parameters for Mg are 
presented in Table 4.1. These parameters provide a good description of the adsorption data of Mg in 
single ion systems (R2 = 0.98, n = 32).  

4.4.2.5. Variation in affinity of alkaline-earth ions 

Table 4.1 shows that the logK values of the high and low affinity sites for Mg are lower than the 
corresponding logK values for Ca. This model outcome agrees with the parallel shift in the adsorption 
edges of Ca and Mg along the pH scale seen in Figure 4.4, illustrating the difference in binding affinity 
between these two ions. The trend in affinity Ca2+ > Mg2+ observed for Fh is also found for TiO2,56,57 
but remarkably not for other Fe (hydr)oxides, such as hematite61 and goethite58–60 nor for SiO2.80 The 
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trend in affinity is related in a complex manner to the size of the adsorbed ion. Ca2+ and Mg2+ are just 
two members of the series of alkaline-earth metal ions, comprising Be2+, Mg2+, Ca2+, Sr2+, Ba2+ and Ra2+.  

To generalize our work and confirm the observed trend in affinity for the whole series of ions, we 
have included in our adsorption modeling relevant data for other alkaline-earth metal ions (Figures S4.5 
– S4.7) as far as data are available in literature (Table 4.2). In the modeling approach, the formation of 
binuclear bidentate complexes (Equation 4.1) has been defined as the main binding mechanism, similar 
as defined for Ca and Mg. The CD values used in the modeling are provided in the legend of Table 4.2. 
In Figure 4.8, the variation in adsorption affinity (logK) as a function of the ionic radius of M2+(aq) is 
illustrated for both the high and the low affinity sites. In both cases, the logK values increase at 
increasing the ionic radius of the alkaline-earth metal ions.  

 

 
Figure 4.8 Affinity constants of high affinity sites (logKbh) for the series of alkaline-earth metal ions (green 
symbols). The modeling is based on our own experimental data and those of Kinniburgh et al.25,41 (green squares), 
Kolařík42 (green triangle), and Sajih et al.43 (green diamonds). The corresponding logKbl values for the low affinity 
sites are given as orange spheres. The logKbh and logKbl values for Be (open symbols) have been calculated by a 
linear extrapolation of the logKb values of the other alkaline-earth metal ions. The ionic radius data are from 
Shannon.81 The details of the CD modeling are given in the Supporting Information (Figures S4.5 ‒ 4.7). 

 

The formation of M2+ inner-sphere surface complexes can be split into a sequential number of 
reactions, comprising 1) partial dehydration of the aqueous M2+ ion, 2) removal and rearrangement of 
interfacial water upon surface attachment of this partially hydrated M2+, and 3) bond formation of the 
adsorbed M2+ ion with the surface -OH groups. For each of the reactions an energy change can be 
attributed that in summation leads to the overall adsorption energy change ∆Eads. The dehydration 
enthalpy or energy (‒Eh) is nearly linearly related to the ionic size.80 Smaller M2+ ions are more difficult 
to dehydrate than larger ones due to the formation of shorter and stronger M-OH2 bonds. Simultaneously, 
one may expect for smaller M2+ ions stronger bonds with the -OH groups at the surface of Fh. If the 
formation energy of the latter (Ef) is proportionally larger than the dehydration energy (‒Eh) for each 
type of ion, i.e. Ef  = f Eh with f >1,  the smaller alkaline-earth ions will have a higher adsorption energy 
∆Eads = Ef  ‒ Eh =  (f‒1) Eh, since more energy is gained than invested. In this way, one can explain the 
affinity trend for M2+ binding to metal (hydr)oxides such as hematite, goethite, and silica (Mg2+ > Ca2+ 
> Ba2+). 
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However, for other (hydr)oxides including Fh, the affinity trend is opposite (Mg2+ < Ca2+ < Ba2+) to the 
trend found for e.g. goethite and hematite. This suggests that another energy term is involved, which 
overrules the above proportional difference in bond strength of the metal ion with water molecules and 
surface -OH ligands (i.e. the ligand exchange energy). Removal and restructuring of interfacial water 
might be a possibility (step 2) to explain the opposite trend for Fh given in Figure 4.8. The energy for 
the removal of interfacial water (Eint) should be negatively related to the metal ion size (dM), according 
to Eint = ‒ k dM. In this approach, the value of k can change the affinity trend. If k is small or zero, the 
affinity trend follows the order of the Hofmeister series. However, if the value of k becomes relatively 
large, the affinity trend reverses, leading to a decrease in the value of ∆Eads with an increase in the size 
of the metal ion. In that case, the energy gained by release and restructuring of interfacial water (Eint) is 
relatively large, leading to an increase in the logK value with the ion size as observed for Fh (Figure 
4.8).  

 

Table 4.2.  Fitted site densities (Ns) and affinity constants (logK) for the surface complex formation of Sr, Ba, and 
Ra derived using the data sets of various authors. The data and model lines are given in the Figures S4.5-4.7. The 
charge distribution coefficients (CD) found from the MO/DFT optimized geometries are: ∆z0  = 0.69, ∆z1 = 1.31 
v.u. for BB-Sr; ∆z0 = 0.70, ∆z1 = 1.30 v.u. for E-Sr; ∆z0  = 0.70, ∆z1 = 0.30 v.u. for E-SrOH. For BB-Ba, ∆z0 = 
0.72, ∆z1 = 1.28 v.u. For Ra, we used ∆z0 = 0.73, ∆z1 = 1.27 v.u., found by correlation using CN = 8 in Figure 
4.5. For Be, ∆z0 =1.18, ∆z1 = 0.82 v.u. and the estimate logK values for the high and low affinity sites (Figure 4.7) 
are logK(h) = 2.8 and logK(l) = 1.4. 

Author(s) Ns(h) Ns(l) BB-Sr(h) BB-Sr(l) E-Sr # E-SrOH # R2 

Kinniburgh et al.41 0.29±0.02 2.51 5.14±0.02 - - - 0.999 

Kolarik42 0.16±0.03 2.64 4.94±0.09 2.91±0.08 1.48±0.3 -10.78±0.2 0.987 

# Present at high pH ~10-13 and Sr/Fe = 0.05 and found with EXAFS at Sr/Fe = 1 66 

Author(s) Ns(h) Ns(l) BB-Ba(h) BB-Ba(l) BB-Ra(h) BB-Ra(l) R2 

Sajid et al.43 0.1±0.09 2.7 5.94 ±0.44 3.03 ±0.44 6.60 ±0.02 2.93 ±0.11 0.968/0.993 

 

4.5. Summary and conclusions 
In this study, the adsorption of the alkaline-earth metal ions Ca and Mg (M2+) to Fh has been 

quantified in single-ion systems. The collected data have been interpreted with the CD model in 
combination with a multisite ion complexation (MUSIC) model for Fh that is based on a surface 
structural analysis of this nanomaterial. Presently, this MUSIC framework has been extended for 
describing the adsorption of cations that may bind to specific surface sites with a high and low affinity.  

The primary adsorption data (M2+/Fe) were scaled in a consistent manner to the surface area of Fh, 
measured with a recently developed ion probing methodology that is based on the measurement of the 
adsorption envelope of PO4 to Fh.39 Optimized geometries of the adsorbed M2+complexes, obtained with 
MO/DFT/B3LYP/6-31+G** calculations, have been used to derive independently the interfacial CD 
coefficients. Ca and Mg bind to Fh forming predominantly inner-sphere bidentate complexes 
≡(FeOH)2

Δz0MΔz1, most probably as a binuclear double corner (2C) complex based on our combined 
interpretation of MO/DFT geometry optimizations and EXAFS data reported in the literature for the 
adsorption of other divalent cations to Fe (hydr)oxides.29,66,68–70 The formation of bidentate complexes 
is also supported by the H+/M2+ exchange ratio for Ca and by the correspondingly marked pH-
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dependency of the Ca adsorption. Modeling of the adsorption of alkaline-earth ions (Mg, Ca, Sr, Ba, 
and Ra) over a wide range of solution concentrations reveals surface site heterogeneity. Most sites for 
binuclear bidentate complex formation have a low affinity (~90 %), but a small fraction of the binding 
sites for M2+ ions has a high affinity (~10 %). The fitted surface site density is about ~0.3 ± 0.1 nm‒2, 
depending on the Fh sample considered. This is equivalent with the binding of about ~3 ± 1 alkaline-
earth metal ions per Fh particle. 

The Fh surface structure has been analyzed to rationalize the high affinity phenomenon and identify 
possible surface configurations. The high affinity character of these sites can be related to a significant 
charge redistribution within specific pairs of Fe1 octahedra that have a large number of -O ligands (8) 
common with the bulk of the material. These common oxygen ions demand for additional charge 
saturation of the not yet entirely saturated oxygen charge that can be delivered by both singly 
coordinated ≡FeOH surface ligands of the Fe1 octahedra. A redistribution of charge increases the 
affinity leading in the case of M2+ adsorption to a higher ≡FeOH-M2+ bond strength. A surface structural 
analysis of a number of constructed Fh particles of different size (~2.5 ± 0.3 nm) reveals a typical surface 
density of these ≡FeOH(bh) groups of 0.28 ± 0.08 nm‒2, which matches well with the mean surface site 
density of the high affinity sites according to our ion adsorption modeling. 

Extending our analysis to data reported in the literature, comprising the full series of the alkaline-
earth ions, showed an increase in the binding affinity (logK) with an increase in the ionic radius of these 
cations, i.e. Be2+ < Mg2+ < Ca2+ ≈ Sr2+ < Ba2+ < Ra2+. This is found for the M2+ binding to the high affinity 
and low affinity sites. A similar trend in affinity has also been found for TiO2, but remarkably, it is 
opposite to the affinity trend found for other Fe-(hydr)oxides such as goethite and hematite. The 
difference in the order of affinity between various types of metal (hydr)oxide can be attributed to 
differences in the adsorption energy of physisorbed water in the interface. If the energy contribution of 
interfacial water change is relatively low, a decrease in affinity is expected when the ionic radius 
increases, while the opposite occurs if this energy term is relatively large compared to the contribution 
of the ligand exchange energy. 
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Supplementary Information  

A. Conditions of the batch adsorption experiments  

Table S4.1. Chemical conditions of the batch adsorption experiments in single-ion systems with the alkaline-earth 
metals (M2+) Ca and Mg. The specific surface area (SSA) and molar mass (Mnano) of ferrihydrite were assessed 
using PO4 as probe ion, as described in Mendez and Hiemstra.39 

 

Series System Figure 
number 

I M2+ Fe SSA Mnano C1 C2 

M mM mM m2 g‒1 g mol‒1 Fe F m‒2 

Ca-A.1 Single-Ca 4.1a 0.01 0.013 3.75 684 ± 15 96.6 1.17 0.91 

Ca-A.2 Single-Ca 4.1a/4.1b/4.2a 0.01 0.127 3.75 684 ± 15 96.6 1.17 0.91 

Ca-B.1 Single-Ca 4.1a 0.01 0.635 3.75 684 ± 15 96.6 1.17 0.91 

Ca-B.2 Single-Ca 4.1c 0.01 0.635 7.50 684 ± 15 96.6 1.17 0.91 

Ca-C.1 Single-Ca 4.1b/4.1c 0.01 0.127 1.50 684 ± 15 96.6 1.17 0.91 

Ca-C.2 Single-Ca 4.1b 0.01 0.127 7.50 684 ± 15 96.6 1.17 0.91 

Ca-D.1 Single-Ca 4.2a 0.10 0.108 3.75 684 ± 15 96.6 1.17 0.91 

Ca-D.2 Single-Ca 4.2a 1.00 0.096 3.75 684 ± 15 96.6 1.17 0.91 

Ca-E Single-Ca 4.2b/4.4 0.01 0.955 7.50 684 ± 15 96.6 1.17 0.91 

Ca-F Single-Ca 4.2b 0.10 1.020 7.50 684 ± 15 96.6 1.17 0.91 

Ca-G Single-Ca 4.2b 0.50 0.998 7.50 684 ± 15 96.6 1.17 0.91 

Mg-A.1 Single-Mg 4.3a 0.01 0.100 3.90 720 ± 10 97.6 1.18 0.91 

Mg-A.2 Single-Mg 4.3a 0.01 0.300 3.90 720 ± 10 97.6 1.18 0.91 

Mg-B.1 Single-Mg 4.4 0.01 1.00 7.50 720 ± 10 97.6 1.18 0.91 

Mg-B.2 Single-Mg 4.3a 0.01 0.030 3.75 720 ± 10 97.6 1.18 0.91 

Mg-C Mg isotherm 4.3b 0.01 ~ 0.02‒1.0 4.35‒10.0 690 ± 15 96.8 1.17 0.91 
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B. Thermodynamic database used in the modeling  

Table S4.2. Aqueous speciation reactions used in the model calculations. The logK values are for I = 0. 

 

Species Reaction logK 

NaOH0 Na+ + OH- ↔ NaOH0 -0.20 a 

NaNO30 Na+ + NO3- ↔ NaNO30 -0.60 a 

NaHPO4- PO43- + Na+ + H+ ↔ NaHPO4- 13.40 b 

NaPO42- PO43- + Na+  ↔ NaPO42- 2.05 b 

HPO42-  PO43- + H+ ↔ HPO42-  12.35 a 

H2PO4-  PO43- + 2H+ ↔ H2PO4-  19.55 a 

H3PO40 PO43- + 3H+ ↔ H3PO40 21.70 a 

CaOH+ Ca2+ + OH- ↔ CaOH+ 1.30 a 

Ca(OH)20 Ca2+ + 2OH- ↔ Ca(OH)20 0.01 a 

CaNO3+ Ca2+ + NO3- ↔ CaNO3+ 0.70 c 

Ca(NO3)20 Ca2+ + 2NO3- ↔ Ca(NO3)20 -4.50 a 

MgOH+ Mg2+ + OH- ↔ MgOH+ 2.55 a 

Mg(OH)20 Mg2+ + 2OH- ↔ Mg(OH)20 0.01 a 

Mg(NO3)20 Mg2+ + 2NO3- ↔ Mg(NO3)20 -0.01 a 

SrOH+ Sr2+ + OH- ↔ SrOH+ 0.22 a 

BaOH+ Ba2+ + OH- ↔ BaOH+ 0.65 a 

 

a From Lindsay.82 
b From Rahnemaie et al.83 
c From De Robertis et al.84  
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C. Adsorption density of Ca 

In Figure 4.1 (main text), the pH-dependent adsorption of Ca was presented as the fraction of total 
added Ca that is bound to the surfaces of Fh. In Figure S4.1, the adsorption of Ca is expressed in terms 
of µmol m‒2 (left y-panel) and mol mol‒1 Fe (right y-axis) for systems with increasing total molar Ca/Fe 
ratios. The latter form represents the primary data obtained in the adsorption experiments, i.e. before 
any interpretation is done to account for the specific surface area and molar mass of Fh. Information in 
Figure S4.1 provides further information about the degree of surface coverage by Ca ions. For a given 
pH value, the adsorption of Ca increases as the total molar Ca/Fe ratio increases from 0.003 to 0.09. At 
a further increase of the total Ca/Fe ratio, the adsorption of Ca no longer increases significantly, 
indicating that the maximum adsorption density is nearly approached. At pH ~10, the maximum 
adsorption density of Ca to Fh is ~1.2 µmol m‒2 or ~0.8 mol mol‒1 Fe. 

 

 
Figure S4.1. pH-dependent adsorption density of Ca expressed in µmol m‒2 (left y-axis) and mol mol‒1 Fe (right 
y-axis) for ferrihydrite systems with different total molar Ca/Fe ratios. The symbols are experimental data and the 
lines are CD model calculations obtained with the parameters set of Table 4.1 (main text). The total Ca 
concentrations varied from 0.013 to 1.00 mM in combination with three total Fe concentrations of 1.5, 3.7 or 7.5 
mM. The Ca/Fe ratios ranged from ~0.003 to 0.13. The ionic strength was kept constant at I = 0.01 M NaNO3. The 
specific surface area of Fh was A = 684 m2 g‒1 with a corresponding molar mass of Mnano = 96.6 g mol‒1 Fe. 

 

D. Exchange ratio H+/Ca 

Upon specific binding of Ca, and metal ions in general, protons are released from the surfaces of 
metal (hydr)oxides. This H+/Ca exchange ratio (χ) indicates the change in the net surface charge upon 
specific ion adsorption at fixed pH values. Figure S4.2 shows the predicted χ values for Fh systems in 
0.01 M and 1.0 M NaNO3 and fixed pH of 9.0. The calculations were performed with the CD model 
parameters presented in Table 4.1 (main text).  

For systems in 1.0 M NaNO3, the predicted exchange ratio (χ = ~1.0) is in line with the experimental 
value (χ = ~0.92 ± 0.03) reported by Kinniburgh.51 For systems with an ionic strength of 0.01 M NaNO3 
the model predicts a higher H/Ca exchange ratio of χ = ~1.7. The increase in the value of χ at decreasing 
ionic strength levels can be understood by the weaker screening of the interfacial charge by the counter 
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ions present in the diffuse double layer (DDL), which increases the electrostatic repulsion of H+ from 
the surface. The H+/Ca exchange ratio is independent of pH value for both ionic strength conditions 
(data not shown). 

 
Figure S4.2. Modeled proton release as a result of the adsorption of Ca to ferrihydrite in 0.01 M and 1.0 NaNO3 
at constant pH of 9.0. The calculations were performed with the CD-MUSIC model using the parameter set 
presented in Table 4.1. The extended Stern layer approach45 was applied for describing the compact part of the 
electrical double layer (EDL). The value of χ represent the mean H+/Ca exchange ratio at the surfaces of Fh. 

 

E. Adsorption isotherms of Ca to Fh in 0.01 M NaNO3  

 

 

Figure S4.3. Adsorption isotherms of Ca to ferrihydrite at pH 8.0 (panel a) and pH 10 (panel b) for conditions 
representative of the adsorption experiments performed in the present study: I = 0.01 M NaNO3, Fe = 7.5 mM, and 
specific surface area of Fh A= 684 m2 g‒1. The symbols are experimental data points taken in this study for the 
given conditions. The isotherms were calculated with the CD model parameters presented in Table 4.1. The dashed 
and dotted lines give respectively the contribution of the binding of Ca to high and low affinity sites. The solid 
lines represent the total adsorption of Ca to Fh.  
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F. Additional Ca adsorption data from literature 

 
Figure S4.4. pH-dependent adsorption of Ca in single ion systems with ferrihydrite. The ionic strength was kept 
constant at I = 0.01 M NaNO3. The specific surface area of Fh was taken as A = 650 m2 g‒1 with a corresponding 
molar mass of Mnano = 95.8 g mol‒1 Fe. The symbols are experimental data from Dempsey and Singer76 as reported 
by Dzombak and Morel.14 The lines are CD model calculations using the parameters set of Table 4.1. The surface 
densities of the high and low affinity sites are respectively 0.32 and 2.48 nm‒2, which were set equal as for the Fh 
suspensions prepared in this study. 

 

G. Brown bond analysis of optimized geometries 

The MO/DFT/B3LYP/6-31+G** optimized geometries have been used to derive the CD coefficients 
(∆z0 and ∆z1) of the adsorbed complexes of alkaline-earth metal ions. A template with two edge-linked 
Fe octahedra was used to represent the adsorption sites at the surface of Fh. Details about the template 
are given in Rahnemaie et al.83 Inner-sphere binuclear bidentate (2C) complexes were defined (see main 
text). The optimized geometries were interpreted with the Brown valence concept,49 which relates the 
bond length (R) to a bond valence (ν) according to: 

𝜈𝜈 = exp �−𝑅𝑅−Ro
B
�                                                                                                             (Equation S4.1)  

In equation S4.1, B is an empirical constant (B = 37 pm) and Ro (pm) is a reference distance whose 
value is chosen such that the sum of ν is equal to the formal valence of the adsorbing ion. Table S4.3 
presents the R (pm) and the respective ν values (v.u) for entire series of alkaline-earth metals, except for 
Ra. The given Fe-M2+ and M2+-OH(H) distances were obtained using a template in which the Fe(III) 
ions are fixed, i.e. no Fe(III) relaxation. Allowing relaxation of Fe(III) ions in the cluster and/or changing 
the initial position of the M2+ ion on either side of the apices of the Fe(III) cluster only had a minor 
influence on the equilibrium bond lengths and on the estimation of the final CD values.   

From the ν values, the ionic charge distribution values (n0 and n1) are calculated. The final CD 
coefficients (Δz0, Δz1) include the charge of the protons involved in the formation reactions (nH0, nH1) 
and a correction term (± φm Λ0 ) for the interfacial water dipole orientation, where φm is a constant (0.17 
± 0.02) and Λ0 is the change of charge relatively to that of the reference state from which the reaction is 
defined. Details about the calculations are explained by Hiemstra and van Riemsdijk.85 The final CD 
coefficients for all alkaline-earth metals are summarized in Table S4.4.
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H. Surface complexes of alkaline-earth metals in ferrihydrite 

Table S4.4. Compilation of the surface species and CD coefficients for the binding reactions of the entire series 
of alkaline-earth metals (M2+) to ferrihydrite. The surface site densities are from Hiemstra and Zhao30 with 
≡FeOH(a) = 3.0 nm‒2, ≡FeOH(b) = 2.8 nm‒2 and ≡Fe3O = 1.4 nm‒2. Two types of ≡FeOH(b) groups were defined 
to account for site heterogeneity ≡FeOH(bl) for low and ≡FeOH(bh) for high affinities. The site densities of these 
groups were fitted respectively to 2.48 ± 0.02 and 0.32 ± 0.02 nm‒2 for our Fh suspensions. The capacitance values 
for the extended Stern layers of Fh (Cnano,1 and Cnano,2) are size-dependent and are calculated taking the capacitance 
values for a flat plane as reference (C1 = 0.90 F m‒2 and C2 = 0.74 F m‒2).  

 

Species ID* ≡FeOH(bl)-0.5 FeOH(bh) -0.5 FeOH(a) -0.5 ∆z0** ∆z1 ∆z2 H+ M2+ logK  

(≡FeOHb)2Be BB-Be(l) 2 0 0 1.18 0.82 0 0 1 logK Be(l)  

(≡FeOHb)2Be BB-Be(h) 0 2 0 1.18 0.82 0 0 1 logK Be(h) 

           

(≡FeOHb)2Mg BB-Mg(l) 2 0 0 0.89 1.11 0 0 1 logK Mg(l) 

(≡FeOHb)2Mg BB-Mg(h) 0 2 0 0.89 1.11 0 0 1 logK Mg(h) 

           

(≡FeOHb)2Ca BB-Ca(l) 2 0 0 0.94 1.06 0 0 1 logK Ca(l) 

(≡FeOHb)2Ca BB-Ca(h) 0 2 0 0.94 1.06 0 0 1 logK Ca(h) 

           

(≡FeOHb)2Sr BB-Sr(l) 2 0 0 0.69 1.31 0 0 1 logK Sr(l) 

(≡FeOHb)2Sr BB-Sr(h) 0 2 0 0.69 1.31 0 0 1 logK Sr(h) 

(≡FeOHa)2Sr E-Sr(l) 0 0 2 0.70 1.30 0 0 1 logK Sr(e) 

(≡FeOHa)2SrOH E-SrOH(l) 0 0 2 0.70 0.30 0 -1 1 logK SrOH(e) 

           

(≡FeOH)2Ba BB-Ba(l) 2 0 0 0.72 1.28 0 0 1 logK Ba(l) 

(≡FeOH)2Ba BB-Ba(h) 0 2 0 0.72 1.28 0 0 1 logK Ba(h) 

           

(≡FeOH)2Ra BB-Ra(l) 2 0 0 0.71** 1.29 0 0 1 logK Ra(l) 

(≡FeOH)2Ra BB-Ra(h) 0 2 0 0.71** 1.29 0 0 1 logK Ra(h) 

 

* BB = Binuclear Bidentate or double-corner complex, E = Edge or Mononuclear Monodentate, (h) = high affinity 
sites of ≡FeOH(b); (l) = low affinity sites of ≡FeOH(b) 

** The CD coefficients have been derived from the MO/DFT optimized geometries except for BB-Ra whose value 
was found by correlation from Figure 4.5 assuming the same coordination number (CN) number as for Ba and Sr, 
i.e. CN = 8.  
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I. Adsorption data of Sr, Ba, and Ra to ferrihydrite 

Data from literature describing the adsorption of strontium (Sr),41,42 and radium (Ra) and barium 
(Ba)43 to fresh ferrihydrite suspensions have been interpreted here with the CD-MUSIC model. The set 
of adsorption reactions and CD coefficients are presented in Table S4.4. The CD coefficients for Sr and 
Ba were derived from the MO/DFT optimized geometries, whereas for Ra these values were found by 
correlation (Figure 4.5, main text) assuming the same coordination number as for Ba and Sr, i.e. CN = 
8. The affinity constants (logK) of the corresponding adsorption reactions, as well as the site density 
(Ns) of the high affinity groups were set as adjustable parameters in the modeling (Table 4.2, main text).  

 

 
Figure S4.5a. pH-dependent solution concentration of strontium (Sr) in the equilibrium solution of ferrihydrite 
systems prepared at constant ionic strength of I = 1.0 M NaNO3. The total added Sr concentration was 2·10-6 M 
and the total Fe concentration was 0.65 mM. The symbols are the experimental data are taken from Kinniburgh et 
al.41 The line has been calculated with the CD-model using the parameters set of Table 4.2 (main text). Only the 
formation of binuclear bidentate (BB) complexes with the high affinity sites ≡FeOH‒0.5(bh) (Ns = 0.29 nm‒2) was 
required to describe this data set. The specific surface area of the ferrihydrite suspension is A = 585 m2 g‒1 with a 
corresponding molar mass of Mnano = 94.1 g mol‒1 Fe, as described by Hiemstra (2018).63 R2 = 0.999, n = 8. 
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Figure S4.5b pH-dependent adsorption of strontium (Sr) to ferrihydrite in systems prepared at constant ionic 
strength of I = 1.0 M NaNO3. Left panel, the total added Sr concentration varied from 0.1 µM to 50 mM and the 
total Fe concentration was 100 mM. Right panel, the total added Sr concentration was 0.5 µM and the total Fe 
concentrations varied between 0.02 and 0.2 M. The symbols are the experimental data taken from Kolařík.42 The 
lines have been calculated with the CD-model using the parameters set of Table 4.2 (main text). Formation of 
binuclear bidentate (BB) and edge-sharing (E) was required to describe this adsorption data set. The BB complexes 
are formed with both high (≡FeOH‒0.5(bh)) (Ns = 0.16 ± 0.03 nm‒2) and low (≡FeOH‒0.5(bl)) (Ns = 2.64 nm‒2) 
affinity surface groups, whereas the E complexes are formed with the (≡FeOH‒0.5(a)) surface groups. The latter 
complexes are required to describe the extremely high Sr adsorption at pH > ~ 10. The specific surface area of the 
ferrihydrite suspension was assumed to be the same as for the Fh suspension in 1 M NaNO3 of Kinniburgh,51 i.e. 
A = 585 m2 g‒1 with a corresponding molar mass of Mnano = 94.1 g mol‒1 Fe. R2 = 0.989, n = 137. 

 

 

Figure S4.6. pH-dependent adsorption of barium (Ba) to ferrihydrite represented as an adsorption edge (a) and as 
an adsorption isotherm at pH 8.0 ± 0.05 (b) in systems with constant ionic strength of I = 0.1 M NaClO4. 
Ferrihydrite was added as a wet paste at a concentration of 10 g L-1 based on a dry weight. The symbols are the 
experimental data taken from Sajih et al.43 The lines have been calculated with the CD-model using the parameters 
set of Table 4.2 (main text). Formation of binuclear bidentate (BB) with high (≡FeOH‒0.5(bh)) (Ns = 0.10 ± 0.09 
nm‒2) and low (≡FeOH‒0.5(bl)) (Ns = 2.7 nm‒2) affinity surface groups was required to describe this adsorption data 
set. The specific surface area of the ferrihydrite suspension was set to a standard value of A = 610 m2 g‒1. R2 = 
0.968, n = 16. 
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Figure S4.7. Panels a-b: pH-dependent adsorption of radium (Ra) to ferrihydrite represented as adsorption edges 
(a), and adsorption isotherms at pH 6.0, 6.5 and 7.0 ± 0.05 (b). Panel c: Adsorption of Ra to ferrihydrite as a 
function of the concentration of either Ca (pH = 7.0 ± 0.05) or Ba (pH = 7.0 ± 0.05) acting as competitor cations 
with Ra. The ionic strength of all systems was kept constant at I = 0.1 M NaClO4. Ferrihydrite was added as a wet 
paste at a concentration of 10 g L‒1 based on a dry weight. The symbols are the experimental data taken from Sajih 
et al.43 The lines have been calculated with the CD model using the parameters set of Table 4.2 (main text). 
Formation of binuclear bidentate (BB) complexes with high (≡FeOH‒0.5(bh)) (Ns = 0.1 nm‒2) and low (≡FeOH‒

0.5(bl)) (Ns = 2.7 nm‒2) affinity surface groups was required to describe this data set. The specific surface area of 
the ferrihydrite suspension were set to the standard value of A = 610 m2 g-1. R2 = 0.993, n = 41. 
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J. Additional surface configurations for high affinity sites 

Figure S4.8 Left panel. A surface configuration comparable with the structure given in the main text (Figure 4.7) 
with a difference in the presence of a Fe3 tetrahedron, fixing the O2 ligand (green) at the common edge of the two 
Fe1 octahedra of the high affinity site. Right panel. A surface configuration comparable with the structure given 
in the main text (Figure 4.7) with a difference in the absence of a Fe1 octahedron at either side of both Fe1 
octahedra with a high affinity. 

 

K. Alternative descriptions of the data set of Kinniburgh 1982 

The starting point of our modeling is the assumption that Ca forms predominantly double corner 
(2C) bidentate complex with two -OH groups at the surfaces of Fh, in line with spectroscopic information 
for Sr and Cd binding to Fh (see main text). For the interaction of Ca, we first assume a reaction with 
all the ≡FeOH(b) sites with a site density of Ns = 2.8 nm‒2 according to the MUSIC model of Fh.30 The 
CD coefficients are ∆z0 = 0.94 and ∆z1 = 1.06, which were derived from the MO/DFT optimized 
geometries. In this first option, there is only 1 adjustable parameter. The fitted logKBC value is 3.84 ± 
0.05. The quality of the description is rather poor (R2 = 0.78, n = 89). Figure S4.9 shows that there is a 
systematic deviation. Overprediction of the experimental Ca adsorption data occurs in systems with the 
highest Ca loadings. 

 
Figure S4.9. a) Adsorption isotherm of Ca to Fh at pH = 8 in 1.0 M NaNO3. b) pH-dependent adsorption edges 
of Ca in 1.0 M NaNO3 at different initial Ca concentration (M) for Fh systems with 93 mM Fe. Data (symbols) are 
from Kinniburgh and Jackson.25 The SSA is set to 585 m2 g‒1 and the consistent molar mass is Mnano = 94.1 g mol‒
1Fe. The applied capacitance values are C1,nano = 1.14 F m‒2 and C2,nano = 0.89 F m‒2. The lines have been calculated 
assuming for Ca double corner (2C) bidentate complex formation to all ≡FeOH(b) sites (Ns = 2.8 nm‒2).  
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In an attempt to improve the description of Figure S4.9, the CD coefficient of the surface plane was 
made to an adjustable parameter, yielding a lower value, namely ∆z0 = 0.43 ± 0.03. This modeling choice 
did improve the quality of the fit (R2 = 0.93). However, the deviation between the model and 
experimental data has a clear systematic trend, particularly in systems with high initial Ca concentration 
(10-2 M). The deviations are larger than the variation that one may expect from random errors related to 
the uncertainty in the measurements. In the 0.01M Ca system, there is an overprediction at low pH, and 
at high pH, there is an underprediction of the experimental data. Introducing additionally the formation 
of a hydrolyzed adsorbed Ca complexes, i.e. CaOH complexes, did not lead to any substantial 
improvement of the description (logKBCa = 3.84 ± 0.03 and logKBCaOH = -8.06 ± 0.86 with R2=0.93). In 
both cases, minimization of the deviations between experimental and modeling data leads to the same 
low value for the CD coefficient (∆z0 = 0.43 v.u.). Such a CD value is typical for monodentate complex 
formation, not bidentate complex formation. 

Switching to the formation of monodentate complexes (1C) by interaction with only the ≡FeOH(b) 
sites (Ns = 2.8 nm‒2) leads to a decrease in the quality of description (R2 = 0.88). Assuming monodentate 
interaction with all ≡FeOH sites (i.e. the sum of ≡FeOH(a) + ≡FeOH(b) = 5.8 nm‒2) leads to an even 
further decrease in the fitting quality (R2 = 0.87). This trend suggests that using a lower site density may 
improve the quality of the fit. Making the site density of  ≡FeOH sites to an adjustable parameter within 
this modeling option, with the constraint of a constant total site density of Ns= 5.8 nm-2 for the sum of 
all singly coordinated groups, the quality of the description indeed increases to R2 = 0.93. However, the 
deviation between model and experimental data still has a clear systematic deviation, as illustrated in 
Figure S4.10. This indicates that focusing on the R2 value only may not be enough in objective fitting 
procedures. For the option with monodentate 1C complexes, the fitted values are Ns(Monodentate) = 0.78 ± 
0.05 nm‒2,  logKMCa= 4.06 ± 0.05, logKMCaOH = -6.85± 2.28 and ∆z0 = 0.53 ± 0.05 v.u. The large 
uncertainty in logKMCaOH indicates that a contribution of such a complex does not significantly contribute 
to the quality of the fit and could be ignored. 

 

Figure S4.10. a) Adsorption isotherm of Ca to Fh at pH = 8 in 1.0 M NaNO3. b) pH-dependent adsorption edges 
of Ca in 1.0 M NaNO3 at different initial Ca concentration (M) for Fh systems with 93 mM Fe. Data (symbols) are 
from Kinniburgh and Jackson.25 The SSA is set to 585 m2 g‒1 and the consistent molar mass is Mnano = 94.1 g mol‒
1Fe. The applied capacitance values are C1,nano = 1.14 F m‒2 and C2,nano = 0.89 F m‒2. The lines have been calculated 
assuming monodentate complex formation to a selected number of ≡FeOH sites. Interaction with other ≡FeOH 
sites is excluded. The total site density of ≡FeOH is Ns = 5.8 nm-2, of which a fitted fraction (Ns = 0.78 ± 0.07 nm-

2) binds Ca and CaOH ions, see text.  
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In a next attempt to improve the modeling option using monodentate complexes, we have added ion 
pair formation of Ca ions, interacting with all ≡FeOH and ≡Fe3O sites. A single logKOS value is fitted 
for the outer-sphere (OS) complex formation. This does not lead to a substantial increase of the quality 
of the descriptions (R2 = 0.93). The fitted values are Ns(Monodentate) = 0.48 ± 0.13 nm‒2,  logKMCa= 4.30 ± 
0.09, logKMCaOH = -5.34 ± 1.58 and ∆z0 = 0.77 ± 0.17 v.u. The introduction of the formation of OS 
complexes leads to a significant increase in the value of the CD coefficient. This fitted value for the CD 
coefficient is not in line with the assumption of formation of monodentate complexes. It could suggest 
that Ca is bound by the combination of outer-sphere and bidentate inner-sphere complex formation. 

Changing to an option that combines formation of bidentate inner-sphere and outer-sphere 
complexes, using a fitted value for the number of ≡FeOH sites involved (Ns≡FeOH, bidentate) with the 
constraint for the total number of ≡FeOH sites, i.e. Ns = 5.8 nm-2, leads to: Ns≡FeOH, bidentate = 1.22 ± 0.13 
nm‒2,  logKBCa= 4.29 ± 0.27, logKBCaOH = -5.24 ± 0.88, logKOS = 1.85 ± 0.47, and ∆z0 = 0.70 ± 0.12 v.u. 
with R2 = 0.95. Indeed, the quality increases. However, despite the relatively large number of adjustable 
parameters (n = 5), the model still deviates systematically from the data, as shown in Figure S4.11. 

 

 

Figure S4.11. a) Adsorption isotherm of Ca to Fh at pH = 8 in 1.0 M NaNO3. b) pH-dependent adsorption edges 
of Ca in 1.0 M NaNO3 at different initial Ca concentration (M) for Fh systems with 93 mM Fe. Data (symbols) are 
from Kinniburgh and Jackson.25 The SSA is set to 585 m2 g‒1 and the consistent molar mass is Mnano = 94.1 g mol‒
1 Fe. The applied capacitance values are C1,nano = 1.14 F m‒2 and C2,nano = 0.89 F m‒2. The lines have been calculated 
assuming bidentate complex formation to a selected number of ≡FeOH sites with a fitted site density of Ns = 1.22 
± 0.13 nm‒2 and a total ≡FeOH site density of Ns = 5.8 nm‒2. The CD value is fitted (∆z0 = 0.70 ± 0.12). A 
hydrolyzed inner-sphere bidentate complex and outer-sphere complex were also included in the modeling (see 
text). 

 

Based on the above, a good model option would be that one with only a few adjustable parameters, 
which is constrained by information about the surface structure with corresponding sited densities, and 
that additionally gives credits to spectroscopy data for the adsorption of Sr ions to Fh. The model option 
presented in the main text, which defines formation of bidentate double corner (2C) complex with the 
≡FeOH(b) surface groups and distinguishes sites with high and low affinity, satisfies these criteria. 

Assuming complex formation by edge sharing (1E) is not required for the above data set of 
Kinniburgh and Jackson.25 However, under extreme solution conditions (e.g. high pH values and high 
initial ion loadings), the formation of 1E complexes might not be excluded. For a good description of Sr 
adsorption to Fh, using the dataset reported by Kolařík,42 we found that complexation with 1E complexes 
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is required as an additional binding reaction. The reason may be that in these experiments, part of the 
experiment data were collected in Fh systems with a very high initial solution concentration and for pH 
values in the range pH ~10–13 (see Figure S4.5b). This might be in line with the EXAFS finding of Axe 
et al.66 for systems with an extreme molar Sr/Fe ratio (1/1). 
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Abstract  
 

Calcium (Ca) and magnesium (Mg) are the most abundant alkaline-earth metals in nature, and their 
interaction with ferrihydrite (Fh) affects the geochemical cycling of relevant ions, including phosphate 
(PO4). The interfacial interactions of Ca and Mg (M2+) with PO4 have not been analyzed yet for freshly 
precipitated Fh. Here, we studied experimentally this interaction in binary M2+-PO4 systems over a wide 
range of pH, M2+/PO4 ratios, and ion loadings. The primary adsorption data were scaled to the surface 
area of Fh using a recent ion-probing methodology that accounts for the size-dependent chemical 
composition of this nanomaterial (FeO1.4(OH)0.2·nH2O). The results have been interpreted with the 
charge distribution (CD) model, combined with a state-of-the-art structural surface model for Fh. The 
CD coefficients have been derived independently using MO/DFT/B3LYP/6-31+G** optimized 
geometries. M2+ and PO4 mutually enhance their adsorption to Fh. This synergy results from the 
combined effect of ternary surface complex formation and increased electrostatic interactions. The type 
of ternary complex formed (i.e. anion vs cation-bridged) depends on the relative binding affinities of the 
co-adsorbing ions. For our Ca-PO4 systems, modeling suggests the formation of two anion-bridged 
ternary complexes, i.e. ≡(FeO)2PO2Ca and ≡FeOPO3Ca. The latter is most prominently present, leading 
to a relative increase in the fraction of monodentate PO4 complexes. In Mg-PO4 systems, only the 
formation of the ternary ≡FeOPO3Mg complex has been resolved. In the absence of Ca, the pH 
dependency of PO4 adsorption is stronger for Fh than for goethite, but this difference is largely, although 
not entirely, compensated in the presence of Ca. This study enables the use of Fh as a proxy for the 
natural oxide fraction, which will contribute to improve our understanding of the mutual interactions of 
PO4 and M2+ in natural systems.  

 

Keywords: calcium, magnesium, iron oxide nanoparticles, surface complexation modeling, CD model, 
cooperative and synergistic binding, electrostatic interactions, anion-bridged complexes 
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5.1. Introduction 
Ferrihydrite (Fh) is a nanoparticulate Fe-(hydr)oxide present in almost all natural systems including 

soils, aquifers, and oceans, and it is also found in mine waste drainage water.1–3 Due to its relatively low 
surface energy in comparison to other Fe-(hydr)oxides, Fh is the most thermodynamically stable Fe-
(hydr)oxide at a nano-size range of ~2–8 nm.4 It is the earliest Fe(III) product that precipitates and works 
as a precursor of other more crystalline Fe-(hydr)oxides.5–7 Ferrihydrite has a high ion adsorption 
capacity and a large affinity for binding inorganic ions and organic compounds.8–13 In the environment, 
the (bio)geochemical cycle of many nutrients and pollutants is largely determined by adsorption 
processes occurring at the Fh–solution interface.1 Hence, grasping the interfacial processes of ion 
binding is essential for understanding the adsorption behavior of ions observed at the macroscopic scale.  

A major reason for the extraordinarily high ion adsorption capacity of Fh is its large specific surface 
area (SSA),14,15 which, for freshly precipitated Fh is in the order of ~ 600 – 1100 m2 g–1.16 Moreover, Fh 
has a relatively high surface site density of particularly singly coordinated (≡FeOH) groups,17 which are 
able to bind cations and anions. The singly (≡FeOH) and triply (≡Fe3O) coordinated surface groups of 
Fh may bind protons, resulting in a pH-dependent net surface charge. The result is an amphoteric 
behavior of Fh being important for the pH dependency of the adsorption of both metal ions and 
oxyanions. The mechanisms of ion complexation have been extensively studied for Fh in a long history 
of in situ spectroscopy, quantum chemical computations and surface complexation modeling, e.g. refs 
[14,18–32]. Remarkably, the interaction of Ca and Mg with Fh nanoparticles has received relatively little 
attention, whereas both elements are highly abundant in the environment and may significantly affect 
the adsorption of other compounds, particularly oxyanions, such as phosphate (PO4), arsenate (AsO4), 
and selenite (SeO3).33–36 In systems with well-crystallized goethite, it has been shown that the adsorption 
of PO4 and SeO3 increases in the presence of, respectively, the alkaline-earth metal ions Ca2+ and 
Sr2+.34,36,37 Qualitatively, similar results have been reported for the adsorption of AsO4 and PO4 in the 
presence of Ca2+ ions in systems with freeze-dried Fh.23 

From a quantitative perspective, Ca2+ is generally the most important metal cation in soil and 
groundwater.38 Across different environments, the solution concentration of Ca varies over several 
orders, being low as ~10–5 M and high as 10–1 M. Magnesium ions (Mg2+) can also be abundant in natural 
environments. It dominates the composition of divalent cations in marine systems and is important in 
areas irrigated with Mg-rich water.36,39 Both alkaline-earth cations (hereinafter jointly referred to as M2+) 
can specifically adsorb to the surfaces of Fe-(hydr)oxides, affecting the physicochemical properties of 
the mineral–solution interface and the adsorption of organic and inorganic compounds,13,33–35 including 
PO4. 

In aquatic and terrestrial systems, the PO4 availability is largely controlled by adsorption to the nano-
size fraction of Fe- and Al-(hydr)oxides40–42 that can be dissolved in an acid ammonium oxalate 
solution.43,44 Thus, Fh can be considered as a relevant model material for studying the mechanisms of 
PO4 binding to the natural fraction of metal-(hydr)oxides. In most environments, PO4 is simultaneously 
present with Ca2+ and Mg2+ ions and will interact in combination at the Fh–solution interface. The 
adsorption of Ca2+ ions promotes the binding of PO4 to Fe-(hydr)oxides and vice versa.34,45 This 
cooperative interaction has been noticed by soil chemists since long ago,46,47 yet the mechanism of the 
pH-dependent interplay of PO4 and Ca2+ ions at the surfaces of Fe-(hydr)oxides remains indistinct. 
However, understanding and quantifying these mutual interactions is highly relevant from a practical 
perspective of soil chemical analysis. For predicting the availability and mobility of PO4 in the 
environment, field samples are often taken and routinely extracted with unbuffered electrolyte 
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solutions.48,49 These solutions may strongly differ in the concentration of Ca, for instance soil extractions 
with 0.01 M CaCl2 solution50 vs soil extractions with demineralized water.48 The differences in the Ca 
concentration of the extracting solutions will affect the equilibration of PO4.48,51 Translation of these 
measurements to field conditions not only requires insights into the interfacial interactions of PO4 and 
the alkaline-earth metal ions but also their quantification. 

Three main mechanisms have been proposed for explaining the synergistic interaction between PO4 
and Ca2+ ions at the metal-(hydr)oxide surfaces, namely, (i) increase in the interfacial electrostatic 
interactions; (ii) formation of ternary surface complexes; and (iii) surface precipitation of Ca-PO4 
mineral phases, which may be particularly relevant at high adsorption densities.20,52–54 Moreover, 
formation of Fe-PO4-Ca networks has been reported when Fe(III) coprecipitates in the presence of PO4 
and Ca2+ ions.55 A chemical interaction between Ca2+ and PO4 is conceivable as these ions can precipitate 
in a range of minerals whose thermodynamic stability increases when the Ca/PO4 ratio increases.56 
Rationalizing the interfacial interaction between Ca2+ and PO4 only on the basis of electrostatics has 
been done for goethite,34,36  while the additional formation of a ternary Fe-PO4-Ca complex has been 
assumed in the case of a freeze-dried Fh material.23  

For freeze-dried Fh, the cooperative interaction between Ca2+ and PO4 ions has been previously 
investigated.23 However, the ion adsorption behavior of this material differs from that of freshly-
prepared Fh because drying leads to irreversible aggregation of the primary particles.57 It may lead to 
changes in the crystal morphology, phase transformation of Fh,58 and undefined reduction of the reactive 
surface area.59 Therefore, freshly prepared Fh is chosen in the present study. For this material, we have 
developed recently a methodology to determine the SSA in a consistent manner with the description of 
the primary surface charge and specific ion adsorption.59 For freshly prepared Fh, the cooperative 
interaction of PO4 with Ca2+ ions has never been studied nor has it been done for Mg2+ ions. Another 
advantage of using freshly prepared Fh is the possibility to interpret the collected adsorption data with 
advanced surface complexation modeling. In addition, we consider freshly prepared Fh as a good proxy 
for the natural Fe-(hydr)oxide fraction of soils and sediments, since Fh particles may precipitate without 
extensive aggregation if formed in the presence of natural organic matter, which contributes to the 
thermodynamic stability of Fh and prevents its phase transformation into more stable Fe-(hydr)oxide 
minerals.6,60,61  

Based on the above, the objective of the present study is to assess experimentally and by surface 
complexation modeling the interaction of the alkaline-earth metal ions Ca2+ and Mg2+ with PO4 in 
systems with well-defined, freshly precipitated Fh. In our analysis, we will apply a state-of-art modeling 
framework that includes recent insights into the surface structure of Fh,32 and the interfacial charge 
distribution of the complexes formed that will be derived independently from MO/DFT/B3LYP/6-
31+G** optimized hydrated clusters. In addition, we will account for the chemical heterogeneity of the 
reactive sites of Fh for binding divalent metal ions, defining in our modeling sites with high and low 
affinities for binding Ca2+ and Mg2+ ions.  

For a consistent data interpretation, we will measure the SSA of Fh with a recently developed ion-
probing methodology59 that we will use to scale our primary adsorption data (i.e. ion/Fe ratios). In this 
scaling, we will consistently account for the size dependency of the molar mass of Fh. The latter is due 
to a particle size-dependent contribution of chemisorbed water (nH2O), completing the coordination 
spheres of Fe atoms at the surface of Fh leading to FeO1.4(OH)0.2·nH2O.17 The size-dependent 
composition also affects the mass density ρnano (g cm–3) of Fh. This ρnano will be used to translate the 
specific surface area into a mean particle diameter that is used to derive the values of the Stern layer 
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capacitances of the compact part of the electrical double layer because this nanomaterial is strongly 
curved. All the above-mentioned factors will be collectively included in the present CD modeling 
approach together with a recent evaluation of the primary charge of Fh.59 In our work, we will explore 
the ternary complex formation, for which we will be considering a suite of complexes as candidates to 
describe our extensive adsorption dataset. Finally, we will address the question of how much Fh differs 
from well-crystallized goethite in relation to the cooperative binding of Ca-PO4, and what are the 
possible implications of using these materials as proxies for the natural oxide fraction in soils. 

 

5.2. Experimental section 
Ultra-pure water (18.2 MΩcm at 25 °C, 1 ppb TOC) and chemical reactants of analytical grade were 

used to prepare all stock solutions and Fh suspensions. Contact between solutions and air was minimized 
to avoid the interference of CO2(g) during the adsorption experiments. 

5.2.1. Synthesis of ferrihydrite 

Ferrihydrite was synthesized according to Hiemstra et al.16 Briefly, ~1.0 L of a solution containing 
~3.7 mM Fe(NO3)3·9H2O dissolved in 0.01 M HNO3 was titrated by adding a freshly prepared solution 
of 0.02 M NaOH. The NaOH solution was initially added at a rate of ~200 mL min–1 until a pH of ~3.1 
was reached. Subsequently, additional base solution was added in ~5 mL increments until the suspension 
reached a final pH of ~8.2. Once the pH was stabilized (~15 min), the Fh suspension was centrifuged at 
3300g for 45 min. Next, the supernatant was carefully removed, and the settled Fh particles were re-
suspended in a solution of 0.01 M NaNO3 to a final volume of typically ~160 mL. Each freshly prepared 
Fh suspension was aged for 4 h at 20 °C in closed bottles before starting the adsorption experiments. 
The total Fe concentration of each Fh suspensions was determined in a matrix of 0.8 M H2SO4 using 
ICP-OES. Typically, the total Fe concentration in these suspensions was 20.5 ± 0.5 mM (~2 g L–1). The 
specific surface area (SSA, m2 g–1) of each Fh batch was independently measured using surface probing 
with PO4.59 In this approach, the pH-dependent adsorption of PO4 is measured in single-ion systems. 
The primary adsorption data (i.e. mol PO4/mol Fe) are then iteratively interpreted with the CD model, 
defining the SSA as the only adjustable parameter and accounting for the size dependency of the molar 
mass (Mnano) and mass density (ρnano) of Fh, as well as the size dependency of the Stern layer 
capacitance.59   

5.2.2. Adsorption experiments 

The adsorption interaction between the alkaline-earth cations (Ca2+ and Mg2+) and PO4 was 
evaluated in binary systems with freshly precipitated Fh. The pH of the adsorption systems ranged 
between ~5 and 10, and the background electrolyte concentration was kept constant at 0.01 M NaNO3. 
Each adsorption system was prepared in 50 mL polypropylene tubes kept under moist-purified N2(g) to 
prevent intrusion of CO2(g) during the preparation of the systems. For the Ca-PO4 experiments, nine 
adsorption series were prepared with different total molar Ca:PO4:Fe ratios. Additional series with no 
Ca addition were prepared and used as a reference for the adsorption of PO4 in single-ion systems. For 
the Mg-PO4 experiments, three adsorption series were prepared at different total molar Mg:PO4:Fe 
ratios. Details about the chemical conditions of each adsorption series are presented in Tables S5.1 and 
S5.2 of the Supporting Information (SI). The pH of the adsorption systems was adjusted within the 
desired range by adding 1.0–2.0 mL of 0.01 M solutions of either HNO3 or NaOH. Stock solutions of 
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NaH2PO4, Ca(NO3)2, and Mg(NO3)2 were used to add respectively the ions PO4
3–, Ca2+, and Mg2+. To 

minimize the risk of any precipitation of Ca-PO4 and Mg-PO4 solid phases, the systems were pre-
equilibrated with PO4 for 1 h before the corresponding alkaline-earth ion was added. The final volume 
of each adsorption system was 40.0 mL. All adsorption systems were constantly shaken (120 strokes 
min–1) at 20 °C for 20 h, and next the suspensions were centrifuged at 3330g for 20 min to separate the 
solid and liquid phases. An aliquot of 10 mL was taken from the supernatant of each adsorption system, 
filtered through a 0.45 µm membrane filter, and acidified with HNO3 for analysis of the equilibrium 
concentration of M2+ and PO4. The analysis was done using either ICP-OES or ICP-MS, depending on 
the final concentrations of the analyzed elements. The settled Fh particles were re-suspended in the 50 
mL polypropylene tube to measure the equilibrium pH with a combined glass electrode.   

5.2.3. Modeling 

5.2.3.1. Charge distribution (CD) model 

The results of the M2+-PO4 adsorption experiments have been interpreted with the charge distribution 
(CD) model62 in combination with a recent multisite ion complexation (MUSIC) model for Fh.32 Details 
about this structural surface model are described in Section 5.2.3.2. The electrical double layer (EDL) 
is described with the extended Stern layer approach.63 Since Fh is an ultra-small nanoparticle with a 
strong surface curvature, the capacitance values (Cnano,1 and Cnano,2) of the inner and outer Stern layers 
are made size-dependent, using well-crystallized goethite as a reference with a near zero surface 
curvature.64 The primary surface charge is described according to Mendez and Hiemstra.59 

CD modeling was done with ECOSAT version 4.9.65 The affinity constants (logK) of the adsorption 
reactions of the ternary Fe-PO4-M2+ complexes were optimized using the program FIT version 2.581.66 
The entire set of solution speciation and primary protonation reactions used in the modeling are 
presented respectively in Tables S5.3 and S5.4 of the SI. The software Spartan18 parallel of 
Wavefunction, Inc. was used to optimize the geometries of the ternary Fe-PO4-Ca and Fe-PO4-Mg 
complexes with molecular orbital (MO) calculations, applying density function theory (DFT). This 
approach has been also applied to optimize the geometries of the M2+ 67 and PO4 

32 complexes adsorbed 
to Fh. These optimized geometries were interpreted with Brown valence analysis68,69 to assess the charge 
distribution of the adsorbed complexes with a small correction for water dipole orientation.63 The charge 
attribution to the surface plane (Δz0) was based on the optimized MO-DFT geometries, whereas the 
charge distribution over the Stern planes (Δz1 and Δz2) was derived for the ternary complexes by fitting 
to the experimental adsorption data. Details about the template of Fh used in the geometry optimizations 
are given in Mendez and Hiemstra.19  

5.2.3.2. Multisite ion complexation model for Fh 

For Fh, a new structural model has been proposed by Michel et al.70,71 The surface structure has been 
described by Hiemstra.17 Since Fh particles are ultra-small, the surface will dominantly contribute to the 
overall behavior of this nanomaterial. Many microscopic and macroscopic properties of Fh are size-
dependent. A whole suite of physical-chemical properties can be understood from the difference in the 
polyhedral composition of the mineral core and the surface.4,17,72,73 With a surface structural analysis of 
this material, Hiemstra and Zhao32 have developed a mechanistic multisite ion complexation model for 
Fh distinguishing various types of sites and deriving corresponding densities. The model also includes 
the size-dependent variation of the molar mass (Mnano) and the mass density (ρnano) that results from the 
variable contribution of chemisorbed water (nH2O) to the overall chemical composition of Fh 
(FeO1.4(OH)0.2·nH2O).16 
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In the above structural multisite model, three types of surface groups have been defined, which differ 
in their coordination number with Fe, i.e. singly (≡FeOH–0.5), doubly (≡Fe2OH0), and triply (≡Fe3O–0.5) 
coordinated groups. Structurally, two types of singly coordinated groups can be distinguished, i.e. 
≡FeOH(a)–0.5 and ≡FeOH(b)–0.5, which may form, respectively, either single-edge (1E) or double-corner 
(2C) bidentate surface complexes having, respectively, a surface density of Ns(a) = 3.0 ± 0.6 nm–2 and 
Ns(b) = 2.8 ± 0.6 nm–2. Both types of singly coordinated groups may also form single corner (1C) 
monodentate surface complexes. The triply coordinated groups do not participate in ligand exchange 
reactions, but they contribute to the development of the primary surface charge. At the surfaces of Fh, 
different types of triply coordinated groups are found with a large variation in their proton affinity 
(logKH). The surface charge introduced by groups with a low logKH (≡Fe3O-0.5) is compensated by groups 
with a high logKH (≡Fe3OH+0.5), leading to an effective site density of Ns,(T) = 1.4 ± 0.5 nm–2, if the 
charging behavior of these triply coordinated groups is represented by an equivalent surface site with a 
logKH = ~8.1, as for the singly coordinated groups.32 The ≡Fe2OH0 groups are presumably uncharged 
and do not react with protons under common pH conditions. This model has been applied to describe 
consistently the primary surface charge59 and the adsorption of a range of oxyanions, such as PO4, AsO4, 
As(OH)3,32 Si(OH)4,72 and CO3

19 as well as the adsorption of the whole series of alkaline-earth metal 
cations.67  

5.2.3.3. Description of ion adsorption in single systems 

In a parallel study, we have shown that the CD model can describe very well the adsorption of Ca2+ 
and Mg2+ ions (M2+) to Fh in single-ion systems over a broad range of solution conditions, comprising 
different initial M2+ concentrations and molar M2+/Fe ratios, as well as pH and ionic strength levels.67 
The data can be described by defining in the modeling the formation of a binuclear bidentate complex 
according to:  

2 ≡FeOH(b)‒0.5  + M2+ ↔ ≡ (FeOH(b))2
‒1+Δz0M Δz1        logKBM                                                              (Equation 5.1) 

where Δz0 and Δz1 are the CD coefficients derived from the Brown bond valence analysis applied to the 
MO/DFT optimized geometries (Table 5.1). Bidentate complex formation is supported by our combined 
interpretation of MO/DFT geometry optimizations67 and EXAFS data for the adsorption of divalent 
cation to Fe-(hydr)oxides.31,37,74–76 This binding mechanism is also supported by the thermodynamic 
analysis of macroscopic data such as the H+/M2+ exchange ratio reported for Ca77 and the marked pH 
dependency of Ca adsorption observed in our adsorption experiments. 

In that same parallel study, we have also shown that the adsorption sites of Fh for binding M2+ 
exhibit chemical heterogeneity, which is a common reported phenomenon for the binding of metal ions 
to Fh.14,26,78 The high affinity sites dominate the adsorption at low M2+ concentrations, and for our Fh 
preparation, these surface sites have a density of Ns(bh) = 0.32 ± 0.02 nm–2. The corresponding site 
density for the low affinity sites can be set to Ns(bl) = 2.48 nm–2, as the sum of both types of surface 
FeOH(b)–0.5 groups is 2.8 nm–2.32  

For describing the adsorption of PO4 in single-ion systems, we have used the set of CD model 
parameters derived by Hiemstra and Zhao.32 For the adsorption of oxyanions that strongly interact with 
Fh such as PO4, we do not experience explicitly in our modeling the presence of high affinity sites in 
line with previous suggestions given by Dzombak and Morel.14 Probably, the high affinity character of 
these sites is masked by the already rather large PO4 loading of the low affinity sites. Therefore, we have 
used in our modeling the same set of logK values for PO4 binding to both types of FeOH(b)–0.5 groups 
(Table 5.2 and Table S5.4). 
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Table 5.1. Surface species, CD coefficients, and fitted logK for the binding reactions of Ca and Mg to Fh derived 
in our parallel study.67 The surface site densities are from Hiemstra and Zhao32 with ≡FeOH(a) = 3.0 nm–2, 
≡FeOH(b) = 2.8 nm–2 and ≡Fe3O = 1.4 nm–2. Two types of ≡FeOH(b) groups were defined to account for site 
heterogeneity ≡FeOH(bl) for low affinity and ≡FeOH(bh) for high affinity, having a site density of respectively 
2.48 ± 0.02 and 0.32 ± 0.02 nm–2 for our Fh preparations. The capacitance values for the extended Stern layers of 
Fh (Cnano,1 and Cnano,2) are size-dependent59 (see Tables S5.1 and S5.2) and were calculated by taking as a reference 
the capacitance values of goethite (C1 = 0.90 F m–2 and C2 = 0.74 F m–2).  

Species ID* ≡FeOH(bl)-0.5 ≡FeOH(bh) -0.5 ∆z0** ∆z1 ∆z2 H+ Ca2+ Mg2+ logK ±SE 

(≡FeOH)2Ca BCa(l) 2 0 0.94 1.06 0 0 1 0 2.64 ± 0.03 

(≡FeOH)2Ca BCa(h) 0 2 0.94 1.06 0 0 1 0 5.13 ± 0.02 

           

(≡FeOH)2Mg BMg(l) 2 0 0.89 1.11 0 0 0 1 1.87 ± 0.06 

(≡FeOH)2Mg BMg(h) 0 2 0.89 1.11 0 0 0 1 4.09 ± 0.04 

 
* BCa(l)  = bidentate (double-corner) Ca with low affinity sites;  BCa(h) = bidentate (double-corner) 

Ca with high affinity sites; 
   BMg(l) = bidentate (double-corner) Mg with low affinity sites; BMg(h) = bidentate (double-corner) Mg with 

high affinity sites 
** The CD coefficients have been derived from MO/DFT optimized geometries. 

  

5.3. Results and discussion 

5.3.1. Interaction of calcium and magnesium with phosphate: experimental results  

The interaction of the alkaline-earth metal ion Ca2+ with PO4 in Fh systems has been studied 
extensively in the present work. In Figures 5.1 and 5.2, the left panels show the adsorption edges of Ca 
to Fh in the binary Ca-PO4 systems, whereas the right panels show the corresponding PO4 adsorption 
data. In Figure 5.1, the upper panels are for a total Ca concentration of ~0.05 mM, and the lower panels 
are for systems with a 5-fold higher concentration of added Ca (~0.25 mM). In Figure 5.2, we give the 
adsorption data for binary Ca-PO4 systems with a higher Fh concentration. This allows an accurate 
measurement of the adsorption of Ca to Fh at higher total added Ca concentrations, i.e. ~1.0 mM (upper 
panels) and ~0.62 mM (lower panels). For comparison, we also present in Figures 5.1 and 5.2 the model 
predictions (dotted lines) and/or the measured adsorption data (open symbols) of the corresponding 
single-ion systems at the same initial ion loading.  

At a given pH, the adsorption of Ca to Fh increases simultaneously with an increase in the initial 
concentration of PO4. In comparison to the single-ion systems, the adsorption edges of Ca are 
significantly shifted toward lower pH values (~2.0 pH units) in the presence of PO4. For systems with 
the same total Fe content, this shift of the adsorption edges is more pronounced for systems with lower 
total molar Ca/PO4 ratios. Simultaneously, the adsorption of PO4 to Fh increases in the presence of Ca, 
but the synergistic effect of Ca on the PO4 adsorption is less pronounced than the corresponding effect 
of PO4 on the adsorption of Ca.  
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Figure 5.1. pH-dependent adsorption of Ca (left panels) and PO4 (right panels) in binary ion systems with Fh. The 
ionic strength was kept constant at I = 0.01 M NaNO3, and the specific surface area of this Fh suspension was A = 
684 ± 15 m2 g–1 with a corresponding molar mass of Mnano = 96.6 g mol–1 Fe. The symbols are experimental data 
and the lines are CD model calculations obtained with the parameter sets of Table 5.1 and 5.2. The adsorption 
parameters of PO4 in single-ion systems are taken from Hiemstra and Zhao.32 The total concentrations of Fe, Ca, 
and PO4 are given in each panel. The initial Ca loadings in systems a,b and c,d are equivalent to respectively ~0.4 
and ~1.7 µmol m–2, and the equivalent initial PO4 loadings vary from ~2.0 to 3.9 µmol m–2. For comparison, model 
predictions are given for the corresponding single-ion systems, i.e. without addition of either Ca or PO4 (dotted 
lines). For PO4, the adsorption in single-ion systems was additionally measured for each experimental condition 
(open symbols). The adsorption of Ca and PO4 is promoted in the binary systems by mutual electrostatic 
interactions and the formation of ternary PO4-Ca surface complexes.  
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Figure 5.2. pH-dependent adsorption of Ca (left panels) and PO4 (right panels) in single and binary ion systems 
with Fh in I = 0.01 M NaNO3. The specific surface area of this Fh suspension was A = 684 ± 15 m2 g–1 with a 
corresponding molar mass of Mnano = 96.6 g mol–1 Fe. The total concentrations of Fe, Ca, and PO4 are given in 
each panel. The initial Ca loading in systems a,b and c,d are equivalent to respectively ~3.9 and ~2.5 µmol m–2. 
The initial PO4 loadings are equivalent to ~1.5–2.3 µmol m–2 in systems a,b and ~2.5 in systems c,d. The closed 
symbols and the full lines are respectively experimental data and CD model calculations for binary systems. For 
comparison, the model predictions are given for single-ion systems, i.e. without addition of either Ca or PO4 (dotted 
lines). For PO4, the adsorption in single-ion systems was also measured for each experimental condition (open 
symbols). The CD model parameter sets are given in Tables 5.1 and 5.2. The adsorption parameters of PO4 in 
single-ion systems are taken from Hiemstra and Zhao.32 

The cooperative interaction of ions adsorbed to Fh was also evaluated in the binary Mg-PO4 systems. 
Figure 5.3 a,c shows that in the presence of PO4, the adsorption edges of Mg are shifted toward lower 
pH values (closed symbols), in comparison to the adsorption of Mg in the single-ion systems (open 
symbols). In Figure 5.3b, the adsorption of PO4 in the absence (open symbols) and presence (closed 
symbols) of Mg  is compared for Fh systems with two different values for the total molar Mg/PO4 ratios: 
0.5 (circles) and 0.05 (squares). The percentage of PO4 adsorbed increases in the presence of Mg. 
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Additionally, the pH-dependency of the PO4 adsorption is strongly reduced in the systems with a 
relatively high molar Mg/PO4 ratio, e.g. ~1.6 (Figure 5.3d). 

 

 

Figure 5.3. pH-dependent adsorption of Mg (left panels) and PO4 (right panels) in single (open symbols) and 
binary ion systems (closed symbols) with Fh in I = 0.01 M NaNO3. The specific surface area of this Fh suspension 
was A = 720 ± 10 m2 g–1 with a corresponding molar mass of Mnano = 97.6 g mol–1 Fe. The symbols are experimental 
data and the lines are CD model results obtained with the parameter sets of Tables 5.1 and 5.2. The adsorption 
parameters of PO4 in single-ion systems are taken from Hiemstra and Zhao.32 The total concentrations of Fe, Mg, 
and PO4 are given in each panel. The initial loadings of Mg are equivalent to ~0.1 and ~1.1 µmol m–2 in systems 
a,b and ~2.0 µmol m–2 in systems c,d. The initial PO4 loadings are equivalent to, respectively, ~2.2 and 1.3 µmol 
m–2 in systems a,b and c,d. For comparison, the respective adsorption series in single-ion systems have been 
measured (open symbols) and/or modelled (dotted line). 

 

The model lines in Figures 5.1–5.3 show the capability of the CD model to describe accurately the 
interfacial interactions of the alkaline-earth metal ions Ca2+ and Mg2+ with PO4 over a wide range of 
conditions in the Fh systems. Synergy between these cations and PO4 has been also reported for freeze-
dried Fh,23 goethite (α-FeOOH),34–36 hydrous zirconium oxide (HZO),79 and manganese dioxide (δ-
MnO2).80 However, the dominant mechanisms explaining these interactions might differ between these 
oxide materials. For Fh, details about the mechanisms of synergetic binding will be discussed in the next 
section.  
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5.3.2. Modeling and mechanisms of M2+−PO4 adsorption synergy 

5.3.2.1. Effect of electrostatic interactions 

The adsorption of M2+ is significantly promoted by PO4 in all binary systems in comparison to the 
corresponding single-ion systems (dotted lines and/or open symbols in the left panels of Figures 5.1–
5.3). In contrast, the PO4 adsorption in the binary systems (right panels in Figures 5.1–5.3) increases 
mainly at high pH and high initial M2+ concentration due to the presence of M2+. The reason for this 
difference is the higher affinity of PO4 for the adsorption to Fh, in comparison with the adsorption 
affinity of M2+. The large quantities of adsorbed PO4 can change substantially the net particle charge of 
Fh, whereas the presence of M2+ in the binary systems affects notably less the net particle charge, as it 
can be shown by modeling.  

In the absence of specific ion adsorption, the point of zero charge of Fh in NaNO3 solutions is pHPZC 

~8.1.59 Our CD modeling shows that the adsorption of PO4 to Fh provokes a decrease in the isoelectric 
point (IEP) to pHIEP  ~4.5–5.0 (Figure S5.1a). It implies that, under these conditions, a negative double 
layer potential (ψ ) is created in a major part of the pH range of our study. This induces a shift of the 
adsorption edges of Ca and Mg in the presence of PO4 (Figures 5.1–5.3) and stimulates the formation of 
ternary surface species (Section 5.3.2.2). The binding of Ca2+ or Mg2+ ions in the binary systems with 
PO4 partly compensates the negative charge created by the adsorbed PO4 ions and in turn, this promotes 
the adsorption of PO4 in the binary systems, particularly at high pH. It can be shown that at a sufficiently 
high Ca concentration, binary Ca-PO4 systems with Fh may have two pH values where the particle 
charge switches, i.e. two pHIEP values, one at low pH and one at high pH (Figure S5.1b). 

Figure 5.4 presents the concentrations of Ca (panel a) and PO4 (panel b) in the equilibrium solution 
of the respective single (open symbols) and binary (closed symbols) Fh systems. The experimental data 
of the binary systems cannot be explained using in the modeling only the adsorption reactions found for 
the single-ion systems (dotted lines). Figure 5.4 illustrates that mutual electrostatic interactions alone 
are not enough to explain the adsorption data in binary Ca-PO4 systems. This finding contrasts with that 
in goethite systems, in which the cooperative binding of Ca2+ and Mg2+ ions with PO4 could be well-
predicted assuming only electrostatic interactions.34–36 Differences in the adsorption interaction Ca-PO4 
between Fh and goethite are discussed in Section 5.3.4. In our Fh systems, precipitation of a calcium 
phosphate mineral cannot explain the significant reduction in concentrations in the Ca and PO4 systems 
neither, as illustrated in Appendix D of the SI. For the Mg-PO4 systems, the same results are observed 
(Figure S5.4). 

5.3.2.2. Formation of ternary Ca-PO4 surface complexes 

The adsorption data of Ca and PO4 in the binary systems can only be described by including in our 
modeling approach the formation of ternary surface complexes. In general, Ca and PO4 have contrasting 
affinities for binding to metal (hydr)oxides. Ca2+ ions have a much lower intrinsic affinity than PO4 ions 
for the binding sites at the surface of Fh. However, Ca2+ ions do have a high affinity for PO4, which is 
reflected by the increasing stability of Ca-PO4 minerals at increasing the molar Ca/PO4 ratio of these 
minerals.56 In the case of ternary complex formation, it is therefore more likely that a Ca2+ ion will bind 
to an adsorbed PO4 ion rather than the opposite. This idea is supported by literature data of Fe-PO4-Ca 
co-precipitation showing direct complexation of PO4 to Fe(III) polymers, where these units form larger 
networks that are interconnected by Ca2+ ions.55,81 High energy X-ray scattering (HEXS) with Pair 
distribution function (PDF) analysis showed double corner ≡(FeO)2PO2 complexes linked together by 
Ca2+ ions bound as single corner complexes55 with a Ca-P distance of 360 pm. In situ spectroscopic 
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studies have also suggested the formation of PO4-bridged ternary complexes with Ca in adsorption 
systems with hydrous zirconium oxide79 and titanium dioxide (TiO2).82  

 

 
Figure 5.4. Logarithm of the (a) Ca and (b) PO4 concentrations in the equilibrium solution of systems with Fh in 
I = 0.01 M NaNO3. The total Fe concentration was 3.9 mM and the specific surface area of this Fh suspension was 
A = 684 ± 15 m2 g–1 with a respective molar mass Mnano = 96.6 g mol–1 Fe. Closed symbols are for the binary Ca-
PO4 systems with total concentrations of Ca = 1.0 mM and PO4 = 0.6 mM, and the open symbols are for the single-
ion systems. The dotted lines are the CD model predictions using only the adsorption parameters of the single-ion 
systems of Ca (Table 5.1) and PO4,32 whereas the full lines are the modeling results including for the binary systems 
the formation of ternary surface complexes (Table 5.2). 

 

The binding of Ca2+ cations to already adsorbed PO4 anions (i.e. formation of anion-bridged ternary 
complexes) is also supported by the modeling of the Ca and PO4 adsorption data of our binary Ca-PO4 
systems with Fh (Figure 5.1 and 5.2). Our extensive modeling of these systems shows that the use of 
cation-bridged ternary complexes (i.e. Fe-Ca-PO4) did not provide a good description of the adsorption 
of both Ca and PO4 in the binary systems. Instead, our modeling advocates the formation of anion-
bridged complexes in which the Ca2+ ion is located at a larger distance from the surface. 

 The formation reactions of the ternary complexes ultimately derived after extensive modeling are: 

≡FeOH‒0.5 +  H+(aq) + PO4
3‒(aq) + Ca2+(aq)       

                                                                        ↔   ≡FeO‒0.5+Δz0PO3
Δz1CaΔz2  +  H2O(l)           logKMTC          (Equation  5.2) 

 

2≡FeOH‒0.5 + 2 H+(aq) + PO4
3‒(aq) + Ca2+(aq)    

                                                                            ↔   ≡ (FeO)2
‒1+Δz0PO2

Δz1CaΔz2  + 2 H2O(l)       logKBTC    (Equation  5.3) 

 

where Δz0, Δz1, and Δz2 are the CD coefficients of the 0–, 1– and 2– plane in the extended Stern layer 
model. The corresponding set of adsorption parameters is given in Table 5.2.  
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Table 5.2. Surface species, CD coefficients and fitted logK for the formation reactions of ternary surface 
complexes in the binary systems PO4-Ca (R2 = 0.99, n= 72) and PO4-Mg (R2 = 0.99, n= 22) with Fh. The surface 
site densities are taken from Hiemstra and Zhao32 with ≡FeOH(a) = 3 nm–2, ≡FeOH(b) = 2.8 nm–2 and ≡Fe3O = 
1.4 nm–2. Two types of ≡FeOH(b) groups were defined to account for the surface site heterogeneity of the 
adsorption of M2+ (≡FeOH(bl) and ≡FeOH(bh) for low and high affinities, respectively). 

 
*∆z2 = 1.06 v.u. (± 0.06) can be explained as the Ca complexation to adsorbed PO4 in ≡FeOPO3-Ca-(OH2)n with 
remaining charge attribution of Ca to 3 OH2 ligands in the outer Stern plane. For the ternary complexes MPMg, a 
higher ∆z2 value of 1.33 v.u. (± 0.07) suggest that Mg is more loosely bound to PO4 than Ca (see text). 
**∆z2 = 1.46 v.u. (± 0.17) can be explained as the Ca complexation to adsorbed PO4 in ≡(FeO)2PO2-Ca-(OH2)n 
with remaining charge attribution of Ca to 4 OH2 ligands in the outer Stern plane. 
*** logK values derived in this study by fitting of the experimental data obtained in the binary Ca-PO4 and Mg-
PO4 systems.  
a ≡FeOH(a)‒0.5 forms with PO4 only monodentate complexes, whereas ≡FeOH(b)‒0.5 forms both mono- and 
bidentate (double-corner) complexes (See section 5.2.3.2). 

 

For both the above surface complexes, the values of Δz0 have been derived with the Brown bond 
valence analysis68,69 of the optimized geometries of these ternary complexes that we obtained with 
MO/DFT/B3LYP/6-31+G** calculations (Appendix E in the SI), whereas the values of Δz1 and Δz2 
were adjusted by fitting the model to the adsorption data using the constraint Δztot = Δz0 + Δz1 + Δz2. The 
optimized MO/DFT structures of the ternary complexes defined with Equations 5.2 and 5.3 are 
represented in Figure 5.5 a,b, respectively. Both the mononuclear monodentate ≡FeOPO3 complex 
(Figure 5.5a) and the binuclear bidentate ≡(FeO)2PO2 complex (Figure 5.5b) interact with Ca by forming 
one single Ca-O-P bond. In the former complex, the calculated Ca-P distance was 367 pm and, in the 
latter, it was 327 pm. In a hydrated calcium phosphate mineral, brushite (CaHPO4∙2H2O), a Ca-P 
distance of 370 ± 2 pm can be found in the case of single Ca-O-P bridging, which is close to the distance 
(360 pm) observed in ≡(FeO)2PO2Ca networks55 and found also in hydroxyapatite. In brushite, a shorter 
Ca-P distance of 312 pm is also found for single Ca-O-P linkages. 

The ternary complex in which PO4 is bound to Fh in a monodentate configuration (MPCa) (Equation 
5.2) is the most relevant ternary surface species for describing our experimental data of the binary Ca–
PO4 systems (see below Figure 5.6). This complex can be formed with both types of singly coordinated 
groups ≡FeOH(a)-0.5 and ≡FeOH(b)-0.5. A similar type of complex was used by Antelo et al.23 for 
describing Ca-PO4 binary systems with freeze-dried Fh. However, their data set covers a relatively small 
range of solution conditions compared to our work in which we collected adsorption data at a wider 
range of Ca/Fe ratios. This allows us to reveal by modeling the formation of an additional ternary 
complex (BPCa) in which Ca is bound to an adsorbed PO4 present in the bidentate configuration 

Species ID ≡FeOH(a)a ≡FeOH(bl)a ≡FeOH(bh)a ∆z0 ∆z1 ∆z2 H+ M2+ PO4
3‒ logK ±SE*** 

≡FeOPO3Ca* MPCa(a) 1 0 0 0.24 -1.30 1.06 1 1 1 22.27 ± 0.12 

≡FeOPO3Ca* MPCa(bl) 0 1 0 0.24 -1.30 1.06 1 1 1 22.27 ± 0.12 

≡FeOPO3Ca* MPCa(bh) 0 0 1 0.24 -1.30 1.06 1 1 1 22.27 ± 0.12 

≡ (FeO)2PO2Ca** BPCa(bl) 0 2 0 0.62 -1.08 1.46 2 1 1 30.09 ± 0.12 

≡ (FeO)2PO2Ca** BPCa(bh) 0 0 2 0.62 -1.08 1.46 2 1 1 30.09 ± 0.12 

            

≡FeOPO3Mg* MPMg(a) 1 0 0 0.22 -1.55 1.33 1 1 1 22.00 ± 0.10 

≡FeOPO3Mg* MPMg(bl) 0 1 0 0.22 -1.55 1.33 1 1 1 22.00 ± 0.10 

≡FeOPO3Mg* MPMg(bh) 0 0 1 0.22 -1.55 1.33 1 1 1 22.00 ± 0.10 
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(Equation 5.3). Moreover, in our modeling we have implemented the difference in high and low affinity 
sites for Ca, enabling a good description of the Ca binding over a wide range of Ca-loadings. With the 
two ternary complexes resolved, an excellent and consistent description of the simultaneous adsorption 
of Ca and PO4 is possible (R2 = 0.99, n = 72), as shown in Figures 5.1 and 5.2 with the modeled lines. 

 

 

 

Figure 5.5. Hydrated geometries of the ternary Fe-PO4-Ca complexes optimized with MO-DFT/B3LYP/6-
31+G**. Panel a): single corner complex of ≡FeOPO3 (d(Fe-P) = 348 pm) with a Ca ion that is bound to PO4 as a 
Ca-O-P single corner (1C) complex (d(P-Ca) = 367 pm), formed according to Equation 5.2. Panel b): double corner 
complex of ≡(FeO)2PO2 (d(Fe-P) = 320 ± 4 pm) with a Ca2+ ion that is bound to PO4 as a Ca-O-P single corner 
(1C) complex (d(P-Ca) = 327 pm), formed according to Equation 5.3. The Fe2(OH)6 (OH2)3PO4-Ca cluster (a) has 
26 water molecules for hydration and the other one has 21 (b). 

For the binary Mg-PO4 systems, only the formation of one ternary complex is required for describing 
adequately the interaction of these two ions with the surfaces of Fh (R2 = 0.99, n =22). In this ternary 
complex, PO4 is bound to Fh in a monodentate configuration (MPMg), similar to that for the ternary Fe-
PO4-Ca complex formulated in Equation 5.2. The respective adsorption reaction is formulated as:  

 

≡FeOH‒0.5 + H+(aq) + PO4
3‒(aq) + Mg2+(aq)    

                                                                                ↔   ≡FeO‒0.5+Δz0PO3
Δz1MgΔz2  + H2O(l)        logKMTC     (Equation  5.4) 

 

Presently, we have not been able to clearly reveal the formation of the ternary Fe-PO4-Mg complex 
in which PO4 is bound to Fh in a bidentate configuration (BPMg), as we did resolve for the Ca-PO4 
systems. Introduction of such BPMg does not improve the description of our adsorption data in the Mg-
PO4 systems and a large uncertainty is found in the fitting of the CD coefficients of the 1- and 2- planes 
(i.e. Δz1 and Δz2) of this ternary species. It must be noticed that for the Mg-PO4 systems, we have 
collected a more limited dataset, covering a narrower range of solution conditions in comparison to the 
Ca-PO4 systems. This may have affected the resolution of our modeling approach to distinguish the 

a)                                                                             b) 
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potential formation of an additional ternary complex species. Considering this constraint, we have 
implemented in our final modeling only the formation of the ternary complex MPMg. 

In the series of alkaline-earth metal ions, Ca2+ interacts stronger than Mg2+ with Fh, which is 
reflected in its higher logK values (∆logK ~0.9) for the high as well as for the low affinity sites (Table 
5.1). This difference in logK might be attributed to an exchange of interfacial water, releasing Gibbs 
free energy.67 For the formation of monodentate ternary complexes (Equations 5.2, 5.4), we find a 
difference in affinity of ∆logKMTC ~0.3 between the ternary complexes with Ca and Mg, which is 
possibly also due to an exchange of interfacial water, because in solution both association constants 
(CaHPO4

0(aq) and MgHPO4
0(aq)) are rather similar.83 The stronger interaction of Ca with PO4 at the 

surface of Fh can be also inferred from our MO/DFT calculations. Ca2+ ions neutralize the negative 
charge of PO4 ligands better than Mg2+ ions, which leads to lower attribution of the negative charge by 
PO4 to the surface and, consequently, to slightly higher Δz0 values for the MPCa complex. In addition, 
the fitted Δz2 value is higher for the MPMg than for the MPCa complex (Table 5.2), suggesting that a 
higher fraction of Mg2+ charge remains in the outer Stern layer region. Overall, these results suggest that 
Mg2+ is more loosely bound to PO4 than Ca2+ at the surfaces of Fh. In Figure S5.6 of the SI, we modeled 
the PO4 binding to Fh in the presence of either Ca or Mg. At the same solution condition (i.e. pH and 
M2+ concentration), the adsorption of PO4 is more enhanced in the presence of Ca in comparison to Mg. 

In literature, formation of both anion-bridged (e.g. Fe-PO4-M2+) and metal-bridged (e.g. Fe-M2+-
PO4) ternary complexes have been proposed.53 In general, the type of ternary complexes formed would 
depend on the relative affinity of the co-adsorbing ions for the Fe-(hydr)oxide surfaces.53 If the anion 
interaction with the surface is relatively weak, metal-bridged ternary complexes dominate as found for 
instance in Cd-SO4 and Pb-SO4 systems.20,84,85 In our case, the anion (PO4

3–) is much stronger bound to 
Fh than the cation (Ca2+ or Mg2+) and this leads to the formation of anion-bridged complexes.  

In specific cases, it is also possible that both cations and anions react directly with the surfaces,31,53,86 
as found in Pb–PO4 systems.87 In that type of complex, both ions are bound to the surface in a 
monodentate manner, but there is an additional chemical (lateral) interaction between the adsorbed 
cation and anion.53 Conceptually, all charges are then located in the inner Stern layer region (0- and 1- 
plane). When a ternary anion-bridged surface complex is formed, part of the complex (M2+) may 
physically enter the outer Stern layer region (2- plane). This is found with our CD modeling for the ≡ 
(FeO)2PO2-Ca and ≡FeOPO3-Ca complexes. According to the CD model, ~ 2/3 of the Ca2+ charge in the 
≡ (FeO)2PO2-Ca complex is at the 2-plane (∆z2 = 1.46 ± 0.17 v.u.), which could suggest that ~2/3 of the 
Ca ligands are in the outer Stern layer. This attribution of positive charge of the ternary Fe-PO4-Ca 
complexes to the 2-plane will have important implications for describing the pH-dependent PO4 
adsorption in Ca media, as it will be discussed in Section 5.3.4. 

5.3.3. Surface speciation: single vs binary ion systems 

In Figure 5.6, the surface speciation of PO4 and Ca in single-ion systems (left panels) is compared 
to the corresponding surface speciation of these ions in the binary Ca-PO4 systems (right panels). The 
calculations have been done with the CD model and the simulated conditions of the binary Ca–PO4 
systems are similar to the experimental conditions for the data shown in Figures 5.2 a,b and 5.4. 

In relation to the PO4 adsorption, comparing Figures 5.6 a and b shows that the Ca-PO4 synergy is 
more notorious at high pH values in agreement with our experimental results (Figures 5.1 and 5.2). The 
ternary complex formation is mainly due to the formation of MPCa. The ternary complex formation 
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reduces the contribution of the bidentate PO4 surface complexes (B, BH) to the overall PO4 adsorption, 
while the speciation of both monodentate PO4 species (MH, MH2) is hardly affected. A similar result is 
found for the PO4 surface speciation in binary Mg-PO4 systems (Figure S5.5). 

Comparing Figures 5.6 c and d shows that the Ca adsorption strongly increases in the presence of 
PO4. At low pH values, Ca is mainly bound as a ternary complex in the binary Ca-PO4 systems. In the 
absence of PO4 (Figure 5.6c), hardly any Ca is bound at low pH. The stimulating role of PO4 due to 
favorable electrostatics is mainly visible at high pH. In the presence of PO4, more Ca is clearly bound 
as bidentate species (BCa), as it is evident from comparing Figures 5.6 c and d. Especially, the Ca 
adsorption to the low affinity sites (BCa(l)) is enhanced at high pH conditions. The Ca binding to the 
high sites (BCa(h)) is hardly affected, which is due to near-saturation of these sites, as observed already 
in the single-ion systems in the absence of PO4.    

 
Figure 5.6. pH-dependent surface speciation of PO4 (upper panels) and Ca (lower panels) in the corresponding 
single-ion (left panels) and binary Ca–PO4 (right panels) systems with Fh in 0.01 M NaNO3. The conditions of the 
systems are similar to those of the adsorption experiments shown in Figure 5.2 a,b and Figure 5.4. The total Fe 
concentration is 3.90 mM and the specific surface area of Fh is A = 684 m2 g–1 with a corresponding molar mass 
of Mnano = 96.6 g mol–1. The total PO4 and Ca concentrations are respectively 0.60 mM and 1.0 mM. For PO4: 
MH= monodentate protonated; MH2 = monodentate doubly protonated; B = bidentate; BH = bidentate protonated. 
For Ca: BCa(l)= bidentate at the low affinity sites; BCa(h)= bidentate at the high affinity sites. For the ternary 
species: MPCa = ternary complex in which PO4 is bound as a monodentate; BPCa = ternary complex in which 
PO4 is bound as a bidentate. The calculations have been done using the CD model with the parameter sets of Tables 
5.1, 5.2 and Table S5.4 in the SI. 
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5.3.4. Comparing ferrihydrite and goethite 

The synergistic interaction of Ca with PO4 has been studied extensively in the past for well-
crystallized goethite,34 allowing us to compare it with the interaction presently measured for Fh. In 
Figure 5.7, the PO4 adsorption isotherms of Fh (panel a) and goethite (panel b) have been calculated for 
systems at pH 5 and 7 in the presence (symbols) and absence (lines) of Ca at a constant ionic strength 
of 3 mM. In the absence of Ca, the pH dependency of the PO4 adsorption is much larger for Fh than for 
goethite, which can be attributed to more protonation of adsorbed PO4 at low pH values.32 In the presence 
of Ca, the pH dependency is much smaller for the reasons discussed below. 

The intrinsic difference in the pH dependency of the PO4 adsorption of Fh and goethite is illustrated 
in Figure 5.7 a,b with model lines calculated for systems at pH 5 and 7 in NaNO3 solution. This pH 
dependency is much higher for Fh than for goethite. At pH 7, the PO4 adsorption in NaNO3 is very 
similar for Fh and goethite (dotted lines). However, at pH 5 the adsorption of PO4 in NaNO3 is much 
higher for Fh (full lines) than for goethite. As mentioned above, this is particularly due to a difference 
in protonation of the adsorbed PO4 species.32 For Fh (Figure 5.7a), the presence of Ca2+ ions hardly 
affects the PO4 adsorption at pH 5 (green squares vs full line), although some Ca2+ ions do adsorb but 
this is mainly in the form of ternary Fe-PO4-Ca complexes. The corresponding adsorbed Ca2+ does not 
have a strong electrostatic interaction with the other types of adsorbed PO4 ions because a significant 
part of the Ca2+ charge is outside the inner Stern region according to our CD analysis (see ∆z2 in Table 
5.2). In contrast, in the Ca systems, there is a substantial increase in the PO4 adsorption at pH = 5 for 
goethite (Figure 5.7b), which is due to a strong electrostatic interaction of the adsorbed Ca2+ ions with 
adsorbed PO4. For goethite, most of the divalent charge of Ca2+ is present at the 1-plane (∆z1) and acts 
on the negatively charge of the outer oxygen ligands of PO4 that reside there. This strong electrostatic 
interaction of Ca2+ also occurs at pH 7, increasing the PO4 adsorption to similar levels as that for pH 5. 
For Fh at pH 7, the PO4 adsorption is also increased in the presence of Ca2+ (blue circles vs dotted line). 
However, this increase is mainly due to the significant formation of ternary Ca-PO4 complexes and it is 
less important than the increase in the PO4 adsorption on goethite by electrostatic interaction of the large 
fraction of Ca2+ charge present in the 1-plane. 

The above-mentioned difference in the pH-dependent adsorption behavior of PO4 for both Fe-
(hydr)oxide minerals will be important in applications of surface complexation modeling in natural 
systems. It is evident that the choice of a proxy for the natural oxide fraction will be crucial for the 
outcome of predictions, particularly the pH dependency, as illustrated in Figure 5.7. In future 
applications to soils, this will be evaluated. 
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Figure 5.7. PO4 adsorption isotherms of (a) ferrihydrite and (b) goethite at pH 5 and 7 in the absence (lines) and 
presence (symbols) of Ca at a constant ionic strength of 3 mM. The intrinsic pH dependency of the PO4 adsorption 
in the NaNO3 solutions is much higher for Fh than for goethite (lines). This difference is largely, though not 
entirely, compensated by the presence of Ca (symbols). For Fh, the PO4 adsorption is increased by ternary Ca-PO4 
complex formation, particularly at high pH (Figure 5.6), and for goethite, the increase is due to a strong 
electrostatic interaction of adsorbed Ca2+ by introducing positive charge mainly to the first Stern plane where the 
negatively charged outer ligands of the adsorbed PO4 ions reside (see text). For Fh, the adsorption of PO4 has been 
calculated using the parameter sets of Tables 5.1 and 5.2 and Table S5.4 in the SI. For goethite, the adsorption has 
been calculated with the parameter set of Hiemstra et al.43 

 

5.4. Conclusions 
In this study, the surface interaction of the alkaline-earth metal ions Ca2+ and Mg2+ with adsorbed 

PO4 has been quantified for well-characterized, freshly precipitated Fh. The collected data have been 
interpreted with the CD model in combination with a recently developed multisite ion complexation 
model for Fh, in which reactive site densities are based on analysis of the surface structure. In addition, 
high and low affinity (logK) sites are distinguished in the model, derived from the adsorption of alkaline-
earth metal ions (M2+) covering a wide range of surface loadings. The corresponding adsorption densities 
have been quantified in a parallel study using single-ion systems.67 According to that study, the alkaline-
earth metal ions form binuclear double-corner (2C) inner-sphere complexes ≡(FeOH)2

Δz0MΔz1, for which 
the CD coefficients have been derived with a Brown bond valence analysis using MO/DFT optimized 
geometries of complexes.  

In the present study with binary M2+-PO4 systems, the adsorption of Ca2+ and Mg2+ ions to Fh is 
found to be enhanced in the presence of adsorbed PO4 and vice versa. For Fh, this synergistic effect is 
due to the combined effect of an enhanced electrostatic interaction and the formation of ternary surface 
complexes. For the Ca-PO4 systems, our model reveals the formation of two anion-bridged surface 
ternary complexes: ≡FeOPO3Ca and ≡ (FeO)2PO2Ca, the former being most prominently present. The 
charge attribution to the surface (∆z0) has been derived for both complexes from the MO/DFT/B3LYP/6-
31+G** optimized geometries. The Ca2+ ion charge is distributed between the inner (∆z1) and outer 
Stern (∆z2) plane, which we found by analysis of the adsorption data with CD modeling. For the Mg-
PO4 systems, only the formation of the ternary complex ≡FeOPO3Mg could be revealed under the 
investigated adsorption conditions. Our results are in line with the general notion that the dominant type 
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of ternary complex (i.e. metal-bridged vs anion-bridged) depends on the relative affinity of the co-
adsorbing ions for the metal (hydr)oxide surface. PO4 has a significantly higher intrinsic affinity than 
Ca and Mg for binding sites at the surface of Fh, favoring the formation of anion-bridged ternary 
complexes. This is indeed found in our CD modeling. In addition, our modeling reveals that the 
distribution between monodentate and bidentate surface complexes of PO4 is different in the single-ion 
and binary systems. In the presence of M2+, more PO4 is bound to Fh in a monodentate configuration 
compared to the single-ion systems.  

The pH dependency of the intrinsic PO4 adsorption in NaNO3 solution is much larger for Fh than for 
goethite. However, this difference is largely compensated by the binding of Ca2+. For Fh, the increase 
in PO4 adsorption is predominantly due to the formation of ternary Fe-PO4-Ca surface complexes, and 
in the case of goethite, the increase is entirely due to a mutual electrostatic interaction of adsorbed Ca2+ 
and PO4. From an environmental perspective, the present study is highly relevant because Ca2+ and Mg2+ 
ions are abundant in natural systems. The interaction of Ca2+ and Mg2+ ions with the surfaces of metal-
(hydr)oxides affects the chemical behavior and fate of other important ions, particularly anions, as 
shown here for PO4. Fh can be used as a proxy for the natural oxide fraction and application of the results 
of the present study will contribute to improved understanding of the mutual interactions of PO4 and 
M2+ in soils, aquifers, and natural water bodies.  
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Supplementary Information  

A. Conditions of the batch adsorption experiments  

Table S5.1. Chemical conditions of the batch experiments in single-ion (PO4) and binary Ca–PO4 adsorption 
systems. The specific surface area (SSA) and molar mass (Mnano) of ferrihydrite was assessed using PO4 as probe 
ion, as described in Mendez and Hiemstra.59 The capacitance values for the extended Stern layers of Fh (Cnano,1 
and Cnano,2) are size-dependent and were calculated by taking the capacitance values of goethite as a reference (C1 
= 0.90 F m-2 and C2 = 0.74 F m-2). 

 

Series System Figure number 
I Ca PO4  Fe SSA Mnano Cnano,1 Cnano,2 

M mM mM mM m2 g-1 g mol-1 Fe F m-2 

H.1 Binary 5.2c/5.2d 0.01 0.613 0.620 3.75 684 ± 15 96.6 1.17 0.91 

I.1 Single-PO4 5.1b/5.1d 0.01 - 0.285 2.20 684 ± 15 96.6 1.17 0.91 

I.2 Single-PO4 5.1b/5.1d/S5.2 0.01 - 0.380 2.20 684 ± 15 96.6 1.17 0.91 

I.3 Single-PO4 5.1b/5.1d 0.01 - 0.576 2.20 684 ± 15 96.6 1.17 0.91 

J.1 Binary 5.1a/5.1b 0.01 0.051 0.285 2.20 684 ± 15 96.6 1.17 0.91 

J.2 Binary 5.1a/5.1b 0.01 0.051 0.380 2.20 684 ± 15 96.6 1.17 0.91 

J.3 Binary 5.1a/5.1b 0.01 0.051 0.576 2.20 684 ± 15 96.6 1.17 0.91 

K.1 Binary 5.1c/5.1d 0.01 0.252 0.285 2.20 684 ± 15 96.6 1.17 0.91 

K.2 Binary 5.1c/5.1d/S5.2 0.01 0.252 0.380 2.20 684 ± 15 96.6 1.17 0.91 

K.3 Binary 5.1c/5.1d 0.01 0.252 0.576 2.20 684 ± 15 96.6 1.17 0.91 

L.1 Single-PO4 5.2b 0.01 - 0.385 3.85 684 ± 15 96.6 1.17 0.91 

L.2 Single-PO4 5.2b/5.4b/S5.2 0.01 - 0.583 3.85 684 ± 15 96.6 1.17 0.91 

M.1 Binary 5.2a/5.2b 0.01 0.98 0.385 3.85 684 ± 15 96.6 1.17 0.91 

M.2 Binary 5.2a/5.2b/4/S5.2 0.01 0.98 0.583 3.85 684 ± 15 96.6 1.17 0.91 

 

 

Table S5.2. Chemical conditions of the batch experiments in binary Mg–PO4 adsorption systems. The specific 
surface area (SSA) and molar mass (Mnano) of ferrihydrite was assessed using PO4 as probe ion, as described in 
Mendez and Hiemstra.59 The capacitance values for the extended Stern layers of Fh (Cnano,1 and Cnano,2) are size-
dependent and were calculated by taking the capacitance values of goethite as a reference (C1 = 0.90 F m-2 and C2 
= 0.74 F m-2). 

Series System Figure 
number 

I Mg PO4  Fe SSA Mnano Cnano,1 Cnano,2 

M mM mM mM m2 g-1 g mol-1 Fe F m-2 

D.1 Binary 5.3a/5.3b 0.01 0.030 0.600 3.94 720 ± 10 97.6 1.18 0.91 

D.2 Binary 5.3a/5.3b 0.01 0.300 0.600 3.94 720 ± 10 97.6 1.18 0.91 

E Binary 5.3c/5.3d/S5.4 0.01 1.00 0.658 7.13 720 ± 10 97.6 1.18 0.91 
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B. Thermodynamic databases used in the modeling  

 

Table S5.3. Aqueous speciation reactions used in the model calculations. The logK values are for I = 0. 

 

Species Reaction  logK 

NaOH0 Na+ + OH- ↔ NaOH0 -0.20 a 

NaNO3
0 Na+ + NO3

- ↔ NaNO3
0 -0.60 a 

NaHPO4
- PO4

3- + Na+ + H+ ↔ NaHPO4
- 13.40 b 

NaPO4
2- PO4

3- + Na+  ↔ NaPO4
2- 2.05 b 

HPO4
2-  PO4

3- + H+ ↔ HPO4
2-  12.35 a 

H2PO4
-  PO4

3- + 2H+ ↔ H2PO4
-  19.55 a 

H3PO4
0 PO4

3- + 3H+ ↔ H3PO4
0 21.70 a 

CaOH+ Ca2+ + OH- ↔ CaOH+ 1.30 a 

Ca(OH)2
0 Ca2+ + 2OH- ↔ Ca(OH)2

0 0.01 a 

CaNO3
+ Ca2+ + NO3

- ↔ CaNO3
+ 0.70 c 

Ca(NO3)2
0 Ca2+ + 2NO3

- ↔ Ca(NO3)2
0 -4.50 a 

CaPO4
- PO4

3- + Ca2+  ↔ CaPO4
- 6.46 a 

CaHPO4
0 PO4

3- + Ca2+ + H+ ↔ CaHPO4
0 15.09 a 

CaH2PO4
+ PO4

3- + Ca2+ + 2H+ ↔ CaH2PO4
+ 20.95 a 

MgOH+ Mg2+ + OH- ↔ MgOH+ 2.55 a 

Mg(OH)2
0 Mg2+ + 2OH- ↔ Mg(OH)2

0 0.01 a 

Mg(NO3)2
0 Mg2+ + 2NO3

- ↔ Mg(NO3)2
0 -0.01 a 

MgPO4
- PO4

3- + Mg2+  ↔ MgPO4
- 4.65 d 

MgHPO4
0 PO4

3- + Mg2+ + H+ ↔ MgHPO4
0 15.26 a 

 
a From Lindsay.88 
b From Rahnemaie et al.89 
c From De Robertis et al.90  
d MINTEQ (version 3.1) 
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C. Effect of phosphate adsorption on the net charge of ferrihydrite 

Figure S5.1 shows the net particle charge density (σP in mC m-2) of Fh for single-ion systems with PO4 
(panel a) and for binary PO4-Ca systems (panel b). The calculations were obtained with the CD model, 
combined with the extended Stern Layer approach for describing the electrostatics of the Fh–solution 
interphase. In this approach, the net particle charge density is defined as σP = σ0 + σ1 + σ2, where 0, 1 and 2 
are the charge density at the surface plane, the inner Stern layer, and the outer Stern layer, respectively. 

 
Figure S5.1. pH-dependency of the net charge density (σP) of ferrihydrite particles in single-ion systems at three levels 
of added PO4: 0.30, 0.40 and 0.60 mM (panel a) and in binary PO4-Ca systems with a fixed total PO4 concentration 
(0.40 mM) and two Ca levels: 0.10 and 1.0 mM (panel b). The ionic strength of the system is fixed at 0.01 M using a 
NaNO3 solution. As a reference, the net charge density of ferrihydrite in the absence of specific ion adsorption ions is 
also represented (black full lines). The red point at pH ~8.1 (panel a) represents the net zero charge condition of Fh in 
a background solution of NaNO3 and the red arrow indicates the shift in the zero-charge condition upon specific 
adsorption of PO4. The calculations were done with the CD model using the parameters set of Table S5.4. The extended 
Stern Layer approach63 was used for describing the compact part of the electrical double layer (EDL).  

 

In the absence of specific ion adsorption, the net particle charge σP is zero at pH ~8.1 (black lines), which 
corresponds with the point of zero charge, i.e. pHPZC. Upon specific adsorption of PO4, an excess amount of 
negative charge is introduced into the mineral-solution interface, shifting the condition of zero net particle 
charge (σ0 + σ1 + σ2) towards lower pH values (Figure S5.1a). Consequently, a negative electrostatic potential 
(ψ) is developed in the interface over almost the entire range of pH values evaluated in our adsorption 
experiments. This partly explains the observed shift of the adsorption edges of Ca in the binary systems 
toward lower pH values (ΔpH ~ –2) compared to the single-ion systems.  

In the binary Ca–PO4 systems (Figure S5.1b), the net charge of Fh above the isoelectric point (IEP) will 
become less negative due to the pH-dependent adsorption of Ca, introducing positive charge, particularly to 
the 2- plane. At a given pH, the uplift of the curve (compared to the single PO4 systems) depends on the Ca 
concentration in the system, determining the corresponding Ca adsorption. At a sufficiently high pH and Ca 
concentration, the net particle charge may even switch, creating a second iso-electric point (IEP) at high pH. 

-100

-50

0

50

4 6 8 10

Pa
rt

ic
le

 c
ha

rg
e 

(m
C

 m
-2

)

pH

No P
0.30 mM P
0.40 mM P
0.60 mM P

a)

-100

-50

0

50

4 6 8 10

Pa
rt

ic
le

 c
ha

rg
e 

(m
C

 m
-2

)

pH

No P
0.40 mM P
+0.1 mM Ca
+ 1 mM Ca

b)



Cooperative binding PO4 and Ca/Mg 
__________________________________________________________________________________ 

163 

 

D. Precipitation of Ca-PO4 minerals 

In the binary Ca–PO4 systems, the equilibrium solution concentration of both Ca and PO4 ions is 
lower than in the corresponding equilibrium solution of the monocomponent systems (see Figure 5.4, 
main text). The reason is the mutual interaction between Ca and PO4 that enhances the binding of both 
ions to Fh. We have shown by modeling that the experimental concentrations of Ca and PO4 in the 
binary systems cannot be explained only based on the electrostatic interactions between these two ions. 
Therefore, an additional mechanism must contribute to the cooperative binding between Ca and PO4. 

We exclude that the lower concentrations of Ca and PO4 in the binary systems with Fh are due to 
the precipitation of Ca-PO4 minerals. Thermodynamic calculations show that, for most of the binary 
systems, the solution at the start of the adsorption experiments is undersaturated with respect to octa-
Ca-PO4 (Ca4H(PO4)3·2.5H2O(s)), i.e. the saturation index SI = log(Qso/Kso) < 0 for the solubility reaction: 

 

Ca4H(PO4)3·2.5H2O(s) + 5H+(aq)   ↔  

                                                  4Ca2+(aq) + 3H2PO4
-(aq) + 2.5H2O(l),  logKso = 11.76  (Equation S5.1) 

 

Modeling of the binary systems including Equation S5.1 does not explain the decrease in the 
equilibrium concentration of Ca and PO4. In Figure S5.2, the modeling results including precipitation 
of octa-Ca-PO4 are shown for PO4 (red dashed lines) in systems with two different total molar Ca/PO4 
ratios of 0.8 and 1.7. Precipitation of octa-Ca-PO4 may have occurred only for the data point at the 
highest pH value (~9) of the series with the total molar Ca/PO4 ratio of 1.7 (panel b). As we explained 
in the main text, the formation of ternary surface complexes (≡Fe-PO4-Ca) is the mechanism explaining 
the larger adsorption of PO4 and Ca in the binary systems, which cannot be explained only by 
considering electrostatic interactions.  

In the modeling of Figure S5.2, octa-Ca-phosphate has been chosen. This mineral is a meta-stable 
phase in the series insoluble Ca-PO4 minerals, as illustrated in Figure S5.3. The Ostwald-Lussac rule of 
mineral formation states that when several solid phases can precipitate, the most soluble phase will 
precipitate first. This rule has a thermodynamic foundation governed by the relation between mineral 
stability and surface Gibbs free energy.4 With increase of the bulk stability of minerals, the energy of 
surface formation increases too, which implies a higher investment of energy to create a nanoparticle. 
Consequently, a mineral with a higher bulk stability will have a higher solubility at the ultra-small 
nanometer scale, and a mineral with a lower bulk stability will be less soluble. In other words, the 
stability / solubility relationship is shifted at the nanoscale. Once a nanophase is formed, kinetic aspects 
of particle growth upon aging may play a role in the conversion of this product into a more stable phase. 
Additional modeling assuming equilibrium of Ca2+(aq) and PO4

3-(aq) with the more insoluble mineral 
HAP (as bulk mineral) did neither explain the decreased solution concentrations of these ions in the 
binary systems (not shown).  
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Figure S5.2. Logarithm of the PO4 concentration in the equilibrium solution of ferrihydrite systems with total 
molar Ca/PO4 ratios of ~0.8 (panel a) and ~1.7 (panel b) at constant ionic strength of I = 0.01 M NaNO3. Open 
symbols are for single PO4 systems and closed symbols are for binary Ca-PO4 systems. The black lines are the CD 
predictions using the set of adsorption parameters presented in Table S5.4, considering the formation of ternary 
surface complexes. The red-dashed lines are CD model simulations in which the formation of ternary complexes 
is not considered and instead equilibrium with a mineral phase of octa-calcium-phosphate was assumed. The 
specific surface area of Fh was A= 684 m2 g-1 with a corresponding molar mass Mnano = 96.6 g mol-1 Fe. 

 

 
Figure S5.3. Solubility diagram of the calcium phosphate minerals octa-Ca-phosphate (Ca4H(PO4)3·2.5H2O), β-
tri-Ca-phosphate (Ca3(PO4)2), and hydroxyapatite (HAP) (Ca5(PO4)3OH) in closed systems with no CO2. The Ca2+ 
activity in solution is fixed at 10-3 M. Calculations were performed with the speciation software ECOSAT, using 
logKso values from Lindsay (1979). 
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E. Charge distribution of the ternary complexes 

The MO/DFT/B3LYP/6-31+G** optimized geometries of the hydrated ternary Fe-PO4-M2+ have 
been used to derive the corresponding Δz0 values. Details about the template used are given in 
Rahnemaie et al.89 and Mendez and Hiemstra.19 The optimized geometries were interpreted with the 
Brown valence concept,68 which relates bond length (R) to a bond valence (ν) according to: 

 

𝜈𝜈 = exp �−𝑅𝑅−Ro
B
�                                                                                                        (Equation S5.2)  

 

In equation S5.2, B is an empirical constant (B = 37 pm) and Ro (pm) is a reference distance whose 
value is chosen such that the sum of ν (v.u.) is equal to the formal valence of the central adsorbing ion. 
Details about the calculations are explained elsewhere.63,89 Table S5.5 shows the optimized bond lengths 
(R) and bond valence values (ν) for the Fe-PO4-M2+ used in our model (see Table 5.2 in the main text). 
The surface charge attribution derived includes a correction for change in water dipole orientation, 
leading to the interfacial CD value Δz0.  

Table S5.5. Bond lengths (R) and a bond valence (ν) of the optimized geometries of the ternary Fe-PO4-M2+ 
complexes used in the modeling. The geometries were optimized with MO/DFT using the 6-31+G** basis set and 
the functional B3LYP. The corresponding bond valences (ν) are obtained with the Brown valence analysis. 

 

* O-P* represents the bonds that are shared with Fe at the surface of ferrihydrite 

 

The value for Δz0 has been derived as described above. The Δz1 and Δz2 values were found by fitting 
the adsorption data of the binary Ca–PO4 and Mg–PO4 systems, using the constraint Δztot = Δz0 + Δz1 + 
Δz2 or Δz1 + Δz2 = Δztot - Δz0. In this approach, the charge of the M2+ ions bound to adsorbed PO4 
complexes is conceptually distributed over the inner and outer Stern plane. For instance, according to 
our results for Δz1 and Δz2, about 1/2 of the Ca2+ charge in the ≡FeOPO3Ca complex is located at the 
outer Stern plane. For ≡ (FeO)2PO2Ca complex, it is about ~2/3. The final set of CD coefficients is 
presented above in the Table S5.4. 

Bond R  (pm) ν (v.u) Bond R  (pm) ν (v.u) Bond R  (pm) ν (v.u)

FeO-P* 159.2 1.19 FeO-P* 157.0 1.25 FeO-P* 160.1 1.16
P-O-H2O 154.5 1.35 FeO-P* 155.9 1.29 P-O-H2O 154.8 1.34
P-O-H2O 158.3 1.22 P-O-H2O 158.7 1.20 P-O-H2O 158.1 1.22
P-O-Ca 157.4 1.25 P-O-Ca 157.0 1.25 P-O-Mg 156.3 1.28

Sum ʋ 5.00 Sum ʋ 5.00 Sum ʋ 5.00
Ro 165.6 Ro 165.4 Ro 165.5

Other d Other d Other d
Ca-O-P 224.4 Ca-O-P 229.5 Mg-O-P 202.1
Ca-H2O 244.7 Ca-H2O 249.0 Mg-H2O 208.0
Ca-H2O 250.3 Ca-H2O 247.7 Mg-H2O 218.5
Ca-H2O 248.6 Ca-H2O 255.0 Mg-H2O 211.9
Ca-H2O 240.8 Ca-H2O 238.1 Mg-H2O 226.6
Ca-H2O 239.1 Ca-H2O 243.6 Mg-H2O 215.2

FeOPO3-Ca FeOPO3-Mg(FeO)2PO2-Ca
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F. Modeling of Mg–PO4 interaction with no ternary complex formation 

 

 

Figure S5.4. Logarithm of the Mg (panel a) and PO4 (panel b) concentration in the equilibrium solution of 
ferrihydrite systems in I = 0.01 M NaNO3. The total Fe concentration was ~7.1 mM and the specific surface area 
of this Fh suspension was A = 720 ± 10 m2 g-1 with a corresponding molar mass Mnano = 97.6 g mol-1 Fe. Closed 
symbols are for binary Mg–PO4 systems with total concentrations of Mg = 1.0 mM and PO4 = 0.65 mM, and the 
open symbols are for the corresponding single-ion systems. The dotted (red) lines are the CD model predictions 
for the binary Mg–PO4 systems using only the adsorption parameters of the single-ion systems of Mg (Table 5.1 
main text) and PO4 (ref 32); i.e. considering the effect of electrostatic interactions only. The full (black) lines are 
the modeling results including additionally the formation of ternary surface complexes for the binary Mg–PO4 
systems (Table 5.2 in the main text). 
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G. Surface speciation of PO4 and Mg in ferrihydrite systems 

 

 
Figure S5.5. pH-dependent surface speciation of PO4 (upper panels) and Mg (lower panels) in the single-ion (left 
panels) and binary Mg–PO4 (right panels) systems with Fh in 0.01 M NaNO3. The calculations have been done 
with the CD model, using the parameter sets presented in Tables 5.1 and 5.2 of the main text. The parameters for 
PO4 adsorption in single-ion systems are taken from Hiemstra and Zhao.32 The total Fe concentration is 3.90 mM 
and the specific surface area of Fh is A = 684 m2 g-1 with a corresponding molar mass of Mnano = 96.6 g mol-1. The 
total PO4 concentration in the single PO4 and binary Mg–PO4 systems is 0.60 mM. The total Mg concentration in 
the single Mg and binary Mg–PO4 systems is 1.0 mM. For PO4: MH = monodentate protonated; MH2 = 
monodentate doubly protonated; B = bidentate; BH = bidentate protonated. For Mg: BMg(l) = bidentate with low 
affinity sites; BMg(h) = bidentate with high affinity sites. For ternary species: MPMg = ternary complex in which 
PO4 is bound to Fh as a monodentate complex. 

In the presence of Mg, the relative contribution of bidentate PO4 complexes (B, BH) is reduced in comparison to 
the surface speciation of PO4 in single-ion systems. Moreover, the presence of PO4 promotes the binding of Mg to 
the low affinity sites, particularly at high pH values. Similar results were observed for the binary Ca-PO4 systems 
(Figure 5.6, main text). 
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H. Modeling PO4 binding: Ca vs Mg systems 

The increased PO4 binding to Fh in the presence of either Ca or Mg has been analyzed by modeling 
as shown in Figure S5.6. For a given pH and total M2+ concentration, the adsorption of PO4 is enhanced 
more in the presence of Ca in comparison to Mg. At low total M2+ concentrations (e.g. 0.10 mM), the 
difference in PO4 adsorption is small between systems with Ca and Mg but it becomes more significant 
at higher total M2+ concentrations. The modeling results in Figure S5.6 agree qualitatively with the larger 
PO4 uptake by fresh Fe(III)-precipitates in background Ca solutions, in comparison with Mg solutions 
at equal M2+/Fe ratio.91 Figure S5.6 also shows that the pH-dependency of the PO4 adsorption is reduced 
in the presence of co-adsorbing M2+ ions. This reduction is more obvious in the Ca-PO4 systems. From 
a practical perspective, this observation is relevant as unbuffered water and CaCl2 solutions are often 
used for assessing the soil P status in agricultural and grasslands. A better understanding of the 
interfacial interactions between M2+ and PO4 will allow better interpretations of the phosphorus behavior 
in natural environments. 

 

 
Figure S5.6. Modeled pH-dependent PO4 adsorption to ferrihydrite, expressed as the ratio P/Fe (mol mol-1), for 
systems with 0 (diamonds), 0.1 (triangles) or 10 mM (circles) total concentration of either Ca (blue series) or Mg 
(red series). Model calculations were performed with the parameters set presented in Table S5.4. The ionic strength 
was kept constant at I = 0.01 M NaNO3, and the total concentrations of PO4, and Fe were respectively 0.60 and 
3.90 mM.  
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Abstract 
 

Carbonate (CO3) interacts with Fe-(hydr)oxide nanoparticles, affecting the availability and geochemical 
cycle of other important oxyanions in nature. Here, we studied the carbonate−phosphate interaction in 
closed systems with freshly prepared ferrihydrite (Fh), using batch experiments that cover a wide range 
of pH values, ionic strength, and CO3 and PO4 concentrations. The surface speciation of CO3 has been 
assessed by interpreting the ion competition with the Charge Distribution (CD) model, using CD 
coefficients derived from MO/DTF optimized geometries. Adsorption of CO3 occurs predominately via 
formation of bidentate inner-sphere complexes, either (≡FeO)2CO or (≡FeO)2CO···Na+. The formation 
of the latter complex is electrostatically promoted at high pH and in the presence of adsorbed PO4. 
Additionally, a minor complex is present at high CO3 loadings. The CD model, solely parametrized by 
measuring the pH-dependent PO4 adsorption as a function of the CO3 concentration, successfully 
predicts the CO3 adsorption to Fh in single-ion systems. The adsorption affinity of CO3 to Fh is higher 
than to goethite, particularly at high pH and CO3 loadings due to the enhanced formation 
(≡FeO)2CO···Na+. The PO4 adsorption isotherm in 0.5 M NaHCO3 can be well described, which is 
relevant for assessing the reactive surface area of the natural oxide fraction with soil extractions and CD 
modeling. Additionally, we have evaluated the enhanced Fh solubility due to Fe(III)-CO3 complex 
formation and resolved a new species (Fe(CO3)2(OH)2

3-(aq)), which is dominant in closed systems at 
high pH. The measured solubility of our Fh agrees with the size-dependent solubility predicted using 
the surface Gibbs free energy of Fh. 

 

 

Keywords: ferrihydrite, goethite, nanoparticles, ion adsorption, surface complexation, competition, CD 
model, solubility   
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6.1. Introduction  
The adsorption of ions to the natural Fe-(hydr)oxides of soils is a key process that regulates the 

bioavailability, toxicity, and mobility of specific nutrients and contaminants in the environment.1 
Particularly, understanding the interaction between Fe-(hydr)oxide nanoparticles (FeoxNPs) and 
oxyanions such as phosphate (PO4

3-), sulfate (SO4
2-), silicate (SiO4

4-), and arsenate (AsO4
3-) is of great 

relevance as their behavior varies under a wide range of environmental conditions.2–6 Moreover, recent 
developments in nanotechnology have shown promising results for the application of engineered 
FeoxNPs in a series of environmental and industrial clean-up applications, such as drinking and 
wastewater treatment.7–9  

In relation to the ion adsorption capacity, ferrihydrite (Fh) is one of the most reactive FeoxNPs. The 
large reactivity of Fh is mainly due to its high specific surface area (SSA ≥ 600 m2 g-1) and high density 
of reactive surface groups.10,11 Fh is ubiquitously present in terrestrial and aquatic systems12,13 and, from 
the thermodynamic perspective, it is the most stable Fe-(hydr)oxide at the nanometer scale.14 Therefore, 
studying the fundamental processes that regulate the interaction of ions with Fh is essential to understand 
and predict the adsorption behavior of these ions in a variety of systems.  

Dissolved inorganic carbon, hereinafter called dissolved carbonate (CO3), is another ubiquitous 
component in terrestrial and aquatic systems. The concentration of CO3 in natural systems such as rivers 
and groundwater ranges over about two orders of magnitude (~0.1−10 mM).15,16 An important property 
of CO3 is its capacity to interact with the mineral surfaces of Fe-(hydr)oxides,17,18 affecting the solid-
solution partitioning of a whole suite of important ions in the environment,19–28 including phosphate 
ions, hereinafter referred to as PO4.29,30 

From an environmental perspective, quantifying the CO3−PO4 interaction on the surfaces of the Fe-
(hydr)oxides is important for understanding the reactivity of the natural oxide fraction. This aspect is 
essential for assessing the fate of nutrients and pollutants in the environment with Surface Complexation 
Modeling (SCM). The CO3−PO4 interaction has been previously used to assess the reactive surface area 
(RSA) of soil samples.31 In that approach, the PO4 buffer capacity of soils is measured by equilibrating 
the soil with a 0.5 M NaHCO3 solution (pH = 8.5) at different soil-to-solution ratios. The resulting 
desorption curves have been interpreted with a SCM that was calibrated for the CO3−PO4 interaction 
with goethite (α-FeOOH). This material was chosen because of the existence of an internally consistent 
database with intrinsic adsorption constants. However, the application of this methodology to field 
samples revealed that the natural oxide fraction of topsoils is dominated by nanoparticles (d ~ 2−10 nm) 
with a corresponding high specific surface area (SSA ~200−1200 m2 g-1). It suggests that Fh, rather than 
well-crystalized goethite, may be a better proxy for the natural oxide fraction in topsoils.31 

To date, no information is available about the competitive interaction of CO3 and PO4 at the surface 
of Fh. In addition, only a single data set is available in the literature with respect to CO3 adsorption in 
monocomponent systems with Fh.24 These data have been collected using 14C dating, assuming no 
source of CO3 in the system other than the 14C added. Moreover, the adsorption was only studied at very 
low concentrations of CO3 (µM level), which are much lower than the natural concentration range. The 
lack of reliable information about the adsorption of CO3 to Fh, in systems with and without PO4 ion 
competition, underlines the scientific and practical relevance of the present research. Our study has a 
wide perspective as CO3 is omnipresent in nature and will interfere in many geochemical processes, as 
mentioned above.6,19–30 
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In the present study, our main objective is to measure the interaction of CO3 with the surfaces of 
freshly prepared Fh in a series of batch experiments that cover a wide range of chemical conditions. 
Since measuring the CO3 adsorption is challenging from an analytical perspective, a significant part of 
our experimental study will refer to the assessment of the interaction of CO3 with PO4 as a function of 
pH (~7−12), ionic strength (0.05−0.5 M), total CO3 concentration (4 mM−0.5 M), and PO4 loading 
(0.68−1.48 µmol m-2). The interaction of CO3 with Fh will be parametrized by measuring the competitive 
effect of this anion in the adsorption of PO4. A similar approach has been used successfully to derive 
the CO3 interaction with goethite.29 

The charge distribution (CD) model32 will be used to interpret the collected competition data, in 
combination with state-of-the-art knowledge about the mineral and surface structure of Fh.10,11,33 To 
limit the number of adjustable parameters to one per complex (i.e. logK), the CD coefficients will be 
derived with a bond valence analysis34,35 of the optimized geometry of the CO3 surface complexes, 
obtained with molecular orbital (MO) calculations, applying density functional theory (DFT).  

Since Fh is a nanoparticle pur sang, most of its properties are size dependent. The molar mass (Mnano) 
will increase with smaller particle size11 due to the change of the chemical composition 
FeO1.4(OH)0.2·nH2O by the presence of surface groups, giving rise to a size dependent amount of 
chemisorbed water (nH2O). This will also lead to a decrease of the mass density (ρnano) as this 
chemisorbed water does contribute more to the volume of the particle than to its mass.36 These changes 
in Mnano and ρnano will affect the relation between the specific surface area of Fh and its particle size. The 
particle size will also change the capacitance values of the Stern layers used in the electrostatic part of 
the model.36 The size-dependence of the above properties will be considered in our modeling, using a 
consistent set of equations.36,37  

In addition to the CO3−PO4 competition data, the CO3−Fh interaction will be studied for single-ion 
systems. The CD model, parametrized for the PO4-CO3 interaction, will be applied to compare the 
experimental adsorption of CO3 with the model predictions for single-ion systems. With the derived 
adsorption parameters, we will evaluate the surface speciation of CO3 in Fh systems as a function of 
solution conditions such as pH, ionic strength, and anion concentrations. In the last part of the paper, we 
will compare the CO3 interaction of Fh and goethite and show that the significant differences between 
both materials can be understood from the difference of the interaction of Na+ with adsorbed CO3. This 
will lead to a strong difference in the competitive behavior of CO3 with PO4 bound by either Fh or 
goethite. It will have important implications for assessing the RSA of field soil samples, as we will 
discuss briefly. 

 

6.2. Experimental Section 
For all the adsorption experiments, ultrapure water (18.2 MΩ cm at 25 °C, <1 ppb TOC) and chemical 

reactants of analytical grade were used to prepare the stock solutions and the Fh suspensions. Contact 
between solutions and air was minimized to reduce the interference of atmospheric CO2(g) during the 
adsorption experiments.  

6.2.1. Ferrihydrite Synthesis  

Fh suspensions were prepared by fast titrating with 0.02 M NaOH a solution of ~3.7 mM of Fe(NO3)3 

dissolved in 0.010 M HNO3. Freshly prepared acid and base solutions were always used. The base 
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addition was initially done at a rate of ~200 mL NaOH min-1 until a pH of ~3.2 was reached. More 
NaOH solution was subsequently added in ~5 mL increments until the suspension reached a final stable 
pH (over 15 min) of ~8.2 for the binary CO3−PO4 adsorption experiments, or pH ~6.0 for the CO3 

adsorption experiments in monocomponent systems. The Fh suspensions were centrifuged at 3500g for 
45 min, the supernatant was carefully removed, and the settled Fh particles were resuspended in a 0.01 
M NaNO3 solution. The Fh suspensions were aged at 20 °C for 4 h since formation, before starting the 
CO3−PO4 competition experiments. Due to the relatively low level of added CO3, the results of the 
adsorption experiments of CO3 in single-ion systems may be particularly sensitive to interference of 
atmospheric CO2(g). Therefore, the Fh suspensions used in these systems were first acidified to pH ~5.5 
and purged during 24 h with moist purified N2(g) before starting the adsorption experiments. The total 
Fe concentration (Fe[T]) of each Fh suspension was measured by ICP-OES in a matrix of 0.8 M H2SO4. 
The Fe[T] was typically 19.3 ± 0.7 mM, which is equivalent to 1.90 ± 0.07 g Fh L-1 (for a mean Fh molar 
mass of Mnano= 97.6 g Fh mol-1 Fe). The specific surface area (SSA in m2 g-1) of each Fh suspension was 
assessed independently by using PO4 as probe ion.37 The values of Fe[T], SSA, and Mnano corresponding 
to each Fh preparation are presented in Table S6.1 of the Supplementary Information (SI).    

6.2.2. Competitive Adsorption Carbonate−Phosphate   

The competitive interaction of CO3 with PO4 was experimentally evaluated by determining the 
adsorption edges of PO4 in a series of closed Fh systems with different concentrations of both oxyanions. 
Each individual system was prepared in 50 mL polypropylene tubes and contained a total volume of 
40.0 mL. First, the required volume of ultrapure water and 4 M NaNO3 solution was added into the tubes 
according to the intended final volume and background electrolyte level. Next, aliquots of 10.0 or 15.0 
mL of the freshly prepared Fh were pipetted into the tubes and the pH of the suspensions was adjusted 
by adding acid (HNO3) or base (NaOH) solutions, leading to pH ~6.5−11. Adsorption systems with pH 
values below 6.5 were not prepared to prevent the escape of HCO3

‒ to the atmosphere as CO2(g). Finally, 
volumes of the stock solution of NaH2PO4 (0.010 M) and NaHCO3 (0.10 or 1.0 M) were simultaneously 
pipetted into the tubes. The NaHCO3 solutions were freshly prepared before each experiment. Total PO4 
concentrations (PO4[T]) of 0.25 and 0.50 mM were used in the systems with a low Fh content, whereas 
PO4[T] of 0.50 and 0.75 mM were used in the systems with a high Fh content. These combinations 
resulted in systems with a total PO4 loading (PO4(T)) equivalent to 0.68, 1.07, and 1.48 µmol m-2. The 
total CO3 concentrations (CO3[T]) varied between 4.0 mM and 0.50 M. Most of the experiments were 
performed at a constant ionic strength of I = 0.50 M. Additional experiments were done at I = 0.050 and 
0.10 M for evaluating the effect of different Na+ levels on the competitive interaction of CO3−PO4. A 
summary of the chemical conditions for each experimental series is presented in Table S6.1 of the 
Supplementary Information (SI).  

The thus-prepared CO3−PO4 systems with Fh were constantly shaken (120 strokes min-1) in a 
conditioned room at 20 °C. After 20 h of equilibration, the suspensions were centrifuged at 3500g for 
20 min to separate the Fh nanoparticles and the liquid phase. The equilibrium pH of the solution was 
measured with a glass electrode, and immediately after this, an aliquot of 10 mL was taken from the 
supernatant for chemical analysis. This aliquot was filtered through a 0.45 µm filter and acidified with 
HNO3 to analyze the total concentration of P in solution by either ICP-OES or ICP-MS, depending on 
the final concentration of P. The concentration of Fe was also measured in the supernatant of a selected 
number of samples to test if significant dissolution of Fh occurred during the adsorption experiments, 
due to the formation of aqueous Fe(III)-CO3 complexes.38      
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6.2.3. Carbonate Adsorption in Monocomponent Systems 

The adsorption of CO3 in monocomponent systems with Fh was experimentally evaluated following 
a similar procedure to that used for the binary CO3−PO4 systems. The pH of the adsorption systems 
ranged from ~6.5 to ~10.5, and the ionic strength was kept constant at I = 0.10 NaNO3. Aliquots of 10, 
20, or 30 mL of Fh suspension, aged for 24 h, were pipetted into the systems with a final solution volume 
of 40 mL. The CO3[T] was 1 mM, which was added using a freshly prepared 0.010 M NaHCO3 stock 
solution. The gas-to-solution ratio of the systems was 0.25 mL mL-1, which was used in the model 
calculations to account for the distribution of the total added CO3 over the gas and liquid phases. The 
samples were equilibrated for 20 h at 20 ºC, and after centrifugation, a volume of 10 mL of solution was 
rapidly taken for analysis of the CO3 concentration. The equilibrium pH was immediately measured in 
the remaining supernatant. The CO3 concentration in solution was measured with a TOC analyzer, which 
converts the dissolved inorganic carbon into CO2(g) by means of an internal acidification step. The 
concentration of produced CO2(g) is then measured with an IR detector. Internal standard solutions with 
known concentrations of total dissolved CO3 were also analyzed to verify the accuracy of our 
measurements. At every moment, maximum care was taken to minimize the escape/intrusion of CO2(g) 
to/from the atmosphere.  

6.2.4. CD Modeling and MO/DFT Calculations 

The interaction between CO3 and PO4 at the mineral−solution interface of Fh has been described 
using the charge distribution (CD) model32 in combination with the extended Stern layer model39 that 
describes the compact part of the electrical double layer (EDL). In this electrostatic model, we have 
accounted for the effect of the nano-sized spherical particles on the capacitance values (C1 and C2) of 
the inner and outer Stern layers, in relation to the capacitance values of a flat plane.36 The types of sites 
and the corresponding site densities have been derived with a surface structural analysis of Fh37 based 
on recent insights into the mineral and surface structure of this Fe-(hydr)oxide material.10,11,33 Primary 
charge reactions have been described according to Hiemstra.5 CD model parameters for describing the 
adsorption of PO4 to Fh were taken from Hiemstra and Zhao,37 whereas the parameters for CO3 have 
been derived in the present study from modeling the competition experiments with PO4. CD modeling 
was done with the software Ecosat,40 version 4.9. The adsorption parameters for CO3 were optimized 
using the program FIT,41 version 2.581. The complete set of solution speciation reactions and primary 
charge reactions used in the modeling are presented respectively in Tables S6.2 and S6.3 given in the 
Supplementary Information. 

The geometries of the hydrated CO3 complexes were optimized with molecular orbital (MO) 
calculations, using the Spartan14 parallel of Wavefunction, Inc. Density functional theory (DFT) was 
applied, using a range of functionals (BP86, B3LYP, EDF1, EDF2, BLYP, ωP97X-D). For the 
geometries optimization, we have used (H2O)2Fe2(OH)6 as template with fixed atomic positions42 to 
which a hydrated moiety with CO3

2-, HCO3
-, or NaCO3

- was attached to form an inner-sphere complex 
that was allowed to freely relax. The average O−C bond lengths obtained with the different DFT 
functionals were interpreted with the Brown valence concept.34,35 The resulting charge distribution 
coefficients have been corrected for the electrostatic contribution of water dipole orientation.39 
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6.3. Results and Discussion 

6.3.1. Dissolution of Ferrihydrite in Carbonate Media  

Carbonate may significantly increase the solubility of Fe-(hydr)oxides38,43,44 by forming aqueous 
Fe(III)−CO3 complexes, particularly above neutral pH. As this may have influenced our interpretation 
of the CO3−PO4 adsorption experiments, we have first evaluated the solubility of Fh in a number of 
binary CO3−PO4 adsorption systems by measuring the concentration of Fe in the supernatant of these 
systems (Figure 6.1).  

According to Grivé et al.,38 two aqueous Fe(III)−CO3 complexes may form in carbonate solutions, 
i.e. a neutral FeOHCO3

0 complex that dominates the Fe(III) solution speciation at pH ~4−7; and a 
Fe(CO3)3

3- complex that controls the Fe(III) speciation above pH 7. Formation of the latter species leads 
to a significant increase of the solubility of Fe-(hydr)oxides in open systems with high partial CO2 
pressures (Figure S6.2). However, such partial pressures are not present in our closed systems because 
the total concentration of CO3 remains constant with pH, in contrast to the open systems used by Grivé 
et al.38 For the latter system, one may calculate the solubility of Fh as a function of pH, using the above 
given Fe(III)-CO3 complexes. Representing Fh as Fe(OH)3(s), the formation reactions of these 
Fe(III)−CO3 complexes can be given as: 

 

Fe(OH)3(s) + HCO3
‒(aq) + H+(aq)  FeOHCO3

0(aq) + 2 H2O(l)                           (Equation 6.1) 

 

Fe(OH)3(s) + 3 HCO3
‒(aq)  Fe(CO3)3

3-(aq) + 3 H2O(l)                                        (Equation 6.2) 

 

For solutions with a constant concentration of HCO3
‒, the overall solubility of Fh will be pH-

independent, if the solution speciation of Fe is dominated by Fe(CO3)3
3-(aq). As HCO3

‒(aq) gradually 
transforms into CO3

2-(aq) at high pH, the solubility of Fh is predicted to decrease (dotted lines in Figure 
6.1), whereas our data show an opposite trend with pH. The difference can be explained by the formation 
of an additional Fe(III)−CO3 species. Our experimental data for the dissolved Fe concentrations can be 
described by assuming the formation of an extra Fe(III)−CO3 complex, according to the reaction: 

 

Fe(OH)3(s) + 2 HCO3
-(aq)  Fe(CO3)2(OH)2

3-(aq)  + H+(aq) + 1 H2O(l)                            (Equation 6.3) 

 

The logK values of reactions 4.1−4.3 are respectively logK = 24.86 ± 0.09, 24.86 ± 0.09, and 31.71 
± 0.13. Details on deriving these constants as well as the solubility product of our Fh material can be 
found in Appendix E of the Supplementary Information.  

In Figure 6.1, the right y-axis gives the fraction of the total Fe that is dissolved in our systems. For 
the systems with a CO3[T] of 0.50 M, less than ~0.5% of the total Fe is dissolved at the highest pH. This 
implies that the effect of CO3 on the dissolution of Fh is negligible under our experimental conditions, 
as nearly 100% of the total Fe in the systems remains as part of the solid phase. 
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Figure 6.1. Logarithm of the experimental Fe concentrations (symbols) in the supernatants (left y-axis) and 
percentages of dissolved Fh (right y-axis) measured in our binary CO3−PO4−Fh systems as a function of pH for 
different CO3[T] with a fixed total concentration of Fe (4.9 mM) and PO4 (0.25 mM) at a constant ionic strength (I 
= 0.5 M). Only the systems with 0.50 and 0.10 M CO3[T] have Fe concentrations that are clearly above the detection 
limit (dashed line) of our ICP-MS measurements. This detection limit is relatively high due to the very high 
electrolyte concentration that requires dilution. Dotted lines are model predictions including only the Fe(III)−CO3 
complexes proposed by Grivé et al.,38 whereas the solid lines are model predictions using additionally 
Fe(CO3)2(OH)2

3-(aq) (See text). The solubility of our Fh was found to be logQ = log(Fe3+) + 3 log(OH-) = –38.4 ± 
0.1, which is in line with the solubility calculated for Fh with a mean particle size of ~2.2 nm and a specific surface 
area of 765 m2 g-1 (logQso = –38.2 ± 0.2) applying the Ostwald equation with a surface Gibbs free energy of 0.186 
± 0.01 J m-2 and an intrinsic (bulk) solubility of logKso = –40.6 ± 0.1 as described elsewhere.14 

 

6.3.2. Interaction Carbonate−Phosphate in Ferrihydrite Systems  

6.3.2.1. Influence of pH and Carbonate Concentration 

Figure 6.2 presents the adsorption edges of PO4 to Fh for systems with different CO3[T] at two levels 
of PO4(T) equivalent to 0.68 (a) and 1.07 (b) µmol m-2. The background Na+ concentration was kept 
constant at 0.50 M by adding appropriate amounts of NaNO3. A series of observations can be made 
focusing on these data. First, with increase of CO3[T], the PO4 adsorption decreases. This illustrates the 
competition between both ions for the same binding sites at the surfaces of Fh. Second, the percentage 
of adsorbed PO4 decreases when the solution pH increases. This pH-dependency is characteristic for 
oxyanions in general (PO4, AsO4, SO4) binding to the surfaces of Fe-(hydr)oxides.45–47 With the increase 
in pH, the protonated singly (≡FeOH2

+0.5) and triply (≡Fe3OH+0.5) coordinated surface groups will 
gradually release protons. This will lead to a decrease in the electrostatic surface potential and, 
consequently, to less attraction of the negatively charged PO4 ions by the surface.  

Additionally, the adsorption of PO4 to Fh does not decrease proportionally to the increase in the 
CO3[T] (Figure 6.2). This non proportional effect is related to the higher affinity of PO4 for the adsorption 
to Fh, in comparison with CO3. A quite high concentration of CO3 ions is needed before the adsorption 
of PO4 to Fh is significantly suppressed. The competitive effect of CO3 on the adsorption of PO4 depends 
on the relative concentration of both ions in solution ([PO4] / [PO4+CO3]).  
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Figure 6.2. Adsorption edges of the competitive PO4 binding to Fh in closed CO3 systems at constant ionic strength 
of 0.50 M created by adding additionally NaNO3. The symbols are experimental results and the lines are CD model 
calculations applying the parameter set of Table 6.1. The zero-carbonate system has been used to derive the specific 
surface area of Fh, being for system (a) 765 and (b) 672 m2 g-1 at a molar mass of respectively Mnano = 98.76 and 
96.33 g mol-1 Fe. The initial PO4 loadings are equivalent to 0.68 (a) and 1.07 (b) µmol m-2.  

 

The relatively high affinity of PO4 for binding to Fh can be depicted by constructing a normalized 
adsorption isotherm for binary CO3−PO4 systems. In this isotherm, the amount of adsorbed PO4 as well 
as its solution concentration are presented on a relative scale (0−100%) with respect to the total amount 
adsorbed and total solution concentration of oxyanions ([PO4+CO3]). The constructed isotherm (Figure 
S6.4) shows that only a small fraction of dissolved PO4 is needed to dominate the oxyanion adsorption 
onto Fh. This is very different for the adsorption of PO4 in binary systems with a stronger competitor, 
as for instance AsO4, where the normalized adsorption isotherm is much closer to a 1:1 line, as shown 
in Figure S6.4 of the Supplementary Information.  

6.3.2.2. Influence of Phosphate Loading and Electrolyte Concentration  

Figure 6.3a shows the equilibrium concentration of PO4 in solution as a function of pH for systems 
that differ in surface loading with PO4 (0.68 and 1.48 µmol m-2) in the presence and absence of CO3. 
Due to the competition with CO3, the equilibrium concentration of PO4 is higher in the systems with 
0.03 M CO3 in comparison to the corresponding PO4 monocomponent systems. However, for a given 
pH, the extent of the CO3 effect depends on the PO4 level in the system. Addition of 0.03 M CO3 leads 
to a larger increase of the PO4 concentration in the systems with the lower initial PO4 loading.  

Figure 6.3a also shows that CO3 enhances the equilibrium concentration of PO4 more at a lower pH. 
This is related to the pH dependency of the CO3 adsorption reaching a maximum near pH ~7, as we will 
show later in Section 6.3.4.1. This has also been found for goethite16,25 and matches qualitatively also 
with other data obtained for goethite using the same experimental approach.29 

In Figure 6.3b, the effect of the ionic strength on the competitive interaction between CO3 and PO4 
is shown. In general, a rather small effect of the ionic strength is observed, which is consistent with the 
formation of predominantly inner-sphere surface complexes for PO4.45,48–50 The largest differences are 
found at high pH and at relatively low loading with PO4.  
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Figure 6.3. Logarithm of the equilibrium concentration of PO4 as a function of pH in closed systems with Fh. 
Symbols are experimental results, and lines are CD model calculations using the parameter set of Table 6.1. The 
total Fe content was 4.5 mM for all the series, except for the colored triangle series in panel b, whose total Fe 
concentration was 4.9 mM. The calibrated specific surface area of the Fh suspensions used here was SSA = 765 
m2 g-1 at a molar mass of Mnano = 98.76 g mol-1 Fe. Panel a shows the effect of the addition of 0.03 M CO3 (colored 
symbols) on the equilibrium PO4 concentration for systems with two initial PO4 loadings (0.68 and 1.48 µmol PO4 
m-2). As reference, the equilibrium concentration of PO4 in monocomponent systems has been measured and/or 
modeled (open symbols and dotted line). All data correspond to systems with an ionic strength of 0.5 M, made by 
adding additionally NaNO3. Panel b presents the effect of the ionic strength (0.05 M for open symbols, 0.5 M for 
colored symbols) on the equilibrium PO4 concentration for systems with a total CO3[T] = 0.03 M for two initial PO4 
loadings, as given. 

 

The increase of the PO4 adsorption with the increase in ionic strength can be understood from a better 
screening of the repulsive interface charge at a higher ionic strength. The trend observed in Figure 6.3b 
agrees with the ionic strength dependency of the specific adsorption of anions in general as reported for 
monocomponent systems with Fh.37,45,48 The adsorption of CO3 contributes also to this trend as discussed 
in Section 6.3.3.2.  

6.3.3. Surface Complexation Modeling 

In this section, we will explore the main mechanisms of the CO3 adsorption to Fh by interpreting 
with the CD model the results of the competitive CO3−PO4 adsorption experiments.32 A similar approach 
was successfully applied previously by Rahnemaie et al.29 for describing the adsorption of CO3 onto 
goethite.  

6.3.3.1. Surface Structure of Ferrihydrite 

Presently, we will apply the multisite ion adsorption model recently developed for Fh.37 A structural 
analysis of the surface 37 reveals the presence of  two types of reactive surface groups at the surface of 
Fh, namely singly (≡FeOH‒1/2) and the triply (≡Fe3O‒1/2) coordinated groups. The singly coordinated 
groups are dominantly present having a total site density of 5.8 ± 0.3 nm‒2 or 9.6 µmol m‒2. Based on 
the surface structure, two types of singly coordinated groups are defined: those that only allow the 
formation of monodentate surface complexes (≡FeOH(a)‒1/2), and those that in addition allow the 
formation of binuclear bidentate surfaces complexes (≡FeOH(b)‒1/2) with e.g. PO4 and AsO4 ions.37 The 
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site densities of these ≡FeOH(a)‒1/2 and ≡FeOH(b)‒1/2 groups are 3.0 ± 0.6 and 2.8 ± 0.6 nm‒2, 
respectively. The triply coordinated groups (≡Fe3O‒1/2) do not participate directly in the ligand exchange 
reactions with oxyanions, but they contribute to the development of primary surface charge. The value 
for the effective site density of the ≡Fe3O‒1/2 groups (1.4 ± 0.5 nm‒2) has been derived by fitting PO4 

adsorption data to Fh.37  

In the model, the proton affinity of both singly and triply coordinated groups has been set equal to 
the value of the point of zero charge (PZC) of Fh, according to:  

 

 ≡FeOH‒0.5 + H+   ≡FeOH2
+0.5                                                  logKH = PZC = 8.1                               (Equation 6.4) 

 ≡Fe3O‒0.5 + H+    ≡Fe3OH+0.5                                                   logKH = PZC = 8.1                               (Equation 6.5) 

 
The above surface groups may also react with the background electrolyte ions (i.e. Na+, NO3

‒) 
forming ion pairs. For reasons of consistency, we will rely on the set of adsorption parameters recently 
published by Hiemstra and Zhao37 to describe the PO4 adsorption to Fh. 

 

6.3.3.2. Carbonate Surface Complexes  

Structural information about surface complexes obtained with in situ spectroscopy studies is useful 
to formulate, within the CD model approach, a set of reactions that realistically reflect the molecular 
picture of the adsorption mechanisms. For CO3, the surface speciation at the mineral−solution interface 
of metal-(hydr)oxides has been analyzed in several in situ spectroscopy studies.  

Attenuated total reflectance-Fournier transformed infrared (ATR-FTIR) spectra have been 
interpreted previously as evidence for the dominant formation of inner-sphere monodentate CO3 
complexes at the surfaces of goethite.51–53 The basis of this interpretation was the extent of peak splitting 
of the ʋ3 band (Δʋ3) of the O−C−O asymmetric stretching frequency, taking as a reference the Δʋ3 value 
(80−137 cm‒1) for the formation of inner-sphere monodentate Co(III)-carbonato complexes in solution.54 
A critical evaluation by Hiemstra et al.,55 combined with interpreting the charge distribution of the CO3 
surface species with SCM, suggested the dominant formation of inner-sphere bidentate complexes of 
CO3 adsorbed to goethite. Bargar et al.56 characterized the adsorption of CO3 onto the hematite surface 
at various values of pH and ionic strength with ATR-FTIR spectroscopy and vibrational frequency 
calculations. The formation of an inner-sphere bidentate complex dominated the adsorption of CO3 to 
hematite, especially at a high background electrolyte concentration (i.e. 0.1 M NaCl), whereas outer-
sphere complexes may be relevant at a low pH and a low ionic strength. Kubicki et al.57 applied MO/DFT 
calculations on molecular clusters to model the IR vibrational frequencies of the surface complex 
structures for a series of oxyanions (i.e. CO3

2-, PO4
3-, SO4

2-, AsO4
3-). A good agreement was found 

between the MO/DFT derived frequencies of a hydrated CO3 bidentate complex and the experimental 
frequencies reported by Bargar et al.56 

For Fh, recent evidence obtained with in situ ATR-FTIR spectroscopy and DFT calculations also 
suggests the formation of inner-sphere bidentate complex as one of the main adsorption mechanisms for 
CO3 under atmospheric moisture conditions.17 Therefore, we will first consider in our modeling the 
formation of a binuclear bidentate carbonate complex (BC) with ligand exchange according to:  

2 ≡FeOH(b)‒0.5 + 2H+(aq) + CO3
2‒(aq)  ⇔  ≡(FeO)2

‒1+Δz0COΔz1 + 2 H2O(l)    logKBC       (Equation 6.6) 



Chapter 6 
__________________________________________________________________________________ 

184 

 

in which ∆z0 and ∆z1 are the charge attributed to the surface and inner Stern plane by the adsorbed ions 
(∆z0 +∆z1 = 0). 

Solely considering this BC complex in the modeling provides a good description of the experimental 
PO4 adsorption data for the series with CO3[T] levels, below 0.03 M. However, the quality of fitting the 
entire experimental data set was rather poor (R2 = 0.85, n = 146). The pH-dependency of the PO4 

adsorption to Fh was underestimated at the higher values of CO3[T], especially in the systems with the 
largest amount of added PO4 (i.e. 1.07 and 1.48 µmol m-2). Additionally, the effect of ionic strength on 
the PO4−CO3 competition was not well described.  

In solution, Na+ and CO3
2- ions may interact forming relatively weak, yet important, ion pairs.58,59 A 

similar interaction may occur at solid−solution interfaces. For a subset of data (n = 58), comprising only 
the adsorption series with CO3[T] of 0.03 and 0.1 M at three ionic strength levels (I = 0.05, 0.1, or 0.5 
M), good description (R2= 0.97) was found if a ternary complex was included. The formation of a 
binuclear bidentate complex of CO3 interacting with a Na+ ion (BCNa) has been suggested previously 
for goethite29,51 and can be formulated as: 

2 ≡FeOH(b)‒0.5 + 2 H+(aq) + CO3
2‒(aq) + Na+(aq) ⇔ 

             ≡(FeO)2
‒1+Δz0CO···Na+1+Δz1 + 2 H2O(l)       logKBCNa                         (Equation 6.7) 

Modeling the results of our CO3−PO4 competition experiments suggests attribution of the full Na+ 
charge to the 1-plane of the Stern layer (Section 6.3.3.3). It does not necessarily imply that Na+ forms 
an inner-sphere complex with the outer O- ligand of the adsorbed CO3. According to Bargar et al.,56 a 
mechanism of NaCO3 inner-sphere complexation is less likely, based on MO/DFT calculations 
comparing the experimental and calculated vibrational frequencies of CO3 adsorbed to hematite. If the 
Na+ ion of our resolved BCNa complex binds as a Na….CO3 ion pair, the Na+ ion may search for the 
interfacial location that allows the strongest electrostatic attraction, which will be the 1-plane as the 
electric potential of the inner Stern plane is most negative in our PO4−CO3 systems.  

By using two CO3 inner-sphere complexes, a substantial part of our experimental data set can be well 
described. However, the adsorption of PO4 to Fh is slightly over predicted by the model in our systems 
with the highest CO3[T] levels (0.2 and 0.5 M), i.e. the competitive effect of CO3 is still insufficiently 
predicted by the model (R2 = 0.90, n =146). It is possible that an additional CO3 surface complex 
contributes to the CO3−PO4 interaction. To explore the possibilities, we have defined additionally the 
formation of a monodentate carbonate (MC) complex according to: 

≡FeOH‒0.5 + H+ (aq) + CO3
2‒(aq)  ⇔ ≡FeO‒0.5+Δz0 CO2

Δz1 +1 H2O(l)      logKMC                    (Equation 6.8) 

Note that the MC complex can be formed by reacting with both types of singly ≡FeOH‒1/2 groups 
((≡FeOH‒1/2(a) as well as ≡FeOH‒1/2(b)). For the surface complex in Equation 6.8, we searched for the 
charge distribution by free fitting of the CD coefficients, resulting in Δz0 = 0.26 ± 0.08 and Δz1 = ‒1.26 
± 0.08 v.u. The obtained charge distribution shows that about 2/3 of the charge of the divalent CO3

2‒ ion 
is present at the Stern plane and about 1/3 is at the surface. According to the Pauling bond valence 
concept, this can be interpreted as the formation of a monodentate inner-sphere complex having one O-
ligand common with the Fe in the surface while both other O-ligands are outside the surface. The values 
for the CD coefficients found by fitting are in good agreement with the ones found by optimizing the 
geometry of that complex with MO/DFT, i.e. Δz0 = +0.34, Δz1 = ‒1.34 v.u., which will be discussed in 
Section 6.3.3.3.  
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The logK value for the above set of reactions is presented in Table 6.1 and corresponds to the average 
value found by evaluating the data at four different evaluation scales (i.e. % PO4 adsorbed, PO4 solution 
concentration, log PO4 solution concentration, and µmol PO4 adsorbed m-2). In Table S6.4 of the 
Supplementary Information, the logK values fitted for each evaluation scale are given. The use of the 
parameter set presented in Table 6.1 and Table S6.4 resulted in a good description of the entire data set 
(R2 > 0.94, for all different scales).  

 

Table 6.1. Table defining the surface species, CD values, and logK for the adsorption reactions of CO3 and PO4 
to ferrihydrite. The logK values for the CO3 surfaces species were found by fitting the experimental results of the 
binary adsorption systems CO3-PO4 (n = 146). The surface site densities are from Hiemstra and Zhao37 with 
≡FeOH(a) = 3.0 nm‒2, ≡FeOH(b) = 2.8 nm‒2, and ≡Fe3O = 1.4 nm‒2. The capacitance values for the extended Stern 
layer model are C1 = 1.15 F m‒2 and C2 = 0.90 F m‒2.  

 
ǂ  

BC = Bidentate CO3 inner-sphere; BCNa = Bidentate CO3 inner-sphere with Na; MC = Monodentate CO3 inner-
sphere, BP = Bidentate PO4 inner-sphere; BPH = Bidentate PO4 inner-sphere protonated; MPH = Monodentate 
PO4 inner-sphere protonated; MPH2 = Monodentate PO4 inner-sphere doubly protonated.  

&
 ≡FeOH(a)

‒0.5
forms only monodentate complexes with PO4 and CO3, whereas ≡FeOH(b)

‒0.5
 can form mono and 

bidentate complexes, according to the ion adsorption model for Fh from Hiemstra and Zhao.37 
* Values of logK (mean ± SD) are the average of the values obtained using four different fitting scales (see SI). 
ˢ  Taken from Hiemstra and Zhao.37 
# 

Sums of these columns are equal to the change of charge as defined Hiemstra and van Riemsdijk.32 

 

Presently, we cannot entirely rule out for CO3 the formation of an outer-sphere complex at the 
surfaces of Fh. In our modeling, considering the formation of outer-sphere complexes instead of the 
monodentate inner-sphere yields a similar quality of fitting (Appendix D in the SI) and describes the 
adsorption of CO3 to Fh in monocomponent systems well. Spectroscopic information does suggest the 
formation of CO3 outer-sphere complexes at the interfaces of Fe-(hydr)oxides. However, these 
complexes were particularly found at low pH and a low to very low ionic strength.56 For other oxyanions 
(SeO4

2-, CrO4
2-, SO4

2-), recent spectroscopy suggests a combination of inner- and outer-sphere 
complexes as mechanism to explain the adsorption to Fe-(hydr)oxides.47,60,61 However, all that presently 
matters is that according to the CD model any additional complex (either outer-sphere or inner-sphere 
complex) is contributing little in our systems. Binuclear bidentate complex formation of CO3 is found 
to be dominant, as shown later in detail.  

It is important to note that the introduction of a HCO3
‒ surface complex did not improve the 

description of our data, yet HCO3
‒ dominates the solution speciation of CO3 over most of our 

experimental pH range. This agrees with the observation that surface complexes with CO3
2‒ complexes 

Surface species IDǂ ≡FeOH(a)-0.5& ≡FeOH(b)-0.5& ≡Fe3O
-0.5 Δz0 Δz1 Δz2 H+ CO3

2- Na+ PO4
3-

(≡FeO)2CO(b) BC 0 2 0 0.66 -0.66 0 2 1 0 0 21.73 ± 0.09*
(≡FeO)2CO--Na(b) BCNa 0 2 0 0.65 0.35 0 2 1 1 0 22.38 ± 0.09*
≡FeOCO2(a) MC 1 0 0 0.34 -1.34 0 1 1 0 0 11.60 ± 0.01*
≡FeOCO2(b) MC 0 1 0 0.34 -1.34 0 1 1 0 0 11.60 ± 0.01*
(≡FeO)2PO2(b) BP 0 2 0 0.46 -1.46 0 2 0 0 1 28.31 ± 0.04ˢ
(≡FeO)2POOH(b) BPH 0 2 0 0.65 -0.65 0 3 0 0 1 33.52 ± 0.13ˢ
≡FeOPO2OH(a) MPH 1 0 0 0.28 -1.28 0 2 0 0 1 26.36 ± 0.20ˢ
≡FeOPO2OH(b) MPH 0 1 0 0.28 -1.28 0 2 0 0 1 26.36 ± 0.20ˢ
≡FeOPO(OH)2(a) MPH2 1 0 0 0.33 -0.33 0 3 0 0 1 29.84 ± 0.23ˢ
≡FeOPO(OH)2(b) MPH2 0 1 0 0.33 -0.33 0 3 0 0 1 29.84 ± 0.23ˢ

ρAN s1
# ρAN s2

# ρAN s3
# Σ1

# Σ2
# Σ3

# H,tot CO3,tot Na,tot PO4,tot

logK
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dominate the surface speciation under atmospheric moisture conditions, whereas HCO3
‒ complexes are 

only preferentially formed upon dehydration.17,62,63 In addition, our optimization of the geometry of a 
monodentate HCO3

‒ complex with MO/DFT shows that the proton of the adsorbed HCO3 spontaneously 
shifts toward an adjacent ≡FeOH‒1/2 group if present in an O−H…O bond. This spontaneous shift leads 
formally to the formation of a ≡FeOH2

+1/2 group and deprotonation of monodentate inner-sphere 
complex. 

6.3.3.3. Charge Distribution Coefficients 

In the CD model, the ionic charge of an inner-sphere complex is distributed over two different 
electrostatic planes at the interface. This interfacial charge distribution is accounted for by means of the 
CD coefficients (Δz0, Δz1). In the original approach,32 the CD coefficients were estimated by assuming 
symmetrical distribution of the charge of the central ion over its ligands (Pauling bond valence). 
However, differences in the bond lengths between the central ion and the coordinating ligands will lead 
to an asymmetrical charge distribution. Bond length differences can be interpreted with the semi-
empirical Brown valence concept,34,35 which relates bond length (R) to a bond valence (s).  

In our approach, we have used MO/DFT calculations to optimize the geometry of a series of different 
CO3−Fe complexes and derive subsequently the values of the CD coefficients. This approach has the 
advantage of restricting the number of adjustable parameters per surface species to one (i.e. logK). In 
Table 6.2, the ionic charge distribution values (n0, n1) are presented for the different CO3 surface species 
considered in our modeling (Section 6.3.3.2). Detailed information about the bond length distances and 
the application of the Brown bond concept is given in Appendix I of the Supplementary Information. 
The final CD coefficients (Δz0, Δz1) include the change of charge that results from the protons involved 
(nH0, nH1) in the formation reactions (Equations 6.6 – 6.8). In addition, there is a correction term (± φm 

Λ0 ) for the interfacial water dipole orientation. The factor φm is a constant (0.17 ± 0.02),42 and Λ0 is the 
change of charge relative to that of the reference state from which the reaction is defined. Therefore, Λ0 

= n0 + nH0 + Σ nref × zref in which nref and zref are the number and the charge of the reference surface groups 
involved, respectively.39 

As follows from the n0 and n1 values presented in Table 6.2, there is some asymmetry in the 
distribution of the central C4+ charge over the different -O ligands of the CO3 surface complexes. Slightly 
more negative charge is attributed to the Fe−O−C bonds in comparison to the symmetrical charge 
distribution according to the Pauling bond valence concept. The interaction of the bidentate carbonate 
complex with a Na+ ion does not affect significantly the n0 and n1 values of the O-ligands in this ternary 
complex, which implies that no significant transfer of charge occurs from the Na+ to the O- ligands of 
the bidentate complex. Free fitting of the CD coefficients of the BCNa complex suggests a full 
attribution of the Na+ charge to the 1-plane of the Stern layer. The Δz1 value of the BCNa complex in 
Table 6.2 includes the charge of Na+. 

The results presented in Table 6.2 are for complexes optimized using an uncharged 
(H2O)2Fe2(OH)6(OH2)2 template (A) that has also been used previously to derive the CD coefficients for 
the PO4 surface species.37,42 It has been shown that the charge of the template may influence the 
calculated CD coefficients;29 that is, the charge distribution may depend on the 
protonation/deprotonation of the overall moiety.5 Calculations performed with a positive charged 
template, (H2O)2Fe2(OH)4(OH2)4 (B) resulted in more transfer of negative charge (‒0.09 v.u.) to the 
common O- ligands for the binuclear bidentate CO3 complexes in comparison with template A. 
Nevertheless, this variation is still low in comparison with the uncertainty of the CD coefficients (± 0.25 
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v.u.) found at free fitting of the CD value using our experimental data. For the CO3−PO4 competition 
experiments, the same quality of the fitting was obtained using either template A or B as model. 
However, use of template A leads to a better prediction of the adsorption of CO3 in monocomponent 
systems.  

Table 6.2. Charge Distribution values (n0, n1) of relevant CO3 surface complexes derived from the MO/DFT 
optimized geometries, applying the Brown bond valence concept. The CD coefficients (Δz0, Δz1) include the 
change of charge due to the reaction with protons (nH0, nH1) and a correction for the interfacial water dipole 
orientation. 

 
ǂ BC = Bidentate CO3 inner-sphere; BCNa = Bidentate CO3 inner-sphere with Na; MC = Monodentate CO3 inner-
sphere.  
& Mean values (±SD) obtained from six different quantum chemical models (BP86, B3LYP, EDF1, EDF2, BLYP, 
ωP97X-D). 

6.3.4. Model Applications 

6.3.4.1. Carbonate Adsorption in Single-Ion Systems 

The suitability of the above-derived CD model parameters for describing the adsorption of CO3 in 
single-ion systems with Fh will be evaluated here. Batch adsorption experiments were performed using 
three Fe[T] levels (5.1, 10.4, and 15.5 mM) at a fixed initial CO3[T] of 1 mM and a constant ionic strength 
of 0.10 M NaNO3. The pH of the systems varied from 6.9 to 10.5. As shown in Figure 6.4a, the 
adsorption of CO3 to Fh continuously decreases as the solution pH increases from 7 to 10 (symbols). 
The solid lines are the corresponding CD model predictions for the adsorption of CO3 in these systems, 
using the parameter values of Table 6.1. Interestingly, these parameters have been derived without any 
direct measurement of the CO3 adsorption. The excellent prediction obtained for the single-ion systems 
shows that the CD model can be well parametrized for CO3 by only measuring the competitive effect of 
this anion on the adsorption of PO4 to Fh. In addition, it is noted that the total concentration of CO3 is 4 
to 500 times lower in the single-ion experiments than applied in the competition experiments. The good 
agreement between the experimental adsorption edges and the model predictions evidences the 
reliability of the CD model to describe the adsorption of CO3 over a broad range of conditions. This is 
highly relevant from an environmental point of view as CO3 is omnipresent in soils, sediments, rivers, 
groundwater, and marine systems at highly variable conditions. It will contribute to an improved 
modeling of the geochemical cycle of a range of compounds relevant from the environmental 
perspective.64–66 

According to our model simulations (Figure 6.4a), the adsorption maximum of CO3 to Fh occurs 
around pH ~6.5−7.0. This maximum is nearly independent from the solid-to-solution ratio of the system. 
Above pH ~6.5, the CO3 adsorption decreases at increasing the pH values, while the opposite occurs 
below pH ~6.5. This behaviour has also been found for goethite by Villalobos and Leckie16 and can be 
predicted very well with the CD model.29 A similar pH-dependency has also been found by Zachara et 
al.24 for single-ion systems with Fh. Even though measured for very low CO3 concentrations (i.e. µM 

Surface species IDǂ Δz0 Δz1 Δz2

(≡FeO)2CO(b) BC -1.40 ± 0.01 -0.60 ± 0.01 0.66 -0.66 0
(≡FeO)2CO--Na(b) BCNa -1.42 ± 0.02 -0.58 ± 0.02 0.65 0.35 0
≡FeOCO2(a) MC -0.70 ± 0.01 -1.30 ± 0.01 0.34 -1.34 0
≡FeOCO2(b) MC -0.70 ± 0.01 -1.30 ± 0.01 0.34 -1.34 0

n0
& n1

&
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levels), the pH-dependency of this data set can also be predicted well with the present CD model (Table 
6.1), as shown in Figure S6.6 in the Supplementary Information. 

 
Figure 6.4. (a) Adsorption edges of CO3 in single-ion systems with ferrihydrite at a constant ionic strength (I = 
0.1 M NaNO3). The black lines are CD model predictions using the parameter set of Table 6.1, that has been 
derived based on only interpreting competitive PO4 adsorption data in carbonate systems. The adsorption edges 
are for systems with CO3[T] = 1 mM and three Fe[T] (5.1, 10.4, and 15.5 mM). The specific surface area of 
ferrihydrite was A = 625 m2 g-1 at a corresponding molar mass of Mnano = 95.14 g mol-1 Fe. (b) Modeled adsorption 
isotherms of CO3 to ferrihydrite (full lines) and goethite (dotted lines) at a constant ionic strength (I = 0.10 M) and 
three pH values: 7.0, 8.5, and 10.0. Model parameters for ferrihydrite are from Table 6.1, whereas for goethite they 
are taken from Rahnemaie et al.29 
 

The characteristic pH-dependency of the CO3 adsorption with a maximum in the adsorption edge 
(Figure 6.4a) is due to a change in solution speciation. The pH-dependency of adsorption is a trade-off 
between proton binding to surface and solution species. According to the thermodynamic consistency 
principle,39,67,68 the change (∂) of the logarithm of the solution concentration with pH is: 

�∂ log 𝐶𝐶CO3(T)

∂pH
�
ΓCO3

=  �χH − 𝑛𝑛H�pH                                                          (Equation 6.9) 

in which χH is the molar ratio of the proton excess adsorption upon adsorption of CO3, known as proton 
co-adsorption ratio, and 𝑛𝑛H is the mean number of protons bound to dissolved CO3 species, both defined 
relatively to a chosen reference species. Calculations show that the proton co-adsorption is about χH~ 
1.5 at neutral pH. Using CO3

2-(aq) as reference, 𝑛𝑛H = +2 when H2CO3(aq) dominates the system at pH 
< logKH2 = 6.35, and χH − 𝑛𝑛H < 0, while χH − 𝑛𝑛H > 0 for 𝑛𝑛H=+1 in a solution dominated by HCO3

-

(aq) (pH > 6.35). The change of 𝑛𝑛H leads to the remarkable switch in pH-dependency shown in Figure 
6.4a. At pH ~ logKH2, 𝑛𝑛H=1.5 and χH − 𝑛𝑛H~0. This implies that at this condition, there will be no pH-
dependency of the CO3 adsorption. This coincides with the top of the curves in Figure 6.4a. The above 
thermodynamic consistency principle can also be applied to the adsorption of other ions, including the 
adsorption of Si to Fh, as discussed recently in detail.5 

In Figure 6.4b, the modeled adsorption isotherms of CO3 to Fh (full lines) are presented for systems 
at pH 7.0, 8.5, and 10.0. For comparison, the corresponding adsorption isotherms to goethite (α-FeOOH) 
have also been modeled (dotted lines), using the CD model parameters from Rahnemaie et al.29 At pH 
7.0, the adsorption of CO3 to both Fe-(hydr)oxide minerals is similar over the entire range of solution 
concentrations. As the pH increases, more CO3 is adsorbed to Fh than to goethite, under similar solution 
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conditions. This difference is more significant at increased CO3 loadings, and it can be related to 
differences in the surface speciation of CO3 of both minerals. Particularly important is the enhanced 
formation of the BCNa complex in the Fh systems. Formulating the formation of the BCNa complex 
according to: 

≡(FeO)2
‒1+Δz0COΔz1 + Na+(aq)  ⇔  ≡(FeO)2

‒1+Δz0CO···Na+1+Δz1                                            (Equation 6.10) 

the corresponding equilibrium constant of the reaction is logK +0.65 for Fh and logK +0.02 for goethite. 
The difference shows that for a given solution condition, the formation of the BCNa is more favored at 
the surfaces of Fh. The pH and concentration dependence of the CO3 surface speciation in Fh is 
presented in Figure 6.5 and Figure S6.5 (see SI), respectively. 

6.3.4.2. Carbonate Surface Speciation  

In this section, we evaluate the effect of pH, total CO3 concentration, and the presence of PO4 on the 
surface speciation of adsorbed CO3 (Figure 6.5). It is observed that the distribution of the adsorbed CO3 
over the different surface species is strongly affected by the pH of the solution. The BC complex is the 
dominant CO3 surface species in the low pH range (Figure 6.5a−d). As the pH increases, the relative 
contribution of the BCNa complex to the total CO3 adsorption gradually increases. The relative 
importance of the BCNa complex further increases at a high loading of CO3 and/or PO4 (Figure 6.5 c 
and d), which can be understood from the increase of the negative value of the electrostatic potential in 
the inner Stern (1-) plane. This leads for the Na+ ions to a stronger attraction and formation of the ternary 
surface species. 

 
Figure 6.5. Surface speciation of CO3 on ferrihydrite as a function of pH for single CO3 systems (left panels) and 
binary CO3−PO4 systems (right panels). The CD model calculations were performed with the CO3 and PO4 
parameter set presented Table 6.1. The upper panels (a and b) are for systems with a CO3[T] = 0.001 M, whereas 
the lower panels (c and d) are for systems with CO3[T] = 0.03 M. The ferrihydrite concentration was 0.5 g L‒1 with 
an assumed SSA of 670 m2 g‒1. The ionic strength in all the systems was adjusted to 0.05 M by adding NaNO3.  
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Figure 6.5 also shows that the formation of the MC complex is almost negligible at a low CO3[T] level 
(Figures 6.5 a and b vs c and d). This fits with our modeling experience (Section 6.3.3.2) that the 
incorporation of this MC species was only necessary to describe the results of the CO3−PO4 competition 
experiments at the high CO3[T] levels. In addition, comparison of the single and binary ion systems in 
Figures 6.5 shows that at the chosen CO3[T] level, the formation of the MC complex is reduced when 
PO4 is present. This effect also follows from electrostatic considerations. As mentioned before, the 
specific adsorption of PO4 induces uncompensated negative charge that increases the negative 
electrostatic potential of the inner Stern or 1-plane (Figure S6.7 in the SI). Since the MC complex 
introduces more negative charge in the 1-plane (Δz1= -1.34 v.u.) than the BC complex (Δz1= -0.66 v.u.), 
the formation of the former surface complex is most suppressed in the presence of PO4. 

6.3.4.3. PO4 Extraction with Carbonate Solution    

The competitive interaction CO3−PO4 has been traditionally used in soil chemical analysis to evaluate 
the soil PO4 availability in natural and agricultural systems.69,70 More recently, this interaction has been 
applied to derive the effective reactive surface area (RSA) of soils.31 In the present study, we have 
measured the PO4 adsorption isotherm for Fh in 0.5 M NaHCO3 (pH = 8.70 ± 0.01) over a range of 
equilibrium PO4 concentrations (~5−650 µM) that represents the conditions typically found when 
natural and fertilized field soil samples are extracted with 0.5 M NaHCO3.70 The lines in Figure 6.6a are 
predictions with the CD model, showing an accurate prediction of the PO4 adsorption density (in µmol 
m-2) for the systems in competition with CO3, using the set of adsorption parameters presented in Table 
6.1. As an example of the competitive effect of added NaHCO3 at a pH condition relevant in soil 
extractions, additional PO4 adsorption isotherms have been calculated for systems with an increasing 
CO3[T] (dashed lines), as well as for systems with no CO3 addition (red dotted line). CO3 is a good 
competitor at high concentrations, removing a significant amount of adsorbed PO4 from the surfaces of 
Fh. It diminishes the high affinity character (shape) of the PO4 adsorption isotherm (Figure 6.6a). 

Figure 6.6b shows the adsorption isotherms of PO4 for goethite (α-FeOOH) calculated with the CD 
model parameters derived by Rahnemaie et al.29 The latter material has been used to derive the RSA soil 
samples, while results suggests that the natural oxide fraction is dominated by nanoparticles (e.g. Fh).31 
In the absence of CO3, the adsorption of PO4 is similar for both Fe-(hydr)oxide materials. However, CO3 
removes less PO4 from goethite than from Fh at the same solution conditions. The PO4 adsorption 
isotherm in goethite remains steeper. The results in Figure 6.6 agree with the model simulations 
presented previously in Figure 6.4b, which showed that at high pH, CO3 has a higher adsorption affinity 
for Fh than for goethite. This results in a stronger competition with PO4 in the systems with Fh.  

 With the collected information on Figure 6.6, one may assess the RSA (m2 g-1 soil) based on the 
change (∆) of the PO4 amount in solution and the change in surface loading ∆ΓPO4 (mol m-2), according 
to: 

RSA =  ∆ (cPO4 x SSR)
∆ ΓPO4

                                                                                                           (Equation 6.11) 

in which CPO4 is the experimental PO4 concentration (mol L-1) and SSR is the solution-to-soil ratio (in 
L kg-1). The measured change in concentration ∆CPO4 (mol L-1) is translated into a corresponding change 
in PO4 surface loading ∆ΓPO4 (µmol m-2) calculated with the CD model. 
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Figure 6.6. Panel a: Adsorption isotherm of PO4 to ferrihydrite in 0.5 M NaHCO3 at pH 8.70 ± 0.01. The specific 
surface area of the ferrihydrite was A = 735 m2 g-1 with a respective molar mass of Mnano= 97.98 g mol-1 Fe. The 
total reactive area was 375 m2 L-1. The symbols are experimental data and the (full) line is the model prediction. 
For comparison, the calculated PO4 adsorption isotherms for systems with 0 (red dotted line), 0.005 (open-dashed 
line), and 0.05 M (dashed line) CO3[T] have also been included in the graph. The ionic strength was fixed at 0.5 M 
by adding NaNO3 when required. CD model calculations were performed with the parameters presented in Table 
6.1. Panel b: Modeled adsorption isotherms of PO4 to goethite in the absence (red dotted line) and presence (black 
lines) of CO3 for  the same solution as used in panel a. Modeling parameters and PO4 adsorption data points were 
taken from Rahnemaie et al.29 

 

As follows from Figure 6.6, the relation between ∆CPO4 and ∆ΓPO4 value is clearly determined by the 
slope of the adsorption isotherm and consequently depends on the type of Fe-(hydr)oxide used as 
reference material. A steeper adsorption isotherm will lead to more buffering of the PO4 concentration, 
i.e. smaller ∆CPO4 at the same ∆ΓPO4, leading to a lower value for the calculated RSA.  In 0.5 M NaHCO3, 
goethite has a PO4 adsorption isotherm that is relatively flat at a high PO4 concentration compared to 
Fh. This implies that its use as reference oxide to calculate the reactive surface area of soils will lead to 
a higher value than with the use of Fh as reference oxide. It illustrates that precise information about the 
adsorption isotherm of the natural oxide fraction is essential for a correct assessment of the effective 
RSA of soil samples. In a forthcoming contribution, we will evaluate the use of Fh as nanoparticulate 
proxy for the natural metal oxide fraction of soils by applying the information collected in the present 
study. 

 
6.4. Conclusions  

In the present study, we aim to quantify the interaction of CO3 with Fh by measuring its competitive 
effect on the adsorption of PO4 in closed systems. Our analysis starts by evaluating the effect of high 
CO3 concentrations on the solubility of Fh, since Fe(III)-CO3 complexes may form while our freshly 
prepared Fh is relatively soluble. Three aqueous species FeOHCO3

0(aq), Fe(CO3)3
3-(aq), and 

Fe(CO3)2(OH)2
3-(aq) are found to be relevant according to modeling literature38 and our own data. The 

latter species is most important in our closed systems, while both others are more relevant in open 
systems. At the chosen conditions in the adsorption experiments, only a very small fraction of Fh (< 
0.4%) was dissolved, enabling straightforward interpretation of the collected CO3 adsorption data. 
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CO3 competes with PO4 for the adsorption sites of the Fh surface. However, PO4 has a significantly 
larger affinity than CO3 for these binding sites, meaning that high CO3/PO4 concentration ratios are 
needed to remove PO4 efficiently from the surface of Fh. The competitive interaction CO3−PO4 in Fh 
systems was successfully described with the CD model using only the experimental PO4 adsorption data 
for parametrization. The CD coefficients of the CO3 surfaces complexes were derived independently 
from the MO/DFT optimized geometries. Our study provides insights into the surface speciation of CO3 
that are consistent with the state-of-the-art knowledge of the mineral and surface structure of Fh. CO3 is 
predominantly bound as an inner-sphere bidentate (double-corner) complex. At high CO3 and/or PO4 
loading and a high Na+ concentration, this ≡(FeO)2CO complex interacts with Na+ forming a ternary 
≡(FeO)2CO…Na+ complex in which Na+ most likely forms an ion pair with the adsorbed CO3. At high 
CO3 loading, an additionally surface complex is formed that may be an inner-sphere monodentate 
complex (≡FeOCO2).  

We have shown that the CD model, only parametrized with the PO4 adsorption data from the 
CO3−PO4 competition experiments, can predict the experimental adsorption of CO3 in monocomponent 
systems with CO3[T] levels that are relevant in the natural environment (soil, river, groundwater, and 
seawater). The adsorption of CO3 in the monocomponent systems reaches a maximum at pH ~6.5 in full 
agreement with literature results and is thermodynamically consistent with the surface speciation 
derived. Our CD modeling demonstrates that the CO3 surface speciation is mainly governed by effects 
of charge, particularly acting on the potential of the inner Stern layer. Change in environmental 
conditions such as pH, ionic strength, and concentration of competitive anions will change the relative 
distribution over the different CO3 surface species.  

Finally, it is shown that our CD model can predict very well the measured adsorption isotherm of 
PO4 in Fh systems with 0.5 M NaHCO3 at high pH. In comparison with goethite, CO3 has a significantly 
higher adsorption affinity to Fh, which leads to a marked decrease in the high affinity character of the 
adsorption isotherm of PO4 in 0.5 M NaHCO3. The higher adsorption of CO3 to Fh is particularly evident 
at high pH values and it is related to the enhanced interaction of Na+ with the BC complex forming 
BCNa. The parametrized CO3−PO4 interaction can be used to interpret the equilibration data of soil 
extractions in 0.5 M NaHCO3 solution to reveal RSA, using Fh as reference material for the natural 
oxide fraction. A consistent determination of the RSA may improve the prediction of the adsorption 
behavior of nutrients and pollutants in environmental samples with surface complexation modeling.  
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Supplementary Information 

A. Experimental conditions of the batch adsorption systems 

 

Table S6.1. Chemical conditions and characteristics of the ferrihydrite suspensions used in the batch experiments 
in binary CO3-PO4 competition systems and in monocomponent systems with CO3.  

Fh 
series 

Batch 
number 

Ionic 
strength Total CO3 Total PO4 Total Fe Mnano SSA Fh  

M M mM mM g mol-1 Fe m2 g-1 g L-1 

A 1-Binary 0.5 0.030 0.500 7.20 96.33 672 0.69 

B 2-Binary 0.5 0.100 0.500 7.20 96.33 672 0.69 

C 3-Binary 0.5 0.200 0.500 7.20 96.33 672 0.69 

D 4-Binary 0.5 0.500 0.500 7.20 96.33 672 0.69 

E 5-Binary 0.5 0.100 0.750 7.31 96.33 672 0.70 

F 6-Binary 0.5 0.500 0.750 7.31 96.33 672 0.70 

G 7-Binary 0.1 0.030 0.500 7.46 96.33 672 0.72 

H 8-Binary 0.1 0.100 0.500 7.46 96.33 672 0.72 

I 9-Binary 0.5 0.004 0.251 4.88 98.79 765 0.48 

  10-Binary 0.5 0.012 0.251 4.88 98.79 765 0.48 

J 11-Binary 0.5 0.030 0.251 4.88 98.79 765 0.48 
 12-Binary 0.5 0.100 0.251 4.88 98.79 765 0.48 

  13-Binary 0.5 0.500 0.251 4.88 98.79 765 0.48 

K 14-Binary 0.05 0.030 0.251 4.48 98.79 765 0.44 

  15-Binary 0.05 0.030 0.502 4.48 98.79 765 0.44 

  16-Binary 0.5 0.030 0.502 4.48 98.79 765 0.44 

L 17-Binary 
(Isotherm) 0.5 0.500 0.021-1.06 5.20 97.98 735 0.51 

M 1-Mono 0.1 0.001 - 10.4 95.14 625 0.99 

N 2-Mono 0.1 0.001 - 15.3 95.14 625 1.46 

  3-Mono 0.1 0.001 - 5.10 95.14 625 0.50 
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B. Additional phosphate adsorption series in competition with carbonate 

 
Figure S6.1. Adsorption edges of PO4 to ferrihydrite in competition systems with CO3. The symbols are 
experimental results and the lines are CD model calculations using the parameters set presented in Table 6.1 (main 
text). The SSA of the ferrihydrite suspensions was A = 672 m2 g-1 with a molar mass of Mnano= 96.33 g mol-1 Fe. 
Panel A: Total PO4 and Fe concentrations are 0.75 and 7.3 mM, respectively. The ionic strength was adjusted to 
0.5 M using NaNO3 when required. Panel B: Total PO4 and Fe concentrations are 0.50 and 7.2 mM, respectively. 
The ionic strength was adjusted to 0.1 M, using NaNO3 when required. 

 

C. Thermodynamic databases used in the CD modeling 

Table S6.2. Thermodynamic database used in the modeling for the aqueous speciation reactions. LogK values are 
for I = 0. 

 
* From Lindsay (1979) 
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D. Evaluation of carbonate adsorption parameters at different scales 

The formation constants (logK) of the CO3 surface complexes were derived by fitting the 
experimental data of PO4 adsorption to ferrihydrite in the competition systems with CO3. In the fitting 
procedure, four evaluation scales were used to optimize the logK values: relative PO4 adsorption (%), 
equilibrium PO4 concentration in solution (C-PO4 in mol L-1), log10 of the equilibrium PO4 concentration 
(log C-PO4 in mol L-1), and adsorption density of PO4 (µmol m-2). The results (logK ± SD) are given in 
Table S6.4.  

Within the uncertainty of the fitting procedure, the logK values presented in Table S6.4 are consistent 
amongst the different evaluation scales (less than 1% difference). Testing for this consistency is 
important, as the response variable to be predicted by the model may differ from one situation to another 
(e.g. adsorption density vs solution concentration). The R2 value and the root mean square error (RMSE) 
were used to evaluate the quality of the fitting and to compare the performance of the model under 
different alternative approaches. 

 

Table S6.4. LogK values of the carbonate surface species, derived from the competitive effect of CO3 on the 
adsorption of PO4 to ferrihydrite, fitted at four evaluation scales: percentage of PO4 adsorbed, equilibrium 
concentration of PO4 in solution, log10  equilibrium concentration of PO4 in solution, and adsorption density of PO4 
in µmol m-2. Results are presented for two different scenarios in which the formation of the monodentate inner-
sphere complex (Option A) is replaced by the formation an outer-sphere complex (Option B). 

 

 
Ɨ Average logK values ± the standard deviation (SD) found by fitting the data using four evaluation scales. The 
values of Option A are also given in Table 6.4. of the main text and were used for calculating the mode lines in 
the various figures. 

* R2 and root means square error (RMSE) obtained with the FIT program express the quality of the fitting of the 
data set. 

 

Option A

Surface species
(≡FeO)2CO 21.85 ± 0.08 21.63 ± 0.10 21.69 ± 0.17 21.75 ± 0.12 21.73 ± 0.09

(≡FeO)2CO··Na 22.25 ± 0.09 22.42 ± 0.11 22.45 ± 0.09 22.41 ± 0.08 22.38 ± 0.09
≡FeOCO2 (a/b) 11.61 ± 0.05 11.61 ± 0.08 11.59 ± 0.05 11.59 ± 0.05 11.60 ± 0.01

R2 *
RMSE *

Option B
Surface species

(≡FeO)2CO 21.93 ± 0.06 21.63 ± 0.08 21.84 ± 0.08 21.88 ± 0.07 21.82 ± 0.13
(≡FeO)2CO··Na 21.91 ± 0.10 22.19 ± 0.12 22.16 ± 0.09 22.16 ± 0.09 22.11 ± 0.13
≡FeOH2··CO3 (a/b) 11.34 ± 0.07 11.52 ± 0.10 11.32 ± 0.06 11.31 ± 0.06 11.37 ± 0.10
≡Fe3OH··CO3 11.34 ± 0.07 11.52 ± 0.10 11.32 ± 0.06 11.31 ± 0.06 11.37 ± 0.10

R2 *
RMSE *

% PO4 adsorbed log C-PO4 C-PO4 µmol PO4 m-2 Average‡

0.952 0.941 0.964 0.974

0.970
4.38 0.15 2.19E-05 0.049
0.945 0.941 0.960

logK  values
% PO4 adsorbed log C-PO4 C-PO4 µmol PO4 m-2 Average‡

logK  values

4.12 0.15 2.09E-05 0.046
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In Table S6.4, an alternative approach is presented (option B) to describe the competitive effect of 
CO3 on the adsorption of PO4 adsorption to ferrihydrite. In this approach, the formation of the inner-
sphere monodentate complex is replaced by the formation of an outer-sphere complex with the singly 
(≡FeOH-0.5) and triply (≡Fe3O-0.5) coordinated surface groups. A free fitting of the CD coefficients of 
this defined outer-sphere complex suggests that some negative charge is placed in the surface (0-plane) 
of ferrihydrite. In comparison with option A, similar quality of the fitting was obtained when the CD 
coefficients are set to Δz0 = +0.70 v.u. and Δz1 = -1.70 v.u. These charge distribution values can possibly 
result from a weak interaction between the CO3 anions and the reactive surface groups, as for instance 
via H+ bonding.  

According to the model, there is a small contribution of an additional species (either inner-sphere 
monodentate or outer-sphere). It is tempting to attribute this to the formation of outer-sphere complexes, 
since these have been observed with in-situ spectroscopy at the interfaces of Fe-(hydr)oxides.56 These 
outer-sphere species are especially found at low ionic strength and low pH values. In most of our 
experiments, the conditions are different. Moreover, outer-sphere complexation is rather weak (low 
logKintrinsic) and will only occur at favorable electrostatic conditions. These are not present at the interface 
if large quantities of oxyanions (CO3 and/or PO4) are specifically adsorbed, strongly reducing the 
electrostatic potential of the Stern (1-) plane (see Figure S6.7). This leads to a strong competition with 
any anion bound as an outer-sphere complex. As mentioned in the main text, a free search for the CD 
of the additional carbonate species points to monodentate complex formation (option A), however, using 
instead outer-sphere complexation (option B) also give a description of nearly the same quality. In the 
main text we have applied option A. 

 

E. Aqueous complex formation of Fe carbonates  

Open systems with constant pCO2 

Grivé et al.38 have recently studied the complexation of Fe by CO3 ions in open systems for different 
partial pressures of CO2 (pCO2 = 0, 0.98, 29.45, and 98.15 kPa). Fe-(hydr)oxide in 0.5 M NaClO4 
solution at 25 oC was used to fix the activity of Fe3+(aq). A two-line (2LFh) ferrihydrite material was 
produced. The product was dried in a non-specified manner and then sieved to sizes between 50 and 100 
µm or 50.000 and 100.000 nm, i.e. large aggregates were used in an attempt to avoid colloidal material 
during the solubility experiments. The product had a BET surface area of ~200 m2 g-1 meaning that the 
aggregates are porous considering their very large size. X-ray diffraction confirmed the presence of 
2LFh. The reported solubility product is logQso = log (Fe3+) + 3 log (OH-) = – 40.8 ± 0.4 at zero ionic 
strength (I = 0). Equilibration was relatively slow and lasted typically at least two or more weeks.  

The data set of Grivé et al.38 is presented in Figure S6.2. In the range of pH ~ 4.0–7.0, the solution 
concentration of Fe in equilibrium with the Fe-(hydr)oxide is nearly independent of the pH but clearly 
depends on the pCO2 level. This can be explained by the formation of FeOHCO3

0(aq) according to the 
reaction: 

Fe3+(aq) + OH-(aq) + CO3
2-(aq)  FeOHCO3

o (aq)    logKFeOHCO3                             (Equation S6.1) 

At higher pH, the solubility increases suddenly and depends very strongly on the pCO2 and pH. This 
behavior can be understood from the formation of Fe(CO3)3

3-(aq) according to: 

Fe3+(aq) + 3 CO3
2-(aq)  Fe(CO3)3

3- (aq)     logKFe(CO3)3                               (Equation S6.2)  
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Figure S6.2. Concentration of Fe in solution in equilibrium with Fe-(hydr)oxide as a function of the pH and 
different pCO2, measured in 0.5 M NaClO4 at 25 oC. The experimental data (symbols) are from Grivé et al.38 and 
the lines are results of model calculations obtained by re-evaluating the data using the reactions defined in Table 
S6.5. The solubility of the Fe-(hydr)oxide used by Grivé et al.38 is very low (logQso= -40.9 ± 0.06) pointing to the 
presence of a very stable mineral phase, despite the reported predominance of 2LFh. The unusual stability suggests 
that the surfaces of the large aggregates (50.000-100.000 nm) are covered by some rather crystalline material that 
determines the solubility. Importantly, for the determination of the logK values of the aqueous Fe(III)-CO3 
complexes, the precise cause of the high stability is irrelevant. The dotted line gives the extrapolated solubility in 
the absence of CO3. It demonstrates that the measured solubility in the presence of CO2 is significantly different. 
It implies that the formation constants for these Fe(III)-CO3 complexes can be derived rather accurately. 

 

The above behavior has been re-evaluated in order to be applied in our systems. The fitted values for 
the formation constants of FeOHCO3

0 (aq) and Fe(CO3)3
3- (aq) are respectively logKFeOHCO3 = 24.86 (± 

0.09) and logK Fe(CO3)3 = 24.86 (± 0.09), using the reactions defined above.  NB. The numerical value of 
both logK values is coincidentally the same.  

According to our data analysis, the hydrolysis constant of Fe(OH)3
o(aq), Fe(OH)4

-(aq), 
Fe2(OH)2

4+(aq), and Fe3(OH)4
5+(aq) are fortunately not relevant for the interpretation of these data as 

these values are rather uncertain. Only the values for the first and second hydrolysis constant are 
relevant. The intrinsic logK values (I = 0) of these species have been taken from the most recent critical 
review given by Lemire et al.,71 recommending logKFeOH2+ = 11.85 ± 0.03 and logKFe(OH)2 = 23.20 ± 0.40. 
In our analysis, we used the Davies equation to account for the effect of the ionic strength, applying a 
value of D = 0.2. The logQso of the Fe-(hydr)oxide material used by Grivé et al.38 was simultaneously 
fitted resulting in logQso= log (Fe3+) + 3 log (OH-) = – 40.9 ± 0.06. Our values are very close to the 
values reported by Grivé et al.38 (Table S6.5). The quality of the description was good (R2 = 0.93, RMSE 
= 0.26). 

The solubility product fitted for the Fe-(hydr)oxide material of Grivé et al.38 is extremely low 
(logKso= – 40.9) and difficult to attribute to 2LFh. Most other studies report for 2LFh and 6LFh a much 
higher solubility being typically about two orders of magnitude higher with logKso values that range 
from about – 38.5 to – 39.5.14,71 A recent interpretation of thermochemical data of Majzlan et al.72 by 
Hiemstra14 reveals the intrinsic logKso value for the solubility of Fh (logKso(bulk) = – 40.6 ± 0.1) when 
virtually present as a bulk material of infinite size. This logKso (bulk) value fits well with the logKso 
derived by Pinney et al.73 using MO/DFT calculations. Moreover, actual Fh particles are nano-sized and 
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therefore, will be significantly less stable than its virtual bulk material due to a significant surface Gibbs 
free energy contribution.14  

Using the recently derived surface Gibbs free energy values for goethite and hematite14 in 
combination with the intrinsic logKso values for both materials,74 we estimate that the observed solubility 
product (logKso= – 40.9) is equivalent to spherical particles with a size of about 14 ± 2 nm in the presence 
of nano-goethite or nano-hematite. This size is beyond the critical size of 8 nm for thermodynamic 
stability of Fh14. This is illustrated in Figure S6.3. Therefore, we hypothesize that the material of Grivé 
et al.38 is likely to be 2LFh aggregated in extremely large particles (50.000 – 100.000 nm) whose surfaces 
have transformed into a more crystalline material, while still being a nano-size, but with a much lower 
solubility due to the higher crystallinity.  

 
Figure S6.3. Particle size dependency of the solubility (logQso) of ferrihydrite, goethite, and hematite calculated 
with the thermodynamic data set provided by Hiemstra14 concerning the intrinsic solubility of the various bulk 
materials and corresponding surface Gibbs free energies. At small sizes, Fh is the most stable Fe-(hydr)oxide 
material. Above a diameter of about 8 nm (red arrow), it is less stable than goethite and hematite. The value of 
logQso = – 40.9 (dashed line) is equivalent the solubility of goethite or hematite with a size of about 14 ± 2 nm 
(dashed arrow). 

 

Closed systems 

The above-derived formation constants for the aqueous Fe(III)-CO3 complexes reported by Grivé et 
al.38 can be used in evaluating the Fh solubility for our systems. Our closed systems have constant total 
CO3 concentrations, while the pH varies. In this respect, our systems are different from the systems of 
Grivé et al.38. In closed systems the pCO2 varies with changes in pH, whereas in the open systems of 
Grivé et al.38 the pCO2 is constant, leading to a simultaneous increase of the total CO3 concentrations 
when the pH increases. 

In Figure 6.1 of the main text, the measured concentration of dissolved Fe is given as a function of 
pH for systems with different levels of added CO3. The ionic strength in the systems has been fixed to 
0.5 M by the addition of appropriate amounts of NaNO3. The experimental data at the lowest total CO3 
concentrations are close to the detection limit of Fe (dashed line) with ICP-MS. The value of the 
detection limit is relatively high (log CFe,total = – 7 M) for our systems because dilution (50x) was needed 
to reduce the salt load during the analytical measurements. Therefore, we can only evaluate the solubility 
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of our Fh in 0.1 and 0.5 M CO3 solutions. These solutions also contain some PO4. The Fh used has been 
probed with PO4 to determine the specific surface area, yielding A = 765 m2 g-1 at a molar mass Mnano = 
98.79 g mol-1

. The corresponding mean diameter of the particles is ~2.2 nm as calculated with a set of 
equations given by Hiemstra and Zhao.37 

With the formation constants for FeOHCO3
0(aq) and Fe(CO3)3

2-(aq), one is not able to describe the 
observed increase of the solubility in Figure 6.1 (main text) at increase of the pH. Instead, a decrease is 
predicted as illustrated with dotted lines in that figure. It suggests that there is an additional contribution 
by another Fe(III)-CO3 species. Modeling shows that the higher pH-dependency of the solubility of Fh 
can be understood with the formation of Fe(CO3)2(OH)2

3-(aq) according to the reaction: 

Fe3+(aq) + 2 CO3
2-(aq) + 2 OH-(aq)  Fe(CO3)2(OH)2

3-(aq)        logKFe(CO3)2(OH)2                    (Equation S6.3) 

The fitted logK value for this reaction is logKFe(CO3)2(OH)2 = 31.78 ± 0.13. Simultaneously, the 
solubility of our Fh has been derived by fitting, resulting in logQso= – 38.55 ± 0.08. The quality of the 
description is very good (R2 = 0.97, RMSE =0.16).  

The solubility obtained for our Fh is in good agreement with the particle size derived with PO4 
probing. For Fh with d = 2.2 nm, we calculate logQso= – 38.2 ± 0.2 applying the Ostwald equation with 
a surface Gibbs free energy of γ  = 0.186 ± 0.01 J m-2 and the intrinsic solubility of logKso= – 40.6 ± 0.1 
for Fh as virtual bulk material of infinite size.14 An overview of the formation constants used in our 
modeling is given in Table S6.5. These values have been used in calculating the full lines the relevant 
graphs. 

 

Table S6.5. Formation constants of aqueous Fe(III)-CO3 complexes and the logK values for the solubility of Fe-
(hydr)oxide materials used in this study and by Grivé et al. 

Species  logK error   

FeOHCO3
0 (aq)   24.86* 0.09 Grivé et al.38 

Fe(CO3)3
3- (aq)  24.86* 0.09 Grivé et al.38 

Fe(CO3)2(OH)2
3- (aq)  31.71 0.13 This study 

FeOH2+ (aq)  11.85 0.03 Lemire et al.71 

Fe(OH)2
+ (aq)  23.20 0.4 Lemire et al.71 

Fh(s)* -38.55 0.08 This study 

Fe (hydr)oxide (s) -40.90* 0.06 Grivé et al.38 

* LogK values as re-evaluated in the present study  
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F. Normalized competitive adsorption isotherms 

Figure S6.4 presents the normalized adsorption isotherms of PO4 to ferrihydrite, in competition 
systems with either CO3 (black lines) or AsO4 (green lines). The isotherms have been calculated with 
the CD model. The figure illustrates the relatively high affinity of PO4 compared to CO3. A small fraction 
of PO4 in solution gives already a high relative PO4 adsorption. In contrast, the affinities of PO4 and 
AsO4 are quite similar leading to relative isotherms that are close to the 1:1 line. 

 
Figure S6.4. Normalized adsorption isotherms of PO4 to ferrihydrite in the presence of competing oxyanions. 
Black lines are for binary systems with PO4–CO3, whereas the green lines are for binary systems with PO4–AsO4. 
The x-axis shows the concentration of PO4 in solution, relative to the total concentration of oxyanions in solution 
([PO4] + [AOx

z-]), being [AOx
z-] the competitor oxyanion concentration. The y-axis shows the relative adsorption 

of PO4 to ferrihydrite, defined as PO4[ads] / (PO4[ads] + AOX
z
-[ads]). The isotherms were calculated with the CD model. 

The model parameters for CO3 were taken from Table 6.1 (main text), whereas the parameters for PO4 and AsO4 
are from Hiemstra and Zhao.37 The ionic strength was I = 0.5 M, using NaNO3 as background electrolyte. 

 

G. Adsorption isotherms: carbonate surface speciation 

In Figure S6.5, the surface speciation of CO3 in Fh systems has been modeled and presented in the 
form of adsorption isotherms. The chemical conditions in this modeling exercise are the same as in the 
systems presented in Figure 6.4 of the main text. At neutral pH (panel A), the bidentate complex (BC) 
dominates the adsorption of CO3 over the entire range of solution concentrations. The relative 
contribution of the bidentate complex with Na (BCNa) and the monodentate complex (MC) increases 
with increasing the surface loading of CO3. At pH 8.5 (panel B), the surface loading of CO3 decreases 
in comparison with the systems presented in panel A. This decrease is expected, due to the analyzed pH-
dependence of CO3 adsorption. In addition, the surface speciation shifts toward a preferential formation 
of the BCNa complex. This change is mainly a result of electrostatic interactions, as explained in Section 
6.3.4.2 of the main text.    

0.0

0.5

1.0

0.0 0.5 1.0

Fr
ac

tio
n 

PO
4

ad
so

rp
tio

n
(P

O
4[

ad
s]

 /P
O

4[
ad

s]
 +

 A
O

xz-
[a

ds
])

Fraction PO4 solution
([PO4] / [PO4] + [AOx

z-])

PO4-AsO4

PO4-CO3 



Chapter 6 
__________________________________________________________________________________ 

202 

 

 
Figure S6.5. Surface speciation of carbonate as a function of the solution concentration in single-ion systems with 
ferrihydrite at pH 7.0 (A) and 8.5 (B). The CD model parameters set for carbonate, presented in Table 6.1 of the 
main text was used in the calculations. The ionic strength of the systems was fixed at 0.10 M by adding the 
corresponding amounts of NaNO3. BC= Bidentate carbonate complex; BCNa= Bidentate carbonate complex with 
Na; MC= Monodentate carbonate complex.  

 

H. Adsorption data of carbonate from literature  

Figure S6.6 presents the  adsorption edges of CO3 reported by Zachara et al.24 for single-ion systems 
with CO3[T] = 4.6 µM and two Fe[T] (0.87 and 8.7 mM). The black lines are the CD model predictions 
obtained with the parameters set presented in Table 6.1 of the main text. The specific surface area of Fh 
was set to A = 600 m2 g-1. With our modeling, we reproduced very well the observed pH dependence of 
the CO3 adsorption in this data set. The maximum adsorption of CO3 to Fh occurs at pH ~6.5. Below 
this pH value, the adsorption of CO3 decreases markedly. The observed pH-dependency of the CO3 
adsorption, with a maximum in the adsorption edge, is related to the change in the solution speciation 
of CO3.  

At pH values below ~7.0, the description of the CO3 adsorption to Fh slightly improves when the 
formation of outer-sphere complexes is considered in the modeling, instead of the monodentate inner-
sphere complex (red dotted lines). The formation of outer-sphere complexes can be favoured in 
conditions of low pH and low ionic strength levels, especially in the absence of competitor anions such 
as PO4.  

As observed in Figure S6.6, overestimations of the percentage of CO3 adsorption are predicted by 
the model at higher pH values (pH > 7.0). A lower logK value than the reported in Table 6.1 (main text) 
for the formation reaction of the BC surface complex is needed to improve the description of the 
experimental data. However, the study of Zachara et al.24 was performed with CO3[T] at the µM level 
(i.e. 103 – 105 times lower than in the present study), measuring 14C scintillation and assuming no other 
source of CO3 in the system than the 14C added. The data are rather unreliable, as follows from the large 
scattering. Despite these methodological considerations and the evident uncertainty in the CO3 
adsorption measurements, the work of Zachara et al.24 has been used since then as a reference to model 
the effect of CO3 on the adsorption of other ions to Fh (e.g. UO2

2+ and AsO4
3-).21,22,75 The lack of reliable 

CO3 adsorption data to Fh underlies the relevance of our present contribution. 
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Figure S6.6. Adsorption edges of carbonate in single-ion systems with ferrihydrite. Data are taken from Zachara 
et al.24 for systems with CO3[T]= 4.6 µM and two total Fe concentrations (0.87 and 8.7 mM). The ionic strength of 
the systems is I = 0.10 M, using NaNO3 as background electrolyte. The specific surface area of the ferrihydrite 
suspensions was set to A = 600 m2 g-1 with a respective molar mass of Mnano = 94.51 g mol-1 Fe. The black full 
lines are model calculations, obtained with the set of CD model parameters set presented in Table 6.1 of the main 
text. The red dotted lines are CD model predictions considering the formation of outer-sphere complexes instead 
of monodentate inner-sphere complexes (See Option B in Table S6.4). 

 

I. Bond length and Brown bond valence concept  

The geometries of the inner-sphere bidentate (BC and BCNa) and monodentate (MC) carbonate 
complexes have been optimized with Molecular Orbital (MO) calculations, applying density functional 
theory (DFT) with six different functional (BP86, B3LYPyp, EDF1, EDF2, BLYPlyp, ωPWB97X-D) 
and 6-31+G** as basis set. The calculations have been done with Spartan’14 parallel software of 
Wavefunction, Inc. 

An uncharged template composed of two Fe octahedra was used as defined previously by Rahnemaie 
et al.42 to optimize the geometries of the PO4 surface complexes. The lower part of the template, i.e. 
(H2O)2Fe2(OH)6, has a fix geometry. Inner-sphere complexation of CO3 was defined and the structure 
was hydrated with water molecules to explicitly account for hydration. The optimized geometries of (a) 
CO3 bidentate (BC), (b) NaCO3 bidentate (BCNa) and (c) CO3 monodentate (MC) complex have 
respectively an overall charge of respectively -2, -1, and -2. The average bond distances has been used 
to calculate the bond valence ν (v.u.) according to the Brown bond concept:34 

𝜈𝜈 = exp �− 𝑅𝑅−Ro
B
�                                                                                                        (Equation S6.4) 

In Equation S6.4, B is an empirical constant (B = 37 pm), R (pm) is the bond length distance and Ro 
(pm) is a reference distance calibrated for each element using the sum bond valence rule. Table S6.6 
presents the average bond distance (pm), obtained from the six different functionals, and the respective 
ν values (v.u) for the three CO3 complexes used in our model: CO3 bidentate (BC), NaCO3 bidentate 
(BCNa) and CO3 monodentate (MC). 

From the ν values, the bond valence coefficients (n0 and n1) can be calculated, and after considering 
the charge contribution of the protons involved in the formation reaction (nH0 and nH1), and a correction 
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for the interfacial water dipole orientation, then the interfacial charge distribution coefficients (Δz0 and 
Δz1) are derived. The n0 and n1 coefficients and the final Δz0 and Δz1 values are presented in Table 6.2 
of the main text.  

 

Table S6.6. Average bond lengths in the optimized geometries of the carbonate surface complexes obtained with 
MO/DFT using the 6-31+G** basis set and six different functionals (BP86, B3LYP, EDF1, EDF2, BLYP, ωP97X-
D). The corresponding bond valences (ν) are obtained with the Brown valence analysis. 

 

* C-O bonds that are share with Fe at the surface of ferrihydrite 
# Average (± SD) obtained from the optimized geometries applying six different DFT functionals (BP86, B3LYP, 
EDF1, EDF2, BLYP, ωP97X-D) 

 

J. Effect of phosphate adsorption on the surface charge of ferrihydrite 

The interaction of PO4 with CO3 at the solid-solution interface of ferrihydrite affects both the total 
amount of CO3 adsorbed and the surface speciation of this oxyanion. For instance, as shown in Figure 
6.5 of the main text, the relative contribution of the CO3 bidentate complex interacting with Na+ (BCNa) 
increases in the presence of PO4. Conversely, increase in the total PO4-loading of the systems strongly 
reduces the formation of the inner-sphere monodentate CO3 complex (MC). The electrostatic 
interactions between both oxyanions play a crucial role in determining the surface speciation of CO3.  

In the extended Stern layer approach,39 the net charge density of the ferrihydrite particles (σP = C m-

2) is given by the sum of the charge density in the different electrostatic planes (i.e. 0, 1, and 2) defined 
as: σP = σ0 + σ1 + σ2. If the specific surface area (SSA in m2 kg-1) of ferrihydrite is considered, one can 
obtain the total net particle charge (QP in C kg-1). Based on the principle of overall electroneutrality, the 
surface charge QP is compensated by the net counter ion charge present in the Diffuse Double Layer 
(QDDL in C kg-1). The charge balance can be defined as QDDL + QP = 0. Upon specific PO4 adsorption to 
positively charged ferrihydrite, a considerable amount of negative charge is introduced to the surface 
and inner Stern plane. Consequently, there will be a reduction in the net charge density and the 
electrostatic potential of the 1-plane (ψ1) of the Stern Layer will diminish. CD model calculations show 
that in our binary systems with CO3 and PO4 particle charge (σP) is negative over the entire experimental 
pH range (Figure S6.7 A,C). Likewise, for a given pH value (5–10), the electrostatic potential ψ1 
decreases continuously when the total PO4-loading of the systems increases (Figure S6.7 B,D). The 
more negative potential in the inner Stern plane (ψ1) is unfavorable for the formation of a CO3 

monodentate complex, because two of the negatively charged ligands of the CO3 complex are located in 
the 1-plane. On the other hand, the interaction of Na+ ions with the outer ligand of the bidentate CO3 
complex will be favored by the presence of this negative electrostatic potential (ψ1).  

Bond ν  (v.u) Bond ν  (v.u) Bond ν  (v.u)
FeO-CO* 130.8 ± 0.8 1.298 FeO-CO* 130.7 ± 1.1 1.296 FeO-CO* 130.7 ± 0.7 1.305
FeO-CO* 130.8 ± 0.7 1.301 FeO-CO* 130.9 ± 1.3 1.287 FeOC-O 129.7 ± 1.0 1.341
FeOC=O 128.0 ± 1.1 1.402 FeOC=O 127.4 ± 1.5 1.417 FeOC=O 129.4 ± 1.4 1.353

Sum ʋ 4.000 Sum ʋ 4.000 Sum ʋ 4.000
Fe-C 302.4 ± 2.9 Fe-C 308.1 ± 1.5 Fe-C 301.8 ± 3.8
Fe-C 302.9 ± 3.1 Fe-C 302.3 ± 1.4

Ro 140.5 Ro 140.2 Ro 140.6

Distance (pm)#
MC

Distance (pm)# Distance (pm)#
BC BCNa
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For systems with an ionic strength of I = 0.5 M, the decreases in the inner Stern plane potential ψ1 

upon specific anion adsorption is less pronounced than for the systems with I = 0.05 M (Figure S6.7 
B,D). At higher values of the ionic strength, the counter ions (Na+) present in the DDL will better screen 
the negative charge present in the 1-plane. This will result in a higher adsorption of PO4 and CO3 due to 
less electrostatic repulsion. This observation agrees with the experimental results presented in Figure 
6.3b of the main text showing a lower solution concentration of PO4 in binary adsorption systems with 
a higher ionic strength. 

 

Figure S6.7. Model calculations of the net charge density (σP) of the ferrihydrite particles (A and C) and 
electrostatic potential in the 1-plane (ψ1) of the Extended Stern Layer of the ferrihydrite-water interface (B and D) 
for a series of Fh systems with three PO4-loadings (0, 0.7, and 1.5 µmol m-2) in the presence of CO3 (0.03 M). The 
upper panels correspond to systems with an ionic strength of I = 0.5 M and the lower panels are for systems with 
I = 0.05 M, using NaNO3 as background electrolyte. The model calculations were performed with the parameters 
presented in Table 6.1 of the main text.  
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Abstract 
 

Assessment of the surface reactivity of natural metal (hydr)oxide nanoparticles is necessary for 
predicting ion adsorption phenomena in soils, using surface complexation modeling. Here, we describe 
how the equilibrium concentrations of PO4, obtained with 0.5 M NaHCO3 extractions at different 
solution-to-soil ratios, can be interpreted with a state-of-the-art ion adsorption model for ferrihydrite to 
assess the reactive surface area (RSA) of agricultural top-soils. Simultaneously, the method reveals the 
fraction of reversibly adsorbed soil PO4 (R-PO4). The applied ion-probing methodology shows that 
ferrihydrite, rather than goethite, is a better proxy for consistently assessing RSA and R-PO4. The R-PO4 
pool agrees well with ammonium oxalate (AO) extractable phosphorous, but only if measured as ortho-
phosphate. The RSA varied between ~2–20 m2/g soil. The corresponding specific surface area (SSA) of 
the natural (hydr)oxide fraction is ~350–1400 m2/g, illustrating that the SSA is highly variable and 
cannot be represented by a single “standard” value, based on the AO-extractable oxide content. The 
surface loading of soil organic carbon (SOC) increases linearly not only with the increase in RSA but 
remarkably, also with the mean particle size (1.5–5 nm). To explain these observations, we present a 
structural model for organo-mineral associations based on the coordination of SOC particles to metal 
(hydr)oxide cores.  
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7.1. Introduction  
The chemical behavior of many nutrients and pollutants in the environment is largely controlled by 

sorption phenomena occurring at the surfaces of metal (hydr)oxides.1,2 These surfaces are also crucial 
for the formation of organo-mineral complexes, contributing to ion adsorption competition3,4 and to the 
long-term stabilization of organic carbon in soils and sediments.5,6 Particularly, nanocrystalline Fe and 
Al (hydr)oxides may dominate the reactive metal (hydr)oxide fraction, in for instance, podzols and 
agricultural top-soils.1,2,7,8 

Surface complexation models (SCM) can be powerful tools for describing ion adsorption to Fe and 
Al (hydr)oxides. Presently, the Charge Distribution (CD) model,9 combined with a multisite ion 
complexation (MUSIC)10,11 model, is one of the most advanced approaches.12–14 This approach was 
originally developed using the surface structure of well-crystallized metal oxides.9,10,15–17 Recently, it 
has been extended for modeling the adsorption of ions to metal (hydr)oxide nanoparticles, particularly 
ferrihydrite (Fh),11,18,19 incorporating recent insights into the mineral and surface structure of this 
nanomaterial.18,20–22 The CD and MUSIC framework can also be implemented for describing the solid-
solution partitioning of oxyanions in soils.7,23–25 However, for a realistic modeling of ion adsorption 
phenomena in soils, information about the reactive surface area (RSA) of the natural metal (hydr)oxide 
fraction is an indispensable prerequisite, and therefore, this is the main topic of the present contribution. 

An accurate and consistent assessment of the RSA in soil samples is a challenging task. The use of 
the traditional gas adsorption method (i.e. Brunauer–Emmett–Teller, BET) is not suitable because  
drying and outgassing processes during sample preparation lead to irreversible aggregation of colloidal 
nanoparticles, resulting in a underestimation of the RSA.26–30 Therefore, in SCM studies the RSA is 
often estimated based on selective extractions of Fe and Al.23,25,31 For instance, the nanocrystalline 
fraction of metal-(hydr)oxides is often assessed using the traditional acid ammonium oxalate (AO) 
extraction32,33 with conversion to the RSA (m2/g soil), using standard values for the molar mass (Mnano) 
and for the specific surface area (SSA). However, this approach may lead to inconsistent results because 
these two properties depend on the size of nanoparticles,34,35 which can greatly differ amongst soil 
samples.36–38 

Hiemstra et al.7 have developed a probe-ion method for assessing the effective RSA of soils in which 
soil samples with added activated carbon are equilibrated with 0.5 M NaHCO3 (pH 8.5) at different 
solution-to-soil ratios (SSR), followed by analysis of the equilibrium PO4 concentration. These data are 
then modeled with the CD model to retrieve the RSA, using a chosen metal (hydr)oxide as a reference 
to represent the natural metal (hydr)oxide fraction in soils. At the time of development, well-crystallized 
goethite was chosen as proxy because the PO4−CO3 interaction had only been studied extensively for 
this material.39 However, application of this proxy7,40 revealed that the metal (hydr)oxide fraction of the 
studied soils has SSA values that are typical for nano-sized particles with diameters of ~2–8 nm, which 
is in conflict with the use of well-crystalized goethite as a proxy. Recently, the interaction of PO4–CO3 
has been measured and modeled for Fh nanoparticles.41 It has been recently shown that both oxyanions 
have a rather different competitive adsorption interaction when compared to goethite systems.41 It 
implies that using Fh as a proxy will inevitably affect the RSA estimated by modeling of the soil probing 
data, and therefore, this will be studied here. 

The above ion-probing methodology reveals simultaneously the effective RSA resulting from the 
presence of metal (hydr)oxides in soils, as well as and the pool of reversibly bound PO4 (R-PO4) 
associated to these metal (hydr)oxides. The latter can be compared with the pool of ortho-phosphate 
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extracted with e.g. ammonium oxalate (AO-PO4). We consider the agreement between R-PO4 and AO-
PO4 as a keystone in making the ion-probing methodology a valid and valuable instrument for 
consistently assessing the RSA of soils, and for describing the ion adsorption behavior of the natural 
oxide fraction of soils. However, in the earlier approach,7 it was overlooked that in the data collection 
total soluble phosphorus (Ptot) rather than inorganic ortho-PO4 was measured in the AO-extracts, while 
the samples may contain a variable amount of organic P.42–44 Therefore, new AO-PO4 data have been 
collected in the present study. 

The aforementioned ion adsorption framework for Fh includes a systematic implementation of the 
size-dependency of fundamental properties of this nano-oxide material, including molar mass (Mnano) 
and mass density (ρnano), which are both crucial for a consistent interpretation and modeling of the ion 
adsorption data.45,46 However, in our application of SCM to soils, a complicating factor is that not only 
Fe but also Al contributes to the composition of the natural metal (hydr)oxides. This will affect, amongst 
other things, the Mnano and particularly, the ρnano of the natural oxide fraction. The latter property is 
essential for translating the SSA of the nano-oxide fraction into a corresponding mean particle diameter, 
which in turn may affect SCM calculations.46 In this study, our goal is to unravel such a cross-linkage 
and to develop a systematic and consistent approach in the modelling of ion adsorption data in soils, 
when this process is governed by the presence of Fe and Al (hydr)oxide nanoparticles. Finally, our data 
analysis will show that the calculated RSA and the soil organic (SOC) content are tightly related in our 
soils. Therefore, we explored this relation and developed a conceptual model that describes the possible 
structural arrangement of the nano-scale associations between metal (hydr)oxide and organic matter 
particles. This is important because the organo-mineral associations are considered as a key factor 
contributing to the long-term stability of SOC.5,26,47  

 

7.2. Methodology 

7.2.1. Soil samples 

We used the dataset of Hiemstra et al.7,48 of 19 soil samples, which were selected from a larger 
collection of representative Dutch agricultural top-soils.49 The selected samples cover a wide range of 
pH values (~4.0–7.0), SOC (~1–15%), clay content (~3–30%), 0.01 M CaCl2-soluble PO4 (~1−30 µM), 
and Fe- and Al-(hydr)oxides extractable with AO32 ([Fe+Al]AO, 14–361 mmol/kg) and in dithionite–
citrate–bicarbonate (DCB) ([Fe+Al]DCB, 22–879 mmol/kg). The chemical properties of these soil 
samples are presented in Table S7.1 of the Supporting Information (SI). The underlying data are taken 
from Hiemstra et al,7 where details about the analytical procedures are given. In the present study, for 
all soil samples (except for soil 11), we additionally determined colorimetrically, using a molybdenum-
blue method50 with a Segmented Flow Analyzer (SFA), the ortho-phosphate concentration in AO soil 
extracts (AO-PO4) after dilution with deionized-water (×100) to eliminate the interference of oxalate in 
the AO-PO4 measurements,42,44 for which we have tested. 

7.2.2. Phosphate desorption data 

The PO4 desorption data are from Hiemstra et al,7 which were obtained by equilibrating soil samples 
(~10−15 days) with freshly−prepared solutions of 0.5 M NaHCO3 (pH 8.5) at six solution-to-soil ratios 
(SSR) ranging between 5–300 L/kg. The equilibrium PO4 concentrations were measured 
colorimetrically,50 using a SFA instrument. To remove dissolved organic matter released during the 
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NaHCO3 extractions, powdered activated carbon was added (0.40 g/g soil) to the soil suspensions. 
Details about the experimental procedure are given in Hiemstra et al.7 

7.2.3. Surface complexation modeling 

The competitive PO4–CO3 interaction in the 0.5 M NaHCO3 soil extracts was interpreted with a 
model framework built from the combination of the CD model9 and a novel structural multi-site surface 
complexation (MUSIC) model for Fh.11 The compact part of the electrical double layer was described 
with the extended curved Stern layer approach.51,52 The surface and solution speciation reactions for Fh 
are presented in Tables S7.2 and S7.3, respectively. The latter includes the complexation of protons, 
electrolyte ions, PO4, and CO3.11,41 The pH, NaHCO3 concentration, SSR (L/kg) , and gas-to-solution 
volume ratio (L/L) were used as input data for the modeling. The effective reactive surface area (RSA) 
and total reversibly bound PO4 (R-PO4) were the only adjustable parameters, which were fitted 
simultaneously by iterative CD model calculations (Section 7.3.1). Model calculations were done with 
the software Ecosat53 (version 4.9) in combination with the FIT54 program for parameters optimization. 

 

7.3. Results and Discussion 

7.3.1. Background 

For each soil sample, a pool of reversibly bound ortho-phosphate, R-PO4 (mol/kg) is defined for 
which the value is fixed at the time of sampling in the field. During equilibration in closed systems with 
0.5 M NaHCO3 solution at different SSR (L/kg), R-PO4 is then redistributed over the solid and solution 
phases according to the mass balance: 

𝑅𝑅– PO4 = 𝐴𝐴 𝛤𝛤 + 𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐                                                                                                     (Equation 7.1)   

where A is the effective RSA of the soil (m2/kg soil), Γ is the PO4 surface density of the metal (hydr)oxide 
fraction present in the soil (mol/m2), and c is the equilibrium PO4 concentration in solution (mol/L).  

Using this mass balance, one can derive iteratively the surface area A and R-PO4, by measuring the 
equilibrium concentrations ci at various SSRi. The measurement of c as a function of SSR results in PO4 
desorption curves as shown Figure S7.1. Key in the methodology to calculate the surface area A and R-
PO4 is the translation of the measured concentrations ci into the PO4 surface loading Γi. Actually, the 
relationship Γi – ci is the competitive adsorption isotherm of PO4 in the NaHCO3 solution, whose 
interpretation will depend on the type of metal (hydr)oxide used as reference in the CD model 
calculations.41 For a chosen reference oxide, a minimum set of two (i =2) combinations of ci and SSRi 
allows the calculation of the surface area A according to: 

𝐴𝐴 =  ∆(𝑆𝑆𝑆𝑆𝑅𝑅𝑖𝑖 × 𝑐𝑐𝑖𝑖)
∆ 𝛤𝛤𝑖𝑖

                                                                                                                  (Equation 7.2) 

with Δ indicating the change in the values of the respective parameters with index i = 1 and 2.  

The calculation of the PO4 adsorption density is sensitive to uncertainty in the experimental c value 
in the 0.5 M NaHCO3 extracts. Therefore, six SSRs are used in the present study. These data reveal part 
of the desorption isotherm that can be interpreted with the CD model to derive the values of A and R-
PO4 by iterative optimization. 
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7.3.2. PO4 adsorption in model systems: ferrihydrite vs goethite 

The competitive adsorption isotherm applied in Equations 7.1 and 7.2 to relate Γi and ci will depend 
on the type of metal (hydr)oxide. This implies that the calculation of both A and R-PO4 will be influenced 
by the choice of either Fh or goethite as reference oxide in the modeling and interpretation of the data 
collected with the probe-ion method. Recently, it has been shown that CO3 ions compete much stronger 
with PO4 for adsorption to Fh, than in case of goethite.41 As shown in Figure 7.1a for a system with 0.5 
M NaHCO3 (pH 8.5), the difference between goethite and Fh is loading-dependent. In other words, the 
results obtained with the probe-ion method for A and R-PO4 will be different. 

 

Figure 7.1. Phosphate (PO4) adsorption isotherms of ferrihydrite (full lines) and goethite (dashed lines) in systems 
with 0.5 M NaHCO3 (a) and 0.5 NaNO3 (b) at pH 8.5, calculated with the CD model, using parameters sets from 
Hiemstra and Zhao11 and Mendez and Hiemstra41 for ferrihydrite and Rahnemaie et al.39 for goethite.  

 

In 0.5 M NaHCO3 systems (Figure 7.1a), the adsorption of PO4 to both oxides is lower than in systems 
with 0.5 M NaNO3 (Figure 7.1b). This is due to the competition of CO3 and PO4 for the same binding 
sites at the mineral surfaces. In the presence of CO3, the decrease in the PO4 adsorption is most distinct 
for Fh (Figure 7.1a), particularly at low PO4 concentrations, illustrating that CO3 suppresses more 
efficiently the adsorption of PO4 to the surface of Fh41 than to the surfaces of goethite.39,41 Differences 
in the surface speciation of CO3 may explain the different CO3–PO4 interaction in both oxides (Figure 
S7.2).  

In 0.5 M NaHCO3 Fh preserves less well the high affinity character of PO4 adsorption, which is 
visible in the form of a lower slope of the isotherm, particularly at low PO4 concentrations. This implies 
that Fh has a lower capacity to buffer the PO4 concentration during extraction of soil with 0.5 M 
NaHCO3. This property will have implications for the probe-ion method in assessing the RSA of soils. 
Hence, a fundamental question arises of which Fe (hydr)oxide most accurately represents the ion 
adsorption behavior of the natural oxide fraction of top-soils, i.e. which reference material is a better 
proxy for the natural oxide fraction? This will be answered in the following section. 

7.3.3. Reversibly adsorbed phosphate: experimental and model results  

For testing which reference oxide material, either Fh or goethite, is a better proxy for describing with 
SCM the reactivity of the natural metal (hydr)oxide in top-soils, one may collect experimental 
information regarding the size of the reversibly bound PO4 pool in soils and compare these results with 
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the calculated R-PO4 pool from the probe-ion method. The extraction of soil with AO is often used for 
assessing the fraction of metal (hydr)oxides present in soil as nanoparticles, because it has been shown 
that Fh is completely dissolved with that procedure, in contrast to well-crystallized metal 
(hydr)oxides.1,33,55 The AO extraction method is also used to assess the degree of P saturation of soils,56–

58 by measuring with ICP-OES simultaneously the amount of P released. Laboratory experiments using 
a P sink technique have shown that all Ptot extractable from soil with AO is potentially desorbable.59 
This Ptot pool was also largely available for uptake by grass in a long-term P-mining experiment.60 
However, part of the measured Ptot in the AO extracts may not be present as ortho-phosphate,42,61 whereas 
the probe-ion method is based on the measurement of the equilibrium PO4 concentration in the NaHCO3 
extracts. Therefore, in this study the molybdenum-blue method50 has been applied to measure the ortho-
PO4 pool in the AO extracts.43,44 For our soils, the difference between the total amount of P (AO-Ptot) 
and ortho-PO4 (AO-PO4) measured in the AO extracts is on average ~40 ± 9 %. The difference could be 
attributed mainly to the presence of organic P (Porg).43 Indeed, a significant relationship (R2 = 0.60, p < 
0.001) is found between Porg = AO-Ptot minus AO-PO4 and the bulk SOC content (Figure S7.3b).  

The presence of Porg in the AO-extracts implies that the validation of the probe-ion method cannot 
be based on the comparison between the calculated R-PO4 and the amount of AO-Ptot, as it was done 
previously.7 In other SCM studies, using AO-Ptot as a proxy of R-PO4 has led to overestimations of the 
PO4 concentration in soil leachates62 and soil extraction solutions.25 However, in these studies, the 
contribution of Porg to the AO-Ptot was not explicitly assessed. Based on these results, the authors have 
proposed the use of isotopically exchangeable PO4 (E-value) as a proxy for R-PO4 in SCM. However, 
the results of this methodology are inherently associated to the kinetics of P exchange and are influenced 
by the chosen evaluation time.63 

In Figure 7.2, the modeled R-PO4 pool is compared with the experimental measurements of AO-PO4. 
When goethite is used as a reference oxide material in the interpretation of the probe-ion method, the 
calculated amount of R-PO4 are approximately ~2 times higher than the measured AO-PO4 pool. This 
clearly indicates that the PO4 adsorption behavior of the metal (hydr)oxide fraction of soils in 0.5 M 
NaHCO3 solutions cannot be well-represented by goethite. However, when Fh is used as a reference 
oxide material, a good agreement (1:1 line) between modeled and measured amounts of reversibly 
adsorbed PO4 is found, indicating that Fh is a better proxy for the natural oxide fraction of our top-soils. 

 

 

 

 

 

 

 

Figure 7.2. Relationship between the ammonium oxalate extractable ortho-phosphate (AO-PO4) and the amount 
of reversibly adsorbed PO4 in soils (R-PO4), calculated with the CD model using either goethite (squares) or 
ferrihydrite (circles) as reference oxide. In the latter case, the data are closer to the 1:1 line. For sample 11, no data 
for AO-PO4 is available, and therefore, this sample is not included in the analysis.  
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7.3.4. Reactive surface area of Fe and Al-(hydr)oxides 

In Figure 7.3, the calculated values of effective RSA are given for the set of top-soil samples used in 
this study. When Fh is used as reference oxide in the CD modeling (closed symbols), the RSA values 
vary by a factor of ~10 across this soil series, i.e. ∼2–20 m2/g. If goethite is used as reference oxide, the 
RSA values are on average ~1.5 times higher. The lower RSA in case of Fh, combined with the 
calculated surface PO4 loading in the 0.5 M NaHCO3 solutions (Figure 7.1), explain the amount of ortho-
phosphate measured in the AO soil extracts (Figure 7.2). The latter cannot be said when goethite is used 
as a proxy for the natural metal oxide fraction of our top-soils.  

As expected, the content of AO-extractable Fe and Al ([Fe+Al]AO in mmol/kg) positively correlates 
with the RSA calculated with the probe-ion method. In Figure 7.3, the slope of the line represents the 
mean value of the specific surface area, being SSA = 65 ± 12 m2/mmol using Fh as model oxide. 
Translating this value using a mean molar mass of e.g. 89 g/mol Fe+Al yields a mean value of SSA = 
730 ± 130 m2/g oxide. For the erroneous case of using goethite as a proxy, the corresponding mean value 
would be SSA = 1120 ± 250 m2/g oxide. Using in the scaling [Fe+Al]DCB instead of [Fe+Al]AO (Figure 
S7.4), these SSA values will decrease because [Fe+Al]AO in our soil samples represents on average ~60 
± 15% of the total metal (hydr)oxide content. The difference from [Fe+Al]DCB minus [Fe+Al]AO is 
attributed to the presence of well-crystallized metal (hydr)oxides. However, this fraction is supposed to 
have a significantly lower SSA. In laboratory preparations, crystalline Fe (hydr)oxides usually have 
SSAs that are up to ~10 smaller than the SSA of Fh.1,35 Hence, in our soil samples, the well-crystallized 
oxides will contribute more in terms of mass than in terms of surface reactivity. Indeed, the [Fe+Al]AO 
fraction represents ~90 ± 10% of the total metal (hydr)oxide reactivity on a surface area basis, according 
to exploratory calculations discussed in Figure S7.5. 

 
Figure 7.3. Relationship between Fe and Al content, extracted with an acid ammonium oxalate solution (AO, pH 
3), and the effective reactive surface area (RSA) of the soil samples obtained by modeling the results of the probe-
ion method, using either goethite or ferrihydrite as reference oxide. The slope of the lines indicates the mean 
specific surface area which in case of using goethite as reference material is very high, about SSA ~100 m2/mmol. 
With the use of ferrihydrite as reference oxide material, a more realistic value for the mean specific surface area 
is obtained, SSA ~65 m2/mmol. 

 

The RSA values derived with the probe-ion method represent an “effective” reactive surface area, 
resulting from probing all surfaces in soil that bind PO4 and whose adsorption interactions are described 
using a well-characterized proxy, which in our case is Fh. The metal (hydr)oxide fraction is thought to 
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be the most important reactive material for the binding of PO4 in soils, due to its much higher affinity 
for oxyanions and larger SSA in comparison with other reactive soil surfaces.24,42,64 The oxidic edges of 
clay minerals can also contribute to the RSA of fine-textured soils.65 The possible contribution of clays 
to the RSA of the soil can be inferred from the regression analysis of the relationship between RSA and 
[Fe+Al]AO (Figure 7.3), if the clay and metal (hydr)oxide content are not correlated. A positive and 
significant intercept of the linear regression line in Figure 7.3 might then suggest a contribution of clay 
minerals to the RSA. However, such a contribution cannot be resolved statistically for our data. Our 
regression analysis shows that the intercept is not significantly different from zero (p < 0.001). 

The physicochemical properties of naturally formed metal (hydr)oxide nanoparticles may differ 
from those of their synthetic counterparts.1,66 In nature, the nanocrystalline structure and particle size 
distribution of Fh is affected when it precipitates in the presence of organic matter,67–70 or inorganic ions 
(e.g. Al3+, Si4+).71–73 This has raised concerns about the use of SCM, parametrized for synthetic oxides, 
for describing ion adsorption to the natural metal (hydr)oxide fraction of soils.66 However, despite the 
molecular-scale differences found for the binding preferences of PO4 to Al/Fe coprecipitates, the 
macroscopic adsorption of PO4 was indistinguishable from that of pure Fh at Al/(Fe+Al) molar ratios < 
0.50.74 Similarly, our results show than the overall macroscopic adsorption behavior of PO4 to the metal 
(hydr)oxides in soils can be well-described using Fh as reference material. From a practical perspective, 
the present study is relevant as it supports the use of Fh as a single model oxide for describing with SCM 
the interaction of oxyanions with metal (hydr)oxide in top-soils. 

7.3.5. Size-dependent properties of natural metal (hydr)oxides  

Translation of the specific surface area SSA (m2/mol) to an equivalent mean particle size d (m) of 
natural metal-(hydr)oxide nanoparticles requires a consistent set of values for the molar mass Mnano 
(g/mol) and mass density ρnano (g/m3). These values can be assessed using a set of mathematical 
relationships, as given by Hiemstra.45 Since Mnano and ρnano are both particle size-dependent, they cannot 
be calculated directly, but their values are derived iteratively as explained in Appendix E of the SI.  

The Mnano and ρnano of Fe- and Al-(hydr)oxide nanoparticles depend on the chemical composition of 
these minerals. For Fh, the chemical composition can be given as FeO1.4(OH)0.2·nH2O, where 
FeO1.4(OH)0.2 is the composition of the bulk mineral and nH2O is the amount of chemisorbed water 
completing the coordination sphere of the Fe atoms present at the surface.18,35 Similarly, one may write 
for nano-particulate Al hydroxide the composition Al(OH)3·nH2O. In both cases, the fraction of metal 
ions forming surface groups will increase when the particle size decreases, leading to an increase in 
nH2O. Consequently, Mnano will increase at decreasing particle size, whereas ρnano will simultaneously 
decrease because the surface groups (–OH2 and –OH) contribute more to the particle volume than to the 
mass.35  

In Figure 7.4a, the excess amount of chemisorbed water (nH2O) of Fh and Al(OH)3 nanoparticles is 
presented as a function of the SSA. For Fh (colored squares), the data are from Hiemstra.75 For 
comparison, experimental data of Michel et al.20 (open squares) are given. The data for Al(OH)3 have 
been derived in the present study following a whole particle construction approach, as described 
previouly.18,75 Briefly, near-spherical nanoparticles with different size are constructed with the 
Crystalmaker software and the amount of coordinative water of these particles is calculated after 
completion of the coordination spheres of the metal ions at the surface by adding additional –OH and –
OH2 groups.75 As follows from Figure 7.4a, the excess amount of water is less for Al(OH)3 nanoparticles 
(circles) than for Fh (squares). The reason is that for Al(OH)3, part of the surface ligands are already 
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present as -OH, while this is mainly -O in case of Fh. The slope of the linear relationships of Figure 7.4a 
represents the surface loading of excess chemisorbed water, being NH2O = 12.6 µmol/m2 for Fh and NH2O 
= 6.3 µmol/m2 for Al(OH)3. 

In Figure 7.4b, the relation between specific surface area (SSA) and the equivalent spherical particle 
size, calculated with Equation S7.3, is given for Fh (full line) and nano-particulate Al(OH)3 (dashed 
line). For spherical particles with the same diameter, the SSA is considerably different for Fh and 
Al(OH)3. The latter material has a much higher SSA at a given particle diameter, because Al(OH)3 has 
a much lower mass density since the oxygen ions of the lattice are neutralized by light (Al) and very 
light (H) elements, in contrast to Fh where most neutralizing cations are heavy (Fe). The higher SSA of 
Al(OH)3 at the same particle size may contribute to the observed higher PO4 adsorption capacity of Al-
(hydr)oxides compared to Fe-(hydr)oxides, when expressed in mol PO4 per mol Al/Fe.74 Similar results 
have been recently reported for the adsorption of PO4 and AsO4 to mixtures of nanocrystalline Fe and 
Al (hydr)oxides.76 

 
Figure 7.4. (a) Relationship between the specific surface area and the excess amount of chemisorbed water of Fh 
(squares) and Al(OH)3 (circles) nanoparticles, derived by a whole particle construction approach.75 Open symbols 
are experimental data for Fh taken from Michel et al.20 (b) Theoretical relationship between the mean particle size 
and the specific surface area of Fh (dashed lines) and Al(OH)3 (dotted lines) nanoparticles, calculated using the 
set of mathematical relationships given by Hiemstra45 and described in Appendix E of the SI. Symbols are for the 
natural oxide fraction of top-soils studied here (see text).  

 

Figure 7.4b also shows the equivalent particle diameter (d) of the natural metal (hydr)oxides in the 
various soils of this study (symbols). The calculated equivalent particle size varies between ~1.5–5 nm. 
The smallest particles would contain typically ~50 metal ions and the largest ones ~2000. The calculated 
diameter values are between those of Fh and Al(OH)3 because the natural metal (hydr)oxides contain 
~5–50% Al as found in the AO extracts (Table S7.1). This Al can be partly present in the Fe-
(hydr)oxides by Al-substitution.1 When Fh is synthesized in the presence of Al, substitutions of up to 
~20–30 mol% Al have been reported for the formed Fh before precipitation of secondary Al-(hydr)oxide 
phases occurs.77,78  

The above equivalent particle diameters for the natural oxide fraction (Figure 7.4b) have been 
calculated applying the set of equations given by Hiemstra.45 In the present approach, equal size is 
assumed for all metal (hydr)oxide particles in a soil, irrespectively of the Al/Fe ratio found in the AO 
extract. For each soil sample, the overall SSA of the reactive metal (hydr)oxide fraction has been 
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calculated as the mass-weighted average of the surface area of the fractions represented by the Fe (AFe) 
and Al (AAl) (hydr)oxides. Details of the calculation procedure are given in Appendix E of the SI.  

Table 7.1 summarizes a series of size-dependent properties of the metal (hydr)oxide fractions derived 
for our soils. The values for each individual sample are given in Table S7.1. The SSA of the reactive 
metal (hydr)oxide largely varies between ~350–1400 m2/g, illustrating that the use of “standard” SSA 
values (i.e. 600 m2/g) for the AO-extractable Fe and Al-(hydr)oxides, as generally done in SCM 
studies,25,31,62 may lead to large deviations in the estimated amount of available reactive sites for ion 
adsorption. 

 
Table 7.1. Summary of the particle size-dependent characteristics of reactive metal (hydr)oxide nanoparticles for 
a set of agricultural top-soil samples from the Netherlands. 

 Diameter d Mnano (g/mol)a ρnano (g/cm3)a SSAb 

 (nm) Fe Al Fe Al (m2/g oxide) 

average 2.83 96.6 88.9 3.78 2.30 760 

min 1.50 87.0 82.7 3.10 2.21 350 

max 5.13 115.4 98.5 4.28 2.36 1400 
 

a The reactive metal (hydr)oxide fraction is assumed to be composed by only Fe and Al-(hydr)oxides, whose 
content is estimated from the amount of AO-extractable Fe and Al. The values of ρnano and Mnano are calculated 
with equations S7.1 and S7.2 respectively, assuming a common equivalent particle diameter for the Fe and Al-
(hydr)oxide nanoparticles (see Appendix E in the SI). 
b The SSA was calculated iteratively (Equations S7.5-S7.6) to account for the size dependency of ρnano and Mnano. 
It represents the overall SSA of the whole oxide fraction, which is a mass-weighted average, based on the content 
Fe and Al extracted with AO. The SSA values are rounded to the nearest ten.  

The Mnano values of the Fe and Al-(hydr)oxides nanoparticles are on average ~15–20% higher than 
the corresponding molar mass of the bulk minerals FeO1.4(OH)0.2 and Al(OH)3. The equivalent diameters 
(d) range between ~1.5–5.0 nm, in agreement with previous studies stating that nano-size particles 
dominate the reactive metal (hydr)oxide in top-soils.7,37,79 Direct measurements for the size of natural 
nanoparticles in soils are scarce in literature. Using Asymmetric Field-Flow Fractionation, a size range 
of ~2–10 nm was found for Fe-(hydr)oxide nanoparticles dispersed with pyrophosphate from a podzol 
soil, with maximum concentrations found at a particle size of ~5 nm.36 These results provided direct 
evidence for the presence of reactive nano-size particles in the metal (hydr)oxide fraction of that soil.  

 
7.4. Organo-mineral interaction: structural arrangement  

In the literature, the relationship between soil organic carbon (SOC) and metal (hydr)oxide content 
has been well-recognized for various soil types.26,80,81 With our probe-ion methodology, the relationship 
between SOC and the calculated values of RSA can now be evaluated, contributing to obtain more 
insights into the interaction between natural metal (hydr)oxide nanoparticles and humic substances. This 
interaction is important because it contributes to the long-term stabilization of SOC,26,47,82,83 and to the 
apparent high stability in the environment of otherwise metastable metal (hydr)oxide nanoparticles.35,84 
Moreover, the SOC-metal (hydr)oxide interaction is important for predicting the fate of oxyanions in 
the environment, as shown in Figure S7.6 for PO4. 
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In the agricultural soils of this study, the total SOC content is well-related to RSA (R2 = 0.50, n =18). 
This relationship becomes even clearer when the samples are categorized according to the soil texture, 
as shown in Figure 7.5a. Sample 11 has been excluded from this analysis since this is a peaty soil. The 
slopes of the lines in Figure 7.5a give the maximum amount of organic carbon that can be associated 
with minerals (MOC). For the soils with low clay content (< 20%), the maximum MOC value is ~2.2 
mg C/m2 oxide. For the soils with a high clay content (>= 20 %), the maximum MOC value is ~2 fold 
higher (~4 mg C/m2 oxide), probably due to an additional contribution of SOC interacting with the clay 
surfaces, for instance via Ca2+ bridging.85,86 Moreover, mineral associations between clays and oxides 
may contribute to physical-chemical stabilization of SOC when organized in micro-aggregates.8,47,81,86 

 

 
Figure 7.5. (a) Relationship between bulk soil organic carbon (SOC) and effective reactive surface area (RSA) 
for our mineral top-soils with a clay content < 20 % (circles) and  ≥ 20 % (squares). The slope of the lines represents 
the mean adsorption density of OC (mg/m2). Sample 11 (open symbol) was excluded from the regression analysis 
due to the exceptionally high SOC content of this peaty soil. (b) Relationship between the layer thickness L of 
SOM and the mean particle diameter of the reactive metal (hydr)oxide fraction, according to a core-surface layer 
model (inset), showing that larger oxide particles are associated with more organic matter. (c) Relationship 
between the volumes of SOM and the volumes of the Fe+Al nano-oxide fraction, extractable with AO, both 
expressed in cm3/g soil. The open symbol refers to a soil with an exceptionally high Fe+Al oxide content (soil 3) 
and therefore it has been excluded from the calculation of the mean volume ratio Rv, which is for our data set Rv = 
10 ± 2. If this Rv is interpreted as a coordination number (CN), the arrangement of SOM particles around a metal 
(hydr)oxide core varies between cubic (CN = 8) and cub octahedral (CN = 12). The latter is shown in the inset.  

 

To sketch the contours of the interaction of SOC with metal (hydr)oxide nanoparticles, one may 
consider a mineral core–surface layer model in which all SOC is accommodated in a layer around the 
metal (hydr)oxide particles (inset Figure 7.5b). In this approach, the fitted layer thickness L varies 
between ~1–3 nm. The underlying calculations are given in Appendix I of the SI. The calculated layers 
(L) are larger than the thickness of the compact part of the double layer, being ~0.7 nm,51 indicated with 
an arrow in Figure 7.5b. Only the smallest (hydr)oxide particles of Figure 7.5b with a low value of L 
could in theory accommodate a significant fraction of the total SOC in the compact part of the double 
layer. 

Remarkably and counter-intuitively, the calculated layer thickness L increases linearly (R2 = 0.81) 
with increasing the mean size of the metal (hydr)oxide particles in the soils, as given in Figure 7.5b. If 
this is due to a physical and/or chemical protection of SOC against microbial decomposition,5,26,47 the 
relation suggests a more efficient protection when particles are relatively large. This picture might be 
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understood from a more robust organization of the organo-mineral particles forming larger micro-
aggregates. 

The SOC-mineral interaction can also be interpreted with another structural picture in which the 
organo-mineral association is seen as a collection of discrete particles of metal (hydr)oxide and SOM. 
Excluding the soils with a high clay content, a significant relationship is found (R2 = 0.89, p < 0.001) 
between the volume of both types of particles, yielding volume ratio of 10 ± 2. This ratio is high in 
comparison to the value of ~1 estimated at maximum adsorption of SOM to synthetic Fe 
(hydr)oxides.87,88 If the high volumetric ratio of Figure 7.5c is interpreted as a particle coordination 
number (CN), the structural arrangement varies between a cubic (CN = 8) and a cub-octahedral (CN = 
12) configuration. According to Pauling’s first rule, such an arrangement requires a ratio of particle radii 
of respectively 0.73 (CN = 8) and 1.0 (CN = 12). This suggests that the primary particles of SOC and 
metal (hydr)oxide in a given soil tend to be rather similar in size. In light of the relation given in Figure 
7.5b, an increase in the size of the metal (hydr)oxide particle is accompanied by a corresponding increase 
of the mean SOC particle size. As mentioned, this might be related to the formation of larger micro-
aggregates, which are more resistant against degradation.  

In soils, Ca2+ ions play an important role in the colloidal stabilization of negatively charged SOM 
molecules89,90 and negatively charged metal (hydr)oxide particles that carry adsorbed oxyanions, such 
as PO4.91 In the case of Fh, the Ca2+ ions are predominantly bound in ternary ≡Fe-PO4-Ca complexes,91 
which strongly reduce the net particle charge (Figure S7.7). The corresponding Ca2+ ions are mainly 
present in the outer Stern layer, and therefore, may serve as cation bridges that link by interaction with 
functional RCOO- groups of SOC both types of particles together, contributing to the formation of a 
relatively large network of these particles.   
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Supplementary Information 

A. Results of the probe-ion method (0.5 M NaHCO3 extractions) 

 

 

Figure S7.1 Equilibrium phosphate (PO4) concentration in the 0.5 M NaHCO3 soil extracts as a function of 
solution-to-soil ratio (SSR) for four selected soil samples (symbols). Lines are CD model calculations obtained 
with the parameter set presented in Table S3 and using ferrihydrite as a proxy for the metal-(hydr)oxide fraction 
of the selected top-soils. The dotted line represents a linear dilution curve, where a 10-fold increase in SSR (x-
axis) would result in a 10-fold decrease in the PO4 concentration in solution. This linear dilution curve would 
predict the PO4 concentration if soils would not release any additional PO4 via desorption upon further dilution of 
the soil samples with 0.5 M NaHCO3 solution.
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Table S7.3. Thermodynamic database of the aqueous speciation reactions used in the CD modelling. LogK values 
are given for I = 0. 

 

Species Reaction logK 

NaOH0 Na+ + OH- ↔ NaOH0 -0.20 * 

NaNO3
0 Na+ + NO3

- ↔ NaNO3
0 -0.60 * 

HPO4
2-  PO4

3- + H+ ↔ HPO4
2-  12.35 * 

H2PO4
-  PO4

3- + 2H+ ↔ H2PO4
-  19.55 * 

H3PO4
0 PO4

3- + 3H+ ↔ H3PO4
0 21.70 * 

HCO3
- CO3

2- + H+ ↔ HCO3
- 10.33 * 

H2CO3
0 CO3

2- + 2H+ ↔ H2CO3
0 16.69 * 

CO2(g) CO3
2- + 2H+ ↔ CO2(g) +   H2O(l) 18.15 * 

Na2CO3
0  CO3

2- + 2Na+ ↔ Na2CO3
0  0.01 * 

NaCO3
-  CO3

2- + Na+ ↔ NaCO3
-  1.27 ** 

NaHCO3
0 CO3

2- + Na+ + H+ ↔ NaHCO3
0 10.02 ** 

NaHPO4
- PO4

3- + Na+ + H+ ↔ NaHPO4
- 13.40 *** 

NaPO4
2- PO4

3- + Na+  ↔ NaPO4
2- 2.05 *** 

 
* From Lindsay (1979) 
** From NIST database 46.7 
*** From Rahnemaie et al. (2007) 
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D. Surface speciation of CO3 in competitive systems with PO4 

 
Figure S7.2. Surface speciation of carbonate (CO3) as a function of the surface loading of phosphate (PO4) in 
ferrihydrite (panel a) and goethite (panel b) systems in 0.5 M NaHCO3 solutions (pH 8.5). The calculations have 
been performed with the CD model, using the parameter sets for the CO3-PO4 interaction reported by Mendez and 
Hiemstra41 and Rahnemaie et al.39 for ferrihydrite and goethite, respectively. BC = inner-sphere bidentate (double 
corner) CO3 complex; BCNa = inner-sphere bidentate (double corner) CO3 complex in which a Na+ ion interacts 
with the adsorbed CO3, forming a ternary complex; MC = inner-sphere monodentate (single-corner) CO3 complex.  

For a given PO4 surface loading, the adsorption of CO3 is larger to ferrihydrite than to goethite (thick full line), 
showing the higher adsorption affinity of CO3 for ferrihydrite. The surface speciation of CO3 differs between both 
Fe (hydr)oxides. In 0.5 M NaHCO3 systems, the formation of the MC complexes contributes significantly to the 
adsorption of CO3 to ferrihydrite, whereas formation of this MC complex has not been revealed for goethite. 
Instead, formation of an outer-sphere complex has been proposed for goethite systems.39 However, this outer-
sphere complex is not relevant in the 0.5 M NaHCO3 system with goethite. Moreover, the distribution over the 
bidentate complexes BC and BCNa is different for both materials. More BCNa is formed when CO3 interacts with 
ferrihydrite in NaHCO3 than with goethite. For this ternary BCNa complex, the ΔlogK value between ferrihydrite 
and goethite is ~0.60.41 For ferrihydrite, the decrease in the formation of BCNa is less sensitive to the increase in 
the PO4 adsorption than for goethite. 

 

E. Calculation of size-dependent properties of metal oxide nanoparticles  

As explained in the main text, a number of important properties are particle-size dependent for 
ferrihydrite (Fh) and metal-(hydr)oxide nanoparticles in general, including the specific surface area 
(SSA, m2/g), molar mass (Mmass, g/mol metal ion), and mass density (ρnano, g/m3). It is essential to take 
this size-dependency into account for a consistent scaling and interpretation of ion adsorption data. In 
the present work, we have implemented a set of mathematical relationships (Equations S1-S3), 
previously given by Hiemstra,45 to derive a consistent set of values of SSA, Mmass, and ρnano for the natural 
fraction of metal-(hydr)oxides in our set of top-soil samples.  

Using the particle diameter (d, in m) as starting point in the calculations, the ρnano of metal (hydr)oxide 
nanoparticles can be calculated as:   

𝜌𝜌nano =  �𝑀𝑀core
𝑛𝑛0𝑉𝑉0

� − �𝑀𝑀core
𝑛𝑛0

− 𝑀𝑀H2O� ×  6
𝑑𝑑
𝑁𝑁H2O                                                          (Equation S7.1) 

where Mcore is the molar mass of the bulk mineral (in g/mol), nO is the mol of oxygen atoms per mol 
metal ions in the mineral core, VO is the lattice volume (in m3/mol O), and NH2O is the excess water 
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density (in mol/m2). In Table S7.4, the values of these parameters are given for Fh (FeO1.4(OH)0.2∙nH2O) 
and Al hydroxide (Al(OH)3∙nH2O) nanoparticles. In Equation S7.1, MH2O is the molar mass of water (18 
g/mol). 

Using the value of ρnano derived in Equation S7.1, the molar mass (Mnano, g/mol metal ion) and specific 
surface area (A,m2/g) of the metal (hydr)oxide nanoparticles follow respectively from: 

𝑀𝑀nano =  𝑀𝑀core

�1− � 6
𝜌𝜌nano  × 𝑑𝑑� ×  𝑁𝑁H2O× 𝑀𝑀H2O�

                                                                         (Equation S7.2) 

𝐴𝐴 =  6
𝜌𝜌nano × 𝑑𝑑

                                                                                                                (Equation S7.3) 

Additionally, the number (nm) of metal atoms (i.e. Fe3+ or Al3+) in each individual nanoparticle follows 
from:  

𝑛𝑛m =  𝜌𝜌nano
Mnano

𝜋𝜋𝑑𝑑3

6
𝑁𝑁av                                                                                                     (Equation S7.4) 

where Nav is Avogadro’s number (6.02 1023 mol-1). 

 

Table S7.4. Parameters of the mineral core and density of chemisorbed water (NH2O) of ferrihydrite and Al 
hydroxide nanoparticles, which have been implemented in the mathematical relationships applied for the 
calculation of a consistent set of values of mass density (ρnano), molar mass (Mnano), and surface area (A) of metal 
(hydr)oxide nanoparticles (Equations S7.1-S7.3).  

Parameter Units Fh Al(OH)3 

Formula core 
 

FeO1.4OH0.2 Al(OH)3 

Mcore g / mol metal ion 81.65 78.00 

ρcore g / m3 4.77x106  a) 2.42x106 

VO  a) m3 / mol oxygen 1.07x10-5 1.07x10-5 

NH2O 
b) mol / m2 12.6x10-6 6.4x10-6 

nO mol O/ mol metal ion 1.6 3.0 
 

a  The mass density ρcore of Fh is based on the lattice parameterization of Pinney et al.93 and Wang et al.94 The 
related lattice volume Vo can be calculated from Vo = Mcore / nO ρcore, as described in Hiemstra et al.35 
b The density of chemisorbed water (NH2O) for ferrihydrite is from Hiemstra,18 whereas for Al(OH)3, it has been 
derived in this study (see Section 7.3.5 in the main text). 

 

Using the above set of equations we have scaled the values of the reactive surface area (RSA) of 
soils, obtained with the ion-probe method, to the content of AO extractable Fe and Al (hydr)oxides in 
an internally consistent manner. With this approach important information is derived about the 
properties of the naturally occurring metal (hydr)oxides, particularly SSA, mean particle size and 
spherical surface curvature, revealing the nano-sized nature of the reactive fraction of metal (hydr)oxide 
in soils.  

The reactive metal (hydr)oxide fraction in our soils is composed mainly by Fe and Al (hydr)oxides. 
Therefore, our analysis started by assuming that the AO-extractable Fe and Al originate from two 
separate (hydr)oxide phases with a common equivalent diameter (d). These Fe and Al solid phases are 
represented respectively by Fh and Al(OH)3 nanoparticles. For a chosen starting d value, a consistent set 
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of ρnano, Mnano, and A values are calculated for both Fh and Al(OH)3, using Equations S7.1–S7.3 and 
parameters of Table S7.4. Next, the overall SSA of the metal (hydr)oxide fraction is calculated from the 
A values derived for Fh and Al(OH)3, which are weighted based on the molar amount of Fe and Al 
extracted with AO. This weighted average can be called the theoretical SSA (SSAtheor) and is calculated 
as:  

SSAtheor = (𝐴𝐴Fe × 𝑓𝑓Fe) + (𝐴𝐴Al × (1 − 𝑓𝑓Fe))                                                             (Equation S7.5) 

where AFe and AAl are respectively the surface areas of Fh and Al(OH)3 nanoparticles derived with 
Equation S7.3, and fFe is the molar fraction of Fe in the AO extract, which is defined as fFe = Fe / [Fe+Al]. 

The SSA of the metal (hydr)oxide fraction can be also estimated by scaling the calculated RSA 
(m2/kg soil) of the soil to the amount of Fe and Al-(hydr)oxide extracted with AO. This provides an 
estimation of the experimental SSA (SSAexp). For the scaling, the Mnano values of Fh and Al(OH)3 
nanoparticles are required for transforming the molar amount of Fe and Al in the AO extracts (mol/kg) 
into a corresponding content of metal (hydr)oxide (g/kg). However, these Mnano values are not known a 
priori since these are particle size dependent. Therefore, these Mnano values need to be calculated 
iteratively. The SSAexp values are calculated as:  

 

SSAexp =  RSA
�FeAO×𝑀𝑀nano,Fh� + (AlAO×𝑀𝑀nano,Al)

                                                           (Equation S7.6) 

 

where FeAO and AlAO are respectively the amount of Fe and Al (in mol/kg) measured in the AO extracts.  

For each top-soil sample, an iterative calculation was performed until a particle diameter d was found 
at which SSAtheor = SSAexp. The results of these iterative calculations are presented in Table S7.1 for 
each individual soil sample.  

 

F. Ortho-phosphate vs organic phosphorus in the ammonium oxalate soil extracts 

In Figure S7.3 (panel a), the amounts of ortho-phosphate and organic phosphorus (Porg) measured in 
the acid ammonium oxalate (AO) extracts are presented for our set of soil samples (left y-axis). The Porg 
is calculated as total AO-extractable P (AO-Ptot) minus AO-extractable ortho-PO4 pool (AO-PO4). The 
red symbols show the fraction of inorganic ortho-PO4 in relation to the total P measured in the AO 
extracts (right y-axis). On average, ~60 ± 10 % of the total AO-extractable P is present in our soils as 
inorganic ortho-PO4, whereas the remaining fraction is due to the presence of other P species, most 
probably as Porg. This result shows the importance of distinguishing between both pools, AO-Ptot and 
AO-PO4, in the application of the probe-ion method for assessing the reactive surface area of soils.  

In Figure S7.3 (panel b), the Porg pool measured in the AO soil extracts is linearly related to the bulk 
content of soil organic carbon (SOC) (R2 = 0.60, n = 18). The slope s of this linear relationship s = 230 
mol C/mol Porg defines the mean C:P molar ratio of the soil organic matter (SOM) in our set of soils, if 
all Porg was released in the AO extractions. If less is released, the C:P ratio increases. A C/P ratio of 230, 
is close to the lowest range of C:P stoichiometry, expected for a nutrient rich SOM.95  
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Figure S7.3. Panel a: Content of inorganic ortho-phosphate (AO-PO4) and organic P (Porg) extracted with 
ammonium oxalate (left y-axis), and fraction of AO-PO4 in relation to the total AO-extractable P pool (AO-Ptot) 
(right y-axis). The Porg content is estimated as AO-Ptot minus AO-PO4. For soil 11, no data for AO-PO4 is available 
and the bar indicates the measured total P pool in the AO extract. Panel b: Relationship between bulk SOC content 
and the Porg content estimated as the difference between the ammonium oxalate extractable total P and PO4.  

 

G. Relationship RSA vs. DCB extractable oxides 

 

 
Figure S7.4. Relationship between Fe and Al content, extracted with dithionite-citrate-bicarbonate (DCB) 
solution, and the calculated reactive surface area (RSA) of the soil samples derived by CD modeling of the results 
obtained with the probe-ion method, using either goethite (squares) or ferrihydrite (circles) as reference oxides. 
The slope of the lines indicates the mean specific surface area (SSA) if the DCB-extractable Fe and Al (hydr)oxides 
([Fe+Al]DCB) are used in the scaling of RSA. The SSA values correspond to 51 ± 15 and 33 ± 9 m2/mmol using 
goethite and ferrihydrite as model oxides in the CD model, respectively. These SSA values are approximatively 
half of the corresponding values derived in Figure 7.3 (main text) in which, the RSA has been scaled to the content 
of AO-extractable Fe and Al (hydr)oxides ([Fe+Al]AO). The reason for this difference is that [Fe+Al]DCB includes 
both the nanocrystalline (i.e. Fh-like) and the well-crystalline oxide fractions. From the difference [Fe+Al]DCB 
minus [Fe+Al]AO the fraction of well-crystallized metal (hydr)oxides can be estimated. In our soils, the well-
crystallized fraction contributes more in terms of mass than in terms of surface reactivity to the total soil content 
of metal (hydr)oxides (see Appendix H).  
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H. Relative molar and surface area contribution of the nanocrystalline and well-crystallized 
(hydr)oxides in soils 

 

 

Figure S7.5. Relative contribution of the nanocrystalline and well-crystallized fractions to the total content of Fe 
and Al (hydr)oxides expressed on a molar basis (panel a) and in a surface area basis (panel b). The red lines 
indicate the corresponding average contribution of the nanocrystalline oxide fraction across all soil samples. The 
nanocrystalline fraction is estimated from the amount of AO extractable Fe and Al ([Fe+Al]AO), whereas the well-
crystallized fraction is estimated as [Fe+Al]DCB minus [Fe+Al]AO. In panel b, the relative contribution of surface 
area was calculated exploratively and only for illustrative purposes, assuming “standard” mean values for the 
molar mass (Mnano) and for the specific surface area (SSA) of the natural Fe- and Al-(hydr)oxides so as to transform 
the molar amounts of AO-extractable Fe and Al (mmol/kg soil) into a reactive surface area (m2/kg soil) for each 
soil. For the nanocrystalline fraction the assumed molar mass Mnano was 96 and 89 g/mol for the Fe- and Al-
(hydr)oxides, respectively. For the well-crystallized metal-(hydr)oxides, Mnano was 89 and 78 g/mol for the Fe- 
and Al-(hydr)oxides, respectively, taking goethite (FeOOH) and gibbsite (Al(OH)3) as a reference. The SSA of 
the nanocrystalline Fe- and Al-(hydr)oxide was set at 650 m2/g, whereas the SSA of the well-crystallized Fe- and 
Al-(hydr)oxides was 100 m2/g. With these assumptions, on average, ~90% of the reactive surface area of the soils 
is due to the presence of nanocrystalline Fe- and Al-(hydr)oxides, even though their relative contribution on a 
molar basis is only about ~60%.   

 

I. Calculation of SOC layer thickness 

Metal (hydr)oxide nanoparticles and soil organic matter (SOM) are tightly related as demonstrated 
in Figure 7.5a of the main text. Different structural views can be used to interpret the observed 
relationship between reactive surface area and soil organic carbon (SOC). One view is considering the 
metal (hydr)oxides of the soils as a collection of particles coated by organic matter, i.e. considering a 
core-layer model (Figure 7.5b). Another view is considering metal (hydr)oxide and SOM as a collection 
of discrete particles that interact with each other (Figure 7.5c). 

Option 1 

One may consider the particles of the natural metal (hydr)oxide fraction of soils as a metal 
(hydr)oxide core coated by a layer of organic matter. For each soil, the representative layer thickness L 
is found by calculating the volume of organic matter ∆VOM and then transforming this value into a 
corresponding mass (MOM) of organic matter covering the surfaces of the metal (hydr)oxide particles 
with a mean radius r, according to:   
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∆VOM = V(r+L) - Vr = 4/3 π {(r+L)3 – r3}                                                                              (Equation S7.7) 

MOM  = ρOM ∆VOM                                                                                                                 (Equation S7.8) 

Using a mass density of ρOM = 1250 103 g/m3, the value of L can be found iteratively until the 
experimental SOM content with a carbon content of 58% equals the calculated value of MOM (Equation 
S7.8).  

Option 2  

Soils seem to have proportionally more organic carbon if the metal (hydr)oxide particles are larger 
(Figure 7.5b, see main text). Consequently, one may interpret the organo-mineral associations as a 
collection of discrete particles that interact with each other. The amounts of SOM and AO-extractable 
metal (hydr)oxide can be given on a volume basis, assuming for SOM a carbon content of 58% and a 
mass density of ρOM = 1250 103  g/m3, and for the Fe and Al (hydr)oxide particles, variable mass densities 
(ρOx) consistent with the mean particle size and Al/Fe ratio, being in the range of  ~2850–3750 103 g/m3 
(Table S7.1).  

J. Organic matter content related to PO4 surface loading 
The interaction of SOC with metal (hydr)oxide surfaces will affect the environmental fate of many 

important inorganic oxyanions, including PO4 and AsO4. Part of the functional groups of SOC, typically 
RCOO‒, may form inner-sphere complexes and compete with these oxyanions for the same binding sites 
at the metal (hydr)oxide surfaces. Additionally, mutual electrostatic repulsion might contribute to this 
competitive interaction. This may explain the significant negative correlation (r= -0.85, p < 0.001) 
between the SOC content and the surface PO4-loading observed for our soils (Figure S7.6). The PO4-
loadings have been calculated from the model outputs as ΓPO4 = Rev / RSA. Similar results were found 
for a series of forest and arable soils with variable SOC content.96 These results show that the interaction 
between oxyanions and SOC at the metal (hydr)oxide surfaces must be included in SCM for effectively 
predicting the availability of oxyanions in field soil samples.23,24,48  

 

 

 

 

 

 

 

 

 

 

Figure S7.6. Linear decrease (log-log plot) of the PO4 surface loading the soil organic carbon content 
of the agricultural top-soil samples used in this study increases. 
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K. Particle charge of Fh in Ca – PO4 systems  

The charge of Fh is pH-dependent. In pure Fh systems without specific ion adsorption, Fh particles 
are positively charged at pH values below the point of zero charge (PZC), being pHPZC  ~8.1 for this 
material. When phosphate ions adsorb, negative charge is introduced in the interface. By lowering the 
pH, additional protons can bind to the remaining surface groups. When these adsorbed protons fully 
compensate the charge of the adsorbed PO4 ions, the particle becomes zero-charged again. The 
corresponding pH at which this occurs is called the iso-electrical point (IEP). At a PO4 concentration of 
1–10 µM, the pHIEP is ~ 4. Above this pH, the Fh particles become negatively charged. When, Ca2+ ions 
are additionally present in the system, most of this charge will be compensated by the adsorption of 
Ca2+, mainly bound in the form of ternary ≡Fe-PO4-Ca complexes.91 This is illustrated in Figure S7.7, 
showing the particle charge as a function of the pH for Fh-PO4 systems with and without Ca, at an ionic 
strength of 3 mM (left panel) and 30 mM (right panel) and equilibrium PO4 concentrations of 1, 3, and 
10 µM. In the pH range 5–7, the particle charge is near zero when Ca is present, and the strong reduction 
of the negative particle charge of Fh with adsorbed PO4 may contribute to an interaction with SOC 
particles forming stable micro aggregates. 

 

Figure S7.7. pH dependent particle charge of ferrihydrite in systems with Ca (orange lines) and without Ca (blue 
lines) at an ionic strength of 3 mM (left panel) and 30 mM (right panel), for PO4 equilibrium concentrations of 1, 
3, and 10 µM. In the absence of Ca, the pHIEP ~ ≤ 4. In the presence of Ca, two values for the pHIEP are possible, 
one at pH ≤ 4 and a pHIEP value at higher pH values. The latter pHIEP are near to pH ~7 in systems with 0.001 M 
Ca and around pH ~6 in systems with 0.01 M Ca. 
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Abstract 
Assessing the surface reactivity of the natural metal (hydr)oxide fraction is essential for quantifying ion 
adsorption phenomena that control the availability of nutrients and pollutants in soils and is also 
important for studying the formation of organo-mineral associations. Despite the high natural abundance 
of Fe and Al (hydr)oxides in weathered tropical soils, the surface reactivity of the metal (hydr)oxide 
fraction has not been well-characterized for this type of soils. In this study, we assessed the reactive 
surface area (RSA) of the metal (hydr)oxide fraction for a set of tropical top-soils, using a novel probe-
ion methodology and state-of-the-art surface complexation modeling. With this approach, insights into 
the reactivity of the metal (hydr)oxide fraction have been revealed, particularly in relation to adsorption 
of phosphate ions (PO4) and to the interaction with soil organic matter (SOM). Our results show that 
ferrihydrite (Fh), rather than well-crystallized goethite, is a better proxy for describing the reactivity of 
the natural metal (hydr)oxide fraction in these tropical soils, despite the dominant presence of crystalline 
metal (hydr)oxides, expressed on a mass basis. Using Fh as a proxy, the RSA of these soils varied 
between ~2–40 m2 g-1 soil. Scaling these RSA values to the amount of Fe and Al (hydr)oxides showed 
a large variation in the specific surface areas (SSA) of the reactive metal (hydr)oxide in soils, from ~400 
to 1750 m2 g-1 Fe+Al (hydr)oxides. A substantial fraction of the total PO4 pool associated to the metal 
(hydr)oxide surfaces, on average ~60%, does not play any role in the solid-solution partitioning of PO4, 
and instead, it might be occluded, present at the internal surfaces of crystalline metal (hydr)oxides. The 
SOM content strongly correlated with the amount of nanocrystalline Fe and Al (hydr)oxides, but not 
with the content of well-crystallized metal (hydr)oxides, indicating that organo-mineral associations are 
preferentially formed with nano-sized metal (hydr)oxide particles. With our results, we propose a 
structural model for describing the nano-scale interactions between metal (hydr)oxide particles and 
SOM, in which organo-mineral associations are formed by self-assembly of discrete SOM particles that 
coordinate a metal (hydr)oxide core. Overall, our results show the importance of the reactive metal 
(hydr)oxide fraction for the PO4 speciation and organic carbon interactions in this set of weathered 
tropical soils.  
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8.1. Introduction  
The bioavailability, mobility, and consequently the risk of deficiencies, toxicities, and leaching of 

ions in soils is strongly regulated by adsorption processes to the natural fraction of metal (hydr)oxides. 
This reactive (hydr)oxide fraction is particularly relevant for controlling the solid-solution partitioning 
of oxyanions such as phosphate (PO4), arsenate (AsO4), and selenite (SeO3).1–3 The natural metal 
(hydr)oxide fraction is also important for the adsorption of soil organic matter (SOM),4,5 contributing to 
the long-term stabilization of organic carbon in soils, largely via formation of stable mineral-organic 
associations.6,7 The natural metal (hydr)oxide fraction comprises a series of minerals with variable 
chemical composition and crystallinity, implying also different adsorption interactions with oxyanions 
and SOM. The dominant metal (hydr)oxide fraction varies across different environments.8–10 For 
instance, soils from the (humid) tropics are often intensively weathered, resulting in a high abundance 
of Fe and Al (hydr)oxides, mainly present as crystalline metal (hydr)oxides.11,12 

The adsorption of oxyanions to the natural fraction of metal (hydr)oxides in soils is a complex process 
that depends on the amount and properties of the mineral phases, the soil solution chemistry (e.g. pH, 
ionic strength, co-existing ions), and the competitive binding interaction of negatively charged soil 
organic matter (SOM).13 Surface complexation models (SCMs) are helpful tools for describing how 
these multiple factors affect the overall adsorption behavior of oxyanions. A successful application of 
SCM to describe and predict the adsorption of oxyanions in soils requires a consistent characterization 
of the surface reactivity of the metal (hydr)oxide fraction. However, despite the naturally high content 
of Fe and Al (hydr)oxides in weathered tropical soils, the characterization of the natural metal 
(hydr)oxides for these soils is usually scarce, if not absent, in the literature.  

The reactive surface area (RSA, in m2 g-1 soil) of the metal (hydr)oxide fraction in soils has been 
reported to be a key factor determining the capacity of soils for adsorbing oxyanions and for interacting 
with SOM.14–16 However, the consistent assessment of this important soil property is not trivial, and 
multiple challenges are faced when using traditional approaches. Gas adsorption analysis (e.g. N2, Ar) 
and subsequent interpretation with the BET (Brunauer-Emmett-Teller) equation17 is a classical 
methodology applied for assessing the surface area of soils and synthetic (hydr)oxides. This method has 
been applied in previous studies to measure the RSA of weathered tropical soils.18–20 However, this 
approach has a number of disadvantages.21 Drying and outgassing of samples lead to irreversible 
aggregation of colloidal nanoparticles, resulting in underestimations of the RSA.16,22 Additionally, part 
of the (hydr)oxide surface area might not be measured because it is masked by the presence of natural 
organic matter (NOM).23 Attempts to remove the NOM before BET analysis, for instance by oxidizing 
NOM,18 may affect the surface properties of the metal (hydr)oxide particles, resulting in different RSA.24  

An alternative method is the use of ethylene glycol monoethyl ether (EGME) as a probe molecule,25 
but this approach typically provides an estimation of the surface area related to clay minerals.26 Another 
approach for estimating the RSA of soils is based on the amount of Fe and Al measured by selective 
dissolution extractions. Using the measured Fe and Al concentrations and assuming a set of “standard” 
values of molar mass and specific surface area (SSA) for the crystalline and nanocrystalline metal 
(hydr)oxides, the RSA of the soil is calculated.27–30 However, the SSA of metal (hydr)oxides greatly 
varies across different soil samples.24,31 In addition, inconsistencies are introduced as the molar mass, 
mass density, and surface curvature of metal (hydr)oxide nanoparticles are size dependent,16 and this 
dependency needs to be accounted for in the interpretation and modeling of the adsorption data.  

Recently, the use of native soil PO4 as a probe-ion has been proposed to calculate the RSA of soils.24 
This probe-ion methodology is based on measuring the competitive adsorption interaction between CO3 
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and PO4 in a 0.5 M NaHCO3 (pH = 8.5) solution. In this approach, a desorption curve is established by 
using a range of solution-to-solid ratios (SSR) in the soil extractions. The results are then interpreted 
with the charge-distribution (CD) model,32 using a chosen metal (hydr)oxide material as reference for 
which the competitive adsorption isotherms of PO4 have been well parameterized in synthetic systems 
in the presence of CO3 ions. Recently, we have shown that the reactivity of the natural metal (hydr)oxide 
fraction of agricultural Dutch top-soils is better described when Fh, rather than well-crystallized 
goethite, is used as a reference oxide material in the CD model.31  

In highly weathered soils from the humid tropics, crystalline Fe- and Al-(hydr)oxides (e.g. goethite, 
hematite and gibbsite) often dominate the (hydr)oxide fraction,33,34 while the contribution of the nano-
sized metal (hydr)oxides (i.e. Fh-like materials) may be relatively small on a mass basis. Nevertheless, 
it is still possible that these nano-sized materials greatly contribute to the overall reactivity of soils, even 
at low concentrations, because the specific surface area of these nanoparticles is relatively high. 
Therefore, the question that arises now is how to represent the behavior of the metal (hydr)oxide 
fractions of these tropical soils using synthetic (hydr)oxides as proxies. In this study, we attempt to 
answer this question.  

In soils, PO4 can be categorized in different pools: i.e. dissolved ions, reversibly adsorbed to surfaces, 
and occluded by minerals. Often, these pools are operationally defined by selective extraction methods.35 
The relative contribution of these different phosphorus pools may change according to the soil 
weathering stage,35,36 and therefore, it can be very different for intensively weathered soils from the 
tropics, compared to the soils from temperate climates, studied previously.31 The possible contribution 
of occluded PO4 to the total pool of PO4 associated to the metal (hydr)oxide minerals will be evaluated 
in the present study by measuring PO4 in dithionite-citrate (DC) extracts of the highly-weathered tropical 
soils and comparing the results to the amount of reversibly bound phosphate (R-PO4). The latter is 
calculated simultaneously with the RSA, by interpreting with the CD model the results of the probe-ion 
method.  

The presence of SOM interacting with the surfaces of metal (hydr)oxides influences ion adsorption 
by occupying reactive sites and by introducing negative charge at the mineral-solution interface. For 
PO4 and oxyanions in general, this competitive interaction with adsorbed SOM will lead to a decreased 
adsorption to the metal (hydr)oxide surfaces.1,37,38 The interaction between SOM and metal (hydr)oxide 
nanoparticles is also important from the perspective of soil organic carbon (SOC) stabilization.39–42 It 
has been proposed that metal (hydr)oxide nanoparticles in soils may be embedded in a matrix of organic 
molecules, forming relatively stable organo-mineral associations.6,43,44 However, a clear structural view 
of these nano-scale associations is still missing in the literature.  

The objective of the present study is to assess the surface reactivity of the natural metal (hydr)oxide 
fraction, applying the probe-ion method for a series of tropical top soils containing large amounts of Fe 
and Al-(hydr)oxide in comparison to the series of topsoils from a temperate climate, studied in our 
previous contribution.31 The experimental PO4 desorption data will be interpreted with the CD-model, 
using either Fh or goethite as reference metal (hydr)oxide material to establish which model oxide is a 
better proxy for the reactive fraction of metal (hydr)oxides in this set of weathered soils. In addition, by 
integrating our experimental and modeling results, important insights will be derived into the 
characteristics of the reactive metal (hydr)oxide fraction and its nano-scale interactions with SOM. The 
challenge is to formulate a conceptual model that describes the nanoscale structure of the organo-mineral 
associations of the highly weathered tropical soils.  
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8.2. Methodology 

8.2.1. General soil characteristics 

From a larger set of tropical soil samples, 18 samples were selected based on differences in pH, total 
SOC, acid ammonium oxalate (AO) extractable PO4 and Fe and Al-(hydr)oxides content. The soils 
originate from Burundi (samples 1–15) and Kenya (samples 16–18). A set of general characteristics of 
the selected soil samples are shown in Table 8.1. These samples cover a wide range of soil characteristics 
such as pH (4.1–6.8), total SOC content (0.3–5 %), and clay content (2–71 %). According to the soil 
grids system,45 based on the World Reference Base (WRB) soil classification system, the majority of 
the soils are classified as Acrisol and Ferralsol, which are typically highly weathered soils from the 
humid tropics, generally known for their low natural fertility and high P adsorption capacity. 

 

8.2.2. Chemical analyses for samples characterization 

Total SOC content in the soils was analyzed using a wet oxidation method according to the Kurmies 
procedure and measured with a spectrophotometer.46 The clay content was measured by a laser-
diffraction method. The volume percentage of the particle fraction smaller than 2 µm was re-calculated 
to the mass percentage of clay using a particle density of 2.6 g cm-3 and a bulk density of 1.3 g cm-3. The 
equilibrium PO4 concentration and pH were analyzed in 0.01 M CaCl2 soil extracts, according to a 
standard procedure.47 The colorimetric determination of PO4 in the CaCl2 extractions were done using a 
modified SFA instrument that increases the sensitivity of the analysis and reduces the detection limit of 
P-PO4 to ~0.06 µM, as described recently by Koopmans et al.48 

The nano-crystalline fraction of Fe and Al-(hydr)oxides of the soils was estimated using acid 
ammonium oxalate (AO). Dried soil samples were extracted with a solution (pH 3.0 ± 0.1) containing 
0.1 M di-ammonium oxalate and 0.1 M oxalic acid at a solution-to-solid ratio (SSR) of 20 L kg-1. 
Samples were equilibrated in the dark at a constant temperature of 20 °C and continuously shaken using 
an end-over-end shaker. After equilibration, samples were centrifuged at 2100g for 30 min and an 
aliquot of the supernatant was filtered over a 0.45 µm membrane filter. The filtrates were measured for 
Al (AO-Al), Fe (AO-Fe) and total P (AO-Ptot) using ICP-OES (Varian Vista Pro or Thermo Scientific 
iCAP6500). In a separate batch of AO extractions, the inorganic ortho-phosphate (AO-PO4) was 
analyzed using a segmented flow analyzer (SFA), applying a colorimetric molybdenum-blue method.49 
For the AO-PO4 analysis, the samples were diluted 100 times with demi-water to eliminate the 
interference of oxalate for the colorimetric reaction.50,51 Preliminary tests showed no differences in the 
PO4 concentration measured with either 10- or 100-times dilution of the AO soil extracts. Presently, we 
applied the ISO protocol for AO extractions which prescribes an extraction time of 4 h,52 while this 
method was originally established using an extraction time of 2 h.53 We assessed the effect of using 
either 4 or 2 h as extraction time on the measured concentrations of AO extractable Ptot, PO4 Al and Fe. 
For PO4 measurements, the concentration increased on average ~10 % when increasing the equilibration 
time from 2 to 4 h, while this increment was more for Ptot (22%), FeAO (40%) and AlAO (27%). Since the 
AO-PO4 data will be mainly used as an end point to validate our modeling results, we expect only slight 
effects of the choice of equilibration time for the discussion of the results.  

To assess the crystalline metal (hydr)oxide fraction of the soils, dithionite-citrate (DC) extractions 
were done. The DC extractions were performed based on the ISO protocol.54 Briefly, dried soil samples 
were extracted with a mixture of 0.3 M sodium acetate, 0.2 M trisodium citrate and 0.3 M sodium 
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dithionite, adjusted to pH 4.8 with sodium acetate, at a SSR of 20 L kg-1. Samples were equilibrated for 
3.5 h in a water bath at 60 °C. After equilibration, samples were centrifuged at 3000g for 30 min and an 
aliquot of the supernatant was filtered over a 0.45 µm membrane filter. The filtrates were subsequently 
analyzed for Fe (DC-Fe), Al (DC-Al) and total P (DC-Ptot) by ICP-OES and for inorganic ortho-PO4 
(DC-PO4) by SFA using a colorimetric molybdenum-blue method.49 For the soil samples 16 to 18, the 
DC-PO4 pool was not analyzed. Similar to the AO extracts, the DC extracts were diluted (x100) with 
demi-water prior to the colorimetric analyses of PO4. The crystalline fraction of Fe and Al-(hydr)oxides 
was estimated as the difference between the DC- and AO-extractable amounts of Fe and Al. 

 

8.2.3. Equilibrium NaHCO3 extractions 

PO4 desorption data were collected applying the probe-ion method proposed by Hiemstra et al.24 In 
this method, soil extractions with a 0.5 M NaHCO3 solution (pH 8.5) are performed to promote the PO4 

desorption from the soil mineral surfaces.55 First, a fresh 0.5 M NaHCO3 solution was prepared by 
dissolving 21.2 g of NaHCO3 in 0.5 L of demi-water. The pH of the NaHCO3 solution was then adjusted 
to pH 8.5 using a 2 M NaOH solution. Dried soil samples were extracted with the 0.5 M NaHCO3 
solution at six different SSR of 10, 20, 50, 80, 100 and 200 L kg-1. For the three lowest SSRs, soils were 
extracted with 20 mL of the NaHCO3 solution in 50 mL polyethylene tubes, whereas for the three highest 
SSRs, soils were extracted with 90 mL of NaHCO3 in polyethylene 225 mL bottles. These conditions 
led to a constant gas-to-solution volume ratio of 1.5 L L-1 among all SSR.  

In soils, the presence of SOM may affect the PO4−CO3 interaction due to competition with PO4 for 
the binding sites at the soil surfaces. To suppress this possible effect during the NaHCO3 extractions, an 
excess of powered activated carbon (AC) was added (0.40 g g-1 soil) to the soil suspensions. Because 
the AC might contain small amounts of PO4, the AC was pre-cleaned with AO-solution.48 An additional 
rising step with 0.5 M NaHCO3 was included before drying the AC at 40 °C for 3 days. For each 
extraction batch, blank samples were included containing only AC and the NaHCO3 solution. The PO4 
concentration in these blank samples ranged from 0.01 to 0.05 mg L-1, which was relatively low 
compared to the PO4 concentration measured in the supernatants of the soil samples (0.13 – 12.45 mg 
L-1 PO4). 

In a pre-experiment, we evaluated the kinetics of PO4 desorption in the NaHCO3 solution using three 
soil samples at two different SSR (10 and 100 L kg-1). The samples were shaken for 24, 168, 336, 504 
and 672 h in an end-over-end shaker at 30 cycles per min. Based on the kinetic experiment, a final 
equilibration time of 504 hours (21 days) was used for the main experiment. After equilibration, the pH 
was measured with a glass electrode and the samples were centrifuged at 3000g for 10 min and filtered 
over 0.45 µm membrane filters. Before measuring the PO4 concentration using the colorimetric 
molybdenum-blue method,49 the filtrate was diluted (3×) with a 0.3 M HCl solution to adjust the pH 
value to pH~2 and the excess CO2 was removed from the filtrate by degassing these solutions in an 
ultrasonic bath for ~10 min. 
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8.2.4. Surface complexation modeling 

The charge distribution (CD) model32 was used to calculate the reactive surface area (RSA in m2 g-1 

soil) of each soil sample, based on the experimental PO4 concentrations measured in the 0.5 M NaHCO3 
extraction solution at different SSRs. In this approach the amount of reactive PO4 (R-PO4 in mol kg-1) 
that is reversibly adsorbed in soils is simultaneously calculated by modeling. A detailed modeling 
description is given by Hiemstra et al.24 The RSA and R-PO4 were calculated using two different Fe 
(hydr)oxides as proxy to represent the natural metal (hydr)oxide fraction, namely ferrihydrite (Fh) and 
goethite.  

To identify which reference material (i.e. Fh or goethite) is a better proxy for the natural metal 
(hydr)oxide fraction in our set of soils, the amount of PO4 extracted by the selective dissolution 
extractions (i.e. AO and DC) was compared to the R-PO4 pool obtained by modeling the PO4 desorption 
curves measured in 0.5 M NaHCO3. In the modeling, the adsorption interaction between PO4 and CO3 
is described using an internally consistent thermodynamic database calibrated previously in model 
systems with freshly prepared Fh nanoparticles56 and well-crystallized goethite.57 The CD model is 
combined with state-of-the-art multi-site ion complexation (MUSIC) models for the specific model 
(hydr)oxide considered.32,58 The model calculations were done using ECOSAT program (version 4.9)59 
in combination with the FIT program (version 2.581)60 for optimization of the RSA and R-PO4 values. 

 

8.3. Results and Discussion 

8.3.1. Phosphate desorption in 0.5 M NaHCO3 extractions 

In a preliminary experiment, the PO4 desorption kinetics were tested by measuring the concentration 
of  PO4 in the 0.5 M NaHCO3 soil extracts for 3 samples at 2 different SSR (10 and 100 L kg-1) and at 5 
equilibration times (from 24 to 672 h). Based on these results, we considered an equilibration time of 
~500 h (21 d) sufficient for reaching equilibrium concentrations of PO4 in the 0.5 M NaHCO3 soil 
extracts. This equilibration period was consequently used in the main experiment for measuring the PO4 
concentration at different SSR values.  

In Figure 8.1, the equilibrium PO4 concentration in the 0.5 M NaHCO3 soil extracts as a function of 
the SSR is given for six selected soil samples. In general, our series of soil samples present a wide range 
of equilibrium PO4 concentrations. At the lowest SSR, the lowest and highest PO4 concentration differ 
by a factor of ~60 amongst all soil samples. For all SSRs, the measured PO4 concentrations were 
considerably higher than our detection limit for measuring PO4 colorimetrically in the 0.5 M NaHCO3 

soil extracts (dotted line in Figure 8.1). From a practical perspective, this observation is important 
because the probe-ion method was originally developed and tested for agricultural topsoils from the 
Netherlands, which usually have higher PO4 concentrations in solution. The data in Figure 8.1 show that 
within the chosen SSR range, it is possible to measure accurately the equilibrium concentration of PO4 
in our set of tropical soils that have lower P levels. 

As expected, the highest PO4 concentrations in the soil extracts are found at the lowest SSR. At 
increasing the SSR (i.e. further dilution of the soil sample), the equilibrium PO4 concentrations decrease 
but less than expected from the imposed dilution factor, because additional PO4 is released from the soil 
surfaces. The PO4 buffering capacity of the soil leads to non-linearity of the dilution curves. In Figure 
8.1, the slope of the PO4 dilution curves is therefore related to the soil buffer capacity of PO4, which is 
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determined by the reactive surface area of the soil.24 Soils with less steep dilution curves are expected 
to have a higher RSA. If the soil would not release any additional PO4 upon soil sample dilution, the 
experimental PO4 concentration would be expected to decrease linearly with the SSR (dashed line in 
Figure 8.1). As can be inferred from Figure 8.1, the PO4 buffer capacity, and consequently the RSA, 
greatly differ among soil samples.  

 

 
Figure 8.1. Phosphate (PO4) concentrations in 0.5 M NaHCO3 solution at a pH value near 8.5 as a function of the 
solution-to-solid ratios (SSR in L kg-1) for six selected soil samples. The full lines are the CD model calculations 
using ferrihydrite as reference metal (hydr)oxide material and using RSA and R-PO4 as the adjustable parameters 
of model. The adsorption interaction CO3-PO4 is described using the model parameters from Mendez and 
Hiemstra.56 The dashed diagonal line represents a theoretical linear dilution curve, i.e. a 10 times decrease in SSR 
results in a 10 times lower PO4 concentration in solution. The experimental data shows a lower slope than the 
linear dilution curve, which is due to release of PO4 from the soil surfaces (i.e. PO4 buffering) at a decreasing SSR. 
The red dotted horizontal line represents the lowest concentration in the 0.5 M NaHCO3 solution measurable with 
our analytical procedure.  

 

8.3.2. Reactive adsorbed phosphate pool 

The pool of reactive PO4 reversibly adsorbed to the soil surfaces (R-PO4) can be revealed by 
interpreting with the CD model the results obtained with the probe-ion method. This R-PO4 pool controls 
the solid-solution partitioning of PO4 in the 0.5 M NaHCO3 soil extractions at different SSRs. In the CD 
modeling, the calculated R-PO4 pool size depends on the properties of the metal (hydr)oxide chosen as 
reference, in our study either goethite or Fh. In this section, we will compare the modeled R-PO4 values 
with the amount of inorganic PO4 that is removed with a soil extraction methodology that selectively 
dissolves the nano-(hydr)oxide fraction of soils. Our benchmark will be finding agreement between the 
experimental PO4 pool and the R-PO4 pool obtained by CD modeling of the results of the probe-ion 
method.  

AO extractions are often applied to selectively dissolve and quantify the nanocrystalline fraction of 
Fe and Al (hydr)oxides in soils.61–63 In the AO extractions, the total pool of P released (AO-Ptot) can also 
be conveniently analyzed by ICP-OES, simultaneously to the analysis of Fe and Al. The results are often 
used for assessing the degree of P saturation in soils.64–66 Long-term experiments have shown that nearly 
all P that can be extracted with AO is potentially desorbable when the soil is exposed to an “infinite” 
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sink condition for P.67 In line with these results, others have found that AO-Ptot was largely desorbable 
in a long-term P mining experiment.64   

In the original probe-ion approach developed by Hiemstra et al.,24 the calculated amount of reversibly 
bound PO4 (R-PO4) was compared with AO-Ptot measured by ICP-OES, rather than with inorganic ortho-
PO4 (AO-PO4) measured using a colorimetric molybdenum-blue methodology.49,51,68  However, the AO-
Ptot pool may also include other P species different than inorganic ortho-PO4, specially organic P,69 
whereas the probe-ion method is based on the measurement of the equilibrium concentration of ortho-
PO4 in the 0.5 M NaHCO3 extracts. For instance, inositol phosphates, the most abundant organic P (Porg) 
form in soils, can be effectively extracted by AO solutions.70 Therefore, we have used in the present 
study the experimental data of AO-PO4, rather than AO-Ptot, as validation criterion in our evaluation of 
the R-PO4 values obtained by CD modeling. For a series of Dutch top soils, we have recently shown that 
the experimental measurements of AO-PO4 agree well with the R-PO4 revealed by CD modeling of the 
desorption behavior of PO4 in 0.5 M NaHCO3, using Fh as a proxy.31 

Figure 8.2a gives the amount of reversibly bound PO4, calculated with the CD model using Fh as 
reference (hydr)oxide (colored spheres) in relation to the experimental AO-PO4 pool. Both model and 
experimental PO4 pools agree very well (1:1 line), while this is not the case when goethite is used as 
reference (hydr)oxide in the CD modeling (open squares). In the case of using goethite as proxy, the R-
PO4 values predicted by the model are ~ 2 times higher than the experimental AO-PO4 pool. Therefore, 
using the AO-PO4 data as validation criterion, we conclude that Fh is a better proxy for the reactive 
fraction of Fe and Al-(hydr)oxides of our soils.  

In Figure 8.2a, we have used the amount of ortho-PO4 measured in the AO extracts. If total P (AO-
Ptot) is used instead, the 1:1 relationship with the R-PO4 values found with Fh as reference (hydr)oxide 
is lost, which is due to the presence of organic P. Defining the amount of organic P in the AO extracts 
(Porg) as the difference between AO-Ptot and AO-PO4, a positive relationship is found between Porg and 
the measured total SOC content (R2 = 0.80, p<0.05), which suggests soil organic matter as an important  
source of Porg in the AO soil extracts. For our soils, the difference between the total amount of P (AO-
Ptot) and ortho-PO4 (AO-PO4) is large and increases at increasing SOC content, reaching values of near 
50%. On average, a value of 0.55 is found for the PO4/Ptot ratio in the AO extracts of this set of weathered 
top-soil agricultural. This ratio agrees with the PE /AO-Ptot fraction found in other SCM studies,2,71 where 
PE stands for the isotopically exchangeable PO4, which was used to estimate the reversibly adsorbed 
fraction of PO4 as an alternative to AO extraction method. In the latter studies, the use of AO-Ptot as a 
proxy for R-PO4 in SCM led to overestimations of the P concentration in soil leachates71 and soil 

extraction solutions.2 However, the contribution of Porg to the AO-Ptot was not explicitly considered in 
these studies, whereas it can significantly contribute to the total pool of P measured in AO extractions, 
as we have shown here.  

In addition to the AO extractions, soils are usually extracted with dithionite-citrate (DC) to assess 
the total content of Fe and Al (hydr)oxides, containing the fraction of nanocrystalline and crystalline 
metal (hydr)oxides.72,73 Because our present set of tropical soils have a relatively high content of 
crystalline metal (hydr)oxides (Table 8.1), we have also measured the pool of inorganic PO4 that can be 
extracted with the DC (DC-PO4). The DC-PO4 pool represents the total amount of PO4 that is associated 
with natural metal (hydr)oxides in soils, but as shown in Figure 8.2b, there is no relationship between 
the experimental DC-PO4 pool and the R-PO4 values found by modeling, using either Fh or goethite as 
the reference metal (hydr)oxide. The experimental DC-PO4 is considerably larger than the calculated R-
PO4, indicating that this PO4 pool is an important contributor to the total PO4 content in soils. However, 
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it does not contribute to the equilibration of PO4 in the 0.5 M NaHCO3 extractions, i.e. a significant 
fraction of PO4 in these soils is irreversibly adsorbed. The DC-PO4 measurements, together with our 
other model and experimental results, will provide information about the distribution of PO4 within the 
nano and micro organo-mineral domains (Section 8.3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2. Comparison between the reversibly bound PO4 (R-PO4) calculated by the CD model using either 
goethite or Fh as reference metal (hydr)oxide and experimental measurements of PO4 in (a) ammonium oxalate 
(AO) extractions or (b) in dithionite-citrate (DC) extractions. Both x-and y- axes are shown based on log10 scale. 
In panel b, no DC-PO4 data are available for samples 16–18. 

 

In Table 8.2, we summarize and compare the results of the selective dissolutions extraction as well 
as the modeling results of R-PO4 and RSA for the tropical soils from this study and the Dutch top soils 
from our previous study.31 The tropical soils have, on a molar basis, a larger contribution of crystalline 
metal (hydr)oxides, reflected in lower AO:DC ratio of Fe and Al. Interestingly, the reactivity of these 
tropical soils can be best described using Fh as reference metal (hydr)oxide. In this respect, these tropical 
top-soils do not differ from the temperate soils studied previously. A clear difference between both types 
of soils is the molar ratio PO4 / (Fe+Al), measured in AO extracts. For the set of tropical soils, this molar 
ratio is on average 0.03, which is substantially lower than the average ratio (PO4 / (Fe+Al) 0.13) found 
for the Dutch soils.31 The difference might be due to the different origin and history of PO4 fertilization, 
since the sum of Fe and Al in AO is similar between the two soil sets.  
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Table 8.2. Comparison of the experimental and modeling results between the tropical soils from this study and the 
set of topsoils from temperate regions, studied previusly.31 Fe and Al were measured in acid ammonium oxalate 
(AO) and dithionite-citrate (DC) extractions. Ptot and PO4 were measured in the AO extracts by ICP-OES and a 
colorimetric blue method, respectively. Based on the probe-ion method described by Hiemstra et al.,24 the reactive 
surface area (RSA) and reactive PO4 pool (R-PO4) were calculated using Fh as model (hydr)oxide.31 

 

   AO    DC    AO:DC  AO Probe-ion method 

   Fe Al  Fe Al  Fe Al    PO4 / 
(Fe+Al) R-PO4 RSA 

 
 ----------------mmol kg-1-----------------  -------------molar ratio------------- mmol kg-1 m2 g-1 soil 

Tropical 
soils 

mean 48.9 101.3   448.3 164.9   0.12 0.59 0.03 2.8 14.3 
min 7.8 24.1   67.0 39.4   0.05 0.38 0.01 0.9 1.7 
max 156.2 314.3   996.1 328.7   0.34 0.96 0.15 14.3 39.1 

Temperate 
soils 

mean 102.1 28.6   188.4 33.8   0.58 0.80 0.13 12.5 9.0 
min 10.5 3.0   16.0 6.0   0.28 0.50 0.03 3.2 2.1 
max 342.2 57.7   852.0 59.0   0.95 1.30* 0.48 27.9 19.5 

* For the soil from the temperate regions, soils extractions with dithionite-citrate-bicarbonate (DCB) solution were 
performed, rather than the dithionite-citrate (DC) extraction used in the present study. Details of DCB extraction 
procedure are described in Hiemstra et al.24 
** For one soil sample, the measured Al content in the AO soils extracts was higher than in the DCB extracts, 
which may be due to an experimental error in the measurement of either soil extracts. 

 

8.3.3. Reactive and specific surface area 

The reactive surface area (RSA) of our soils, calculated with Fh as a proxy, varies by a factor of ~20, 
over the range ~2–40 m2 g-1 soil (Table 8.1). In case of using goethite as reference metal (hydr)oxide, 
the variation is less, over the range ~1.5–15 m2 g-1 soil. The RSA values calculated with goethite as 
reference are generally lower than the values obtained by using Fh as reference (hydr)oxide. 
Remarkably, the opposite has been reported previously for a set of Dutch soils.31 This difference can be 
understood from the difference in shape of the competitive PO4 isotherm of goethite and Fh in 0.5 M 
NaHCO3, relating the concentration (c) of PO4 in solution to the surface PO4 loading (Γ). 

In 0.5 M NaHCO3 solution (pH = 8.5), the high affinity character of PO4 adsorption is much better 
preserved in goethite than in Fh systems. It implies that at low surface PO4 loadings, the competitive 
PO4 adsorption isotherm of goethite has larger variation in slope (ΔΓi /Δci) than the corresponding PO4 
isotherm of Fh.31,56 However, because of its higher affinity character, the competitive PO4 isotherm of 
goethite flattens down sooner (i.e. at lower PO4 concentrations) than the isotherm of Fh. Consequently, 
the slope (ΔΓI / Δci) of the competitive PO4 isotherm of goethite is steeper when the tropical soils are 
interpreted, as these soils have a relatively low PO4 surface loading, while the isotherm of goethite is 
flatter in the range of interpretation of the probe-ion data of the Dutch soils, both relatively to the slopes 
of isotherms of Fh at the corresponding PO4 levels. As the slope of the isotherms is leading in the 
outcome of the CD modeling,31,56 using goethite as proxy results in RSA values that are underestimated 
for the tropical soils (i.e. with low PO4 loadings) and overestimated in the Dutch soils (i.e. with high 
PO4 loadings), both compared to the corresponding predictions using Fh as proxy. 

In Section 8.3.2, based on the comparison between R-PO4 and AO-PO4, we have concluded that the 
reactivity of the natural metal (hydr)oxides with PO4 in our set of tropical soils can be best described 
using Fh as reference metal (hydr)oxide in the CD modeling. Nevertheless, the question arises whether 
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the fraction of well-crystallized Fe and Al (hydr)oxides also contributes to the soil reactivity for PO4. 
This will be discussed next.  

Figure 8.3 shows that the calculated RSA of our tropical soils is positively correlated to the molar 
concentration of Fe and Al in the AO ([Fe+Al]AO) and DC ([Fe+Al]DC) soil extracts. The slope of the 
regression lines represents the mean specific surface area (SSA) of the metal (hydr)oxide fraction. 
Expressed per mole Fe+Al, it leads to a mean value of SSA = 110 ± 22 m2 mmol-1 when the RSA values 
are scaled to the content of [Fe+Al]AO and SSA = 23 ± 5 m2 mmol-1 in case of scaling to the content of 
[Fe+Al]DC. This large difference is due to the significant contribution of well-crystallized Fe and Al 
(hydr)oxides ([Fe+Al]Cryst) to the total Fe and Al measured in the DC soil extracts. The mean SSA value 
obtained at scaling RSA to [Fe+Al]AO is about two-fold higher for our tropical soils in comparison to 
the mean SSA (65 ± 22 m2 mmol-1) found for a series of Dutch agricultural topsoils.31 The higher surface 
area per mole of [Fe+Al]AO of the tropical soils may be related to the much larger fraction of Al ions in 
the AO extracts of these soils (Table 8.2), as we will explain in Section 8.3.4. 

The data in Figure 8.3 show a large scattering around the regression lines. It implies that the values 
for the SSA vary significantly amongst soils. Expressed in the more conventional unit of m2 g-1, the SSA 
varies between ~400 – 1750 m2 g-1 at scaling of the RSA to the fraction of [Fe+Al]AO (see Section 8.3.4). 
This high variability implies that estimation of the RSA, based on the amount of Fe and Al extracted 
with AO and an assumed “standard” value for the SSA, is inadequate.  

The difference between [Fe+Al]DC and [Fe+Al]AO represents the fraction of crystalline Fe and Al 
(hydr)oxides ([Fe+Al]Cryst). On average, the molar ratio [Fe+Al]AO / [Fe+Al]Cryst is ~0.4 for the set of 
tropical soils, i.e. the crystalline fraction dominates. However, crystalline (hydr)oxides contribute 
generally much more in terms of mass than in terms of surface reactivity. The reason is the relatively 
large difference in SSA. Nanocrystalline (hydr)oxides typically have a ~10 times higher SSA than well-
crystallized (hydr)oxides. Using this assumption, exploratory calculations show that the contribution of 
the nanocrystalline Fe and Al (hydr)oxides dominates the RSA, being on average ~75%. When doing a 
multiple regression analysis using [Fe+Al]AO and [Fe+Al]Cryst as two independent variables, only 
[Fe+Al]AO is found to be significant for explaining the modeled values of RSA (R2= 0.87, with p < 0.05 
for [Fe+Al]AO and p > 0.5 for[Fe+Al]Cryst). This suggests that despite the large mass fraction of 
crystalline Fe and Al (hydr)oxides, the nanocrystalline (hydr)oxides are a major factor determining the 
reactivity of the metal (hydr)oxides in our set of highly weathered soils. 

In our dataset, only soil 3 deviates from the relation between AO-extractable Fe and Al and RSA 
(open circle, Figure 8.3). This soil has almost no PO4 associated to the crystalline (hydr)oxide fraction, 
i.e. AO-PO4 ≈ DC-PO4, and good agreement exists between AO-PO4 and the model R-PO4 (Figure 8.2a). 
Therefore, the observed deviation is likely due to a relatively high amount of AO extractable metal ions 
([Fe+Al]AO). This soil has the highest soil organic matter content (SOM = 5%) and its pH is low (~4.0), 
which in combination may lead to a contribution of Al3+ or Al polymers complexed by SOM, as AO 
solution is also able to extract such species.74 
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Figure 8.3. Relationship between the reactive surface area (RSA), calculated with the probe-ion method using Fh 
as reference (hydr)oxide in the CD model calculations, and the Fe+Al content measured either in the ammonium 
oxalate (AO) or in the dithionite-citrate (DC) soil extracts.  

 

8.3.4. Mean particle size 

As mentioned above, the slope of the regression lines in Figure 8.3 represents the mean SSA of the 
metal (hydr)oxide fraction expressed in m2 mmol-1. Expressing these SSAs in a more conventional unit 
of m2 g-1 of metal (hydr)oxides requires information about the value of molar mass (Mnano in g 
(hydr)oxide mol-1 Fe or Al). In addition, the mass density value (ρnano) of the metal (hydr)oxide particles 
is needed for translating the SSA into an equivalent particle diameter. However, for metal (hydr)oxide 
nanoparticles, the values of SSA, Mnano, and ρnano are not constant but they are particle size-dependent, 
and therefore, they need to be calculated iteratively.   

In the present contribution, we have used a recent approach for scaling, in a consistent and systematic 
manner, the modeled values of RSA to the amount Fe and Al extracted by AO.31 In this approach, the 
chemical composition of the natural Fe and Al (hydr)oxides is represented by Fh (FeO1.4(OH)0.2∙nH2O) 
and nano-particulate Al hydroxide (Al(OH)3∙nH2O), respectively. In both cases, nH2O is the excess 
amount of water related to the presence of surface groups. The iterative calculations start by assuming 
an equal particle diameter (d) for both types of metal (hydr)oxides in a soil. Applying a set of 
mathematical relationships given by Hiemstra,75 a consistent set of specific surface areas (A), Mnano, and 
ρnano can be calculated for each reactive fraction of Fe and Al (hydr)oxides. For calculating the total 
RSA, the values for the SSA of both Fe and Al (hydr)oxide particles are mass-weighted summed, based 
on the contents of Fe and Al measured in the AO-extractions. The calculations are repeated iteratively 
until the calculated RSA is equal to the RSA derived with the probe-ion method. The details of the 
calculations are described in Mendez et al.,31 and the final results for each soil are given in Table S8.1.  

For our tropical soils, we found an average particle diameter of the (hydr)oxides of d ~2.3 nm. This 
particle size is similar to the particle size of Fh, freshly prepared in the laboratory76 having a SSA of A 
~ 700 m2 g-1. For Al(OH)3.nH2O nanoparticles with a mean size of  d ~ 2.3, the SSA is A ~ 1200 m2 g-1, 
which is much larger than for Fh. The reason is the much lower mass density of the Al(OH)3.nH2O 
nanoparticles as this material has light (Al) and very light (H) cations compensating the oxygen charge 
in the lattice, in contrast to Fh where most neutralizing cations are heavy (Fe).31 The much lower mass 
density ρnano of the Al hydroxide fraction strongly changes the relation between SSA and spherical 
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particle diameter d  according to SSA= 6/ (ρnano d). As the tropical soils have a high fraction of Al in the 
AO extracts (~ 67 ± 8 mass %), the mean SSA is close to A ~1000 m2 g-1 at an equivalent particle mean 
diameter of d  ~ 2.3 nm. 

For the various tropical soils of this study, the representative spherical particle size is in the range of 
1.4 – 5.5 nm. A similar range has been found for the topsoils from temperate regions studied previously, 
covering the range 1.5 – 5.1 nm.31 In the tropical topsoils, the smallest particles would typically contain 
~22 metal ions while for the temperate topsoils, the smallest size is equivalent to particles with ~50 
metal ions. The difference might have various reasons. It can be related to the larger mean molar ratio 
Al/Fe of the nano oxide fraction, being for our tropical soils ~2.0 while it is just ~0.4 for the temperate 
soils. Moreover, if the Al rich particles have a slightly higher PO4 affinity than Fh,77 using the latter as 
proxy for the assessment of the RSA will lead to an overestimation of the surface area and consequently, 
a smaller particle size. This potential bias does not necessarily mean that the probe-ion is not suitable 
for application in this type of Al-rich soils. If the general adsorption behavior of both types of materials 
is similar, i.e. both have isotherms of similar shape,77 a small systematic difference in affinity can be 
compensated by a slightly different RSA and then, nevertheless can be used in SCM of soils, for the 
time being. 

An assumption in our approach of calculating the mean spherical size is that the Fe and Al are present 
in separate phases in soils, for which the corresponding size-dependent properties are calculated. 
However, in natural systems, it is often found that in metal (hydr)oxides Fe is substituted by Al, 
especially for highly weathered soils.78 For natural goethite in highly weathered soils up to 30% of 
substitution of Fe with Al has been reported.79 For the soils in this study, Al contributes on average 15 
% to the total crystalline (hydr)oxide fraction but in the AO extract, the Al contribution is on average 
68%. For the soils in this study, with relatively high molar contribution of the AO-extractable metal 
(hydr)oxide content, the formation of separate Al an Fe phases may be very likely. 

 

8.3.5. Structural model for the metal (hydr)oxide fraction 

8.3.5.1. Crystalline fraction with occluded phosphate  

In Sections 8.3.2 to 8.3.4, we have shown that the nanocrystalline Fe and Al (hydr)oxides are the 
dominant reactive surfaces in our soils, controlling the solid-solution partitioning of PO4 in the NaHCO3 
extractions. This observation seems remarkable considering that, on a mass basis, the crystalline Fe and 
Al (hydr)oxides are clearly the dominant fraction of metal (hydr)oxides in our set of tropical soil 
samples. In Figure 8.2, we also showed that the modeled values of R-PO4, calculated with Fh as a proxy, 
correlates well (1:1 relationship) with the pool of AO-PO4 but not with DC-PO4. The latter PO4 pool is 
significantly larger than the R-PO4 values, indicating that an important fraction of DC-PO4 is not 
desorbable and does not play a role in the solid-solution partition of PO4 in the NaHCO3 solutions. The 
difference between the PO4 pools extractable with DC and AO can be attributed to the PO4 pool 
associated to the crystalline (hydr)oxide fraction (PO4,crys). This pool of PO4,crys does not take part in the 
surface equilibrium reactions and can be considered as occluded internally in the crystalline (hydr)oxide 
fraction. The possibility of occlusion is supported by observations in synthetic systems, showing that 
recrystallization of Fh to hematite and goethite in the presence of PO4 may lead to a significant retention 
of this oxyanion in an non-desorbable (occluded) form.80  
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8.3.5.2. Organo-mineral associations 

For our soils, a good correlation between SOC and [Fe+Al]ox (r = 0.93, p < 0.001) is observed 
whereas the correlation between SOC and [Fe+Al]crys is not statistically significant (r = 0.26, p = 0.28) 
(Figure S8.1). These experimental data suggest a preferential association of SOM with the 
nanocrystalline fraction of metal (hydr)oxides in agreement with previous observation based on selective 
dissolution extractions41,42,81,82 and more recently confirmed with spectroscopy and electron microscopy 
techniques.83,84 This suggests that in the tropical soils of this study, the AO extractable Fe and Al 
(hydr)oxides mainly determine the formation of organo-mineral associations, despite being less 
abundant than the crystalline Fe and Al (hydr)oxides. 

Figure 8.4a shows the relationship between the experimentally derived RSA and SOC of our soils, 
suggesting that the SOC content tends to increase at increasing the RSA. However, statistically this 
relationship is poor (R2 = 0.11, p < 0.01), and a large variation in SOC density (mg m-2) is expected 
across soil samples. The relationship between RSA and SOC in the present set of soils is less clear than 
the corresponding relationship observed in the agricultural Dutch soils, studied previously31 (see Figure 
7.5 in Chapter 7). In the latter study, a distinct RSA-SOC relationship can be also distinguished in 
function of soil texture. For soils with a higher clay content (>= 20 %), the maximum surface loading 
of SOC is ~2 fold higher, suggesting than clay minerals might also contribute to the bulk SOC content. 
However, in the present set of tropical soils, such a distinction is not found neither (see blue squares vs 
green circles in Figure 8.4a), which may be due to the different type of dominant clay minerals present 
in both types of soils  (1:1 clays in tropical soils vs 2:1 clays in Dutch soils). 

The lack of a clear relationship in the data of Figure 8.4a indicates that apart from RSA, one or more 
other factors are involved in explaining the variation of SOC in these tropical soils. To elucidate this, 
the organo-mineral interaction will be interpreted structurally by considering a mineral core–surface 
layer model in which all SOM is accommodated in a layer with thickness L around the metal (hydr)oxide 
particles, as illustrated by the inset of Figure 8.4b. For each soil with a given diameter d for the metal 
oxide particles and RSA, the layer thickness L has been calculated by fitting it to the volume of SOM, 
assuming a generic carbon content of 58% of SOM and a mass density of ρOM = 1250 kg m-3. A very 
good linear relationship is found between the calculated thickness L of organic matter layer and the 
mean particle diameter d size of the metal (hydr)oxide particles (R2 = 0.87, p < 0.001). Counter-
intuitively, one finds that larger particles are surrounded by thicker layers of SOM. The observed 
relationships of Figures 8.4a,b evidently indicate that the amount of SOC of the series of tropical soils 
cannot be only understood by the reactive surface area of the soil (RSA), but that the mean particle size 
(d) of the metal (hydr)oxide fraction play a crucial role. The latter parameter is directly related to the 
SSA and the metal (hydr)oxide content. In other words, with these basic data about the metal (hydr)oxide 
fraction, the SOC content can be very well explained.   

The value of L varies between ~1 – 3 nm (Figure 8.4a), which is larger than the thickness of the 
compact of the double layer, being only ~0.7 nm.85 The latter thickness is visualized in Figure 8.4b with 
a horizontal dashed line. Only in soils with the smallest metal (hydr)oxide particles and the lowest L, a 
significant fraction of the total SOC can be accommodated in the compact part of the double layer and 
is expected to be in direct contact with the metal (hydr)oxide surfaces.  
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Figure 8.4. (a) Relationship between the bulk soil 
organic carbon (SOC) and the reactive surface area 
(RSA) for mineral soils with a low < 20 % (circles) 
and high clay content ≥ 20 % (squares). The slope 
of the dotted line represents the mean adsorption 
density of SOC (1.1 mg m-2), whereas the full lines 
are for illustrating the wide range of variation of 
SOC adsorption density in the present data set. (b) 
Relationship between the layer thickness L of 
SOM according to a core-surface layer model 
(inset), showing that larger oxide particles are 
associated with more organic matter. The 
horizontal (dash) line represents the thickness of 
the compact part of the double layer, being ~0.7 
nm.85  (c) Relation between the volumes of SOM 
and the volumes of the Fe+Al nano-oxide fraction, 
extractable with AO, both in cm3/g soil. If the 
volume ratio of  Rv = 5 ± 1 is interpreted as a 
coordination number, the arrangement of SOM 
particles around a metal (hydr)oxide core is about 
octahedral if SOM particles are not shared between 
metal (hydry)oxide cores. If SOM particles are 
shared, the coordination number may double, 
leading to a value typical for cub-octahedral 
coordination (CN = 12). The latter structure is 
shown in the inset.  
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In a temperate climate soil series, studied previously, the layer thickness also increases with the mean 
particle size. Similarly, the relationship passes through the origin (intercept = 0) and is linear. However, 
the slope of the relationship is steeper. This implies that at the same particle size (d), the SOM layer (L) 
is thicker. This difference in layer thickness between both types of soils may be due to a difference in 
climate and primary production creating another steady state in the organic matter dynamics. In the 
tropical topsoils, the layer thickness is on average ~2/3 of the layer thickness found for the topsoils of 
the temperate climate. 

The above nano-scale organo-mineral interactions can also be interpreted with an alternative 
structural view, in which the associated material is considered as a collection of discrete particles of 
metal (hydr)oxide and soil organic matter. Remarkably, we found a significant linear relationship (R2 = 
0.89, p < 0.001) between the volumes of both types of primary particles (Figure 8.4c), yielding a volume 
ratio of  Rv ~5 ± 1. If the organo-mineral association in soils are due to self-assembly of SOM and metal 
(hydr)oxide nanoparticles, creating mineral cores surrounded by SOM particles, the volume ratio Rv can 
be interpreted as the mean coordination number (CN). In the tropical soils, this coordination number is 
considerably lower than the mean CN found in the temperate climate soils, where it is 10 ± 1. The latter 
CN is typical for a cubic or cub-octahedral coordination sphere. If these coordination spheres are 
interpreted with Pauling’s first rule, the radii ratio of SOM and metal (hydr)oxide particles are 
respectively rr = 0.8 and 1.0, indicating that both types of primary particles are of similar size. A 
similarly high radii ratio is also possible in tropical soils if the primary OM particles are shared between 
metal (hydr)oxide cores. It implies that a more condensed organo-mineral phase is formed in the tropical 
soils compared to the other soils. As mentioned above, this may be due to another steady state of the 
soil organic carbon dynamics in which agricultural productivity and climate are important factors. 

In the above picture, the primary SOM and metal (hydr)oxide particles are thought to be organized 
by self-assembly at a level above the atomic ordering, leading to the formation of nano aggregates. At a 
higher organization hierarchy, i.e. formation of sub micrometer domains, these nano-scale organo-
mineral associations may be attached to the surfaces of well-crystallized oxides or clay minerals,86,87 
jointly forming domains that contribute to the formation of bigger soil aggregates. Recently, direct 
evidence was found that nano-scale associations between poorly crystalline oxides and SOM act as 
major binding agents, favoring the adhesion of larger and less reactive mineral particles in submicron-
sized aggregates in a volcanic soil.83 The more stable and less reactive metal oxides have a reduced 
capacity to interact with SOM, as compared with the highly reactive nanocrystalline fraction of oxides. 
Increase in  the degree of crystallinity of the metal (hydr)oxide fraction in such  type of soils have been 
related to a decline in SOC content along two natural gradients of age (300 yr to 4100 kyr) and 
precipitation (180-3000 mm).88 

The mass density of the formed organo-mineral association (ρOMOX) can be estimated using the 
volume (VOX) and mass density of the metal (hydr)oxide particles (ρOX) of each soil, combined with the 
volume (VOM) and mass density of soil organic matter (ρOM = 1250 kg m-3). For the tropical soils, this 
leads to mean mass density of ρOMOX = 1490 ± 60 kg m-3, and for the soils from temperate climate, 
studied previously, this value is ρOMOX = 1430 ± 70 kg m-3. The calculated mass densities of the organo-
metal (hydr)oxide association is typical for the “light” fraction of SOM, as often measured by mass 
density fractionation.89,90 Using such experimental approaches, one may also obtain for soils a “heavy” 
SOM fraction, which has been interpreted as organic matter that is directly associated with minerals. To 
unify these observations with the mass densities obtained with our data analysis, one may assume that 
in part the organo-mineral associations are bound to the external surfaces of stacked clay plates, jointly 
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forming micro-aggregates. Moreover, the nano-scale organo-mineral associations may also attach to the 
external surfaces of crystalline metal (hydr)oxide domains and increase in that way the overall mass 
density the micro-aggregates. The organic matter present in these relatively robust and heavy micro-
aggregates may be relatively stable against decomposition by microbes,90 while the light fraction of SOC 
with organo-metal(hydr)oxide domains as dominant fraction may be more accessible to 
microorganisms. 

The above structural picture for the metal (hydr)oxide fraction in our soils agrees with a recent 
conceptual model for the organo-mineral interactions, which proposes that in most soil environments, 
poorly crystalline materials are the first weathering products being formed from primary minerals and 
give rise to the formation of nano-sized organo-mineral associations.91 In tropical soils, intensive 
weathering and relatively low surface PO4 loadings will promote the transformation of nanocrystalline 
metal (hydr)oxides into more crystalline phases, which have a reduced capacity to stabilize SOM. In 
addition, this transformation leads to  occlusion of PO4 ,

36,92 as shown above in Section 3.5.1.  

8.4. Conclusions 
In this contribution, new insights have been elucidated into the properties of the reactive metal 

(hydr)oxide fraction and its nano-scale interactions with SOM in a series of weathered tropical soils. 
First, the effective reactive surface area (RSA) of the metal (hydr)oxide fraction in these soils was 
assessed by implementing a probe-ion methodology based on measuring the adsorption competition 
PO4-CO3 and succeeding CD model interpretation. The probe-ion methodology, initially developed and 
tested for P-rich top-soils from temperate climates, was effectively used in this set of low-P soils without 
major adaptations. Using the pool of AO-PO4 as validation criterion, it has been concluded that Fh is a 
better proxy than goethite for the reactive fraction of Fe and Al-(hydr)oxides of the present set of soils. 
This result is remarkable, considering that in our weathered soils, the molar fraction of nanocrystalline 
metal (hydr)oxides is relatively small in comparison to the fraction of well-crystallized metal 
(hydr)oxides. A significant fraction of PO4 associated to the metal (hydr)oxides (on average ~60%) does 
not take part in equilibrium reactions and can be considered as being occluded internally in the 
crystalline (hydr)oxide fraction. Scaling of the RSA to the AO extractable content of Fe and Al 
(hydr)oxides reveals the large variation in specific surface area (SSA) of the reactive metal (hydr)oxide 
fraction (SSA = ~ 400 – 1750 m2 g-1). The corresponding mean particle size ranges between ~ 1.4 ‒ 5.5 
nm, indicating that nano-sized particles dominate the reactive fraction of metal (hydr)oxides in the 
present set of soils. Different from the series of top-soils from a temperate climate, studied previously, 
the relationship between RSA and SOC content is less clear. This apparent discrepancy can be reconciled 
by interpreting the organo-mineral interactions with a structural mineral core–surface layer model, in 
which SOM is accommodated in a layer with thickness L around the metal (hydr)oxide particles. In both 
cases, the layer thickness L of SOM increases linearly with increasing the mean particle size of the 
reactive metal (hydr)oxide fraction. The average L of the tropical soil is about ~2/3 of the average L 
value of the soils from temperate climate, which possibly results from a difference in the input and 
dynamics of SOM between the two types of soils. Alternatively, the nano-scale organo-mineral 
interactions can be interpreted as a collection of discrete particles of metal (hydr)oxide and soil organic 
matter that are organized by self-assembly. In this view, the volume ratio of SOM-to-metal (hydr)oxides 
particles can be interpreted as the mean coordination number (CN). In the tropical soils, this coordination 
number (5 ± 1) is significantly lower than the mean CN found in the temperate climate soils (10 ± 1), 
suggesting again, a different steady-state of the SOM dynamics between both types of soils.  
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Supplementary Information 
Table S8.1. Size-dependent characteristics of the reactive metal (hydr)oxide fraction of the analyzed set of tropical 
soils. 

Soil d (nm) 
Mnano (g mol-1) a ρnano (g cm3) a A (m2 g-1) a 

SSA (m2 g-1) 
Fe Al Fe Al Fe Al 

1 1.8 105.9 94.4 3.36 2.25 1008 1509 1348 
2 2.3 97.1 89.7 3.69 2.29 702 1133 1007 
3 5.5 86.6 82.4 4.31 2.36 253 463 393 
4 1.8 104.2 93.6 3.41 2.25 955 1447 1315 
5 2.9 93.0 87.1 3.90 2.31 536 905 796 
6 1.7 106.5 94.7 3.34 2.24 1027 1530 1415 
7 1.9 102.8 92.9 3.46 2.26 907 1390 1261 
8 1.6 111.3 96.9 3.20 2.23 1176 1691 1543 
9 2.7 93.7 87.6 3.86 2.31 568 950 777 
10 1.8 106.4 94.6 3.34 2.24 1024 1527 1386 
11 1.4 119.1 99.9 3.03 2.20 1385 1901 1756 
12 2.0 101.3 92.1 3.52 2.27 854 1327 1152 
13 1.8 104.4 93.7 3.41 2.25 962 1455 1271 
14 1.9 102.5 92.7 3.47 2.26 896 1378 1200 
15 3.7 89.7 84.7 4.10 2.34 394 691 594 
16 2.3 97.2 89.7 3.69 2.29 704 1136 918 
17 3.7 89.7 84.8 4.09 2.34 396 695 622 
18 3.8 89.5 84.6 4.11 2.34 385 677 546 

a  The reactive metal (hydr)oxide fraction is assumed to be composed by Fe and Al-(hydr)oxides, whose content is 
estimated from the amount of AO-extractable Fe and Al. The values of ρnano and Mnano are calculated iteratively, 
assuming a common equivalent particle diameter for the Fe and Al-(hydr)oxide nanoparticles (see for explanation 
the Supporting Information in Chapter 7). 
b The SSA was calculated iteratively to account for the size dependency of ρnano and Mnano. It represents the overall 
SSA of the whole oxide fraction, which is mass-weighted based on the content Fe and Al extracted with AO.  

 

 
Figure S8.1. Correlation between bulk soil organic carbon (SOC) content and the amount of nanocrystalline 
(spheres) and crystalline (squares) Fe+Al (hydr)oxides. Both fractions are operationally defined as the amount of 
respectively, [Fe+Al]AO and [Fe+Al]cryst = [Fe+Al]DC - [Fe+Al]AO.  
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9.1. Introduction 

9.1.1. Oxyanion adsorption in soils 

Studying the reactivity of the natural metal (hydr)oxide fraction is essential for understanding the 
binding behavior of ions in the environment, in particular for oxyanions such as phosphate (PO4

3‒), 
arsenate (AsO4

3‒), chromate (CrO4
2‒), and antimonate (Sb(OH)6

‒). These oxyanions have a high binding 
affinity for the surfaces of metal (hydr)oxides,1–5 which controls their bioavailability and mobility in the 
environment. In soils, the metal (hydr)oxide fraction comprises various mineral phases whose 
contribution to the total soil reactivity depends mostly on their specific surface area (SSA).6,7 Goethite 
is one of the most abundant Fe (hydr)oxides in soils. Hematite may also be present, particularly in soils 
of (sub)tropical regions.7 In the past, the reactivity of these materials towards oxyanions has been 
extensively studied.8–11 However, these minerals have a relatively low specific surface area (SSA), 
which may limit their contribution to the overall reactivity of soils. Ferrihydrite (Fh) is a naturally 
occurring Fe (hydr)oxide nanoparticle which, thanks to its ultra-small particle size, has an 
extraordinarily high SSA. Therefore, even if present at low mass concentrations, Fh might greatly 
contribute to the total surface reactivity of soils. The present work contributes to improve our 
understanding of the crucial role of this omnipresent nanomineral in determining the reactivity of soils 
for binding oxyanions.  

The adsorption behavior of oxyanions cannot be properly understood without analyzing the 
adsorption of major cations, and vice versa, as both types of ions interact at the mineral-solution 
interfaces in natural and engineered environments. For instance, the relatively abundant alkaline-earth 
metal ions interact with oxyanions, mutually enhancing their adsorption to metal (hydr)oxides.12–14 This 
implies that information about the binding behavior of major cations is essential if the aim is 
understanding and predicting the adsorption of oxyanions under realistic environmental conditions. In 
addition, the interaction between oxyanions also needs to be considered, as the availability and mobility 
of one oxyanion can increase in the presence of another oxyanion that competes for the same binding 
sites at the surfaces of metal (hydr)oxides.15–18 The principles of these cooperative and competitive 
interactions between ions have been also specific subjects of study in the present work. 

9.1.1. Why studying phosphate adsorption matters?  

Phosphate (hereinafter referred to as PO4) is just one more of the many oxyanions that are important 
for environmental quality. However, in this thesis, the adsorption of PO4 played a central role and its 
behavior has been extensively studied in model Fh systems and applied to soil samples. Phosphate was 
chosen as model oxyanion for studying the surface reactivity of Fh for multiple reasons. It is omnipresent 
in natural systems, where it takes part in the internal phosphorous (P) cycle. Phosphate is an essential 
nutrient for plant growth and food production. In the top-soils, the PO4 surface loading is often high due 
to the high binding affinity of this oxyanion for the natural metal (hydr)oxides.19 Paradoxically, the 
concentration of available PO4 in the soil solution is generally too low to meet the plant growth 
requirements,20 making this essential nutrient a major constraint on food production.  

In human lifetimes, PO4 is a non-renewable resource. This essential resource cannot be artificially 
manufactured and there is no substitute for it, both for plant growth and food production.21 Good quality 
phosphate ores are only available in a few countries, making these ores a strategic and geopolitical 
resource. This situation puts at stake the independency of phosphate supply for many countries.22 
Although controversies have arisen about the origin of the current global P scarcity concerns,23 there is 
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a general consensus that the present situation regarding inefficient management of PO4, and its uneven 
geographical distribution, may compromise the access to this resource in the long-term.21,24  

Phosphorus is intimately linked to a fragile nexus of water, energy and food security.25 Part of the P 
paradox consists in overcoming shortages of available P to sustain food and biofuel production while 
addressing the issue of P surpluses entering aquatic systems, which threats water quality and security.25 
The local cycle of P in unmanaged ecosystems is rather closed; i.e. P transfers beyond the system 
boundary are small. However, various humans activities have altered the natural cycling of P converting 
it into a much more open cycle.26 Transport of P resources from one place to another has important 
implications, not only for the environment, but also from an economic and societal perspective. In high-
input agricultural systems of developed countries, there is often a P surplus due to massive imports of 
feed for livestock or to intensive P fertilizer applications. On a global scale, this implies the removal and 
transport of P resources from elsewhere, causing a series of environmental and societal problems such 
as soil degradation, lack of food and consequently, poverty, disintegration of communities, and 
migration of populations.  

Therefore, there is a worldwide need for well-managing PO4 in soils, particularly in a world with a 
still fast-growing population that needs to be fed. Changes in the habits of consumption of many 
emerging economies add additional pressure on the P resource.21,26 Considering the above global 
context, the scientific, economic and societal relevance of studying the underlying processes affecting 
the availability of PO4 is evident. As mentioned, the adsorption of PO4 to the natural fraction of metal 
(hydr)oxides is one of these major processes controlling the environmental fate of this essential resource. 

9.1.2. Thesis contribution 

This thesis aimed to get insights into the surface reactivity of Fh, particularly in relation to the 
adsorption of PO4 and its interfacial interactions with other ions that are relevant in the environment and 
from the perspective of soil chemical analysis (i.e. CO3, Ca, Mg). To date, these interactions had not 
been systematically studied for well-characterized fresh Fh suspensions. The ultimate goal was to 
contribute to develop a consistent surface complexation modeling (SCM) approach for describing the 
adsorption behavior of PO4 under environmentally relevant conditions and in the context of soil chemical 
analysis. The adsorption of Ca and Mg ions has been also studied extensively in single-ion systems due 
to their high abundance in the environment and their effect on the adsorption of other important ions, 
such as PO4.  

The developed modeling framework for Fh has allowed us to compile a self-consistent 
thermodynamic database, which was subsequently used for evaluating the surface reactivity of the 
natural fraction of metal (hydr)oxides in soils, in relation to the interaction with PO4 ions and soil organic 
matter (SOM). The analysis was done for field soil samples with a very different pedogenesis and 
chemical properties (e.g. contrasting ratios of crystalline and nano-crystalline Fe and Al (hydr)oxides), 
showing that the modeling approach developed in this thesis for Fh can be applied for a wide range of 
soil conditions.  

In general, this thesis contributes to better understanding the underlying chemical processes that 
determine the availability and mobility of PO4 under a wide range of environmental and technological 
conditions. The insights gained in the present work are not only relevant for optimizing P use efficiency 
in agricultural ecosystems or for reducing the negative side-effects of PO4 in the environment, but they 
are also relevant in the context of technological applications intended to improve P recovery and its 
recycling from water and waste treatments. Therefore, the subject addressed in this thesis has 
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implications for different disciplines, including soil and water chemistry, soil fertility and pollution, 
environmental technology, and chemical engineering.  

In this final chapter, I will first recapitulate the major findings of my PhD thesis (Section 9.2). Then, 
I will discuss in more detail a selection of results and concepts, which in my opinion, deserve further 
analysis in the context of this thesis (Sections 9.3 – 9.5). When opportune, I will frame within a broader 
context the significance of the findings and I will propose future research opportunities, in light of the 
results obtained in this thesis. 

 

9.2. Synthesis of the main findings 
In this thesis, significant progress was made towards a better understanding of the surface reactivity 

of Fh (Chapters 2–3) and towards a consistent description of ion adsorption to this nanomaterial 
(Chapters 4–6). The CD-MUSIC model parametrized for Fh was then implemented to get insights into 
the properties of the nanometer sized fraction of metal (hydr)oxides in soil samples with contrasting 
chemical properties (Chapters 7–8). In the next sections, the main findings of my PhD thesis are 
summarized, according to the three major sections defined in the Introduction chapter, namely; i) basic 
insights into the surface reactivity of Fh, ii) parametrization of the ion adsorption model, and iii) 
application of the developed SCM to soils. 

9.2.1. Insights into the surface reactivity of ferrihydrite 

Interpretation of nearly all physical and chemical characteristics of Fh can be properly done only if 
information is available about its specific surface area (SSA) and the particle size, as Fh is a nano 
material pur sang. Therefore, a systematic approach has been developed for assessing the SSA of fresh 
Fh suspensions. This was done by interpreting the primary adsorption data of protons (H+) with 
advanced surface complexation modeling (SCM) (Chapter 2). For Fh suspensions kept in the wet state, 
it has been shown that the scaling of the data cannot be done in a totally independent manner, as it is 
done for more traditional Fe (hydr)oxides using BET surface area (ABET) as a reference. In my approach, 
the acid-base titration data of Fh were evaluated in a consistent manner accounting for the major 
differences between Fh and goethite, such as reactive site densities, molar masses, mass densities, and 
capacitances of the Stern layers. The basic assumption is that the electrical double layer (EDL) structure 
of both materials is the same, apart from surface curvature affecting particularly the compact part of the 
EDL of Fh. An additional assumption in my approach is that the ion pair formation constants (logKip), 
of Na+ and NO3

‒ are the same for goethite and Fh. The latter assumption is reasonable, as the evaluation 
of the H+ adsorption data of Fh in different background electrolyte solutions (i.e. NaCl, NaNO3, and 
NaClO4) showed a good correlation between the logKip values of Fh and goethite. The sensitivity 
analysis presented in Chapter 2 showed that omitting the difference in surface curvature between 
goethite and Fh, the estimated SSA of Fh increases by about ~20 %. Differences in site densities between 
both materials have little effect (~4%) on the estimated values of SSA.  

Application of the developed approach for describing H+ adsorption data reported in literature 
revealed a large variation in the SSA (~500–720 m2 g‒1) of fresh Fh suspensions, prepared and stored 
under different conditions. It shows that use of a “standard” SSA for Fh is not recommended because 
the methods of synthesis of this material usually differ. Moreover, my experience indicates that even 
with the same preparation protocol, reproducibility may sometimes fail as described with an example in 
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Chapter 2, advocating the use of a convenient method to assess the SSA of each batch of freshly prepared 
Fh. 

From a practical perspective, the use of elaborate acid-base titrations is not recommended if the aim 
is to assess the SSA of Fh on a routine basis, for each Fh batch that is produced. Therefore, the use of 
another probe ion has been proposed. As shown in Chapter 2, PO4 is an excellent choice, but other ions 
with a high binding affinity for Fh may work as well. A critical aspect is that the chosen probe ion must 
adsorb rapidly and suppress further particle growth during equilibration time. Moreover, its adsorption 
should not be sensitive to solution conditions that cannot be easily controlled. For instance, using a high 
affinity probe ion has the advantage of being less sensitive to possible interference of atmospheric CO2, 
as I have shown in Chapter 6 for PO4. Results showed that within an uncertainty of ~2%, the SSA of 
fresh Fh suspensions can be equally well assessed using either H+ or PO4. In general, collecting and 
interpreting PO4 adsorption data is a more practical alternative to overcome the known limitations of the 
traditional BET technique for assessing the SSA of Fh nanoparticles kept in the wet state (Chapter 2). 
Therefore, PO4 was implemented as the probe ion in all further work described in this thesis, allowing 
the development of an internally consistent thermodynamic database for describing the adsorption of 
several ions to Fh (Chapters 4–6).  

Changes in the surface reactivity of Fh resulting from particle growth processes (i.e. aging) were 
effectively quantified by probing the surface of this material with PO4 (Chapter 3). With the collected 
data, a dynamic model was developed that describes the pH-, temperature-, and time-dependency of the 
growth of Fh particles by Ostwald ripening. The rate of growth of Fh is proportional to the square of the 
solution super saturation, R ∝ (Qso/Kso).2 This result was interpreted as a growth process of Fh by the 
dual attachment of Fe atoms, limited by the size-dependent solubility of Fh. The dynamic model also 
provided insights into the size (d ~ 1.68 nm) and surface area (A ~ 1100 m2 g‒1) of the initial Fh 
nanoparticles, i.e. non-aged particles. The presence of weakly bound organic molecules strongly reduced 
the rate of Fh growth, especially at low pH conditions, suggesting that in the environment the presence 
of natural organic matter would contribute to the kinetic stability of Fh. The insights obtained in Chapter 
3 can help to optimize the synthesis and aging conditions of Fh suspensions, leading to improved control 
and quality of ion adsorption experiments.   

The experiments of Chapter 3 underlined the importance of pH in the process of aging of Fh 
suspensions. Based on my experience and results, the use of a relatively low pH (e.g. pH 6) in the 
synthesis is recommended in combination with a longer time of aging, i.e. more than the conventional 
4 h aging. These conditions help to create Fh materials that are less prone to changes in SSA during the 
adsorption experiments. Moreover, aging at relatively low pH for at least 48 hours facilitated the 
removal of CO2(g) by N2(g) purging. This is important to perform adsorption experiments with ions that 
are sensitive to interference by atmospheric CO2. Because the objective of this thesis was to compile, as 
consistently as possible, a thermodynamic database with intrinsic adsorption parameters, the use of 
different preparation protocols of Fh has not been tested for ion adsorption experiments. In future 
research, such types of experiments may help to analyze whether variations in the synthesis protocol of 
Fh ultimately lead to slight differences in the surface structure of Fh, and changes in for instance the 
number of high affinity sites, affecting the ion adsorption even if scaled properly to the SSA. 

9.2.2. Parametrization of the ion adsorption model 

In Chapter 2, the relative variation in ion-pair constants (logKip) of common electrolyte anions was 
measured using a stock Fh suspension with a unique reference state. The charging behavior of Fh in 
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NaNO3 solutions was taken as a reference, assuming for Fh the same logKNa and logKNO3 values as 
determined for well-crystallized goethite. The logKip values of electrolyte anions decreases in the order 
of Cl– > NO3

– > ClO4
– for Fh, following the same trend as for goethite. Extrapolating the results to other 

ions, not evaluated yet experimentally, the logKip values of electrolyte cations decreases in the order of 
Li+ > Na+ > K+. The electrolyte pair Na+–NO3

– is the most symmetrical in relation to the interaction with 
the surface groups of Fh, allowing a better approximation of the point of zero charge (pHPZC) from the 
pH of the common intersection point (pHCIP) found in potentiometric titration curves performed at 
different NaNO3 levels. For logKNa = logKNO3, consequently the pHCIP corresponds to the pristine point 
of zero charge (pHPZZC) of the material, which for Fh is ~ 8.1. Higher pHPZC values have been reported 
in literature for Fh. In Chapter 2, it was shown that these values can be well understood from the 
asymmetrical interaction of electrolytes with the reactive surface groups, due to the use of for instance 
KCl, KNO3, or NaCl as background solutions, rather than NaNO3. These variations in pHPZC were well-
predicted by the parametrized CD-MUSIC model. 

The adsorption of Ca and Mg ions (jointly referred to as M2+) was extensively analyzed in single-ion 
systems with freshly precipitated Fh (Chapter 4). The trend in the pH-dependent adsorption of both ions 
is rather similar, however, under the same solution conditions, Ca interacts stronger than Mg with the 
surface groups of Fh. As argued in Chapter 4, both cations form predominantly inner-sphere bidentate 
surface complexes (≡(FeOH)2

Δz0MΔz1) with singly coordinated groups at the surfaces of Fh, most likely 
in a binuclear double corner (2C) configuration. This binding mechanism is supported by the joint 
interpretation of the optimized geometries obtained with molecular orbital (MO) calculations, applying 
density functional theory (DFT), and spectroscopy data reported in literature for other cations (i.e. Sr2+ 
and Cd2+). Formation of bidentate complexes is thermodynamically consistent with macroscopic data 
such as the H+/Ca2+ exchange and the marked pH-dependency of the M2+ adsorption observed in my 
own data. Moreover, formation of bidentate complexes was required for consistently describing the 
adsorption interaction of M2+ and PO4 in binary Fh systems (Chapter 5). However, direct spectroscopic 
evidence is not available yet for the surface complexes of Ca and Mg ions present on Fh surfaces. 

The insights gained from the analysis of the Ca and Mg adsorption to Fh have been extended for 
interpreting the binding of the full series of alkaline-earth ions, which revealed important physical-
chemical insights into the adsorption behavior of this entire series of ions (Chapter 4). For Fh, the 
binding affinity increases with increasing ionic radius of these cations, i.e. Be2+ < Mg2+ < Ca2+ ≈ Sr2+ < 
Ba2+ < Ra2+. This affinity trend is opposite to the trend observed for other Fe (hydr)oxides (e.g. hematite, 
goethite), which can be attributed to differences in the Gibbs free energy released by exchange of 
interfacial water occurring upon M2+ binding. If the energy contribution related to the exchange of 
interfacial water is low, a decrease in affinity is expected when the ionic size increases, while the 
opposite is expected if this energy contribution is large. The results suggest that physisorbed water is 
more strongly structured near the surfaces of Fh, in comparison to goethite and hematite. If true, it may 
affect the capacitance value of the Stern layers, whereas this was assumed to be the same for Fh and 
goethite in Chapter 2. In future research, molecular dynamic simulations may provide further insights 
into this issue. 

An important aspect of cation adsorption to Fh is the claim of surface site heterogeneity (i.e. presence 
of sites with low and high affinity). Surface site heterogeneity was implemented in the CD-MUSIC 
model for describing adequately the data collected in this thesis and reported in the literature for the 
adsorption of the alkaline-earth metal ions to Fh (Chapter 4). For my Fh suspensions, only a relatively 
small fraction (~10%) of reactive sites available for forming 2C bidentate complexes (i.e. ≡FeOH-0.5(b)) 
show a high affinity character toward M2+. Nevertheless, this fraction of high affinity sites dominates 
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the M2+adsorption at low ion loadings, particularly at low pH values. For other Fh materials evaluated 
in Chapter 4, lower values have been derived for the density of high affinity sites. When translated into 
a mean number of sites per particle, about 1–3 ions per particle are bound to these high affinity sites. In 
Section 9.4.1, further discussion about this phenomenon will be presented, making an emphasis on the 
analysis of Ca adsorption data. 

As no physic-chemical explanation for the high affinity phenomenon is presently available in 
literature, an attempt has been made in this thesis to rationalize this phenomenon, which is based on a 
detailed analysis of the surface structure of Fh. Briefly, the high affinity sites may originate from a 
charge redistribution within specific pairs of Fe1 octahedra at the surfaces of Fh, causing a high charge 
undersaturation of surface –OH ligands. This leads to an increase in the binding affinity of M2+ to 
compensate this charge undersaturation. However, with the current knowledge, it is difficult to 
indisputably attribute a specific structural configuration to this adsorption phenomenon. Nevertheless, 
the proposed mechanism explains the number of high affinity sites found by modeling the adsorption 
data and offers a rationale for the presence of these sites. If undersaturation of the bond valence charge 
of the surface –OH ligands plays an important role, it may affect the CD values of the complexes 
adsorbed to the high affinity site, compared to those adsorbed to the low affinity sites. This is a point of 
concern, as the CD value was calculated using a standard template in the MO/DFT optimizations and it 
was assumed to be the same for both the high and low affinity sites. If the latter is true, then the logKs 
fitted for ion adsorption to the high affinity sites may vary slightly. Increasing the complexity of the Fe 
template used in the MO/DFT calculations to represent better the structure of proposed high affinity 
moiety could help to evaluate the above-mentioned concern. However, this approach may be rather 
complex in terms of computations time and interpretation. 

The interfacial interactions of PO4 with Ca and Mg ions (M2+) were evaluated in binary PO4-M2+ 
systems with freshly prepared Fh (Chapter 5). The adsorption of M2+ ions to Fh was enhanced in the 
presence of PO4, and vice versa. This synergistic binding could not be understood only on the basis of 
electrostatic interactions, as found previously for goethite. Instead, formation of anion-bridged (i.e. ≡Fe–
PO4–M2+) ternary complexes is the main mechanism explaining the cooperative binding between PO4 
and M2+. Anion-bridged (i.e. ≡Fe–PO4–M2+) ternary complexes are favored over of cation-bridge 
complexes (i.e. ≡Fe–M2+–PO4) because the affinity of PO4 for the surface of Fh is significantly higher 
than the affinity of M2+. For the Ca-PO4 systems, the formation of two anion-bridged ternary complexes, 
i.e., ≡(FeO)2PO2Ca and ≡FeOPO3Ca was resolved, whereas for Mg-PO4 systems only the formation of 
the ternary ≡FeOPO3Mg complex could be resolved. CD model calculations indicate that Ca interacts 
stronger than Mg with the PO4 ions adsorbed at the surface of Fh. The pH-dependency of PO4 adsorption 
in Ca solutions differs between Fh and goethite, which was explained by the difference in the mechanism 
(i.e. ternary complex formation vs electrostatic interactions) ruling the synergistic Ca-PO4 interaction in 
both Fe (hydr)oxides. This issue will be more critically discussed in Section 9.4.2.  

In Chapter 6, the competitive adsorption interaction CO3-PO4 was analyzed in Fh systems for a wide 
range of solution conditions (i.e. pH, total CO3, and PO4 concentrations) that are relevant for 
environmental systems, such as groundwaters, or applied in laboratory systems for soil chemical 
analysis (e.g. equilibrium 0.5 M NaHCO3 soil extractions). For a given pH, the adsorption of PO4 to Fh 
decreases at increasing the total concentration of added CO3, which is due to the direct competition 
between both oxyanions for the same binding sites at the Fh surface. However, the relative affinity of 
PO4 for these sites is significantly larger than the affinity of CO3, meaning that PO4 is substantially 
removed from the surface of Fh only at high total CO3/PO4 molar ratios. A remarkable difference is 
found for the shape of the PO4 adsorption isotherm of Fh and goethite in 0.5 M NaHCO3 solution. This 
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may be related to differences in the surface speciation of CO3 between both minerals. The measured 
difference in the CO3-PO4 competition between both Fe (hydr)oxides has important implications for the 
assessment of the reactive surface area of soils if probed in PO4-CO3 systems (as discussed further in 
Section 9.2.3).  

The surface speciation of CO3 in Fh systems was derived by measuring the competitive effect of CO3 
on the adsorption of PO4, followed by interpreting the data with the CD model (Chapter 6). The CO3 
adsorption was not measured directly. According to the data analysis, CO3 adsorbs to Fh mainly via 
formation of inner-sphere bidentate complexes, either (≡FeO)2CO or (≡FeO)2CO··Na+. To verify the 
validity of the CD model parameters derived from the competition CO3-PO4 system, the adsorption of 
CO3 was also measured in a few single-ion systems with concentrations of total added CO3 that were 
significantly lower than the ones used in the competition experiments. Good agreement was found 
between experimental and modeled CO3 adsorption data, showing that the model parameters of CO3 
derived from the competition experiments with PO4 can effectively describe the adsorption behavior of 
CO3 over a broader range of conditions, in the absence of PO4 

9.2.3. Application of the developed SCM to soils 

A meaningful application of SCM in soils is only possible if one has insight into the effective reactive 
surface area (RSA, m2 g‒1 soil) of the soils. Therefore, this was studied extensively in this thesis. The 
RSA of a series of agricultural Dutch top-soils (Chapter 7) and weathered tropical top-soils (Chapter 8) 
was assessed using the CD model for interpreting the competitive CO3-PO4 interaction measured in 
series of PO4 extractions of soils, using 0.5 M NaHCO3 solutions. Originally, this probe-ion method was 
used for P-rich soils but was successfully applied without major changes to the set of weathered soils 
with a low P status. Despite the contrasting differences between the two soil series in the ratios of 
crystalline and nano-crystalline Fe and Al (hydr)oxides, in both cases, Fh was a better proxy for the 
natural fraction of reactive metal (hydr)oxides, than well-crystallized goethite. This result seems 
remarkable considering that the molar contribution of nanocrystalline oxides represents, on average, 
only ~25% of the total metal (hydr)oxide content in the tropical soils. For the Dutch top-soils, this 
contribution is on average ~60%. Scaling the RSA derived by CD modelling to the content of ammonium 
oxalate (AO) extractable Fe and Al (hydr)oxides, using a consistent approach presented in Chapter 7, 
revealed a range of specific surface area (SSA) values of ~350–1700 m2 g‒1 Fe+Al (hydr)oxide. This 
result showed that the SSA of the reactive oxide fraction is highly variable and cannot be represented 
by a single “standard” value, as commonly done in many SCM studies. These SSA values are equivalent 
to mean particle diameters of d ~1.5–5.5 nm, indicating that the reactive metal (hydr)oxide fraction in 
these soils is dominated by nano-sized particles.  

Using the results of the above probe-ion methodology, the interaction between metal (hydr)oxide 
nanoparticles and SOC was evaluated. This analysis provided novel insights into the nanometer scaled 
arrangement of the organo-mineral associations in soils. For both the Dutch (Chapter 7) and tropical 
(Chapter 8) soils, the surface SOC loading is highly variable but this variability can be explained by the 
large differences in mean particle size of the reactive metal (hydr)oxide fraction. The SOC data of our 
soils can be interpreted with a mineral core–surface layer model, in which the oxide nanoparticles with 
a mean diameter d are seen as mineral cores coated by a SOM layer of thickness L. In this view, the 
layer thickness L and particle diameter d are linearly and positively correlated in the range of oxide 
particles size of ~1.5‒5.5 nm found for the studied soil samples, indicating that larger metal (hydr)oxide 
nanoparticles store comparatively more SOC than the smaller ones. This is found for both soil types. 
The organo-mineral associations were also interpreted as self-assembled entities in which a collection 
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of discrete SOM particles surround a central metal (hydr)oxide nanoparticle. If the metal (hydr)oxide 
and SOC particles are of similar size, the SOC particles are shared between metal oxide particles in soils 
with a relatively low SOC content (P-poor tropical soils), while this direct sharing is substantially less 
in soils with a relatively high SOC content (P-rich temperate soils). This structural view of the organo-
mineral associations will be further discussed in Section 9.5.4. 

9.3. On the reactivity of ferrihydrite 

9.3.1. Assessment of the surface area of ferrihydrite in suspension 

The assessment of the specific surface area (SSA) of Fh was a key topic addressed in this thesis. It 
was an essential aspect for the consistent interpretation and modeling of the ion adsorption data collected 
in this thesis. Due to its importance and because of the multiple challenges for its consistent evaluation, 
the assessment of the SSA of fresh Fh suspensions will be further discussed in this section. 

9.3.1.1. Problems related to surface area assessment for ferrihydrite 

The analysis of N2(g) adsorption, implementing the BET equation, is by far the most used 
methodology for assessing the SSA (ABET) of well-crystallized metal (hydr)oxides. Its successful and 
widespread application have made this method a practical tool for distinguishing between goethite 
preparations with different surface areas.9,11 However, concerns have been raised since long ago about 
the suitability of the BET approach for assessing the SSA of nanocrystalline metal (hydr)oxides, such 
as Fh.27–30 Despite such concerns, the BET approach is still used for characterizing the SSA of Fh in 
recent studies.31–33 In Chapter 2, I provided further quantitative evidence confirming that the BET 
approach is not suitable for assessing the SSA of Fh.  

For non-dried Fh suspensions,31,34 the reported ABET values are ~50% lower than the surface areas 
found by CD modelling of the reported H+ adsorption data (AH). The ABET values may also be compared 
with surface area values (ATEM) estimated from Transmission Electron Microscopy (TEM) data, as 
shown in Figure 9.1 for a dataset collected by Michel et al.35 The values of ABET and ATEM are similar 
only for the largest particles (d ~ > 5.5 nm) with corresponding SSA of ~ 250 m2 g‒1. For smaller particles 
(d < ~ 5.5 nm) with corresponding higher A values, the s ABET value are substantially lower than the 
estimated ATEM values, suggesting a significant reduction of ABET due to aggregation of primary particles. 
Anschutz and Penn36 found a good agreement between ABET (~ 235 ± 0.5 m2 g‒1) and ATEM (~ 270 ± 50 
m2 g‒1) values for a 6L-Fh material with a particle diameter of ~ 6 nm.  However, for a Fh material with 
a particle size of ~ 4 nm and corresponding ATEM of ~ 400 ± 74 m2 g‒1, the measured ABET was 
unrealistically high (~ 1500 m2 g‒1), for which the authors could not explicitly offer an explanation. This 
kind of inconsistency confirms the lack of reliability of the ABET measurements for Fh. 

TEM data can been used to obtain a first approximation of the SSA of Fh in agreement with the mean 
particle size.37,38 However, as noticed from the above data by Anschutz and Penn,36

 a large uncertainty 
is reported for ATEM measurements as TEM data analysis is often associated with methodological 
artefacts and statistical-related problems.39 Moreover, conventional TEM analysis does not consider 
aspects such as particle porosity and surface roughness, making the ATEM values even more uncertain. 
Nevertheless, if ATEM values are to be employed for comparing SSA obtained by other approaches, then 
size-dependent values for mass density (ρnano) should be applied for translating the mean particle 
diameter of Fh into a value of surface area. This was done here for the TEM data presented in Figure 
9.1. Ignoring this correction would lead to ~ 20% deviation in the ATEM calculated for a mean particle 
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diameter of ~ 2.5 nm in comparison to using a “standard” mass density value, e.g. as found for the 
mineral core of Fh.  

 
Figure 9.1. Relationship between the specific surface area (SSA) of ferrihydrite derived from TEM data (ATEM) 
and the SSA derived either from thermogravimetric analysis data (ATGA) or gas adsorption (ABET). Data are from 
Michel et al.35 The ATEM values were calculated from the reported mean particle size obtained by TEM analysis, 
using size-dependent values of mass density (ρnano). The ATGA values were calculated by interpreting the 
experimental data of chemisorbed water (> 125 °C) according to the surface depletion model (SD).40 Figure is 
taken from the Supplementary Information of Chapter 2.  

 

In theory, an alternative approach for assessing the surface area of Fh is measuring its water content. 
The size-dependent chemical composition of Fh can be given as FeO1.4(OH)0.2∙nH2O∙mH2O, where 
nH2O is the amount of chemisorbed water and mH2O is the physiosorbed water. These types of water 
can be experimentally determined by thermogravimetric analysis (TGA),35,41 and the results can be 
interpreted with the surface depletion (SD) model40 to calculate ATGA (Chapter 2). In general, a good 
relationship is observed in Figure 9.1 between the values of ATEM and ATGA. A critical aspect in this 
approach is the accurate distinction between the different fractions of water. A small variation in the 
temperature chosen as a reference for distinguishing physiosorbed and chemisorbed water (e.g. 125 °C) 
may lead to large deviations in the estimated ATGA value. This approach has not been well explored yet 
in literature; therefore, more research is needed to better test its validity. 

Because of the aforementioned drawbacks for assessing accurately and independently the SSA of Fh, 
ion adsorption studies often use fixed “standard” values for the SSA of Fh (e.g. 600 m2 g‒1).29,42 
However, as shown in Chapters 2 and 3 and also in earlier studies,7,43,44 the SSA of fresh Fh suspensions 
largely varies according to the preparation protocol and aging conditions. Therefore, ion adsorption data 
reported in different studies cannot be objectively compared if results are scaled to fixed SSA values. 
As an alternative, the SSA could be treated as an additional adjustable parameter in the model 
interpretations. However, this approach is disputable because the SSA is often correlated to other model 
parameters such as logK and capacitance values.10,45–47 Bompoti et al.47 have suggested that treating 
capacitance as an adjustable parameter would account for most of the uncertainty related to the SSA. 
However, fitting logK values simultaneously with capacitance and/or SSA may result in multiple 
combinations of “optimized” parameters that provide a reasonably good description of a specific dataset. 
Recently, an optimization approach was developed to find statistically the “best” set of optimized 
parameters, based on the search of a global optimum that is defined as the minimum mean squared error 
(MSE) value.47,48 However, without a critical evaluation, the optimum fit in terms of MSE may yield 
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solutions with unrealistic values of SSA or capacitance.47 Considering the above drawbacks, there is a 
clear need for a robust approach that allows the assessment of the SSA of Fh suspensions in a practical 
and consistent manner. For this, the use of ions that specifically adsorb to Fh appears as a good 
alternative, which I will discuss in the next section for PO4.  

 

9.3.1.2. Surface probing with ions: Consistency between H+ and PO4 adsorption  

In this thesis, I implemented a probe-ion methodology that allowed calibrating the SSA and other 
size-dependent properties of Fh, including the Stern layer capacitance(s), in a practical and self-
consistent manner. This method is a good alternative to overcome the above limitations of the traditional 
BET method. In this probe-ion approach, the SSA of Fh (APO4) is calculated by interpreting the 
experimental data of PO4 adsorption with the CD model, using the parameters set given by Hiemstra 
and Zhao.49 These parameters were calibrated from the scaling of the primary adsorption data (mol PO4 
mol‒1 Fe) to a best guess of the SSA (m2 g‒1 Fh) and molar mass (g mol‒1 Fe) of the used Fh suspension.49 
This best guess SSA was based on the preliminary analysis50 of the charging behavior of “average” fresh 
Fh suspensions reported in literature.29,34  However, until now, the consistency between this best guess 
SSA and the description of surface charge had not been explicitly tested for the same Fh material. 
Therefore, in Chapter 2, I measured in parallel experiments the adsorption of H+ and PO4 for a same Fh 
suspension, at different ageing times. Interpreting both datasets using a common modelling framework 
yielded values of AH and APO4 that are consistent within a precision of ~2%. This result is important 
because it shows that probing the surface of Fh with PO4 yields SSA values that are internally consistent 
with the description of a fundamental surface property of this material, i.e. the primary charging 
behavior. 

As mentioned previously, in the interpretation of H+ adsorption to Fh, values of Stern layer 
capacitance and logKip of Na+ and NO3

-
 determined previously for goethite51 were used as reference, 

which have been calibrated based on ABET. The reason for this assumption was the impossibility to 
parametrize the charging behavior of fresh Fh in a fully independent way, as it can be typically done for 
crystalline oxides using externally collected information, i.e. the measured ABET. Thus, after accounting 
for differences in surface site density between both materials, the calculated AH values for Fh are 
ultimately related to the ABET of the reference goethite material. In the data interpretation, additional 
correction was needed to account for the size-dependent values of molar mass, mass density, and surface 
curvature. The latter is used to account for the size dependency of the capacitance values, which is based 
on electrical double layer theory.50 The proposed approach has the advantage of incorporating 
consistency, based on theoretical considerations, in the relationship between SSA and capacitance,50 
rather than treating these properties as fitting parameters or as fixed “standard” values,47 while being 
variable.  

It is important to note that even though, the inferred probe-ion methodology yields precise and 
reproducible results, its accuracy remains unknown. In order words, the SSA values derived with this 
approach do not represent absolute values but are relative to the goethite material used as reference in 
the calibration. Nevertheless, after the above mentioned corrections, the calculated SSAs correspond to 
Fh particles with mean particle sizes that resemble those obtained from the analysis of TEM images.35 
It remains a challenge to test in the future, for a same reference Fh material, the consistency in the results 
obtained by the ion-probing methodology and other independent approaches, e.g. high resolution TEM 
and TGA. 
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9.3.1.3. Applications and implications for future studies 

Probing the surface of all Fh suspensions used in the ion adsorption data collection has enabled the 
development of a self-consistent database with intrinsic CD model parameters, which can be used for 
applications of SCM. In this thesis, the focus was to parametrize the adsorption interactions between an 
important anion (PO4) and a cation (Ca) to develop a methodology of study that can be applied in future 
to more types of anions and cations. Phosphate and calcium were chosen to open the way to build a 
consistent modeling approach. As outlined in section 9.1, these ions are omnipresent in nature and are 
highly relevant from the perspective of environment quality, (agro)ecology, soil fertility, as well as for 
soil chemical analysis. In future research, this database can be extended by parametrizing the adsorption 
interaction of other ions. For instance, as part of the PhD project of Elise van Eynde, ongoing research 
in our department is analyzing now the adsorption interactions of PO4 with important microelements in 
agriculture such as boron (B) and zinc (Zn), following the same consistent approach developed here for 
freshly prepared Fh materials. The ultimate goal is to create a robust database that allows the use of Fh 
as reference material for CD model applications in a wide set of geochemical conditions. This objective 
promises intensive work for the upcoming research, especially if the aim is also to incorporate into the 
model approach a realistic physical-chemical description of the adsorption interactions between cat- and 
anions. My thesis work has shown that quantifying surface speciation in single ion systems alone can 
be sufficient if ions interact only via site competition and electrostatic interactions (e.g. CO3–PO4), but 
it certainly fails if ions have additional interactions such as ternary complex formation (e.g. Ca/Mg–
PO4).  

 From a more fundamental perspective, assessing the surface area of Fh with the probe-ion approach 
would enable the study of important interfacial processes, other than adsorption, for which the scaling 
of the collected data to the value of SSA is essential, e.g. size-dependent dissolution, complexation, and 
redox reactions occurring at Fh surfaces. One example of the application of this approach is presented 
in Chapter 3, where tracing the dynamic changes of SSA by probing with PO4 the surface of Fh permitted 
to gain important insights into the mechanism and rate of growth of this nanomaterial, which otherwise 
would have been difficult to measure accurately with other methods (e.g. TEM data). 

9.3.2. Freeze-dried vs freshly-prepared ferrihydrite  

9.3.2.1. Rationale 

As discussed above and in Chapter 2, convincing evidence shows that drying the Fh materials leads 
to a significant reduction of the SSA. The degree of this SSA reduction is variable and would depend 
on the specific drying conditions and the initial properties of the primary Fh particles. Drying procedures 
may also provoke changes in the crystal morphology and phase transformation of Fh,52 changing 
consequently the surface reactivity of Fh for ion adsorption. These issues make the using of freeze-dried 
Fh materials questionable for parametrizing consistently ion adsorption data and for studying, in a 
reproducible manner, fundamental properties of Fh. For this reason, all data collection in this thesis has 
been done using fresh Fh materials kept in the wet state, rather than using freeze-dried materials. An 
additional problem is that the ABET of freeze-dried material cannot be used a priori for scaling the 
adsorption data, as my analysis of such type of materials suggests (Chapter 2). 

Moreover, fresh Fh materials may represent better than freeze-dried Fh the formation conditions of 
Fe (hydr)oxide nanoparticles in most soils and sediments. In nature, Fh particles may precipitate without 
extensive aggregation if formed in the presence of natural organic matter (NOM). This contributes to 
the thermodynamic stabilization of Fh and prevents its transformation into more crystalline phases. 
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Certainly, many physicochemical properties of naturally formed nanoparticles would differ from those 
of their synthetic counterparts.7 For instance, the nanocrystalline structure and particle size distribution 
of Fh is affected when it precipitates in the presence of organic matter.53–56 Furthermore, Al substituted 
and Si-rich Fh materials can be found in nature. These materials present structural changes affecting a 
series of microscopic properties.57–60 For instance, changes in surface speciation61 and interaction 
energy62 of various oxyanions have been reported at increasing levels of Al substitution in Fh.  

Nevertheless, despite the molecular-scale differences found in the binding of PO4 to synthetic Al and 
Fe coprecipitates2 and mixtures,18 the macroscopic adsorption of PO4 was indistinguishable from that of 
pure Fh at molar ratios of Al/(Al+Fe) lower than 0.50.2 This observation is in line with the results 
obtained in Chapters 7 and 8, where it was shown than the macroscopic adsorption behavior of PO4 in 
the 0.5 M NaHCO3 soils extracts can be well-represented for the time being using only freshly-prepared 
Fh as a proxy. 

9.3.2.2. Prospective studies 

In the aforementioned 0.5 M NaHCO3 soil extractions, the interference of NOM on the adsorption 
interaction CO3-PO4 is suppressed by adding an excess of activated carbon (AC) to the soil extracts. 
However, for other soil extractions (see for instance Section 9.5.2) and/or under field conditions, the 
presence of NOM will play a key role in determining the adsorption behavior of PO4 and oxyanions in 
general. Therefore, for future studies, using Fh materials in-situ precipitated in the presence of NOM 
(i.e. Fh-NOM coprecipitates) is a good alternative for analyzing in more realistic manner the ion 
adsorption mechanisms in natural systems. Conventionally, adsorption experiments with NOM are 
performed using mineral-organic complexes formed by NOM adsorption to existing (ex-situ formed) Fe 
oxide particles. However, the adsorption properties of those complexes differ from these of the in-situ 
Fh-NOM coprecipitates. For instance, higher C/Fe molar ratios have been reported in Fh-NOM 
coprecipitates than in Fh-NOM complexes formed by adsorption.53 In addition, less NOM desorption 
has been measured in the in-situ complexes than in the ex-situ formed Fh-NOM associations,53 indicating 
a higher stability of the former complexes. Differences in the preparation procedure of the Fh-NOM 
complexes (i.e. coprecipitation vs adsorption) also affects the interaction between NOM and oxyanions 
for adsorption to Fh, as shown recently for AsO4.56 To the best of my knowledge, the competitive NOM-
PO4 interaction has not been tested yet in literature in systems with in-situ Fh-NOM coprecipitates.  

Preliminary adsorption experiments performed in our department with in-situ and ex-situ produced 
Fh-NOM indeed suggest important differences in their adsorption behavior of PO4. To make progress, 
the challenge will be to unravel the major factors that may contribute to these differences, i.e. created 
differences in particle size and/or difference in NOM-PO4 competition. Scaling of adsorption data to the 
mineral surface area is a major challenge of studying ion adsorption to Fh-NOM coprecipitates, which 
currently impedes a consistent parameterization of SCM for this type of materials. However, the probe-
ion method proposed in this thesis cannot yet be applied to Fh-NOM coprecipitates straightforwardly as 
the approach was calibrated and tested only for pure Fh systems. Our ongoing research has taken first 
steps to solve this constraint by linearly extrapolating to a C/Fe = 0 condition the PO4 adsorption results 
obtained in a series of Fh-NOM systems with different C/Fe ratios, and estimating by CD modeling the 
corresponding SSA at such C/Fe = 0  conditions.  
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9.4. Insights from the model ferrihydrite systems 
In this section, I will discuss two of the major insights obtained from the CD model interpretation of 

the collected ion adsorption data, namely i) surface sites heterogeneity and ii) formation of ternary Fe-
PO4-M2+ complexes. These insights make evident that fundamental differences exist in the surface 
reactivity of Fh and goethite. Understanding these differences is important in the context of SCM 
applications to soils, because choosing either Fh or goethite as reference oxide material will have 
implications in the outcome of the model predictions. 

9.4.1. Surface site heterogeneity for metal ion binding 

Surface site heterogeneity is a concept suggested since long ago for explaining the non-proportional 
behavior of the adsorption isotherms of metal ions, which cannot be explained only by changes in the 
electrostatic adsorption energy.42,63,64 In Chapter 4, the heterogeneous adsorption phenomenon seems 
evident for the series of alkaline-earth metal ions. In this section, I will discuss only the heterogeneous 
binding of Ca because the adsorption of this ion was analyzed more extensively in this thesis and in a 
previous study.65 As mentioned before, formation of double corner (2C) bidentate complexes is the most 
probable binding mechanism of Ca to Fh, based on the interpretations of MO/DFT optimized geometries 
and EXAFS data reported for the adsorption of other divalent cations to Fe (hydr)oxides.13,66–69 
According to the MUSIC approach for Fh,49 2C bidentate complexes are formed only with a subset of 
singly coordinated surface groups, i.e.≡FeOH(b) surface groups. 

Using 2C bidentate complexes as the main binding mode, surface site heterogeneity was required in 
the modelling for describing the Ca adsorption data. Excluding site heterogeneity from the modelling 
led to unacceptable deviations in the model predictions, particularly in systems with a high Ca loading. 
Considering alternative binding mechanisms for Ca did neither provide an accurate description of the 
experimental adsorption data. For instance, with the option of inner-sphere monodentate complexes as 
the main binding mode, the model failed in describing simultaneously my own collected data and the 
data from Kinniburgh and Jackson,65 collected for a wider range of Ca/Fe molar ratios. In addition, the 
description of Ca-PO4 interaction in the binary systems (Chapter 5) was also inconsistent with the 
formation of monodentate complexes. Including additionally the formation of hydrolyzed and/or outer-
sphere complexes did neither provide a satisfactory description of the Ca adsorption data. This 
experience with extensive modeling strongly suggests that, within the implemented modeling 
framework, the presence of a fraction of surface sites with a higher affinity for Ca cannot be explained 
by alternative binding mechanisms. 

Model interpretation of Ca adsorption data indicates that the surface density of high affinity sites is 
in the order of ~0.30 ± 0.02 sites nm-2 for my Fh material and the Fh material used by Kinniburgh and 
Jackson.65 This density represents only ~10% of the total ≡FeOH(b) groups available for binding Ca as 
a double corner complex. For other Fh materials evaluated in the present thesis (Chapter 4), the site 
density was lower (~0.1 – 0.2 nm-2). These numbers fall within the range reported for high affinity sites 
available for adsorption of divalent cations to Fh.42,64,67 The intrinsic affinity of the ions may play a role 
in the determination of the site density of the high affinity sites, as suggested by a preliminary CD model 
interpretation of the Zn adsorption data reported by Kinniburgh and Jackson,65 pointing to a surface 
density of ~0.10 ± 0.01 nm-2 for high affinity sites, which is clearly lower than the site density found by 
fitting the Ca adsorption data for the same type of Fh material.   

In the thesis, I have presented plausible surface configurations that can rationalize the presence of 
high affinity sites. Details of this rationale were described in Chapter 4 and a possible structure was 
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shown in Figure 4.7. Briefly, in the attempt, high affinity sites are related to a charge redistribution 
occurring within specific pairs of Fe1 octahedra at the surface of Fh leading to stronger ≡FeOH-M2+ 
bond formation to satisfy the charge undersaturation of the surface -OH ligands of this moiety. A 
structural analysis of various constructed Fh particles indicates that, depending on the particle, only ~1–
3 of such moieties can be identified on a single particle, which is equivalent to a site density that is in 
the same order as found by modeling. Despite explaining the number of high affinity sites and a 
structural rationale for their presence, the current analysis represents the first attempt to link a 
macroscopic phenomenon to a specific molecular scaled configuration in the Fh surface. More 
information about the fitted site density as a function of the type of ion involved, as well as the synthesis 
and aging of the particles may contribute to convincingly unravelling any underlying structural reason 
for the heterogeneous binding of metal ions.  

9.4.2. Ternary surface complexes 

As mentioned above, the adsorption data collected for the binary Fh systems with PO4 and Ca or Mg 
ions (M2+) cannot be described with the CD model using only the parameters derived for single-ion 
systems (Chapter 5). Including ternary surface complexes Fe-PO4-M2+ was required in the CD model 
for describing the measured experimental data. This result represents a remarkable difference with 
respect to the M2+-PO4 interaction described previously for goethite. In the latter system, the synergistic 
binding interactions between M2+ and PO4 can be understood only on the basis of electrostatics.12,70  

For the Ca-PO4 systems, the CD model interpretation and the MO/DFT optimized geometries 
suggested the formation of two anion-bridged ternary complexes, in which a mononuclear monodentate 
≡FeOPO3 and a binuclear bidentate ≡(FeO)2PO2 complex interact with Ca2+ by forming a P-O-Ca bond. 
For the Mg-PO4 systems, only the former type of complex was revealed. Presently, there is no direct 
spectroscopic evidence for the formation of these types of complexes at the surfaces of Fh. Further 
research might help to confirm the identity of the ternary complexes proposed here for Fh. Nevertheless, 
the type of ternary complexes resolved are in line with the notion that the dominant ternary complexes 
(i.e. anion-bridged vs cation-bridged) depend on the relative affinity of the co-adsorbing ions for the Fe-
(hydr)oxide surfaces.71 In this case, PO4 ions have a much higher affinity than the M2+ ions for the 
binding sites of Fh. Formation of Fe-PO4-Ca complexes is also supported by data collected following 
Fe-PO4 co-precipitation in the presence of Ca, showing direct complexation of PO4 to Fe(III) polymers, 
where these units form larger networks interconnected by Ca ions.72,73 Formation of PO4-bridged ternary 
complexes with Ca were also found using spectroscopy techniques in systems with hydrous zirconium 
oxide74 and titanium dioxide (TiO2).75  

The modeling results of Chapter 5 suggest that in the ternary complexes a significant part of the Ca 
charge is allocated in the 2-plane of the Electrical Double Layer (EDL). The fitted Δz2 values for the 
(FeO)2PO2-Ca and ≡FeOPO3-Ca complexes are respectively +1.46 ± 0.17 and +1.06 ± 0.06 v.u. If 
sufficient Ca is bound, as a consequence, a positive electrostatic potential (ψ) develops in the 2-plane 
of the EDL, whereas in the 1-plane the ψ value can be negative due to the presence of negatively charged 
outer –O ligands of the adsorbed PO4 ions. As an example, Figure 9.2 sketches the ψ profile of the EDL 
for a Fh particle in 0.01 M CaCl2 solution, at a given surface PO4 loading of 2 μmol m-2 and pH 7. For 
comparison, the corresponding ψ profile is also shown for goethite under the same conditions. As 
mentioned, formation of ternary complexes has not been found by modeling for goethite in binary Ca-
PO4

 systems.12,70 Ca adsorption to goethite occurs mainly via formation of inner-sphere monodentate 
complexes.12,76 With this binding mechanism, most of the positive charge of Ca is allocated at the 1-
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plane (∆z1 = +1.69)76 where it counteracts the negative charge of the outer -O ligands of PO4. For the 
example in Figure 9.2, the electrostatic potential in the 1-plane of goethite is nearly ~0 mV.  

 
Figure 9.2. Sketch of the electrostatic potential (ψ) profile for the Electrical Double Layer (EDL) at the interface 
of Fh and goethite. The sketch is for systems in 0.01 M CaCl2 solution with a surface PO4 loading of ~2 μmol m-2 
at pH 7. Lines are drawn based on CD model calculations. For Fh, the formation of ternary Fe-PO4-Ca complexes 
leads to a positive electrostatic potential in the 2-plane, due to the charge attribution of Ca to this plane. This is not 
the case for goethite, where the synergistic binding between Ca and PO4 is only based on electrostatic interactions. 
The depicted differences between Fh and goethite have important implications for the pH-dependent PO4 
adsorption in Ca solutions (see Chapter 5). 

 

For Fh, the sketched profile of Figure 9.2 is based on CD model calculations, using the parameter set 
derived in Chapter 5. Complementary experimental data, such as zeta potential measurements, may be 
used to confirm that the potential of the particles as a whole is near zero at these conditions. In a wider 
context, the relevance of this finding goes beyond an accurate description of the Ca-PO4 interactions at 
interface of Fh. In soil systems, Ca ions play an important role in the colloidal stabilization of negatively 
charged metal (hydr)oxide particles that carry adsorbed oxyanions. Formation of ternary ≡Fe-PO4-Ca 
complexes, as described above, would create externally a layer of divalent cations that enable metal ion 
bridges between metal (hydr)oxide nanoparticles carrying PO4 and negatively charged functional groups 
of SOC (e.g. RCOO-), which may contribute to stabilizing organic carbon in soils and the formation of 
organo-mineral micro-aggregates.77,78 

Moreover, the aforementioned differences between Fh and goethite have important implications for 
the pH-dependent adsorption of PO4 in Ca solutions. As explained in Chapter 5, the intrinsic pH 
dependency of PO4 adsorption (i.e. in the absence of Ca) is much higher in Fh than in goethite systems. 
However, this difference is largely compensated by the binding of Ca. The increase in PO4 adsorption 
due to the formation of ternary Fe-complexes in Fh is less important than the increase in the PO4 
adsorption on goethite due to strong electrostatic interactions between the large fraction of Ca2+ charge 
present in the 1-plane and the –O ligands of PO4. This electrostatic interaction increases at higher pH 
values, which might even reverse the trend of the pH-dependent PO4 adsorption to goethite, as shown 
previously.79 Therefore, it is obvious that choosing either Fh or goethite as reference material will have 
important implications for the application of surface complexation modeling in natural systems, for 
instance, for interpreting the results of routine soil extractions with 0.01 M CaCl2 solutions. A concrete 
assessment of this implication in relation to PO4 extractability is part of our ongoing research (See 
Section 9.5.2). An unanswered question in this thesis is the rationale behind this difference in surface 
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reactivity between Fh and goethite. This can also be said for the differences in binding mechanism of 
e.g. CO3 ions as shown in Chapter 6. Differences in the density of reactive ≡FeOH‒0.5 groups between 
the dominant crystallographic faces of nearly spherical Fh nanoparticles and the main crystallographic 
planes of goethite might be an aspect to consider in future research. 

 

9.5. From synthetic to natural systems: insights into soil chemical processes 

9.5.1. Implications for assessing reactive surface area of soils 

The reactive surface area (RSA) of a series of agricultural Dutch top-soils (Chapter 7) and weathered 
tropical top-soils (Chapter 8) was assessed with the probe-ion method proposed by Hiemstra et al.76 The 
thermodynamic database developed in this thesis for Fh was used for CD model interpretation of the 
data collected with the probe-ion method. A hypothesis in this thesis was that Fh is a better proxy than 
goethite for the natural fraction of metal (hydr)oxides in these series of soils. The results of Chapters 7 
and 8 clearly showed that the calculated values of RSA and pool of reactive PO4 reversibly bound to the 
mineral surfaces (R-PO4) depend on the selection of either Fh or goethite as proxy. The reason for this 
difference is related to the different shape of the competitive adsorption isotherm of PO4 in 0.5 M 
NaHCO3 solutions, as was comprehensively discussed in Chapters 6 and 7.  

For testing which Fe (hydr)oxide material is the better proxy for the natural oxide fraction, modeled 
(R-PO4) and experimental pools of reversibly adsorbed PO4 were compared. The latter pool has been 
assessed by measuring the amount of ammonium oxalate extractable PO4 (AO-PO4). The rationale for 
using AO-PO4 as validation criterion was given in Chapters 7 and 8 and is based on experimental 
evidence indicating that nearly all AO extractable P was desorbable in long-term experiments.80,81 
Alternatively, the pool of isotopically exchangeable PO4 has been used as a proxy for R-PO4 in other 
SCM studies.82,83 For both sets of soil samples, the modelled R-PO4 values using goethite as proxy were 
clearly higher than the measured amounts of AO-PO4. This indicates that the adsorption behavior of PO4 

in the 0.5 M NaHCO3 soil extracts cannot be represented adequately by goethite. On the other hand, 
when Fh was used as a reference oxide material, in general a good agreement (close to 1:1 line) was 
found between modelled R-PO4 values and measured AO-PO4, supporting the initial hypothesis that Fh 
is a better proxy for assessing the reactivity of the natural fraction of metal (hydr)oxides in the sets of 
soils studied. 

The fact that Fh, rather than goethite, describes better the reactivity of the natural oxide fraction in 
both data sets (Dutch and tropical soils) is remarkable, considering that these types of soils have 
contrasting chemical properties, including the ratio of crystalline and nano-crystalline metal 
(hydr)oxides as well as the Fe to Al ratio in the AO extracts. For the weathered tropical soils, the 
crystalline Fe- and Al-(hydr)oxides dominate the oxide fraction, while the contribution of the nano-sized 
metal (hydr)oxides (i.e. Fh-like materials) to the total metal (hydr)oxide fraction is relatively small on a 
molar basis, being on average only ~25 ± 10%. Nevertheless, due to their high specific surface area, 
these nano-sized materials still dominate the surface reactivity of the natural fraction of metal 
(hydr)oxides, even at low molar concentrations. For the Dutch soils, the molar contribution of nano-
crystalline (hydr)oxides to the total metal (hydr)oxide fraction is on average ~60 ± 15%. 

In the present approach, the effective RSA of soils is approximated by only using Fh as a proxy. In 
case of the tropical soils, the nanocrystalline fraction of Al (hydr)oxides plays a dominant role in 
determining the surface reactivity of soil. This may have implications for the value of the RSA derived 
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with the probe-ion method. However, there may be differences in PO4 affinity between Fe and Al 
(hydr)oxides, which may lead to systematic bias in the estimation of the surface area. For this reason, 
the term effective reactive surface area should be used rather than the surface area. In future research, 
the difference in reactivity of Al and Fe natural nanocrystalline oxides can be studied using for instance 
a probe-ion methodology, if it can be shown a priori that the chosen ion has a different affinity for both 
types of materials. This would allow distinguishing between both metal (hydr)oxide fractions in soils if 
important differences in their binding properties exist.  

9.5.2. Interpretation of soil extractions: effect of calcium on PO4 equilibration 

The model outputs of RSA and R-PO4 obtained with the probe-ion method can be used to get insights 
into the mechanisms affecting the equilibration of PO4 in soil chemical extraction procedures. Soil P 
status is routinely assessed using a variety of soil chemical analyses that are based on different 
mechanisms of extraction.84–86 The practical significance of these analyses often relies on empirical 
correlations between the amount of PO4 extracted and, for instance, the measured P uptake by plants 
and crops. These correlations often show a large unexplained variability, which may be attributed to a 
poor mechanistic understanding of the chemical processes affecting the amount of PO4 extracted.87 This 
evidences the importance of improving our understanding of the underlying chemical processes that 
affect the extractability of PO4 in soil chemical analyses. For soil extractions that ultimately lead to 
equilibration, changes in the Ca concentration, ionic strength, solution pH, and the soil-to-solution ratio 
(SSR, kg L-1) result in different amounts of extracted PO4. These conditions may greatly vary between 
different routine soil extraction methods, e.g. standard soil extraction with 0.01 M CaCl2 solution (SSR 
1:10 [w/v]) vs extraction with demi-water (SSR 1:2 [w/v]).88,89  

The CD model is a promising yet insufficiently explored tool for improving the interpretation of 
routine soil chemical analyses. Figure 9.3 shows an example of the applicability of the CD model, 
parametrized in this thesis for Fh, for describing the effect of Ca concentration in the extracting solution 
on the equilibration concentration of PO4. The range of Ca levels explored is relevant for various soil 
extractions as well as for field conditions.88,89 The preliminary results are part of my ongoing research 
with the aim to contribute to more mechanistic interpretations of the outcome of different PO4 extraction 
methods. 

The insights obtained in Chapter 5 for synthetic Fh systems have been applied here in Figure 9.3 for 
describing the experimental Ca-PO4 relationship in a number of agricultural Dutch top-soils. The RSA 
and R-PO4, derived for these soils in Chapter 7 were used as independent input in the CD modeling. As 
shown in Figure 9.3, the pH of the extracting solution tends to decrease at increasing Ca2+ activity (see 
data labels). The simultaneous changes in these two variables affect the adsorption of PO4 to metal 
(hydr)oxides,79 and affect consequently the measured equilibrium PO4 concentrations. The CD model 
effectively accounts for the simultaneous change in pH and Ca2+ activity. In addition, the mechanistic 
CD model accounts for any change in surface PO4 loading resulting from PO4 release into solution, 
which is particularly relevant for soils with a low PO4 buffer capacity, i.e. with a low RSA.  
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Figure 9.3. Relationship between log10 of the Ca2+ activity and the log10 of the equilibrium PO4 concentration in 
1:60 [v/v] soil extracts for three of the agricultural Dutch soils studied in Chapter 7. The different Ca levels were 
adjusted by adding CaCl2 solutions, except for the lowest Ca level, which was determined by the released of native 
Ca of each soil upon addition of demi-water. The Ca2+ activity was measured with an ion-selective electrode, and 
the PO4 concentration was analyzed colorimetrically using segmented flow analysis (SFA). The data label of each 
point gives the measured pH at equilibrium. The lines are CD model calculations using Fh as proxy. For each soil, 
the values of reactive surface area (RSA) and reversibly adsorbed PO4 (R-PO4), determined in Chapter 7, were 
used as independently determined model input. The surface PO4 loading (ΓPO4) of these selected soils, calculated 
as ΓPO4 = RSA / R-PO4, varied from 1.3 to 2.3 μmol m-2. The synergistic adsorption interaction between Ca and 
PO4 in soils can be well understood with the CD model, defining the effective surface NOM density as the only 
adjustable parameter.90 The data correspond to preliminary experiments performed by the author of this thesis.  

 

In the modeling, the competitive effect of NOM has been included for predicting accurately the 
equilibrium concentrations of PO4 in solution. Ignoring the adsorption competition between NOM and 
PO4 results in lower predictions of the PO4 concentration in solution.91–93 Preliminary, this competition 
effect of NOM has been described here using the approach given by Hiemstra et al.91 More recently, the 
approach was adapted to give credits to the difference in binding mechanism of functional groups of 
NOM, i.e. inner-sphere vs outer-sphere complexation, as well as protonation at low pH.90 The latter 
approach was calibrated by describing the pH-dependent adsorption of PO4 in goethite systems and 
soils. For consistency, this approach still needs to be revaluated using Fh as model (hydr)oxide because 
the pH-dependent adsorption interaction Ca-PO4 is quite different for Fh in comparison to goethite 
(Chapter 5). This will potentially affect the pH dependency of the relationship between NOM and PO4 
in CaCl2 solutions. A fully consistent description of the PO4-NOM relationship is part of the pending 
challenges. Nevertheless, in Figure 9.3, the change in PO4 concentration as a function of Ca activity in 
solution is well described by the CD model, assuming a constant NOM surface loading (≡FeNOM).  

Similarly, for the tropical soils studied in Chapter 8, higher PO4 concentrations (~two-fold) were 
measured in soil extractions with 10-3 M CaCl2 than in the standard extractions with 10-2 M CaCl2 (data 
not presented). These differences can also be described with the CD model, parametrized in this thesis 
for Fh. The NOM loading was fitted based on the PO4 concentration measured in the standard 10-2 M 
CaCl2 extraction. This fitted ≡FeNOM values provide reasonably good description of PO4 concentration 
measured in 10-3 M CaCl2 extracts. This suggests that the differences in PO4 concentration between both 
CaCl2 extractions are mainly controlled by the synergistic binding interaction Ca-PO4, rather than by 
changes in the NOM competition at varying Ca levels. 
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As mentioned above, the SSR (kg L-1) also differs amongst soil P extractions. At decreasing SSRs, 
i.e. increasing dilution of the soil sample with extraction solution, larger amounts of PO4 (in mol kg-1 
soil) are released into the liquid phase. Depending on the degree of dilution, the surface PO4 loading 
may change significantly, which will affect in turn the interaction of NOM and PO4 at the soil surfaces. 
Preliminary results (not shown) suggest that, upon strong changes in SSR, the assumption of a constant 
≡FeNOM loading is no longer valid. It indicates that changes in ≡FeNOM loading are required for 
effectively describing with SCM the PO4 extractability at varying SSRs. The question that arises is 
whether the change in NOM loading upon strong dissolution of a soil sample can be linked to an 
experimentally observable variable (e.g. DOC concentration). If so, a related challenge is how this link 
can be implemented in the CD model calculations. This issue is not solved yet, and it is part of the 
challenges faced in the search for an “all-inclusive” SCM for soils.  

From the above insights, it is clear that the measured concentration of PO4 in equilibrium solution is 
largely affected by both the characteristics of the extraction method and the intrinsic chemical properties 
of the soil sample. This makes it difficult to relate straightforwardly, e.g. using empirical relationships, 
the outcome of routine soil extraction methods to the PO4 concentrations that are representative of in-
situ field conditions. Being able to effectively quantify with SCM the major factors determining the 
extractability of PO4 in specific equilibrium extractions might enable this possibility. However, under 
field conditions, kinetic desorption limitations might decrease the PO4 availability that would be 
estimated from PO4 concentrations measured in equilibrium conditions. Continuous removal of PO4 
and/or NOM from the soil surfaces, due to for instance plant uptake and/or leaching, may lead to 
electrostatic changes on the oxide surfaces that can affect the further desorption of PO4. Therefore, an 
additional future challenge will be to develop a dynamic model for describing the kinetics of PO4 release, 
based on the same electrostatic principles as used in the equilibrium CD model. 

9.5.3. Characterizing the nano-sized metal (hydr)oxide fraction 

For both Dutch and tropical soils, the content of AO-extractable Fe and Al ([Fe+Al]AO, mmol kg‒1) 
is positively correlated to the RSA derived with the probe-ion method (Figures 7.3 and 8.3). For the 
Dutch soils, the mean value of specific surface area (SSA) is 65 m2 mmol‒1 [Fe+Al]AO, whereas for the 
tropical soil the mean SSA is nearly twice as high, namely 110 m2 mmol‒1 [Fe+Al]AO. The variation 
around the mean values can be relatively high. The highest and lowest value differ by a factor of more 
than ~4, which indicates that SSA of the reactive metal (hydr)oxides in these soils is highly variable. 
Therefore, using fixed SSA values for the nanocrystalline fraction of Fe and Al-(hydr)oxides, as is often 
done in SCM studies,83,94 may lead to substantial deviations in the estimated amount of available reactive 
sites for ion adsorption. For the tropical soils, scaling the RSA values to the total content of Fe and Al 
(hydr)oxides (i.e. extracted with dithionite-citrate) yields a significantly lower mean SSA,  ~23 ± 12 m2 
mmol‒1 [Fe+Al]DC, which is due to the important mass contribution of crystalline metal (hydr)oxides in 
these soils. However, the results of Chapter 8 showed that in these soils the nanocrystalline fraction of 
metal (hydr)oxides dominates in terms of surface reactivity. Therefore, a possible explanation for the 
higher SSA of the tropical soils may be related to the larger fraction of Al in the AO extracts of these 
soils, in comparison with the Dutch soils. As explained earlier, if the Al (hydr)oxides have a different 
affinity than Fh for binding PO4, it may lead to a systematic difference in the calculated RSA. 

In Chapter 7, I showed that for spherical particles with the same diameter, the SSA of Al(OH)3 is 
considerably larger than the SSA of Fh. The reason is that Al(OH)3 nanoparticles have a much lower 
mass density than Fh, which changes the relationship between particle size and surface area. This could 
explain the reported higher PO4 adsorption capacity of Al-(hydr)oxides compared to Fe-(hydr)oxides, 
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when expressed as mol PO4 per mol Al/Fe.2 Similarly, higher adsorption of PO4 and AsO4 per mol of 
metal ion has been recently found for nanocrystalline Al (hydr)oxide than for Fh.18 The results were 
attributed to possible differences in the surface sites density between the two materials.    

Scaling the calculated RSA to the [Fe+Al]AO content shows that the reactive fraction of metal 
(hydr)oxides, in both Dutch and tropical soils, is dominated by nano-sized particles with mean diameters 
ranging between ~1.5–5.5 nm. This result is in line with previous studies that have found evidence for 
the presence of nanoparticles as the dominant reactive fraction of metal (hydr)oxide in soils,95–97 
particularly for soils from temperate climates. For soils from tropical regions, however, less information 
is available about the properties of the reactive metal (hydr)oxide fraction. For the scaling of RSA values 
to the content of metal(hydr)oxides, a self-consistent approach has been developed (Chapter 7) that 
considers the size dependency of the molar mass and mass density of the metal (hydr)oxide 
nanoparticles. In this approach, Fh and Al(OH)3 nanoparticles are used as reference for the natural Fe 
and Al (hydr)oxides, respectively. An assumption of this approach is that Fe and Al (hydr)oxides form 
separated solid phases with the same mean particle diameter, regardless the Al/Fe molar ratio in the AO 
extracts. Fe (hydr)oxides with different degree of Al-substitution are also found in nature.98 At 
coprecipitation of Fe and Al in the laboratory, substitution of up to ~20‒30 mol% with Al has been 
found for Fh before precipitation of secondary Al-(hydr)oxide phases occurs.99,100 This implies that the 
formation of separate solid phases of nanocrystalline Fe and Al (hydr)oxide is more plausible for the 
tropical soils, which have higher Al/Fe ratios in the AO extracts (on average ~2.0) than the Dutch soils 
(on average ~0.4). In the assessment of the effective RSA with the probe-ion method, the implications 
of having two distinct oxide phases with a possible difference in PO4 affinity have been discussed in 
Section 9.5.1. At scaling the calculated RSA values to the content of Fe and Al (hydr)oxides, the 
distinction between two solid Fe and Al phases with distinct size-dependent values of molar mass (Mnano) 
and mass density (ρnano) is particularly relevant for soils with high Al/Fe ratios. Neglecting this, and 
assuming instead fixed and equal Mnano and ρnano for both oxide phases, as the Fh core for instance, would 
lead to smaller mean particle sizes and corresponding higher values of SSA.  

9.5.4. Organo-mineral interactions: Size matters for soil carbon stabilization 

The interaction of soil organic matter (SOM) with natural metal (hydr)oxide nanoparticles is one of 
the main processes determining the capacity of soils to store SOC.101–105 Different pathways have been 
proposed for the formation of organo-mineral associations, e.g. sorption of microbial byproducts106 or 
direct sorption of plant derived SOM.107 It is recognized that metal (hydr)oxide nanoparticles may be 
embedded in a matrix of organic molecules when they precipitate in the presence of SOM.76,108,109 
However, a clear structural view of these nanoscale associations is still missing in the literature. In 
Chapters 7 and 8, a model has been proposed for the structural arrangement of organo-mineral 
associations at the ultra-small nanometer scale.  

In Figure 7.5a, a clear positive linear relationship between the calculated RSA values and the SOC 
content was shown for the series of Dutch top-soils. However, for the tropical soils, this relationship is 
less clear (Figure 8.4a), suggesting a large variation in the SOC surface density (mg m‒2) across soil 
samples. This seeming discrepancy can be reconciled if the effect of particle size of the metal 
(hydr)oxides is considered. In the proposed mineral core–surface layer model, the organo-metal 
(hydr)oxide nanoparticles are seen as a collection of mineral cores with a mean diameter d coated by a 
SOM layer with a thickness L (see Figure 9.4a). For each soil, the value of L was fitted iteratively (see 
Chapter 7 for details). Remarkably, for both series of soils, an excellent relationship is found between 
the mean size (d) of the metal (hydr)oxide particles in a sample and the thickness L of the SOM layer 
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surrounding these particles (Figure 9.4a). For most soils, the value of L is considerably larger than the 
thickness of the compact part of the double layer (i.e. ~0.7 nm),51 indicating that only a fraction of the 
total SOC is allocated in the closed proximity of the mineral surfaces. In general, the thickness of the 
SOM layer in tropical soils is about 2/3 of the thickness found in soils from the Netherlands. These 
differences may result from differences in the steady-state of SOM input and output for both types of  
soils, due to for instance contrasting climate conditions influencing SOM decomposition and differences 
in the nutrient status affecting the primary biomass production, and subsequently the SOM inputs.  

 

Figure 9.4. a) Relationship between the layer thickness L of soil organic matter and the mean size d of the metal 
(hydr)oxide nanoparticles for a set of Dutch soil (green circles) and tropical soils (blue squares). The horizontal 
line represents the approximated thickness of the Stern layer at the interface of Fe (hydr)oxides.51 In the calculation 
of L the mass density of SOM has been set to 1250 kg m‒3. b) Relationship between the volume of SOM and the 
volume of metal (hydr)oxide nanoparticles, both expressed in cm3 g‒1, for the same data series described in panel 
a. NB = for the series of Dutch soils, samples 3 and 11 have been excluded from the relationships, because these 
soils present extremely high contents of oxides and SOM, respectively in relation to the rest of soils of this data 
series (see Chapter 7). The relationships present for the series of Dutch soils varies slightly from those presented 
in Chapter 7, where the relationships were categorized according to the clay content of soils.  

 

The interaction of metal (hydr)oxides and SOM can also be interpreted using another structural view 
in which the organo-mineral associations are seen as a collection of spherical entities organized by self-
assembly. Using atomic force microscopy (AFM), it was shown that globular, rather than linear, OM 
molecules are preferentially associated to the surfaces of porous goethite.110 For both sets of soils, the 
SOM volume is remarkably well correlated to the calculated volume of metal (hydr)oxide nanoparticles, 
both expressed in cm3 g-1 soil (Figure 9.4b). From these relationships, the mean volumetric ratio of SOM-
to-oxides (RV) can be derived, being on average ~11 for the Dutch soils and ~5 for the tropical soils. 
The RV can be interpreted structurally as the average number of SOM particles coordinating to a central 
metal (hydr)oxide core. According to Pauling’s first rule, a coordination number (CN) in crystals is 
determined by the ratio of radii of the interacting particles. In case of 10–12, the ratio of particle radii is 
~0.73–1.0, a similar size for the SOM and metal (hydr)oxide particles. For the tropical soils, the volume 
ratio of just 5 could be interpreted as a significantly lower ratio of radii, typically ~0.4, i.e. the SOM 
particles are then substantially smaller than the central oxide particle. However, for the tropical soils, it 
might also be possible to find a similar CN similar as for the Dutch soils (i.e. 10-12) if the SOM particles 
are shared between various metal (hydr)oxide cores in a 3D arrangement, having a ratio of particle radii 

y = 0.64x

y = 0.42x

0

1

2

3

4

0 2 4 6

SO
M

 th
ic

kn
es

s 
L

(n
m

)

Oxide particle size d (nm)

dL

a)

y = 11x

y = 4.7x

0.00

0.05

0.10

0.15

0 0.005 0.01 0.015

Vo
lu

m
e 

O
M

 (c
m

3 
/g

 s
oi

l)

Volume AO-oxide (cm3 /g soil)

Dutch series
Tropical series

b)



Synthesis and Discussion 
__________________________________________________________________________________ 

283 

 

close to ~1.0. If that is the case, it would imply that more condensed organo-mineral associations are 
formed in the tropical soils than in the Dutch soils. 

The above structural view for the nano-scale organo-mineral interactions, using the common self-
assembly framework is novel. It is remarkable that for both types of soils with very contrasting 
properties the same relationships are found, suggesting that the proposed concept for the nano-scale 
association of metal (hydr)oxides and SOM might be universally applicable. However, at higher 
organization hierarchy, i.e. formation of sub-micrometer domains, the structural organization of the 
tropical and the Dutch top-soils may differ. The reason is the significant contribution of crystalline 
oxides in the former soils. These crystalline oxide phases with reduced capacity to react with SOM111 
may be present mainly within internal regions of sub micrometer scale domains. The above organo-
mineral associations organized at the nano-scale can act as binding agents that favor the adhesion of 
larger and less reactive mineral particles (e.g. crystalline oxides and clays), leading to formation of 
micrometer-sized aggregates.112,113 Exposure of “new” metal (hydr)oxide surfaces has been reported 
after selectively removing the fraction of poorly crystalline oxides in soils,114,115 which suggests the 
existence of more crystalline oxide phases coated by the nanocrystalline oxides, probably in association 
with SOM as follows from our interpretations.  

The structural model for the organo-mineral associations proposed in Chapters 7 and 8 may open a 
new debate about the way in which metal (hydr)oxides and SOM interact at the nanometer scale. From 
a wider perspective, this topic is relevant for better understanding the mechanisms and capacity of soils 
for stabilizing SOM. Soil is the largest reservoir of organic carbon in terrestrial systems, and therefore, 
it is an important component of the global C-cycle with a great potential to mitigate the effects of climate 
change. The results presented in this thesis suggest that both the amount and size of the metal 
(hydr)oxide nanoparticles play a central role in the potential of soils for storing SOC. This advocates the 
need to pay more attention to the metal (hydr)oxide-SOM interactions in global models intended to 
predict the potential of soils for sequestering SOC. Presently, biogeochemical models mainly focused 
their attention on the interaction between SOM and clay minerals, whereas this relationship has little 
explanatory power for predicting SOM stabilization.116 

The presented view on the organo-mineral association might be also useful for understanding the 
release of ions from soil surfaces. For instance, organo-mineral associations probably lead to the 
formation of nano- and micro-aggregates that may influence the dynamics of exchange of adsorbed ions. 
Rate limitation of ion release due to intra-aggregate diffusion may affect the outcome of soil chemical 
extractions depending on the micro-aggregate size. This may play a role in soil chemical extraction 
methodologies that are based on the principle of adding an “infinite sink”, such as the Fe oxide paper 
methodology117 or the Dutch P water (Pw) extraction method.118 Such a rate limitation of desorption by 
diffusion may also influence the rate of PO4 uptake by plants. In other words, organo-mineral association 
and micro-aggregate formation may be a relevant factor in soil fertility too, which pledges further study 
of these association mechanisms also from that perspective.  

9.6. Concluding remarks  
In line with the objectives that I formulated in the Introduction chapter, the results of this thesis are 

organized into three main focal areas, namely i) basic insights into the surface reactivity of Fh, ii) 
parametrization of the ion adsorption model, and iii) application of the developed SCM to soils. Overall, 
the results presented in this thesis contribute to improve our understanding of the surface reactivity of 
ferrihydrite. The detailed and consistent study of ion adsorption phenomena to this nanomaterial will 
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also allow better predictions of the chemical behavior of nutrients and pollutants in natural as well as in 
engineered environments. In this particular case, significant progress has been added to understanding 
the mechanisms of the interfacial interactions of PO4 ions. Across all the chapters, I have addressed a 
series of concepts that cover a wide range of scientific aspects, from fundamentals of surface chemistry 
to applications in soil and water chemistry. As such, the results discussed in this thesis might be relevant 
for a range of scientific disciplines, including soil and environmental science, geochemistry, colloid and 
interface science, material and surface science, as well as soil- and water chemistry. Overall, in this 
thesis a major leap forward has been made towards a more accurate description of ion adsorption to 
natural oxides in field samples, using an internally consistent SCM as a tool. Nevertheless, a number of 
challenges still remain in the development of a fully consistent SCM approach for soil samples, for 
which I have indicated a number of specific suggestions in this discussion chapter. These challenges 
will require intensive, yet promising, research in the upcoming years. 
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Summary 

Ferrihydrite (Fh) is an important iron (hydr)oxide nanoparticle present in most natural environments 
and in many engineered systems. Due to the ultra-small size of the primary particles, typically ~2–4 nm, 
Fh has an extraordinarily large surface reactivity. For this reason, even if present at low mass 
concentrations, Fh can largely control the availability of nutrients and contaminants in soils via 
adsorption processes. Ferrihydrite also forms chemically stable organo-mineral associations with soil 
organic matter (SOM), contributing to the long-term stabilization of organic carbon. This nanomineral 
is also a promising material for applications in environmental engineering and remediation technologies. 
In the context of Surface Complexation Modeling (SCM), studying the surface reactivity of Fh is 
important because this nanomaterial is envisioned as a good proxy for describing, using SCM, ion 
adsorption phenomena at the reactive surfaces of metal (hydr)oxides in soils. Despite the importance of 
Fh as a highly reactive material, several aspects of its surface reactivity remain poorly understood. 

Oxyanions such as phosphate (PO4), arsenate (AsO4), and chromate (CrO4) have a remarkable high 
affinity for binding to the surfaces of Fh. This property makes these oxyanions good candidates for 
probing the surface reactivity of Fh. In this thesis, PO4 has been chosen as a model oxyanion to probe 
the surface of Fh for multiple reasons. Phosphate is omnipresent in natural environments, and due to its 
high binding affinity for the metal (hydr)oxide surfaces, it naturally accumulates in an adsorbed form in 
top-soils. Moreover, PO4 is an essential nutrient for plant growth and food production. However, its 
concentration in the soil solution is often too low to meet the requirements for optimum crop yields. On 
the other hand, intensive and repetitive applications of P fertilizers (organic or inorganic) may lead to 
PO4 surpluses entering aquatic systems, compromising water quality and safety. The soil phosphorus 
(P) status in field samples is commonly assessed using a variety of chemical extraction procedures. 
However, there is generally a poor mechanistic understanding of the processes affecting the release of 
PO4 from the soil surfaces during these routine analytical procedures. This may lead to inaccurate 
interpretations about the actual soil P status. Considering all the above, it is clear that studying the 
underlying mechanisms controlling PO4 adsorption to metal (hydr)oxides is highly relevant from a 
scientific, environmental, economic and societal perspective.  

 This PhD thesis aims to gain new insights into the surface reactivity of Fh nanoparticles, given 
emphasis to the analysis of the PO4 adsorption mechanisms and to the development of a SCM approach 
for consistently describing the adsorption of this oxyanion under a wide range of solution conditions. In 
this work, the cooperative adsorption interaction between PO4 and the metal ions Ca2+ and Mg2+, as well 
as the competitive adsorption interaction PO4-CO3, have been extensively studied. A consistent analysis 
of these interactions is crucial if the objective is to understand the adsorption behavior of PO4 in complex 
media, e.g. in natural environments and in the extraction solutions of common soil tests for P. In 
addition, the adsorption of Ca2+ and Mg2+ to Fh has been studied extensively in single-ion systems due 
to the large abundance of these ions in the environment and their effect on the adsorption behavior of 
other important ions. The ultimate goal is to contribute to the development of a self-consistent SCM 
approach for describing simultaneously, in a realistic physical-chemical manner, the adsorption of a 
whole suite of relevant cat- and anions to Fh.  

The approaches implemented in this thesis comprise adsorption experiments with freshly-prepared 
Fh nanoparticles, determination of its specific surface area using a novel developed methodology, as 
well as data interpretation using an advanced SCM (i.e. CD-MUSIC model) and molecular orbital (MO) 
calculations to derive independently the charge distribution (CD) coefficients for all the adsorbing 
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complexes considered in the modeling. The combination of these approaches allowed the compilation 
of an internally consistent thermodynamic database for describing ion adsorption to Fh. Subsequently, 
this database has been applied for evaluating the reactive surface area (RSA) of the metal (hydr)oxides 
in actual soil samples.  

In line with the objectives formulated in the Introduction chapter (Chapter 1),  the experimental and 
modeling chapters of this thesis are organized, according to their main subject, into three sections: i) 
basic insights into the surface reactivity of Fh (Chapters 2–3), ii) parametrization of the ion adsorption 
model (Chapters 4–6), and iii) application of the developed SCM to soils (Chapters 7–8). 

For Fh and nanoparticles in general, many physical and chemical properties change drastically as a 
function of the particle size. Therefore, having reliable information about the mean particle size and 
corresponding specific surface area (SSA, m2 g-1 Fh) of Fh is essential for consistently interpreting ion 
adsorption data collected for this nanomaterial. In the first section of this thesis, I derived a systematic 
approach for assessing the SSA of Fh preparations kept in the wet state, using H+ as a probe ion (Chapter 
2). The H+ adsorption to Fh was measured in solutions with different types of electrolyte ions. For data 
interpretation and modeling, the capacitance(s) of the Stern layer(s) of well-crystallized goethite was 
used as a reference and translated into the capacitance of Fh, using a consistent set of values for the 
molar mass (Mnano), mass density (ρnano), and the surface curvature. The results showed full consistency 
between the values of SSA of Fh derived with the present H+ probing methodology and an alternative 
proposed approach that uses PO4 as probe ion. However, the use of PO4 as probe-ion is a more practical 
alternative to overcome the known limitations of more traditional techniques (e.g. BET) for assessing 
the SSA of Fh kept in the wet state. In addition, PO4 adsorption measurements are less sensitive to 
possible interference of atmospheric CO2. Therefore, PO4 was used as a probe ion to assess the SSA of 
Fh in all ion adsorption experiments performed subsequently in this thesis, allowing the development of 
an internally consistent thermodynamic database for describing the adsorption of several ions to Fh 
(Chapters 4–6). Applying the approach for interpreting H+ adsorption data reported in literature revealed 
a large variation in the SSA (AH ~500–720 m2 g-1) of fresh Fh suspensions, indicating that the use of a 
“standard” SSA for freshly-prepared Fh is not recommended. 

In Chapter 3, the probe-ion method with PO4 was used to quantify changes in the surface reactivity 
of Fh resulting from the particle growth processes. This enabled the study of the major factors (i.e. time, 
pH, temperature, and organic molecules) controlling the change in surface reactivity of Fh. The data 
collected with the probe-ion approach provided insights into the mechanism and rate of growth of Fh 
particles in suspension. In addition, a dynamic model was developed for describing changes in SSA of 
Fh as a result of ageing, which also provided insights into the size (d ~ 1.68 nm) and SSA (A ~ 1100 m2 
g-1) of the initial (i.e. non-aged) Fh nanoparticles. These results are relevant for a tunable synthesis of 
Fh suspensions with well-targeted surface reactivity and for a suitable scaling of ion adsorption data. 

In the second section of this thesis, I parametrized with the CD-MUSIC model the complete set of 
ion adsorption data collected presently for systems with fresh Fh suspensions. In Chapter 4, the 
adsorption of the metal ions Ca2+ and Mg2+ (jointly referred to as M2+) was extensively studied in single-
ion Fh systems. Both ions adsorbed to Fh most probably forming inner-sphere bidentate complexes 
(≡(FeOH)2

Δz0MΔz1). Surface site heterogeneity (i.e. presence of sites with low and high affinity) is a 
particular aspect of the adsorption of M2+ to Fh. In this thesis, the MUSIC model for Fh, initially 
developed for describing the adsorption of oxyanions, was extended by including surface site 
heterogeneity for describing the binding of metal ions to Fh. The results showed that only a small 
fraction (~10%) of the available surface sites that react with M2+ has a high affinity character for these 
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cations. Nevertheless, this fraction of high affinity sites controls the binding of M2+ at low surface 
loadings and particularly at low pH values. Additionally, in this thesis, a first attempt was made to 
identify plausible surface configurations that may be related to the observed surface site heterogeneity, 
using for the first-time state-of-the-art insights into the surface structure of Fh. Additionally, in Chapter 
4, the insights gained for Ca and Mg have been generalized for describing in a self-consistent manner 
the binding of the entire series of alkaline-earth ions. For Fh, the binding affinity increases with 
increasing the ionic radius of these cations, i.e. Be2+ < Mg2+ < Ca2+ ≈ Sr2+ < Ba2+ < Ra2+. Interestingly, 
this affinity trend is opposite to trend observed for other Fe-(hydr)oxides (i.e. hematite, goethite). The 
possible reasons for this difference in affinity trend have been discussed. 

In Chapter 5, the adsorption interaction of PO4 with Ca2+ and Mg2+ ions (M2+) was evaluated in 
binary PO4-M2+ systems with freshly prepared Fh. The adsorption of M2+ to Fh is enhanced in the 
presence of PO4, and vice versa. This synergistic binding cannot be understood only on the basis of 
electrostatic interactions, as found previously for goethite. Instead, formation of anion-bridged (i.e. ≡Fe–
PO4–M2+) ternary surface complexes is the main mechanism explaining the cooperative binding between 
PO4 and M2+ in Fh systems. For the Ca-PO4 systems, two types of anion-bridged ternary complexes, i.e. 
≡(FeO)2PO2Ca and ≡FeOPO3Ca were resolved, whereas for the Mg-PO4 systems only the formation of 
≡FeOPO3Mg was resolved. The structural configuration of these complexes was derived based on the 
interpretation of adsorption data with CD-MUSIC model and by MO/DFT geometries optimization. 
Further research with in-situ spectroscopic techniques might help to confirm the configuration of these 
ternary complexes derived by modeling. The pH-dependency of the PO4 adsorption is quite different for 
Fh and goethite in Ca solutions. This was explained by the difference in the mechanism (i.e. ternary 
complex formation vs electrostatic interactions) ruling the synergistic Ca-PO4 interaction in both Fe 
(hydr)oxides. This implies that choosing either Fh or goethite as reference material will have important 
implications for the application of SCM in natural systems, e.g. for interpreting the results of routine 
soil extractions with 0.01 M CaCl2 solutions.  

In Chapter 6, the competitive adsorption interaction CO3-PO4 was analyzed in Fh systems in a range 
of solution conditions (i.e. pH, total CO3 and PO4 concentration) that are relevant for environmental 
systems (e.g. groundwater) and from the perspective of soil chemical analysis (e.g. equilibrium 0.5 M 
NaHCO3 soil extractions). For a given pH, the adsorption of PO4 to Fh decreases at increasing the total 
concentration of added CO3, which is due to the direct competition between both oxyanions for the same 
binding sites at the surface of Fh. However, the relative affinity of PO4 for these sites is significantly 
larger than the affinity of CO3. The binding modes of CO3 to Fh and the affinity constants of the 
corresponding adsorption reactions have been derived by only measuring the competitive effect of this 
ion on the adsorption of PO4. According to the data interpretation with the CD-MUSIC model, CO3 
adsorbs to Fh forming mainly inner-sphere bidentate complexes, either (≡FeO)2CO or (≡FeO)2CO··Na+. 
The latter is electrostatically promoted at high PO4 loadings and high pH values. The thus-calibrated 
CD-MUSIC model for CO3 described very well the adsorption of this ion to Fh in single-ion systems, 
showing the validity of the model for describing the adsorption of CO3 over a wider range of conditions, 
in the absence of PO4. A remarkable difference was found in the shape of the PO4 adsorption isotherm 
of Fh and goethite in 0.5 M NaHCO3 solution. This different CO3-PO4 competition between both Fe 
(hydr)oxides has important implications for the assessment of the reactive surface area (RSA) of soils if 
probed in 0.5 M NaHCO3 systems, as shown in Chapter 7 and 8.  

A meaningful application of SCM in soils is only possible if one has insight into the effective RSA 
of the soils. This was studied in the third section of my thesis for soils with different pedogenesis and 
chemical properties. The RSA of a series of agricultural Dutch top-soils (Chapter 7) and weathered 
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tropical top-soils (Chapter 8) was assessed using the CD model for interpreting the competitive CO3-
PO4 interaction measured in series of soil extractions with 0.5 M NaHCO3 solution. The thermodynamic 
database developed in this thesis (Chapters 4-6) was used for modeling interpretation. Despite the 
contrasting differences in the ratios of crystalline and nano-crystalline metal (hydr)oxides between the 
two soil series, in both cases, Fh was a better proxy for the natural fraction of reactive metal 
(hydr)oxides, rather than well-crystallized goethite. The results also showed that the natural fraction of 
(hydr)oxides in these top-soils is dominated by nano-sized particles (d ~1.5–5.0 nm), with a highly 
variable SSA of ~350–1700 m2 g-1

. Combining modeling and experimental data, the interaction between 
metal (hydr)oxide nanoparticles and SOM was evaluated, which provided novel insights into the 
nanometer scaled arrangement of the organo-mineral associations in soils. The results obtained for both 
types of soils shows that soil samples with larger metal (hydr)oxide particles store comparatively more 
SOC than samples with smaller metal (hydr)oxide particles. A structural model was proposed for 
interpreting these results in which the organo-mineral associations are seen as a collection of discrete 
SOM and metal (hydr)oxide nanoparticles organized by self-assembly. This structural model may open 
a new debate about the way in which the nanoscale organo-mineral associations are understood. 

Finally, in Chapter 9, I summarize and integrate the major findings obtained in my PhD thesis. 
Further discussion is elaborated for a selected number of topics, which from my perspective, are of great 
relevance in the context of this thesis. In addition, yet unanswered questions, challenges, and prospective 
research opportunities are discussed in light of the results obtained in this thesis.  

Overall, this thesis integrates a series of concepts and approaches that cover a wide range of scientific 
aspects, from fundamentals of surface chemistry to applications in soil and water chemistry. Therefore, 
the present contribution can be of interest to various scientific disciplines, including environmental 
science, geochemistry, colloid and interface science, material and surface science, as well as soil- and 
water chemistry. The insights obtained in synthetic systems with freshly prepared Fh contribute to 
improve our understanding of ion adsorption processes occurring at the molecular scale, which are 
important to enable accurate predictions of the behavior and availability of ions at the macroscopic level, 
studied at the laboratory and field scale. From a broader perspective, the results of this work can be 
relevant for optimizing management practices intended to improve P use efficiency in agricultural 
systems or to reduce the negative side-effects of P in the environment. The results can also be relevant 
in the context of technological applications for improving P recovery from water and waste treatments. 
In relation to SCM development, a major step forward has been taken towards a more accurate 
description of ion adsorption to the natural metal (hydr)oxides in field samples. Nevertheless, several 
challenges remain in the search of a fully consistent SCM approach for soil samples.  
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Resumen 

Ferrihidrita (Fh) es una nanopartícula de (hidr)óxido de hierro presente en la mayoría de los 
ambientes naturales, así como en muchos sistemas industriales (e.g. desechos de minería). Ferrihidrita 
tiene una gran reactividad superficial debido al tamaño extremadamente pequeño de las partículas 
primarias, usualmente ~2–4 nm. Por tal motivo, aun presente en bajas concentraciones (en términos de 
masa), Fh controla en gran medida la disponibilidad de nutrimentos y contaminantes en los suelos, 
principalmente mediante procesos de adsorción. Ferrihidrita forma, en conjunto con la materia orgánica 
del suelo (MOS), complejos organo-minerales de gran estabilidad química los cuales contribuyen a la 
estabilización a largo plazo del carbono orgánico en los suelos. Ferrihidrita también es un material 
promisorio para aplicaciones en ingeniería y tecnologías de remediación ambiental. En el contexto de 
modelización de adsorción de iones en superficies minerales (i.e. Surface Complexation Modelling, 
SCM), estudiar la reactividad superficial de Fh es importante ya que este nanomineral se vislumbra 
como un excelente material de referencia para describir, usando SCM, los procesos de adsorción de 
iones que ocurren en la superficie de óxidos metálicos presentes en el suelo. A pesar de su importancia 
como material altamente reactivo, muchos aspectos relacionados con la reactividad de la superficie de 
Fh son poco conocidos. 

Ferrihidrita tiene una afinidad particularmente alta para adsorber en sus superficies oxoaniones tales 
como fosfato (PO4), arsenato (AsO4), y cromato (CrO4). Por tal motivo, estos oxoaniones son buenos 
candidatos para evaluar la reactividad de la superficie de Fh. En el presente trabajo, PO4 ha sido elegido 
como oxoanión modelo debido a varias razones. El ion PO4 está omnipresente en ambientes naturales, 
y debido a su gran afinidad por las superficies de (hidr)óxidos de hierro y aluminio, el PO4 tiende a 
acumularse naturalmente en los horizontes superficiales del suelo en forma de especies químicas 
adsorbidas. Además, PO4 es un nutrimento esencial para el crecimiento vegetal y la producción de 
alimentos. No obstante, la concentración de PO4 en la solución del suelo se encuentra usualmente por 
debajo del nivel óptimo requerido para garantizar un adecuado rendimiento de los cultivos. Por otro 
lado, el uso intensivo y repetitivo de fertilizantes con fósforo (P), tanto orgánicos como inorgánicos, 
puede conllevar a un exceso de PO4 en sistemas acuáticos, comprometiendo la calidad del agua y su 
seguridad. La disponibilidad de P en los suelos de sistemas naturales y agrícolas es evaluada 
convencionalmente por medio de una serie de análisis de rutina basados en extracciones químicas. Sin 
embargo, a nivel general prevalece un entendimiento deficiente de los mecanismos y procesos que 
afectan la liberación de PO4 de las superficies del suelo durante dichos análisis de rutina. Esto puede 
conducir a interpretaciones imprecisas acerca del estado real de disponibilidad de P en los suelos. 
Considerando todo lo anterior, resulta claro que el estudio de los mecanismos fundamentales que 
controlan la adsorción de PO4 en las superficies de (hidr)óxidos metálicos es relevante desde un punto 
de vista científico, ambiental, económico y social.  

El objetivo de esta tesis es generar nuevos conocimientos acerca de la reactividad superficial de 
nanopartículas de Fh, dando énfasis al análisis de los mecanismos de adsorción de PO4, y al desarrollo 
de un esquema de modelización para describir consistentemente la adsorción de PO4 en un amplio rango 
de condiciones. En este trabajo, la interacción cooperativa de adsorción entre PO4 y los cationes Ca2+ y 
Mg2+, así como la interacción competitiva entre los oxoaniones PO4 y CO3, has sido analizadas en 
detalle. Un análisis consistente de estas interacciones es esencial si el objetivo es comprender el 
comportamiento de adsorción de PO4 en sistemas complejos, e.g. ambientes naturales y soluciones 
extractoras en análisis rutinarios de suelos. La adsorción de Ca2+ y Mg2+ en Fh ha sido también analizada 
exhaustivamente en sistemas mono-componente (i.e. adsorción especifica de un único ion) debido a la 
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gran abundancia de estos cationes en el ambiente y a su efecto en el comportamiento de adsorción de 
otros iones de gran relevancia ambiental. El objetivo final es contribuir al desarrollo de un enfoque de 
modelización que permita describir realísticamente, desde un punto de vista fisicoquímico, la adsorción 
simultanea de una serie de cationes y aniones en nanopartículas de Fh.  

Los métodos utilizados en esta tesis comprenden experimentos de adsorción con nanopartículas de 
Fh recién sintetizadas en el laboratorio, así como interpretación de los datos experimentales usando un 
modelo avanzado de adsorción de iones (i.e. CD-MUSIC) y cálculos de orbitales moleculares (OM) 
para estimar de manera independiente los coeficientes de distribución de carga (CD) de todas las 
especies químicas adsorbidas, utilizadas en el modelo desarrollado. La combinación de estos métodos 
ha permitido compilar una base de datos con parámetros termodinámicos para describir 
consistentemente la adsorción de iones en Fh. Dicha base de datos has sido utilizada posteriormente 
para evaluar el área superficial reactiva (ASR) de la fracción natural de (hidr)óxidos metálicos en 
muestras de suelos.  

De acuerdo con los objetivos formulados en el capítulo de Introducción (Capítulo 1), los capítulos 
experimentales y de modelización de esta tesis han sido organizados, según su tema principal, en tres 
secciones: i) aspectos fundamentales de la reactividad de la superficie de Fh (Capítulos 2-3), ii) 
parametrización del modelo de adsorción de iones (Capítulos 4-6), y iii) aplicación del modelo 
desarrollado en muestras de suelos (Capítulos 7-8). 

Muchas de las propiedades fisicoquímicas de Fh y de nanopartículas en general, cambian 
drásticamente en función del tamaño de partícula. Por lo tanto, una interpretación coherente de los datos 
de adsorción de iones colectados para Fh requiere de información precisa acerca del tamaño promedio 
de partícula y de la respectiva área superficial específica (ASE, m2 g-1 Fh) de este nanomineral. En la 
primera sección de esta tesis se ha desarrollado un protocolo para evaluar el ASE de Fh en suspensión, 
el cual se basa en la medición e interpretación de adsorción de protones (H+) (Capítulo 2). Para la 
interpretación y modelización de los datos, la capacitancia de la doble capa eléctrica (i.e. capa de Stern) 
de goethita (i.e. un óxido de hierro cristalino) ha sido utilizada como referencia y convertida en valores 
de capacitancia para Fh, usando valores consistentes de masa molar (Mnano), densidad de masa (ρnano) y 
curvatura de superficie. Los resultados muestran total consistencia entre los valores de ASE obtenidos 
con la presente metodología (H+-método) y con un método alternativo que utiliza datos de adsorción de 
PO4 (PO4-método). Sin embargo, el PO4-método es una alternativa más práctica para superar las 
conocidas limitaciones de técnicas tradicionales (e.g. BET) para evaluar el ASE de nanopartículas de 
Fh en suspensión. Además, la medición de la adsorción de PO4 es poco sensible a posibles interferencias 
de CO2 atmosférico. Por lo tanto, el PO4-método ha sido utilizado para evaluar el ASE de Fh en todos 
los experimentos de adsorción realizados en esta tesis. Esto permitió el desarrollo de una base de datos 
termodinámica para describir la adsorción de varios iones de importancia ambiental en Fh (Capítulos 4-
6). La interpretación de datos de adsorción de H+ reportados en la literatura revela una gran variación 
en el ASE para suspensiones de Fh (AH ~ 500–720 m2 g-1), lo cual indica que el uso de un valor estándar 
de ASE no recomendado para suspensiones de Fh recién preparadas. 

En el Capítulo 3, el PO4-método ha sido usado para cuantificar los cambios en la reactividad de la 
superficie de Fh, los cuales son el resultado del proceso de crecimiento de partículas. Lo anterior 
permitió analizar los principales factores (i.e. tiempo, pH, temperatura, presencia de moléculas 
orgánicas) que controlan el cambio en reactividad de Fh. Los datos colectados con el PO4-método 
proporcionaron información fundamental acerca de los mecanismos y tasa de crecimiento de 
nanopartículas de Fh en suspensión. Además, se desarrolló un modelo dinámico que describe los 
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cambios en ASE de Fh, y que además revela el tamaño (d ~ 1.68 nm) y ASE (A ~ 1100 m2 g-1) inicial 
de las nanopartículas de Fh, previos al proceso de crecimiento. Estos resultados son relevantes al 
momento de sintetizar nanopartículas de Fh con tamaño y reactividad definidos, así como para 
interpretar consistentemente datos de adsorción de iones en este nanomaterial.  

En la segunda sección de esta tesis, el modelo CD-MUSIC ha sido parametrizado con el fin de 
describir los datos de adsorción obtenidos en sistemas con nanopartículas de Fh. En el Capítulo 4, la 
adsorción de los iones Ca2+ y Mg2+ (referidos conjuntamente como M2+) ha sido estudiada en detalle en 
sistemas mono-componente con Fh. Ambos cationes son adsorbidos en las superficies de Fh formando 
principalmente complejos bidentados de esfera interna (≡(FeOH)2

Δz0MΔz1). La heterogeneidad de los 
grupos reactivos en la superficie (i.e. presencia de grupos superficiales de baja y alta afinidad) es un 
aspecto particular de la adsorción de M2+ en Fh. En esta tesis, el modelo MUSIC, inicialmente 
desarrollado para describir la adsorción de oxoaniones, ha sido extendido con el concepto de 
heterogeneidad superficial con el fin de describir simultáneamente la adsorción de iones metálicos en 
Fh. Los resultados muestran que solo una pequeña fracción (~10%) de los sitios reactivos disponibles 
que reaccionan con M2+ presentan un carácter de alta afinidad por estos cationes. No obstante, estos 
grupos superficiales de alta afinidad controlan la adsorción de M2+ en condiciones de baja densidad de 
adsorción y bajos valores de pH. Adicionalmente en esta tesis, se intentó identificar las posibles 
configuraciones en la superficie de Fh que son responsables por el fenómeno de heterogeneidad 
superficial, utilizando por primera vez información avanzada de la estructura superficial de Fh. 
Adicionalmente, en el Capítulo 4, los conocimientos fundamentales obtenidos con respecto a la 
adsorción de Ca y Mg han sido generalizados para describir de manera consistente la adsorción de toda 
la serie de cationes alcalinotérreos. En sistemas con Fh, la afinidad de adsorción aumenta con el 
incremento del radio iónico de esta serie de cationes, i.e. Be2+ < Mg2+ < Ca2+ ≈ Sr2+ < Ba2+ < Ra2+. Esta 
tendencia en afinidad es opuesta a la tendencia observada en otros (hidr)óxidos de Fe (i.e. hematita, 
goethita). Las posibles causas de esta diferencia han sido analizadas en este trabajo.  

En el Capítulo 5, la interacción entre PO4 y los cationes Ca2+ y Mg2+ ha sido evaluada en sistemas 
binarios PO4-M2+ con nanopartículas de Fh. La adsorción de M2+ en las superficies de Fh incrementa en 
presencia de PO4, y viceversa. Esta sinergia no es explicada únicamente por el incremento de las 
interacciones electrostáticas anion-cation, a diferencia de lo reportado previamente en sistemas con 
goethita. En cambio, la formación de compuestos ternarios de puente aniónico (i.e. ≡Fe–PO4–M2+) en 
las superficies de Fh es el principal mecanismo responsable por la adsorción cooperativa entre PO4 y 
M2+. En los sistemas binarios Ca-PO4, dos tipos de compuestos ternarios han sido revelados, i.e. 
≡(FeO)2PO2Ca y ≡FeOPO3Ca, mientras que en los sistemas Mg-PO4 únicamente el compuesto 
≡FeOPO3Mg ha sido resuelto. Las configuraciones de estos compuestos ternarios fueron derivadas con 
base en la interpretación de datos de adsorción usando el modelo CD-MUSIC, así como por medio de 
la optimización de las geometrías de dichos compuestos, usando cálculos de orbitales moleculares (OM). 
La configuración de estos compuestos ternarios deberá ser confirmada en investigaciones futuras usando 
por ejemplo técnicas espectroscópicas in-situ. En presencia de Ca, la relación entre la adsorción de PO4 
y el pH de la solución difiere sustancialmente entre sistemas con Fh y goethita. Lo anterior se debe a la 
diferencia en el mecanismo principal (i.e. interacciones electrostáticas versus formación de complejos 
ternarios) que controla la interacción sinérgica entre Ca y PO4 en las superficies de Fh y goethita. Esto 
implica que la elección de Fh o goethita como material de referencia tendrá implicaciones importantes 
en la modelización de adsorción de iones en sistemas naturales, e.g. en la interpretación de los resultados 
de análisis rutinarios de suelo utilizando soluciones de 0.01 M CaCl2.  
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En el Capítulo 6, la interacción competitiva entre PO4 y CO3 por la adsorción en Fh ha sido analizada 
en un amplio rango de condiciones (i.e. pH, concentración total de CO3 y PO4), las cuales son relevantes 
en sistemas ambientales (e.g. aguas subterráneas) y desde el punto de vista de análisis químico de suelos 
(e.g. extracciones con 0.5 M NaHCO3). Para un determinado pH en solución, la adsorción de PO4 en Fh 
disminuye con el incremento de la concentración total de CO3 añadido en el sistema, lo cual resulta 
debido a la competencia directa entre ambos oxoaniones por los mismos sitios de adsorción en las 
superficies de Fh. Sin embargo, la afinidad de PO4 por dichos sitios de adsorción es significativamente 
mayor que la afinidad de CO3. Los mecanismos de adsorción de CO3 en Fh, así como las constantes de 
afinidad de las correspondientes reacciones de adsorción, han sido derivadas analizando únicamente el 
efecto competitivo de CO3 sobre la adsorción de PO4. Según la interpretación de datos experimentales 
con el modelo CD-MUSIC, CO3 forma predominantemente complejos bidentados de esfera interna en 
las superficies de Fh, ya sea (≡FeO)2CO or (≡FeO)2CO··Na+. La formación del segundo complejo es 
favorecida electrostáticamente en condiciones de altas densidades de adsorción de PO4 y altos valores 
de pH. El modelo CD-MUSIC, calibrado en sistemas binarios CO3-PO4, es capaz de describir 
razonablemente bien la adsorción de CO3 en Fh en sistemas mono-componente, lo cual confirmar la 
validez de este modelo para describir la adsorción de CO3 bajo un amplio rango de condiciones, en 
ausencia de PO4. Se encontró una diferencia sobresaliente en la forma de la isoterma de adsorción de 
PO4 entre sistemas con Fh y goethita en solución de 0.5 M NaHCO3. Esta diferencia entre ambos 
(hidr)óxidos de Fe tiene implicaciones importantes en la evaluación del área superficial reactiva (ASR) 
de suelos, cuando esta propiedad es evaluada con base en los resultados de extracciones de suelo con 
0.5 M NaHCO3, tal y como se demostró en los Capítulos 7 y 8. 

La aplicabilidad de SCM en muestras de suelo es de utilidad únicamente si se cuenta con información 
válida acerca del ASR del suelo. Lo anterior ha sido estudiado en la tercera sección de esta tesis en 
muestras de suelos con diferente pedogénesis y propiedades químicas. El ASR de una serie de suelos 
agrícolas holandeses (Capítulo 7) y suelos tropicales meteorizados (Capítulo 8) ha sido evaluada 
interpretando con el modelo CD-MUSIC la interacción CO3-PO4. Dicha interacción fue analizada en 
una serie de extracciones de suelo con 0.5 M NaHCO3. La base de datos termodinámica desarrollada en 
esta tesis (Capítulos 4–6) ha sido utilizada en los cálculos de modelización. A pesar de las diferencias 
contrastantes en la proporción de (hydr)óxidos metálicos cristalinos y nanocristalinos entre ambas series 
de suelos, en ambos casos Fh fue identificada como mejor material de referencia que goethita para 
describir la reactividad de la fracción natural de (hydr)óxidos metálicos. Los resultados muestran que la 
fracción reactiva de (hydr)óxidos metálicos en estos suelos está compuesta dominantemente por 
nanopartículas (d ~1.5–5.0 nm), con un área superficial específica altamente variable de ~350–1700 m2 
g-1

. La interacción entre las nanopartículas de  (hydr)óxidos metálicos y la materia orgánica del suelo 
(MOS) fue evaluada en los Capítulos 7 y 8, suministrando nueva información acerca de la configuración 
nanométrica de los complejos organo-minerales en los suelos. Los resultados obtenidos en ambos tipos 
de suelos indican que las muestras con partículas de (hydr)óxidos metálicos de mayor tamaño almacenan 
comparativamente más MOS que las muestras con partículas de (hydr)óxidos metálicos de menor 
tamaño. Para interpretar estos resultados, se propuso un modelo estructural en el cual las asociaciones 
organo-minerales son percibidas como una colección de nanopartículas discretas de MOS y 
(hydr)óxidos metálicos organizadas por un mecanismo de auto ensamblaje. Se espera que este modelo 
estructural abra las puertas a un nuevo debate acerca del modo en que visualiza los complejos organo-
minerales a escala nanométrica.  

Finalmente, en el Capítulo 9, se recapitula e integra los resultados más relevantes obtenidos en mi 
tesis de doctorado y se elabora una discusión más detallada acerca de un selecto número de temas los 
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cuales, desde mi perspectiva, son de mayor relevancia en el contexto de esta tesis. Además, preguntas 
aún sin responder, desafíos y posibles oportunidades de investigación se discuten a la luz de los 
resultados obtenidos en esta tesis. 

En general, esta tesis integra una serie de conceptos y enfoques afines a un amplio espectro de 
aspectos científicos, los cuales van desde fundamentos de química de superficies hasta aplicaciones en 
química de suelos. Por lo tanto, el presente trabajo es de interés para diversas disciplinas científicas, 
incluyendo ciencias ambientales, geoquímica, ciencia de coloides e interfases, ciencia de materiales y 
superficies, así como química de suelo y agua. Los conocimientos adquiridos en sistemas sintéticos con 
nanopartículas de Fh contribuyen a mejorar nuestro entendimiento de los procesos de adsorción de iones 
que ocurren a nivel molecular, lo cual es de gran relevancia para elaborar predicciones más precisas 
acerca del comportamiento y disponibilidad de iones a escala macroscópica, e.g. en laboratorio o en 
condiciones de campo. Desde una perspectiva más amplia, los resultados de este trabajo son relevantes 
para optimizar prácticas de gestión que pretenden mejorar la eficiencia del uso de P en sistemas 
agrícolas, o bien para reducir efectos negativos de P en el medio ambiente. Los resultados también 
pueden ser relevantes en el contexto de aplicaciones tecnológicas para mejorar la recuperación de P en 
aguas residuales. En relación con el desarrollo de SCM, en esta tesis se ha dado un avance importante 
hacia una descripción más precisa de la adsorción de iones en la fracción natural de (hidr)óxidos 
metálicos presentes en suelos, usando técnicas avanzadas de modelización. No obstante, varios desafíos 
persisten en la búsqueda de un enfoque de modelización que sea completamente consistente y aplicable 
a muestras de suelo.   
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