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ABSTRACT 

In natural waters, dissolution of manganese (Mn) oxides occurs through proton-

promotion, reduction and synergistic pathways and can affect the solubility, mobility, 

bioavailability, and toxicity of metalloids in the environment through these pathways.  

Thus, the present work intends to elucidate the complex nature of Mn oxide dissolution in 

the presence or absence of a redox-active metalloid by examining hausmannite (Mn3O4) 

and chromium (Cr) as model compounds.  Hausmannite is the fifth most common Mn 

oxide and contains both reduced Mn(II) and oxidized Mn(III) in its structure.  Cr(VI) is a 

well-known environmental pollutant and is used for quantifying the reductive (electron 

transfer) dissolution of hausmannite in this study.  To examine the specificities involved 

in hausmannite dissolution, batch reactions were performed with varying solution pH (4, 

5.5, and 7) and Cr(III) and Cr(VI) concentrations (0, 5.23, and 52.3 ppm).  Solution 

samples were collected at selected times (T = 0, 0.5, 1, 2, 4, and 8 hours) and analyzed 

for total Cr and Mn as well as oxidized Cr(VI).  To gain insights about the Cr interaction 

on the hausmannite surface, the solid materials were characterized by X-ray 

photoelectron spectroscopy and X-ray absorption spectroscopy before and after 8 hours 

of the reaction.  The results of this work demonstrate that the release of Mn(II) through 

hausmannite dissolution was greatest when both proton-promotion (pH 4) and electron 

transfer dissolution (High Cr(III)) pathways are allowed.  Nearly all the Cr(III) added 

underwent oxidation to Cr(VI) (94.9% or greater) by hausmannite at this pH.  

Conversely, Mn(II) release at pH 5.5 and 7 was comparatively insensitive to both the 

initial Cr concentration and its oxidation state (Cr(III) or Cr(VI)).   Oxidation of Cr(III) to 

Cr(VI) was also significantly reduced at these pHs due to a loss of initial Cr(III) through 
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adsorption and precipitation on the hausmannite surface.  This observation is supported 

by both Cr2p XPS and Cr K-edge x-ray absorption near-edge spectroscopy (XANES) 

analyses, indicating that in the presence of hausmannite, Cr(III) is present either as 

adsorbed Cr(III) ions or as precipitated Cr(OH)3, although Cr(III) sorption is preferred 

given sufficient surface area.  Regardless of the solution pH, Cr(VI) accounts for the 

majority of the total dissolved Cr, but no Cr(VI) was detected in recovered solids.  

Furthermore, at pH 4, electron transfer dissolution of hausmannite by Cr(III) produced 

higher average oxidation state (AOS) of Mn (>3.39) than that of the Cr(VI) and unreacted 

treatments.  These findings indicate that Cr(III) may facilitate Mn disproportionation in 

reacted hausmannite, and cause synergism in hausmannite dissolution.  However, at 

neutral pH (pH 5.5 or higher) Cr(III) adsorption and precipitation reactions cause 

difficulties in quantification.  Thus, the studied hausmannite dissolution reactions play a 

critical role in Cr and Mn cycling in surficial environments, and the degree of 

contribution and the type of dissolution pathway are primarily controlled by solution pH 

and the concentration and species of a reducing agent.  
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CHAPTER 1 

INTRODUCTION 

 Manganese (Mn) is the second most abundant redox-active (following only iron 

(Fe)) heavy metal in earth’s crust (Turekian and Wedepohl, 1961).  More than 30 Mn 

oxide/hydroxide minerals are known to exist in nature that exhibit different structures 

with varying Mn oxidation states.  Mn oxide minerals are ubiquitous in surficial 

environments as coatings on fine-grained soil particulates or aggregates in soils and 

sediments. They also exist in deep marine environments as nodules on the ocean floor 

(Post, 1999; Tan et al., 2008).   

Mn oxides play a significant role in many biogeochemical processes in natural 

waters and soils that require changes in the oxidation state of Mn.  These include sorption 

(Weaver and Hochella, 2003; Shaughnessy et al., 2003), microbially-mediated processes 

(Villalobos et al., 2005), and ion substitution reactions (Hem, 1978).  The redox reactions 

responsible for these processes often cycle Mn between the reduced (Mn(II)) and 

oxidized forms (Mn(III) and/or Mn(IV)) (Hem and Lind, 1983; Johnson and Xyla, 1991; 

Driehaus et al., 1995).  Mn(II) is soluble in aqueous systems, whereas Mn(III/IV) are 

generally insoluble and associated with the solid phase in Mn oxide minerals (Post, 

1999).  Therefore, since the redox state of Mn controls the phase that it will be present in, 

the dissolution of Mn oxides can further influence the behavior and toxicity of other 

redox-active environmental constituents like chromium (Cr) (Johnson and Xyla, 1991; 

Weaver et al., 2002; Weaver and Hochella, 2003), arsenic (As) (Driehaus et al., 1995; 

Scott and Morgan, 1995; Shumlas et al., 2016), selenium (Se) (Scott and Morgan, 1996), 

and lead (Pb) (Han et al., 2006), as well as several organic compounds including 
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hydroquinone (Stone and Morgan, 1984a, 1984b), humate (Banerjee and Nesbitt, 2001) 

and others (K. Remucal and Ginder-Vogel, 2014).  In particular, the solubility, mobility, 

bioavailability, and toxicity of Cr depends on its oxidation state, which can be controlled 

by its interactions with Mn oxide minerals in natural environments (Nriagu and Nieboer, 

1988). 

For instance, the most common oxidized state of Cr is hexavalent Cr(VI), which 

is more labile and toxic than the common reduced state, trivalent Cr(III) (Eary and Rai, 

1987).  Additionally, intermediate oxidation states of Cr, Cr(IV) and Cr(V) can 

occasionally be produced during Cr oxidation. This process has been shown to cause cell 

damage in living organisms through formation of hydroxyl radicals (Katz and Salem, 

1994).  Cr is also one of the US Environmental Protection Agency’s (EPA) priority 

pollutants, and is one of the 14 most toxic metals.  Due to water quality problem and 

human health concerns, the EPA has set its drinking water standard for total Cr (both 

Cr(III) and Cr(VI)) at 100 ppb (US EPA, 2015).  Furthermore, a report by Sutton (2010) 

showed that 89% of wells in North American urban centers had Cr(VI) concentrations 

higher than those deemed safe for consumption by the California EPA (OEHHA, 2009).  

This underlines the importance of understanding Cr interactions with minerals common 

in surficial environments. 

In the presence of Mn oxide minerals, Cr(III) sorbs onto the Mn oxide surfaces, 

where it can undergo oxidation reactions in conjunction with reduction of higher valence 

Mn (Mn(III) and/or Mn(IV)) to lower valence, soluble Mn(II), causing mineral 

dissolution (Banerjee and Nesbitt, 1999a).  Redox reactions between Cr(III) and the Mn 

oxide will therefore yield soluble Mn(II) and the more labile and toxic Cr(VI) (Weaver 
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and Hochella, 2003), and thus, can further impact on the solubility, mobility, and toxicity 

of Cr in the environment.  Moreover, sorbed Cr(III)aq that does not undergo redox 

reactions can form surface complexes on Mn oxides (Banerjee and Nesbitt, 1999a), 

through electrostatic interactions posed by negative surface charge of Mn oxides in 

natural environments (Tan et al., 2008; Cristiano et al., 2011; Bhowmik et al., 2016).  

This implies that Cr(III) sorption onto Mn oxide minerals can be temporary, and Cr can 

be released more when dissolution of Mn oxides occurs by dissolution induced by low 

solution pH.  Conditions favorable to proton-promoted dissolution of minerals can be 

found in the natural environment, such as naturally acidic soils, acid mine drainage areas, 

and in soils experiencing rainfall amounts exceeding evapotranspiration (Nordstrom et 

al., 2000; Aguiar et al., 2013; Carrero et al., 2015; Slessarev et al., 2016).  Others have 

also concluded that Cr is most likely to adsorb to the mineral surface, not become 

incorporated in the structure of Mn oxides (Hem, 1978), in contrast to other heavy metal 

ions As (Nesbitt et al., 1998; Anawar et al., 2004) that are known for substitution with 

structural Mn ions.  This conclusion, however, was drawn based on the size of common 

Cr ions and thermodynamic calculations about this system.  There is no experimental 

evidence to support this claim from Hem (1978).  

Therefore, in natural environments, the dissolution of Mn oxide minerals by 

acidity and redox with Cr and other solution consituents are important to environmental 

quality with regards to the fate and behavior of Cr.  Previously, acidity-induced 

dissolution of birnessite (δ-MnO2) (Murray, 1974; Weaver and Hochella, 2003), 

manganite (λ-MnOOH) (Hem and Lind, 1983; Johnson and Xyla, 1991; Weaver et al., 

2002; Weaver and Hochella, 2003; Ramstedt and Sjöberg, 2005), pyrolusite (MnO2) 
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(Eary and Rai, 1987; Xyla et al., 1992) and feitknechtite (Β-MnOOH) (Hem, 1981) have 

all been investigated as a function of solution pH.  Furthermore, reductive dissolution in 

conjunction with acidic dissolution has also been investigated for birnessite (Scott and 

Morgan, 1995, 1996; Banerjee and Nesbitt, 1999a; Lefkowitz et al., 2013), manganite 

(Johnson and Xyla, 1991; Xyla et al., 1992; Weaver et al., 2002), and pyrolusite (Eary 

and Rai, 1987; Xyla et al., 1992).  In terms of hausmannite (Mn3O4), Peña et al. (2007) 

studied its proton-promoted dissolution in the presence of 0.1 mM of a siderophore 

(specifically, desferrioxamine B (DFOB)), and reported that the dissolution rate of 

hausmannite increased approximately 17.4 - 45.8 times due to surface catalyzed 

reduction of Mn by DFOB at several pH levels (Figure 1).  Weaver (2001) also examined 

differences in hausmannite dissolution induced by acidity-only, as well as through 

combined dissolution (Figure 2).  Among the seven Mn oxides tested for their ability to 

oxidize redox-active metals, birnessite and hausmannite were found to be significantly 

more effective at oxidizing Cr than other analyzed minerals (Weaver, 2001).  However, 

this observation was made based on only a single pH level measurement, and therefore, 

limits our understanding of the role of solution pH on the rate and extent of the Cr-Mn 

redox reactions.   
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pH 5 pH 6 

pH 7 pH 8 

pH 9 

Figure 1:  Mn2+ release from hausmannite over one hour of reaction with multiple 
sampling points.  Open squares represent dissolution based on only acidity and closed 
circles represent dissolution with desferrioxamine B.  Figures taken from Peña et al. 
(2007).   
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Figure 2:  Hausmannite dissolution and Cr oxidation during a batch reaction.  Closed 
squares represent reductive and acidic dissolution ([MnR+A]) while open squares 
represent only acidic dissolution ([MnA[) .  Purple asterisks represent reductive-only 
dissolution ([MnR]) calculated as [MnR+A]-[MnA].  From Weaver (2001).   
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Another important consideration that previous studies have overlooked is the 

effects of mineral size and surface area on the reaction rate and extent for both 

dissolution pathways (Stone and Morgan, 1987).  The studies mentioned above have used 

minerals from varying sources, including laboratory-synthesized materials, natural 

samples, and commercially-available products.  In particular, limited characterization 

data are available for natural samples in regards to size, surface area, and the presence of 

impurities, and thus, it is difficult to compare the oxidation potential of the same Mn 

oxide used by different studies.  In general, laboratory-synthesized, nano-sized Mn oxides 

are expected to be more reactive in dissolution, sorption and redox reactions than the bulk 

natural samples under the same conditions due to the increased reaction potential of 

smaller particles/grain sizes as previously demonstrated in laboratory settings (Madden 

and Hochella, 2005) and natural environments (Horowitz, 2009). 

Among the known Mn oxides, the focus of this thesis is hausmannite (Mn3O4), 

the fifth most common Mn oxide in nature (McKenzie, 1989).  Hausmannite is 

commonly found as a precipitate in lakes and streams and has been shown to effectively 

control Mn solubility in several surficial environments (Lind and Hem, 1993; Green et 

al., 2004; Shacat et al., 2004).  Additionally, in dynamic systems where chemical 

characteristics like pH, redox potential, and solution activity fluctuate often, hausmannite 

serves as an intermediate mineral phase in a cascade of dissolution/precipitation reactions 

that yields thermodynamically stable, tetravalent Mn oxides, namely Birnessite (Bruins et 

al., 2014).  Despite its abundance and importance in geochemical processes in natural 

systems, hausmannite has received relatively little attention, when compared to other 

common Mn oxides, like birnessite or manganite.  Moreover, Rophael and Boulis (1982) 
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found that reductive dissolution of Mn oxides is dependent on the availability of 

reducible Mn(III) ions in the mineral structure.  The presence of both Mn(II) and Mn(III) 

in the structure, therefore, makes hausmannite an ideal mineral to study both acidic and 

reductive dissolution pathways (Weaver and Hochella, 2003).  With only a handful of 

studies available on hausmannite dissolution (Kung and McBride, 1988; Weaver and 

Hochella, 2003; Peña et al., 2007), a knowledge gap exits regarding how and to what 

extent electron transfer and proton-promoted dissolution reactions are affected by 

solution pHs, and additionally, whether or not synergistic effects exist when both 

dissolution reactions occur simultaneously.  This is paramount to the understanding of the 

behavior and fate of hausmannite and toxic heavy metals that may be sorbed on its 

surfaces, as both dissolution pathways can occur concurrently in most natural 

environments.  For instance, oxidation reactions involving the reduction of Mn oxides 

releases H+ ions into solution, and therefore, they can indirectly induce acidity-driven 

dissolution (Banerjee and Nesbitt, 1999a).  

Due to a lack of understanding in the hausmannite-Cr system, this thesis aims to 

characterize hausmannite dissolution by proton promotion and/or electron transfer by Cr.  

This is achieved by creating controlled hausmannite dissolution systems with varying 

solution pH levels and/or Cr concentrations, and by monitoring both the solution and 

solid phase with spectrometric and spectroscopic analytical techniques.  Thus, the result 

of this thesis intends to provide a mechanistic understanding of hausmannite dissolution 

and its impact on the solubility, mobility, and bioavailability of heavy metals of concern 

in the environment. 

1.1 Background 
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1.1.1 Structure and Surface Area of Hausmannite 

Hausmannite possesses a disordered tetragonal spinel structure with Mn(II) in a 

tetragonal-inverse spinel coordination with Jahn-Teller distortion and Mn(III) in an 

octahedral coordination (Post, 1999; Duckworth and Sposito, 2007).  The surface area of 

natural, and commercial hausmannite have also been measured previously as 9.12 m2/g 

(Weaver and Hochella, 2003) and 20.4 m2/g (Fritsch et al., 1998; Wilk et al., 2005), 

respectively.  Peña et al. (2007), however, utilized hausmannite similar to that in this 

thesis, which was synthesized in lab to produce a smaller particle size so reactivity is 

maximized.  The method performed in Peña et al. (2007) nano-hausmannite particles with 

a BET surface area of 47.0 m2/g, and a particle diameter of 20.4 nm, more than double 

those observed in natural and commercial hausmannite.   

1.1.2 Reactions Governing Hausmannite Dissolution 

 A variety of chemical reactions that control hausmannite cycling can take place in 

natural environments.  In acidic conditions (pH<4) where Mn(II) and H+ are abundant, 

hausmannite dissolution/precipitation occurs in the following sequence.  First, proton 

promoted dissolution occurs:   

 𝑀𝑀𝑀𝑀3𝑂𝑂4 + 4𝐻𝐻+ → 𝑀𝑀𝑀𝑀𝑂𝑂2 + 2𝑀𝑀𝑀𝑀2+ + 2𝐻𝐻2𝑂𝑂    eq. 1 

Here, Mn(III) in hausmannite is disproportionated, and is both oxidized to some 

Mn(IV)O2 polymorph (birnessite or pyrolusite), and reduced to Mn(II).  Then, some of 

the dissolved Mn(II) will be re-oxidized back to hausmannite via: 

3𝑀𝑀𝑛𝑛2+ + 1
2
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 3𝐻𝐻2𝑂𝑂 → 𝑀𝑀𝑀𝑀3𝑂𝑂4 + 6𝐻𝐻+   eq. 2 
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This process is only possible if pH is low.  If pH is allowed to drift to equilibrium, which 

has been experimentally determined as a pH of approximately 8.5 by Bricker (1965), and 

the solution has a low ionic strength, eq. 1 gives the relationship with thermodynamic 

data from (Hem and Lind, 1983): 

 [𝑀𝑀𝑛𝑛2+] = 108.79[𝐻𝐻+]2        eq. 3  

At 25 C◦ and 1 bar of pressure, the equilibrium constant here is 1017.58.  The activity of 

Mn(II) will be then approximately 10-8.2, too low to initiate spontaneous re-precipitation 

of hausmannite.  Thus, unless a significant additional source of aqueous Mn(II) and oxic 

conditions are provided, further precipitation and growth of the hausmannite crystal will 

be prohibited (Hem, 1978). 

When Mn(II) and H+ is limited, but O2 is plentiful, which is the case for oxic 

conditions in laboratory, O2 becomes the major controller of the reaction stoichiometry.  

This results in deviation from eq. 2: 

2𝑀𝑀𝑀𝑀2+ + 1
3
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2𝑂𝑂 → 2

3
𝑀𝑀𝑀𝑀3𝑂𝑂4 + 4𝐻𝐻+   eq. 4 

Eqs. 1 and 4 thus describe the theoretical proton-promoted hausmannite dissolution cycle.  

It is important to note that eq. 4 is kinetically slower than eq. 1 by several orders of 

magnitude (Hem, 1978).  This means that re-precipitation (eq. 4) of hausmannite may 

occur to some extent, but it is negligible compared to the proton-promoted dissolution 

reaction (eq. 1).  Eq.1 will be therefore dominant, overwhelmingly dissolving solid phase 

hausmannite and consuming acidity.  The spontaneity of this reaction at standard 

temperature and pressure (25°C and 1 bar) is represented by the reaction affinity (A), 
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which is a rearrangement of the Gibbs free energy of formation equation, and was 

calculated by Hem and Lind (1983):   

𝐴𝐴 = −1.364(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)     eq. 5 

Here, K is the equilibrium constant and Q is the activity product for the species of 

interest.  The reaction is thermodynamically feasible if A is positive (Hem and Lind, 

1983).  Q for eq. 1 is calculated as: 

    𝑄𝑄𝑒𝑒𝑒𝑒.1 = �𝑀𝑀𝑀𝑀2+�
2

[𝐻𝐻+]4      eq. 6 

and for the oxidation (eq. 2), 

𝑄𝑄𝑒𝑒𝑒𝑒.3 = [𝐻𝐻+]4

[𝑀𝑀𝑀𝑀2+]2[𝑂𝑂2𝑎𝑎𝑎𝑎]1 3�
          eq. 7 

In contrast, Hem and Lind (1983) and Murray et al. (1985) postulate that during 

dissolution, hausmannite undergoes a partial conversion to trivalent manganite (MnOOH) 

via protonation: 

  𝑀𝑀𝑀𝑀3𝑂𝑂4 + 2𝐻𝐻+ → 2𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑀𝑀𝑀𝑀2+   eq. 8 

Here, the two Mn(III) are converted to MnOOH and the Mn(II) is released into solution.  

At low pH, manganite can be then converted to birnessite through subsequent 

disproportionation: 

2𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 2𝐻𝐻+ → 𝑀𝑀𝑀𝑀𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 + 𝑀𝑀𝑀𝑀2+   eq. 9 

However, this step generally only occurs if MnOOH is the initial precipitate (Hem and 

Lind, 1983).  In hausmannite system, Mn(II) ions from eq. 8 can be oxidized back to 

hausmannite similarly shown in eqs. 2 and 4: 
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𝑀𝑀𝑀𝑀2+ + 1
6
𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 → 1

3
𝑀𝑀𝑀𝑀3𝑂𝑂4 + 2𝐻𝐻+   eq. 10 

Eqs. 8 and 10 thus describe another possible hausmannite dissolution pathway, driven by 

acidity.  As is the case in eqs. 2 and 4, though, the re-oxidation step is kinetically slow 

compared to disproportionation (eq. 8) and dissolution/consumption of protons occurs 

primarily.  The reaction affinity (A) for the disproportionation (eq. 8) is calculated as: 

𝐴𝐴 = −1.364 �𝑙𝑙𝑙𝑙𝑙𝑙 �𝑀𝑀𝑀𝑀2+�
[𝐻𝐻+]2

− 10.56�                  eq. 11 

and: 

𝐴𝐴 = −1.364�𝑙𝑙𝑙𝑙𝑙𝑙 [𝐻𝐻+]2

[𝑀𝑀𝑀𝑀2+][𝑂𝑂2]
1
6

+ 6.09�       eq. 12 

for the oxidation (eq.10). 

Figure 3 (from Hem and Lind (1983)) exhibits a thermodynamic stability diagram 

for the reactions described above.  While the process of hausmannite disproportionation 

directly to tetravalent birnessite or pyrolusite (MnO2 minerals) and Mn(II) (eqs. 1-4) 

should occur to some degree at low pH (<4), experimental data from Hem and Lind 

(1983) suggest that at neutral to high pH, the conversion of hausmannite to manganite 

(eqs. 8-10) is more thermodynamically favorable.  Negative reaction affinity (A) values 

(eq. 5) indicate that hausmannite disproportionation to birnessite (eq. 1) are 

thermodynamically unfavorable under any conditions utilized in Hem and Lind (1983).  

Conversely, positive A values are obtained for both protonation to manganite (eq. 8) and 

oxidation of released Mn(II) back to hausmannite (eq. 10) under pH levels ranging from 

6 to 8 and Mn(II) concentrations of 10-3 to 10-4 M.  In Figure 3, the boundaries of  
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Figure 3:  Stability diagram for proton-promoted hausmannite dissolution.  Line 
5 represents pH/[Mn2+] boundary for eq. 9 and Line 6 represents boundary for eq. 
11.  Dashed boundary labelled “2” represents stability range for eqs. 1 and 3. 
From Hem and Lind (1983). 
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thermodynamic feasibility of the reaction cycle involving manganite (lines 5 and 6) cover 

a larger pH range than those representing conversion to birnessite (dashed lines, labelled 

2).  Thus, this work suggests that proton promoted dissolution of hausmannite generally 

occurs in nature through eqs. 8-10.  However, it is also postulated that the manganite 

formed by this reaction persists only “metastably”, and that further oxidation to Mn(IV) 

oxides can occur through thermodynamically favorable reaction paths that are affected by 

oxygen and other constituents (Hem and Lind, 1983).  What “metastably” insinuates is 

not speculated upon further, and thus, the conditions that allow the trivalent phase to exist 

need to be investigated further.   

 

Electron transfer reactions between Mn and environmental constituents also 

facilitate Mn oxide dissolution. For example, pyrolusite (eq. 13, from Eary and Rai, 

1987)), manganite (eq. 14, from Johnson and Xyla, (1991)), and hausmannite (eq. 15, 

from Weaver (2001)) can undergo electron transfer reactions with Cr(III), as shown 

below. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻2+ + 3𝑀𝑀𝑀𝑀𝑂𝑂2(𝑠𝑠) + 3𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂4− + 3𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑠𝑠) + 3𝐻𝐻+ eq. 13 

𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻2+ + 3𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 → 𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂4− + 3𝑀𝑀𝑀𝑀2+ + 3𝑂𝑂𝐻𝐻−     eq. 14 

1.5𝑀𝑀𝑀𝑀3𝑂𝑂4 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻2+ + 6𝐻𝐻+ → 𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂4− + 4.5𝑀𝑀𝑀𝑀2+(𝑎𝑎𝑎𝑎) + 3𝐻𝐻2𝑂𝑂    eq. 15 

Note that the ratio of [Mn(II)]aq to [HCrO4
-]aq (Cr(VI)), produced through the electron 

transfer reaction associated with hausmannite dissolution (eq. 15), is actually 3:1 

(Weaver, 2001).  However, the structural Mn(II) in hausmannite can also contribute to 
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the overall [Mn(II)] in solution during dissolution, and therefore, 4.5 is the correct 

stoichiometric coefficient for total Mn(II) released from eq. 15. 

1.1.3 Mn Oxide Dissolution Literature Review 

 Acidity-driven (i.e., proton-promoted) dissolution of various Mn oxides has been 

previously investigated at a range of pH levels.  Eary and Rai (1987) investigated the 

acidic dissolution pathway of pyrolusite (β-MnO2) at pH levels of 3, 3.5, and 4 (Figure 

4).  The dissolution rate of pyrolusite increased linearly with decreasing pH (closed 

symbols in Figure 4), similar to what has been previously found with another Mn(IV) 

oxide, birnessite, (Murray, 1974).  Furthermore, faster pyrolusite dissolution rates were 

observed in lower pH.  This pH-dependence on the mineral dissolution rates were also 

evident in manganite, shown as square symbols with bold lines in Figure 5 (Weaver et al., 

2002). 

 

 

 

 

 

 

 

 
Figure 4:  Time-dependent acidic dissolution of pyrolusite.  pH levels are as such: 3.0 
(open triangles), 3.5 (open circles), and 4.0 (open inverted triangles).  Closed symbols 
are same treatments with Cr(III) in solution. From Eary and Rai (1987).   
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Proton-promoted dissolution of hausmannite has been also studied to some extent.  

Peña et al. (2007) performed batch experiments of hausmannite dissolution at varying pH 

levels (4-9; empty symbols in Figure 1).  Similar to other Mn oxides mentioned above 

(Murray et al., 1985; Eary and Rai, 1987; Weaver et al., 2002), the rate of hausmannite 

dissolution increased at lower pH levels, with little to no dissolution at higher pH (8 and 

9).  Additionally, at pH levels from 4 to 7, rapid dissolution was evident initially but 

eventually slowed down and plateaued at later reaction times (Figure 1).  A similar trend 

was also observed in proton-promoted hausmannite dissolution experiments at a pH of 

5.2 (Weaver and Hochella, 2003) (Figure 2).  These findings can be explained by the 

following processes.  First, as stated above, some of the hausmannite dissolution 

reactions result in the production of Mn(II) (eqs. 1 and 8).  Mn(II) ions can, therefore, 

Figure 5:  Acidic only and combined (acidic and reductive) manganite dissolution 
plotted as a function of time.  Bolded lines with square points represent acidic 
dissolution at varying pH levels and thin lines with triangular points represent 
dissolution induced by acidic and reductive conditions.  From Weaver et al. (2002).   
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passivate the surface of the mineral (Eary and Rai, 1987), lowering the dissolution rate at 

later reaction times.  Second, some of these reactions also consume acidity (eqs. 1, 8, and 

9), and therefore, in an un-buffered system, they would increase solution pH and hence, 

affect the reaction rate.   

 Dissolution of Mn oxides driven by reduction via electron transfer has also been 

studied previously to some extent.  Kung and McBride (1988) examined hausmannite 

dissolution induced by electron transfer between Mn and hydroquinone (HQ), a simple 

phenolic compound (Stone and Morgan, 1984a).  The results of the study indicate that 

more Mn(II) is produced via dissolution when both HQ (reducing agent) and initial 

hausmannite concentrations are high (Figure 6).  This experiment, however, was 

performed in a continuous-flow column system.  While this experimental set up provides 

conditions to simulate continuously flowing systems like streams, it introduces additional 

variables (e.g., flow rate, gradient in solute flux) that can also impact the dissolution rate 

and must be monitored.  Results may differ when performed in batch reactions, which 

permit homogenization of reaction conditions.  Moreover, this experiment was performed 

at pH 6, a level that other studies have indicated some contribution from the proton-

promotion reaction to overall dissolution to some degree (Peña et al., 2007).   
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Figure 6:  Mn(II) evolution rates from hausmannite dissolution with two different 
initial ydroquinone concentrations (top) and two different initial hausmannite loadings 
(bottom).  From Kung and McBride (1987).   
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 In addition, aforementioned studies examined Mn oxide dissolution when both 

pathways (proton-promoted and electron transfer) are allowed.  Eary and Rai (1987) 

measured this combined rate for pyrolusite at the pHs of 3, 3.5, 4 with initial Cr(III) 

concentrations of 9.6×10-5 M.  Initially, Mn dissolution for the combined reactions was 

more rapid than in the acid only experiments, but eventually the rates became similar.  

This result may indicate possible synergistic effects between the two dissolution reactions 

for Mn(IV)O2 (pyrolusite and birnessite) at initial reaction times in batch experiments.   

The rate of combined dissolution was also examined for manganite by Weaver et 

al. (2002).  In contrast to Eary and Rai (1987), at a pH of 3, manganite dissolution in 

combined reactions with initially added Cr(III) proceeded more slowly than acidic only 

dissolution.  However, at a pH of 3.5, the release of Mn(II) into solution occurred more 

rapidly with the combined treatment than in acidic only, and this trend continued to a pH 

of 6.  It should also be noted that dissolution always occurred more rapidly in lower pH 

levels regardless of whether or not reductive dissolution occurred.  This result indicates 

that for manganite, at low pH levels, acidic dissolution is dominant, with insignificant 

contribution from reductive dissolution.  However, as pH increases, electron-transfer 

reactions begin to occur more readily and Mn dissolution from both electron-transfer and 

proton promoted reactions occurs to a higher degree than that of only proton-promoted. 

Weaver and Hochella (2003) also measured combined acidic and reductive 

dissolution for several common Mn oxides, including hausmannite, using Cr(III) as a 

reductant.  All Mn oxides tested exhibited the oxidation of Cr(III) to Cr(VI), followed by 

subsequent Mn reduction and release of Mn(II) at varying rates.  Similar to previously 

mentioned studies, the initially rapid dissolution was also observed for all Mn oxides 
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examined in this study, except hausmannite.  In the specific case of hausmannite, the 

amount of Mn released from control experiments (dissolution only by acidity) was 

similar to that from combined dissolution (Cr added, both dissolution mechanisms 

present) (Figure 2).  This observation indicates that the presence of Mn(II) in the 

hausmannite structure and its potential release may hinder any synergistic effects created 

by the combination of the two dissolution reactions, at least for the pH levels and Cr 

concentration tested in this study.  This observation is unique to hausmannite, as opposed 

to other common Mn oxides (birnessite, manganite, pyrolusite, etc.), which exhibits more 

dissolution of the solid phase in samples subjected to combined dissolution. 

 In addition to the solution analysis for the total dissolved Mn(II) and/or Cr(VI), it 

is also necessary to examine any changes that have occurred on the mineral solid surface 

after the hausmannite dissolution reactions.  Many of the studies discussed above, as well 

as others (Manceau and Charlet, 1992; Nesbitt et al., 1998; Banerjee and Nesbitt, 1999a, 

1999b, 2001), have performed solid phase characterization to some extent.  For example, 

Banerjee and Nesbitt (1999b) utilized x-ray photoelectron spectroscopy (XPS) to analyze 

birnessite samples before and after reaction with oxalate, an organic ligand that has been 

shown to promote dissolution of metal oxides.  By examining the Mn2p3/2 spectra (peaks 

apparent at binding energies (BE) of 640-646 eV) at various sampling points, it was 

found that in birnessite samples reacted with oxalate for longer periods, more reduction 

of Mn(VI) to Mn(III) had occurred.  Specifically, the Mn2p3/2 spectra of oxalate-reacted 

birnessite samples were compared and contrasted with the relative intensities in signals 

from Mn(III) and Mn(VI) multiplet peaks, respectively, and percentages of Mn valences 

present on the mineral surface were calculated at varying reaction times (Figure 7).   
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Figure 7:  Mn2p3/2 XPS spectra of birnessite after various reaction times (top left 
corner of each figure) with 5×10-4 M oxalate.  The thick, solid line represents the fit of 
the raw data maintaining the proportions of Mn(VI) (dash dot lines), Mn(III) (thin 
solid lines), and Mn(II) (dashed lines) at 70, 25, and 5 % respectively (multiplet peaks 
at the bottom of each figure). From Banerjee and Nesbitt (1999b). 
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The effect of the oxalate is apparent in the deviation of the reacted raw data (open circles) 

from the best fit line of the unreacted oxalate (thick black line).  A similar observation 

was also made in a subsequent study when using humate, an organic reducing agent that 

is common in soils (Banerjee and Nesbitt, 2001) with birnessite synthesized in the same 

manner as the previous study.  Humate, however, produced slightly higher percentages of 

reduced Mn than oxalate (after 10 hours, up to 56% Mn(III) present in humate reacted 

samples and only 50% in oxalate reacted samples).  Additionally, studies using inorganic 

arsenious acid (H3AsO3) (Nesbitt et al., 1998), and chromic nitrate (Cr(NO3)3) (Banerjee 

and Nesbitt, 1999a) as reducing agents of birnessite (same synthesis technique as 

previous studies) were also performed and yielded similar results. That is, the analysis of 

Mn2p2/3 spectrum shows Mn(III) being present up to 48% and 52% in arsenious acid and 

chromic nitrate reacted birnessite samples, respectively.  These data indicate that the 

strength of the reducing agent present in the system may determine the degree of 

reducible Mn at the surface of Mn oxide minerals (specifically, birnessite).    

 XPS was also used to study manganite after reaction with Cr(III) (Weaver, 2002).  

The Mn2p3/2 spectrum revealed that Mn at the manganite surface remained Mn(III) even 

after 20 hours of reaction with a 2×10-4 M Cr(III) solution at pH 4.6.  This was also 

confirmed by using the Mn3s XPS spectrum (between BE of 81-89 eV), as the distance 

between the peaks or “peak splitting” in this region has been shown to be directly related 

to Mn average oxidation state (AOS) (Di Castro and Polzonetti, 1989).  The peak 

splitting for all Cr reacted manganite samples (up to 20 hours) was 5.5 (± 0.1) eV, which 

is diagnostic of Mn(III), supporting that the AOS of was unchanged on the surface of 

manganite in the presence of Cr(III) at a pH of 4.6.   
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 The surface interaction between hausmannite and Cr has also been studied to 

some extent via XPS in conjunction with several other Mn oxides (Weaver, 2001).  In 

this study, samples reacted with a 2×10-4 M Cr(III) solution for 80 hours and in acidic 

media for 260 hours exhibited a small deviation from unreacted samples in the Mn2p 

spectrum (Figure 8).  The author explained that this small change is attributed to an 

enrichment of Mn(III) at the hausmannite surface by the release of Mn(II) in solution 

after reaction in the acidic media or Cr(III) solution.  This is very likely, as in 

hausmannite, Mn(II) has a longer and weaker bond to its neighboring oxygen atoms than 

Mn(III) (Weaver, 2001).     

 

 

 

Figure 8:  Mn2p3/2 XPS spectrum for fresh hausmannite (thin line) and hausmannite 
reacted with 2×10-4 M Cr(III) for 80 hours in acidic media (thick line).  FWHM 
indicates full-width half maximum of the peak.  Modified from Weaver (2001). 
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 In addition to Mn XPS data, some of the aforementioned studies involving Cr also 

utilized the Cr2p spectrum to identify any Cr precipitates or sorbed species on the surface 

of the reacted Mn oxides.  Specifically, the peak location in the BE region of 570-590 eV 

is indicative of the oxidation state of surface associated Cr (Biesinger et al., 2011).  

Banerjee and Nesbitt (1999a) analyzed the Cr2p3/2 (BE of 574-581 eV) spectrum and 

found a gradual increase in more Cr(III) (peak at 576.4 eV) on the surface of birnessite in 

a course of a 20-hour reaction with Cr(III).  Simultaneously, there was also a progressive 

dampening of the signal from the peak at 579.6 eV (indicative of oxidized Cr), suggesting 

a decrease of surface associated oxidized Cr as a function of time.  Similarly, Weaver et 

al. (2002) identified a peak that is diagnostic of Cr(III) (BE=576.7eV) on the surface of 

manganite after a 20-hour batch experiment with a 2×10-4 M Cr(III) solution at a pH of 

4.6, indicating Cr(III) precipitation/sorption (Figure 9).   

 

 

Figure 9:  Fitted data (thick line) in the Cr2p3/2 XPS spectrum for manganite that has 
been reacted with 2×10-4 M Cr(III) at a pH of 4.6 for 20 hours in batch experiments.  
Thin lines represent fitted multiplet peaks.  From Weaver et al. (2002). 



25 
 

Weaver and Hochella (2003) note similar results with hausmannite as those with 

manganite in Weaver et al. (2002), but the Cr(III) peak (BE=576.5 eV) developed after 

10 minutes of reaction with an initial 2×10-4 M Cr(III) solution at pH 4.4.  The intensity 

of this peak gets stronger with extended time (80 hours) of hausmannite and Cr reacting 

under the same condition (Figure 10).  As stated above, however, these studies were 

performed either at a single pH level that has been buffered or titrated, or in a system 

with no pH control, leaving a gap in knowledge regarding how solution pH will affect 

Mn/Cr speciation on the oxide surface. 

 

 

 

 

 

 

 

 

 

  

 

Figure 10: Cr2p3/2 XPS spectrum for hausmannite reacted with a pH 4.4, 2×10-4 M 
Cr(III) solution for 10 min. (clear diamonds), and 80 hours (clear squares).  Freshly 
synthesized hausmannite (clear triangles) also present.  From Weaver and Hochella 
(2003). 
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X-ray absorption spectroscopy (XAS) is another analytical technique that is used 

extensively to study the solid phase speciation of the Mn oxide-Cr system.  The x-ray 

absorption spectrum is typically divided into two regimes; x-ray absorption near-edge 

spectroscopy (XANES) and extended x-ray absorption-fine structure (EXAFS). The 

former is sensitive to metal oxidation state and coordination chemistry, whereas the latter 

is used to examine the distances, coordination number and local surrounding 

environments. Several studies have published Mn K-edge XAS data for common Mn 

oxides, including hausmannite (Fritsch et al., 1998; Peña et al., 2007; Chalmin et al., 

2009), however, few have used it to examine changes or lack thereof in Mn oxidation 

state as a result of dissolution by acidity and/or redox active constituents.  In the study by 

Peña et al. (2007), the authors presented Mn XANES spectra for hausmannite reacted 

with and without DFOB at pH levels of 5 and 6.  As shown in Figure 11 neither the 

presence of the reducing agent (i.e. DFOB) nor the solution pH tested here had an effect 

on the XANES spectra, indicating no change in Mn oxidation state.   
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Figure 11:  Mn K-edge XANES spectra for hausmannite reacted at pH 5 and 6 with 
and without 0.1 mM desferrioxamine B (DFO) for 1 week.  From Peña et al. (2007). 
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Cr XAS data have also been used to better characterize the Cr/Mn oxide system.  

Landrot et al. (2012) used quick x-ray absorption fine-structure spectroscopy (QXAFS) to 

study Cr speciation on the surface of two poorly-crystalline birnessite minerals at varying 

reaction times.  QXAFS is a specific XAS technique that collects a spectrum 

approximately every 15 seconds by utilizing an ellipsoid driving system to change the 

energy of the monochromator quickly as compared to regular XAS techniques.  This 

quick scanning allows to detection of oxidation state(s) of redox-active metals, while 

minimizing artifacts (i.e., changes in oxidation states) induced by intensive beam.  In this 

study, two minerals, δ-MnO2, and acid birnessite (AB), the latter of which is birnessite 

that was synthesized using very concentrated HCl, were used and reacted with solutions 

initially containing 50 mM Cr(III), a much higher Cr concentration than in other studies 

(Eary and Rai, 1987; Banerjee and Nesbitt, 1999a; Weaver, 2001), at three acidic pH 

levels (2.5, 3, and 3.5).  At the low pH levels tested here, the spectra indicate that Cr(III) 

is gradually oxidized to Cr(VI) throughout the first hour of reaction (Figure 12), by 

exhibiting a stronger signal at the pre-edge feature in the Cr XANES spectra (at 5993 eV) 

at later reaction times for both minerals.  This feature has also been used to detect 

percentages of Cr(III) and Cr(VI) in soil samples (Peterson et al., 1997), as its intensity 

was used to estimate percentages of total Cr being oxidized in samples taken from 

different locations/depths.   
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Figure 12:  Cr K-edge XANES spectra for δ-MnO2, and acid birnessite (AB) reacted 
with 50 mM Cr(III) at three different pH levels (right side of figure) for various 
reaction times (right side of spectra).  Percentages indicate amount of initial Cr(III) 
oxidized to Cr(VI) based on intensity of pre-edge feature. From Landrot (2012). 
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Similarly, Manceau and Charlet (1992) also observed a development of the pre-

edge feature on the surface of birnessite samples that were reacted with Cr(III) at pH 4, 

and reached the same conclusion.  That is, the variable intensity of the pre-edge feature is 

attributed to differing combinations of Cr(III) and Cr(VI) in birnessite samples reacted 

with Cr at different time periods (up to 2 min.).  The Cr(III) species on the Cr(III) reacted 

birnessite samples was identified as Cr(OH)3 due to its similarity of the Cr XANES 

spectra to synthetic Cr(OH)3∙nH2O reference material.  Cr(OH)3 has very low solubility, 

and is often the Cr(III) species observed on the mineral surface in Cr/Mn oxide studies 

(Eary and Rai, 1987; Weaver et al., 2002).  Additionally, this study examined the EXAFS 

region of the spectrum, and confirmed that Cr within the crystal lattice of birnessite was 

most likely Cr(OH)3, due to the high intensity of the peak at ≈2.5 Å, which is indicative 

of Cr(OH)3.  However, after 2 minutes of reaction, the peak at ≈2.5 Å decreases 

significantly in magnitude (Figure 13).  This is attributed to oxidation of Cr(III) to 

Cr(VI), which also accompanies a sharp increase in [Cr(VI)] in solution.  Furthermore, 

this indicates not only that the redox reaction between Mn and Cr in this system occurs 

fast (<2 minutes), but also that Cr(III) diffuses into the Mn lattice and fills octahedral 

vacancies before being oxidized to a detectable degree.  This is based on the Cr-Mn bond 

distance calculated from Figure 13.  This suggests that the Mn/Cr interactions may occur 

at specific sites on the oxide surface. 
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Figure 13:  Top left: Radial distribution function (RDF) of Cr K-edge EXAFS 
spectrum for aqueous Cr(III).  Top right: RDF of Cr K-edge EXAFS spectrum for 
Cr(OH)3 ∙ nH2O.  Bottom Left: RDF of Cr K-edge EXAFS spectrum for birnessite 
reacted with 0.26 mM Cr(III) for 30 seconds (dotted line) and 2 minutes (dashed line).  
The second peak at ≈2.5 Å refers to an edge to edge bond with the scattering atom (E), 
and the peak at ≈3.5 Å refers to various corner to corner bonds with the scattering 
atom (SC and DC).  Which bond this peak refers to depends on the intensity of the 
≈3.5 Å peak.  Bottom right: Conceptual diagrams for E, SC, and DC bond sharing 
exhibited by spectra.  From Manceau and Charlet (1992). 
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1.2 Statement of Purpose 

 It is clear that while both proton-promoted and electron transfer dissolution of 

hausmannite has been studied previously to some extent, many facets of these reaction 

pathways are yet to be fully investigated.  Specifically, the electron transfer dissolution of 

hausmannite with Cr is of particular interest due to its mobility, bioavailability, and 

toxicity in the environment, yet the influence by Cr on hausmannite dissolution has not 

been directly investigated as a function of pH.  Further, whether Cr remaining on the 

hausmannite surface, either through sorbed Cr(III) or precipitated Cr(OH)3, will become 

labile again or not is also of importance in aquatic systems.  Thus, in this thesis, 

dissolution of hausmannite is systematically examined both in the presence and absence 

of initial Cr by monitoring Mn and Cr release into solution as well as processes occurring 

at the oxide surface at varying solution pHs.  Both the liquid and solid phases are then 

analyzed by a variety of analytical techniques, including inductively coupled plasma-

optical emission spectrometry, Ultraviolet (UV)-Visible light spectrophotometry, X-ray 

photoelectron spectroscopy, and X-ray absorption spectroscopy, to better understand how 

Cr impacts hausmannite dissolution at variable pH and how the solution chemistry affects 

the extent of hausmannite dissolution in the aforementioned conditions.  Therefore, this 

thesis intends to provide a mechanistic understanding of the environmental behaviors of 

hausmannite when it is exposed to differing Cr concentrations and species (Cr(III) or 

Cr(VI)), as well as how solution pH affects both dissolution pathways of hausmannite. 

1.3 Hypotheses 
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1) Oxidation of Cr will not proceed proportionally to [Cr] initially introduced to the 

solution.  Available surface sites on hausmannite will be the primary control on the redox 

reaction between Mn and Cr. 

2) Cr will only be allowed to fully oxidize at pH 4.  At higher pH levles, Cr will be 

almost, if not entirely, sequestered to the hausmannite surface either through sorption or 

through precipitation. 

3) There will be differences in the method of attachment (sorption or precipitation) of Cr 

on the hausmannite surface that is dependent on the amount of Cr added to the solution 

initially.  This will be due to the amount of the available hausmannite surface that can 

accommodate the different attachment bonds. 

4) Birnessite, not manganite will be the end-product of the disproportionation reaction.  

Manganite is only known to exist in a metastable state (Hem and Lind, 1983), and due to 

constant titration, the disproportionation will proceed past this, resulting in birnessite 

detection by soid phase analysis. 

5) The presence of initial Cr(III) will allow for synergistic effects to be observed in Mn 

dissolution.  This will be due to Mn(II) produced from the Cr-Mn redox reaction that can 

act as a secondary source for Mn re-oxidation (eq. 4), which can then be subsequently 

disproportionated. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Material Synthesis and Characterization  

All hausmannite utilized as XPS and XAS standard material, and as samples in 

batch experiments was synthesized via a method described by (Song, 2012).  0.49 g of 

reagent grade Mn(CH3COO)2∙4H2O was dissolved in 5 mL of deionized water (DI) 

(Barnstead, 18.2 mΩ-cm water with 1-5 ppb total organic carbon) prior to addition of 15 

mL of acetone.  The solution was then heated on a hot plate at 65°C for at least 8 hours 

with constant stirring at 500 rpm.  Freshly precipitated particles were collected from the 

solution through centrifugation, and were washed with 15 mL of absolute, 200 proof 

ethyl alcohol. This washing process was repeated 3 times with ethyl alcohol and 4 times 

with DI water.  After washing, particles were dried in an oven at 60°C overnight.   

 All purchased chemical salts and solutions used in this thesis were trace metal 

grade or better.  This includes the following that were used as standard materials for XPS 

and XAS analyses described below:  Cr(NO3)3, K2Cr2O7, and Cr2O3.  Other materials 

used as standards include Cr(OH)3, MnOOH (manganite), and MnO2 (birnessite) which 

were synthesized via methods previously described in the literature (Rotzinger et al. 

(1986), Hu et al. (2008), and Wang et al. (2015), respectively) that were slightly modified 

for this work.  For Cr(OH)3, 0.2 g of Cr(NO3)3 was dissolved into 100 mL of a 1M 

NaClO4 solution, which was transferred into a burette, and was slowly titrated into 200 

mL of a 0.01M NaOH solution.  As titration occurred, the pH of the resulting solution 

was maintained at approximately 9.5 ± 0.25 via small additions (20 μL) of 0.5 M NaOH.  
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At this pH, Cr(OH)3 precipitation occurred. These precipitates were then allowed to age 

at room temperature in the 0.01M NaOH solution for 3 hours.  Precipitates collected from 

the bottom of the beaker were centrifuged and supernatant was discarded.  The resulting 

solids were then dried overnight in a plastic bag (Captair Pyramid® 2200A Multi-

Function Disposable Glove Box) under nitrogen (g) to prevent exposure to ambient air.  

 Manganite was synthesized by adding 250 mL of a 20 mM Mn(CH3COO)2·4H2O 

to 250 mL of 6.5 mM potassium persulfate (K2S2O6) solution in a 500 mL Pyrex® bottle.  

The solution was then incubated in a silicon bath at 120 °C for 12 hours.  The resulting 

particles were then collected via centrifugation and were washed with DI water. 

 Birnessite was prepared by thermal decomposition of KMnO4 in air.  Specifically, 

a thin layer of fine-grained KMnO4 powder was placed on a flat crucible and was heated 

to 1000°C for 5 hours at a rate of 1°C per minute for both heating and cooling.  The 

resulting material was then washed under DI water several times, and was dried under a 

vacuum.  

The crystal structure of laboratory synthesized materials was verified by Bruker 

d8 Advance Powder X-Ray Diffractometer (XRD).  The powder XRD was equipped with 

a Ni-filtered, Cu Kα radiation and a high-speed energy dispersive linear detector.  

Samples were placed on a non-diffraction Si plate holder and measured from 10 to 80◦ 

(2ϴ) with a 0.01◦ 2ϴ step-size. Data processing, including background subtraction, was 

performed using the DIFFRAC.EVA software package.  The collected diffractograms of 

synthesized materials were matched to their reference materials from the American 

mineralogy crystal structure database (AMCSD), (Figure 14A: birnessite (Post and 

Veblen, 1990); 14B: manganite (Kohler et al., 1997); 14C: hausmannite (Baron et al., 
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1998)).  For the synthesized Cr(OH)3, the XRD diffractogram only provided three 

identifying peaks.  These peaks are at similar locations that were observed in previous 

XRD analyses of Cr(OH)3 (Bai et al., 2014) and thus, confirmed that this synthesis 

technique yielded Cr(OH)3 (Figure 14D).  Unfortunately, the AMCSD does not have 

crystallographic information on Cr(OH)3 to match the Cr(OH)3 synthesized for this study.   
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Figure 14: XRD diffractograms of synthesized materials.  A: Birnessite, B: 
Manganite, and C: Hausmannite with references obtained from AMCDB; D: Cr(OH)3, 
reference peaks from Bai et al., (2014). 
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In addition, a JEOL JEM-1400 Transmission Electron Microscope (TEM) was 

used in bright field (BF) mode at 120 kV to analyze synthesized hausmannite’s particle 

size and morphology.  The synthesized hausmannite nanoparticles have an average 

primary particle size of 21.1 (± 4.77) x 16.7 (± 3.65) with (pseudo) octahedral shape.  A 

representative TEM image of the synthesized hausmannite is provided in Figure 15.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:  TEM image of hausmannite nanoparticles synthesized by Song (2012).  
White square exhibits an edge orthogonal projection on the 2-dimentsional image of 
an dipyramid.  Average particle size is 21.1 (±4.77) x 16.7 (±3.65) nm.  The scale bar 
is 100 nm. 

https://en.wikipedia.org/wiki/File:Cube_t2_e.png
https://en.wikipedia.org/wiki/File:Cube_t2_e.png
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2.2 Treatments for Batch Reactions 

 To investigate the electron transfer dissolution of hausmannite with Cr, 

hausmannite was subjected to two treatments with a combination of initial Cr 

concentrations and solution pHs maintained at 4, 5.5, and 7.  The Cr concentrations used 

are henceforth referred to as high initial Cr(III) (H Cr(III)), low initial Cr(III) (L Cr(III)), 

high initial Cr(VI) (H Cr(VI)), low initial Cr(VI) (L Cr(VI)), and no Cr (No Cr; 

hausmannite only).  For both Cr(III) and Cr(VI), the high and low treatments had initial 

[Cr] of 52.3 and 5.23 ppm, respectively.  No Cr indicates hausmannite only with no Cr 

addition throughout reaction.  A summary of these treatments is given in Table 1.   

Table 1 
A summary of treatment ID, the Cr salt type, initial Cr 
concentration, and solution Ph for batch experiments. 
Treatment ID Cr Salt Used Initial [Cr] (ppm) pHs Tested 

H Cr(III) Cr(III)NO3 
52.3 4, 5.5, or 7 H Cr(VI) K2Cr(VI)2O7 

L Cr(III) Cr(III)NO3 
5.23 4, 5.5, or 7 L Cr(VI) K2Cr(VI)2O7 

No Cr None 0 4, 5.5, or 7 
Note. 15 Total Treatments 
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2.3 Batch Experiments 

Batch dissolution experiments were performed to analyze the release of Mn 

and/or Cr into solution by the proton-promoted and electron transfer-assisted dissolution 

reactions.  For all experiments, a hausmannite nanoparticle suspension solution was 

prepared by adding 0.05 g of synthetic hausmannite nanoparticles into 100 mL of a 0.01 

M NaNO3 solution and sonicating for 5 minutes.  The suspension was then adjusted to the 

target pHs of 4, 5.5, or 7 with dilute HNO3 and NaOH (addition volume never exceeded 2 

mL).  The resulting solution was constantly stirred at 250 rpm at room temperature, and 

was pre-equilibrated for one hour at the target pH to minimize pH changes throughout the 

experiment.  After pre-equilibration, the experiments were initiated by re-adjusting to the 

target pH for both proton-promotion and electron transfer treatments. For the Cr-assisted 

treatments, 0.34 mL of a 29.7 (L Cr treatments) or 297 (H Cr treatments) mM Cr solution 

(prepared by dissolving Cr(NO3)3 for Cr(III) treatments and K2Cr2O7 for Cr(VI) 

treatments in 10 mM NaNO3 background solution) was also added to the suspension at 

this time to obtain the concentration (5.23 ppm, and 52.3 ppm, respectively).  The pH of 

these treatments was re-adjusted after Cr spiking, as Cr addition caused a pH decrease.  

Once experiments were initiated via pH adjustment (proton-promotion only treatments) 

or pH adjustment and Cr spiking (electron transfer treatments), approximately 1.1 mL of 

solution was collected from each sample with a syringe and was filtered through 0.22 µm 

PVDF filters (Millex®).  Samples taken at this time were “time zero” (T=0) samples, 

representing 0 hours of reaction.  Further sampling occurred at T=0.5, 1, 2, 4, and 8 hours 

after the reaction was initiated.  The target pH was maintained throughout the 

experiments via manual titration with HNO3 and NaOH.  After collection, sample was 
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stored at room temperature in sealed centrifuge tubes that were placed in plastic Ziploc 

bags to minimize exposure to ambient air.   

2.4 ICP-OES and UV-Vis Sample Preparation 

For analysis of total elemental concentration in solution (i.e. total [Mn] and [Cr] 

in solution), 0.5 mL of the sample solution collected from batch experiments was diluted 

with 4.5 mL of 0.01 mM NaNO3 background solution and acidified with 0.5 mL of 

concentrated HNO3 in capped 15 mL centrifuge tubes.  These samples were then stored at 

room temperature in plastic bags for no longer than one week for total elemental analysis 

by a Thermo Scientific iCAP 2000 Series ICP-OES. 

 In order to discern the extent of Cr oxidation by hausmannite that had occurred at 

different time points in electron transfer batch experiments, Cr(VI) concentrations were 

also measured using a method described by Fournier-Salaün and Salaün (2007) with 

modification.  In brief, 0.5 mL of the filtered sample collected from batch experiments 

was combined with 0.1 mL 5N H2SO4 and 0.5 mL 0.01M NaNO3 background solution in 

a 2 mL cuvette.  Samples were then mixed for a 1-2 seconds with a cuvette stirrer and 

analyzed on a V-630 UV-Vis Spectrophotometer (JASCO).  Samples were scanned three 

times at a wavelength range of 300-500 nm with the absorbance peak for Cr(VI) 

occurring at 349 nm in acidic medium (Fournier-Salaün and Salaün, 2007).  For a 

quantitative analysis for Cr(VI) concentration, standard Cr(VI) solutions were prepared to 

construct a calibration curve each time an analysis was performed.  For this, a 10 mM 

Cr(VI) standard solution was prepared by dissolving K2Cr2O7 salt in the 10 mM NaNO3 

background solution.  This solution was further diluted with the NaNO3 background 

solution that matches that matches the batch experiments to obtain a series of standard 
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solutions of 50, 10, 5, and 1 ppm Cr(VI) that were used to construct a linear calibration 

curve.  The coefficient of determination (R2) of the measurements with those Cr(VI) 

standard solutions was always found to exhibit a value ≥0.99.  

2.5 XPS Sample Preparation and Data Analysis 

 To analyze the average oxidation state (AOS) of the Mn in hausmannite 

nanoparticles before and after the dissolution, as well as to investigate Cr speciation on 

hausmannite surfaces through the dissolution reaction, samples were prepared and 

analyzed via X-ray photoelectron spectroscopy (XPS). XPS analysis requires at least 30 

mg of solid material for reliable measurements, and thus, material from several batch 

experiments was combined to obtain enough solid sample for the analysis.  These 

experiments were prepared and carried out under the same conditions as the 

aforementioned batch experiments for solution analysis, but without intermittent 

sampling steps. After 8 hours of batch reaction, the suspension solution was allowed to sit 

undisturbed for 30 minutes to facilitate settling of the solids, which were then collected 

from the bottom of the beaker via pipetting. The resulting solution was then centrifuged 

and the supernatant was discarded.  Particles were then dried in a Captair Pyramid® 

2200A Multi-Function Disposable Glove Box under nitrogen gas to minimize exposure 

to ambient air.     

Samples were then shipped to the University of Delaware, where they were 

analyzed on a K-Alpha+ XPS (Thermo Scientific East Ginstead, UK) with an aluminum 

X-ray source (1486.6 eV) and a spot size of 400 µm.  The base pressure was maintained 

at 1x10-9 mbar.  Prior to analysis, samples were ground and deposited on carbon tape, 

with minimal exposure to air, and a low-energy flood gun was used to eliminate charge 
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on the sample that may have been obtained through handling.  For each sample, a survey 

spectrum was gathered with a pass energy of 100 eV, and spectra were corrected using 

adventitious carbon as 248.6 eV.  Spectra fitting was done on CasaXPS (version 2.3.18, 

UK) for Shirley background subtraction by non-linear least squares, a method that has 

been used previously for Mn oxides (Oku et al., 2008).   

To determine the AOS of Mn in hausmannite samples, the Mn3s spectra were 

chosen. By using the following equation: 

𝐴𝐴𝐴𝐴𝐴𝐴 = 8.956 − 1.126∆𝐸𝐸    eq. 16 

AOS can be determined based on the splitting between the two peaks exhibited in this 

spectra (Verde et al., 2014).  Here, ΔE is the energy difference between the two peaks in 

BE (eV). 

The Cr2p (BE=570-600 eV) XPS spectrum was chosen to examine the speciation 

of Cr associated with the surface of hausmannite, as it has been used in previous studies 

with Mn and Cr oxides (Banerjee and Nesbitt, 1999a; Weaver et al., 2002; Weaver and 

Hochella, 2003). 

2.6 XAS Sample Preparation and Analysis 

 The oxidation state, as well as the chemical composition and structure of the solid 

phase resulting from the previously described batch experiments were also characterized 

using XAS.  Samples were prepared and analyzed at the National Synchrotron Light 

Source housed at Brookhaven National Laboratory (Uptown, New York) by using 

beamline 7-BM for quick x-ray absorption and scattering (QXAS).  Its setup allows for 

minimization of artifacts induced by the X-ray beam as scans are completed at a rate of 
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approximately 40 seconds/sample.  Further, by detecting both absorbed and scattered 

electrons, analysis of both the x-ray absorption-near edge structure (XANES) and the 

extended x-ray absorption-fine structure (EXAFS) portions of the spectrum is possible.  

The former analysis can be used semi-quantitatively to determine oxidation state and 

chemical speciation, whereas the latter gives information regarding atomic distances in 

the mineral structure.  As this thesis is only concerned with the chemical 

speciation/oxidation state of Mn and Cr, only the XANES portion of the spectra was 

utilized. 

 Sample powder (reacted, unreacted, and standard materials) was dispersed (Figure 

16A) on a 6 x 2.5 cm piece of kapton tape (Figure 16B), and was uniformly spread by 

hand to ensure an even, homogeneous coating (Figure 16C).  The tape was then folded 

and cut lengthwise (Figure 16D), and cut into eight approximately 1 cm2 pieces of coated 

tape (Figure 16E).  Four of these pieces were then stacked such that uncoated sides of the 

tape were on the outside of the stack so handling would not compromise the sample.  The 

edges of the stacks were then sealed with scotch tape (Figure 16F) and uneven edges 

were trimmed with scissors (Figure 16G) to prevent sample loss during storage and 

transportation.  This technique created sufficiently thick samples while minimizing the 

loss of x-rays via transmission when being analyzed (Figure 16H).   
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Figure 16:  A: Blank piece of kapton tape.  B: Dried hausmannite nanoparticles 
dispersed on kapton tape from centrifuge tube.  C: Hausmannite nanoparticles uniformly 
spread on kapton tape.  D: Kapton tape cut lengthwise.  E: One half of of kapton tape cut 
into four pieces of similar size.  F: Pieces stacked such that uncoated sides of tape are on 
the outsides of the stack, and taped to seal.  G: Uneven edges of the stack trimmed with 
scissors.  H: Stack exhibits thickness of four coated pieces of tape.   
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 After collection of the spectra, the data were processed using the Demeter 

application Athena (version 0.9.26) for background subtraction.  The data were then 

exported, and normalization and data plotting was performed in Microsoft Excel®.  The 

data presented in this thesis were collected over two separate time-periods (Oct. 22-25, 

2018 and Feb. 12-14, 2019).  Later it was determined that data collected in Feb. 12-14, 

2019 exhibited a phase shift of approximately 0.8 eV, and thus, required adjustments for 

appropriate comparison. 

 Athena was also used to perform linear combination fitting on selected samples to 

quantify the conversion from hausmannite to higher valent Mn oxides.  This was done 

using spectra collected from pure Mn oxides (i.e., hausmannite, manganite, and 

birnessite) as standards with initial equal weighting.  The software was then allowed to fit 

the spectra of the unknown samples by adjusting the weighting of the standards to obtain 

the best fit.  The absorption intensity of the raw data was then normalized using 

Microsoft Excel.  The outputted weights were then used to calculate percentages of 

Mn(III) disproportionated to higher valent Mn(VI) oxides.     
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CHAPTER 3 

RESULTS 

3.1 Batch-Experiment Solution Results 

Hausmannite samples reacted at pH 4 exhibited much higher levels of [Mn2+] 

production (Figures 17 and 18) than those at pH 5.5 and 7.  At pH 4, the H Cr(III) 

treatment yielded the highest amount of dissolved Mn2+ ions from hausmannite, 

recording 284 ppm Mn in solution after 8 hours of reaction.  The other pH 4 treatments 

yielded final concentrations of 191, 170, 157, and 118 ppm for the L Cr(III), H Cr(VI), L 

Cr(VI) and No Cr treatments, respectively, indicating that at this pH the extent of Mn 

release from hausmannite depends upon both the oxidation state and concentration of Cr 

(Figure 18A).   
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Figure 17:  The release of [Mn2+] measured from treatments described in Table 1.  
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Figure 18: pH specific Mn solution data (A: pH 4, B: pH 5.5, C: pH 7) for all treatments described in Table 1. 
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At pH 5.5, although the general trend is a slight increase in Mn release from T0 to 

T8, the dissolved Mn concentration was comparably lower than that of the pH 4 samples. 

Further, all treatments at T8 produced [Mn2+] with a difference of at most 9 ppm. 

Considering the fact that H Cr and L Cr have a 10-fold difference in Cr concentration, 

this indicates that the presence of Cr is not as influential in dissolution of hausmannite 

than at pH 4 (Figure 18B). At pH 7, dissolved Mn concentrations were the lowest values 

among the three pHs tested due to high solution pH.  Further, a decrease in [Mn2+] was 

noted from T0-T8, indicating that very little, if any, dissolution is allowed at this pH, 

regardless of the presence of initial Cr (Figure 18C). 

A comparison of the total [Mn] present at T8 for each Cr treatment at each pH is 

presented in Table 2.  For the pH 4 treatments, the H Cr(III) treatment yielded the highest 

amount of Mn release (289 ppm), and was followed by the L Cr(III), L Cr(VI), the H 

Cr(VI), and the No Cr treatments, respectively, which yielded substantially lower Mn 

release (191-118 ppm).  The pH 5.5 and 7 treatments, however, were more sporadic, with 

no clear pattern evident in the Cr treatment rankings (Table 2).  Additionally, the amount 

of Mn released for all treatments at pH 5.5 and 7, respectively, was within ≤ 5.1 ppm of 

each other, suggesting that the presence of either form of Cr does not influence Mn 

release to a high degree. 
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Table 2 
Cr treatments in order of highest effectiveness in producing dissolved Mn for 
each Ph level tested.  [Mn] those present at T8 in ppm. 
Rank Ph 4 Ph 5.5 Ph 7 

1 H Cr(III) (289 ppm ) L Cr(VI) (29.9 ppm) L Cr(III)  (5.74 ppm) 
2 L Cr(III) (191 ppm) H Cr(III) (23.9 ppm) H Cr(III) (2.72 ppm) 
3 L Cr(VI) (170 ppm) H Cr(VI) (23.5 ppm) No Cr  (2.53 ppm) 
4 H Cr(VI) (158 ppm) No Cr (21.5 ppm) L Cr(VI)  (0.78 ppm) 
5 No Cr (118 ppm) L Cr(III) (21.2 ppm) H Cr(VI)  (0.64 ppm) 

 

Similar to Mn above, the concentrations of total dissolved Cr and Cr(VI), i.e., the 

Cr(III) oxidation product by hausmannite are shown for all treatments in Figure 19. A 

summary of the percentage of total initial Cr remaining in solution at T8, and the 

percentage of remaining Cr that is oxidized (Cr(VI)) is provided in Table 3.  At pH 4 both 

the L and H Cr(III) treatments also produced nearly complete oxidation of initial Cr(III) 

to Cr(VI) after 8 hours of reaction (Figure 19A and 19B, Table 3).  For both the H and L 

Cr(III) treatments at pH 5.5, approximately half of the initial Cr was released into 

solution (Table 3).  However, only 0.3-2.25 ppm was present as Cr(VI) at T8, the end of 

the experiments (Figure 19A and 19B), which accounts for 0.57% and 43.0% of the total 

initial Cr added for the H and L Cr(III) treatments, respectively.  At pH 7 both H and L 

Cr(III) treatments yielded final concentrations of <1 ppm total dissolved Cr at T8, and of 

that remaining in solution, most Cr was present as Cr(VI).  On the other hand, regardless 

of solution pH, all Cr(VI) treatments exhibited more than 99% of initial Cr remaining in 

solution at T8, and of that, all was present Cr(VI) (Table 3).  It should also be noted that 

at pH 4, both Cr(III) treatments yielded relatively constant total Cr throughout the 

experiment, and an overall increase from T0-T8 in oxidized Cr.  Both of these treatments 
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at pH 5.5 and 7, however, yielded overall decreases in both total and oxidized Cr from 

T0-T8 (Figure 19 A and B). 
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Figure 19: Cr solution data (A: H Cr(III), B: L Cr(III), C: H Cr(VI), D: L Cr(VI) for all treatments in Table 1 
excluding the No Cr treatment.   
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Table 3 
Fraction of total initial Cr present in solution at T8 (middle column; 
measured by ICP-OES) and fraction of initial Cr that is present as 
oxidized Cr(VI) (right column; measured by UV-visible light 
spectrophotometry). 

Sample Fraction of Initial Cr 
remaining at T8 (%) 

Fraction of Initial Cr 
present as Cr(VI) (%) 

Ph 4 

H Cr(III) 93.5 >100 
H Cr(VI) >100 >100 
L Cr(III) 98.9 93.9 
L Cr(VI) >100 >100 

Ph 5.5 

H Cr(III) 33.0 0.59 
H Cr(VI) >100 98.5 
L Cr(III) 55.3 43.0 

L Cr(VI) >100 >100 

Ph 7 

H Cr(III) 0.21 1.22 
H Cr(VI) >100 >100 
L Cr(III) 8.63 5.93 
L Cr(VI) 99.2 >100 

 

3.2 X-Ray Photoelectron Spectroscopy Results 

3.2.1 Measurements in the Cr2p Range 

 To analyze the Cr2p XPS spectra of hausmannite after reaction with Cr(III) or 

Cr(VI), XPS spectra of standard materials (Cr salts including K2Cr2O7, Cr(NO3)3, and 

Cr2O3, as well as synthesized Cr(OH)3) were used (Figure 20).  K2Cr2O7 served as a 

Cr(VI) standard, and yielded a peak at a BE 579.9 eV (Figure 20A).  Thus, it is expected 

that Cr(VI) associated with the hausmannite surface will exhibit a peak at a BE close to 

580 eV, as shown by Banerjee and Nesbitt (1999a).  Cr(OH)3, Cr2O3, and Cr(NO3)3 were 

utilized as Cr(III) standards because the latter was the salt used for Cr(III) batch 

experiments, and the former two are common Cr(III) (hydr)oxides noted in previous 
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studies with XPS analysis on Cr and Mn oxides (Banerjee and Nesbitt, 1999a; Weaver et 

al., 2002; Weaver and Hochella, 2003).  Cr(NO3)3 and Cr(OH)3 yielded peaks at slightly 

lower BEs; 579.4 and 579 eV, respectively.  For Cr(NO3)3, a peak was also detected and 

fit at 577.5 eV(Figure 20B and 20D).  For Cr2O3, only one peak was fit at 576.6 eV; 

however, there is a noticeable peak at a BE of approximately 575.6 eV (Figure 20C), 

which does not match any of the referenced peaks.  Thus, two peaks seem to be 

diagnostic for Cr(III) species, one at slightly lower BEs (576-577 eV), and one at higher 

BEs (578-579 eV), which help identify the Cr speciation on Mn oxide surfaces (Banerjee 

and Nesbitt, 1999a; Weaver, 2001; Weaver et al., 2002)

Figure 20: Cr2p XPS spectra for K2Cr2O7 (A), Cr(NO3)3 (B), Cr2O3 (C), and Cr(OH)3 (D) 
standard materials.  Peak maximum BEs are exhibited in the center of the fit for each 
detected peak. 
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 The results of XPS analysis showed that peaks in the Cr2p range were only 

present in the spectra of hausmannite samples reacted initially with Cr(III) (Figure 21).  

For instance, in pH 7, Cr(III)-reacted hausmannite samples yielded a single peak that was 

fit at 577.9 and 576.9 eV for both the H and L Cr(III) treatments, respectively (Figure 

21A and 21B).  Similarly, at pH 5.5, Cr(III)-reacted hausmannite yielded peaks at 578 

and 577 eV for the H and L treatments, presenting a difference of only 0.1 eV from both 

pH 7 samples (Figure 21C and 21D).  None of the standard materials yielded peaks 

exactly in this region, suggesting that the Cr is present as multiple species on the 

hausmannite surface.  This result is exhibited more conclusively in the pH 4 H Cr(III) 

treatment, where two peaks that were fit, one at 576.8 eV and another at 579 eV (Figure 

21E).  No peak in the Cr2p range was detected for the L Cr(III) treatment at pH 4, as well 

as for any of the Cr(VI) treatments at all pH levels.  This agrees with the batch 

experiment solution data, as all of the initial Cr added was detected as Cr(VI) in solution 

at T8 for the Cr(VI) treatments (Table 3). 
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Figure 21: Cr2p XPS spectra for the hausmannite collected from batch experiments.  
Peak detection in this range included the pH 7 High (A) and Low (B) Cr(III) 
treatments, the pH 5.5 High (C) and Low (D) Cr(III) treatments, and the pH 4 High 
Cr(III) treatment (E).  Peak maximum BEs are exhibited in the center of the fit for 
each detected peak.  No peak in the Cr2p range was detected for the L Cr(III) 
treatment at pH 4, as well as for any of the Cr(VI) treatments at all pH levels. 
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 3.2.2 Measurements in the Mn3s Range 

 The Mn3s XPS spectra was used to determine AOS of Mn in hausmannite with or 

without reaction with Cr(III) or Cr(VI).  All treatments described in Table 1 yielded two 

peaks in the Mn3s region and the splitting between those two peaks were measured and 

used for the AOS values.  For instance, unreacted hausmannite yielded peaks at BEs of 

89.2, and 83.6 eV (Figures 22F, 23F and 24F), with a splitting of 5.58 eV, and thus, a Mn 

AOS of 2.67 from eq. 16 (Table 4).  This AOS value matches well with the hausmannite 

structure, as it contains two Mn(II) ions and one Mn(III) ions.  The Mn3s XPS spectra 

and peak locations for all treatments are exhibited in Figure 22 for pH 4, Figure 23 for pH 

5.5, and Figure 24 for pH 7.  A summary of peak splitting and calculated AOS for all the 

hausmannite samples are described in Table 4.  In brief, pH 7 and 5.5 hausmannite 

samples yielded AOSs similar to unreacted hausmannite, only varying by at most ± 0.22 

(Table 4).  However, pH 4 hausmannite samples all exceeded an AOS of 3, with the 

Cr(III) reacted samples exhibiting the highest AOS values of 3.39 and 3.41 for the H and 

L Cr(III) treatments, respectively.  The AOSs for the Cr(VI), and no Cr treatments for the 

pH 4 samples were all between 3.11 and 3.15, lower than Cr(III)-reacted hausmannite, 

but higher than pH 5.5 and pH 7 hausmannite samples.    
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Figure 22: Mn3s XPS spectra for all pH 4 treatments.  A: H Cr(III), B: L Cr(III), C: 
H Cr(VI), D: L Cr(VI), E: No Cr, and F: Unreacted hausmannite for comparison.  
Peak maximum BEs are exhibited in the center of the fit for each detected peak. 
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Figure 23: Mn3s XPS spectra for all pH 5.5 treatments.  A: H Cr(III), B: L Cr(III), C: 
H Cr(VI), D: L Cr(VI), E: No Cr, and F: Unreacted hausmannite for comparison.  
Peak maximum BEs are exhibited in the center of the fit for each detected peak.  
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Figure 24: Mn3s XPS spectra for all pH 7 treatments.  A: H Cr(III), B: L Cr(III), C: 
H Cr(VI), D: L Cr(VI), E: No Cr, and F: Unreacted hausmannite for comparison.  
Peak maximum BEs are exhibited in the center of the fit for each detected peak.  
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Table 4 
Average oxidation states of Mn in hausmannite samples 
calculated by peak splitting in Mn3s spectra. 

Treatment Peak Splitting (Δ in Ev) AOS from eq. 16 
Pure Hausmannite 5.58 2.67 

Ph 4 

H Cr(III) 4.95 3.39 
H Cr(VI) 5.18 3.13 
L Cr(III) 4.92 3.41 
L Cr(VI) 5.16 3.15 

No Cr 5.19 3.11 

Ph 5.5 

H Cr(III) 5.80 2.42 
H Cr(VI) 5.46 2.80 
L Cr(III) 5.38 2.89 
L Cr(VI) 5.45 2.82 

No Cr 5.60 2.65 

Ph 7 

H Cr(III) 5.59 2.67 
H Cr(VI) 5.62 2.63 
L Cr(III) 5.53 2.73 
L Cr(VI) 5.64 2.60 

No Cr 5.60 2.65 
 

3.3 X-Ray Absorption Spectroscopy 

3.3.1 Measurements at the Mn K-Edge 

 Whether Cr was present initially or not, Mn XANES spectra for all pH 5.5 and 7 

treatments yielded similar results to pure hausmannite, exhibiting the edge peak at 

≈6558.8 eV (Figure 25).  XANES spectra of pH 4 treatments, however, exhibited features 

that deviate from the pure hausmannite spectrum including varying degrees of phase 

shift, a wider edge peak, and a loss of the “shoulder peak” following the edge peak.  To 

examine whether hausmannite undergoes structural changes, which would occur if the 

disproportionation reactions (eqs. 1 and 8) are allowed, pH 4 treated spectra were 
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compared and contrasted to spectra collected for hausmannite (Mn AOS=2.67), 

manganite (Mn AOS=3), and birnessite (Mn AOS=4) standard materials (Figure 26). 
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Figure 25:  Mn K-Edge XANES spectra of all hausmannite treatments described in 
Table 1 and unreacted (pure) hausmannite.  
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Figure 26:  Mn K-Edge XANES spectra of pure birnessite, manganite, hausmannite, and hausmannite 
reacted at the initial conditions described in Table 1 at a pH of 4.  
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 For the quantitative analysis, linear combination fits (LCF) were also performed 

for the pH 4 spectra with only hausmannite and birnessite.  Given that the manganite 

spectrum did not match well to the pH 4 hausmannite spectra (Figure 26), it was not 

included in the LCF calculations.  As indicated by Figure 27 and Table 5, the results of 

LCF analysis show that hasumannite is the major Mn oxide in all treatments (61.2-84%).  

For both Cr(III) and Cr(VI) treatments, however, hausmannite samples with high Cr 

always resulted in significantly higher disproportionation (28.3 and 38.8% conversion to 

birnessite for H Cr(III) and Cr(VI), respectively) than those with initially low [Cr] (20.8 

and 16% converted to birnessite in L Cr(III) and Cr(VI) treatments, respectively).  The L 

Cr(III) treatment however, exhibited the highest level of misfit, which is quantified by the 

R-factor presented in Table 5.  In the absence of Cr, pure hausmannite exhibited a 

relatively high percentage of disproportionation (36.9% conversion to birnessite). 
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Figure 27:  Linear combination fits of Mn K-edge XANES spectra for hausmannite 
reacted with (H and L Cr(III) and Cr(VI)) and without initial Cr.  The different spectra 
represent how well the fit (orange) calculated from varying proportions of pure 
hausmannite (yellow) and birnessite (green) endmembers matched the raw data (blue). 
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Table 5 
Contribution of hausmannite and birnessite endmembers in calculation of 
linear combination fits (Figure 27) performed on samples for Mn K-Edge 
XANES data for Ph 4 treatments.  

Treatment 
ID 

Hausmannite 
Fit % 

Birnessite 
Fit % 

R-factor (mean square sum of 
the misfit of each data point) 

H Cr(III) 71.7 28.3 3.40 x 10-2 

H Cr(VI) 61.2 38.8 0.70 x 10-2 

L Cr(III) 79.2 20.8 0.16 

L Cr(VI) 84 16 1.38 x 10-2 

No Cr 63.1 36.9 3.24 x 10-2 

 

3.3.2 Measurements at the Cr K-Edge 

Of the three Cr(III) standard materials collected, the Cr(NO3)3 salt, and the 

synthesized Cr(OH)3 material had nearly identical spectra (Figure 28), indicating that the 

Cr(OH)3 was successfully synthesized with the same coordination as Cr(NO3)3.   

All hausmannite treatments with sufficient Cr loadings exhibited XANES spectra 

similar to that of the Cr(NO3)3 and Cr(OH)3 standards, with the main edge peak occurring 

at ≈6009 eV, and a small pre-edge feature at 5991-5993 eV (Figure 28).  The Cr2O3 

standard’s edge peak is similar to the other Cr(III) standards, but also present two 

distinctive peaks at ≈6011.4 eV, and ≈6024.8 eV.  These additional peaks did not match 

with any spectra collected for this study (e.g., reacted hausmannite samples, the Cr(NO3)3 

and Cr(OH)3 standards).  They are likely due to the coordination of Cr in Cr2O3 differing 

from that in Cr(NO3)3 and Cr(OH)3 and, given that the manufactured material used here 

is more than 99.9% pure, are not caused by impurities.  In contrast, K2Cr2O7, the Cr(VI) 

standard, exhibits the pre-edge feature at a significantly higher magnitude and a strong 

phase shift in the edge peak (≈6016 eV).  It should be noted that only H Cr(III) treatments 
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for all pH levels tested, yielded XANES spectra of sufficient magnitude at the Cr K-

Edge.  The signal of all other treatments (e.g., L Cr(III) or Cr(VI) or H Cr(VI)) was too 

weak for analysis.   
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Figure 28:  Cr K-Edge XANES spectra for high Cr treatments described in Table 1, and unreacted Cr standard 
materials. 
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CHAPTER 4 

DISCUSSION AND CONCLUSIONS 

4.1 Solution Chemistry Effect on Mn and Cr Release 

 Solution pH has a strong influence on Mn release from hausmannite, as 

significantly higher concentration of dissolved Mn was detected at a pH of 4 than it was a 

pH of 5.5 or 7 (Figure 18).  This proton-promoted hausmannite dissolution is evident 

when comparing No Cr (i.e, hausmannite only) samples across all tested solution pHs.  

Because this thesis analyzed pH levels in 1.5 unit increments on the pH scale, comparing 

the amount of Mn released by the different pH treatments to one another provides 

insights as to how much contribution there is from the different forms and concentrations 

of Cr analyzed here.  To do this, the following ratio was calculated for all treatments: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑝𝑝𝑝𝑝 4 𝑇𝑇8 [𝑀𝑀𝑀𝑀]−𝑝𝑝𝑝𝑝 5.5 𝑇𝑇8 [𝑀𝑀𝑀𝑀]
𝑝𝑝𝑝𝑝 5.5 𝑇𝑇8 [𝑀𝑀𝑀𝑀]−𝑝𝑝𝑝𝑝 7 𝑇𝑇8 [𝑀𝑀𝑀𝑀]

    eq. 17 

Because Cr(VI) is the most common oxidized form of Cr, no redox with 

hausmannite is expected and thus, the ratio in eq. 17 for the both Cr(VI) treatments 

should be similar to that of the No Cr treatment, which it is (Table 6).  This is also 

supported by the percentage of the initial Cr remaining in solution at T8 for the Cr(VI) 

treatments, as more than 98.5% of initial Cr was identified as Cr(VI) at T8 in both Cr(VI) 

treatments (Table 2).  Both of these data support that most, if not all, hausmannite 

dissolution in the Cr(VI) treatments was caused by proton-promotion, with negligible 

contribution from electron transfer dissolution by Cr(VI).  This idea is corroborated by 

the ranking of the pH respective Cr treatments in Table 2, as for the pH 5.5 and 7 
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treatments, no clear pattern emerged that indicated Cr(VI) having facilitative or inhibitory 

effects on Mn release. 

Table 6 
Difference in T8 average total dissolved Mn concentration in ppm 
[Mn2+] in solution between Ph 4 and 5.5 treatments, and between Ph 5.5 
and Ph 7 treatments, and the ratio between those differences (calculated 
in eq. 17). 

Cr 
Treatment 

Mean [Mn] Difference 
from Ph 4 to 5.5 at T8 

Mean [Mn] Difference 
from Ph 5.5 to 7 at T8 Ratio 

No Cr 96.2 19.0 5.07 
High Cr(III) 260 21.1 12.3 
Low Cr(III) 170 15.4 11.0 
High Cr(VI) 133 22.9 5.82 
Low Cr(VI) 141 29.1 4.83 

 

In contrast, when Cr(III) is initially present in hausmannite suspension solutions, 

the calculated ratio from eq. 17 increases substantially from 5, rising to 11.0 for the L 

Cr(III) treatment, and 12.3 for the H Cr(III) treatment (Table 6).  This result indicates that 

in the presence of initial Cr(III), approximately 2.17 to 2.43-fold more Mn is released 

into solution from hausmannite than in the absence of initial Cr(III).  Assuming the ratio 

of 5.07 in Table 6 is for hausmannite dissolution only by proton-promotion, subtracting 

this from the ratio obtained for the Cr(III) treatments yields values of 7.23 and 5.95 for 

the H and L Cr(III) treatments, respectively.  This difference can thus be considered as 

contribution from the electron transfer dissolution of hausmannite, which in fact, 

contributes slightly more dissolved Mn than that of the proton-promotion.  It also 

suggests that the contribution of Cr oxidation to hausmannite dissolution is not 

proportional with the amount of initial Cr(III), as the H Cr(III) treatment only yielded a 

eq, 17 ratio that was marginally larger (1.28) than the L Cr(III) treatment.  This suggests 
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that in this system, and others that hausmannite dissolution is influenced by both acidity 

and redox with another constituent, potential Mn(II) release is primarily controlled by the 

amount of hausmannite surface area present, not the amount of the redox active 

constituent present in the system.   

A loss in the total dissolved Cr concentrations provides difficulties when 

attempting to delineate the stoichiometry of this Mn-Cr system as a function of pH. 

Evidently, the pH 5.5 and 7 H and L Cr(III) treatments yield significant losses of initial 

Cr at T8 (Table 3).  This Cr loss is largely attributed to the Cr(III) precipitation occurred 

on hausmannite at neutral pH, which agrees with other data obtained in this thesis 

(chapter 4.2.1 Cr Speciation on the Solid Phase) and previous studies (Banerjee and 

Nesbitt, 1999a; Weaver and Hochella, 2003).  Only pH 4 samples present negligible Cr 

loss by Cr(III) precipitation, showing 100% of initial Cr present as Cr(VI) after 8 hours of 

reaction (Table 3) for both the H and L Cr(III) treatment.  Thus, pH 4 data were used to 

derive the stoichiometric relations of the Mn-Cr system.  Eq. 15 from Weaver (2001) 

postulates that for every mole of Cr oxidized, three moles of Mn are reduced to Mn(II), 

which is released into solution.  This ratio does not include the structural Mn(II) in 

hausmannite that can be also susceptible to proton-promoted dissolution.  Therefore, in 

this study, two adjustments were made prior to develop the stoichiometric relations in the 

Mn(II) and Cr(V) system only by electron transfer reaction.  First, the release of 

structural Mn(II) in hausmannite was accounted for by subtracting the T8 [Mn] for the 

No Cr treatment at pH 4.  Secondly, since hausmannite samples had pre-equilibrated with 

the pH 4 solution prior to the addition of Cr, the T0 [Mn] and [Cr(VI)] were also 

subtracted.  After such adjustments were made, for the pH 4 H Cr(III) treatment, this 
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soluble Mn(II):Cr(VI) ratio from electron transfer hausmannite dissolution is estimated to 

be 3.03, very close to the value predicted by the reaction stoichiometry in eq. 15.  On the 

other hand, for the pH 4 L Cr(III) treatment, this value is 19.3, much higher than the 

value the stoichiometry predicts.  This deviation from the predicted value may be because 

in the L Cr(III) treatment, all Cr(III) initially added is readily consumed in the early part 

of the reaction.  This is clear in Figure 19B where all Cr is oxidized within the first 30 

minutes of reaction, and the [Cr(VI)] stays roughly the same for the duration of the 

experiment.  In the pH 4 H Cr(III) treatment, however, total Cr oxidation isn’t observed 

until the T8 sampling time (Figure 19A), indicating that the electron transfer reaction 

continues to occur throughout the experiment.  Throughout the 8-hr batch reaction, the 

solution pH was maintained at 4 via titration, and therefore, creates favorable conditions 

for the proton-promotion reaction.  Additional Mn release by acidity continues until the 

experiments are completed.  Thus, the discrepancy noted in the ratio of Mn(II):Cr(VI) 

between the L and H Cr(III) treatments seems to be related to the amount of initial Cr 

present in the system and whether enough Cr is present in the system for continued 

oxidation to occur for the entire experiment at pH 4.   

As mentioned previously, a significant fraction of Cr added was precipitated out 

in pH 5.5 and 7, and therefore, the Mn(II):Cr(VI) stoichiometry will not adequately 

represent the system.  In the pH 7 Cr(III) treatments, only negligible amounts of Cr (less 

than 1 ppm) remained in solution at T8 (Figure 19A, 19B, Table 3), and most of it was 

Cr(VI), indicating that at this pH, a chemical form of Cr(VI) is stable.  At pH 5.5, 

however, there is a distinct difference in total dissolved Cr and Cr(VI) fraction by initial 

Cr concentrations.  Specifically, in the L Cr(III) treatment, 2.89 ppm of Cr remained in 
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solution at T8, which is slightly more than half of the initial Cr concentration added (5.23 

ppm), and of that, the majority (2.25 ppm) was Cr(VI).  In contrast, in the H Cr(III) 

treatment, a significant portion (17.3 ppm or 33.0%) of initial Cr remained in solution, 

but of that, only 0.38 ppm (0.59%) was Cr(VI) (Table 3).  This suggests that only a small 

fraction of Cr was present as Cr(VI) in solution at pH 5.5, and that this fraction is not 

proportional to the amount of Cr initially added to the system.   

It should be noted that while solution data have been previously collected for the 

Cr/hausmannite system (Weaver and Hochella, 2003), only single pH levels were 

analyzed.  The results of the present work show the substantial influence that solution pH 

has on the surface interactions of the Cr/hausmannite system.  Specifically, that solution 

pH not only controls the extent to which hausmannite dissolution occurs through both Mn 

disproportionation (proton-promoted) and Cr oxidation, but also whether or not classical 

stoichiometric calculations can be used, as Cr adsorption and precipitation onto the 

hausmannite surfaces override both reactions at pH 5.5 or higher. Thus, it is important to 

analyze a range of pH levels that simulate natural aquatic systems to better predict the 

behavior of Cr in natural environments.  To the best of my knowledge, the present work 

is the first to provide clear evidence of synergistic dissolution of hausmannite when both 

proton-promotion and electron transfer are allowed (Table 6), through a series of 

quantitative analyses by using eqs. 1 and 15 and batch reaction products present in this 

thesis.  

4.2 Processes Occurring at the Mineral Surface 

 4.2.1 Cr Speciation on the Solid Phase  
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 Both the XPS and XAS analyses suggest that when Cr(III) is initially added to a 

neutral pH solution (e.g., pH 5.5 and 7), Cr(III) becomes removed solution through 

precipitation as Cr(OH)3, or adsorption as some Cr(III) species on the surface of 

hausmannite.  It is difficult to discern what species this is, as the Cr(OH)3 and the 

Cr(NO3)3 standard spectra were very similar (Figure 28).  For the XAS data, this was 

apparent for the H Cr(III) treatments at all three pH levels (Figure 28), but not in the L 

Cr(III) treatments due to the very low Cr concentration present initially in these 

hausmannite samples.  Even in the case of pH 7, where solution data suggest nearly 

complete Cr sorption or precipitation onto the solid phase (Figure 19B, Table 3), no Cr 

signature was found on XAS spectra.  It is worthwhile to note that other studies of Cr 

speciation on Mn oxides have used significantly higher Cr concentrations (2080-5200 

ppm) when using QXAFS to overcome any sensitivity issues (Landrot et al., 2010, 2012).  

 The Cr2P XPS data (Figure 21) appear to complement the XAS, by exhibiting 

signals in the Cr2p range for all H Cr(III) samples, as well as the pH 5.5 and 7 L Cr(III) 

samples .  All Cr-reacted hausmannite samples exhibited fitted peaks in the Cr2p region 

between 577 and 579 Ev.  Of the Cr(III) standard materials analyzed, only the Cr(NO3)3 

and Cr(OH)3 showed peaks in this region; the former exhibiting peaks at BE of 577.5, and 

579.4 Ev, and the latter, a peak at BE of 579 Ev (Figure 20B and 20D).  The Cr2O3 

presented a peak at a lower BE than all the reacted samples.  Whether the added Cr is 

precipitated as a Cr(OH)3 or adsorbed as Cr(NO3)3 or free Cr(III) ions is difficult to 

determine because most samples only had one fitted peak that often exhibited a 

maximum between those of the Cr(OH)3 and Cr(NO3)3 standards.  However, other work 

that has analyzed Cr oxidation with hausmannite has concluded that that either Cr(OH)3 
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can precipitate from solution or free Cr(III) ions can adsorb to the mineral surface 

(Weaver and Hochella, 2003).  Whether the sorbed Cr(III) retains its ligand (in this case, 

Cr(NO3)3 cannot be determined due to the lack of a Free Cr(III) ion standard.  As the pH 

4 H Cr(III) sample was the only treatment that yielded two fitted peaks (Figure 21E), this 

is the only sample that exhibits direct evidence for both forms of surface associated 

Cr(III).  It is interesting, however, that for the pH  5.5 and 7 H Cr(III) treatments (578 and 

577.9 Ev, respectively), the peak maxima are at most ± 0.1 Ev from the average of the 

two peaks in the pH  4 H Cr(III) spectrum (577.9 Ev), while the pH 5.5 and 7  L Cr(III) 

treatments (577 and 576.9 Ev, respectively) are significantly closer to the lower BE peak 

in the pH 4 H Cr(III) spectrum (576.8 Ev).  This suggests that, while multiple peaks were 

not able to be fit for the pH 5.5 and 7 H Cr(III) samples, there are likely more than one 

species of Cr(III) present on the hausmannite surface in these pH levels.  This is further 

evidenced by the fact that these peak maxima do not exactly match those of any standard 

materials.  Previous work on Cr and Mn oxides also do not report peak maxima that are 

inidicative of Cr(III) species in this region (Banerjee and Nesbitt, 1999a; Weaver and 

Hochella, 2003).  As such, these data indicate that at low initial Cr(III) concentrations, 

the hausmannite surface is not saturated, and adsorption of Cr(III) species is the preferred 

mechanism for surface association.  However, at initially high Cr(III) concentrations, the 

hausmannite surface becomes saturated with Cr(III), and both precipitation of Cr(OH)3 

and adsorption of Cr(III) species can occur simultaneously.  This may explain the high 

concentration of total Cr measured in solution but only a very low percentage being 

present as Cr(VI) in the pH 5.5 treatment (Table 3). 

 4.2.2 Mn Oxidation State 
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 The Mn XANES spectra for all pH 5.5 and 7 samples (with and without Cr) 

exhibited no deviation from that of the unreacted hausmannite, indicating little to no 

change in the oxidation state of Mn in at either pH, and that Cr has no effect on the 

oxidation state of Mn in hausmannite (Figure 25).  However, pH 4 samples deviate from 

this, as all five treatments yielded spectra that differed to a varying degree from unreacted 

hausmannite (Figure 25).  While much of the shape of the hausmannite spectra is 

maintained, the edge peak is broadened, and there is a discernable peak shift across the 

spectra.  There is little similarity between all of the pH 4 spectra and the pure manganite 

spectra, which exhibited several accessory peaks along the main edge peak.  The pure 

birnessite spectra, however, did appear to match that of hausmannite quite closely, only 

with a significant degree of peak shift.  This may support the proton-promotion reaction 

of hausmannite occurs as described by eq. 1, not eq. 8, as hausmannite has undergone 

some degree of disproportionation to birnessite under this acidic condition.  This finding 

disagrees with a study by Hem and Lind (1983), which has speculated that hausmannite 

first disproportionates to manganite, and exists in a “metastable” state, and can then be 

further disproportionated to birnessite if the system is open to oxygen, and protons are 

abundant (eq. 1).  In the present experimental set up, both the AOS calculated by XPS, 

and the XANES spectra strongly support complete disproportionation to birnessite (eq. 

1), suggesting that if the manganite step (eq. 8) were occurring, it was completed early in 

the experiments, and all manganite was further disproportionated to birnessite before/by 

the end of the experiments (T8).  The linear combination fits (LCFs) of the pH 4 spectra 

suggested that between 16.0%, and 38.8% of the pH 4 spectra were comprised of the 

birnessite endmember, with the No Cr, and H Cr(VI) treatments yielding the highest 
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percentages in conversion to birnessite (36.9 and 38.8%, respectively).  This differs from 

the results of the XPS results, which suggest that the Cr(III) treatments yield the highest 

conversion to birnessite (Table 4).  All of the fits in the present work, however, exhibited 

high R-factors (between 3.40 x 10-2 and 0.16).  Other XANES LCFs with acceptable fits 

exhibit R-factor values less than 1.0 x 10-4 (Gaur et al., 2009; Eriksson et al., 2016), 

multiple orders of magnitude lower than those obtained here.  This indicates that these 

fits are semi-quantitative, and perhaps suggests that there were other processes occurring 

that are not accounted for in the XANES data and that the results of the XPS AOS 

analysis more accurately characterize the Mn solid surface chemistry in this work.  It 

should be noted that manganite was included as an end member in the LCF calculations 

originally, but the fits were not able to converge.   

  Mn AOSs calculated from Mn3s XPS spectra indicate that pH 5.5 and 7 

hausmannite samples have undergone minimal, if any disproportionation to birnessite, 

similar to the results of the Mn XANES data (Table 4).  Conversely, the pH 4 treatments 

produced Mn AOS’s all above three via XPS, indicating substantial conversion to 

birnessite but not manganite.  If eq. 8 were solely responsible for the proton-promotion 

reaction, the Mn AOS of the reacted hausmannite samples could not exceed three.  This 

provides a secondary line of evidence that supports eq. 1 as the mechanism responsible 

for the proton-promoted dissolution and Mn disproportionation in the hausmannite 

system.  The XPS spectra for the pH 4 L and H Cr(III) treatments also yield significantly 

higher Mn AOSs than the Cr(VI) and No Cr treatments (Table 4), indicating that the 

presence of Cr(III) may facilitate the Mn disproportionation.  This is interesting, as the 

stoichiometry (eqs. 1, and 15) suggest that, if the system is oxic, disproportionation is 
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strictly a pH controlled process.  Thus, the observed increase in Mn AOS by the Cr(III) 

treatments may be due to the increased Mn(II) production from the Mn-Cr electron 

transfer (eq. 15).  Consequently, the Mn(II) produced in eq. 15 can act as a secondary 

“source” of reduced Mn to drive the re-oxidation reaction (eq. 4), which then provides 

more Mn(III) in the hausmannite structure that can be further disproportionated to 

Mn(VI); hence, the observed Mn AOS observed in the Cr(III) samples.  Note that this is 

not observed in the No Cr/Cr(VI) treatments, as the electron transfer reaction does not 

occur to a discernable degree (Table 6).  Further, only pH 4 data were used for the 

analysis, as both proton-promoted and electron transfer dissolution are fully allowed at 

this particular pH (Table 3). 

4.3 Conclusions 

1) Cr oxidation by hausmannite is a surface controlled process.  The extent of Cr 

oxidation is not controlled by the initial amount of Cr present in solution, but by the 

availability of specific reaction sites on the hausmannite surface.  This is evidenced by 

the pH 4 H and L Cr(III) treatment’s ratios described in Table 5.  While the ratios 

exceeded those of the other three Cr treatments, there was not a proportional difference in 

the ratio calculated in eq. 17 between the L and H Cr(III) treatments, indicating that the 

electron transfer reaction can only occur until the hausmannite surface is exhausted.  

Once all the preferential sites on hausmannite for the Cr oxidation are consumed, the only 

source of oxidized Mn for Cr to perform redox with is the Mn that is recycled by the re-

oxidation step (eq. 4), and thus, Cr oxidation reaction occurs at a much slower rate.  

2) Solution pH determines the amount and species of Cr released in solution after the 

oxidation reaction with hausmannite.  At pH 4, nearly all the Cr(III) added underwent a 
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complete oxidation to Cr(VI) (94.9% or greater) in the presence of hausmannite.  At pH 

5.5 for both H and L Cr(III) treatments, a significant amount of the initial Cr still 

remained in solution, and did not undergo further oxidation, only producing up to 2.25 

ppm of Cr(VI) after 8-hour reaction (Figure 18B).  

3) At neutral pHs (pH 5.5 or higher), the added Cr has a form of either adsorbed Cr(III) 

ions, or precipitates as Cr(OH)3 on the surface of hausmannite.  Adsorption of Cr(III) ions 

seems to be the preferred method of association, but can only occur at a limited number 

of surface sites.  Once these surfaces have been saturated, Cr(OH)3 begins to occur to 

satisfy sites not able to accommodate sorption until all sites able to accommodate Cr 

sequestration to the surface have been consumed.  This observation was supported by 

both XPS (Figure 21) and XANES (Figure 28) analyses, where Cr(OH)3 and Cr(NO3)3 

were used as Cr(III) standard materials.  

4) The present work supports eq. 1 as the mechanism responsible for the proton-promoted 

dissolution and disproportionation of hausmannite.  This is evidenced by the similarities 

in the XANES spectra for the pH 4 treated samples and the pure birnessite (Figure 26), as 

well as the calculated AOSs via XPS for pH 4 samples all exceeding 3, suggesting that 

manganite cannot be the terminal product of the proton-promoted dissolution reaction. 

5) Synergistic dissolution of hausmannite is only possible in low pH when Cr is present, 

and the degree of contribution from electron transfer dissolution is dependent upon the 

concentration of initial Cr(III): higher Cr concentration produces greater synergistic 

effects in hausmannite dissolution in acidic conditions, albeit not to a proportional degree 

to the Cr concentration.  This is evidenced 1) by the increased XPS AOSs in pH 4 H and 

L Cr(III) samples compared to the other pH 4 treatments (Table 4) and 2) the increased 
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ratios in Table 6 for the pH 4 H and L Cr(III) samples, compared to the other pH 4 

treatments.  In neutral pH (5.5 or higher), Cr adsorption and precipitation reactions 

override proton-promoted and electron transfer dissolution reactions, and thus, it was 

difficult to quantify such effects (Figure 19B; Table 3). 
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APPENDICIES 

A 

RAW SOLUTION DATA TABLES 

 

pH 4 No Cr Treatment total Mn and Cr 
Data from ICP-OES. 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

0 50.2 4.22 
0.5 67.2 2.00 
1 75.3 0 
2 89.0 0.09 
4 106 0.30 
8 118 3.35 

 

pH 4 L Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 49.6 0.19 4.28 0.13 
0.5 96.1 4.03 4.84 0.07 
1 115 0.27 5.14 0.17 
2 132 28.8 4.90 0.82 
4 168 6.35 5.36 0.22 
8 191 2.22 5.18 0.10 

 

pH 4 H Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 78.4 9.20 64.7 6.85 
0.5 112 2.18 51.9 0.03 
1 149 4.44 50.6 0.30 
2 199 2.61 50.0 1.26 
4 238 3.87 44.1 0.27 
8 284 7.58 48.9 0.75 
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pH 4 L Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sampe Time 
(hours) 

[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 54.8 6.59 6.62 0.01 
0.5 87.6 13.0 7.26 0.01 
1 109 0.35 6.34 0.01 
2 134 6.14 6.59 0.02 
4 149 15.0 6.20 0.01 
8 170 6.17 5.30 0.01 

 

pH 4 H Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sampe Time 
(hours) 

[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 55.7 2.60 63.6 2.54 
0.5 81.4 2.51 61.5 0.60 
1 92.5 0.81 60.6 0.36 
2 113 4.45 60.8 1.07 
4 138 8.72 61.8 1.30 
8 157 6.24 59.9 0.24 

 

pH 5.5 No Cr Treatment total Mn and 
Cr Data from ICP-OES. 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

0 9.80 1.06 
0.5 14.9 1.73 
1 15.6 0.00 
2 17.9 0.01 
4 19.5 0.27 
8 21.5 0.42 
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pH 5.5 L Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 10.8 0.83 3.92 0.77 
0.5 15.7 0.92 2.48 0.09 
1 16.7 1.13 3.08 0.08 
2 18.4 0.94 2.86 0.03 
4 20.1 1.04 2.49 0.20 
8 21.2 0.84 2.89 0.17 

 

pH 5.5 H Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 22.2 0.48 29.9 8.84 
0.5 21.2 0.34 29.5 0.44 
1 23.0 0.87 31.1 3.98 
2 25.1 2.23 28.4 2.49 
4 23.2 1.03 22.1 3.38 
8 23.9 1.12 17.3 2.83 

 

pH 5.5 L Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 10.6 1.17 6.35 0.35 
0.5 17.1 1.08 6.13 0.14 
1 19.4 1.63 5.88 0.16 
2 21.9 1.13 5.72 0.08 
4 26.3 3.27 5.84 0.28 
8 29.9 1.19 5.94 0.49 
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pH 4 5.5 H Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 15.1 3.57 64.0 3.74 
0.5 14.4 3.05 66.8 7.32 
1 19.9 0.27 60.9 0.60 
2 22.5 1.66 62.0 3.08 
4 22.8 0.71 58.4 0.19 
8 23.5 0.35 58.6 0.09 

 

pH 7 No Cr Treatment total Mn and Cr 
Data from ICP-OES. 

Sample Time 
(hours) 

[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

0 2.49 0.28 
0.5 2.03 0.21 
1 2.25 0.16 
2 2.26 0.28 
4 2.75 0.21 
8 2.53 0.07 

 

pH 7 L Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 7.38 0.59 5.22 0.07 
0.5 5.29 0.37 0.49 0.08 
1 5.03 0.17 0.26 0.07 
2 5.08 0.73 0.15 0.10 
4 5.75 0.36 0.28 0.02 
8 5.74 0.38 0.45 0.11 
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pH 7 H Cr(III) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 1.95 0.54 61.5 1.26 
0.5 0.97 0.01 69.3 7.96 
1 0.84 0.00 62.9 2.67 
2 0.79 0.05 65.8 2.99 
4 0.68 0.01 64.4 2.45 
8 0.64 0.04 69.6 7.84 

 

pH 7 L Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 0.78 0.07 7.45 0.90 
0.5 0.71 0.01 6.19 0.06 
1 0.75 0.07 8.26 0.56 
2 0.80 0.00 6.32 0.42 
4 0.83 0.07 6.48 0.01 
8 0.79 0.28 5.20 1.91 

 

pH 4 5.5 Cr(VI) treatment total Mn and Cr data from ICP-OES 
Sample Time 

(hours) 
[Mn] 
(ppm) 

Mn standard 
deviation (ppm) 

[Cr] 
(ppm) 

Cr standard 
deviation (ppm) 

0 1.95 0.54 61.5 1.26 
0.5 0.97 0.01 69.3 7.96 
1 0.84 0.00 62.9 2.67 
2 0.79 0.05 65.8 2.99 
4 0.68 0.01 64.4 2.45 
8 0.64 0.04 69.6 7.84 
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pH 4 L Cr(III) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 1.08 0.11 
0.5 4.48 0.51 
1 5.06 0.06 
2 4.81 0.49 
4 4.20 0.15 
8 4.92 0.29 

 

pH 4 H Cr(III) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 5.17 0.00 
0.5 13.5 0.93 
1 22.2 2.13 
2 29.5 1.25 
4 42.1 0.28 
8 50.6 0.00 

 

pH 4 L Cr(VI) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 5.38 0.01 
0.5 5.01 0.01 
1 5.18 0.08 
2 5.80 0.01 
4 6.12 0.01 
8 6.49 0.01 
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pH 4 H Cr(VI) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 61.3 2.04 
0.5 59.9 0.13 
1 57.4 0.62 
2 58.3 0.50 
4 60.7 2.33 
8 58.5 0.44 

 

pH 5.5 L Cr(III) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 1.56 0.05 
0.5 2.37 0.01 
1 2.07 0.33 
2 2.77 0.63 
4 2.55 0.66 
8 2.25 0.06 

 

pH 5.5 H Cr(III) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 0.85 0.08 
0.5 0.50 0.16 
1 0.04 0.43 
2 0.10 0.20 
4 -0.13 0.12 
8 -0.31 0.01 
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pH 5.5 L Cr(VI) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 6.26 0.92 
0.5 6.16 0.03 
1 5.74 0.18 
2 6.95 2.00 
4 5.17 0.44 
8 5.65 0.12 

 

pH 5.5 H Cr(VI) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 66.1 1.98 
0.5 50.8 2.58 
1 54.6 1.33 
2 55.5 3.35 
4 51.4 0.39 
8 51.5 0.39 

 

pH 7 L Cr(III) treatment Cr(VI) data from UV-
Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 1.28 0.50 
0.5 0.26 0.13 
1 0.16 0.34 
2 0.81 0.78 
4 1.29 0.81 
8 0.31 0.02 
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pH 7 H Cr(III) treatment Cr(VI) data from 
UV-Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 64.4 0.57 
0.5 72.7 8.66 
1 68.7 0.77 
2 70.8 1.78 
4 67.1 2.66 
8 66.2 1.06 

 

pH 7 L Cr(VI) treatment Cr(VI) data from UV-
Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 7.04 1.17 
0.5 4.94 0.86 
1 9.06 1.20 
2 6.46 0.03 
4 6.59 0.16 
8 6.22 0.65 

 

pH 7 H Cr(VI) treatment Cr(VI) data from UV-
Vis 

Sample Time 
(hours) 

[Cr(VI)] 
(ppm) 

Cr(VI) standard 
deviation (ppm) 

0 64.4 0.57 
0.5 72.7 8.66 
1 68.7 0.77 
2 70.8 1.78 
4 67.1 2.66 
8 66.2 1.06 

 


