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Abstract 

Iron (oxyhydr)oxide (FeOOH) minerals play important roles in  

various natural, technological and societal settings. The widespread 

abundance of these minerals has prompted numerous studies on their 

surface reactivity in aqueous media. Surface charge development, one that 

namely takes place through the adsorption of potential determining ions 

(p.d.i.; H+, OH-) and coadsorption of counterions (e.g. Cl-, ClO4-, Na+), is 

particularly interesting in this regard. Mineral surface charge development is 

determined by numerous factors related to the interplay of mineral surface 

structure, particle morphology and counterion identity. 

In this thesis the interplay between these factors is resolved by 

monitoring charge development on submicron-sized synthetic iron 

oxyhydroxide particles of different structures and sizes in aqueous media 

with counteranions of contrasting charge-to-size ratio (i.e. NaCl, NaClO4). 

This work, which is summarized in an introductory chapter and detailed in 

five appendices, is focused on three types of synthetic lepidocrocite (γ-

FeOOH) of different shapes and surface roughness, three types of goethite 

(α-FeOOH) of different levels of surface roughness, and finally akaganéite 

(β-FeOOH), a mineral representing unique ion exchange properties due to 

its hollandite-type structure. While charge development was chiefly 

monitored by high precisition potentiometric titrations, these efforts were 

supported by a range of techniques including electrolyte ion uptake by 

cryogenic X-ray photoelectron spectroscopy, particle imaging by (high 

resolution) transmission electron microscopy, porosity analysis by N2 

adsorption/desorption, surface potential development by electrokinetics, as 

well as thermodynamic adsorption modeling. 

These efforts showed that lepidocrocite particles of contrasting 

morphology and surface roughness acquired highly comparable pH and ionic 

strength p.d.i. loadings. Equilibriation times required to develop these 

loadings were however altered when particles became aggregated by aging. 
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 Goethite particles of contrasting surface roughness also acquired 

incongruent p.d.i. loadings, which were predominantly explained by the 

different charge-neutralizing capabilities of these surfaces, some of which 

were related to pore size distributions controlling the entrance of ions of 

contrasting sizes. Such size exclusion effects were also noted for the case of 

akaganéite where its bulk 0.4×0.4 nm wide channels permitted chloride 

diffusion but blocked perchlorate. Charge development at goethite surfaces 

in binary mixtures of NaCl and NaClO4 solutions also showed that the larger 

size-to-charge ratio chloride ion exerted a strong effect on these results even 

when present as a minor species. Many of these aforementioned effects were 

also modeled using variable, counterion- and loading-specific, Stern layer 

capacitance values.  

The findings summarized in this thesis are providing a better 

understanding of surface processes occurring at iron oxyhydroxide surfaces. 

They should impact our ability in designing uses of such particles, for 

example, effective sorption in aquatic media, as well as to understand how 

they behave in natural systems. 
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“The theory is dry, my friend, the tree of life is 
green and blooming”  

Johann Wolfgang von Goethe (1808, “Faust”) 
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1. Introduction 

1.1 Iron hydroxides role in nature and society 

Since the dawn of societies, iron and its alloys have played a great role 

in the development of human kind. During the industrial revolution iron 

became an essential construction material for most infrastructures used 

today. Without iron we would not be able to enjoy high-speed trains, live in 

amazing skyscrapers or even extract other natural recourses. In other words, 

iron is essential for society and is widely used in almost all areas of human 

activity. Being a moderately reactive material, iron is probably not the most 

ideal choice we could make to fulfill our construction needs. However, in the 

absence of the better choice, we are still very dependent on this resource [1-

3]. 

One of the most common undesirable chemical reactions of iron and 

its alloys is the reaction of oxidation, leading to the formation of iron rust. 

Recently the corrosion process became a reason for a number of accidents, 

when infrastructures such as bridges, failed causing human fatalities. 

Therefore, it is of great importance to study corrosion and its products, and 

to understand its chemistry and structure at the molecular level. Corrosion 

commonly occurs when iron stays in contact with water, or as most common 

in natural conditions, in contact with aqueous solutions, with a number of 

ions being present. The main components of iron rust are iron oxides, such 

as Fe2O3 and FeO, and iron (oxyhydr)oxides with general formula of 

Fe(O)OH represented by numerous crystalline phases of various 

morphologies, such as goethite (α-FeOOH), lepidocrocite (γ-FeOOH), 

akaganéite (β-FeOOH), as well as many others. These minerals are 

independent chemical phases with distinct properties that make them of 

great interest to study. 

Even though humans are not directly interested in the formation of 

iron (oxyhydr)oxides, as in the form of iron rust, these minerals can be used 

in a number of industrial processes. Iron (oxyhydr)oxide surfaces interact 
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strongly with their surrounding media, notably in the form of adsorption 

reactions. Particles of high specific surface area can also be used for 

designing various low-cost sorbents [4-6], in the purification of large air and 

water [7] volumes crucial to many industries, as well as being used as filters 

or catalysts [8-11]. 

Iron (oxyhydr)oxides can adsorb CO2 at their surfaces [12] and are 

therefore widely used in studies aimed at understanding how they can be 

used to control levels of this greenhouse gas. Another possible application is 

the production of paints [13]. Many wooden houses in Sweden are painted 

with typical red paint - the color that comes from an iron oxide known as 

hematite. The literature also reports their possible usages in the 

development of electrodes or electrical batteries [14-16]. Moreover, iron 

(oxyhydr)oxide particles can have attractive uses for medical applications 

[17, 18]. Thus, industries with potential interests in these materials can be 

mining and paper industry, batteries and paint production, and possibly the 

medical industry. Studies dedicated to iron (oxyhydr)oxides are therefore of 

great importance for human kind, not only to know how to handle one of the 

components of iron rust, but also to be able to use the properties of iron 

(oxyhydr)oxides for our own needs. 

As iron is the fourth most abundant element in Earth’s crust, iron 

(oxyhydr)oxides are of widespread occurrence in nature, where they also 

play important roles in many chemical, physical and biological processes [19, 

20]. They are found in the atmosphere, where they are present in the form of 

aerosols [21], solids [22] and in the form of colloidal aqueous suspensions in 

rivers [23], lakes [24] and oceans [25]. These compounds are responsible for 

a number of surface reactions. Some of them are involved in regulating the 

concentration and transport of ions and various species in, for example, 

groundwater or soils. Some are highly involved in the formation of 

atmospheric precipitates [26-28]. Others are involved in the life-cycle of 

various bacteria [29] and other biota [30, 31]. Finally, submicron particles of 



 

4 

iron (oxyhydr)oxides widely interact with the greenhouse gases (CO2, H2O) 

in the atmosphere. 

Systems where iron (oxyhydr)oxides are present, regardless of natural 

or anthropogenic provenance, are usually much more complicated than can 

be reproduced in the laboratory. They depend on a number of various 

factors, such as pressure, temperature, coexisting chemical contaminants, 

humidity, solution pH, as well as combinations of these factors. The 

macroscopic phenomena occurring in these systems are largely controlled 

and defined by underlying microscopic reactions, happening at iron 

(oxyhydr)oxide surfaces. Understanding of these adsorption reactions at the 

molecular level in terms of mechanisms and driving forces is therefore of 

great importance for us to prevent them, to exploit their numerous 

technological uses, as well as to understand important geochemical 

processes. 

1.2 Literature review 

A great number of studies have furthered our understanding of 

mineral surface reactivity and structure of mineral surfaces in contact with 

aqueous media [32-37]. Surface-sensitive X-ray-based techniques have been 

considerably useful for resolving structures at the mineral-water interface 

[38-40]. For example, a X-ray reflectivity study by Wogelius et al.,[39] 

resolved altered layers formed at oligoclase surfaces in contact with aqueous 

solutions of nitric acid or water. Another example includes a study by Fenter 

et al. [40] resolving density profiles of Rb+ and Sr2+ ions at the mica/water 

interface. These efforts uncovered monolayer coverages of inner-sphere Rb+ 

(6-fold coordinated) but two distinct layers of inner- and outer-sphere Sr2+ 

(8-fold coordinated) ions. Some theoretical studies have also contributed to 

this research area [41-44]. Kerisit et al. [41] presented atomistic simulations 

of iron (oxyhydr)oxide surfaces in contact with water and NaCl solutions. 

These simulations revealed multiple layers of ions at the interface and 

underscore their relationship to electrostatic potentials. Wang et al. [42] 

studied brucite, gibbsite, hydrotalcite, muscovite and talc and demonstrated 



 

5 

the relationship between mineral surface structure and interfacial water 

structure. The studies of Catalano et al. [45] resolving the interfacial water 

structure on (012) surface of hematite and of Ghose et al. [46] on ordered 

water molecules and functional groups at the surface of (100) surface of 

hydrated goethite are also of great interest in this regard. 

Methods used to predict adsorption reactions at mineral surfaces have 

also developed considerably in the past decades. Those that have notably 

influenced the development of hypotheses and theories tested for this work 

are discussed in further detail in this section. 

1.2.1 Historical development of views on mineral surface charge 
development 

The fundamental reaction governing charge development at the 

mineral water-interface is the complexation of potential-determining ions 

(p.d.i.; H+ and OH-) with mineral surface (hydr)oxo and Fe sites. The 

determination of surface charge at the mineral-water interface is a task that 

is predominantly performed in two ways. The ’mass titration’ method [47] 

consists of titrating dry mineral particles into aqueous solutions and 

monitoring pH changes resulting from the consumption or release of protons 

from the material surfaces. The ’potentiometric titration’ method consists, 

on the other hand, of titrating a suspension of mineral particles with 

standard acid and/or base. In both cases mineral surface charge (σ) per m2 is 

derived from amount of protons bound to the mineral surface ([H+]bound): 

σ=
H+ bound∙F
SA

 

where F is Faraday’s constant, and SA is the total mineral surface area 

(m2/L). This method is directly inspired by earlier electrochemical work on 

metal halides solids, such as the AgI/water interface [48]. When in contact 

with water, AgI crystals become negatively charged due to the higher 

solubility of Ag+ ions compared to I- in the aqueous media. Thus, the Ag+ 

ions could be considered as p.d.i. in this system. Parks and De Bruyn [49] 
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were likely the first to apply the method of potentiometric titrations for oxide 

materials, while Bolt [50] applied this technique to SiO2 particles, followed 

by Bérubé and De Bruyn [51, 52] for titanium oxides. Previously, variations 

in mineral surface charge were estimated by changes in solution pH by 

applying the Nernst equation. A more advanced approach invoking the 

presence of specific adsorption centers (surface sites) was needed. Therefore 

Parks and De Bruyn [49] proposed the 2 pKa model for the treatment of the 

experimental data obtained from potentiometric titrations of hematite (α-

Fe2O3) suspensions. The 2 pKa model was based on the assumption that two 

(de)protonations reactions on the same surface oxygen (site), such that: 

≡ MOH0+H+  ≡ MOH2+ 

≡ MOH0+OH-  ≡ MO-+H2O 

These investigations confirmed the crucial role of H+ in the formation of 

E.D.L. and revealed the large differences between the E.D.L. on oxide 

surfaces and that on the surfaces of such materials as AgI or Hg, resulting in 

a significantly larger surface charge on the oxide materials. Schindler and 

Gamsjäger [53] titrated anatase particles in 3M NaClO4 and developed the 

Constant Capacitance Model (CCM) to explain the sub-Nernstian 

development of surface charge. 

Further combination of 2 pKa model with CCM provided an adequate 

yet simple description of the mineral-water interface, requiring only few 

parameters. The group of W. Stumm contributed in developing these 

concepts further. In one study [54], the stability of dispersed systems was 

discussed in regard to the distribution of the ions at the oxide-electrolyte 

interface. It was also shown that capacitances of hydrophilic metal oxide 

surfaces are greater than for hydrophobic surfaces of Hg and AgI. Another 

study from this group [55], was devoted to the adsorption of metal ions 

(Mg2+, Ca2+, Fe3+, Cu2+ etc.) at oxide surfaces (e.g. SiO2, Al2O3, MnO2). This 

study invokes the idea about the hydrolysis of surface functional groups to 

account for the pH-dependence of ion adsorption at the surfaces of oxide 
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minerals. Surface complexation and its influence on the kinetics are 

discussed in Stumm et al. [56]. The authors state that the application of 

E.D.L. theory is insufficient for describing adsorption reactions at the 

mineral surface. They called for a better understanding of chemical forms 

and occurences of surface species, coordination shells of surface sites as well 

as those of surface reactants. The study therefore describes the adsorption 

kinetics by simple mechanistic models, involving knowledge about the 

coordination of surface sites at the mineral-solution interface. 

At the same time, the T. Healy group contributed to significant 

advancements in this area by realising that classical electrochemical 

formulations of the E.D.L. are not fully valid for mineral surfaces [57]. They 

proposed a unified treatment linking E.D.L. development with the ionization 

of surface sites. Thus the principal factors and trends influencing surface 

charge development on these materials were investigated. Yates and Healy 

[58] performed potentiometric titrations of titanium dioxide in various 

concentrations of 1:1 and 1:2 electrolytes, revealing the similar charging 

behaviour of TiO2 with many others metal oxide materials, and substantially 

higher surface charge on these materials compared to the AgI and Hg. 

Davis, James and Leckie [59] also used potentiometric titrations to 

develop the modeling approach to determine the intrinsic ionization and 

complexation constants of oxide surface sites. The method allowed 

calculation of both solid and solution equilibrium states as well as surface 

charge, ion adsorption density and diffuse layer parameters. Davies and 

Leckie [60] applied their site-binding model, developed for the E.D.L., for 

the adsorption of metal ions, such as Pb2+, Cd2+, Cu2+, etc., and [61] for the 

adsorption of anions, showing that the adsorption of protonated anion 

species, such as HCrO4-, HSeO4-, HSO4- is more likely than the complexation 

by bidentate surface sites. 

In 1982, a new step in the development of surface complexation 

modeling was realized by Bolt and van Riemsdijk [62] with the 1 pKa model. 

A major justification for this approach was the unlikelyhood of surface sites 
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to undergo two protonation steps within, say, 10-14 pH units. In this 

approach, the Pauling Bond Valence theory was invoked to estimate surface 

functional group charges: 

≡MxOHy(xz/CN-2+y)+H+  ≡MxOHy+1(xz/CN-2+y+1) 

where (CN) is the coordination number of ≡M, surface cation, (z) is its 

charge, while (x) is the coordination number of surface oxygens with respect 

to underlying ≡M cations and (y) is the number of protons. The following 

development of surface complexation modeling was related to the further 

summarizing and promoting the ideas of the existence of multiple 

adsorption centers at the mineral surfaces, characterized by various proton 

affinities. Thus in 1989 the Multi Site Complexation approach (MUSIC), was 

put forth by Hiemstra et al. [63] as an alternative modeling framework to the 

more macroscopic 1 site 2 pKa model. The MUSIC model invokes the 

populations of surface active sites on each crystal plane of studied material. 

Venema et al. [64] suggested an improved method for calculation of proton 

affinities for the specific surface groups at the iron (oxy)hydroxide surfaces 

by refining bond valences values based on bond length, as described in 

Brown and Altermatt [65]. The model predicted surface charge of iron-based 

minerals, including goethite, lepidocrocite and hematite, in terms of particle 

morphology and the identity and distribution of different (hydr)oxo groups 

with distinct proton affinity constants. Today, many surface speciation 

studies [66-69] resolve the adsorption reactions at the mineral surfaces 

using the MUSIC model. 

1.2.2 Recent approaches to mineral surface charge development 

The surfaces of iron (oxyhydr)oxides are widely studied because of 

their ability to interact with the charged moieties. The ability of p.d.i. to 

adsorb at the mineral surface as well as the mineral surface charge are 

strongly related to the presence of counterions in aquatic media. The 

development of mineral surface charge depends on the concentration of 

counterions, capable of neutralizing the surface charge of adsorbed p.d.i. The 
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ability to monitor the amounts of surface related ions is of great importance 

and can be easily performed by X-Ray Photoelectron Spectroscopy (XPS). 

XPS is a powerful tool for tracking the atomic concentrations of electrolyte 

ions at the mineral surface. These concentrations can also be related to 

surface charge. The technique of Cryogenic XPS was developed especially to 

monitor the concentrations of the ions at the solid-liquid interface in situ. In 

this method, the sample gets frozen instantly and therefore retains all the 

features of the solid-liquid interface. One noteworthy publication includes 

the cryo-XPS of Shchukarev and Sjöberg [70] on silica, gibbsite, goethite and 

manganite, where the thickness of the interfacial layer was estimated to be 

around 0.5 nm. Thus, for example, for goethite the atomic ratios of Na/Fe 

and Cl/Fe were calculated, allowing for the rough estimation of the point of 

zero charge (P.Z.C.), namely the pH at which the net surface charge is zero. 

Boily and Shchukarev [71] [72] [73] [74] performed another suite of cryo-

XPS studies devoted to the surface of hematite, with the goal of tracking the 

relationships between surface charge and electrolyte ion loadings. These 

efforts notably focused on alkali metals [71] [73], halides [74] as well as 

ammonia [72]. The data obtained from cryo-XPS method can provide unique 

information about the mineral surface, when coupled with the data about the 

surface charge, obtained by potentiometry. 

Studies dealing with this technique come along with the modeling of 

proton adsorption at the mineral-water interface. The method of 

potentiometric titrations has several limitations in determining the proton 

active sites at the mineral crystal planes. This problem is raised in the study 

of Lützenkirchen et al [75]. The results of the study show that the surface 

saturation of the goethite surface regarding protons cannot predict the true 

site density of the mineral surface. The limitations are related to the fact, 

that the presence of different electrolyte counterions, as well as their 

concentrations, can yield different values. Moreover, the saturation of the 

mineral surface regarding the protons cannot be reached possibly up to 

pH=1 even in high electrolyte concentrations such as 0.6 M NaCl. In a 

follow-up study, Lützenkirchen et al. [76], describes the protonation of 
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different goethite surfaces and provides the models for this process in NaCl 

and NaNO3 ionic media. In this article authors compared the adsorptive 

properties of goethite particles with different surface areas of 25-40 m2/g 

and 90 m2/g in different electrolyte concentrations. Differences in the 

charging attributes on these particles were ascribed to differences in the 

capacitance of the compact layer of the E.D.L., as will be detailed in further 

sections, as well as in electrolyte ion binding constants. Another study of 

Boily and Lützenkirchen [77] deals with the surface charging behaviour of 

goethite samples with various surface area and in the media of different ionic 

strength. The results were interpreted using surface complexation approach 

within the Basic Stern Model. The singly-, doubly- and triply- coordinated 

Fe-OH groups of goethite surface were considered within the MUSIC 

framework. Significant efforts regarding the surface charge of lepidocrocite 

were presented by Zhang et al. [78]. This moderately well studied mineral 

was probed for the adsorbtion of protons, Fe(II) and Al(III) on its surface. 

The authors provide the values characterizing the acid-base properties of the 

lepidocrocite, comparing them to the literature data. The surface 

complexation of Fe(II) and Al(III) at lepidocrocite surface is also discussed, 

giving the views on the possible surface complexation mechanism of these 

species. 

A number of studies mostly related to the modeling approaches have 

formulated the mechanistic models for the adsorption reactions at the 

surfaces of iron (oxyhydr)oxides [63, 79-83] [84]. Many of these efforts take 

into account information from microscopy and crystallography, 

spectroscopy, electrokinetic measurements, various adsorption data, 

including the proton adsorption data, amongst others. As the MUSIC model 

strongly relates on the mineral crystallography, the knowledge about the 

proportion of different crystal faces of mineral crystal plays is crucially 

important. Therefore the study of Gaboriaud and Ehrhardt [85], considering 

these differences between particles of colloidal goethite is of great interest. In 

this study, the authors used atomic force microscopy to show that particle 

morphology greatly influences the surface charge development of the 
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minerals, while it almost does not affect the P.Z.C. of similar mineral phases. 

P.Z.C. is the point at on the pH scale where the net charge at the 

mineral surface is zero. The value of P.Z.C. is a direct consequence of the 

amount and types of functional groups at the mineral surface. The P.Z.C. can 

often coincide with the isoelectric point (I.E.P.), determined by electrokinetic 

(ζ-potential) measurements. Since mineral crystal planes develop different 

surface charge, the determination of ζ-potential must largely depend on 

crystal morphology and surface conductivity. These effects are widely 

discussed in the studies of Sameut Bouhaik [86] for TiO2 , and Leroy et al. 

for amorphous silica [87]. The dependence of ζ-potential from the surface 

charge of TiO2 was a result of different shapes of TiO2 particles. Similar 

results were shown by Grover et al. [88]. However, the P.Z.C. of iron 

(oxyhydr)oxides mineral particles were shown to deviate slightly, even if 

particle morphology was significantly different. The review study of 

Kosmulski [89] is of great value in this context. 

Aside from mineral crystallography, surface roughness is another 

important feature to consider while understanding mineral surface charge 

development. A suite of three papers by Villalobos et al. should be mentioned 

in this regard. The first paper [90] compares the amount of surface sites of 

goethite samples of three different Specific Surface Area (SSA) and the 

adsorption abilities of these samples regarding proton, chromate, carbonate 

and lead (II). The high reactivity of low SSA goethite is explained by the 

predominace 0f (021) plane compared to (100), here referring to the classic 

Pbnm representation of goethite. Thus the goethite with lowest SSA of 50 

m2/g exposed 9.7 sites/nm2, the one with the SSA of 70 m2/g exposed 5.2 

sites/nm2, while the one with the highest SSA of 94 m2/g exposed only 3.1 

sites/nm2. Ions were found to bind to -singly and -doubly coordinated (Fe) 

surface sites, while protons were deemed to adsorb on -singly and -triply 

coordinated sites. The second study [91] provides the crystallographic-

thermodynamic model describing the behavior of mentioned in the first 

study mineral samples. The model suggests the high concentrations of 
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reactive -singly and -doubly surface hydroxyl groups at such goethite 

surfaces as (100) and (021), that are not traditionally considered to be 

dominant in overall goethite surface area. The particles with the low SSA are 

considered to expose 37% of (110) and 63% of (100) face, while the pristine 

surfaces of particles with high SSA were successfully modelled without 

considering the influence of (100) and (021) faces. Moreover, the particles 

surface irregularities were overviewed concluding the growth of surface 

kinks and steps on each other diminishes their surface reactivity. In turn, the 

third study [92] unifies the arsenate adsorption behaviour on the goethite 

surfaces, suggesting a model explaining the mineral adsorption behaviour 

through the differences of goethite surface roughness. Mainly the roughness 

was explained in this study due to the variability of (110)/(100) planes at the 

surface of low SSA goethite.  

Strongly related to surface roughness is the concept of counterion size 

accommodation/exclusion by pores. Livi et al. [93] discusses the influence of 

atomic-scale surface steps on the surface properties of rutile. It was found 

that about a third part of the biggest (110) planes consist of steps that greatly 

influence the adsorption of such organic molecules as amino-acids. The 

study of Fisher et al. [94] deals with the low SSA multi domain crystals of 

goethite. The wedge-shaped pores are found on these crystals and 

investigated by means of AFM, showing their dimensions to be more than 

100 nm in length, 20-30 nm in width and 4-6 nm in depth (at AFM depth 

limits), providing the possibility of these pores to be even deeper. The 

presence of such pores at mineral surface is likely to explain the slow 

diffusion of many ions inside them. Such explanations, for example, are 

made by Brummer [95] for the ions of heavy metals. Hereby, it is worth 

mentioning a study by Kosmulski et al. [96] reviewing an extensive dataset 

about SSA values of goethite. Pores and irregularities however might not 

only prevent the surface charge development, but also enhance it, 

undergoing the dissolution process and thus providing additional surface 

sites for the p.d.i. adsorption. Another significant development in this area 

was put forth by Rustad and Felmy [97] where it was suggested that 
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preferential solvation of proton active sites at interections of crystallographic 

planes, in contrast to their counterparts at flat surfaces, promoted charge 

development at particle edges. By analogy, this concept would also help 

explain the greater p.d.i. loadings occurring at mineral surfaces. 

Besides the interactions of mineral surfaces with various ions, their 

interaction between each other are of great interest. Due to such interactions 

mineral particles can aggregate between each other during the storage, 

forming new larger formations. These processes tend to minimise the total 

surface area of the system and thus lead to the decrease of possible surface 

charge in suspension. These effects were well studied and developed in the 

group of Penn L. Thus the study of Yuwono et al. [98] resolves the problem 

of oriented aggregation of ferrihydrate particles. It was observed by means of 

cryo-TEM, that the smaller particles of goethite can co-growth with each 

other, forming the elongated mesocrystals, the intermediate mesostable 

structures forming prior the oriented aggreagation itself that is considered as 

irreversible transformation. The works of Burrows et al. [99] provide a 

glance on the effects of pH and ionic strength on the crystal growth by 

oriented aggregation. Thus an increase in pH towards the P.Z.C. increases 

the rate of oriented aggregation for larger particles, while the dependence 

was opposite for the smaller particles. These studies provide us with an idea 

regarding the formation of mesocrystals in the suspensions of lepidocrocite. 

Another interesting feature of some minerals is their ability to interact 

with various ions through their bulk structures, akaganéite being a great 

example of such interactions. Providing a general lack of investigations about 

akaganéite, it is particularly important to overview those few studies that 

exist. Ellis et al. [100] discusses the ion exchange between the bulk of 

akaganéite and the aqueous media. It is concluded that the ion exchange 

processes are quite slow, while the Cl- ions are vital for the formation of 

akaganéite crystal structure. The study of Rémazeilles and Refait [101] is 

devoted to the formation of akaganéite in chloride-containing media. 

Authors discuss the formation of this mineral from the β-Fe2(OH)3Cl (iron 
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(II) hydroxychloride)  as an important component of iron rust, and analyze 

the development of this process regarding the concentrations of ions in the 

initial solutions. Akaganéite can exchange its bulk chloride ions with the ions 

in the aquatic media. This phenomenon is discussed in the study of Cai et al. 

[102], where Cl- ion exchange for Br-, F- and OH- anions was studied. Ohyabu 

et al. [103] moreover proposes that F- binding to structural Fe3+ drives its 

exchange for bulk Cl-. Particularly useful on the early stages of this Ph.D. 

project were the studies of Kanungo et al [104-106]. Authors reported the 

charge development on the surface of this mineral and provided the 

electrokinetic measurements to establish the P.Z.C. of akaganéite. However 

no attention was devoted to the possibility of charge development by the 

bulk of akaganéite, as well as to possible contaminations of its surface by 

carbonate or other agents that could cause a shift in the P.Z.C. values.  

1.3 The aims of the thesis 

This thesis is focused on resolving the factors that influence iron 

(oxy)hydroxides surface reactions, leading to the development of mineral 

surface charge. All iron (oxy)hydroxides considered in this thesis (goethite, 

lepidocrocite and akaganéite) have highly similar chemical formulae, but 

possess different surface and bulk structures. They are all comprised 

structural octahedra, formed by iron, oxygen and hydrogen atoms Fig 1.1. 

 

 
Fig. 1.1 The double chain formed by two edge-sharing FeO3(OH)3 octahedra 

The different chemical properties of these minerals are generally a 

result of these octahedra being attached to each other in the different ways 

(Fig. 1.2). 
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In goethite (named after famous German writer and mineralogist V. 

Goethe) these iron octahedra are attached to each other forming a 2×1 

pseudo-channels. Thereby the iron octahedra form double chains, attached 

to each other by sharing the corner sites (Fig. 1.2). In lepidocrocite (named 

after greek words lipis, standing for scale and krokis for fiber) iron octahedra 

form a layered structure, where the sheets are attached to each other by 

hydrogen bonding (Fig. 1.2). Akaganéite, named after the Japanese mine 

Akagané, forms large 2 × 2 tunnels, is stabilized by chloride ions which are in 

turn stabilized by the hydrogen bonds with neighbouring hydroxyl groups 

(Fig. 1.2). Goethite and akaganéite ideally form the elongated, needle-shaped 

crystals, while lepidocrocite may form both elongated (rod) or flat (lath) 

crystals [107]. The morphology of the mineral crystals implies the differences 

in the ratios of mineral crystal planes. Each crystal plane of the nano-particle 

of iron (oxyhydr)oxide differs by its surface reactivity from the other surface 

planes. The reason for that is a different population of surface active sites 

(groups) at the surfaces of the crystal planes. Being exposed to aqueous 

media, the surface planes of iron (oxyhydr)oxides expose a variety of surface 

groups capable of adsorbing p.d.i. These surface groups can have different 

coordinations in relation to the number of underlying iron atoms and 

therefore reveal different proton affinities. In case of iron (oxyhydr)oxides, 

surface groups can be singly-, doubly- or triply- coordinated with the Pauling 

Valence-derived charges of -0.5, 0, and +0.5 respectively [107], the charge 

being one of the key factors responsible for the adsorptive abilities (Fig 1.3.). 

Fig. 1.2 Crystal structure of lepidocrocite, goethite and akaganéite 
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The adsorption of p.d.i. is only possible in the presence of oppositely 

charged ions (counterions). This process allows the mineral surface remain 

electroneutral. The surface charge arising from adsorption of p.d.i. is 

neutralized by corresponding layer(s) of counterions, what leads to the 

formation of E.D.L., the central structure in description of mineral-water 

interface. The concentration of the counter ions in the surrounding aquatic 

media and their charge-to-size ratio are two most important factors, 

determining the charge development at the mineral surface. Indeed, greater 

concentrations of the counterions allow more p.d.i. to be adsorbed at the 

mineral surface, while the charge-to-size ratio determines the ability of 

counterions to approach mineral surface and neutralize the charge of p.d.i. 

effectively. 

This work considers adsorption reactions at the mineral-water 

interface, a process leading to the formation of E.D.L., and the factors 

influencing the aforementioned processes. The separate study of these 

factors could definitely improve our understanding of surface reactions, 

however it would not give a full picture of the complex systems where the 

ongoing processes also influence each other. In this sense, one of the other 

main purposes of this thesis is also to show how various factors influence 

each other during the surface reactions of iron (oxyhydr)oxides. For these 

purposes, the adsorption reactions at the mineral surface and the formation 

Fig. 1.3 Singly-, Doubly- and Triply coordinated surface hydroxil groups  
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of E.D.L. was studied on the examples of various iron (oxyhydr)oxides. 

Among them are akaganéite (AK), three morphologically different 

lepidocrocites (LP), namely rod (RL), lath (LL), and a rough lath (LLR), as 

well as 3 types of goethites (GT) of different SSA (GT66, GT69, GT122). 

Various factors influencing adsorption processes at the mineral-water 

interface as well as combinations of these factors are considered. Among 

them are the following: 

1) Differences in particle morphology, resulting in the various 

populations of surface active sites on their surfaces. 

2) Influence of charge-to-size ratios of counterions on the surface 

reactions, particularly the neutralization of mineral surface charge, 

as well as the coexistence of different counterions at the mineral-

water interface and their concentrations. 

3) Differences between particles of varied surface roughness and 

porosity, promoting additional mineral surface charge by exposing 

the additional amounts of reactive surface sites or diminishing it by 

restricting the entrance of counterions. 

4) Interactions of mineral particles between each other, causing 

formation of their assemblies and thus influencing the mineral 

surface charge through the change of resulting morphology of 

mineral particles. 

5) Influence of the mineral bulk on the adsorption reactions and 

mineral charging, as can be specifically studied with akaganéite. 

Synthetic iron (oxyhydr)oxide particles are rarely perfectly shaped, 

although we model them as such. Their morphology depends on the number 

of factors, among which are the rate of synthesis reaction, temperature, 

concentration and nature of initial reagents and even the volume of reaction 

vessel. Thus the mineral crystals usually acquire various surface 

irregularities, which can influence the E.D.L. in the different ways. Surface 

irregularities may prevent or enhance the formation of E.D.L. by promoting 

or restricting the entrance of counter ions to the areas, where p.d.i. could 
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adsorb. They may influence E.D.L. properties, such as thickness and 

interfacial water dielectric constant, and therefore charge development. In 

addition the mineral irregularities undergo faster dissolution than the 

regular mineral planes and therefore expose additional surface sites, capable 

for the adsorption [97], thus promoting additional surface charge 

development. The mineral irregularities considered in this thesis can ideally 

be divided into 3 groups, in relation to the size of the mineral crystals. 

1) The first would include the surface planar irregularities, such as 

kinks and steps, appearing due to the multidomain crystal 

formation. The presence of such irregularities mainly depends on 

the rate of crystallization reaction of mineral samples. Thus 

immediate and vigorous mixing of reagents provides large, rough, 

usually multidomainic crystals. The described irregularities 

exposed by such crystals undergo enhanced dissolution and 

provide additional surface sites, promoting adsorption of p.d.i. 

2) The second group of medium sized irregularities includes pores of 

various sizes that could both enhance surface charge development 

by providing additional adsorption sites during dissolution of pore 

edges, or suppress it, by restricting the entrance of counterions to 

the areas of p.d.i. adsorption. The presence of such pores at the 

mineral surface is deemed to depend on the type of initial synthesis 

reagents. For example, the usage of sodium bicarbonate instead of 

sodium hydroxide during the synthesis of goethite yields the 

significantly small particles, characterized with the narrow pore 

size distribution. 

3) The third group refers to structural tunnels of minerals, such as 

found in akaganéite [108, 109], and therefore not an ’irregularity’ 

in its own right. These tunnels are the direct result of mineral bulk 

structure and are characteristic to the mineral. The structural 

tunnels like that can adsorb the protons inside, as well as the 

counterions that are capable entering these structures for charge 

neutralizing purposes. Such minerals thereby act as “sponges” for 
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certain ions, releasing or adsorbing their limited amount in excess 

or lack of those in the surrounding aquatic media. The charge of 

these minerals could not be strictly named as surface charge, as 

p.d.i. also diffuse inside the mineral.  

Mineral samples produced for this thesis were synthesized with the 

aim to make mineral crystals as ideally shaped as possible. The reason for 

that was the fact that the obtained mineral surface charging results were 

explained by means modeling, invoking MUSIC approach, discussed in later 

sections of this thesis. This approach is justifiable for ideally shaped mineral 

particles as it takes in account the estimated amounts of surface sites at the 

mineral surface planes of known proportions. All minerals were synthesized 

and characterized in our laboratory according to methodologies described 

below. Experimental data were obtained through a number of experimental 

techniques. High precision potentiometric titrations were chiefly used to 

study the impact of mineral characterisics on surface charge development. 

This technique was ofter complemented with other approaches including 

electrokinetics, X-ray Photoelectron Spectroscopy (XPS), (High-Resolution) 

Transmission Electron Microscopy (TEM)/(HRTEM), Brunauer-Emmet-

Teller surface area measurements (B.E.T), coupled with Barrett-Joyner-

Halenda surface porosity characterization (B.J.H), X-ray Diffraction 

Measurements (XRD), and Fourier Transformed Infrared Spectroscopy 

(FTIR). Molecular-level insights were obtained using Molecular Dynamics 

(MD) modeling. 

This thesis contains five appendices, each consisting of one scientific 

paper. In Paper 1 we compared charge development of 2 morphologically 

different lepidocrocites (RL, LL) and 2 morphologically similar GT samples 

of different SSA and surface porosity. Surface charge was related to the 

interfacial concentrations of counterions, determined by cryogenic XPS. 

Paper 2 explains differences and effects of surface charge development of 3 

morphologically different lepidocrocite particles (RL, LL, LLR) regarding 

their crystallography and surface roughnesses. It also links data about the 
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charge development with the XPS results obtained in Paper 1. Paper 3 

resolves the impact of self-aggregation RL particles on surface charge 

development. Paper 4 discusses charge development of GT samples with 

different SSA and surface porosity in presence of NaCl and NaClO4 

electrolytes as well as their mixtures. Cl- promotes the development of 

surface charge in a larger extent than ClO4- ion due to its larger charge-to-

size ratio. Paper 5 is devoted to the proton adsorption at the surface and 

bulk of AK, in presence of NaCl and NaClO4 electrolyte. Protons can adsorb 

in the structural tunnels of AK only in presence of Cl- ions that can enter the 

structural tunnels of the mineral, while large ClO4- ion are not capable to 

promote the development of bulk charge due to their large size. 

1.4 Thesis outline 

This work addresses a variety of factors influencing mineral surface 

charge development during the adsorption reactions at the mineral-aqueous 

electrolyte solution interface. First, the influence of aquatic media on this 

process will be discussed. Thus, the electrolyte concentration in the aquatic 

media in contact with mineral surface will be addressed, followed by the 

discussion of charge-to-size ratio of the present ions and their influence on 

each other during the adsorption. Second, the features of the mineral surface 

will be considered. The discussion will focus on the mineral surface 

roughness, with emphasis on the case of structural tunnels of akaganéite. It 

will be shown that mineral surface roughness determines adsorption kinetics 

of ions. Then, the influence of mineral crystal co-growth as well as particle 

interactions on the surface charge development will be illustrated. Finally, 

the applications of cryo-XPS method will be described, as a great tool for 

monitoring the surface concentrations of electrolyte ions. 
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2. Materials and methods  

2.1 Mineral particle synthesis 

All mineral particles were synthesized under conditions to minimize 

contamination from impurities. Thus all suspensions were synthesized in 

new polyethylene bottles using preboiled, deionized “MilliQ” water and 

filtered solutions. Synthetic reactions were performed under the atmosphere 

of humidified N2, passed through aqueous NaOH solution to prevent mineral 

substrate being contaminated with CO2. Mineral suspensions were stored in 

the polyethylene bottles sealed with “Parafilm” to minimize surface 

contaminations with silica from glassware or from atmospheric CO2. During 

synthesis the overhead teflon-covered propeller stirrers were used instead 

commonly used magnetic stirrers to prevent crushing of particles. All 

synthesis procedures were performed at a constant controlled temperature 

of 25°C, ensured by performing all manipulations in the temperature-

controlled laboratory.  

The titrants used during the experimental procedures, were 10 and 

100 mM (Ionic strength) NaOH and HCl solutions. The titrants of 100 mM 

ionic strength were prepared by mixing 10 mM titrants with 90 mM 

corresponding salt (NaCl, NaClO4) solutions. Acids of required concentration 

were prepared by diluting the known amount of corresponding acid of high 

concentration into the known amount of water or salt solution. The 

concentration of resulting titrant was calibrated against the solution of 

tris(hydroxymethyl) aminomethane, commonly known as “Trisma base”. 

Bases were prepared to minimize CO2 contamination by direct dissolving 

50% (by mass) carbonate-free NaOH in the known amount of water and 

stored in sealed polyethylene bottles within the Metrohm dosators, filled 

with N2 under the atmospheric pressure. The bottles were equipped with the 

overhead conduit filled with drierite and ascarite, to minimize possibility of 

atmospheric H2O or CO2 contamination. The bases were calibrated against 

prepared acids, using the Gran titration technique. 
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2.1.1 Goethite synthesis 

Goethites with specific surface areas of 66 and 69 m2/g (GT66 and 

GT69) were prepared according to similar pathways [107]. Suspensions of 

these goethite particles were carried out by drop wise addition of 2.5 M 

NaOH to a vigorously stirred 1000 mL 0.15 M Fe(NO3)3·9H2O solution until 

the pH of suspension reached the level of 12. The resulting product was 

converted to goethite in an oven at 50°C for a 24 h period. The final product 

was washed with DI water and then dialyzed. The dialysis water (MilliQ) was 

changed on a daily basis until its conductivity reached that of DI water. 

The synthesis of goethite particles with a specific surface area of 122 

m2/g (GT122) required amorphous iron (oxyhydr)oxide (ferrihydrite) as a 

precursor prepared in the presence of dissolved carbonate [110]. 

Ferrihydrate was obtained by drop-wise addition of a 1.0 L solution of 0.5 M 

NaHCO3 to a vigorously stirred 1.0 L solution of 0.4 M Fe(NO3)3·9H2O 

(Fisher, ACS grade). During this procedure, the solution color turned from 

orange to brownish red with no visible precipitates. The resulting 

ferrihydrate was sonicated for 60 sec to improve particle homogeneity and 

dispersity, then cooled to 15°C to prevent conversion to other undesirable 

iron (oxyhydr)oxide phases. This product was afterwards dialyzed for 3 days, 

the dialysis water being changed three times a day. The suspension pH was 

thereafter adjusted to pH 12 by drop wise addition of 5M NaOH, resulting in 

a color change from brownish red to brown. It was then heated at 90°C for 

24 h, followed by formation of light orange precipitate. The mineral particles 

were thereafter dialyzed second time, and acquired a typical goethite yellow 

color. The color of GT122 was found to be slightly darker than that of GT69 

due to its smaller particle size. 

2.1.2 Lepidocrocite synthesis 

Rod-shaped lepidocrocite (RL) was synthesized in 1000 mL of a 

filtered (0.2 mm) 0.06 M FeCl2·4H2O solution [107]. During filtration, the 

solution color changed from brownish yellow to light green due to the 
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removal of adventitious minerals, such as akaganéite. Solution pH was 

thereafter adjusted to pH 7 with 1 M NaOH. Purified air was thereafter 

flushed to the resulting solution to induce RL formation by oxidation of 

ferrous iron. The continuously stirred suspension was kept at pH 7 

throughout the course of the synthesis by episodic additions of small 

volumes of 1 M NaOH. The resulting dark greenish-grey precipitate turned to 

the bright orange RL within 3 hours of reaction time, and then dialyzed. 

Synthesis of lath-shaped lepidocrocite (LL) was similar to that of RL. 

It was made from 0.02 M FeCl2·4H2O solutions in 0.2 M NaCl [111]. The 

major difference of this synthesis method from that of RL was the presence 

of chloride in the synthesis mixture. It was required to hinder the growth 

along the (010) direction, thereby promoting the LL morphology. The 

solutions were filtered to remove precipitates and neutralized with 1 M 

NaOH until the pH reached the level of 6. Purified air was thereafter passed 

through the vigorously stirred solutions to induce LL formation, by oxidation 

of ferrous iron. The absence of CO2 was crucial to this procedure since its 

presence could induce the formation of goethite. The final product of LL was 

thereafter dialyzed. This procedure was repeated for four different batches of 

200 mL solution, the resulting batched being characterized and mixed 

together, yielding the final stock suspension of LL, characterized once again 

to ensure the averaged particle properties. 

Similar synthesis path of LL but in larger (e.g. 1000 mL) volumes 

provided particles of poor morphology (RLL) due to unequal iron oxidation 

rates in different parts of the titration vessel. These suspensions of low-

crystalline LL particles showed similar properties with the well-shaped LL 

and were mainly used as a reference for the other lepidocrocite samples. 

However it was not possible to rely on the surface charging results of RLL, 

since the particle dimentions could not be somehow properly determined. 

The MUSIC approach could not have been applied because of that. 
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2.1.3 Akaganéite synthesis 

The suspension of AK particles was prepared by neutralizing a 1000 

mL 1M FeCl3·6H2O solution by drop wise addition of a 750 mL 1M NaOH 

solution, achieving a total OH:Fe ratio of 0.75 [107]. After 48 h of nucleation 

period, the suspension was neutralized further with a 200 mL 10 M NaOH, 

and kept at 50°C in an oven for eight days. The resulting product was 

dialyzed for 3 weeks, the dialysis water being changed on a daily basis. 

Despite other iron (oxyhydr)oxides (goethites, lepidocrocites) synthesized in 

our laboratory, the conductivity of the water left after dialysis never reached 

values equivalent to that of doubly distilled deionized water due to a 

continual leaching of chloride ions from the akaganéite bulk. The 

equilibrium concentration of dissolved chloride ion was 0.12 mM per gram 

of AK. The further dialysis of suspension was not performed, since it could 

lead to the collapsing of AK bulk structure. 

2.2 Experimental techniques 

The known volumes of iron (oxyhydr)oxide suspensions were dried 

out in the oven in air at 80°C for 24 h to determine the density of the 

suspension in (g/l). The dried precipitates were ground in the agate mortar 

to the state of thin powder and submitted to various analysis, to confirm the 

structure. The techniques used for structure and morphology confirmation 

were X-ray diffraction (XRD), Fourier Transform Infrared (FTIR) 

spectroscopy [112], and Transmission Electron Microscopy (TEM) [113]. The 

purity of surface was examined by X-ray photoelectron spectroscopy (XPS) 

[114], while the surface area was measured by Brunauer-Emmett-Teller 

(B.E.T.) N2 (g) adsorption method [115]. The surface charge of mineral 

surface was tracked by means of method of high-precision potentiometric 

titrations [116]. The isoelectric points were found for each mineral by means 

of electrokinetic measurements.  
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2.2.1 Powder X-ray Diffraction (XRD) 

The crystalline structure of obtained mineral samples was checked by 

X-ray diffraction (XRD). Since the X-ray wavelength is the same order of 

magnitude with the distance between atoms, the crystal lattice of iron 

(oxyhydr)oxides scatters the X-rays. The obtained scattering pattern is 

unique for each type of crystal lattice. XRD characterization was performed 

with the help of Bruker D8 Advance device working in θ-θ mode using Cu Kα 

radiation. These tests were mainly used to confirm that the synthesized 

mineral powders were represented with pure chemical phases. 

2.2.2 Atomic force microscopy (AFM) 

AFM is a microscopy method with lateral resolution of less than 

nanometer range, that is generally a 1000 times more than the resolution of 

the optical methods. The active part of the AFM device is a cantilever with 

the sharp tip that has a radius of curvature on the order of nanometers. The 

tip is normally made of silicon or silicon nitride. When being brought in the 

proximity to the samples, the tip begins interacting with its surface, the 

response being characteristic to the surface topography. The forces of this 

interaction include in different cases electrostatic forces, van der Waals 

forces, capillary forces and others. The response of the tip to the contact with 

the sample surface is read by the photodiode, tracing the laser beam 

reflected from the other side of cantilever. AFM measurements were carried 

out using the PICO PLUS microscope (Agilent, USA), in the tapping mode. 

Height and amplitude data were collected simultaneously.  

2.2.3 Transmission Electron Microscopy (TEM) 

TEM provides a means to visualize mineral particles by focusing the 

beam of electrons on the material under investigation and reading the signal 

from electrons passed through it. Considering the wavelength of photon in 

the visible range of spectra being 4000-7000 times greater than that of 

electron (0.1 nm), this method provides an exceptional resolution compared 

to the abilities of traditional conventional microscopy. Therefore the high 
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resolution TEM allows viewing the mineral sample at the near atomic level, 

providing, in case of iron (oxyhydr)oxides, the ability to see the lattice fringes 

of iron octahedral, comprising the mineral crystal. Due to this feature, the 

method of HR-TEM it is often used in couple with XRD, to analyse the 

structure of material at the points of particular interest, observed by TEM. 

Knowing the particles geometrical dimensions by means of TEM as well as 

the density of any specific iron (oxyhydr)oxide allows to calculate the the 

expected SSA of the mineral suspensions in m2/g and compare them with the 

values obtained by BET (described below) SSA measurements. 

Prior to TEM imaging, the mineral suspension was diluted with water 

for about 20 times (by volume), for the mineral particles to be as separated 

from each other as possible. TEM images were collected on air-dried samples 

casted onto a copper grid and covered with a formvar film. Imaging was 

carried out with a JEOL-1230 instrument working at 80 kV and a point 

resolution of 3.4 Å. 

2.2.4 Brunauer-Emmet-Teller (B.E.T.) surface area and Barrett-
Joyner-Halenda (B.J.H.) porosity measurements 

B.E.T. surface area measurement is based on the property of the solid 

material to adsorb the gas on its surface when placed in the closed space, 

filled with the corresponding gas at the certain pressure and temperature. 

The amount of adsorbed gas is proportional to the SSA of the sample, and 

depends on the density of the substance, the temperature of surroundings 

and the type of the gas. The interactions of the gas with the sample are 

usually studied during the adsorption and further desorption of the gas. 

Thus there are two isotherms obtained, one for each process. All the 

adsorption isotherms can be devided into five classes as presented on Fig. 

2.1. 

The isotherm of the second type (2) characterise the samples as non-

porous, while the fourth type (4) characterise them as meso-porous. Both 

types can be usefull for calculating the SSA of the samples. Isoterms of the 

fourth type (4) also allow characterising the samples pore size distribution. 



 

27 

Isoterms of the first type (1) are characteristic to the micro-porous 

adsorbents. Those allow estimating the general volume of the pores, while 

the rough estimation of the pore size is only possible. Isoterms of third (3) 

and fifth (5) types are characteristic for the samples with the very weak 

interactions of adsorbed gas with the surface of the sample. Again, the third 

(3) type is common for the non-porous systems, while the fifth (5) provides 

the information about the presence of pores. Thus the hysteresis loop 

between the adsorption and desorption curves serve as an evidence for the 

presence of pores in the analysed samples. There are 3 types of pores, 

Fig. 2.1 Five types of adsorption isotherms (1-5), classified by Brunauer, 

Deming, Deming and Teller (BDDT) and the Step-Wise Isoterm (6) 
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according to IUPAC. Micropores are not larger than 2 nm, Mesopores with 

the sizes of 2-50 nm and Macropores that are larger than 50 nm. Especially 

Mesopores provide the significant difference to the N2(g) desorption curve, 

causing the characteristic hysteresis loop between adsorption and desorption 

curves, gas desorption being diminished from the sample pores. 

Surface area and porosity measurements were carried out from 90 

point N2(g) adsorption/desorption isotherms (Tristar, Micrometrics) and 

respectively determined by Brunauer-Emmet-Teller (B.E.T.) and Barrett-

Joyner-Halenda (B.J.H.) methods. Prior to these measurements the samples 

were dried for 12 h at 110°C in an atmosphere of dry N2(g). These conditions 

were sufficient for the mineral particles to get rid of surface related water, at 

the same time remaining chemically stable iron (oxyhydr)oxides. 

2.2.5 X-ray Photoelectron Spectroscopy (XPS), Cryogenic XPS 

XPS is surface sensitive technique, allowing characterisation of 

chemical states of the atoms and therefore providing the information about 

the composition of the mineral surface, including the stoichiometric ratios of 

adsorbed species, calculated from obtained atomic concentrations. It is 

based on a principle of photoionisation of the atoms within the sample, 

resulting in the emission of the core electron (photoelectron) (Fig.2.2). 

The emitted photoelectrons are characterised with the kinetic energy 

distribution defined through the Einstein equation: 

hν = Ek + EB + Θsp,        (2.1) 

where Ek, the measured value, is the kinetic energy of the emitted 

photoelectrons, hν stays for photon energy of X-ray irradiation, EB 

represents the binding energy that corresponds to energy difference between 

ionized and neutral atoms, while the Θsp is the work function of 

spectrometer material, obtained during the calibration of the spectrometer. 
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Plotting measured photoelectron intensity vs binding energy provides 

a set of peaks, characteristic for every element. XPS measurements are 

performed in high vacuum to allow emitted photoelectrons to reach the 

detector and not be elastically scattered by gas molecules. XPS 

measurements can also be performed for the deeply frozen samples, 

providing no water vapour sublimated during submission to vacuum. 

Traditional XPS measurements were carried out on the dry mineral 

powders on a Kratos Axis Ultra DLD electron spectrometer using a mono-

chromated Al Kα source. These measurements were performed to confirm 

the surface composition of obtained minerals. Cryogenic XPS measurements 

were performed to study the mineral surface in contact with the aqueous 

solution of electrolyte in situ. All mineral suspensions containing the 

electrolyte of interest were equilibrated under the atmosphere of N2 for the 

period of time of 24 h. Prior to the actual measurements the samples were 

centrifuged for 15 min at the rotary speed of 5000 rpm. The samples were 

thereby decanted, the solution being used for the confirmation of sample pH. 

The wet paste of the mineral left in the tube was placed on the molybdenum 

sample holder and immediately placed on the precooled claw of sample-

Fig. 2.2 Schematic representation of emission process of core electron under 

X-ray irradiation  
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transfer rod in the pre-analysis chamber, which ensured the solid-aqueous 

interface intact. The samples were left for a 45 s period at the temperature of 

-170 °C to ensure being frozen. The vacuum was applied afterwards, reaching 

the level of 4–5 × 10−5 Pa. During the freezing period a portion of free water 

was noticed to sublimate and deposit on the claw of the sample transfer rod 

in the form of frost. These losses however improved the XPS signal, since the 

surface of the mineral crystals were cleared from the additional water layers. 

When frozen, the sample was placed into the analysis chamber of the XPS 

spectrometer and the pressure was lowered to the value of 2 × 10−7 Pa while 

the temperature was kept at -155°C, most of XPS experiments were 

performed in duplicates or triplicates, to check the reproducibility. 

2.2.6 Fourier Transform Infrared (FTIR) Spectroscopy  

Fourier Transform Infrared Spectroscopy is a method based on the 

adsorption of infrared radiation leading to the bending and stretching 

movements of molecules. In case of iron(oxyhydr)oxides the infrared 

radiation is generally absorbed by the surface hydroxyl groups, thereby 

providing the specific information about their coordination and population 

at the surface of various mineral planes. Ideally, the FTIR spectroscopy 

method is capable of determining the predominance of certain crystal planes 

in mineral samples based on the amount of surface groups on these planes. 

This ability primary depends on the crystal orientation of the mineral on the 

sample holder with respect to the IR beam. The mineral planes oriented 

perpendicular to the IR beam will provide the greatest signal.  

FTIR spectra (Bruker Vertex 70/V equipped with a DLaTGS detector 

at 298 K) were collected on dry powders pressed on an attenuated total 

reflectance cell (Golden Gate, single bounce diamond) under vacuum. 

Characteristic O-H stretching and bending modes were used to corroborate 

crystallographic phases identified by XRD.  
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2.2.7 Light Scattering  

In this study it was seen by BET that mineral particles of RL get 

attached to each other during aging, thus decreasing the surface area. To 

check this hypothesis, the particle size measurements were performed on the 

suspensions of RL suspensions, using Dynamic Light Scattering (DLS) 

method. The measurements were performed on the Zen3600 Zeta-sizer 

(Malvern Instruments Ltd.). Zeta-sizer determines the size of the mineral 

particles, measuring the speed of Brownian motion of the particles, in 

assumption that the particles are spherical. It is well known, that smaller 

particles move faster than the big ones. As a result, the fraction of the 

particles by their sizes is provided. 

2.2.8 Potentiometric titrations  

Potentiometric titrations as a main technique in this research were 

performed to monitor the surface charge development of various iron 

oxy(hydr)oxides. The schematic set-up for potentiometric titrations is 

presented at Fig. 2.3. The titrations were conducted for all mineral 

suspensions, equilibrated in 3, 10, 100 mM NaCl and NaClO4 electrolytes at 

the constant temperature of 298.2±0.2 K, ensured by the placement of the 

titration vessel into the heated oil bath, the experiment being performed in 

the temperature controlled laboratory.  

The NaCl and NaClO4 electrolytes were chosen to point out the 

important influence of charge-to size ratio of anions on the mineral surface 

charge development. The mineral suspensions for the potentiometric 

titrations were prepared in account of 400 m2/L. This value provided the 

significant amount of mineral phase, required to conduct this experiments. 

The suspension volume was chosen to be 30 ml. The titrations were carried 

out using the automated system ensuring precise titrant dosing and carefull 

electromotive force (e.m.f.) measurements. The concentrations of free 

protons in the solution were found from e.m.f measurements, performed 
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within the cell, containing a glass pH electrode (Metrohm 6.0133.100) and a 

Ag|AgCl reference electrode (Methohm 6.0726.100): 

Ag,AgCl | X (M) NaCl / NaClO4 || mineral suspension || ME+ 

where Ag, AgCl | X (M) NaCl/NaClO4 stays for the reference electrode, while 

Me+ corresponds to glass electrode. The reference electrode was filled with 

10 mM NaCl/NaClO4 electrolyte solutions in case of titration of 3 and 10 mM 

systems. Similarly they were filled with 100 mM NaCl/NaClO4 in case of 

investigations of 100 mM electrolyte systems. These procedures were 

performed to minimize the leakage of electrode outer filling solution to the 

analysed suspension and to prevent the formation of the large liquid junction 

potentials. Liquid junction potential is the potential that occurs while two 

phases with different ion concentration get into contact. The ions from the 

more concentrated phase will tend to diffuse into the less concentrated 

Fig. 2.3 The scheme of the set up for the potentiometric titrations 
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phase. Since different ions have various mobilities in the aqueous media, one 

sort of ions can migrate faster than the other, causing the formation of 

positive or negative charges and a potential difference in the place of 

junction of two soutions. The electrodes were not filled with 3 mM 

electrolyte solutions as the excessively large liquid junction potentials could 

be produced. Prior to each titration experiment the electrochemical cell was 

calibrated by means of acidimetric titration in the ionic media of interest. 

These procedures were performed to account for significant contributions of 

the liquid junction potential significant below pH 4, as well as to obtain 

electrode constants (E0). The liquid junction potentials in the pH>10 were 

not estimated since this region was out of experimental interest. The pH 

values in every titration point were therefore calculated as follows: 

E = E0 + 59.156 log[H+] + jac [H+] + jalk [OH-]     (2.2) 

where E denotes to the e.m.f of the cell, the Eo is the standard e.m.f. of the 

cell, jac and jalk refer to the liquid junction potentials in the highly acidic and 

basic regions correspondingly [117]. Prior to the titration itself, the mineral 

suspension was acidified and left for several hours at pH=3 under the N2 

atmosphere to ensure the proper degassing condition. During the 

alkalimetric titrations, there were 5 to 20 measurements taken within a 300 

sec interval, the titrant being added only in case the e.m.f drift for a values 

less than 0.6 mV/h (0.01 pH/h) or the total time of measurement exceeded 

100 min. Such experimental design provided conditions for proper system 

equilibration at each measurement point, as was observed by plotting all 

e.m.f. values over time. The amounts of protons adsorbed at the mineral 

surface were calculated as the difference between total amount of protons (H 

= [HCl]-[NaOH]; and the e.m.f-derived amount of free protons ([H+]) 

following the equation: 

[H+]bound = H − [H+] + Kw/ [H+]       (2.3) 

where Kw is the ionization constant of water, taken from Sjöberg et al.[117]. 
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2.2.9 Electrokinetic measurements, isoelectric point (I.E.P.)  

When the particle capable for adsorption is placed in the ion-

containing media, the surface charge appears, followed by the electrostatic 

attraction of oppositely charged counterions. The ions attached strongly to 

the surface and staying near to it are considered as dense layer, while those 

far from the surface and bounded weakly form diffuse layer. Both dense and 

diffuse layer form E.D.L. together. Within the diffuse layer, an imaginary 

radial line can be established. Ions staying within this line will move with the 

particle, when it moves in the liquid. This imaginary line is called Slipping 

plane. A potential, known as ζ-potential exists between the slipping plane of 

the particles E.D.L. and the solution, the particle is dispersed in. The 

measurement of ζ-potential is performed, when particle is moving in the 

applied electrical field (Fig.2.4). By knowing the velocity of the particle in the 

known media, ζ-potential can be calculated from the Smoluchowski equation 

[118]. For this thesis, ζ-potentials of all mineral particles, equilibrated in 3,10 

and 100 mM NaCl/ NaClO4 were measured with a Zen3600 Zeta-sizer 

(Malvern Instruments Ltd.). 

Fig.2.4 Slippling plane and  ζ-potential at charged particle surfaces 
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The measurements were performed in situ during the course of 

potentiometric titrations carried out as described above. The analysed 

mineral suspension was pumped through the system of gas-tight tubes, by 

means of gas tight glass syringe (Hamilton) to the Zeta-sizer capillary cell, 

from the titration vessel. Experiments were carried out under N2(g), at 

constant temperature of 25 °C, ensured by placing the titration vessel into a 

water bath. Prior to the start of ζ-potential measurements the mineral 

suspensions were acidified to pH 3 to remove dissolved CO2, the density of 

the suspensions was established the same as used during potentiometric 

titrations. All the measurements were performed in triplicates to ensure 

reproducibility. Prior to each measurement the mineral suspension was 

pumped through the capillary cell to avoid the deviation of experimental 

results due to particle sedimentation. The measurements of ζ-potentials were 

also probed on the systems of mixed electrolyte systems, but did not reveal 

any significant differences in-between pure and mixed electrolyte systems. 

The measurement pointed out the absence of electrolyte influence on the ζ-

potentials of the minerals, while the same minerals were found to have 

identical P.Z.C./I.E.P., with no relation to their morphology.  

3. E.D.L. structure and impact of porosity 

3.1 E.D.L. models 

Classical thermodynamics have various views on the nature of 

interfacial layer between two phases. Thus the interface between liquid and 

solid phases has unique properties resulting from the interplay of these two 

phases and its chemical components. Theoretically, adsorption reactions that 

occur at the surfaces of iron (oxyhydr)oxides are considered as a 

consequence of undersaturation of coordination of the surface underlying Fe 

atoms. The –OH groups attached to the Fe atoms become charged and 

capable for the adsorption of potential determining ions (H+, OH-). The 

charge appearing on the mineral surface functional groups due to the 

adsorption of p.d.i. is called ”coordinative surface charge” [119]. Protons can 

be adsorbed at the mineral surface only in case the resulting mineral surface 
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charge equals to zero. For these purpose the presence of oppositely charged 

counterions is required. The charged mineral surface and counterions co-

adsorbed on it form the E.D.L., the structure of latter being proposed more 

than 100 years ago by German physicist Georg Hermann Quincke (1824-

1934). Nowadays, there are various views on E.D.L. structure, comprised in a 

number of models ranging from relatively simple to rather advanced ones. 

In general, the simplest model of E.D.L. describes it as a simple 

nanometer-sized parallel-plane capacitor, the capacitor plates being formed 

by the charged solid surface and a layer of oppositely charged counterions. 

(Fig 3.1(1)). Such model implies the certain character of potentilal drop 

between the plates of the capacitor. Therefore, the models of E.D.L. that 

were created during the time of its investigation mainly deal with the 

character of potential drop with the distance from the surface and the 

physical limitation borders for E.D.L. as a structure. The simplest model of 

E.D.L. was proposed by Helmholz and developed further by Perrin [120], 

providing the p.d.i. and counterions stay within the molecular distance from 

each other, interacting only electrostatically. The ions were considered as 

point charges and the amounts of p.d.i. in the E.D.L. were taken as equal. 

The potential decreases linearly in this model. (Fig. 3.1(1)) The relation 

between the charge density on the unit of surface area and the sign and 

strength of the electric field passing through this unit is given by Poisson 

equation: 

𝜌 = 𝜀𝜀! 
!!!
!!!

          (3.1) 

where ρ is the charge density, Ψ characterizes the force of electric field 

(V/m), passing through the unit area, providing the derivative of the second 

order, while the ε is the dielectric constant of water and ε0 is the dielectric 

permittivity of vacuum. The total charge of the surface is thus calculated 

through the integration of charge density over the distance from the surface: 

𝜎 = − 𝜌𝑑𝑥!!!
!!!          (3.2) 
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Combination of the aforementioned equations, one gets the following 

relation between charge density σ (C/m2) and the field strength E′ (V/m): 

𝜎 = −𝜀𝜀!
!"
!" !!!

= −𝜀𝜀!(𝐸′)!!!       (3.3) 

Providing the constant value of (dΨ/dx), the integration of equation 3.3 will 

give the expression for the region found between the parallel plates of 

imaginary capacitor, formed by charged surface and corresponding 

counterions: 

𝛹!!! − 𝛹! =
!!!
𝜺!!

         (3.4) 

Fig. 3.1 Models of E.D.L. (1) Helmholz-Perrin model, (2) Basic Stern Model, 

(3) Three Plane Model, (4) Four Plane Model. Ovals represent water dipoles 

oriented in respect to the charge of surface/present ions. 
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where δ1 is the distance between the plates of the molecular capacitor, and 

whereby the capacitance is: 

𝐶!  = 𝛹!!! − 𝛹! ×𝜎 =
𝜺𝜺!
!!

       (3.5) 

This expression thereby provides a link between the compact plane 

capacitance to the distance between the mineral surface and the plane 

defined by the center of masses (or charges) of counterions adsorbed at the 

mineral surface. 

The model of Helmholz-Perrin did not however consider the Brownian 

motion of ions proposed by Gouy (1910) and Chapman (1913) [120]. They 

also proposed that the capacitance of the E.D.L. can be field-strength 

dependent [120]. Due to this finding the net charge of the E.D.L. in 

representation of Helmholtz did not equal to zero. The new model required 

the introduction of additional variable that would satisfy the conditions of 

electroneutrality. Gouy and Chapman proposed that these conditions are 

fulfilled by swarms of counterions on the side of solution phase, situated in 

the so-called diffuse layer (dl). The detailed solutions for Poisson equation 

for this case can be found in Bockris and Reddy (1970) [120] and provides 

the relations between the potential of the diffuse layer, charge in the diffuse 

layer and the concentration of electrolyte. One of the main features of this 

approach is the non-linear decay of potential in the diffuse layer. The 

assumptions made by Gouy and Chapman for this model of E.D.L. are the 

following: a) the E.D.L. is a flat structure, so that the radius of particle 

curvature is way larger than the thickness of E.D.L., b) the dielectric 

permittivity of the media within the E.D.L. is considered constant c) to bring 

the ions from solution to the point within the E.D.L. only the work against 

the forces of electric nature must be performed, d) the ions are considered as 

the point charges, f) the distribution of ions within the diffuse layer of E.D.L. 

is relevant to the Bolzman distribution.  

The model that resulted as a combination of two approaches described 

above was called Stern model (Fig. 3.1(2)) and became a base for modern 
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theory about E.D.L. The counterions in this model stay in two areas. In first 

layer counterions form so called “compact”, “dense” layer or “Helmholz 

layer”, where the ions are fixed to the surface. Stern proposed that the size of 

the ions should be considered for this layer of adsorbed ions. Otherwise, 

especially in the high ionic strength, the calculated concentration of real ions 

occupying volume near to the surface was greater than could be 

accommodated in available volume. The counterions situated on the solution 

side of the compact layer form diffuse layer, where the potential drop is 

described by non-linear dependency. They are not fixed or fixed weakly and 

therefore can migrate within the diffuse layer contrary the surface due to the 

electrostatic repulsion forces. The electroneutrality condition is therefore 

achieved and can be written as: 

𝜎! + 𝜎𝜷 + 𝜎!" = 0         (3.6) 

where the σ is the charge at the 0, β, and diffuse layer (dl) correspondingly. 

The relation between the surface potential, surface charge and 

capacitance is given by: 

𝛹! − 𝛹! =
!!

!!"#$%
         (3.7) 

the indexes (0) and (β) correlate to the corresponding planes in the discussed 

model of E.D.L.  

The other models that were developed to describe E.D.L. are mainly 

based on the Stern model. These are “Three plane model” (TPM) (Fig. 3.1(3)) 

[83] and “Four plane model” (Fig. 3.1(4)) that speculate on the thickness of 

“Helmholz layer” and remoteness of diffuse layer from the mineral surface. 

Thus the TPM invokes the idea of separating the E.D.L. into 3 areas. This 

model allows to overview the inner-sphere complexation processes at the 0-

plane, outer-complexation processes at 1-plane, the formation of electrolyte 

ions pairs at 2-plane and the dl. Note that the “Triple layer model” (TLM) 

[59, 121, 122] is comparable to the TPM except for differences in the 
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assumptions regarding charge distributions across planes of adsorption, in 

addition to the capacitance of the outer-Helmholtz layer.  

In the TPM, electroneutrality requires that the sum of charges at all 

planes is zero: 

σ0 + σ1 + σ2 + σdl = 0        (3.8) 

The surface potential at 0-plane is calculated as: 

𝛹! − 𝛹! =
!!
!!

          (3.9) 

while at the one at the 1-plane the expression for the surface potential would 

be: 

𝛹! − 𝛹! =
!!!!!
!!

,𝛹!  = 𝛹!"       (3.10) 

The total capacitance of the compact planes is thus expressed as  

CTot-1=C1-1+C2-1.         (3.11) 

to account for a capacitor in series. The diffuse layer is modeled using Gouy-

Chapman equation, 

σdl= 8000 I εε0RT sinh
F·Ψdl
2RT

       (3.12) 

where the surface charge in the diffuse layer is related to ionic strength (I). 

3.2 Formation of E.D.L. in presence of various ions 

When the E.D.L. is formed at the mineral-water interface, the charge 

of counterions is crucial as follows from the dependency of charge in the 

diffuse layer from the ionic strength (Eq. 3.12). However this property of 

counterion has to be considered normalized by the size if the ion, as the 

Stern model of E.D.L. requires. 
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Thus, charge-to-size of counterions is a factor that deserves a special 

consideration when speaking about mineral surface charge development 

since it determines how effective the counterion would be in neutralizing the 

charge of the mineral surface. A number of studies compared mineral surface 

charge development in the presence of various electrolytes, as well as 

adsorption of various ions at the mineral surface [76, 123-125]. It was found 

out that smaller ions are better surface charge neutralizers and thus form a 

thinner E.D.L. compared to those with the larger sizes, providing the same 

charge of the ion. These findings were generaly confirmed in this work 

comparing the development of surface charge in presence of Cl- and ClO4- 

ions (Fig 3.2). Moreover, the structure of the counterions plays a certain role 

during the formation of E.D.L. Thus the Cl- ion can be considered spherical, 

while ClO4- reveals the tetrahedral ion shape. Because of this, chloride ion 

localizes the charge in one point, while the perchlorate spreads it over four 

corners of the ionic tetrahedra, with each oxygen exhibiting a fractional 

charge of -0.25. The surface charge neutralization by Cl- counterions is 

therefore less uniform, what may cause the effect when due to the high 

electrolyte concentration the layers of negatively charged counterions (Cl-) 

alternate with the layers of positively charged ones (Na+). On the other hand, 

the neutralization of surface charge with ClO4- ions is smoother and the 

mentioned effect is not observed. The steric effect of two compared ions play 

an important role, when considering their ability to enter the mineral surface 

Fig. 3.2 Schematic representations of investigated ions, (a) Chloride ion, (b) 
Perchlorate ion 
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irregularities. Thus Cl- ion due to its smaller size can approach the ”surface 

landscape” of the mineral more effective than larger ClO4- ions.  

3.3 Mineral surface porosity and its influence on the 
formation of E.D.L. 

Mineral porosity is a feature of mineral crystals that appear due to the 

synthesis conditions and become a natural property of the substance. 

Mineral pores can influence the mineral surface charge development by 

providing the additional surface sites for the adsorption of p.d.i. [97]. On the 

other hand, they may diminish the development of mineral surface charge by 

restricting the entrance of the counterions inside the pores, thus regulating 

the adsorption of p.d.i. inside them [126] (Fig.3.3). 

 

Firstly, the counterions might not get into the mineral pores due to the 

sterical factor, i.e. the large size of the ions. Secondly, the adsorption of the 

ions in the mineral pores would require the system to perform additional 

work on bringing these ions inside the pores, compared to the adsorption on 

the pristine surfaces. The pores in the single sample may significantly vary 

by size or shape. The pores can be cylindrical, spherical or slot-like. By their 

Fig. 3.3 GT 69 with pristine surface allows equal adsorption of both Cl- and 
ClO4- ions. The rough surface of GT122 prevents the adsorption of large 
ClO4- ions. 
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size, the pores are divided into three groups. These are micro pores that are 

less than 2 nm in diameter, meso pores with the diameter of 2-50 nm and 

macro pores with the diameter of 50 nm and more. In micropores due to the 

proximity of the walls, the potential of the surface interaction with the 

adsorbed molecules is higher than in case of pores with the bigger spaces 

between the pore walls, and therefore the relative adsorption in the 

micropores is also higher, providing same relative pressure. In case of 

mesopores the capillary condensation takes place what causes the hysteresis 

loop on the adsorption-desorption isotherms. The diameter of mesopores is 

measured at the values of relative pressure Po/P=1 and this is the reason why 

the precision of pore size measurements strongly depends on the precision of 

pressure measurements. In case of macropores the potential of surface 

interaction with the adsorbed molecules is the smallest and therefore the 

characterization of macro pores is the most difficult task compared to the 

characterization of other types of pores. The strong definitions of pores and 

their differences between each other are not well defined, since these 

differences depend on the pore size, shape and the nature of adsorbing 

substance. From all the mineral studied, GT122 and LLR showed themselves 

as a most mesoporous substance that was determined by the hysteresis loop 

formed by BET N2 adsorption-desorption isotherms and calculated by B.J.H. 

method, to be discussed in Section 5.1. 

3.4 Special case of structural porosity in hollandite-type 
structures 

The structural tunnels, present in the hollandite-type minerals like 

akaganéite, can be considered as pores at the molecular level, since these 

0.4×0.4 nm wide structures can incorporate ions. These ions shall however 

be comparable in size to the natural for akaganéite Cl- ions. The structure of 

akaganéite is formed by self-attached iron octahedra, forming 2×2 structural 

cavities Fig. 3.4. 
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 The structural cavity is stabilized with the chloride ion located inside. 

In turn, Cl- ion is fixed inside the cavity by 8 structural protons while the 9th 

co-adsorbed proton ensures the electroneutrality principle. Both chloride 

ions and protons are able to enter and exit the bulk of AK, increasing the 

total charge this mineral can uptake. This process mainly depends on the 

concentration of chloride ions in the surrounding aquatic media. Thus AK 

works as a sponge for the dissolved ions. It can uptake the ions at the surface 

and in bulk if their concentration is too high, or release them if it is too low. 

Strictly speaking, the charge developed by AK through adsorption of protons 

in the bulk and co adsorption of Cl- ions cannot be called a surface charge, 

since the structural cavities cannot be considered as a surface. The 

reasonable question regarding these processes of ion adsorption would be 

about the ability of AK to uptake other ions than Cl-. Our findings report that 

for this phenomenon to happen, the ions must be close to chloride in charge-

to-size ratio. Thus the perchlorate ion that has smaller charge-to-size ratio 

than chloride ion, i.e. bigger size, cannot enter the structural cavities of AK 

and therefore cannot increase the total charge this mineral develops. 

Fig. 3.4 The structural tunnels of akaganéite, containing Cl- ion (a) and 

without it (b).  
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4. Thermodynamic modeling 

4.1 General equations 

Thermodynamics provide a predictive tool to account for chemical 

reactions at the mineral/water interface. When dG=0 the system is at 

chemical equilibrium, with the rate of direct reactions equals to the rate of 

the reversed. Similarly when dG is negative the direct process is mainly 

carried out, while if it is positive the reaction goes into the opposite direction 

[127]. The expression for dG for the system containing (i) phases and (j) 

surfaces can be written in the following form: 

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 + 𝜇!! 𝑑𝑛! + 𝛾!! 𝑑𝐴!     (4.1) 

where the SdT term relates to the heat adsorbed by system and the 

consequent state of entropy, VdP relates to the work of system expansion 

and its associated volume, 𝜇!! 𝑑𝑛! refers to the work of creation of new 

phase, while 𝛾!! 𝑑𝐴! for the creation of the new surface area. 

However if only the surface is considered, the formula can be 

simplified to: 

𝑑𝐺! =  𝛾𝑑𝐴 + 𝜇!,!! 𝑑𝑛!,!        (4.2) 

where the subscript (s) refers ”surface”, and the sum 𝜇!,!! 𝑑𝑛!,! describes the 

change in amounts of chemical components present in the surface region. At 

equilibrium, chemical components at the interface and in the bulk are equal 

and thus both chemical potentials are equation (𝜇s,i=𝜇i). Therefore the 

expression for Gs takes place: 

𝐺! = 𝛾𝐴 + 𝜇!! 𝑛!,!         (4.3) 

while the total derivative for Gs: 

𝑑𝐺!,!"! = 𝛾𝑑𝐴 + 𝐴𝑑𝛾 + 𝜇!! 𝑑𝑛!,! + 𝑛!,!! 𝑑𝜇!     (4.4) 
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where 𝑑𝐺!,!"! is the differential free energy, characterizing the certain state of 

the system, achieved at fixed pressure (P) and temperature (T) and at 

variable 𝛾, 𝜇! ,𝐴, 𝑛!,!. Providing the Gibbs energy is a state function, the 

expressions 4.2 and 4.4 can be equated, and, solving the obtained expression 

against the change in surface free energy d𝛾, we get: 

𝑑𝛾 = − !!,!
!! 𝑑𝜇! = − 𝛤!! 𝑑𝜇!       (4.5) 

where 𝛤! is the Gibbs adsorption density. Thus the surface free energy (𝑑𝛾) 

gets smaller when the adsorption density increases. 

4.2. Basics of MUSIC model 

The thermodynamic models carried out for this work were based on 

the MUSIC approach [128-130]. According to this approach the surface 

planes of iron (oxyhydr)oxides expose a number of functional groups, or 

surface sites, that are represented by oxygen atoms related with the 

underlying iron Fe (III) atoms. Surface sites (Fe-OH) are classified as singly-, 

doubly-, or triply- coordinated and reveal different charge, marked as (-0.5) 

for singly, (0) for doubly and (+0.5) for triply coordinated groups, what 

makes them capable for proton adsorption. Singly coordinated groups the 

most reactive over the whole pH range, while doubly coordinated groups are 

deemed to be not reactive and triply coordinated groups are capable of 

adsorption only in the very basic pH region, where the first protonation step 

does not occur. The Pauling valence concept hereby ensures that the charge 

of central atom, Fe (III) is equally distributed between the ligands (O atoms). 

Each surface plane of mineral exposes an amount of singly-, doubly-, or 

triply- coordinated groups characteristic for this specific plane. Therefore it 

is of great importance to use the mineral crystals with well defined crystal 

structure, when applying MUSIC approach. This is the reason a special 

attention was paid to the synthesis of mineral particles with well-defined 

surface planes. The proton affinity constants of mineral surface groups were 

predicted by Venema et al. (1998) [64]. In general, predictions presented in 

this study can be treated as a basic data for future investigations, however it 
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contains uncertainties, based on the possible failure in determining the bond 

valences of the short hydroxyl bonds and hydrogen bonds, as was suggested 

later by Boily et al. [77]. 

4.3. Numerally Solving a 1 pKa model 

In the simplest case the 1 pKa approach was used within MUSIC 

model. In 1 pKa approach the proton adsorption processes for all proton 

active groups that ideally have various proton affinities are taken to the value 

of the P.Z.C. of the mineral. Thus the proton adsorption reaction that occurs 

at the mineral surface can be written for the singly-coordinated group as 

follows: 

≡FeOH0.5- + H+  ≡FeOH20.5+       (4.6) 

with an intrinsic constant: 

𝐾!"#  = 𝐻!
!"#
!! = [!"#$!

!.!!]
!! [!"#$!.!!]

       (4.7) 

Meanwhile, the total adsorption Gibbs energy of adsorption process is 

comprised of intrinsic and electrostatic components: 

ΔGads=ΔGint +ΔGelec        (4.8) 

where ΔGelec=ΔzoF𝛹o + ΔzβF𝛹β, in the case of the basic Stern model.  

Considering only the reaction describing proton adsorption (Δzo=1, 

Δzβ=0) and providing ΔG=-RTlnK, where K is apparent equilibrium 

formation constant, 

-RTlnKads=-RTlnKint+Δz0F𝛹0       (4.9) 

where the Δz0 is the change of charge at the zero-plane, F is Faradays 

constant and 𝛹0 is the potential at the zero plane. From here we get  

𝑙𝑜𝑔𝐾!"# = 𝑙𝑜𝑔𝐾!"# +
!!!!!!
!!.!"!!"

       (4.10) 
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and therefore 

log  [!"#$!
!.!!]

!! [!"#$!.!!]
= 𝑙𝑜𝑔𝐾!"# +

!!!!!!
!!.!"!!"

      (4.11) 

Rewriting this term to  

𝑙𝑜𝑔 𝐹𝑒𝑂𝐻!!.!! − log 𝐻! − log 𝐹𝑒𝑂𝐻!.!! − 𝑙𝑜𝑔𝐾!"# −
!!!!!!
!.!"!!"

= 0  (4.12) 

provides a means to linearize this form of equation. The same can be made 

for sodium or chloride ions: 

≡FeOH20.5+ +Cl-  ≡FeOH20.5+⋅⋅⋅Cl-      (4.13) 

≡FeOH0.5- + Na+  ≡FeOH0.5-⋅⋅⋅Na+      (4.14) 

to model, say, goethite particles suspended in aqueous solution of NaCl. 

All calculations were carried out in the computational environment of 

Matlab 7.0 (The Mathworks, Inc.). The most basic code includes three mass 

action equations (Eqns. 4.6, 4.13 and 4.14), describing the adsorption of 

proton and electrolyte ions. The mass balance equation for surface site is: 

[FeOH]tot=[FeOH2+0.5]+[FeOH-0.5]+[FeOH2+0.5⋅⋅⋅Cl-]+[ FeOH-0.5⋅⋅⋅Na+] (4.15) 

The three charge balance equations, characterizing charge in the 0- and 𝛽-

planes as well as in the diffuse layer of the basic Stern model are: 

𝜎0= 
!
!
 (0.5 ×[ FeOH2+0.5]-o.5×[FeOH-0.5]+0.5×[ FeOH2+0.5⋅⋅⋅Cl-]-0.5×[ FeOH-

0.5⋅⋅⋅Na+])           (4.16) 

𝜎𝛽= 
!
!
 (-[ FeOH2+0.5⋅⋅⋅Cl-]+[ FeOH-0.5⋅⋅⋅Na+])     (4.17) 

𝜎0+𝜎𝛽+𝜎dl=0          (4.18) 
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Finally, the charge at the o-plane is expressed through the multiplication of 

E.D.L. capacitance (C) and the difference in potentials between the 0- and 𝛽-

planes: 

𝜎0=(𝛹0-𝛹𝛽) ×C,         (4.19) 

while the charge in the diffuse layer is determined through the Gouy-

Chapman equation: 

σdl= 8000 I εε0RT sinh
F·Ψdl
2RT

       (4.20) 

This set of equations provides one of the most basic descriptions of 

charge development at the mineral/water interface. Adjustable parameters, 

such as electrolyte adsorption constants and compact plane capacitance, can 

be obtained by fitting experimental data. The simplest 1 site/1 pKa model for 

iron (oxyhydr)oxide particles exposed to an aqueous solution of NaCl can be 

predicted using the variables shown in Table 1. The same approach can be 

expanded for the more complicated problems, for example, when multi-site 

or multi-plane modeling is required, as detailed further in the appendices of 

this thesis. 

 

Table 1. The variables used to model the surface complexation processes in 

the simplest 1 site, 1pKa approach 

X1  FeOH-0.5 

X2  FeOH2+0.5 

X3  FeOH-0.5…Na+ 
X4  FeOH2+0.5…Cl- 
X5  𝛹0 

X6  𝛹𝛽 
X7  𝛹dl 
X8  σ0 

X9  σ𝛽 
X10  σdl 
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5. Results and Discussions 

5.1 Mineral characterisation 

Prior to any adsorption experiments, the mineral phases were 

characterised by various methods to determine the mineral surface structure 

and morphology, as well as to overview the possible contaminations with the 

adventitious phases or surface contaminations. The BET analysis resulted in 

the values of SSA for all minerals, (m2/g), as well as allowed to compare the 

samples between each other in terms of surface porosity, providing the 

specific shapes of adsorption-desorption N2 adsorption isoterms. The values 

for the mineral SSA can be appreciated in Table 2 and Table 3. The 

differences in the N2 adsorption-desorption isoterms can be overviewed at 

the Fig 5.1. 

The large hysteresis loop of GT122 curve, compared to the curves of 

GT66 and GT69, as well as the same difference between LLR and RL, LL 

evides about the higher porosities of GT122 and LLR compared to their 

isomorphs. In fact, these two minerals also reveal the significant differences 

in the pore structure, that can be appreciated from the correlation of B.J.H. 

desorption pore volume with the pore diameter at the Fig. 5.2. 

Fig. 5.1 BET adsorption-desorption isoterms revealing greater porosity of 

GT122 and LLR compared to their isomorphs 
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Thus, while the GT66, GT69, LL and RL have quite broad pore diameter 

distribution in the range of 1-100 nm, GT 122 and LLR show their pores to be 

quite narrow, namely less than 20 nm for GT122 and less than 10 nm for 

LLR. Described values allow making the conclusions about the shape of 

mineral surface irregularities. Thus the surface irregularities of LLR and 

GT122 are represented with the narow channel- or slot-like pores, possibly 

going deep to the bulk of the crystal. In contrast, the surface irregularities of 

other minerals are planar and are represented with the kinks and steps. 

As for the next step of mineral characterisation the mineral samples were 

submitted for the TEM analysis to determine the average crystal shape and 

the crystal plane dimensions. TEM images of mineral samples are presented 

in Fig. 5.3 (a, b, c) 

Fig. 5.2 The correlation of mineral surface pore volume to pore diameter, 

reveals the significant difference of GT122 (a) and LLR (b) among the 

isomorphous minerals. 

Fig. 5.3 (a) TEM images and idealised crystal morphology of goethite 
samples 
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The average crystal dimensions (length and width) were calculated 

based on the TEM images, where possible, and used to calculate the 

theoretical SSA (m2/g), providing the densities of investigated minerals were 

3.6 g/cm3 for AK, 4.0 g/cm3 for LP and 4.2 g/cm3 for GT.  

The calculated values are 

generaly correlatable to BET values, 

although large deviations could 

certainly be ascribed to 

contributions from mineral surface 

roughnesses. FTIR spectroscopy 

and XRD were used mainly to verify 

the crystallinity of the samples 

(XRD) and types of surface –OH 

groups (FTIR) characteristic for 

specific mineral surface planes, so 

as in case of lepidocrocites. These techniques showed important differences 

between lepidocrocite samples. Thus LLR was found to be the least 

crystalline sample among the other two, as can be concluded through its 

broader diffractions peaks (Fig.5.4 (a)). 

Fig. 5.3 (c) TEM Image and Idealised 
crystal morphology of akaganéite 
sample 

Fig. 5.3 (b) TEM images and idealised crystal morphology of lepidocrocite 
samples 
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The average crystal grain (crystallytes) sizes for the minerals under 

investigation obtained by the Rietveld refinement technique accounted 9.6 

nm for RLL, 14.7 nm for RL and 15.7 nm for LLP. Such a large difference 

between the XRD and TEM/BET crystal size estimations points the fact that 

the well shaped crystals observed by TEM are actually comprised by smaller 

sub unit crystals, coalesced as bigger particles during early stages of the 

synthetic process. FTIR revealed important differences in the O-H stretching 

region thus providing further confirmation of the morphological differences 

between the lepidocrocite samples. This can be specifically seen in the 

2885/3115 cm-1 doublets in LLP and LLR pointing a platelet morphology 

(Fig. 5.4 (b)). This doublet arises from the preferential selection of O-H 

stretching components lying longitudinally to the propagating infrared 

radiation, which absorb at 2855 cm-1. This effect is maximized when iron 

octahedral sheets of lepidocrocite are about 45° to the impinging infrared, 

and therefore when the (010) planes lie flat on the ATR crystal surface as 

bulk OH bonds are oriented 45° from this plane as well. As the (010) and 

(001) planes of RL are expected to be randomly oriented on the ATR surface 

the 2855 cm-1 should not be enhanced. It is, on the other hand, well 

expressed in LLP and LLR, thereby further confirming the platelet-type 

morphology of these two particles. This result is particularly important for 

LLR whose morphology could not be unambiguously resolved by TEM. AFM 

was used in case of LLP, to determine the height of the LL particles.  

Fig. 5.4 (a) XRD patterns (b) FTIR spectra of lepidocrocite under study. 
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5.2 Morphology and crystal structure 

The crystals of iron (oxyhydr)oxides have various morphology and 

sizes. They can be needle-shaped like in case of goethite, rod- or lath- shaped 

like in case of lepidocrocites. The sizes can vary from several hundred 

nanometers like in case of goethites or lepidocrocites to several nanometers 

like in case of akaganéite. The various surface planes of mineral crystals take 

various percentage of crystal surface area, thus exposing various numbers of 

surface sites and regulating the mineral surface reactivity. The numbers for 

the surface sites, present on each mineral surface planes are summarised in 

Tables 2 and 3. Primary by means of TEM method the goethite particles were 

found to represent (110) and (021) surface planes that shared the crystal 

surface area in slightly different proportions. Thus in the large goethite 

particles, GT66 and GT69, (110) crystal plane took about 5% of total crystal 

SSA, the rest 95% came from the (021) plane. In GT122, the (021) 

termination plane took up to 13%, while (110) plane took other 87%. Both 

large and small goethite particles had the similar in average morphology, but 

different crystal sizes. 

The lepidocrocite surface is terminated with (001), (010) and (100) 

surface planes. In RL these planes were represented in the proportion of 

45%, 45% and 10%, correspondingly. In case of lath lepidocrocite (010) 

plane took the largest part of the mineral crystal, and occupied 65%, while 

(001) and (100) surface planes took about 20% and 15%. AFM was used 

especially in case of lath lepidocrocite to determine the average height of the 

particle, since in could not be found by TEM due to specific orientation of 

flat LL particles during the suspension drying. In case of all other particles 

their height was assumed to equal to their width or could be calculated in 

relation to the known geometrical proportions. RL was also observed by 

TEM, however it was unrealistic to figure out the predominant crystal 

planes, since this mineral morphology appeared in the form of large crystal 

agglomerates and multidomain crystal formations. 
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Table 2. Dimensions and surface characteristics of goethite samples 

Characteristics GT66 GT69 GT122 

Length (nm) (82-358) 218 (89-368) 211 52-118 (77) 

Width (nm) (12-34) 22 (18-34) 25 7-22 (12) 

BET (m2/g) 66 69 122 

BJH pore diameter (nm) 20.8 18 10 

BJH pore volume (cm3/g) 0.42 0.32 0.39 

t-plot micropore area (m2/g) 4.9 3.66 5.76 

Major crystal plane 90-95% (110) 90-95% (110) 94-92% (110) 

Major crystal plane - - - 

Minor crystal plane 10-5% (021) 10-5% (021) 6-9% (021) 

-OH (sites/nm2) 3.48-3.25 3.48-3.25 3.31-3.39 

µ-OH (sites/nm2) 3.48-3.25 3.48-3.25 3.31-3.39 

µ3-OH (sites/nm2) 8.18-8.63 8.18-8.63 8.54-8.37 

Considering akaganéite, the particles were found to be 2.5-6.3 nm in 

width and 11-50 nm in length (Fig.5.3(c)). Based on the particle morphology 

and crystallographic considerations, ∼95% of the particle surfaces are likely 

to be represented by the isostructural (100) and (001) planes and ∼5% by the 

(010) plane. The B.E.T. specific surface area of the particles is of 239.2 m2/g 

and is associated with 0.44 cm3/g B.J.H. microporosity. The B.E.T. value is 

highly comparable to our calculated specific surface area value of 254 m2/g, 

determined from the particles’ average TEM dimensions and the specific 

gravity of 3.74 g/cm3. This validates the concept for particles of low 

(micro)porosity. 

Thus the proportions of mineral crystal planes were known exactly for 

those minerals, whose surface charging behaviour was modelled within the 

MUSIC approach, the method requiring the best knowledge of 

crystallographic appearance. 
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Table 3. Dimensions and surface characteristics of lepidocrocite samples. 

Characteristics LL RL LLR 

Length (nm)a  120-224 (164) 145-296 (188) - 

Width (nm)  29-51(35) 6.5-21 (10) - 

BET (m2×g-1)  71 94/77/66 178 

BJH pore diameter (nm) 19 17 4.69 

BJH pore volume (cm3×g-1) 0.38 0.37 0.26 

t-plot micropore area (m2×g-1) 7.68 6.83 4.46 

Major crystal plane 60-73% (010) 48% (010) - 

Major crystal plane 21-32% (001) 48% (001) - 

Minor crystal plane 6-8% (100) 4% (100) - 

-OH (sites×nm-2) 1.83-2.65 2.99 - 

µ-OH (sites×nm-2) 7.12-7.22 6.53 - 

µ3-OH (sites×nm-2)  1.33-1.98 2.66 - 

5.3 Influence of electrolyte ions on surface charge 
development 

All minerals were titrated in 3, 10 and 100mM NaСl and NaClO4 

aqueous electrolyte solutions. As mentioned before all titrations followed the 

classical order, when the 100 mM system developed the largest charge, 

followed by 10 and 3 mM systems. This is typical case of surface charge 

development, since the larger electrolyte concentrations provide more 

counterions to neutralize the charge of the mineral surface. The 

experimental data for titrations in 3 ionic strengths is presented in Figure 

5.5. The symbols represent experimental data, while the solid lines represent 

modeling results. The thermodynamic modeling was performed to find out 

the modeling parameters presented in Table 4. 
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Fig. 5.5 Titration data of GT66, GT122 and RL, LL samples in 100, 10, 3 mM 
NaCl, NaClO4 
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Table 4. Modeling parameters for 1 pKa model for goethite and lepidocrocite 
samples. 

Mineral GT66 GT66 GT122 GT122 RL RL LL LL 

Ion Cl ClO4 Cl ClO4 Cl ClO4 Cl ClO4 

-log Kanion 0.58 1.9 0.11 1.03 0.13 0.79 0.6 1 

-log Kcation 0.88 0.88 0.88 0.88 0.4 0.4 0.2 0.2 

Canion 1.18 1.06 1.08 0.85 0.76 0.6 1.2 1 

Csodium     0.9 0.9 1.7 1.7 

P.Z.C./I.E.P. 9.4 9.4 7.4 7.4 

Ns (sites/nm2) 6.37 6.37 5.64 3.89 

 

5.3.1 ζ-Potential and its relation to P.Z.C./I.E.P. 

As can be appreciated from the Figure 5.6 (a,b,c) the titration curves 

of all minerals cross in one corresponding to each mineral point. As 

described above (Section 2.2.10) the position of this point can be known 

through the electrokinetic measurements and corresponds to potential at the 

slip/shear plane. 

The specific point at which ζ-potential of each mineral equals to zero is 

in principle related to the point when there is no ions at the mineral-solution 

interface, and therefore the mineral surface charge equals to zero. The 

statement is traditionally true, in absence of any specific adsorption of ions 

 Fig 5.6 (a) ζ-potential measurements performed on the suspensions of 

GT66, GT69, GT122 in 100, 10 and 3 mM NaCl and NaClO4 electrolytes. 
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at the mineral surface. Again, the P.Z.C. is refered to the point of intersection 

of titration curves, obtained from the systems of different ionic strength. It 

can also be the Point-of-Zero-Salt-Effect (P.Z.S.E.) if interactions with 

counterions do not shift this point. It should be noted that significant 

loadings of electrolyte counterions can exist at the P.Z.C. and the P.Z.S.E. 

[73, 74]. It thereby becomes more correct to speak about the point where the 

net charge of the ions at the mineral water interface equals to zero, i.e. the 

number of positively charged ions equals to the number of negatively 

charged. Such an isoelectric point (I.E.P.) can be measured by 

electrophoresis. When the potential determining ions are (H+ and OH-), and 

only the electrostatic interactions are present, i.e. in absence of specific ion 

adsorption, the I.E.P. can correspond to the P.Z.C., the approach that used in 

this thesis. 

The value of the ζ-potential and determined at the certain pH P.Z.C. 

stays in the direct relation to the ability of the mineral particle to move in the 

applied electromagnetic field. The movement of particle in turn depends on 

the charge of its surface. The excess of electrical charge at the specific 

mineral surface planes may cause significant influence on the electrokinetic 

measurements. The more isotropic is the charge distribution at the mineral 

particle surface, the more precise the P.Z.C. can be determined. Besides 

mineral morphology, the factor that can readily influence the electrokinetic 

measurements is mineral surface roughness. The surface irregularities do 

Fig. 5.6 (b) ζ-potential measurements performed on the suspensions of 

RL, LL, LLR in 100, 10 and 3 mM NaCl and NaClO4 electrolytes. 
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not allow the specific counter ions to approach to the mineral surface with 

the charge neutralizing purposes, thus causing the charge anisotropies at the 

mineral surface. The uncertainties in the position of P.Z.C., determined by 

electrokinetic measurements are therefore caused according to the same 

reasons as in case of specific mineral morphology. The determination of 

P.Z.C. by means of electrokinetic method, however, does not depend on the 

particle size, as was shown at the example of goethite minerals in this thesis 

(Fig 5.6(a).) nor by the charge-to-size ratios of the adsorbed ions, as shown 

on Fig.5.6 (a,b,c) and in studies of Shimizu et al. [73, 74], regarding 

Hofmeister ionic series for both cations and anions.  

The determination of P.Z.C. of akaganéite mineral is of special interest 

among the other minerals. According to the potentiometric titration 

experiments, the surface charging curves of this mineral are not supposed to 

show similar intersection point, since the proton-electrolyte adsorption takes 

place not only at the ’’classical’’ mineral surface, but also within the mineral 

bulk. The strong medium dependency of the suspension pH values implies 

that no common intersection point is present in the proton uptake data, and 

therefore that no P.Z.C. value can be readily determined. We also note that 

the slopes of the data are not considerably affected by ionic strength, unlike 

typical proton uptake data in other FeOOH minerals, such as goethite and 

lepidocrocite. Moreover, while these latter minerals typically exchange 2-3 

mmoles/m2 protons in the 3-10 pH range, akaganéite exchanges, on the 

other hand, 5-6 mmoles/m2 protons. This greater capacity arises from 

considerable pH- and ionic medium-dependent exchange reactions with the 

akaganéite bulk. Thus akaganéite works as a ’’sponge’’ for ions, adsorbing 

more when their concentration is higher in the aqueous media, compared to 

the concentration in the bulk and releasing them, when the concentration 

gradient is opposite. Surface complexation reactions contribute to the 

additional proton exchange manifested in the potentiometric titration data. 

As the P.Z.C. cannot be clearly determined from these results, ζ-potentials 

were collected to probe surface charging directly. These data (Fig. 5.6(c)), in 

contrast to the titration data, display the expected classical behaviour of ζ-
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potential with respect to pH and ionic strength, with values lower for higher 

ionic strength, and an I.E.P. in the pH 9.5-10.6 range. 

Typical literature values 

range, in contrast, from pH=5.4 

to 8 [104-106, 131]. Many of 

these literature values were 

however obtained from 

akaganéite particles synthesized 

in urea-, carbomide- or 

carbonate-bearing solutions. 

Strong associations of these 

ligands with akaganéite surfaces 

could thereby have lowered 

P.Z.C./I.E.P. values. 

Furthermore, contributions 

from atmospheric CO2 do not 

appear to be fully accounted for 

in some of these studies. Our 

values represent a strong contrast with literature values as the surface of AK 

was free of synthetic and atmospheric contaminants, and were derived from 

pre-equilibrated suspensions.  

To summarise, lepidocrocites reveled P.Z.C./I.E.P. within the pH 

range of 7.2-8.2. The values for the LLR were scattered especially largerly, 

likely due to the inability of ClO4- to enter the mineral pores, revealed by 

BET. Mineral porosity was expressed as the large hysteresis loop formed by 

N2 adsorption/ desorption isotherms. All goethites, GT66, GT69, GT122 

revealed the P.Z.C./I.E.P. of pH= 9.2-9.6. These values for AK were also 

probed by method of electrokinetic measurements and revealed the 

P.Z.C./I.E.P. of 9.5-10.6 that strictly corresponds to the surface properties of 

akaganéite. 

 

Fig. 5.6 (c) ζ-potential measurements 

performed on the suspensions of AK in 

100, 10 and 3 mM NaCl and NaClO4 

electrolytes. 
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5.3.2 Influence of charge-to-size ratio on electrolyte adsorption 

As showed in the previous section 5.3 the electrolyte concentration 

plays an important role, influencing the abilities of mineral surface to 

develop the charge. However, various electrolytes promote the charge 

development in the different way. The reason for that is different charge-to-

size ratio of the counterion neutralising the charge of adsorbed p.d.i. Thus, 

the presence of Cl- counterion in the system always allows the mineral 

surface to develop larger charge than presence of ClO4- ion, as shown at 

Fig.5.5. The certain interest would than lie in the development of mineral 

surface charge in the mixed electrolyte systems, that is a quite common 

phenomena in the natural environment. Thus the titration experiments in 

the mixed Cl-/ClO4- electrolytes were performed, for GT and LP minerals. 

The behaviour of mixed electrolytes systems were resolved especially 

detailed for GT66 to calibrate the thermodynamic model, the ion proportions 

were investigated as follows: (100:0), (75:25), (50:50), (25:75), (10:90), 

(5:95), (3:97), (1:99), (0:100) (Fig. 5.7(a)). For GT122 the ratios were 

(100:0), (50:50), (10:90), (0:100), Fig 5.8 (a). For both RL and LL the 

electrolytes were taking in proportion (100:0), (50:50), (0:100), (Fig. 5.8 

(b),(c)). The resulting titration curves for mixed electrolyte systems for all 

minerals showed that even the presence of small amount of Cl- ion in the 

mineral suspension greatly promotes the development of mineral surface 

charge. Thus, for example, the titration curve of equivalent electrolyte 

mixture (50:50) always found itself closer to the titration data of the system, 

containing pure NaCl electrolyte. The presence of even 1% of NaCl in overall 

99% NaClO4 made it possible to distinguish between this mentioned system 

and the one containing pure NaClO4. The value of developed surface charge 

has a non-linear dependency on the Cl- ion concentration. (Fig 5.7 (b)). 

Modeling of pure electrolyte sytems was performed using the 

electrolyte adsorption constants and E.D.L. capacitance values obtained 

during simultaneous modeling of the systems of different ionic strength (100 

mM, 10 mM, 3 mM). The modeling of the mixed electrolyte systems was 

performed using the same electrolyte adsorption constants, while the 
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capacitance of the E.D.L., CStern,eff was generated as a linear combination of 

pure electrolyte systems (CCl and CClO4) scaled by the fraction of chloride (fCl) 

and perchlorate ions (fClO4) adsorbed within the Stern Layer, as given by the 

Equation 5.1. The effective Stern capacitance is thereby modeled with: 

CStern,eff=fCl·CCl+fClO4·CClO4       (5.1) 

where f corresponds to the fraction of the specific counteranion adsorbed in 

the Stern layer such that 1=fCl+fClO4. This strategy effectively implies that the 

goethite surface is modeled as non-interacting chloride- and perchlorate-

dominated regions with local ion distributions that are similar to their 

respective separate systems. All charge uptake data from the mixed 

NaCl/NaClO4 systems can be effectively predicted using a model invoking a 

linear addition of ion-specific capacitance values. The model thus provides a 

route for predicting charge development in mixed systems by using no other 

parameters than those derived from the pure separate electrolyte systems. 

While the model was calibrated on two sets of synthetic goethite and 

lepidocrocite particles with distinct charge uptake capabilities, its predictive 

abilities are expected to be applicable to a variety of other minerals of natural 

and technological importance. The mixed systems of LLR were not 

investigated, since such experiment would require the introduction of such 

additional surface variable as extensive surface roughness.  

Fig. 5.7 (a) The dependency of surface charge of GT66 on the NaCl 

concentration in the system. (b) The non-lineral dependency of NaCl 

content and developed surface charge of GT66. 
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5.4 Influence of mineral surface roughness on the charge 
development 

Mineral surface roughness is the crucial factor influencing the charge 

development of the mineral surface. The consideration of the effects that the 

mineral surface roughness can cause on the surface charge development can 

be performed from at least three points of view. From the first two, one can 

study the mineral surface at the microscopic scale and resolve the effects of 

mineral surface roughness based (i) on the amounts of additional surface 

sites, exposed by the surface irregularities, or (ii) on the ability of mineral 

roughness or pores let the counterions inside themselves with the p.d.i. 

charge neutralising mission. Using the third, macroscopic point of view, (iii) 

one can treat the mineral surface charge development, considering the whole 

structure of E.D.L., adjusting its properties, such as thickness and therefore 

the capacitance. This in turn will result in the ability of the mineral surface to 

develop larger or smaller surface charge. 

Microscopic approach. As mentioned in Section 1.2 this thesis 

considered three classes of particle roughnesses. The first class is 

represented by mineral kinks and steps. These irregularities are likely to 

undergo the enhanced dissolution and therefore to expose the additional 

amounts of surface groups, able to participate in ion-adsorption reactions. 

Fig. 5.8 Potentiometric titrations in mixed electrolyte systems (a) for 

GT122, (b) for RL, (c) for LL 
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These surface irregularities are usually exposed by the large mineral crystals 

as reported a numerous amount of times. They do not minimize the amount 

of ions, able to reach mineral surface, despite the second group of surface 

irregularities, represented by mineral surface pores. The mineral pores can 

have the different shapes; they might have different volumes and different 

entrance size. The pores can be slot-like and proceed up to several 

nanometers in the bulk of the mineral, becoming more narrow towards the 

end [94]. Such a variety of shapes will, of course, influence the ability of the 

counterions to approach mineral surface within the pores, that would result 

in the minimizing of the surface charge on such porous materials, especially 

in the presence of large counterions and increasing the maximum possible 

surface charge in presence of small counterions, being able to enter the 

mineral pores and stay there in large amounts. From three goethite 

preparations, compared in this thesis, two samples (GT66 and GT69) 

acquired the first type of surface irregularities, while GT122 revealed the 

second type, found as more porous by BET measurements (Fig. 5.1(a)). 

Comparing GT66 and GT69, one can see that GT66 develops larger surface 

charge, since it has slightly larger crystals than GT69, thus possibly exposing 

more surface irregularities of the first type, which in turn, provide additional 

surface sites for the ions adsorption (Fig. 5.9(a)). However, GT122 develops 

generally larger surface charge than GT66 and GT122. This is a result of 

mineral pores being involved in the surface charging process. Interestingly, 

GT66 and GT122 develop similar charge in presence of Cl- anion (Fig.5.9(a)). 

In this case, the influence of both types of mineral surface 

irregularities on the development of mineral surface charge become similar, 

particularly due to the large charge-to-size ratio of Cl- ions that are small 

enough to entrain themselves in the pores of GT122. Otherwise, on 

comparison of surface charge development of GT66 and GT122 in NaClO4 

electrolyte, it is clearly seen, that GT66 develops greater charge than GT122, 

that is a direct result of large ClO4- ions being unable to enter the surface 

pores of GT122. It is worth to mention, that the presence of even 10% of Cl- 

in the titrated mineral suspension, on the way with 90% of ClO4- allows both 
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minerals developing same surface charge (Fig. 5.9 (b)), that again underlines 

the importance of Cl- ion in the process of mineral surface charge 

development compared to the ClO4- ion, as shown earlier in Section 5.3. 

Macroscopic approach. In macroscopic approach one can 

overview the whole structure of E.D.L. and adjust such parameters as the 

thickness of E.D.L. and, consequently, its capacitance, as explained in 

Section 3.1, (Eq. 3.5). This approach is highly applicable during the 

thermodynamic modeling, since manipulations with capacitance allow 

readily more comfortable adjustment of model to the experimental data. 

Thermodynamic modeling shows that the adjustment of amount of surface 

sites at the mineral surface is not enough, since it would require the dramatic 

increase in surface sites to explain the differences between such minerals as, 

for example, GT69 and GT122. The thickness of E.D.L. is hereby accounted 

from the mineral surface area. The presence of pores at the mineral surface 

can be considered as the factor minimizing the average thickness of E.D.L., 

accounted from the primary surface, i.e. the surface in absence of mineral 

pores as explained on the Fig. 5.10. 

Fig. 5.9 Comparison of surface charge in (a) GT122, GT69 and GT66 and (b) 

GT66 and GT122 in NaCl and NaClO4 mixed electrolyte systems. (I=0.1 M). 
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Fig. 5.10 The schematic representation of E.D.L. thickness being reduced by 

rough surface 

Therefore, from the macroscopic point of view the porous mineral surface 

can develop larger charge than the pristine one. 

5.4.1 Special case of akaganéite structural porosity 

Equilibrium thermodynamics of ion exchange and proton adsorption 

reactions were studied on suspensions of akaganéite that were pre-

equilibrated in each of the six ionic media for a period exceeding 30 days. 

This pre-equilibration period was proven to be necessary after preliminary 

experiments showed that aging over the course of several hours to days 

resulted in substantial drifts in suspension pH, as shown in Section 5.5. 

These drifts were a direct result of H+ and Cl- co-adsorption/ desorption 

from the bulk of akaganéite and therefore were systematically monitored in 

suspensions of dialyzed particles that were freshly exposed to solutions of 

100 mM NaCl and NaClO4. 

The surface charge development data for akaganéite mineral particles 

shown on Fig. 5.11 were obtained from suspensions that were previously 

equilibrated at pH 3.0-3.5 for several hours to evacuate all dissolved and 

akaganéite surface-bound carbonate species. 
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Fig. 5.11 Amount of protons uptaken by akaganéite in 100, 10, 3 mM NaCl 
and NaClO4 electrolyte 

As can be observed from the figure 5.11, the largest surface charge is 

developed by NaCl containing systems, in the range 100, 10 and 3 mM of 

NaCl, followed by the NaClO4 containing systems in the same range. At the 

same time, the presented titration curves do not reveal the common 

intersection point. The observed results appear as a direct consequence of 

akaganéite bulk being able to coadsorb protons and counterions not only by 

the “classical” surface but also by the bulk, providing the size of the 

counterions is suitable for the structural tunnel of akaganéite. The absence of 

common intersection point for the titration curves is easily explained by the 

summation of surface and bulk processes in the suspension of akaganéite. 

Thus the higher is the concentration of Cl- in the suspension, the larger 

amount of those can enter inside the structural tunnels of akaganéite, thus 

increasing the amount of consumed protons. Oppositelly, large ClO4- ions 

can not get inside the structural pores of akaganéite and therefore their high 

concentration causes the opposite effect, since the Cl- ions from the mineral 

bulk get evolved to the aquatic media, thus decreasing the amount of protons 

that could be uptaken. 
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5.5 Particle-particle interactions 

From the thermodynamic point of view, the formation of new unit of 

area requires the additional work to be performed. Thus the sign of the free 

energy of surface formation, the surface free energy (γ) is positive and 

defined as: 

γ = !!
!! !,!,!

          (5.2) 

where 𝜕G is the change of Gibbs energy due to the corresponding change 𝜕A 

in the surface area. The subscripts P, T, n correspond to the fixed pressure, 

temperature and number of moles. The total free energy of the system will 

therefore be expressed as: 

Δ𝐺!"! = μ!  𝑛!! + γ!! 𝐴!        (5.3) 

where the first sum corresponds to the formation of new chemical phases, 

while the second sum is due to the formation of their surfaces. The μ! is the 

chemical potential of 𝑛! moles of substance (i). Therefore the only 

spontaneous process that can occur in the mineral suspension while the 

mineral crystals coexisting with each other, is the reduction of the specific 

surface area of the mineral crystals, the process followed by decrease of the 

surface free energy of the system, and, so far, the total Gibbs energy of the 

system, providing the number of moles of substance is fixed due to the mass 

law. 

Mineral morphology is a key factor influencing the surface charge 

development, since different surface planes are terminated with various 

functional groups, different with their p.d.i. adsorption capabilities. The 

change in mineral morphology during the suspension aging can play a 

significant role in mineral surface charge development by changing the 

proportions of the minerals crystal planes. This process can occur due to 

crystal growth or dissolution that is a rather common phenomenon, or due 

to the oriented aggregation [132-138] and co-crystallization or formation of 
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so-called mesocrystals that is not so common, though reported in the 

literature [132]. Since the planes of the mineral crystal in the solution are 

charged differently, the planes that will be allowed to come closer to each 

other are those that are least (not) charged. The main reason for that is the 

absence of electrostatic repulsion between the neutrally charged planes and 

the tendency to decrease the average surface area, the phenomena similar in 

this sense to the coagulation of droplets in the emulsion. The phenomenon of 

mineral particles co-crystallization was observed on the example of RL 

mineral. Thus the B.E.T. reported the decrease in SSA of RL from 94 to 77 

m2/g during the first year of suspension aging and from 77 to 66 m2/g during 

the second year. During the potentiometric titrations the particles of aged RL 

were noticed to develop different surface charge from that of fresh prepared 

RL particles. (Fig. 5.12). 

The experimental results were reproduced 3 times and revealed the 

significant rise in the surface charge of aged RL in presence of NaClO4, while 

the charge development in presence of NaCl remained same as before aging, 

providing the results were normalized by the new specific surface area of 77 

m2/g in both cases. Both titrations have been repeated after the overnight 

particle equilibration in corresponding salt-acid solutions (e.g. NaCl + HCl 

or NaClO4 + HClO4) at pH=3 for 24 h. The obtained results showed the aged 

lepidocrocite particles to acquire the p.d.i. loadings identical to those of 

freshly prepared. These findings can readily be explained by the fact that RL 

particles get disaggregated in NaClO4+HClO4 suspension, while remain 

(meta)stable in NaCl+HCl suspension. In this case the particles would return 

to their original specific surface area of 94 m2/g only in NaClO4+HClO4, 

explaining the congruent p.d.i. densities obtained by equilibrated for 24 h 

aged (77 m2/g) lepidocrocite and the fresh one (94 m2/g). The driving force 

for such disaggregation would arise from the ability of ClO4- ions to adsorb at 

(010) plane of lepidocrocite [139], forming direct hydrogen bonding with 

doubly coordinated surface hydroxyls. As such interactions were not 

detected for Cl- ion, the proposed interpretation would explain the 

propensity of NaClO4 solutions at disaggregating aged RL (77 m2/g). 
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The light scattering size measurements performed on the aged RL 

particles (77 m2/g) revealed the differences in the dimensions of aged RL 

particles before and after being exposed to HCl and HClO4 overnight, giving 

support to the idea of mineral particles aggregating reversibly (Fig. 5.13). 

 

Fig. 5.13 Decrease in size of RL mesocrystals after being equilibrated in 

(HCl+NaCl) and (HClO4+NaClO4) overnight in comparison to particles in 

aged stock suspension. 

Fig. 5.12 Surface charge development of fresh and aged RL particles in 0.1 

M NaCl and NaClO4. 



 

72 

HRTEM images suggested that freshly dialyzed RL particles 

aggregated over the time period of 50 weeks and adopted a plate-like 

morphology, through attaching of crystals to each other by (010) plane. 

Particles attached with (010) planes due to the electrostatic reasons: (010) 

planes develop less charge and therefore exhibit smaller electrostatic 

repulsion. 

Thus, after one year of aging RL particles (77 m2/g) acquired the form 

mesocrystals, the structures reversibly formed from the initial building units. 

However, during the second year of aggregation, when the surface area of RL 

decreased to 66 m2/g, the RL aggregates acquired the state of real 

aggregates, i.e. secondary crystals, the irreversible formations, that could not 

have been broken by the equilibration in corresponding salt-acid suspension 

overnight, as was done with aged RL (77 m2/g) (Fig. 5.14) 

 

Fig. 5.14 RL66 is shown not to disaggregate in HCl+NaCl or HClO4+NaClO4 

suspensions due to the formation of secondary crystals that occured after 

two years of suspension storage. 

5.6 Equilibration times 

To ensure that the titrated systems remained in the equilibrium state, 

a special protocol was utilised. Thus the time of e.m.f. measurement for each 
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experimental point was not less than 5 min but not more than 20 min, 

depending on the e.m.f. drift of the system, and no titrant was added unless 

the drift was below 0.6 mV or the entire measurement time of one single 

solution was less than 100 min. The dependencies of protons adsorbed at the 

mineral surface (mol/m2) versus the time required for each measurement 

(min) were built to monitor the influence of mineral porosity and particle 

interactions on the ion adsorption. Thus the expected result would show that 

additional time is required for the ions to enter the mineral surface 

irregularities. The obtained results are presented at the Fig. 5.15(a) for 

goethite and Fig. 15 (b) for lepidocrocite.  

 

Fig. 5.15 Equilibration time during the potentiometric titrations for (a) 

goethite and (b) lepidocrocite 

These data reveal highly contrasting equilibration times in case of 

neutrally charged surfaces, while highly charged surfaces equilibrate quickly 

(30 min per point) due to strong electrostatic driving forces. As can be 

observed from the plots, both goethite and lepidocrocite minerals can reveal 

the maximum time, needed for the equilibration before or after the P.Z.C. 

Thus GT122 and LLR require the longest equilibration time before the 

P.Z.C., where the surface is positively charged. This phenomenon is likely 

due to the fact that the pores of GT122 and LLR desorb the ions from inside. 

However LLR requires more time to desorb the perchlorate ions, while 
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GT122 takes longer to desorb the chloride. These differences provide 

additional information about the pore types at the mineral surface. Thus the 

pores of lepidocrocite are quite large to adsorb the perchlorate ions, however 

small enough to ensure their slow desorption. The pores of GT122 can only 

let the Cl- ions inside, and therefore their desorption goes slower, than the 

desorption of perchlorate ions, that stay on the mineral surface outside the 

pores. Interestingly, GT66 requires the largest equilibration time above the 

P.Z.C., in the same manner as GT122. This can be an evidence of presence of 

certain amount of channel-like pores in GT66 that are similar to those of 

GT122. In contrast, the largest equilibration time for GT69 is found above 

the P.Z.C., where the adsorption of sodium ions must be considered. The 

type of salt present in the suspension does not influence the adsorption of 

sodium, since the times required for equilibration are highly similar. This 

adds support to the concept that GT69 has planar-surface irregularities that 

are not influencing the ion adsorption in a large extent.  

Both LL and RL require the largest equilibration time in the region 

above the P.Z.C. LL requires larger equilibration time for sodium adsorption 

than RL in both NaCl and NAClO4. These differences serve as an evidence for 

the fact that LL requires more time to accomodate Na+ ions at the (010) 

surface plane than RL. 

An interesting observation can be made for the case of self-assembled 

lepidocrocite particles. Thus the titrations of aggregated RL particles take 

longer time to equilibrate than those of freshly prepared RL (Fig 5.16). The 

difference is especially greater in presence of NaCl, compared to NaClO4 

containing systems. As observed, the RL particles aggregation slows down 

equilibration times above P.Z.C. This effect could arise from the slow ionic 

diffusion reactions of sodium ions along the boundaries of RL crystal co-

growth, where the formation of additional deep slot like pores, as described 

by Fisher et al. [94], may take place. 
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The special attention must be given to the equilibration times of 

akaganéite. The structural tunnels of this mineral are capable to adsorb the 

p.d.i. and the counterions for their charge neutralization, the system requires 

additional time to equilibrate (Fig. 5.17). 

 
Fig. 5.17 Equilibration plot 0f akaganéite suspensions in NaCl and NaClO4 

obtained during the continuous measurements and batch experiments 

Without the prior equilibration for several days, the data for the 

surface charge development of akaganéite could not have been reproduced. 

Fig. 5.16 Differences in equilibration times of potentiometric titrations 

observed after RL aging 
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The equilibration times were considered both on the daily basis and during 

the continuous pH-measurements. Exposure of the dialyzed particles to 100 

mM NaCl shifted pH values from 4.3 to 6.4-6.5 within 5 days, while exposure 

to 100 mM NaClO4 shifted the pH to 4.7-5.0 within 15 days. The steep pH 

hikes in the initial hours of reaction in solutions of NaCl arose from 

concerted proton uptake reactions to both akaganéite surfaces and bulk. The 

initial short-lived rise in NaClO4 solutions, seen in the continuous in situ 

measurements, is also ascribed to proton adsorption reactions but then 

becomes progressively overcompensated after one hour of equilibration due 

to the release of protons from the akaganéite bulk. A preferential leaching of 

bulk chloride ions is therefore favoured in this case given the inability of the 

perchlorate ion to enter the akaganéite channels. The results of these efforts 

(Fig 5.17) can therefore be used to ascertain that a pre-equilibration period of 

at least 15 days is sufficient to equilibrate akaganéite particles with 

surrounding aqueous media. This period was extended to 30 days in our 

experimental protocol to fully ensure that equilibration was reached prior 

potentiometric titration experiments.  

5.7 Tracking the electrolyte ions on the mineral surface by 
means of cryo-XPS 

XPS allows to monitor the atomic concentrations of various species at 

mineral surface. Those can be compared being normalized in regard to 

atomic concentrations of surface Fe atoms, the latter concentration being a 

constant value for each investigated iron (oxyhydr)oxide. The XPS 

measurements were performed on GT69, GT122, LL and RL. 

Room temperature XPS measurements of the dry mineral powders 

were used to confirm the absence of surface contaminants other than traces 

of aliphatic carbons, as typical of these in vacuo measurements. The Fe 2p 

region of both goethites display, in particular, characteristic features for this 

phase, as can be seen in the 711.0-711.2 eV (Fe 2p3/2) and 724.9-725.2eV (Fe 

2p1/2) peaks. Those of both lepidocrocites have peaks at 711.6 eV (Fe 2p3/2) 

and 725.2-725.4 eV (Fe 2p1/2) 
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The cryogenic XPS allowed monitoring the concentrations of surface 

species at the mineral particles in the form of wet pastes, obtained from 

equilibrated aqueous suspensions. Analysis of O1s spectral region of all 

particles equilibrated in 10 mM NaCl and NaClO4 revealed coexisting O, OH, 

H2O species (Fig. 5.18). 

As XPS preferentially retrieves surface populations  - and with 

uncertainties of ∼10 % - O:OH ratios are not characteristic of the FeOOH 

bulk. They reveal an enrichment in OH due to the important populations of 

surface hydroxo groups that is characteristic for the mineral surface in 

contact with aqueous media. The isomorphous GT69 and GT122 particles 

expose similar atomic ratios O:OH of 1:2, while those for lepidocrocite differ 

with values of 1:1.3 for LL and 1:1.7 for RL. Particle morphologies of RL and 

LL are responsible for this difference, as the predominant (010) plane of LL 

results in a smaller crystallographic OH density (8.4 sites/nm2) compared to 

the OH density of the (001) plane (15.6 sites/nm2). O and OH concentrations 

of all four particle types were largely unaffected by variations in pH (Fig. 

5.18), a result suggesting that these particles were stable under all 

experimental conditions. 

Fig. 5.18 Coexisting O, OH, and H2O species at the mineral surface revealed 

by XPS at goethite surface (a) and lepidocrocite surface (b). The 

concentrations of species are independent of pH 
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The knowledge of electrolyte surface concentrations obtained by 

cryogenic XPS allows correlating them with the pH. All electrolyte ion 

loadings exhibited a clear dependence with respect to pH, as can seen in 

Fig.5.19. 

The data are in line with the concept that both electrolyte cations and 

anions coexist below and above the P.Z.C. The largest anion surface loadings 

in both goethite and lepidocrocite were acquired in NaCl rather than NaClO4 

at pH ~4, where differences were more clearly manifested. Stronger charge-

screening ability of Cl- is responsible for this difference.  

XPS together with potentiometric titrations data allows correlating the 

surface concentrations of ions with the developed surface charge, as 

presented at Fig.5.20 that underscores the following key aspects of the four 

systems under study:  

(1) Cl- and ClO4- loadings are not considerably different when 

compared on a p.d.i. loading basis; 

(2) Cl- and ClO4- loadings are greater on lepidocrocite than on goethite 

below the P.Z.C.; 

(3) Na+ loadings are greater on lepidocrocite than on goethite above 

the P.Z.C.;  

(4) Na+ adsorption on both LL and RL is greater in the presence of 

ClO4- than of Cl- above the P.Z.C. 

Fig. 5.19 The ion surface loadings of (a) goethite and (b) lepidocrocite 
regarding the pH. 
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GT122 develops more surface charge than GT69, these differences 

being explained by influence of surface roughness. Thermodynamic 

adsorption calculations have showed that a large (~8-fold) increase in site 

densities would be required to explain differences in p.d.i. surface charge 

between GT122 and GT69 keeping other modeling parameters (i.e. 

electrolyte binding constants and interfacial capacitance) unaltered. Such 

large increase in site density is only possible considering that GT122 surfaces 

as extremely defective, that would in turn result in considerably larger 

differences between BET specific surface area and surface area calculated 

based on TEM-observed particle morphology. The concept of increased and 

ion-specific inner-Helmholtz (or Stern) capacitance, as proposed in section 

5.3.3 provides a more realistic way in accounting these differences. In fact, 

even studies that favour enhanced site densities on roughened surfaces must 

apply to enhanced capacitances to account for differences in surface charge. 

Enhanced capacitance, in electrochemical parlance, would mean (1) thinner 

interfacial compact layer, as effectively achieved by averaging surface 

topographical levels, and (2) regions of greater dielectric constant where 

water can solvate p.d.i. more effectively than on a flat surface. Molecular-

Fig. 5.20 Correlation of developed mineral surface charge with the surface 

concentration of ions  
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level details of the latter concept, known as the Edge Effect, were discussed 

by Rustad and Felmy [97] in terms of intersecting crystallographic planes on 

nano-sized particles, and can be readily translated to rough surfaces. Finally, 

the Na+ loadings achieved at goethite surfaces are generally independent of 

the type of present anion. However, GT69 contacted with NaClO4 seems to 

develop larger Na+ loadings, as seen in two data points in Fig. 5.20 (cf. 

inversed green triangles). Although the details of these interactions remain 

to be resolved, we suspect that ClO4- promotes the formation of thicker 

double layer, and thereby enables the approach of additional Na+ ions to the 

mineral surface.  

Differences in charge and electrolyte ion loadings achieved on LL and 

RL are mainly ascribed to their morphological differences. RL particles in 

contact with NaCl solutions developed more surface charge and, 

correspondingly, adsorbed more counterions (Cl-) than LL. The greater 

density of proton active sites can explain this fact. It should however be 

stressed that the p.d.i.-to-electrolyte responses of both minerals are highly 

comparable, as emphasized in Fig. 5.20. However this response is 2-3 

stronger on goethite than on lepidocrocite (Fig. 5.20), because the neutrally 

charged and proton inactive (010) plane also acquires electrolyte ions. XPS 

data reveal greater perchlorate loadings on LL (Fig. 5.19(b) at pH ∼4). As this 

was not observed on goethite, a probable cause for this result may lie in 

interactions between neutral µ-OH groups of the (010) plane and perchlorate 

ions. Molecular dynamics simulations [139] of this plane support this idea by 

showing that direct µ-OH…OClO3- hydrogen bonds are formed on this 

surface, alongside additional complexes that are completely in outer-sphere 

coordination. Cl- in these simulations remains, in contrast, predominantly 

separated by at least one hydration shell, yet its net charge density is closer 

to the surface than that of the various perchlorate species. The thicker 

interfacial region induced by perchlorate adsorption could serve as an 

explanation to the considerably larger sodium loadings achieved in 

perchlorate compared to chloride (Fig. 5.20), especially if multiple ionic 

layers would be formed. Interactions between the Na+ ion and the (010) 
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plane of lepidocrocite are also of special interest in this regard. The 

considerably larger Na+ loadings achieved on lepidocrocite compared to 

goethite (Fig. 5.20) could also be explained by direct µ-OH interactions with 

Na+ ion. Again, the MD simulations [139] of this plane point to the formation 

bidentate sodium species (µ-OH)2…Na+ at this plane, both fully and partially 

hydrated. It was observed that XPS-derived Na+ loadings on LL are 1.22 

times greater than on RL, a value that is highly comparable to the ratio of µ-

OH sites between these two planes (1.44).  

 

6. Conclusions 

The findings discussed in the thesis, can be summarized as follows: 

1) Particle morphology can influence mineral surface charge 

development by affecting populations of surface active hydroxyl 

groups. Such effects can however be counteracted by proton active 

sites at defects. 

2) Ions with large charge-to-size ratios are better p.d.i. charge 

neutralizers than those of smaller ratios. Charge development in 

mixures of counteranions of contrasting charge-to-size ratio will 

also be affected in the same fashion. These effects in mixed systems 

can now be predicted using a thermodynamic adsorption model. 

3) Particle surface irregularities and porosity greatly influence charge 

development by allowing or restricting counterions co-adsorption. 

Surface roughness is characterized as planar surface roughness and 

as pores. Planar surface roughness corresponds to features such as 

kinks and steps exposing additional surface sites. These surface 

sites are exposed to better solvation conditions and are therefore 

expected to contribute to greater surface charge. Pores can increase 

surface charge if counterions are small enough to diffuse through 

them.  
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4) Charge development in aggregated lepidocrocite particles is 

strongly affected by counterion identity. Particle disaggregation 

can even be promoted by electrolyte ion adsorption. 

5) Charge development in akaganéite is also strongly controlled by 

counteranion identity. Ions that are small enough to diffuse 

through the bulk channels will promote additional uptake of p.d.i. 

The findings reported in this thesis were obtained while working with 

minerals, whose surface properties (e.g. roughness and porosity) could not 

have been predicted with high precision, based on the used synthesis path. 

Thus a possible direction for the future work could be development of such 

synthetic routes that would allow obtaining the mineral crystals with the 

highly predicted characteristics of surface irregularities. Development of new 

modeling approaches, including the modeling of influence of mineral surface 

roughness and porosity on the development of mineral surface charge, is also 

of great interest. Finally, investigations of mineral particle aggregation, 

especially based on their surface charge should also be pursued. These 

phenomena are important, as they lead to the discovery of new ways of nano-

particle self-orientation and formation of large structures and aggregates. 
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