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ABSTRACT

As the third most abundant transition metal in the Earth’s crust, manganese (Mn)
is often found in various forms of (oxyhydr)oxides in the environment (hereafter, Mnoxides). Mn-oxides possess a high sorption capacity and are a powerful oxidizer, and thus,
play critical roles in regulating nutrient cycles and the speciation and distribution of trace
metals and metalloids in the environment. The structure and geochemical behaviors of Mnoxides have been extensively studied using birnessite minerals that contain mainly Mn(IV)
and variable concentrations of Mn(II) and Mn(III) in layered structures. However,
relatively little research has been done on the more common lower valent Mn(II/III) oxides,
such as hausmannite and manganite, presenting a lack of knowledge on the reactivity and
transformation process in those Mn minerals. Thus, this dissertation focuses on accurately
reflecting natural environments to measure the adsorption and oxidation ability of lower
valent Mn-oxides towards a toxic metalloid of concern, namely, arsenic (As). That is,
conditions, such as the presence of metal impurities in the mineral’s structure and the coexistence of the secondary mineral phases, are simulated to examine how and to what
extent these variations affect the geochemical reactivity and transformation processes of
hausmannite and manganite. Furthermore, examination of the fate of metal impurities when
the minerals undergo dissolution reactions is of critical importance to better understand the
environmental behavior and cycling of trace metals that are associated with the minerals.
Chapter 1 and Chapter 2 examine the impact of various quantities of the structural
impurities nickel (Ni) and cobalt (Co), the most common metal impurities in lower valent
iii

Mn-oxides on the stability and reactivity of hausmannite and/or of manganite toward As.
Chapter 3 investigates the surficial interaction modes of hausmannite and manganite and
their synergistic reactivity toward As oxidation and removal processes when they copresent. To probe the changes in the structural and surficial properties, as well as in the
size and morphology of Mn-oxides induced by the metal substitution, As(III) oxidation to
As(V), and the formation of other Mn oxide phases, these research activities utilize an array
of state-of-the-art instrumentations, including X-ray absorption spectroscopy, X-ray
photoelectron spectroscopy, attenuated total reflectance-Fourier transform infrared
spectroscopy, and scanning and transmission electron microscopy.
Metal substitutions at higher loadings induce greater structural changes in
hausmannite and significantly enhances the As(III) oxidizing ability of hausmannite, but is
at a lesser extent in manganite. As(III) oxidation by both oxides leads to the formation of
multiple surface complexes, but binuclear bidentate As(V) surface complexes are dominant
on oxides. Both Ni(II) and Co(III) occupy the octahedral Mn(III) sites in hausmannite, but
only redox-active Co(III) is involved with the As(III) oxidation, while redox-inactive Ni(II)
is not. In contrast, when Co(II) occupies the octahedral Mn(III) sites in manganite, the
oxidizing ability of manganite is not affected. Therefore, both Co coordination chemistry
and structural quantity are critical to determining the extent of structural Co effects in
Mn(II/III)-oxides. In both oxides, a greater mineral dissolution is observed with metal
substitution in the presence of As. Even when the oxides undergo accelerated mineral
dissolution, releasing significant levels of structural Mn, the majority of structurallyincorporated Ni and Co remain in the mineral/solid phases, showing the limited solubility
iv

and mobility of these metal substituents. Furthermore, mixtures of manganite and
hausmannite show a higher As(V) production and As(III) removal rate when comparing
that of the individual mineral phase. Such synergistic effects arise from aggregation
structures of these oxides, where manganite limits the aggregation of hausmannite,
resulting in more highly reactive hausmannite being available/exposed for the surfacemediated As(III) oxidation reactions.
Thus, it is important to consider the presence, property, and relative quantity of
structural impurities and presence of secondary Mn oxides to better predict the oxidative
and adsorptive capacity of Mn oxides toward As in the environment. The present work
helps recognize such important, but overlooked, effects on the mineral’s properties and
reactivity and hence, improve our understanding of the geochemical behaviors of natural
Mn(II/III) oxides and their interaction with associated metals and metalloids in the
environment.
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CHAPTER 1
EFFECTS OF NI INCORPORATION ON THE REACTIVITY AND
STABILITY OF HAUSMANNITE (MN3O4): ENVIRONMENTAL
IMPLICATIONS FOR MN, NI, AND AS SOLUBILITY AND CYCLING

1.1. Introduction
Manganese (Mn) oxides are ubiquitous in nature, and found in various geological
settings, ranging from mining areas and ore deposits to sediments in freshwater and marine
environments.1–7 They are also among the most reactive mineral phases for adsorption and
oxidation reactions, playing critical roles in regulating the speciation and distribution of
trace metals and metalloids, as well as the cycling of essential nutrients in natural
environments.1,4–6,8–13. In these natural Mn oxides, structural impurities are commonly
observed in these natural Mn oxides.4,6,14 Structural incorporation of Ni has been noted in
oceanic Mn nodules and crusts,15–17 and also in terrestrial Mn-containing mineral and rock
samples.9,18 Therefore, knowledge of the effects of metal impurities on the reactivity and
stability of Mn oxides is essential to better understand the geochemical behavior of natural
Mn oxides and the fate and mobility of associated transition metal(loid)s.
To date, the effects of trace metal impurities on Mn oxide reactivity have been
examined primarily for birnessite, the most common natural Mn(III/IV) oxide. For
example, a recent study by Wang et al., 19 showed that divalent cations (Zn, Mg, and Ca)
substituted in the birnessite lattice affected the mineral’s ability to adsorb and oxidize fulvic
acid, and modified its transformation processes to varying degrees. In addition, Zn
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appeared to influence the kinetics of the mineral’s reductive transformation processes by
Mn(II), where Zn-coprecipitated birnessite exhibited a faster conversion rate from
birnessite into feitknechtite (β-MnOOH), a metastable Mn-(hydr)oxide, than the pristine
phase, but slower conversion of feitknechtite into more stable manganite (-MnOOH) due
to the lower Mn(II) concentration20. In another study, the structural incorporation of Co(III)
in birnessite was observed to inhibit the transformation process into todorokite, producing
mineral mixtures of phyllomanganates and todorokite-like tectomanganates.21 Transition
metals that are originally adsorbed on the surface of birnessite have also been shown to
become structurally incorporated during the mineralogical transformation of the adsorbent.
For instance, Zn(II)-adsorbed birnessite is converted into a Zn-substituted hausmannite
spinel (Zn(II)1-xMn(II)xMn(III)2O4) through reductive transformation by Mn(II) at
circumneutral pH.22 Similarly, the mineralogical transformation of Ni(II)-sorbed birnessite
by Mn(II) results in the formation of Ni-substituted feitknechtite.23
Despite accumulating evidence for the importance of metal substituents in affecting
Mn oxide reactivity and transformation,12,13,22,24–29 no studies exist for trace metal
substitution into Mn(III) oxides. Of particular importance is hausmannite (MnIIMnIII2O4),
which is a common transient Mn(III) oxide found in various geological settings in both
bulk and nano-scale mineral phases.12,13,22,24–27,30–32 It is also one of the secondary Mn(III)
mineral phases produced upon reductive transformation of birnessite by changes in
environmental conditions.27 Further, hausmannite is the most widely distributed spinel
structured Mn oxide, with Mn(II) occupying the tetrahedral sites, and Mn(III) the
octahedral sites.4,33,34 These octahedral Mn(III) sites present structural distortions due to
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the Jahn-Teller effect. In general, minerals with the spinel structure are capable of housing
a broad range of chemical substituents.35–37 Hausmannite is no exception and may
accommodate structural incorporation of transition metals such as Ni and Co, due to the
similar radii of the metal substituents to Mn(II/III) and their close geological association.35–
37

However, investigations addressing changes in the geochemical behavior of hausmannite

by structural impurities do not exist, and hence the effects are poorly characterized.
In the present study, we systematically investigated the effects of Ni impurities on
the mineral structure and characteristics, as well as the mineral reactivity and stability of
hausmannite by using both pristine and Ni-substituted phases. Specifically, we measured
the extent and rate of acidic and reductive mineral dissolution at pH 5 with/without arsenite
(As(III)), using these as a means of assessing the mineral’s reactivity and stability. In
addition, we employed a combination of techniques including powder X-ray diffraction
(PXRD), synchrotron-based X-ray absorption spectroscopy (XAS), and attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) for mineral solids
characterization before and after batch reactions and to study the reaction in situ. Based on
these complementary measurements, we demonstrate that Ni substitution into the
hausmannite structure significantly changes the mineral’s reactivity toward acidity and/or
As(III) oxidation, highlighting the importance of considering the effect of impurities.
1.2. Materials and Methods
1.2.1. Materials
All chemical agents used for experimental procedures and standards were
purchased from ThermoFisher ScientificTM and Sigma-Aldrich®. Mn and Ni standard
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solutions for the inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(1000 g/mL (0.10% w/v), trace metal grade) were from J.T. Baker®. Pristine hausmannite
was synthesized via a method described from the previous study with some modifications
.38
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(Mn(CH3COO)2·4H2O) was dissolved in 5 mL of deionized (DI) water (Barnstead, 18.2
M-cm water with 1-5 ppb total organic carbon) followed by the addition of 15 mL of
acetone in 150 mL of the pressure glass flask. The solution was heated at 63 ºC for 8 hours
in a silicon oil bath with stirring and then cooled to room temperature. The fresh
precipitates were collected, washed with ethyl alcohol and DI water several times to
remove unreacted chemical residues, and dried in the oven at 60 ºC overnight. The Nisubstituted hausmannite was prepared in the same fashion as pristine hausmannite with the
inclusion of 1 or 2 weight percent (wt. %) of Ni as a form of nickel acetate tetrahydrate
(Ni(CH3COO)2·4H2O) along with Mn(CH3COO)2·4H2O solution.
1.2.2. Characterization of Pristine and Ni-Substituted Hausmannite Minerals
Upon the completion of synthesis, three mineral samples (pristine, 1 wt.%, and 2
wt.% Ni-substituted hausmannite; herein referred to as Ni1-Haus and Ni2-Haus) were
characterized for crystal structure, surface area (SA), size, surface charge, and elemental
composition. First, the structure analysis of hausmannite mineral samples was performed
by powder x-ray diffraction (PXRD) measurements using a model of D8 Advance X-ray
diffractometer (Bruker, USA) equipped with Ni-filtered, Cu Kα radiation and a high-speed
energy-dispersive linear detector (LYNXEYE). Samples were placed on a non-diffracted
Si plate holder and measured from 10 to 80º (2ϴ) with a 0.01º step-size. Peak identification
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was performed using the DIFFRAC.EVA software with the American Mineralogy Crystal
Structure Database (AMCSD). The lattice parameters of the unit cells, as well as the
average particle sizes of samples, were calculated with Rietveld refinement using total
pattern analysis solution (TOPAS) software. The SA of all minerals was measured in
triplicate using N2 (g) adsorption and desorption isotherm by the Quantachrome Monosorb
surface area analyzer and calculated using the Brunauer-Emmett-Teller (BET) equation
that was calibrated with the standard material of 1 cm3 of air (C series, Pressure lok®
analytical syringe, Valco Instruments Co. Inc). The zeta potential and point of zero charge
(PZC) values of pristine hausmannite and Ni-substituted hausmannite samples were
determined as a function of solution pH by using Zetasizer Nano ZSP (Malvern
Instruments, Worcestershire, UK).
Elemental analysis of the pristine and Ni-substituted hausmannite minerals was
performed by using two different approaches. First, a microwave-assisted nitric acid
(HNO3) digestion technique (modified EPA method 3051A) was employed to estimate
total metal concentrations of synthesized mineral samples.39 Specifically, a total of 10 mg
of minerals were added in 10 mL of HNO3 (trace metal grade, Fisher Chemical, 67%) and
were pre-digested at room temperature overnight followed by microwave-assisted
digestion at 200°C for 20 minutes using MARS 6 (CEM). The resulting acid digests were
then analyzed by using ICP-OES for metal quantification, and the weight percentage (wt.
%) of Ni to Mn in the digests was calculated to be 0.92 (± 0.01) and 1.46 (± 0.01) wt. %
for Ni1-Haus and Ni2-Haus, respectively.
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Secondly, a QuantaTM 450 FEG SEM equipped with Bruker QUANTAX 400
energy dispersive X-ray spectrometer (EDX) was also employed to assess the chemical
composition of the minerals. A total 10 mg of samples was dispersed into 30 mL of DI
water and sonicated using a probe sonicator (Model 505 Sonic Dismembrator, Fisher
ScientificTM) for 10 seconds. About 50 µL of the mineral suspensions was dropped on the
silicon wafer and dried before the SEM analysis. The EDX results on Ni1-Haus and Ni2Haus samples show the presence of Ni (and Mn)

at a concentration of approximately the

0.4 (± 0.1) (and 99.6 (± 0.1)) and 2.6 (± 0.4) (and 97.4 (± 0.4)) wt.%, respectively (Table
A1, in Appendix A). As a control, the Si wafer, also measured with EDX, showed no
detection of Ni or Mn. Raw EDX results of the Si wafer and Ni2-Haus samples can be
found in Figure A1 with wt.% of the target elements (i.e., Mn/Ni/Si), as an inset of the
EDX data. The target loadings of Ni in the hausmannite structure were 1 and 2 wt.% (Table
A1 and Figure A1), and when expressing the Ni loading as mol %, they were 0.8 mol %
and 2.6 mol %, respectively.
1.2.3. Batch Experiments and Solution Analyses
Batch kinetic experiments were run with pristine or Ni-substituted (up to 2 wt.%)
hausmannite minerals at pH 5 in the absence (i.e., acidic mineral dissolution) or presence
of As(III) (i.e., reductive mineral dissolution) by using established methodology.40 Briefly,
suspensions were prepared by dispersing 30 mg of solid mineral in 149.25 mL of 10 mM
NaCl solution in a 200 mL beaker. The mineral suspensions were titrated to pH 5.0 using
diluted HCl or NaOH and then sonicated using a probe sonicator (Model 505 Sonic
Dismembrator, Fisher ScientificTM). For the reductive dissolution reactions, 750 µL of 50
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mM As(III) was added into the solution under oxic conditions, resulting in a final
concentration of 250 µM of [As]tot. Both acidic and reductive dissolution reactions were
run for 8 hours. All batch reactions were completed in duplicate. A total of 11 aliquots
were sampled from each replicate at selected times during 8 hours of reaction. Sampling
involving withdrawal of a suspension aliquot which was syringe filtered (Millipore filter
(0.22 m) and analyzed for the concentration of dissolved As(V) by ion chromatograph
(IC) (DionexTM, ICS-1000, Thermo Scientific), furnished with a Dionex IonPacAS22
analytical column (4 mm × 250 mm) and a conductivity detector was used to determine
As(V) concentrations. For the total dissolved elemental concentration, ICP-OES (iCAP
7400, Thermo Scientific) was employed with a calibration curve constructed using
prepared As(V) solutions from HNa2AsO4. The choice of wavelengths was As (189.042
nm, axial), Mn (257.610 nm, radial), and Ni (231.604 nm, axial) in collected aliquots that
were previously acidified with HNO3. At the end of each batch reaction, the reacted solids
were collected by centrifugation, rinsed thoroughly, and dried under nitrogen gas (N2)
before solid analyses.
1.2.4. XAS Data Collection and Spectral Analyses
X-ray absorption spectroscopy (XAS) data were collected at the Mn, As, and Ni
K-edges at two beamlines of the National Synchrotron Light Source II (NSLS II),
Brookhaven National Lab (BNL), Upton, New York. Quick X-ray absorption spectroscopy
(QXAS) data were collected for the As-reacted samples to avoid As oxidation during XAS
measurements.41 The QXAS measurements were performed at beamline 7-BM. The
beamline was calibrated with Mn foil and Pt foil, and then the Mn and As K-edge spectra
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were collected at room temperature in transmission and fluorescence mode simultaneously,
with the fluorescence signal measured using a passivated implanted planar silicon (PIPS)
detector. Both Mn and As K-edge X-ray absorption near-edge structure (XANES) spectra
of unreacted and reacted hausmannite samples were collected over 5 mins, with each scan
requiring 30 s. Ni K-edge spectra were measured for unreacted Ni2-Haus on beamline 6BM due to the small amount of Ni in the substituted hausmannite minerals. In addition to
the hausmannite samples, a series of reference compounds were also measured under the
same conditions. The list of reference materials is provided in Appendix (See Section
A1.2).
Data processing was conducted with Artemis and Athena.42 The near-edge
(XANES) spectra for all target elements (Ni, As, and Mn) were averaged, normalized, and
background-corrected using the Athena interface.42 The extended X-ray absorption fine
structure (EXAFS) χ(k) spectra were calculated with k3 weighting in the approximate range
from about 3.0-9.0 Å-1 for Ni K-edge, 3.0-11.0 Å-1 for Mn K-edge, and 3.0-8.0 Å-1 for As
K-edge. Crystal information files were obtained from the American Mineralogy Crystal
Structure Database (AMCDS) and run with ATOMS and FEFF to calculate theoretical
scattering pathways for fitting.
To examine the coordination chemistry of Ni, two scattering pathways from Ni Kedge, Ni-O and Ni-Mn, were fitted for pristine and Ni-substituted hausmannite. For the NiO pathway, the best fit was found when using a split oxygen shell with the coordination
numbers fixed at 6 (with 4 equatorial oxygen and 2 axial oxygen). For the Ni-Mn pathway,
the coordination numbers were also fixed at 6. For both shells, the Debye-Waller factor
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(σ2), E°, the radial distance (R), and the error in radial distance (ΔR) were estimated.
Similarly, two scattering pathways from As K-edge, As-O and As-Mn, were calculated for
As(III)-reacted Haus, Ni1-Haus, and Ni-Haus and As(V)-reacted Haus to characterize the
surface complexation of As on hausmannite.
1.2.5. Flow-cell ATR-FTIR Spectra Analysis
The ATR-FTIR measurements were carried out with a Smart Orbit ATR diamond
accessory housed in a Nicolet 6700 spectrometer (Thermo ScientificTM) equipped with a
liquid N2-cooled MCTA detector following established procedures in the literature.41,43,44
Experiments were conducted by depositing a mineral suspension (~ 0.08 mg of mineral)
on the ATR element, following by drying under N2(g). After drying, a house-made Teflon
flow cell was placed around the film and the 10 mM NaCl solution (titrated at pH 5) was
introduced. After equilibration (indicated by constant spectra), the NaCl solution was
replaced with the desired As(III) or As(V) solution (containing 10 mM NaCl at pH 5.0) at
a flow rate of 1 mL/minute. Spectra were collected from 650 to 4000 cm -1 with the
resolution of 4 cm-1 (200 co-added scans). All spectra were processed by subtracting the
background before introduction of As(III).
1.3. Results and Discussion
1.3.1 Effects of Ni Substitution on Hausmannite Structure and Characteristics
The effects of Ni substitution on the hausmannite structure and characteristics were
systematically examined by comparing Ni-substituted hausmannite to pristine
hausmannite. Of interest were changes in the crystalline structure, particle size, and surface
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area induced by Ni substitution into the hausmannite structure, as the importance of these
properties on mineral dissolution reactions have been well-documented.45,46
First, PXRD patterns of Ni-substituted hausmannite minerals matched that of the
pristine and the reference material (Mn3O4), indicating that no other mineral phases were
present in the samples (Figure 1.1). However, Ni substitution into the hausmannite
structure resulted in peak shifting and sharpening in PXRD reflections (Figure 1.1) and the
peak shitng isare more significant at 2 wt.% than 1 wt.% substitution. To further confirm
that Ni was structurally incorporated and not simply adsorbed on the mineral surface,
PXRD patterns were collected for Ni-adsorbed hausmannite (i.e., Ni(II)aq introduced after
the hausmannite synthesis, the detailed procedure is in Section A2.1). These patterns were
essentially identical to that of the pristine phase and lacked the slight changes observed for
the Ni-substituted phase (Figure 1.2).
Peak shifting and sharpening observed in PXRD reflections of Ni-substituted
hausmannite can be attributed to differences in lattice size, changes in crystal strain, as well
as increases in particle size induced by Ni substitution. Specifically, the derived unit cell
lattice parameters of Ni-Haus samples deviated from those of pristine, most noticeably in
the c-axis value decreasing with increased substitution percentage (Table 1.1). This
contraction is presumably due to a larger ionic radius of Ni(II) (0.83 Å) compared to Mn(II)
(0.72 Å) or Mn(III) (0.69 Å).47 In addition, the c/a ratio calculated from the unit cell lattice
parameters (Table 1.1) decreased as a result of Ni substitution, suggesting the indirect
influence of Ni(II) substitution at octahedral Mn(III) sites through the relaxation of the
Jahn-Teller effect induced distortion.48 Further, the results of particle size analysis
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performed with the total pattern analysis solution (TOPAS) software showed an increase
in average particle size of hausmannite crystals with increasing levels of Ni substitution
(Table 1.1). This increase in particle size lowered the mineral’s specific surface area with
increasing Ni substitution percentages. Pristine hausmannite recorded the highest BET
surface area, 136 m2/g, whereas those of Ni1-Haus and Ni2-Haus were measured as 102
and 97.6 m2/g, respectively.

Figure 1.1. Full PXRD spectra of pristine hausmannite and Ni substituted Haus minerals
(2θ from 10 to 80°); (a) pristine Haus, (b) Ni1-Haus, (e) Ni2-Haus. The reference material,
Mn3O4, hausmannite (AMCSD #0002024) was used for mineral identification.
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Figure 1.2. Peak sharpening and shifts induced by Ni substitution in hausmannite structure.
Patterns of Ni2-Haus were compared with those of pristine and Ni-adsorbed hausmannite
samples, both of which do not present signs of peak broadening or shifts.

Table 1.1. Calculated lattice parameter values of pristine and Ni-substituted hausmannite
samples.
Mineral
samples
Pristine Haus
Ni1-Haus
Ni2-Haus

Lattice constant (Å)
a
b
c
5.7575
5.7575
9.4522
5.7449
5.7449
9.4146
5.7691
5.7691
9.3265
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c/a
1.6417
1.6388
1.6166

Size
(nm)
31.0
31.4
53.1

1.3.2. Effects of Structural Impurities on Dissolution of Hausmannite
1.3.2.1. Dissolution of Pristine and Substituted Hausmannite Under Acidic
Condition
The effect of Ni substitution on the reactivity and stability of hausmannite was
assessed by measuring the extent of the acidic dissolution of pristine and substituted
minerals at pH 5. All minerals readily underwent dissolution at this pH, as evidenced by
the release of aqueous Mn(II) (Table 1.2), which agrees well with previous investigations
on hausmannite dissolution.46 Of note was a relative increase in [Mn]aq observed in the
experiments with Ni-substituted hausmannite compared to pristine hausmannite despite a
lower BET surface area of the Ni-substituted hausmannite. Release of Mn from the Nisubstituted hausmannite was accompanied by concomitant release of Ni, with higher Ni
concentrations from Ni2-Haus than Ni1-Haus. Further, the fraction of Ni of the total metal
released was estimated to be 0.01 and 0.03 for Ni1-Haus and Ni2-Haus (See Section A2.2
for detailed calculation), respectively, consistent with the fraction of Ni substitution in
hausmannite structure (Table A1). This further indicates that the majority of Ni remained
in the hausmannite structure after the 8-hour acidic dissolution, which agreed with the
results of the Ni mass balance calculation (Table A2). Once released, Ni tends to remain in
solution instead of re-adsorbing onto the hausmannite surface. Thus, enhanced release of
structural Mn and Ni observed in the substituted minerals suggests an increase in
hausmannite reactivity and a decrease in stability resulting from Ni substitution, making
the mineral more susceptible to acidic dissolution.
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Table 1.2. A summary of ICP-OES analysis on pristine hausmannite and Ni-substituted
hausmannite for the acidic dissolution.
[Me] (µM)
Total Mn
Total Ni

Pristine Haus
130 (± 1)
Not applicable

Ni1-Haus
140 (± 1)
0.95 (±0.02)

Ni2-Haus
163 (± 2)
4.23 (± 0.09)

1.3.2.2. Reductive Dissolution of Pristine and Ni-Substituted Hausmannite by
Arsenite
The extent of reductive dissolution of pristine and Ni-substituted hausmannite was
measured using arsenite (As(III)) as the reductant to ascertain the effect of Ni substitution
on the mineral’s reactivity and stability. Stoichiometrically, two moles of Mn(III) in
Mn(III)-containing minerals oxidize one mole of As(III), producing two moles of Mn(II)
and one mole of As(V) (eq. 1).
2𝑀𝑛(𝐼𝐼𝐼) + 𝐴𝑠(𝐼𝐼𝐼) → 2𝑀𝑛(𝐼𝐼) + 𝐴𝑠(𝑉)

(𝑒𝑞. 1)

For Ni-substituted hausmannite, it is therefore of interest to determine (1) whether
release of structurally-incorporated Ni occurs concomitantly with Mn(II) release and (2) if
the stoichiometric relation between Mn(II) and As(V) is affected by Ni substitution. As
shown in the previous section, hausmannite undergoes acidic dissolution at pH 5, and
acidic dissolution is assumed to occur to some extent during reductive dissolution as well
since the experiments were conducted at the same pH. Therefore to quantify the extent of
the reductive dissolution by As(III), the aqueous concentrations of Mn and Ni were
estimated by subtracting the concentration of these elements from the acidic dissolution
before the addition of As(III).
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Introduction of As(III) into suspensions of pristine and Ni-substituted hausmannite
caused mineral reductive dissolution, as shown in Figure 1.3(a). The largest release of Mn
was observed in Ni2-Haus, followed by Ni1-Haus, and finally Haus, with concentrations
of 441 (± 2), 431 (± 49), and 362 (± 11) μM, respectively. Compared to the acidic
dissolution reaction, more release of aqueous Mn was observed in these reduction
experiments. During reductive dissolution structural Ni was released as well at levels of
13.4 (± 0.5) and 4.25 (± 0.77) μM from Ni2-Haus and Ni1-Haus, respectively (Figure
1.3(a)). More aqueous Ni was also released from the Ni-substituted minerals during
reductive dissolution than during acidic dissolution. However, the fraction of aqueous Ni
to total metal released was similar as observed during acidic dissolution, at a value of 0.01
and 0.03 for Ni1-Haus and Ni2-Haus, respectively (See Section A2.2). Mass balance
calculations show that 81.1 % – 82.7 % of added Ni remained in hausmannite structure
after the 8-hour reductive dissolution reaction with As(III) (Table A3). This represents a
noticeably stronger decrease in total Ni percentage remaining in hausmannite than in the
acidic dissolution experiments described in the previous section.
Throughout the reductive dissolution reactions, oxidation of As(III) to As(V)
occurred, and the concentrations of aqueous As(V) increased over the experimental
duration in all experiments (Figure 1.3(a), closed triangle). To effectively examine the
impact of Ni substitution on As(III) oxidation, the measured [As(V)]aq at a given sampling
time was normalized to the measured BET surface area of each mineral (Figure 1.3(b)).
While Ni2-Haus recorded the lowest BET surface area, Ni2-Haus showed the highest
efficiency for As(III) oxidation, followed by Ni1-Haus and then pristine Haus, indicating
15

that the presence of Ni in the structure enhanced the oxidative ability of hausmannite. The
increase in oxidizing ability of hausmannite resulting from Ni substitution facilitates the
extent of mineral dissolution in the presence of As(III), evidenced by a large quantity of
Mn and Ni released from the substituted than the pristine mineral.
To quantify the effect of Ni substitution in hausmannite on the rate of mineral
reductive dissolution, we estimated the rate of Mn release for both pristine and Nisubstituted phases by using total dissolved Mn concentration (Figure 1.3(a), closed square)
after the surface area normalization over the reaction times. Since all the samples display
a similar pattern of Mn release, initially fast but slowing after 1 hour, we estimated the two
rates of Mn release by each mineral, initial and subsequent reaction rates (less than 1 hour
vs 1- 8 hour) (Table A4). When comparing the initial rates in Mn release of the pristine and
Ni-substituted phases, the differences are estimated to range from 87.0% to 100 %,
suggesting that all hausmannite samples display similar rates in the initial stage of the
reductive dissolution. However, the differences in the rates by pristine and Ni-substituted
hausmannite are much greater, varying from 55.8% to 100% from the secondary reaction
rates(i.e., secondary reaction rates, 1-8 hours, Table A4).
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Figure 1.3. (a) Total dissolved concentration of metal(loid)s from Haus (black), Ni1-Haus
(red) and Ni2-Haus (blue) (i.e., [Mn] (square), [As] (open triangle), [As(V)] (closed
triangle), and [Ni] (circle)) as a function of time and (b) normalized [As(V)] (closed
triangle) production by surface area of pristine and Ni-substituted hausmannite minerals.

In other words, a substantial decrease in Mn release was noted from pristine hausmannite,
compared with that of Ni-substituted hausmannite as the reaction proceeded (Table A4).
Thus, this finding suggests that Ni substitution in the hausmannite structure promotes
accelerated mineral dissolution in the presence of As(III), resulting in more Mn release
than the pristine phase. Previously, the oxidative dissolution of pyrite was facilitated as a
result of Ni substitution by decreasing mineral’s resistivity to the bulk solution and
enhanced the electron transfer at the mineral surface.49 This study may support that the
significant release of Mn release and higher As(III) oxidation with hausmannite is due to
the Ni substitution with the destabilization of hausmannite structure.
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Once oxidized, more than 75% of total As added remained in solution after 8 hours,
indicating that only a relatively small proportion of total As adsorbed onto the mineral
surfaces (Figure 1.3(a), open triangle). This lack of interaction between As(V) and the
mineral surfaces may be explained by electrostatic effects. The point of zero charge values
of pristine Haus and Ni2-Haus were measured to be approximately pH 4.1 and 4.6 (Figure
A2), similar to previous reports.50 Therefore at pH 5, both arsenate (pKa1 = 2, H2AsO4-,
pKa2 = 6.8, HAsO42-) and the hausmannite surface are negatively charged, and hence,
interactions are not favored, whereas the neutral arsenite moiety (pKa1 = 9, H3AsO3) would
still be expected to interact with the negatively charged mineral.51 This finding is consistent
with prior work where birnessite surfaces were not favorable for As adsorption.40
Under the current conditions, a Mn(II):As(V) ratio of 1.9:1 was calculated for the
pristine mineral, and of 2.1:1 and 2.2:1 for the Ni2-Haus and Ni1-Haus minerals. These are
close to the 2:1 ratio predicted from the theoretical stoichiometry of reductive dissolution
(eq 1). As noted above, more than 75% of total As added remained in solution after 8 hours,
and hence, less than 25% of total As was present as adsorbed As(V) on the mineral surface.
This can be also be seen in Figure 1.3(a), where total measured aqueous As concentrations
(open triangle) were all close to the 250 M level of total As(III) added. However, when
accounting for the relatively small As(V) fraction retained on the surface in the calculation
of redox stoichiometry, the estimated Mn(II):As(V) ratios are 1.6:1, 2.0:1, and 2.0:1 for
Haus, Ni1-Haus, and Ni2-Haus, respectively. Thus while the Ni-substituted samples
produce the predicted stoichiometric ratios of Mn(II):As(V), the ratio of the pristine sample
is lower than expected. This agrees with our estimation of the reaction rates described
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above, where the reductive dissolution induced by As(III) started to slow for the pristine
phase, lowering Mn release, whereas Ni-substituted hausmannite samples continue to
sustain the reactions and meet the predicted stoichiometric ratio through accelerated
mineral dissolution.
1.3.3. XAS of Pristine and Substituted Hausmannite Before and After Dissolution
Reactions
The results of PXRD analysis suggest that Ni incorporation occurs at Mn(III)
octahedral sites in the hausmannite structure. However, there has been disagreement in the
literature regarding site occupancy of Ni in hausmannite, with some studies suggesting Ni
occupancy at the tetrahedral sites,36,52,53 but others at the octahedral sites.53,54 To examine
the coordination chemistry of Ni, Mn, and As, we employed XANES and EXAFS analyses
at the K-edges of Mn, Ni, and As of mineral solids before and after dissolution reactions.
Because of the pronounced effects of Ni substitution on reductive dissolution (see previous
section), we focused on samples retrieved from the reductive dissolution experiments. The
results of Ni and As K-edge XAS analyses are presented below, whereas the Mn K-edge
results are provided in Appendix A (Figure A3 and Table A5).
1.3.3.1. Ni K-edge XAS Before and After Dissolution Reactions
The XANES spectra obtained at the Ni K-edge (Figure 1.4(a)) show that unreacted
Ni2-Haus aligned with the spectra of bunsenite (NiO) and Ni(II)-hydroxide, confirming
that substituted Ni is divalent, as expected. In regard to Ni incorporation in hausmannite
structure, the Fourier transform of the EXAFS (Figure 1.4(b)) shows significant deviation
of Ni2-Haus compared with bunsenite (NiO) and Ni(II)-hydroxide, which is also reflected
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in the fit results (Table 1.3). This finding agrees with our PXRD results suggesting Ni being
structurally incorporated in hausmannite and not forming secondary phases. For the
coordination chemistry of Ni, the best fit of the first-shell radial distances (Figure 1.4(c))
was found when using a split oxygen shell: one with a coordination number of 4 (CN = 4)
and an interatomic distance of 2.06 Å, and the other with a CN = 2 and a radial distance at
2.24 Å, respectively. These results are consistent with occupancy of Ni in the Jahn-Teller
distorted Mn(III) octahedral sites as opposed to Mn(II) tetrahedral sites. The ratio of the
fitted axial and equatorial oxygen radial distances of substituted Ni is 1.08, which is smaller
than the theoretical value for Mn(III) in pristine hausmannite, which is 1.18. The closer the
ratio is to one, the more symmetrical the octahedral geometry; therefore, octahedral Ni(II)
is more symmetrical than octahedral Mn(III). The increased symmetry of Ni-hausmannite
can be attributed to a relaxing of the Jahn-Teller distortion, as is expected for Ni(II)
octahedra relative to Mn(III) octahedra. Finally, we note that after reductive dissolution by
As(III), XANES analysis of the Ni K-edge spectra of Ni-substituted minerals showed little
to no change in features or locations of the corresponding absorption edges, indicating that
the oxidation states of structural Ni remained the same before and after the dissolution
reaction (Figure A4). This similarity in XANES features also agrees with the batch reaction
results, where the majority of Ni remained situated in the hausmannite structure after 8hour dissolution reactions.
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Figure 1.4. (a) Ni K-edge XANES of NiCl2 (black), bunsenite (NiO, red), Ni(OH)2 (blue),
and Ni2-Haus (green) and the Ni K-edge EXAFS of bunsenite, Ni(II) hydroxide, and Ni2Haus in (b) k3-weighted χ function in the absence As(III), and (c) the radial distance from
the center atom of Ni.

1.3.3.2. As K-edge XAS After Reductive Dissolution Reaction
The positions of the As XANES spectra of all As(III)-reacted minerals match that
of the As(V)-reacted hausmannite reference, located at 11873 eV (Figure 1.5(a)). This
demonstrates that the only As species in the samples is As(V). This agrees with the solution
analyses described above, where we observed that the majority of added As(III) was
converted to As(V). These results are also in agreement with previous XAS studies which
noted that As(III) adsorption/oxidation by Mn-oxides resulted in only As(V) on the mineral
surfaces.40,55–58 Additionally, the exclusive presence of As(V) on the surface supports the
Mn(II):As(V) ratios discussed above; that is, the quantity of As(V) adsorbed on the mineral
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surfaces accounts for the difference between total added As and total aqueous As measured
after 8 hours in the batch studies.

Table 1.3. Ni K-edge EXAFS spectra fitting parameters and results.
Crystallographic valuesa
Ni substituted Hausmannite (Ni2-Haus)
σ2 (A2)
shell Nb R (Å) R
R-factor

O
4 2.08 0.15 0.006 (2)
O
2 2.24 0.04 0.013 (9) -2.50
0.006
(± 1.12)
c
Mn
6 3.03 0.14 0.012 (1)
a

Hausmannite

N
4
2
4
2

R
1.93
2.28
2.89
3.12

The crystallographic values, interatomic distances and coordination number (N) were

obtained from the crystal structure of hausmannite.
b

N was fixed during the fitting analysis. R (radial distance) and its uncertainty is marked

with R. The σ2 (A2) is the Debye-Waller factor. All parameters are reported with
estimated uncertainties for the fitting exercises (provided in the parentheses in the table),
except fixed parameters. Parameters. Parameters. Parameters. Parameters. Parameters. Par
c

The fitting for 2nd shell was conducted at N = 6 to reduce the violation in fitting exercise.

The total N = 6 was a sum of surrounding Mn and Ni.
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To examine the coordination environment of As(V) on the mineral surface, the As
K-edge EXAFS spectra were analyzed and the fitting parameters were determined (Figure
1.5(b), (c), and Table 1.4). The 1st shell was attributed to backscattering from four O atoms
at a distance of 1.68 Å, consistent with previous work.55,56,58 A 2nd shell, attributed to
As(V)-Mn, was fitted at a radial distance of ~3.35 Å for the Haus, Ni1-Haus, and Ni2-Haus
samples. This distance is consistent with As(V) adsorbed as a binuclear bidentate (BB)
surface complex.55,58 The similarity in results obtained for the pristine and Ni-containing
samples demonstrates that there is no significant difference in As(V) coordination resulting
from Ni substitution. The fit results of the sample where sorbate As was introduced directly
as As(V) yielded a As(V)-Mn distance of 3.28 Å (Table 1.4). This distance is slightly
shorter than the As(V)-Mn distance observed in As(III)-reacted hausmannite forming BB
configuration on surface. This slight reduction in distance may be the result of the variation
in surface complexation of As(V) species discussed further in the next section.
1.3.4. In-situ Observation of Dissolution Reactions by ATR-FTIR
As a complementary technique to XAS analysis, in-situ time-resolved ATR-FTIR
was performed to study structural changes and surface complexation occurring on or near
the mineral surface during the dissolution reactions. During the acidic dissolution at pH 5
for 2 hours the only vibrational mode observed was a minor peak located at 925 cm-1, which
may be due to a possible formation of Mn-hydroxide (Figure A5(A), a minor peak between
two dotted lines).26 No vibrational bands were observed between 1080-1150 cm-1, which
is the spectral region where intense manganite bands occur.26

23

Figure 1.5. As K-edge X-ray absorption spectra. (a) XANES spectra of As(III)-reacted
pristine and Ni-substituted hausmannite samples and of As(V)-reacted hausmannite
(reference compound, red), (b) k3-weighted χ function, and (c) radial distance (R) of
EXAFS spectra of As(III)-reacted pristine and Ni-substituted hausmannite and of As(V)reacted hausmannite (reference compound, red).

24

Table 1.4. As K-edge EXAFS fitting analysis for As(III) reacted Haus and Ni-substituted
Haus.
Crystallographic
Valuea

a

shell
As-O
As-Mn

N
4c
2

R (Å)
1.68
3.34

shell
As-O
As-Mn

N
4
2

R (Å)
1.68
3.34

shell
As-O
As-Mn

N
4
2

R (Å)
1.68
3.35

shell
As-O
As-Mn

N
4
2

R (Å)
1.68
3.28

As(III) reacted Haus
σ2 (A2)b
R
0.002
0.002 (1)
-0.006 0.007 (16)
As(III) reacted Ni1-Haus
σ2 (A2)
R
0.002
0.0004
-0.005
0.009 (18)
As(III) reacted Ni2-Haus
σ2 (A2)
R
-0.01
0.0004
-0.11
0.01 (21)
As(V) reacted Haus
σ2 (A2)
R
-0.002
0.0004
-0.066 0.009 (18)



R-factor

1.84
(± 5.47)

0.042



R-factor

2.32
(± 5.52)

0.043



R-factor

2.01
(± 5.59)

0.043



R-factor

1.95
(± 5.79)

0.048

N
4
3

R
1.68
3.35

The crystallographic values, interatomic distances and coordination number (N) were

calculated from the crystal structure of scorodite by replacing iron (Fe) to with in the
calculation.
b

The fitting for 1st shell was conducted with σ2 = 0.0004 to avoid the violation in fitting

exercise.
c

N was fixed during the fitting analysis. R (radial distance) and its uncertainty is marked

with R. The σ2 (A2) is the Debye-Waller factor. All parameters are reported with
estimated uncertainties for the fitting exercises (provided in the parentheses in the table),
except fixed parameters.
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To analyze the reductive dissolution of hausmannite by As, arsenite (As(III)) and
arsenate (As(V)) were both exposed to the pristine and Ni-substituted hausmannite
samples. Aqueous batch reactions from this study, and previous ATR work on birnessite,
demonstrate that the oxidation of As(III) to As(V) is facile and rapid, and therefore
vibrational modes associated with the arsenite moiety are not observed on Mn oxides.59 In
contrast, three fundamental vibrations of the tetrahedral As(V) species when doubly
protonated were expected, including the symmetric (νs) As-O stretch located at ~875 cm-1,
the corresponding antisymmetric (νas) stretch located at ~908 cm-1, and a broad band
located between ~759-766 cm-1 representing the νs+ νas of As-OH. Here when As(V)
(H2AsO4-) was exposed to the hausmannite surface a broad absorption was observed
between 900-700 cm-1 (Figure 1.6(A)).
The expected vibrations are located within this envelope and the broadness and
blending of the peaks is attributed to decreases in symmetry caused by complexation to the
varied Mn centers (Mn(II/III)) of the hausmannite surface, as previously hypothesized.60
While the EXAFS analysis showed As(V) BB configuration to be dominant on the
hausmannite surfaces, in-situ observation by ATR-FTIR may suggest the formation of
more than one type of surface complex. The swath of possible adsorption complexes thus
may include various bidentate, monodentate, binuclear, and mononuclear moieties.
The exposure of As(III) to pristine or Ni-substituted Haus resulted in the growth of
two vibrational modes at 895 and 750 cm-1 within the first ten minutes of exposure (Figure
1.6(B) and (C)). Because of similar observation between As(III)-reacted Ni1-Haus and
Ni2-Haus, the ATR-FTIR result from Ni1-Haus are provided in Appendix A (Figure
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A5(B)). By analyzing the spectral difference between subsequent time points, the intensity
of these bands was shown to be correlated; the modes increase in intensity at the same rate
over the initial 40 minutes of surface exposure and reach maxima at the same time point.
The lack of continual growth of these two vibrations indicates that the surface becomes
saturated, where no further As was retained on the surface, consistent with post batch
reaction analysis indicative of small As loadings on the mineral surfaces. The locations of
the two peaks were assigned to a BB inner sphere complex of arsenate bound to octahedral
centers on the hausmannite surface, consistent with aforementioned EXAFS results, and
prior works.56,58,60 No shift in the position of the peaks as a function of surface was evident,
indicating the As(V) bound to the surface is most likely confined to Mn octahedra, as
binding to a Ni octahedra would shift the vibration due to changes in As-O-Me bond
strength.
After 40 minutes, the pristine Haus surface shows little variation with continued
As(III) exposure. In contrast, the Ni-substituted Haus minerals display growth of
vibrational modes located below 750 cm-1. Spectral difference analysis isolates this growth
to an absorbance located at 679 cm-1. A broad search of previous work shows no reasonable
attribution to an adsorbed arsenic moiety and thus the change is assigned to perturbations
occurring at the mineral surface. In general, the vibrational modes of the MnO6 octahedra
units are found in the regions of 400 – 700 cm-1 with additional bands in the low wavelength
regions.61 However, 679 cm-1 is not assigned to any of the vibration modes reported for
known Mn oxide minerals. Since this vibrational mode was absent during acidic dissolution
only in both pristine and Ni-substituted hausmannite (where Mn(III) reduction does not
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occur) and the intensity of the vibrational mode in Ni-substituted hausmannite was
increased relative to the pristine surface, we suspect that this may be related to the changes
in the vibration modes of Mn-O associated with the Mn(III) reduction, more intensified in
the presence of structural Ni. Similar to the previously observed changes in lattice
parameters, increased symmetry in the octahedral geometry and lowered Jahn-Teller
effects on Ni-substituted hausmannite detected by the bulk analysis, this vibration mode
may be attributed to the changes in surface structures through the formation of lower
symmetry of edge sharing octahedron and/or undercoordinated octahedron induced by Ni
substitution. These transient structural configurations are known to be highly reactive sites
for the dissolution reactions and can be only detected by in-situ time-resolved analysis.
This finding is also in agreement with the results of the estimated rates of Mn(II) release
and the stoichiometric ratios of Mn(II):As(V), where Ni-substituted samples produced
higher Mn release rates than the pristine phase and satisfy the stoichiometric ratio,
indicating the minerals continue to sustain the reactions. Thus, the higher As(III) oxidizing
ability and enhanced reactivity to acidity observed in Ni-substituted hausmannite may be
attributed to the generation of those unsatisfying reactive sites as the oxidation reaction
proceeds.
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Figure 1.6. Flow cell in-situ ATR-FTIR results from (A) As(V)-reacted hausmannite
(measured in a static condition), (B) As(III)-reacted pristine Haus, and (C) As(III)-reacted
Ni2-Haus at time 0 (i) 10 (ii), 30 (iii), 60 (iv), and 120 (v) minutes.

1.4. Conclusion
Natural Mn oxides commonly have structural impurities; however, the impacts of
metal substituents on the geochemical behaviors of Mn(III) oxides have never been
experimentally assessed. The present study investigated hausmannite (MnIIMnIII2O4), the
most widely distributed spinel structured Mn(III) oxide in the environment, and
demonstrates for the first time that the incorporation of trace metal Ni(II) strongly affect
the stability and redox reactivity of this mineral. This suggests that the presence and
availability of trace metal structural impurities play a key role in regulating the solubility
and cycling of transition metals and metalloids in aqueous geochemical environments
containing Mn(III)-oxides.
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There are approximately 200 different oxides with the spinel structure currently
listed in the International Center for Diffraction Data (ICDD) database. In general, spinel
minerals can host a broad spectrum of chemical substituents.35–37 Based on the effects of
Ni substitution on the oxidizing ability of hausmannite observed here, it appears likely that
structural impurities in other common environmental spinels (e.g. magnetite) may similarly
alter the rates and/or products of reduction-oxidation reactions of inorganic and organic
compounds in the environment. Thus, this study showcases that it is important to consider
the effects of structural impurities to better predict the behavior and reactivity of natural
Mn oxides and related phases in complex surficial environments.
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CHAPTER 2
EFFECTS OF STRUCTURAL COBALT ON THE STABILITY AND
REACTIVITY OF HAUSMANNITE AND MANGANITE: COBALT
COORDINATION CHEMISTRY AND AS OXIDATION

2.1. Introduction
The occurrence and geochemical behavior of cobalt (Co) at the Earth’s surface are
closely associated with that of manganese (Mn) oxides. The intimate association of MnCo has been extensively observed in soils,1–6 lake sediments,7,8 oceanic nodules,6,9–12 and
ore deposits,13–18 and such field observations have motivated laboratory-scale mechanistic
studies aimed at understanding Co adsorption, oxidation, and structural incorporation by
Mn oxides.19–28 In particular, birnessite minerals, the most common natural Mn(III/IV)
oxides, have been extensively used in those studies.
In layered birnessite minerals, adsorption of Co(II) occurs preferentially at edge
sites and then migrates into vacancy sites.21,24,25 Oxidation of adsorbed Co(II) to Co(III)
can be facilitated by either Mn(IV) or Mn(III)10,21,24,25,29–32 or by O2 in the presence of
Mn(III/IV) minerals,30–32 which is followed by incorporation of Co(III) into mineral
structures.21,22,24,25,29 While the mechanisms of Co uptake and sequestration are well
established in birnessite structures, only a few studies have investigated the effects on the
reactivity of the Co-substituted minerals, or the fate of structural Co during geochemical
processes. For instance, a previous study24 showed that Co substitution into hexagonal
birnessite increased the mineral’s removal capacity toward Pb(II) and As(III), but produced
insignificant (or undetectable) Co and Mn in solution, implying that both metal cations
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were retained in the layer structure of birnessite or strongly adsorbed onto the mineral
surfaces. Furthermore, a recent study26 demonstrated that Co remained incorporated in the
crystal structures and distributed among mineral mixtures even when Co-containing
birnessite precursors underwent transformation processes. Thus, Co substitution in
birnessite minerals seems to enhance the overall reactivity of the mineral, and Co tends to
remain associated with the mineral lattice, either adsorbed or incorporated during these
geochemical reactions.
In addition to the birnessite family, naturally-occurring Mn(III)-oxide phases also
commonly contain Co as a structural impurity, yet the effects of Co substitution on the
characteristics and environmental reactivity of these minerals, as well as the fate of
structural Co when the mineral undergoes geochemical reactions have never been
experimentally assessed. In the present study, we systematically investigated the effects of
Co substitution on the characteristics and reactivity of hausmannite (Mn(II)Mn(III)2O4)
and manganite (Mn(III)O(OH)), as representatives of the most commonly found Mn(III)containing oxides in the environment,7,8,30,32–42 and measured the stability and reactivity of
the minerals toward solution acidity (i.e., mineral acidic dissolution) and/or arsenite,
As(III) (i.e., mineral reductive dissolution). Both hausmannite and manganite have been
favorably used for the adsorption and redox reaction studies with heavy metals (including
Co) and toxic metalloids in the past.20,43–47 Thus, whether or not the structurallyincorporated redox-labile Co is involved with the As(III) oxidation, increasing the
oxidizing ability of the mineral is of interest. Further, the degree to which an increase in
mineral reactivity accompanies the release of structural Co is important for understanding
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the geochemistry of Co, as well as of other associated metals in the environment. Therefore,
in this work dissolution batch reactions with pristine and Co-substituted Mn oxides were
completed in the absence or presence of As(III), followed by the inductively-coupled
plasma optical emission spectroscopy (ICP-OES) and ion chromatography (IC) analyses
for total dissolved metal (or metalloid) concentration and As(V) production. In addition, a
combination of laboratory and synchrotron-based techniques were employed for mineral
solid characterization, including powder X-ray diffraction (PXRD), X-ray absorption
spectroscopy (XAS), and in-situ flow cell attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR). These techniques were used to detect structural
changes in Mn(III)-containing oxides before and after Co substitution, as well as the
oxidation states and coordination chemistry of Co, Mn, and/or As in the Mn oxides before
and after the reaction with As(III). Based on these complementary measurements, we
demonstrate for the first time the similarities and differences of Co oxidation states and
coordination chemistry in the structures of hausmannite and manganite, and how these
effects govern the overall reactivity of the mineral toward acidity and/or As(III). These
results acknowledge the important role of structural impurities in the properties and
reactivity of the minerals and thus improve the understanding of the geochemical behaviors
of natural Mn oxides and interactions with associated metals and metalloids in surficial
environments.
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2.2. Materials and Methods
2.2.1. Chemical Reagents
All chemical agents and reference materials employed for batch experiments and
analyses were acquired from ThermoFisher ScientificTM and Sigma-Aldrich®. The standard
solutions for ICP-OES were obtained from J.C. Bakers® (1000 g/mL (0.10% w/v), trace
metal grade, < 3 % w/w in HNO3) for Mn, and Co, from Sigma Aldrich® for As (1000
mg/L (± 2 mg/L) in HNO3 (2% w/w)). The anion eluent concentrate for IC was purchased
from Thermofisher (Dionex AS22). Deionized (DI) water (18.2-MΩ, Nanopure Model
7143, Thermo ScientificTM) was used to make the reagent solutions and conduct batch
reactions.
2.2.2. Material Synthesis and Characterization
2.2.2.1. Synthesis
Both hausmannite48 and manganite49 were synthesized by following a method
described in previous studies. Briefly, for hausmannite, 0.49 g of manganese acetate
tetrahydrate (Mn(CH3COO)2·4H2O) was completely dissolved in 5 mL of DI water,
followed by addition of 15 mL acetone in a pressure glass flask. The resulting solution was
placed into a silicone oil bath at 60 °C and agitated vigorously for 8 hours. After 8 hours,
a dark brown suspension was collected, centrifuged, and washed with DI water and 200
proof ethyl alcohol several times. The cleaned suspension was centrifuged and dried
overnight in an oven at 60 °C. The Co-substituted hausmannite was synthesized using the
same method as pristine hausmannite but included 1 or 2 wt.% of Co from a stock solution
of

50

mM

cobalt

acetate

tetrahydrate
42

(Co(CH3(COO)2·4H2O))

in

the

Mn(CH3(COO)2·4H2O) solution. Hereafter, the resulting minerals are referred as Haus,
Co1-Haus, and Co2-Haus, respectively.
For manganite, a 250 mL solution containing 20 mM Mn(CH3COO)2·4H2O and 10
mM potassium persulfate (K2S2O8) was prepared with DI water and placed into a silicon
bath for 12 hours at 120 °C with constant stirring. The light brown colored precipitates
were collected by centrifuging and washed with DI water. The cleaned suspension was
centrifuged and dried at room temperature. Similar to hausmannite samples, Co-substituted
manganite was synthesized in the same manner as pristine manganite, except the addition
of 5 or 10 wt.% of Co(CH3(COO)2·4H2O into the dissolved Mn(CH3COO)2·4H2O solution.
Hereafter, the resulting minerals are referred as Mang, Co1-Mang, and Co2-Mang,
respectively.
2.2.2.2. XRD Analysis
Samples were analyzed with powder x-ray diffraction (PXRD) (Bruker D8
advance, USA) equipped with Ni-filtered, Cu Kα radiation, and a high-speed energydispersive linear detector (LYNXEYE) for mineral identification. Powdered samples were
deposited on a non-diffracting silica (Si) sample holder and scanned from 10 to 80º 2θ with
a 0.01º step-size. Diffraction peaks were identified using the DIFFRAC.EVA software with
the American Mineralogy Crystal Structure Database (AMCSD). The lattice parameters
and the particle sizes of samples were obtained with Rietveld refinement using total pattern
analysis solution (TOPAS) software.
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2.2.2.3. BET Surface Area Analysis
The Brunauer-Emmett-Teller (BET) N2 adsorption was applied for surface area
(SA) measurements, using a Quantachrome Monosorb surface area analyzer. The standard
calibration was conducted by injecting 1 cm3 of air by an air-tight glass syringe equipped
with a cemented needle (C series, Pressure lok® analytical syringe, Valco Instruments Co.
Inc). Approximately 100 mg of each sample was placed into a Si glass holder and heated
to 120 °C for 30 minutes to remove residual gas from the mineral surface before SA
measurement. All measurements were completed in triplicate, and the average SA with
standard deviation is reported.
2.2.2.4. Microwave-Assisted Digestion Analysis
Elemental (Mn and Co) quantification of Co substituted hausmannite and
manganite was conducted with a microwave-assisted digestion technique. The digestion
procedure followed EPA method 3051A50 to estimate the total metal concentration of the
synthesized products. Specifically, ~20 - 30 mg of the mineral was placed in a Teflon vial
with 10 mL of concentrated HNO3 (trace metal grade, Fisher Chemical, 67%), and stored
at room temperature overnight, followed by microwave-assisted digestion at 200°C for 20
minutes using a MARS 6 (CEM). The digestives were collected and diluted with DI prior
to measurement with ICP-OES (iCAP 7400 equipped with Cetax autosampler). Total metal
concentrations were determined of Mn (257.610 nm, radial), Co (228.616 nm, axial), and
As (189.042 nm, axial).
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2.2.2.5. SEM EDX Analysis
Further elemental analysis on both Co substituted hausmannite and manganite
samples was measured with a QuantaTM 450 FEG SEM equipped with Bruker QUANTAX
400 energy dispersive X-ray spectrometer (EDX). Specimens were made by depositing
about 20 to 50 L of the mineral suspension on a silicon wafer (University Wafer) and
dried prior to the analysis. The mineral suspension contained ~10 mg solid in 30 mL of DI
water and was sonicated for 10 seconds using a probe sonicator (Model 505 Sonic
Dismembrator, Fisher ScientificTM) before specimen preparation.
2.2.3. Batch Experiments and Solution Analysis
All batch experiments with hausmannite were carried out in the absence (acidic
dissolution) or presence (reductive dissolution) of sodium arsenite (NaAs(III)O2). For the
acidic dissolution reaction, 30 mg of hausmannite was dispersed in 150 mL of a 10 mM
NaCl solution in a 200 mL beaker. The mineral suspension was maintained at pH 5.0 for
an hour using dilute HCl or NaOH, if needed, prior to the start of the reaction. The
suspension was sonicated with a probe sonicator before the acidic dissolution reaction. For
reductive dissolution reactions, the solution was prepared in the same manner as acidic
dissolution, except 750 µL of a 50 mM NaAs(III)O2 stock solution was added to the
mineral suspension (149.25 mL of 10 mM NaCl solution), resulting in a final concentration
of 250 µM of As. Both acidic and reductive reactions were monitored for 8 hours and pH
adjusted during reaction as necessary. The manganite system was investigated using the
same conditions as hausmannite, but reductive dissolution experiments contained 50 M
As(III) due to previously observed low oxidation ability.43 Reference reactions with As(V)
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were completed using the same conditions described above using 250 and 50 M As(V)
from a 50 mM HNa2As(V)O4 stock solution with hausmannite and manganite systems,
respectively.
All batch experiments were completed in duplicate. A total of 11 aliquots were
collected at different time points during the batch reactions, filtered with a 0.22 μm filter
(Millipore filter), and acidified with nitric acid. The acidified aliquots were analyzed with
ICP-OES for total metal concentrations of Mn, Co, and As (detection wavelengths reported
in Section 2.2.2.4). Aqueous As(V) concentrations were determined by IC (Dionex ICS1000) equipped with a Dionex IonPac AS22 analytical column (4 mm × 250 mm) and a
calibration curve.
2.2.4. XAS Analysis
The XAS spectra of Co, Mn, and As were analyzed at the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Lab (Upton, NY). The Co and Mn edges
were analyzed at the beamline for materials measurement (BMM, 6BM) equipped with a
Si (1 0 0) monochromator. The Co K-edge was detected by fluorescence, while Mn K-edge
was scanned in transmission mode. The absorption edges were calibrated with Co or Mn
foil to confirm the location, and the reference energy level (Ir) was collected throughout
the analysis to observe any shift in the adsorption edge during measurements. For standard
materials, possible metal (hyrd)oxides related to Co (or Mn) were prepared. Quick X-ray
absorption spectroscopy (QAS, 7-BM) was used for As speciation to reduce possible As
oxidation by X-ray source.51 Arsenic was detected using the As K-edge in fluorescent mode
collected by passivated implanted planar silicon (PIPS). The beamline was mechanically
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calibrated with Pt foil prior to analysis. The full list of reference materials used with XAS
analysis is provided in Appendix B, Section B1.1. Samples for XAS analysis included
Haus, Co1-Haus, Co2-Haus, Mang, Co1-Mang, Co2-Mang, and the minerals after reaction
with As(III/V). The reacted samples were prepared and collected after 8 hours of batch
experiments (under conditions described in Section 2.2.3), washed with DI water,
centrifuged, dried, and stored in a glove bag (Erlab 2200ANM) under N2 gas before
dispersion on Kapton tape.
The collected spectra were background-corrected and normalized using ATHENA
graphical user interface for XANES analysis.52 Linear combination fitting (LCF) of the
relevant XANES regions was conducted from -20 to 20 eV of E°. For fitting analysis of
the EXAFS region, the coordination number (CN) was fixed and the rest of the parameters,
including E°, Debye-Waller factor (σ2), and radial distance (R), were allowed to vary. The
crystallographic information was obtained from AMCDS with a crystallographic
information file (CIF). The CIF was used for calculating the interatomic distances and
scattering pathways by using ATOM and FEFF for the fitting process. The Fourier
transform (k) range was 3.0 to 8.0 Å-1 for Co K-edge and As K-edge, and 3.0 to 13.0 Å-1
for Mn K-edge. All fitting practices were conducted by Artemis software.52
2.2.5. Flow-cell ATR-FTIR Spectra Analysis
Using a Nicolet 6700 spectrometer (Thermo ScientificsTM) equipped with a liquid
N2 cooled MCTA detector, in-situ flow experiments were used to analyze the reaction of
As(III) with hausmannite samples (pristine Haus, Co1-Haus, and Co2-Haus) following
previous procedures.51,53 In detail, a mineral film was deposited on the single-bounce
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diamond element by drop-casting a solid suspension (~ 0.08 mg of mineral) and then dried
using N2 (g). The mineral film was next exposed to a solution of 10 mM NaCl solution at
pH 5 to pre-equilibrate the film. After no further changes were observed in the spectrum,
the film was exposed to a flowing solution of 250 M As(III) (or As(V)) at pH 5 for two
hours at rate of 1 mL/min. Each spectrum was collected with a resolution of 4 cm-1 with
200 co-added scans and referenced to both the background and blank water/mineral
spectra.
2.3. Results and Discussion
2.3.1. Effects of Co Substitution in the Mn(II/III) Oxide Structures and Properties
To examine the effects of Co substitution on lower valent Mn oxides, Cosubstituted Haus or Mang were analyzed for chemical composition, crystallographic
properties, particle size, as well as surface area (SA), and compared with those of the
pristine equivalents. The importance of these properties on mineral dissolution reactions
has been noted in our recent work (Song et al., submitted to Chem. Geol.), as well as other
studies.36,54,55
The chemical compositions of Co-substituted Haus or Mang were quantified by
ICP-OES after the microwave-assisted acid digestion and SEM-EDX of the substituted
minerals. The results of ICP-OES analysis show 1.0 and 2.8 wt.% of Co for Co1-Haus and
Co2-Haus, and 1.0 and 2.6 wt.% for Co1-Mang and Co2-Mang, respectively. In addition,
SEM EDX estimated Co wt.% of 0.7 and 2.0 for Co1-Haus and Co2-Haus (Table B1 and
Figure B1), and 1.4 and 3.5 for Co1-Mang and Co2-Mang (Table B2 and Figure B2),
respectively.
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Co-substituted Haus or Mang PXRD patterns were compared with those of pristine
equivalents, as well as reference minerals to detect changes induced by Co substitution in
the mineral structure. Diffractograms of Co-substituted Haus were well-matched to those
of pristine Haus and the reference (Figure B3, AMCDS 0002024), with no indication of
separate formation of Co hydroxides or oxides. Similarly, the PXRD patterns of Cosubstituted Mang were in good agreement with those of both pristine Mang and reference
(Figure B4, AMCDS 0010565). While both phases show good alignment with the reference
materials, Co-substituted Haus exhibited both peak sharpening and shifting as Co
substitution increased, while these features were absent in Mang samples.
In Co-Haus, diffraction peaks shifted towards higher 2θ with increased Co
substitution (Figure B3), indicating a shortening of the lattice distance (Table 2.1). Cell
parameters derived from Rietveld refinement (Table B3) show that unit cell parameter c
gradually decreased from 9.4522 to 9.4093Å, as Co substitution increased in Haus, while
other parameters remained relatively constant. This contraction in the c-axis is consistent
with the replacement of a larger Mn cation with a smaller Co cation in the structure.56 In
contrast, a decrease in c-axis was not apparent for Co-substituted Mang. This observation
may be attributed to the replacement of Mn(III) (HS) with Co(II) (LS), as both ions are
similar in size (Table 2.1), and thus, produce insignificant changes in crystallographic
properties.
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Table 2.1. Coordination chemistry of transition metal ions of interest.

Mn(III)
Mn(II)

Coordination*
number
6
4

Co(III)

6

Element

4
Co(II)

6

Ionic size*
(Å)
0.66
0.66
0.61
0.55
0.58
0.65
0.75

Electron
configuration
4
3d
High spin
5
3d
High spin
High spin
3d6
Low spin
High spin
Low spin
3d7
High spin

*Reported from Shannon, 1976.56

To further confirm that Co was structurally incorporated in hausmannite and
manganite, Co-adsorbed Haus and Mang were prepared and compared with Co-substituted
and pristine Mn oxides. The Co-adsorbed Haus yielded an identical PXRD spectrum to
pristine Haus rather than to Co-substituted Haus (Figure B5), suggesting Co was
incorporated in hausmannite structure rather than adsorbed for Co1-Haus and Co2-Haus.
With Co-adsorbed Mang, however, we observed additional peaks in the diffractogram
which were not present in the diffractograms of pristine Mang and Co2-Mang (Figure B6).
indicating the Co form other phases rather incorporated.
The substitution of Co resulted in smaller SA of the minerals relative to the pristine
(Table B3). Pristine Haus had a BET SA of 136 (± 1) m2/g, whereas Co1-Haus and Co2Haus were 112 (± 1) and 100 (± 2) m2/g, respectively. Similarly, pristine Mang had a BET
SA of 28.5 (± 0.4) m2/g, while Co1-Mang and Co2-Mang exhibited lower SA of 27.1 (±
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0.5) and 26.3 (± 0.2) m2/g, respectively. The decreases in SA were attributed to a gradual
increase of crystal size as Co substitution increased (Table B3). The effect was also
observed in a series of Co-containing todorokite samples, (transformed products of
birnessite minerals) which exhibited decreasing SA as the extent of Co substitution
increased.26 When comparing the two minerals, hausmannite exhibited larger changes in
unit cell parameters (e.g., c-axis contraction) and BET SA values (up to 26.5 % reduction
from pristine Haus) by Co substitution than manganite (up to 7.72 % reduction from
pristine Mang). Thus, Co substitution had a greater effect on the structure of hausmannite
than manganite.
2.3.2. Effects of Co Substitution on the Mn(II/III) Oxide Dissolution Reactions
2.3.2.1. Acidic Dissolution of Pristine and Co-Substituted Mn(II/III) oxides
The effect of Co substitution on the reactivity and stability of lower valent Mn
oxides was evaluated by measuring the extent of Mn and/or Co released as a result of acidic
dissolution. At pH 5, all hausmannite samples readily underwent dissolution processes,
releasing Mn(II) into solution (Table B4). After 8 hours the [Mn]aq from Haus, Co1-Haus,
and Co2-Haus reactions was 130 (± 1), 139 (± 5), and 158 (± 3) M, respectively. Despite
a lower BET SA of the Co2-Haus, a larger amount of Mn(II) was released at an equal mass
loading, implying that the structural incorporation of Co may facilitate mineral dissolution
reactions, particularly at higher substitution. A similar observation was made with Nisubstituted hausmannite, where more Mn(II) was released from the substituted mineral
compared to the pristine at pH 5 (Song et al., submitted to Chem. Geol.). The concomitant
release of structural Co, 0.2 (± 0.1), and 1.3 (± 0.1) M from Co1-Haus and Co2-Haus,
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respectively, was also detected. While an increase in aqueous Co was observed from more
highly substituted sample, the overall release from the two samples was lower than the
weight percentage of Co in the mineral structure. That is, the fraction of Co to the total
aqueous metal released for Co1-Haus and Co2-Haus was estimated to be 0.1 and 0.8 %,
respectively, compared to 1.0 and 2.8 % (percentage anticipated if mineral dissolution was
homogeneous), suggesting the majority of Co remained in hausmannite structure after 8
hour acidic dissolution. Details of this calculation are provided in Appendix B Section
B2.2.1.
Unlike hausmannite, no aqueous Mn was detected from manganite after 8 hours at
pH 5. The stability of manganite against acidic dissolution has been experimentally noted
in previous studies.30,47,57,58 With Co incorporated in the structure, there was detectable Mn
release, though much lower than the substituted hausmannite minerals, where 2.3 (± 1.4)
and 4.9 (± 0.9) M of Mn was detected from Co1-Mang and Co2-Mang, respectively, with
no concomitant Co release (Table B4). The results indicate that manganite in general is
resistant to acid-induced dissolution, but that the presence of Co in the structure enhanced
the mineral dissolution.
2.3.2.2. Reductive Dissolution of Pristine and Co-Substituted Mn(II/III) Oxides by
Arsenite
Both hausmannite59,60 and manganite43 are capable of oxidizing As(III) to As(V),
showing the results in the concomitant release of reduced Mn(II) in solution. Here the
reductive dissolution of Mn(II/III) oxides by As(III) oxidation was used as a mean to probe
the effect of structural Co on the stability and reactivity of the minerals. To quantify the
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effect of Co substitution on the stability of the mineral structures during reductive
dissolution, initial concentrations of Mn and/or Co measured before As(III) exposure were
subtracted from [Mn]aq and/or [Co]aq in reductive dissolution, thus accounting for acidic
dissolution.
In the presence of hausmannite, most added As(III) was oxidized to As(V). The
amount of As(V) produced decreased as Co substitution increased; specifically, 194 (± 10),
163 (± 8), and 144 (± 2) M of As(V) were observed with Haus, Co1-Haus, and Co2-Haus,
respectively (Figure 2.1(a), closed triangle). In both pristine and Co-substituted
hausmannite samples, loss of As from solution was evident (Figure 2.1(a), open triangle),
where the percentage of As loss was estimated to be 19.0, 22.6, and 20.4 % of total As by
Haus, Co1-Haus, and Co2-Haus, respectively. The small adsorption of As is consistent
with work by Yin et al. (2011)24 where surfaces of Co-substituted birnessite were not
favorable for As adsorption. Our previous work suggests that this portion of As was
adsorbed onto the mineral surface in the form of As(V), not As(III). Although As(V)
production decreased as Co substitution increased, when [As(V)] was normalized to the
SA of the minerals, 8.87, 9.85, and 9.75 M·m-2 for Haus, Co1-Haus and Co2-Haus,
respectively, the oxidizing ability increased with Co substitution (See Section B2.2.2 for
the detailed calculation).
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Figure 2.1. The bulk solution analysis from arsenite As(III) oxidation by Haus (black),
Co1-Haus (red), and Co2-Haus (blue). (a) [As] (closed triangle) and [As(V)] (open
triangle), and (b) [Mn(II)] (closed square) and [Co(II)] (closed circle) as a function of time.

As As(III) was oxidized by the hausmannite samples, the concomitant release of
Mn was observed, where the [Mn]aq was 362 (± 11), 356 (± 9), and 388 (± 2) M for Haus,
Co1-Haus, and Co2-Haus, respectively, after 8 hours (Figure 2.1(b), square). These
concentrations are 2.5 - 3.0 times higher than the Mn release measured as a result of the
acidic dissolution reaction of hausmannite, indicating accelerated mineral dissolution in
the presence of As(III). During reductive dissolution, the structural Co release was also
enhanced relative to acidic dissolution, where 1.4 (± 0.1) and 10.7 (± 0.3) M Co was
observed from Co1-Haus and Co2-Haus, respectively (Figure 2.1(b), circle). A percentage
Co of total metal released was found at 2.7 % during reductive dissolution, suggesting a
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comparable Co released to that of Co loading in hausmannite mineral (2.8 %, See Section
2.3.1). Thus, Co-substituted hausmannite exhibits a homogeneous dissolution.
The overall amount of As(III) oxidized by manganite samples was significantly
lower than that of hausmannite regardless of Co substitution. The final concentration of
As(V)aq was 5 (± 1), 6 (± 1), and 8 (± 2) M for Mang, Co1-Mang, and Co2-Mang,
respectively (Figure 2.2(a), closed triangle), which represents less than 20% of the initial
As(III) oxidized to As(V), illustrating the poor oxidizing ability compared to hausmannite.
The loss of aqueous As through adsorption was also noted in the reactions, where 16.4,
11.3, and 10.3 % of initial As was adsorbed on Mang, Co1-Mang, and Co2-Mang,
respectively, consistent with a decrease SA of the cobalt substituted samples. The SA
normalized As(V) production of Mang, Co1-Mang, and Co2-Mang was estimated to be
2.28, 2.21, and 2.47 M·m-2 showing that Co substitution made little to no impact on the
oxidizing ability of manganite (See Section B2.2.2 for the detailed calculation).
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Figure 2.2. The bulk solution analysis from arsenite oxidation by Mang (black), Co1-Mang
(red), and Co2-Mang (blue). (a) [As] (closed triangle) and [As(V)] (open triangle) and
(b)[Mn(II)] (closed square) and [Co(II)] (closed circle) as a function of time.

Table 2.2. A summary of linear regression fitting from SA normalized [Mn] production
with acidic and reductive dissolution of hausmannite and manganite.

Minerals
Hausmannite
Manganite

Acidic
dissolution
Slope
1.57
0.47

R2
0.999
0.996

56

Reductive
dissolution
Slope
3.05
0.88

R2
0.997
0.797

As with hausmannite, an increase in aqueous manganese was observed from
manganite during As(III) oxidation. The [Mn]aq was 17.1 (± 0.9), 16.9 (± 3.0), and 25.0 (±
0.5) M for Mang, Co1-Mang, and Co2-Mang, respectively, after 8 hours (Figure 2.2(b),
square), approximately a factor of 5 increase in dissolution relative to the acidic condition.
Further, Co release was also detected from Co2-Mang, specifically [Co]aq was 1.0 (± 0.1)

M (Figure 2.2(b), circle). While the concentration is low, a fraction of Co to total metal
release was at 3.8 %, suggesting a higher release of Co than the Co loading in structure
(2.6 %, See Section 2.3.1). Thus, Co-substituted manganite released a greater Co than Mn
during reductive dissolution.
To isolate any trends in dissolution associated with the presence of Co in the
mineral structures, the SA normalized Mn production was compared with the Co weight
percentages. A linear relationship was observed in both Haus and Mang under acidic
conditions and Haus in reductive conditions (all R2 > 0.996) (Figure B7 and Table 2.2).
Only manganite in reductive dissolution conditions did not fit the linear relationship (R2 of
0.797). In both acidic and reductive conditions, mineral dissolution was enhanced by
increased Co substitution, more so in reductive reactions for both hausmannite and
manganite. Cmpared with hausmannite, manganite was less susceptible to acidic or
reductive dissolution, and while not as greatly affected by Co substitution, all samples
exhibited enhanced dissolution as Co percentage increased which overall indicates
potential effects in geochemical reactions.
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The overall enhanced release of Mn(II) during reductive dissolution reactions
relative to acidic dissolution can be attributed to the stoichiometry of the As(III) oxidation
reaction, where one mole of As(III) produces two moles of Mn(II) (eq. 1). Thus, the
reaction theoretically should result in a ratio of 2 to 1 of [Mn(II)] to [As(V)].
2𝑀𝑛(𝐼𝐼𝐼) + 𝐴𝑠(𝐼𝐼𝐼) → 2𝑀𝑛(𝐼𝐼) + 𝐴𝑠(𝑉)

(1)

Since some solution-phase As loss was observed, the Mn(II):As(V) ratios were
calculated by summing [As(V)]ad and [As(V)]aq for total As(V) generated. For Haus, Co1Haus, and Co2-Haus these ratios were estimated to be 1.5:1, 1.7:1, and 2.0:1 at the 8 hour
time point, respectively. Similarly, the stoichiometric ratios of Mn(II):As(V) were
estimated to be 1.3:1, 1.4:1, and 1.9:1 at 8 hour for Mang, Co1-Mang and Co2-Mang,
respectively. In both minerals, those samples with higher Co substitution yielded the
theoretical stoichiometry. The enhancement of dissolution according to the stoichiometry
of the reaction can also be observed in the dissolution dependence on Co substitution
(Table 2.2). Under reductive conditions (presence of As(III)), the direct relationship of
dissolution increase with increasing Co-substitution increased by a factor of 1.9 relative to
acidic dissolution for both hausmannite and manganite, which can be related to the
stoichiometry of the As(III) oxidation reaction.
2.3.3. XAS of Pristine and Co-Substituted Mn(II/III) Oxides Before and After
Dissolution Reactions
Synchrotron-based characterization techniques, XANES and EXAFS, were used to
analyze the mineral solids to determine the average oxidation states (AOS) of Mn and the
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speciation and coordination environments of Co and As before and after dissolution
reactions at the Mn, Co, and/or As K-edges.
2.3.3.1. Co K-edge XAS of Co-Substituted Mn(II/III) Oxides Before Reductive
Dissolution
The Co K-edge XANES spectra of minerals with ~2% substitution (Co2-Haus and
Co2-Mang) were compared to reference materials, including two cobalt oxides, Co(II)O
and Co(II)Co(III)2O4, and cobalt hydroxide (Co(III)OOH). As shown in Figure 2.3(a),
Co2-Mang aligns well both in energy and overall spectral shape with the reference material
Co(II)O, where the Co(II) ion is in octahedral coordination. This finding suggests that Co
present in manganite is also divalent and in an octahedral geometry. The absorption edge
of Co2-Haus (Figure 2.3(a)), however, most closely resembled the spectrum of guite,
Co3O4, located between CoO (Co(II)) and CoOOH (Co(III)), suggesting the presence of
mixed oxidation states of Co in the hausmannite structure. The similarities between
substituted hausmannite and Co3O4 may be traced to both minerals having a normal spinel
structure, where Co(II) occupies tetrahedral sites and Co(III) occupies the octahedral site
in Co3O4.61
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Figure 2.3. Co K-edge (a) XANES regions marked with a dashed line (indication of
pre/main edge location) of the change in absorbance edge locations (pre and main) among
samples and references and EXAFS regions in (b) k3-weightedχ function, and (c) radial
distance (R) for Co2-Haus (green) and Co2-Mang (red) with reference materials, Co(II)O
(black line), Co3O4 (Co(II/III)), (pink)), and Co(III)OOH (blue). *Co(III)OOH data was
provided by Evert Elzinga (personal communication, 2019).

To determine if Co substitution in hausmannite structure is similar to the
occupancies in Co3O4, the pre-edge features of Co3O4 and Co2-Haus were further analyzed.
XANES pre-edge analyses have shown to be useful in identifying the oxidation state and
coordination environment of Co.5 The pre-edge peaks from Co3O4 and Co2-Haus were
located at ~7708.5 eV, identified by the first derivative of the pre-edge region of the
normalized spectra (Figure B8). This observation suggests that the Co environment in
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hausmannite is similar with that of Co3O4 where mixed Co states exist. The Co3O4 spectra
match well with previous work, with a 1:2 peak ratio of a feature at ~7717 eV, assigned to
Co(II) in tetrahedral sites, to the feature at ~7721 eV, assigned to Co(III) in octahedral
sites.62 The spectra of Co2-Haus has peaks located at the same positions, but the intensity
of peaks indicates more structural Co(II) than Co(III). To quantify the ratio of Co(II/III) in
the two minerals, the spectra were processed with linear combination fitting (LCF) using
Co(II)O and Co(III)OOH reference materials. The LCF result suggests that in Co2-Haus,
the amount of Co(II) and Co(III) were 93 and 7 %, respectively, consistent with the preedge analysis, while Co2-Mang contains only contained Co(II).
To further examine the average local environment of Co in the substituted
minerals, Co K-edge EXAFS analysis was employed. Spectral fittings of Co2-Haus were
conducted using two different approaches, where Co3O4 and hausmannite served as
references. Fitting of Co2-Haus yielded two scattering pathways with coordination number
(CN) of 6 for Co-O and Co-Me at 1.95 and 3.37 Å, respectively, which are in good
agreement with the theoretical distance of 1.93 and 3.35 Å obtained from the spinel
structured Co3O4 (Table 2.3). This result further supports the occupancy of Co(II) at
tetrahedral sites and Co(III) at octahedral sites in hausmannite. Alternatively, by placing
Co(II) in the tetrahedral site of hausmannite, the fitting proceeded with two scattering
pathways, with Co(II)-O (CN = 4) and Co(II)-Me (CN = 6) at 1.94 and of 3.39 Å,
respectively. While these distances are slightly shorter than the theoretical values of
Mn(II)-O and Mn(II)-Me (2.04 Å and 3.44 Å, respectively) in the normal spinel structured
hausmannite (Mn3O4), the variation may be attributed to the differences in the ionic radius
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of metals (Co(II) vs. Mn(II) at tetrahedral sites and Mn(III) vs. Co(III) at octahedral sites,
(Table 2.1)). Hence, these fitting results support the proposed occupancy of divalent and
trivalent Co at tetrahedral and octahedral sites, respectively, in hausmannite.

Table 2.3. Co K-edge EXAFS spectra fitting parameters and results: Co2-Haus.

Co2-Haus
Shell
N
R (Å)
ΔR
σ2 (A2)
E°
R-factor
Co-O
6
1.95
0.02
0.006 (3)
-0.22
0.02
Co-Me
6
3.37
0.02
0.006 (3) (± 2.51)
Co2-Haus
Shell
N R (Å)
ΔR
σ2 (A2)
E°
R-factor
Co(II)-O
4
1.94
-0.10 0.005 (4)
-2.12
0.02
Co(II)-Me 6
3.39
-0.05 0.007 (3) (± 2.81)
*
The fitting was compared with two different structural models
b

a

Crystallographic
information
Guitea
CN
R
4
1.93
12
3.35
Hausmannite
CN
R
4
2.04
8
3.44

The crystallographic information, interatomic distances (R) and CN were calculated with

guite from AMCDS
b

N was fixed during the fitting analysis. R (radial distance) and its uncertainty is marked

with R. The σ2 (A2) is the Debye-Waller factor. All parameters are reported with
estimated uncertainties for the fitting exercises (provided in the parentheses in the table),
except fixed parameters.

In the same manner, Co K-edge EXAFS spectral fittings of Co2-Mang were
conducted using two scattering pathways Co-O and Co-CMe. The best fit of the first-shell
corresponding to Co-O was found at 1.94 Å, slightly longer than the theoretical (1.90 Å)
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and experimental (1.91 Å) for CoOOH (Table 2.4).5,26 This increase in the distance could
be attributed to the occupation of Co(II) at these sites (determined by XANES above),
rather than standard of Co(III) in CoOOH. Similarly, the best fit of the second-shell (CoMe) radial distances was found at 2.87 Å, slightly larger than the 2.85 Å observed in
CoOOH, which again can be linked to the presence of Co(II) in manganite rather than
Co(III). We note the second shell fitting yields a high σ2 that may convolute this
interpretation of the second shell (Table 2.4).
These results demonstrate for the first time the co-occupancy of Co(II) and Co(III)
in hausmannite and the sole presence of Co(II) in the manganite structures. The
assignments of coordination number and valency of the Co substituents can also be
supported by a theoretical analysis of crystal field stabilization energy (CFSE) values and
bonding distances (Figure 2.4(a)).20 For example, in the hausmannite structure, Co(III) (45
kcal/mol, LS) is energetically comparable with Mn(III) (35.9 kcal/mol) at octahedral
sites20,24 while Co(II) (12 kcal/mol) is more stable in a tetrahedral geometry (Mn(II)) in
hausmannite (0 kcal/mol) (Figure 2.4(a)).63 In addition, the bonding distance of Mn(II)-O
(2.04 Å) is comparable with that of Co(II)-O (2.01 Å), allowing the replacement of Co(II)
in the tetrahedral site of Mn(II) (Figure 2.4(a)). Manganite, however, substitutes the larger
Co(II) over Co(III), despite a similar CFSE value to trivalent Mn and Co, because Co(II)
is more structurally favorable than the small sized Co(III), resulting in a homogeneous Co
environment (Figure 2.4(a)).
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Table 2.4. Co K-edge EXAFS spectra fitting parameters and results: Co2-Mang and
Co(III)OOH reference.
Crystallographic
information
CoOOH

Co2-Mang
R
RShell
Na
ΔR
σ2 (A2)b
E°b
CN
R
b
(Å)
factor
Co(II)-O
6
1.94 0.04 0.007 (3)
6
1.90
0.89
0.001
Co(II)-Me
6
2.87 0.01 0.013 (24) (± 1.98)
6
2.85
Co(III)OOH reference
RShell
N R (Å) ΔR
σ2 (A2)
E°
factor
Co(III)-O
6
1.91 0.01 0.004 (4)
-4.63
0.02
Co(III)-Co(III) 6
2.86 0.01 0.004 (3) (± 3.02)
a The crystallographic information, interatomic distances (R) and CN were calculated based
on the data for heterogenite from AMCDS.
bN

was fixed during the fitting analysis. R (radial distance) and its uncertainty is marked

with R. The σ2 (A2) is the Debye-Waller factor. All parameters are reported with
estimated uncertainties for the fitting exercises (provided in the parentheses in the table),
except fixed parameters.

The observations presented agree with a study by McKenzie20, which postulated
that Mn(III) in octahedral sites in Mn oxides can only be replaced by Co(III) (specifically
in a low spin (LS) electron configuration) due to comparable CFSE values.20 However, LS
Co(III) has no Jahn-Teller distortion, whereas high spin (HS) Co(III) retains the Jahn-Teller
distortion, similar to Mn(III) in the octahedral site of hausmannite (Figure 2.4(b)). Thus, it
may be more structurally compatible to have HS Co(III) incorporated in hausmannite.
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Furthermore, LS Co(III) has shorter bonding distances in the octahedral site, whereas the
HS Co(III), with a larger ionic radius of 0.61 Å, overcomes this limitation. In addition,
only a limited amount of unstable HS Co(III) can be substituted at Mn(III) sites in
hausmannite. These redox labile HS Co(III) ions would be expected to be actively involved
in As(III) oxidation, and hence, immediately consumed. Unlike hausmannite, only Co(II)
exists in manganite, accommodated with a longer bonding distance in the mineral structure.
As a result, we only observe Co contribution to destabilize the manganite structure, by
releasing more Mn(II), but no contribution toward As(III) oxidation efficiency in Cosubstituted Mang compared to the pristine Mang. Thus, applications of the bonding
distance, CFSE theory, as well as Jahn-Teller distortion together can be useful to predict
the coordination chemistry of transition metal impurities in Mn mineral structures (Figure
2.4).
2.3.3.2. Co K-edge XANES of Co-Substituted Mn(II/III) Oxides After Reductive
Dissolution
Enhanced reductive dissolution of Co-substituted hausmannite suggests that Co(III)
may participate in the oxidation of As(III), which may result in either a decrease in the
oxidation state of structural Co and/or release of Co(II) into solution. To detect changes in
Co oxidation states, the Co K-edge XANES spectra of the post reductive dissolution solids
were analyzed. No significant shift in absorption edge was observed in Co2-Haus or Co2Mang (Figure B9), indicating that the oxidation states of structural Co remained the same
before and after the dissolution reaction.
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Figure 2.4. The schematic diagrams of the replacement between Mn and Co in tetrahedral
or octahedral site of hausmannite and manganite by (a) the crystal field stabilization energy
(CFSE) and bonding distance values, and (b) the Jahn-Teller distortion impacted by Co(III)
replacement at octahedral Mn(III) site of hausmannite.

However, unlike hausmannite, where a favorable coordination environment of Co
is accommodated, a longer bonding distance of Co(II) is required to substitute in
manganite, resulting in destabilization of mineral structure. Further, manganite is
considered the most stable Mn(III) mineral64 and thus, Co substitution would be expected
to decrease the structural stability and result in more Co released. This is consistent with
the elevated fraction of Co in the aqueous phase during reductive dissolution (3.8%),
compared withthe Co fraction substituted in the mineral (2.6 %). Only slight change in
Co2-Haus is also observed throughout the spectra, suggesting the loss of both Co(II) and
Co(III) during reductive dissolution. This finding suggests that the dissolution is occurring
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homogeneously, also observed in the Co fraction of total released metal matching the
structurally incorporated. This consistent breakdown in Co2-Haus is likely due to the loss
of Co(III), which may preferentially act as the oxidizing agent of As(III), where Co(III/II)
possess a higher redox potential than Mn(III/II) (Figure 2.5). This agrees well with the
increased As(V) oxidizing ability of Co2-Haus compared to pristine equivalent (Section
2.3.2.2). Further, since Co(II) is not redox-active, Co substituted in manganite is not
expected to oxidize As(III). Thus, an increase in Co release observed in Co2-Mang (Figure
2.2(b), circle) is solely attributed to the accelerated mineral dissolution via structural
destabilization, while Co2-Haus is due to redox activity with As(III).

Figure 2.5. The schematic diagram of standard redox potential with Mn-oxides, and
Mn, Co, and As pairs.
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2.3.3.3. Mn K-edge XANES of Co-Substituted Mn(II/III) Oxides and LCF Analysis
Before Reductive Dissolution
Analysis of the Mn K-edge XANES revealed identical spectra for pristine and
cobalt substituted hausmannite (Figure B10(a)), indicating no major change in Mn AOS.
In contrast, the spectra of Co2-Mang was not the same as the pristine Mang, indicating Mn
AOS may be affected by Co substitution (Figure B10(b)). Most apparent change was an
shfting in the edge location to higher energy of the absorption edge indicating a higher Mn
AOS in Co2-Mang. This can be attributed to the formation of Mn(IV) in the structure,
required to compensate for charge imbalance when Co(II) substitutes for Mn(III). To
further confirm the presence of Mn(IV) after Co substitution, LCF was performed with
hausmannite (Mn(II/III)), manganite (Mn(III), and birnessite (Mn(III/IV)) serving as
reference materials (Table 2.5), where each reference represents different oxidation states
of Mn. The results show an increase of Mn AOS from 3.00 to 3.14 by the Mn(IV) formation
in Co2-Mang (Table 2.5 and See Section B2.3.1 for detailed calculation). Although a small
amount of Mn(IV) is located in the structure, the oxidizing ability of Co2-Mang is limited.
This can be attributed to the fact that the manganite surface is not tuned (i.e. surface charge)
for As(III) interaction, preventing oxidation.
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Table 2.5. The LCF fitting results for Co-substituted Haus and Mang.
Referencesa
Mn AOS
Co2-Haus
Co2-Mang
b
Haus
2.67
0.97 (± 0.01)
N/A
b
Mang
3.00
N/A
0.81 (± 0.07)
c
Birn
3.74
0.03 (± 0.01)
0.19 (± 0.05)
a
The reference minerals represent the oxidation states of Mn rather the formation of the
mineral.
b

The values were reported from Ilton et al..65

c

This value was from Thenuwara et al..66

2.3.3.4. As Coordination Chemistry on Mn(II/III) Oxide Surfaces
Analysis of the As K-edge for XANES showed As(V) as the primary species on
As(III)-reacted Haus, Co2-Haus, Mang, and Co2-Mang (Figure 2.6(a)). As(V)-exposed
hausmannite served as a reference of As(V) adsorbed on hausmannite surfaces, with an
absorption peak at ~ 11875 eV, which aligned with well with all As(III) reacted samples.
The results validate the hypothesis when calculating the stoichiometric Mn(II):As(V)
ratios, where As loss from solution was treated as adsorbed As(V). Previous studies have
also noted that most As adsorbed on Mn oxides is As(V).67–70
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Figure 2.6. As K-edge (a) XANES regions for As(III)-reacted Haus (black), Co2-Haus
(red), Mang (pink), and Co2-Mang (green) with As(V)-reacted Haus (blue) and Mang
(dashed black) as references, (b) k3-weighted (k), and (c) radial distance (R) of As(III/V)
reacted Haus and As(III) reacted Co2-Haus in EXAFS spectra.

To characterize the coordination environment of As(V) on the mineral surfaces, As
K-edge EXAFS analysis was performed on the hausmannite samples, but omitted on
manganite due to the small quantity of surface As observed. The first shell distance
between As(V) and four O atoms was estimated to be 1.68 Å, consistent with arsenate as
the only surface species on hausmannite (Figure 2.6(b) and (c), Table 2.6), and in
agreement with previous studies.67,68 The second shell, As(V)-Mn, was fit at a radial
distance of 3.35 Å (Figure 2.6(c), Table 2.6). While this distance is slightly longer than
reported in previous studies, which note the formation of bidentate binuclear (BB)
configuration on Mn(IV) mineral surfaces at a radial distance of 3.13 Å,67 3.22 Å,68 and
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3.20 Å,71 we conclude that it is indicative of As(V) adsorbed via a BB surface complexation
on hausmannite. The longer distance can be attributed to As(V) complexation occurring
with the larger Mn(III) cation rather than a smaller Mn(IV) site in other studies.67,68,71 In
addition, multiple peaks were present between 1.8 and 4.5 Å in the relative Fourier
transform (Figure 2.6(c)), boxed with a dashed line). While unresolvable with a shell-byshell fitting procedure, these features may indicate the presence of various other As(V)
complexes rather than BB, such as bidentate mononuclear (BM) or monodentate
mononuclear (MM), as previously reported.67,68 Interestingly, these signals are more
evident with As(V)-reacted Haus, suggesting that surface complexation is dependent on
how As(V) was introduced to the surface, either directly adsorbed or after an oxidation
event with the mineral (Table 2.6). This also agrees with the fitting results where As(V)reacted Haus displayed the second shell at a distance of 3.28 Å, shorter than that of As(III)reacted Haus or Co2-Haus, with a larger R, indicating the presence of multiple surface
complexation modes.
While the low As K-edge signal observed with As(III/V) reacted Mang prevents
resolution of the As species formed on the surface of manganite, a study by Lafferty et al.,
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suggests that As(V) can form a BM complex at Mn(III) sites at an atomic distance of

2.78 Å on manganite surfaces. In that study, another shell was observed at 3.35 Å that
could be attributed to a BB complex. While our analysis is limited to hausmannite, these
results suggest that arsenate can also form multiple surface complexes on manganite
surfaces.
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2.3.4. In-situ ATR-FTIR of Pristine and Co-Substituted Mn(II/III) Oxides
ATR-FTIR was used to compliment EXAFS results and to elucidate variations in
surface complexes on the Mn(II/III) oxide surfaces via an in situ flow setup. When the
mineral surfaces were exposed to acidic dissolution conditions for 2 hours (i.e., pH 5 in the
absence of arsenite), no changes in vibrational bands were observed suggesting that (1)
acidic dissolution does not significantly alter the structure of the surface and (2) there is no
formation of Mn hydroxide (946 cm-1) or mineralogical conversion from hausmannite to
manganite (1080-1150 cm-1) (Figure B11A).72
When manganite was exposed to As(III) or As(V) no surface vibrational modes
were observed, suggesting little adsorption to the surface, and consistent with aqueous
batch reactions and EXAFS analysis (Figure B11B). In contrast, when Haus or Co2-Haus
were exposed to As(III) or As(V), vibrational modes became clear. When arsenate was
exposed to pristine hausmannite a wide band grew between 900-700 cm-1 (Figure 2.7(a)).
The broadness of this signal indicates multiple As(V) species (varied protonation) or
complexation types on the surface at the same time. Based on intensities, three discrete
vibrations were identified at 890 (assigned to s As-O + as As-O), 810, and 750 cm-1 (both
assigned to As(V)-O-Mn(III)). These peaks align well with those observed by Parikh et al.,
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where As(V) was adsorbed to -MnO2 at pH 6. A bathochromic shift is observed in the

two As(V)-O-Mn(III) vibrations, which are attributed to the longer bond between As(V)Mn(III) compared to shorter As(V)-Mn(IV). The ATR-FTIR result of this wide signal from
As(V) reacted Haus agrees with the EXAFS analysis of As(V) directly interacting with
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hausmannite (Table 2.5), both methods indicating the presence of multiple surface
complexations.
With arsenate-hausmannite vibrations identified, fresh mineral samples were
exposed to a flow of As(III) at pH 5 and spectra were collected over two hours. In both
pristine Haus and Co2-Haus, an immediate growth of vibrational bands was observed,
indicating arsenic species at the mineral surface. In the case of pristine Haus (Figure
2.7(b)), two peaks were identified at 895 and 750 cm-1. The first is consistent with that
observed in the intrinsic As(V) adsorbed reaction. The lack of shift in this vibration
between As(III) oxidized to As(V) and As(V) directly adsorbed confirms the assignment
to one inherent to the As(V) moiety (s As-O + as As-O). The peak located at 750 cm-1 is
assigned to the vibration associated with As(V)-O-Mn(III). In addition to a difference in
overall peak height, the less intense mode at 895 cm-1 reaches a maximum after 60 min,
while the peak located at 750 cm-1 grows over the full 2 hours. This difference may indicate
an early saturation of As(V) on or near the surface (895 cm-1), followed by a continual
formation of inner sphere As(V) complexes throughout the reaction (750 cm-1). Compared
to the As(V) directly adsorbed system, the spectra associated with the oxidation of As(III)
to As(V) lacks a definite vibration located at 810 cm-1. This would suggest that while the
final As(V) complex formed is the same in both cases (as indicated by EXAFS above), the
coordination chemistry of the species on the surface varies.
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Table 2.6. As K-edge EXAFS spectra fitting parameters and results: As(III) reacted Haus
and Co2-Haus, and As(V) reacted Haus.
Crystallographic
information
Scoroditea

As(III) reacted Haus
shell

Nb

R (Å)

R

As(V)-O

4

1.68

0.002

σ2 (A2)c



As(V)-Mn

2

0.002 (1)
1.84
0.007
(± 5.47)
3.34
-0.006
(16)
As(III) reacted Co2-Haus

shell

N

R (Å)

R

As(V)-O

4

1.68

0.002

As(V)-Mn

2

0.0004
0.010
3.35
0.003
(17)
As(V) reacted Haus

shell

N

R (Å)

R

As(V)-O

4

1.68

-0.002

σ2 (A2)

σ2 (A2)

Rfactor
0.042



Rfactor

2.23
(± 4.03)

0.041



Rfactor

CN

R

4

1.68

3

3.35

0.0004
1.95
0.048
0.009
(± 5.79)
As(V)-Mn
2
3.28
-0.066
(18)
a
The crystallographic information, interatomic distances and CN were calculated based on
scorodite from AMCDS by replacing iron (Fe) to Mn in the calculation.
b

CN was fixed during the fitting analysis. R (radial distance) and its uncertainty is marked

with R. The σ2 (A2) is the Debye-Waller factor. All parameters are reported with
estimated uncertainties for the fitting exercises (provided in the parentheses in the table),
except fixed parameters.
c

The fitting for the 1st shell was conducted with σ2 = 0.0004 to avoid a violation in the

fitting exercise.
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The ATR spectra of As(III) with Co2-Haus were similar to those on pristine Haus
(Figure 2.7(c)). A peak at 895 cm-1 was observed, assigned to (s As-O + as As-O), and
reached a maximum at 60 minutes reaction time. A second peak was initially located at
750 cm-1 and shifted to 730 cm-1 after two hours. While the initial peak position was
consistent with pristine Haus, indicative of binding with Mn centers not Co, the shift in
location was not. Looking at the difference between subsequent time points resolves that
the peak at 750 cm-1 similarly reaches a maximum at 60 min, and a new peak at 705 cm-1
grows for the remainder of the reaction time. This mode at 705 cm-1 could be assigned to
multiple species, including As(III), a different As(V) complex, or a change in the Mn
geometry. While not currently identifiable, the possibilities are intriguing, and analysis
could answer interesting questions about reactions at mineral surfaces. If the mode is
attributable to As(III), it would suggest at early time points (within the initial 2 hours
analyzed here), As(III) builds up on the surface before converting fully to As(V) (the
predominant species observed in XANES after 8 hours). Or if the mode is due to changes
in Mn geometry as redox reactions occur, the analysis may yield an atomic-level
mechanism of As(III) oxidation at Mn surfaces, details which have eluded researchers.
Future work is planned to elucidate the genesis of this vibration and use that knowledge to
further understand complex environments at mineral surfaces.
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Figure 2.7. Flow cell in-situ ATR-FTIR results: (a) As(V) reacted Haus (measured in a
static condition), (b) As(III) reacted Haus, and (c) As(III)-reacted Co2-Haus in time
sequence of (i) baseline, (ii) 0 (iii) 10, (iv) 30, (v) 60, and (vi) 120 minutes. The As(V)-O
vibrational modes are marked with dashed line.

2.4. Conclusion
The present study systematically investigates for the first time how and to what
extent the structural incorporation of Co affects the stability and reactivity of hausmannite
and manganite. Hausmannite is more greatly affected by Co substitution, from
crystallographic and physical properties to mineral dissolution reactions. Hausmannite also
demonstrated enhanced As(III) oxidation to As(V) with Co substitution. Compared to
hausmannite, manganite shows little to no Co substitution effects on the physical properties
as well as the oxidizing ability of the mineral towards As(III). For both oxides, the release
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of structural Co was limited in the dissolution reactions, suggesting stable incorporation,
though Co release increased in reductive dissolution.
The results of the XAS analyses demonstrate for the first time the occupancy of
Co(II) at tetrahedral Mn(II) sites and Co(III) at the octahedral Mn(III) sites of hausmannite,
similar to a normal spinel structure of Co3O4. However, Co(II) replaced Mn(III) at
octahedral sites in manganite. This substitution creates charge imbalance in the structure,
inducing the formation of Mn(IV) in Co-substituted manganite to compensate. XAS results
on the Co coordination numbers and oxidation states of hausmannite and manganite in the
present study are also supported by both theoretic analyses of CFSE and bond distances as
well as Jahn-Teller distortion effects. Furthermore, we provide in-situ evidence that the
coordination of As(V) on the mineral surfaces varies by the manner As(V) was introduced
to the mineral surface, either directly or after an oxidation event with the mineral.
Thus, the amount and coordination environment of Co in the mineral structure
determines the stability and reactivity of the Mn(III)-containing oxide under dissolution
conditions. Once incorporated in the structure of the mineral, Co solubility and mobility
appears to be limited, even when the mineral undergoes dissolution reactions. Overall, this
study showcases that minerals with structure impurities present the fate and geochemical
behaviors different from their pristine equivalents, and thus, requires careful examination
of the effects of metal impurities to better understand natural Mn(II/III) oxides and their
interactions with trace metals and metalloids in the environment.
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CHAPTER 3
REACTIVITY OF BINARY MANGANESE OXIDE SYSTEMS TOWARD
ARSENITE: EVIDENCE OF SYNERGETIC EFFECTS

3.1. Introduction
As the third most abundant transition metal in the Earth’s crust, manganese (Mn)
is frequently found in various oxide structures. These manganese minerals are considered
some of the most potent sorbents and oxidants in the environment.1–8 Specifically,
manganese (oxyhydr)oxides (hereafter, Mn oxides) possess large specific surface areas,
structural variants (e.g., impurities, defects, and vacancy sites), and multiple oxidation
states (Mn(II/III/IV)) within the minerals, as well as an ability to achieve facile
interconversions between these different Mn oxidation states.9–12 These unique
characteristics make Mn oxides highly reactive towards a wide range of inorganic and
organic compounds,10,12–19 where one of the most frequently studied contaminants is
arsenic. A large body of work exists analyzing the effects of mineral structure,20 pH,21–26
competing ions,26–30 and more on the oxidative and adsorptive reactions of arsenic with Mn
oxides.20–23,25,28–31 In general, this research effort has demonstrated that Mn oxides oxidize
arsenite (As(III)) to arsenate (As(V)), with adsorption dependent on the specific conditions
of the system.
Commonly studies of the reactivity of Mn oxides towards arsenic are evaluated in
single mineral systems, which are not strong analogs for natural environments. In streams
flowing from mines, deposits of Mn oxides have been found at points where the pH is high
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enough to induce precipitation.32 Specifically, these deposits were not single-phased but
instead included birnessite, hausmannite, and manganite. Further, laboratory studies have
established that mixed phase precipitation occurs in environmentally relevant conditions,
transformations between phases are facile, and that reactions are influenced by dissolved
inorganic and organic agents.33 Thus, to more accurately understand how arsenic interacts
with Mn oxides in the environment, and to inform potential remediation scenarios,
analyzing mixed mineral systems with arsenite is required.
While yet to be evaluated for single cation mixed mineral systems (i.e. just Mn or
Fe), there has been growing scientific interest in how varied mixed mineral phases interact
with trace compounds. This is commonly studied by analyzing two different metal cation
structures, for instance, goethite (-FeOOH) and birnessite (MnO2) were used in a Donnan
reactor34 to examine the relative extent and magnitude of arsenic (As) adsorption and
As(III) oxidation between the two mineral phases, as a representative binary system of
natural environments. Further, the superior efficacy of natural oxide samples that contained
mixtures of birnessite, goethite, and hematite (Fe2O3) in As removal from discharge in
landfill sites has been demonstrated.35 Alternatively, synthetic Fe-Mn binary oxides
(FeMnOx) have also shown to be effective in As removal from the wastewater stream.36,37
In addition, the single and binary oxides of magnetite (Fe3O4) and hausmannite (Mn3O4)
were examined for their ability to remove As; where the highest As removal was recorded
with the FeMn binary nanomaterials composed of 50% Fe and 50% Mn.38
In the present study we aim to address this critical knowledge gap of same cation
minerals, by investigating a mixed mineral system of Mn oxides, namely hausmannite
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(Mn3O4) and manganite (-MnOOH), and quantifying the adsorptive and oxidative
capacity first of the single Mn oxides (i.e., single system, hausmannite only and manganite
only) and then of Mn oxide mixtures (i.e., binary system, both minerals with varying ratios)
at two different pHs, using arsenite (As(III)) as a probe element. As stated above,
hausmannite and manganite are often found as mixtures in natural settings,12,32,33 as they
can readily undergo transformation processes by mild environmental changes,11,32,33,39 and
are found as byproducts after As(III) oxidation by birnessite. Further, both minerals have
shown to be effective at oxidizing As(III) to As(V).22,23,30 Thus, binary systems composed
of hausmannite and manganite will act as a preliminary model system to assess changes in
Mn oxide reactivity when more than one mineral is present, aiding future analysis of both
natural and engineering systems.
Specifically, three mineral mixtures were created for the binary system to depict
scenarios where the minerals were present in equal wt.% (e.g., Haus 50 wt.% and Mang 50
wt.%, hereafter HM11) or where one dominated (e.g., Haus 20 wt.% and Mang 80 wt.%
(hereafter, HM14), or Haus 80 wt.% and Mang 20 wt.% (hereafter, HM 41)). Then, the
As(III) removal (sum of As(V) detected and As adsorbed), Mn release, Mn(II):As(V) ratio,
as well as the rate of As(V) or Mn(II) production, were measured and compared between
the single and binary mineral phases. To determine As speciation on the mineral surfaces,
X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)
analyses were used. High-resolution transmission electron microscopy (HRTEM) was also
employed to (1) identify any changes in mineral morphology as a result of As(III)
oxidation, (2) visually confirm the formation of other Mn oxide phases induced by As(III)
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oxidation, and finally (3) investigate the aggregation structure and morphology of mineral
mixtures in the binary system. Thus, the results of this study aim to help better understand
how mixed mineral system may behave differently than just the single mineral, and
potentially aiding As removal processes in both natural and industrial settings.
3.2. Materials and Methods
3.2.1. Materials
All chemical agents and reference materials for the present study were of analytical
grade or better, including manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O, 99 +%,
Acros Organics), manganese chloride (MnCl2·4H2O, 99 +%, Acros Organics), acetone
(CH3COOH, ≥ 99.5 %, Thermofisher Chemicals), ethyl alcohol (C2H5OH, 200 proof,
Pharmco-Aaper), potassium persulfate (K2S2O6, ≥ 99 %, certified ACS, Fisher Chemical),
sodium (meta)arsenite (NaAsO2, ≥ 90 %, Aldrich Chemistry), sodium arsenate dibasic
heptahydrate (H2NaAsO4, ≥ 98 %, Sigma Life Science), sodium chloride (NaCl, ≥ 99 %,
crystalline, certified ACS, Fisher Scientific), nitric acid (HNO3, 67 to 70% (w/w), trace
metal grade, Fisher Chemical), hydrochloric acid (HCl, 36.5 to 38 % (w/w), certified ACS
plus, Fisher Chemical), and sodium hydroxide (NaOH, ≥ 97.0 %, pellet, certified ACS,
Fisher Chemical). In addition, Mn and As standard solutions for the inductively coupled
plasma-optical emission spectroscopy (ICP-OES) were from J.T. Baker® (1000 g/mL (±
0.10 % w/v) in HNO3 (< 3 % w/w)), reagent grade for trace metal analysis) and
TraceCERT® (1000 mg/L (± 2 mg/L) in HNO3 (2% w/w)), respectively.
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3.2.2. Synthesis of Hausmannite and Manganite Minerals
Hausmannite and manganite was synthesized based on existing protocols, with
some modifications. Briefly, hausmannite was prepared by dissolving 0.49 g of
Mn(CH3COO)2·4H2O in 5 mL of deionized (DI) water (Barnstead, 18.2 M-cm water with
1-5 ppb total organic carbon) followed by addition of 15 mL of acetone in a pressure glass
flask. The solution was stirred vigorously and placed into a silicon bath at 60 °C for 8 h.
After 8 h, the particles were collected, washed thoroughly with DI water and ethyl alcohol
several times, and dried in an oven at 60 °C overnight.40 Manganite was prepared by adding
250 mL of 20 mM Mn(CH3COO)2·4H2O in a 500 mL Pyrex bottle with 6.5 mM of K2S2O6,
and incubating the mixture in a silicon bath at 120 °C for 12 h with stirring. After 12 h, the
particles were collected, washed thoroughly with DI water, and dried overnight at room
temperature.41 Mixtures of minerals to generate the binary systems were combined before
each use, either for characterization or reaction, to prevent potential transformations of the
solid phases. Three different wt.% fractions between hausmannite and manganite were
selected and labeled as HM41, HM14, and HM11.
3.2.3. Characterization of Single and Binary Systems
Freshly-made hausmannite and manganite (herein referred to as Haus and Mang)
were characterized for crystal structure, surface area (SA), size, surface charges, as well as
elemental composition, before use. For the structure analysis, powder x-ray diffraction
(PXRD) measurements were collected with a D8 Advance X-ray diffractometer (Bruker,
USA) equipped with Ni-filtered, Cu Kα radiation and a high-speed energy-dispersive linear
detector (LYNXEYE). Samples were placed on a zero-background sample holder and
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measured from 10 – 80 °2θ at a step size of 0.01 °/s. Mineral identification was made using
the DIFFRAC.EVA software with the American Mineralogical Crystal Structure Database
(AMCSD). PXRD patterns of Haus and Mang matched those of the reference materials,
hausmannite (AMCDS 0002024) and manganite (AMCDS 0010565), respectively; no
other Mn mineral phases were present in the samples (Appendix C, Figure C1).
The SA of Haus, Mang, and HM11 was measured in triplicate using N2(g)
adsorption and desorption isotherm by a Quantachrome Monosorb surface area analyzer
and then calculated with using Brunauer-Emmett-Teller (BET) equation. Calibration for
the SA measurement was made by using the standard material of 1 cm3 of air (C series,
Pressure lok® analytical syringe, Valco Instruments Co. Inc). The BET SA of Haus, Mang,
and HM11 was measured to be 136 (± 1), 28.5 (± 0.4), and 88.4 (± 0.3) m2·g-1, respectively.
The other two binary systems (HM41 and HM14) were estimated to be 115 and 50.0 m2·g1

, respectively, and detailed calculation is provided in Section C1.1 with Figure C2 and

Table C1.
HRTEM analysis was performed to determine mineral size, morphology, and
aggregation state with a JEOL JEM2100 TEM operated at 200 keV. TEM samples of
hausmannite, manganite, and HM11 were prepared by depositing 20-50 L of the presonicated mineral suspension onto a 400-mesh carbon-coated copper grid (Electron
Microscopy Sciences, Hatfield, PA, USA) and allowed to air-dry at room temperature. The
results of TEM analyses indicated that Haus had an average particle size of 21.1 (± 4.5) ×
16.7 (± 3.7) nm with pseudo-octahedral morphology (size analysis n = 516 nanoparticles
across two different TEM grids) (Figure C3(a-d)). Mang had an average particle size of
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322 (± 158) × 236 (± 110) nm with fibrous or rod morphology (size analysis, n = 304
nanoparticles across two different TEM grids) (Figure C3(e), (f)), which is similar to the
size ranges reported by Ramstedt and Sjöberg.42
3.2.4. Batch Experiments and Solution Analyses
Batch experiments of either the single or binary systems were carried out in oxic
conditions at a particle loading of 0.2 g L-1 in 10 mM NaCl solution. The mineral
suspension were pre-equilibrated at pH 5 or 7 prior to As(III) (NaAs(III)O2) introduction.
A small aliquot of As(III) (from stock solution) was introduced to each testing system,
resulting in a concentration of 250 µM As(III), and the batch reaction was run for 8 h. After
spiking, the system was titrated with HCl or NaOH to maintain a targeted pH, if needed.
All batch experiments were completed in duplicate.
During the 8 hour batch reaction a total of 11 aliquots were collected at selected
times (0, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 h), and filtered with 0.22 µm syringe filter
(SVDG) (Millipore). Filtered aliquots were then analyzed with an Ion Chromatography
system (Dionex ICS-1000) for As(V) concentration. Filtrates were also analyzed for total
dissolved As and Mn concentrations by ICP-OES (iCAP 7400, Thermo Scientific,
equipped with CetacTM ASX-520 Autosampler), after acidified with concentrated HNO3.
3.2.5. Mineral Solids Analysis
For As speciation, XPS and XAS analyses were performed on the As(III)-reacted
hausmannite and manganite at pH 5. The As(III)-reacted minerals were collected after each
batch experiment was complete, washed with DI water, and dried in a plastic glove bag
(Erlab 2200ANM) that was constantly purged with N2 gas, before the analyses.
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The XPS analysis was conducted with a K-Alpha+ XPS (Thermo FisherTM) located
in the Surface Analysis Facility at University of Delaware. The samples were ground and
deposited on carbon tape, minimizing exposure to air before the measurement. All samples
had survey spectra gathered with a pass energy of 100 eV, and high-resolution spectra
gathered for all elements detected, or expected, at a pass energy of 20 eV. Due to the wellknown beam damage on As-containing samples,43 spectra were gathered with short
acquisition time and were repeated to ensure no change to the As peak shape was observed.
The spectra were processed using CasaXPS, version 2.3.18 (CASA Software Ltd., U.K.).
The collected spectra were processed with Shirley background subtraction by non-linear
least squares using CasaXPS, where the fitting parameters, full-width half max (FWHM),
area, and the peak locations, were allowed to vary within a given range. The spectra were
calibrated using adventitious carbon at 284.6 eV.
For XAS analysis, quick absorption x-ray absorption spectroscopy (QXAS) was
employed for As K-edges at the beamline (7-BM) in the National Synchrotron Light Source
II (NSLS II), Brookhaven National Lab (BNL), Upton, New York. QXAS analysis was
selected to prevent potential As oxidation from the beam.44 The beamline was calibrated
with Pt foil before to the measurement. Spectra were collected in fluorescence mode for
As K-edges, using a passivated implanted planar silicon (PIPS) detector. Both As(III)reacted minerals and reference compounds were prepared by placing dry powder samples
on Kapton tape. Each spectrum was collected for 5 min, with each scan requiring 30 s (i.e.,
a total of 10 scans on each sample). The collected spectra were background-corrected,
normalized, and merged with the ATHENA user interface.45
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3.3. Results and Discussion
3.3.1. Single Mineral Systems
Before analyzing the reactivity of mixed mineral systems, the single mineral
systems, Haus only and Mang only, were systematically assessed for oxidative and
adsorptive capacity toward dissolved arsenic species at two pH conditions (pH 5 and 7).
The total As(III) removal by Haus or Mang was estimated by summing As(V) found in
solution ([As(V)]aq) and As species adsorbed onto the surface ([As]ad). In addition, the
release of Mn(II) and the stoichiometric ratio of Mn(II):As(V) were measured and
compared.
3.3.1.1. Single Mineral Systems: As Oxidation and Adsorption
At pH 5, Haus oxidized approximately 78% of the initial As(III) to As(V),
producing 194 µM of As(V)aq after 8 h of reaction (Table 3.1). In contrast, Mang oxidized
only 9.4% of added As(III) to As(V), producing 23.4 µM of As(V)aq. As shown in Figure
C2 and Table 3.1, Haus had higher BET SA than Mang, and thus, when normalizing
[As(V)]aq by the mineral’s SA, Haus and Mang produced 7.12 and 4.11 µM·m-2,
respectively. After 8 h at pH 7, [As(V)]aq was measured to be 12.2 and 7.02 µM for Haus
and Mang, respectively, indicating a significant decrease in As(V) produced at higher pH.
While Haus produced more As(V)aq than Mang at both pHs, after SA normalization of
As(V) production at pH 7, Mang generated 1.23 M·m-2, whereas Haus 0.45 µM·m-2,
emphasizing that the oxidizing ability of Mang is less dependent on pH compared to Haus.
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Table 3.1. Single Mn oxide systems: Solution data collected after an 8 hours batch reaction
with As (III) at pH 5 and 7.

pH

Single
system

[As]aqa
(µM)

[As(V)]aqa
(µM)

As(III)
[Mn(II)]aqa
removal
(µM)
(µM·m-2)
362
47.4
8.86
(± 11)
31.3
2.99
4.63
(± 3.0)
21.2
75.7
3.24
(± 3.7)
3.59
N/A
1.23
(± 0.42)
released [Mn(II)]aq were plotted as a

[As(V)]b
(µM·m-2)

203
194
7.12
(± 2)
(± 10)
5
247
23.4
Mang
4.11
(± 4)
(± 0.9)
174
12.2
Haus
0.45
(± 3)
(±3.7)
7
261
7.02
Mang
1.23
(± 5)
(± 2.49)
a
The data sets for [As]aq, produced [As(V)]aq, and
Haus

[As]adc
(µM)

function of time in Figure C4.
b

The SA-normalized [As(V)] production in µM·m-2 is derived by using the [As(V)]aq

measurements.
c

[As]ad is estimated by subtracting the measured [As]aq from 250 M of the initial As(III)

added.
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The extent of As adsorption (either As(III) or As(V)) onto the mineral surface was
estimated by subtracting measured [As]aq from the initial As concentration (250 µM). At
pH 5, less than 20 % of the initial As was estimated to be adsorbed onto the surface of
Haus, whereas at pH 7, more than 30 % of initial As was adsorbed after 8 hours. Thus,
while the oxidative capacity of Haus decreased as pH increased, the mineral’s adsorptive
ability increases with increased solution pH. These findings indicate that at low pH the
primary pathway of As removal in Haus was via As(III) oxidation, whereas at high pH
As(III) adsorption was favored. In contrast, less than 2% of As adsorption occurred on
Mang at both pHs, indicating that its adsorptive ability was little influenced by solution
pH. Overall, total As(III) removal estimated by Haus and Mang at pH 5 was 8.86 and 4.63
µM·m-2, respectively, and 3.24 and 1.23 µM·m-2 at pH 7, implying that under all scenarios
Haus in pH 5 solution was the most efficient for As(III) removal, whether by adsorption
and/or oxidation to As(V). The detailed procedure for the estimation of As(III) removal is
provided in Appendix C, Section C2.1.
The pH dependence of As(III) removal in the single mineral system can be
attributed to changes in the surficial interactions between the As species and the mineral
induced by solution pH. Arsenite (H3AsIIIO3°(aq)) is neutral at both pH conditions used,
while arsenate is negatively charged, either H2AsVO4-(aq) at pH 5 or HAsVO42-(aq) at pH 7.46
The point of zero charge (PZC) values of Haus and Mang are known to be below pH 5.047
and above pH 7.548, respectively. Hence, Haus has a neutral or slightly negative surface
charge at pH 5, whereas, at pH 7, it is negatively charged. Therefore, the initial interaction
of Haus with As(III) is electrostatically favorable at pH 5, but not at pH 7. As shown in the
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solution analysis, Haus is a weak sorbent for the As(V) species, since the negatively
charged As(V) oxyanions are readily released into solution once they are formed. On the
other hand, Mang possesses a positive surface charge at both pHs, and hence, the
adsorption of As(V) on the mineral surface is preferred. However, due to the lack of initial
As(III) interaction on the positively-charged Mang surface, formation of As(V) is limited,
and thus unreacted arsenite accounts for the majority of As in solution. Thus, the solution
pH plays a critical role in As oxidation and retention by single Mn(III) oxide systems.
3.3.1.2. Single Mineral Systems: Post-Reaction Surface Analysis
To confirm the As species on the mineral phases, XPS and XAS analyses were
performed on the mineral samples before and after reaction with As(III). Due to the very
small amounts of As(V) detected by IC at pH 7, both surface analyses were only performed
on Haus and Mang samples reacted at pH 5. For XPS analysis, the As 3d5/2 peak was used
to detect the presence and oxidation state of As on the mineral surface.49 Previous studies
display As 3d5/2 binding energies for As(III) and As(V) located between 44.3-44.5 and
45.2-45.6 eV, respectively.36,50,51 Before exposure to As(III), no visible signal was
observed in this As 3d region; however, upon As(III) introduction, a small As signal was
observed in the single mineral systems. While low in intensity, peak fitting of the As(III)reacted Haus showed peaks located at 45.3 and 44.4 eV, corresponding to 83% As(V) and
17% As(III), respectively (Figure 3.1(a)). The As(III)- reacted Mang produced similar
results, where peak fitting yielded 78% As(V) and 22% As(III) (Figure 3.1(b)). The peak
locations match well with previously reported values, indicating both arsenate and arsenite
exist at the mineral surface.36,51 Furthermore, the positions of the As K-edge X-ray
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absorption near-edge structure (XANES) spectra of As(III)-reacted Haus and Mang
matched that of the As(V) reference compound, located at ~11,875.0 eV (Figure 3.1(c)).
In total, the surface analysis agrees well with previous XPS and XAS studies which noted
that after As(III) adsorption/oxidation by Mn oxides the As(V) moiety dominated on the
mineral surfaces.21,31,52,53

Figure 3.1. XPS and XAS analysis: XPS spectra of (a) As(III)-reacted Haus and (b) As(III)reacted Mang samples at pH 5 (As 3d5/2 regions). (c) As K-edge XANES spectra of As(III)reacted Haus and As(III)-reacted Mang (NaAsO2 and H2NaAsO4 were used as reference
compounds for As(III) and As(V), respectively).
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3.3.1.3. Single Mineral Systems: Dissolution Analysis
As the mineral surface reacts with As(III), the mineral morphologies would be
expected to be altered, both by consumption of reactive sites and potential transformation
into more highly oxidized MnO2 phases.12,54 Haus and Mang both have faceted shapes,
with octahedral (Figure 3.2(a)) and fibrous morphologies (Figure 3.2(e-f)), respectively
(more images in Figure C3). HRTEM images of Haus post-reaction with As(III) for one
hour at pH 5 exhibited spherical morphology (Figure 3.2(b-d)). Lattice fringes of the
particles were observed concurrently with rounded edges, suggesting that the edges of the
Haus crystals are highly reactive and preferable for As(III) oxidation. We note that TEM
examination of Haus after 8 hours of reaction with As(III), was notably homogeneous,
where all Haus particles were comparably smaller and spherical (data not shown), likely
due to extensive dissolution as the reaction proceeded. Thus, we opted to use samples after
only 1 h of reaction to emphasize differences in Haus morphology. In contrast, the fibrous
Mang exhibited overall similar structure to the pristine morphology, especially along the
basal plane (Figure 3.2(g)). The edges, however, became rounded after 1 hour of reaction
with As(III), similar to that of Haus (indicated by white arrows). In regards to complete
mineral transformation, the formation of Mang was observed from the As(III)-reacted Haus
sample (Figure 3.3(a-d)), whereas only manganite was detected in the manganite samples,
indicating no transformation processes under these batch conditions.
The evidence of dissolution from TEM analysis suggests the release of Mn
throughout the reaction. As with other manganese oxides, the concomitant production of
Mn(II) should accompany the oxidation of As(III) by Haus and Mang, and was observed
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in these systems (Table 3.1).21,55 The theoretical stoichiometry results in a ratio of 2 to 1 of
[Mn(II)]aq to [As(V)]aq for reductive dissolution. At pH 5, Haus produced a ratio of 1.9,
close to the theoretical ratio, whereas at pH 7, a lower ratio of 1.7 was measured. This
lower Mn(II):As(V) value at higher pH in Haus can be attributed to a decrease in Mn(II)
solubility at higher pH, resulting in re-adsorption of Mn(II).55 This finding agrees well with
previous studies where the stoichiometry relation between Mn(II) and As(III)55 or
hydroquinone56 had a significant pH dependence. A similar decrease in ratio as a function
of pH increase was also observed with Mang, although the ratio of Mn(II) to As(V) was
lower overall, namely 1.3 and 0.4 for pH 5 and 7, respectively. Overall manganite exhibited
a lower stoichiometric ratio than hausmannite during the exposure to As(III) which can be
ascribed to morphology differences. As seen in the TEM images, manganite is dominated
by the unreactive basal plane and dissolution was only observed at the ends of the fibrous
structures. The relatively small reactive area limits where Mn(II) can be released and thus
explains the decreased ratio. On the other hand, the Haus TEM images show dissolution
across the structures, suggesting more reactive surface sites where Mn(II) can be released,
thus a Mn(II):As(V) ratio closer to theoretical was observed.
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Figure 3.2. (High resolution) TEM images of (a) pristine Haus, (b-d) As(III)-reacted Haus
for 1 hour, (e-f) pristine Mang, and (g) As(III)-reacted Mang after 8 hours.
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Figure 3.3. TEM images of (a-d) the formation of Mang from As(III)-reacted Haus after 8
hours.
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3.3.2. Binary Mineral Systems
Both the observations of hausmannite and manganite in the same environments and
the observation of manganite formation from the As(III)-reacted Haus samples (Figure 3.3)
strongly suggests that a mixture of oxides should be analyzed to better understand As(III)
interactions with Mn(III) oxides in real environments. To mimic varying quantities of the
minerals, binary systems of hausmannite and manganite (HM41, HM11, and HM14) were
assessed at pH 5, where enhanced reactivity had been observed in the single systems, for
the total removal of As(III), the release of Mn(II), as well as the stoichiometric ratio of
Mn(II):As(V). The performance of binary mineral systems was compared to the single
mineral systems to quantify potential cooperative/uncooperative reactivity of mixtures.
3.3.2.1. Binary Mineral Systems: As Oxidation and Adsorption
After 8 hours of reaction with As(III), the mineral mixtures produced As(V)aq in
quantities relatively similar to Haus, but significantly higher than that of Mang (Table 3.2).
The amount of As(V) produced in the binary systems increased as a function of an
increased ratio of Haus to Mang, where HM41 recording the highest [As(V)]aq, 165 M,
followed by HM11 and HM14, at 138 and 103 M, respectively. While a per mass-based
comparison shows increased As(V) with an increased ratio of Haus, the mineral mixtures
are not equal in regard to surface area. When normalizing [As(V)]aq by the BET SA of
mineral solids (Figure C2 and Table C1), the mixtures (HM41, HM11, and HM14)
produced significantly more As(V) than the single minerals when compared by this metric
(Table 3.2). Notably, the As(V) per m2 production increased as the percentage of Haus
decreased (Figure 3.4), which initially appears opposite to that of the single mineral system
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where, after SA normalization, where Haus produced more As(V)aq than Mang (Table 3.1).
This result indicates possible synergistic interactions between Haus and Mang that may be
favorable to increase the overall reactivity toward As(III). Overall, the quantity of As
(either As(III) or As(V)) adsorbed on the mineral surfaces was consistently low, less than
10 % of initial 250 M As(III)) throughout the reaction, leaving the majority of As species
in the solution, an observation similar to the single systems.

Table 3.2. Binary Mn oxide systems: Solution data collected after 8 h with As(III) at pH 5.

pH

Binary [As]aqa
system (µM)

[As(V)]aqa
(µM)

[As(V) b
(M·m-2)

[As(V)]ad c
(µM)

As(III)
removal
(M·m-2)

247
165
7.24
2.61
(± 1)
(± 2)
230
138
5
HM11
8.38
20.4
(± 1)
(± 4)
241
103
HM14
10.4
8.70
(± 1)
(± 3)
a
The solution data for total dissolved As [As]aq, [As(V)]aq, and
HM41

[Mn(II)]aqa
(µM)

318
(± 16)
296
9.62
(± 18)
226
11.2
(± 13)
[Mn]aq for the 8 hour
7.33

reaction are given in Figure C5.
b

The SA-normalized [As(V)] production in M·m-2 is derived by using the [As(V)]aq

measurements.
c

[As]ad is estimated by subtracting the measured [As]aq from 250 M of the initial As(III)

added.
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Figure 3.4. The estimated As(V) production as a function of Haus wt.% using both single
and binary systems after SA normalization.

When considering both As adsorption and As(III) oxidation, the binary mixtures
recorded a total As(III) removal of 7.33, 9.62, and 11.2 M·m-2, for HM41, HM11, and
HM14, respectively. Thus, binary systems with higher Mang quantities (e.g., HM 11 and
HM14) showed greater efficiency in As(III) oxidation and adsorption than Haus. This
result indicates that the presence of two minerals in one system enhances the reactivity
and/or capacity of the minerals for reaction with As. The detailed procedure for the
estimation of As(III) removal by the binary mineral systems is the same
single systems and t is provided in Appendix C, Section C2.2.
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as for the

3.3.2.2. Binary Mineral Systems: Mn Release
The concomitant release of Mn(II) was also observed during the 8 hour period in
the binary systems. The [Mn(II)]aq in mineral mixtures produced Mn(II):As(V) ratios of
1.9, 2.1, and 2.2 for HM41, HM11, and HM14, respectively, showing when Haus is the
dominant mineral phase, the Mn(II):As(V) ratio is close to the theoretical value of 2. As
the Mang proportion increased in the mixtures, HM11 and HM14, the ratios increased.
This result deviates from the single Mang system at pH 5, where the Mn(II):As(V) ratio of
1.3 was observed. The higher ratios noted in the binary systems imply an increase in Mn(II)
production over that theoretically generated by As(III) oxidation, suggesting an
enhancement in overall dissolution and indicative of synergistic particle-particle
interaction effects.
3.3.2.3. Binary Mineral Systems: Aggregation Structure Analysis
Haus and Mang directly oxidize As(III) through a surface-mediated mechanism,
thus understanding the nature of surface interactions between Haus and Mang in the binary
system may explain the difference in behavior of the mixtures in regard to As(III)
oxidation. As noted above, the particle size and morphology of two minerals differ
significantly (Figure C3), thus visual identification of one from the other is facile when
they are present in mixtures. Further, it was evident in the single systems that edge sites of
Haus and Mang were reactive for As(III) oxidation and were preferably consumed in the
initial phase of the reaction (Figure 3.2(b-d), (g)).
At pH 5 Haus has a neutral or slightly negative surface charge, and hence, tends to
form large aggregates, which was observed via TEM, showing the presence of several large
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aggregates of Haus particles (size range: 230 – 490 nm (within the grid)) (Figure C3(a),
(c), and (d)). In contrast, Mang is positively charged at pH 5, and thus, remains dispersed
as individual rods or forms stacks only a few rods thick (Figure C3(e)). At pH 5 the surface
interactions between two minerals are expected to be insignificant or limited due to weak
electrostatic interactions. In the TEM analysis of the binary system, HM11, the two
minerals do not form large aggregates (Figure 3.5); instead small aggregates (size range:
70 – 160 nm) of Haus particles situated on the basal planes of Mang were observed. The
presence of Mang appears to limit the formation of larger aggregates of Haus particles
(Figure 3.5). More TEM images of the aggregate structure of Haus and Mang are provided
in Figure C6.
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Figure 3.5. TEM images of HM11 (50 wt.% of Haus and Mang in the binary system) (a)
and (d) and their enlarged views (b) and (d) (white boxed area).
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In the single systems, two discrete reasons can be attributed to the lowered
normalized reactivity relative to the binary system. For hausmannite, large aggregates form
(Figure C3(a), (c-d)), so despite a larger surface area, accessible reactive sites are limited.
In contrast, manganite does not form large aggregates leaving many sites available (Figure
C3(e)), but based on the post-reaction TEM images, only fewer of these sites are reactive
(Figure 3.2(g)). The combination of the two minerals in a binary system creates a
synergistic result, where hausmannite forms small aggregates on the nonreactive basal
plans of manganite. Thus more of the hausmannite reactive sites are exposed to the
solution, without blocking the reactive manganite sites, leading to an overall enhancement
of As(III) oxidation. These synergistic particle interactions also support the higher than
theoretical Mn(II):As(V) ratios observed in the binary systems (Section 3.3.2.2). With
more reactive surface sites exposed on hausmannite, Mn(II) release is not hindered and
more reactive surfaces are susceptible to acidic dissolution. A scenario can also be
envisioned where the heterostructures formed allow electron transport from manganite to
hausmannite. In the single system, Mn(II) release was limited from manganite, due to the
limited points of dissolution. However, if when a redox event occurs on a manganite site,
the electrons transferred from As(III) to Mn are shuttled through the mineral bulk,
transferred to Haus, and then result in release of Mn(II) could also explain the
Mn(II):As(V) ratios in the binary systems. Overall the TEM observations provide visual
evidence of the potential mechanism for higher As(III) oxidation and removal efficiency
in the binary mineral systems, especially as the Mang fraction increases.
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3.3.3. Single and Binary Mineral Systems: the As(V) and Mn(II) Production Rates
To further exam the synergistic effect observed in the binary system, a series of
comparisons of As(V) and Mn(II) production rates of both the single and binary systems
was performed by linear regression (Figure 3.6). From the As(V) or Mn(II) production as
a function of reaction time (surface area normalized), two reaction phases of initially fast
(< 1 h) and subsequently slow (≥ 1 h) were obtained. In the single Haus system, As(V)
production resulted in two different rates, having an initial fast rate of 3.49 µM m-2 h-1
within the first hour, followed by a slower rate of 0.68 µM m-2 h-1 through the rest of the
reaction period (Table 3.3). Simultaneously, Haus produced [Mn(II)]aq at an initial rate of
6.68 µM m-2 h-1 within the first hour, but the reaction rate decreased to 1.16 µM m-2 h-1
after the first hour, an 83% decrease (Figure 3.6 and Table 3.3). Overall, Haus presents an
initial fast reaction rate within the first 1 h, followed by slower reaction (also with a slightly
lower R2 value) for both [As(V)] and [Mn(II)] production. In contrast, the rate of As(V)
production in the single Mang system, 0.54 µM m-2 h-1, was constant throughout the
reaction. The production of Mn(II) was fit to two rates, an initial rate of 1.72 µM m-2 h-1
(<1 h), followed by a rate of 0.62 µM m-2 h-1, a 64% decrease in rate, which though
significant is not as extreme as the decrease observed in the second phase of Haus. Overall,
the rate analysis agrees well with HRTEM observations (Figure 3.2), where after the
exhaustion of preferred mineral edge the reaction rate slows, more significantly in the
single Haus system than Mang, attributed to the larger quantity of reactive edges in Haus.
All three binary systems had similar initial rates of As(V) production, specifically
1.67, 2.72, and 1.77 µM m-2 h-1 for HM41, HM11, and HM14, respectively (Figure 3.7 and
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Table 3.4). These initial rates were slower than that of the single Haus system but much
higher than that of the single Mang system. Similar to the single systems, the As(V)
production rates in the binary systems also decreased as the reactions proceeded, but the
2nd stage reaction rates of the binary systems were greater than that of the single Haus or
Mang systems.

Figure 3.6. Estimated reaction rates from linear regression of (a) As(V) and (b) Mn(II)
production by Haus (square) and Mang (circle) after normalized by the minerals’ SA.

Table 3.3. The calculated reaction rates from the linear regression of [As(V)] and [Mn(II)]
by Haus and Mang after normalizing by the mineral’s SA.
Element
As(V)
Mn(II)

Single System
Haus
Mang
Haus
Mang

1st stage

2nd stage

µM m-2 h-1
R2
3.49
0.99
N/A
6.68
1.00
1.72

1.00
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µM m-2 h-1
0.68
0.54
1.16

R2
0.94
0.93
0.93

0.62

0.96

The 2nd stage rates of HM41, HM11, and HM14 were 0.77, 0.83, and 1.15 µM m-2
h-1 (Table 3.4), respectively (single Haus was 0.68 µM m-2 h-1). Despite fewer reactive edge
sites, the presence of Mang enhanced the rate of As(V) production in the 2nd stage of the
binary systems. We attribute the sustained reactivity observed in the binary system as a
function of increased Mang loading to the dispersion of individual Haus crystals and
smaller aggregates across the basal planes of Mang as observed in TEM (Figure C3(e));
exposing more reactive Haus edges.
The production rate of [Mn(II)] in the binary system shows a similar pattern to the
[As(V)] production rate. The initial release rate of Mn(II) was comparable or slightly lower
than that of Haus but was always higher than that of the single Mang system. In the binary
system, HM14 had the highest rate of Mn(II) release at 6.69 µM m-2 h-1, followed by HM41
and HM11 at 5.84 and 5.54 µM m-2 h-1 for the early stage, respectively (Figure 3.7 and
Table 3.4). Slower Mn(II) production rates in the 2nd phase were also observed for all the
binary mineral samples. While decreased, the 2nd phase Mn(II) production rates in the
binary systems were still greater than that of the single Haus (1.16 µM m-2 h-1), with
HM41, HM11, and HM14 having rates of 1.34, 1.96, and 2.39 µM m-2 h-1, respectively
(Table 3.4). Among the binary oxides, HM14, where Mang is the majority of the system,
recorded the fastest production rates in both phases for As(V) and Mn(II), further
illustrating the synergistic effect of the interaction between the two minerals.
When comparing the ratios of Mn(II) and As(V) production of the single mineral
system with those of the binary mineral systems, all the binary systems resulted in ratios
above the theoretical Mn(II):As(V) ratio of 2, where larger deviations from 2 occurred in
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the 1st reaction phases than the 2nd (Table 3.5). The theoretical Mn(II):As(V) ratio of 2 was
only served in the single Haus system during the 1st reaction phase. A greater deviation
observed in the 1st reaction stages may be attributed to the higher Mn(II) release caused by
acidic mineral dissolution at pH 5. As shown in the TEM images (Figure C3 (a), (c-d)), a
considerable degree of Haus aggregation at pH 5 will limit the interior of the aggregates
from participating in both As(III) oxidation and acidic dissolution reactions over 8 hours
duration. In the presence of Mang, Haus particles form small aggregates or are individually
dispersed (Figure 3.5), and thus allow more Haus particles participating in both reactions
and/or increase accessibility to the confined spaces between particles for both reactions.
Such influence of particle aggregation on nanomineral dissolution reaction rates has been
also shown elsewhere.57

115

Figure 3.7. Estimated reaction rates of (a) As(V) and (b) Mn(II) production by the binary
systems (HM41 (circle), HM11 (triangle), and HM14 (diamond)) after normalizing by the
mineral solids’ SA.

Table 3.4. The calculated reaction rates from the linear regression of [As(V)] and [Mn(II)]
by HM41, HM11, and HM14 after normalized by the binary systems’ SA.
Element

As(V)

Mn

Binary
System
HM41
HM11
HM14
HM41
HM11
HM14

1st stage
µM m-2 h-1
1.67
2.72
1.77
5.84
5.54
6.69
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2nd stage
R2
1.00
0.98
1.00
0.95
0.93
1.00

µM m-2 h-1
0.77
0.83
1.15
1.34
1.96
2.39

R2
0.99
0.98
0.99
0.95
0.94
0.98

Table 3.5. The calculated reaction rate ratios for the single and binary mineral systems.
Reaction Rate Ratio (Mn(II):As(V))
Haus
HM41
HM11
HM14
Manga
1st
1.91
3.50
2.04
3.78
3.19
nd
2
1.71
1.74
2.36
2.08
1.14
a
-2 -1
Note that Mang has only one As(V) production rate, 0.54 µM m h (Table 3.3), which
used for both the 1st and 2nd reaction rate ratio calculations. Thus, its calculated ratios may
not be directly comparable to those of other systems.

3.4. Conclusions
Natural environments rarely contain a single mineral phase of manganese oxides,
instead mixed systems dominate, and thus the evaluation of mixed systems is necessary to
inform remediation methods. While in the single mineral system hausmannite was more
effective at removing As(III), either by oxidation and/or adsorption, than manganite, when
a mixture of the minerals was present, the efficacy of the same mineral mass increased with
more manganite, not hausmannite. HRTEM images, combined with rate measurements,
give detailed insight into the preferential consumption of edge sites for As(III) oxidation,
and that when two phases were present, synergistic aggregation of hausmannite on the
basal planes of manganite enhanced As(III) oxidation by exposing more reactive edge sites.
Furthermore, these aggregate structures also accelerated the acidic dissolution of
hausmannite, releasing more Mn(II) than the single Haus system, producing a higher
Mn(II):As(V) ratio than the theoretical of 2. Thus, it is concluded that when the binary
oxides are present a change in aggregation state as a result of weak electrostatic interaction
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between the two minerals results in the additive or synergistic effects of oxide mixtures to
the surface-mediated redox reactions. Overall, the present study provides strong evidence
that a mineral’s environmental reactivity can be significantly affected by the properties and
relative quantity of a secondary mineral, even if it is of the same cation. Further work is
planned to analyze more combinations of manganese minerals found in mixed
environments.
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APPENDIX A
ADDITIONAL INFORMATION FOR CHAPTER 1

A1. Materials and Methods
A1.1. Characterization of Pristine and Ni-Substituted Hausmannite Minerals
Table A1. A summary of SEM EDX measurements on Ni1-Haus and Ni2-Haus samples.
The wt% of Mn and Ni is shown as an inset in the EDX spectra.
Control

Si
σ
1.6

wt.%
94.5
Ni1-Haus

Average

Ni
σ
0.1
0.1
0.1
0.1

wt.%
99.7
99.6
99.6
99.6

Ni
σ
0.6
0.4
0.4
0.4
0.4
0.4
0.4
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σ
0.1
0.1
0.1
0.1

wt.%
0.3
0.4
0.4
0.4

Mn
wt.%
97.6
97.1
97.6
97.0
97.5
97.6
97.4

σ
1.6

wt.%
5.5

Mn

Ni2-Haus

Average

C

wt.%
2.4
2.9
2.4
3.0
2.5
2.4
2.6

σ
0.6
0.4
0.4
0.4
0.4
0.4
0.4

Figure A1. A representative SEM image of a Ni2-Haus sample with EDS spectra from
circled areas.
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A1.2. XAS Data Collection and Spectral Analyses
For XAS analysis, house-made and manufactured reference materials were used.
For Mn speciation, birnessite (MnO2) and manganite (MnOOH) (both synthesized in the
laboratory) were used as reference materials. For As, sodium (meta)arsenite (90%+, Sigma
Aldrich), sodium arsenate dibasic heptahydrate (98%+, Sigma Aldrich), and As(V)-reacted
hausmannite were used. The As(V)-reacted hausmannite was obtained through a batch
sorption reaction by adding 250 M of As(V) to 30 mg of hausmannite in 150 mL of 10
mM NaCl solution at pH 5 for 8 hours. For Ni speciation, reference materials of bunsenite
(NiO, U.S. research nanomaterialINC), nickel chloride hexahydrate (99.999% for analysis,
Acros OrganicsTM), and theoparastite (Ni(OH)2) were used. Theoparastite Ni(OH)2 was
made by titrating 1 M NiCl2 solution into alkaline DI water (pH 9) to induce the
precipitation of Ni hydroxide. The product was then centrifuged and dried at room
temperature.
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A2. Results and Discussion
A2.1. Effects of Ni Substitution on Hausmannite Structure and Characteristics
Samples of Ni-adsorbed hausmannite were prepared with a suspension containing
1 mM of Ni(II) with 1 g/L of hausmannite, followed by equilibration for 24 hours
(measured pH after spiking ~ pH 4.70). The solids were then collected after centrifuging,
rinsed thoroughly to remove unreacted chemical residues, dried, and run for the PXRD
measurement under the same condition as described above.
A2.2. Effects of Structural Impurities on Dissolution of Hausmannite
[Acidic dissolution]: The Ni fractionation was calculated by dividing the released [Ni] by
total metal released (i.e., sum of [Ni] and [Mn]) from dissolution reaction. For example,
the Ni fraction from acidic dissolution of Ni2-Haus was calculated by [(4.23 M of Ni)
/(4.23 M of Ni + 163 M of Mn) = 0.03]. Further, the total dissolved Ni concentration
released by milligrams of hausmannite was calculated by [4.23 mol/L of Ni x 58.69 g/mol
(Ni atomic weight) x L / 200 mg of hausmannite = 1.24 g Ni / mg Haus] (Table A2)
[Reductive dissolution]: The Ni mass balance for the reductive dissolution is summarized
in Table A3. All the numbers reported in the table were derived from experimental
measurements, except the Ni percentage remaining in the structure after the reductive
dissolution. The Ni fraction from reductive dissolution with Ni2-Haus was estimated by
[(13.4 M of Ni) /(13.4 M of Ni + 441 M of Mn) = 0.03].
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Table A2. Ni mass balance for the acidic dissolution reaction.
Ni-substituted hausmannite

Ni 1 wt.%
7.24 g
Ni/mg Haus

Ni 2 wt.%
21.99 g Ni/
mg Haus

Total dissolved Ni concentration released by acidic
dissolution (accumulative over the reaction term)

0.028 g
Ni/
mg Haus

1.24 g Ni/
mg Haus

Percentage of Ni remained in the structure after
acidic dissolution (estimated)

99.6 %

94.4 %

Total Ni quantity added for the synthesis

Table A3. Ni mass balance for the reductive dissolution.
Ni-substituted hausmannite
Total Ni quantity added for the synthesis
Total dissolved Ni concentration released by
reductive dissolution (accumulative over the
reaction term)
Total Ni quantity recovered from mineral solids
after the batch reactions
(microwave-assisted acid digestion with ICP
analysis)
Percentage of Ni remained in the structure after
reductive dissolution with As(III)

131

Ni 1 wt.%
7.24 g Ni/
mg Haus

Ni 2 wt.%
21.9 g Ni/
mg Haus

1.25 g Ni
/mg Haus

3.93 g Ni
/mg Haus

7.07 g Ni /
mg Haus

17.1 g Ni/mg
Haus

82.7 %

81.1 %

A2.3. Reaction Rates Estimation by Reductive Dissolution
Table A4. Estimated Mn release rate of pristine and Ni-substituted hausmannite samples.
Mineral
samples

Initial Rate

M/m2h

R2

Pristine
Haus

6.70

0.94

Ni1-Haus

7.50

1.00

Ni2-Haus

7.70

1.00

Diff. in Initial
Rate ()
6.70/7.70
(87.0%)
7.50/7.70
(97.4%)
7.70/7.70
(100%)

Secondary Rate

M/m2h

R2

1.16

0.94

2.02

0.95

2.08

0.93

Diff. in
Secondary
Rate ()
1.16/2.08
(55.8%)
2.02/2.08
(97.1%)
2.08/2.08
(100%)

A2.4. Point of Zero Charge Measurements of Pristine and Ni-Substituted
Hausmannite Minerals
Pristine or Ni-substituted hausmannite particles were suspended in 10 mM NaCl
solution at a particle loading of 0.08 g/L. The mineral suspension was titrated with HCl or
NaOH to achieve a target pH of 4 to 8 and equilibrated for 24 hours with the pH of
suspension monitored and maintained. The zeta potential values of the resulting suspension
were then measured by using a zetasizer NanoZSP (Malvern Instruments, Worcestershire,
UK) and reported over a range of solution pHs (Figure A2). The trend lines intercepts zero
at pH 4.1 and 4.6 for pristine Haus and Ni2-Haus respectively, showing that PZC values in
the hausmannite system are between pH 4 and 5.
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Figure A2. Zeta potential values of pristine hausmannite and 2 wt.% Ni-substituted
hausmannite as a function of solution pH.
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A2.5. Mn K-edge XANES and EXAFS After Reductive Dissolution Reaction
Mn K-edge XANES spectra of the pristine and Ni-substituted hausmannite samples
were used (i) to determine the oxidation states of Mn and (ii) to ascertain changes in Mn
oxidation states induced by Ni-substitution or dissolution reactions. In unreacted pristine
hausmannite, the Mn K-edge XANES spectrum presents two major peak features, which
correspond to Mn(II) and Mn(III), respectively (Figure A3(a)). The unreacted Nisubstituted minerals also show the same edge features as those of pristine hausmannite,
indicating that there is little or no change in average Mn oxidation state resulting from Ni
substitution in the hausmannite structure (Figure A3(a)). After As(III) oxidation, there is
no sign of shifting with the adsorption edge location (Figure A3(b)). However, the EXAFS
region suggested a slight change in the local structure of hausmannite as a result of As(III)
oxidation, particularly for Ni2-Haus (Figure A3(c), (d)).
To understand the local structure, shell-by-shell fits were conducted with Mn Kedge spectra, using 3 different scattering pathways, Mn-O, Mn-Me, and Mn-As for As(III)reacted Haus, Ni1-Haus, and Ni2-Haus with As(V)-reacted Haus as a reference (Figure
A3(c), (d)). The 1st shell (Mn-O) is attributable to octahedral Mn sites fitted at 1.91 Å
(coordination number (CN) = 5). The 2nd shell located at ~2.90 Å is assumed to arise from
scattering of Mn-Mn in hausmannite, which was previously published at 2.90 Å in Mnoxides 1. This distance is changed in the presence of Ni substitution to a shorter distance of
2.85 and 2.87 Å in Ni1-Haus and Ni2-Haus, respectively (Table A5). This shell represents
the Mn-Ni through the axial oxygen in octahedral sites where the Ni substitution shortens
the distance to oxygen by losing the Jahn-Teller distortion. This value
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also closely

matches a previous study, showing the distance from Mn to incorporated Ni in Mn(IV)O2
at 2.88 Å.2 Finally, the 3rd shell located at 3.34-3.36 Å is indicative of Mn-As shell of the
adsorbed As(V) on the surface through a binuclear bidentate (BB) surface complexation.
These results are very similar among all samples including As(V)-reacted hausmannite.1,3,4
Ni-substituted hausmannite has a shorter distance of Mn-As(V), which may indicate that
As(V) bonding from a heterogeneous environment where both Ni and Mn exist.
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Figure A3. Mn K-edge X-ray absorption spectra. (a) XANES spectra of pristine and Nisubstituted hausmannite minerals, (b) XANES spectra of As(III)-reacted pristine
hausmannite and Ni-substituted hausmannite, and of As(V)-reacted hausmannite
(reference compound, red), (c) EXAFS in k3-weight (k) function and (d) radial distance
(R) of EXAFS spectra of As(III)-reacted pristine and Ni-substituted hausmannite and of
As(V)-reacted hausmannite (reference compound, red).
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Table A5. Mn K-edge fitting parameters and the fitting results.
Crystallographic
Valuea

As(III) reacted Hausmannite
R

σ2 (A2)c

1.91

-0.017

0.006 (22)

5

2.90

0.020

0.018 (4)

Mn-As

2

3.36

shell

N

R (Å)

Mn-O
Mn-Ni
Mn-As

5
2
2

1.90
2.85
3.34

Shell

N

R (Å)

Mn-O
Mn-Ni
Mn-As

5
3
2

1.91
2.87
3.34

shell

N

R (Å)

shell

Nb R (Å)

Mn-O

5

Mn-Mn



-11.6
(± 2.22)

Rfactor

N

R

0.01

4
2
2
4
3

1.93
2.28
2.89
3.12
3.35

0.010
0.003 (3)
1% Ni substituted Hausmannite
R

σ2 (A2)



-0.028
0.008 (3)
-14.4
-0.031
0.009 (4)
(± 2.78)
-0.012
0.003 (2)
2% Ni substituted Hausmannite
R

σ2 (A2)



-0.026
0.009 (2)
-14.1
-0.018
0.013 (3)
(± 2.29)
-0.006
0.004 (2)
As(V) reacted Hausmannite
R

σ2 (A2)



Rfactor
0.02

Rfactor
0.01

Rfactor

Mn-O
5 1.91
-0.018
0.006 (2)
-11.3
Mn-Mn 5 2.90
0.018
0.018 (4)
0.01
(± 2.19)
Mn-As 2 3.36
0.013
0.003 (3)
aThe crystallographic values were obtained from the structural information of hausmannite.
bDuring

the fitting exercises, CN was fixed, but R, Debey-Weller factor (σ2), and  were

varied
cUncertainties

are given in the parentheses, except for fixed parameters.
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A2.6. Ni K-edge XANES Analysis of Ni-Substituted Hausmannite Mineral Before
and After the Reductive Dissolution Reaction

Figure A4. Ni K-edge XANES spectra of unreacted and As(III)-reacted Ni-substituted
hausmannite samples.
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A2.7. In-situ Observation of Dissolution Reactions by ATR-FTIR with Pristine
Hausmannite and Ni-Substituted Hausmannite
Since the spectra of mineral dissolution under pH 5 solution were relatively
constant, the pre-equilibrated mineral films of pristine Haus, Ni1-Haus, and Ni2-Haus were
exposed to a flowing solution of 10 mM NaCl solution at pH 5 as a control treatment
(Figure A5). The synthetic mineral films were exposed to either the control (10 mM NaCl
solution) or reference solution (500 M As(V) in 10 mM NaCl) up to 2 hours. Due to lower
As(V) adsorption on the mineral surface, the concentration of As(V) was increased to
obtain a better signal for the measurements. All control and reference experiments were
conducted with the same condition as detailed in Section 1.2.5.
In blank solution reaction (10 mM NaCl solution without As (pH 5)) with mineral
films exhibited a slight band growth at 900 or 925 cm-1 depending on the film type.
Previous studies reported that the observation of OH band from Mn(II) reacted birnessite
which was suspected as metastable Mn-hydroxide, feitknechitite at 946 and 1046 cm-1.5
Thus, trivial growth in these locations can be an evidence of Mn-hydroxide as a result of
Mn(II) release from the dissolution reaction.
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Figure A5. Flow cell in-situ ATR FT-IR spectra from (A) blank solution (10 mM NaCl
solution without As (pH 5)) reacted with mineral films and (B) the As(III)-reacted with 1%
Ni substituted hausmannite at time 0 (i) 10 (ii), 30 (iii), 60 (iv), and 120 (v) minutes. The
dashed lines are indicative of vibrational modes of As(V).
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APPENDIX B
ADDITIONAL INFORMATION FOR CHAPTER 2

B1. Materials and Methods
B1.1. Reference Materials
The reference materials for Co K-edge analysis included Co(II)O (US Research
Nanomaterials, Inc), Co3O4 (synthesized in the lab), and CoOOH provided by Evert
Elzinga (Ph.D.) (personal communication). For the Co3O4 synthesis, 1 M cobalt chloride
(CoCl2) solution was prepared with DI water and titrated to alkaline condition (pH 9) to
induce Co hydroxide precipitation. The precipitate was then collected and calcinated at 500
°C for 5 hours to obtain Co3O4. For Mn K-edge, the reference materials of birnessite,1
manganite,2 and hausmannite3 were used. For the As reference, sodium (meta)arsenite
(NaAsO2) and sodium arsenate dibasic heptahydrate (HNaAsO4) were prepared for As
speciation.
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B2. Results and Discussion
B2.1. Effects of Co Substitution in the Mn(II/III) Oxide Structure and Properties
Table B1. SEM EDX measurements of Co substituted hausmannite: Co1-Haus and Co2Haus. The weight percentage of Mn and Co is shown as an inset in the EDX analysis.

Control

Co1Haus

Average

Si
wt.%
σ
94
0.8
Mn
wt.%
99.2
99.4
99.4
99.3
99.4
99.4
99.4

wt.%
4.1

C
Σ
0.8
Co2Haus

Co
σ
0.1
0.1
0.1
0.1
0.1
0.1
0.1

wt.%
0.8
0.6
0.6
0.7
0.6
0.6
0.6

Σ
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Average

Mn
wt.%
97.8
98.0
98.3
98.3
97.8
98
98

Co
σ
0.2
0.2
0.3
0.3
0.2
0.2
0.2

wt.%
2.2
2.0
1.7
1.7
2.2
2
2

Σ
0.2
0.2
0.3
0.3
0.4
0.2
0.2

Figure B1. An example of SEM EDX chemical analysis for Co2-Haus of Mn and Co.
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Table B2. SEM EDX measurements of Co substituted manganite: Co1-Mang and Co2Mang. The weight percentage of Mn and Co is shown as an inset in the EDX analysis.

Control

Si
σ
0.8

wt.%
94.4
Co1Mang

Average

C
σ
N/A

wt.%
N/A

Mn

Co2Mang

Co

wt.%
98.6
98.6

σ
0.3
0.3

wt.%
1.4
1.4

σ
0.3
0.3

98.6

0.3

1.4

0.3

Average

wt.%
97.0
95.9
96.5
96.5

σ
0.5
0.4
0.5
0.5

wt.%
3.0
4.1
3.5
3.5

σ
0.5
0.4
0.5
0.5

Figure B2. An example of SEM EDX chemical analysis for Co2-Mang of Mn and Co.
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Figure B3. PXRD scans of Haus (black), Co1-Haus (red), and Co2-Haus (blue) with
hausmannite reference peaks (AMCDS 0002024).

Figure B4. PXRD scans of Mang (black), Co1-Mang (red), and Co2-Mang (blue) with
manganite reference peaks (AMCDS 0010565).
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Table B3. The unit cell parameters and surface areas of Co-substituted lower valence
manganese oxides.
System
Haus
Co1-Haus
Co2-Haus
Mang
Co1-Mang
Co2-Mang

Lattice constant (Å)
a
b
c
5.7575 5.7575 9.4522
5.7522 5.7522 9.4197
5.7531 5.7531 9.4093
5.2629 5.7385 4.7849
5.4662 5.8781 4.8749
5.3067 5.2697 5.3010

Grain
Size
31.0
35.1
41.6
81.8
98.7
113

Surface Area
(SA, m2/g)
136
112
100
28.5
27.1
26.3

Figure B5. PXRD scans of Haus and Co2-Haus in comparison with Co-adsorbed Haus.

146

Figure B6. PXRD scans of Mang and Co2-Mang in comparison with Co-adsorbed Mang.
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B2.2. Effects of Co Substitution on the Mn(II/III) Oxide Dissolution Reactions
Table B4. Mn and/or Co release from acidic dissolution of pristine hausmannite, Cosubstituted hausmannite, manganite, and Co-substituted manganite.

M

Haus
Co1-Haus Co2-Haus Mang Co1-Mang Co2-Mang
[Mn]aq 130 (± 1) 139 (± 5) 158 (± 3) N/D 2.3 (± 1.4) 4.9 (± 0.9)
[Co]aq
N/A
0.2 (± 0.1) 1.3 (± 0.1) N/A
N/D
N/D
*N/A = not applicable, N/D = no detection

B2.2.1. The Estimated Co Fraction to the Total Metal Released for Acidic and
Reductive Dissolution of Mn(II/III) Oxides
The Co fraction from acidic dissolution was calculated by dividing [Co] by total
metal concentrations of Mn and Co.
[Hausmannite – Acidic dissolution] The Co fraction for Co1-Haus will be [Co (%)] = [0.2

M / (0.2 + 139) M] × 100 = 0.1 %. Same with Co1-Haus, Co2-Haus will be [Co (%)] =
[1.3 M / (1.3 + 158) M] × 100 = 0.8 %.
[Hausmannite – Reductive dissolution] The Co fraction for Co1-Haus will be [Co (%)] =
[1.4 M / (1.4 + 356) M] × 100 = 0.4 %. Co2-Haus will be [Co (%)] = [10.7 M / (10.7
+ 388) M] × 100 = 2.7 %.
[Manganite – Reductive dissolution] The Co fraction for Co2-Mang will be [Co (%)] =
[1.0 M / (1.0 + 25.0) M] × 100 = 3.8 %.
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B2.2.2. The Estimation of SA Normalized As(V) Production by Mn(II/III) Oxides
The SA normalized As(V) production by pristine and Co-substituted hausmannite
was calculated by using As(V) adsorbed (i.e., As(V)ad) or measured in the solution (i.e.,
[As(V)]aq) and dividing it with the BET SA of the mineral.

[Pristine Haus and Co substituted Haus] the SA normalized As(V) production = [47.4 M
(estimated As(V) adsorbed) + 194 M (measured [As(V)]aq produced)] / [136 m2/g × 0.2
g/L (particle loading)] =

8.87 M/m2, Co1-Haus = [(56.6 M + 162 M)] / [111 m2/g ×

0.2 g/L] = 9.85 M/m2, and for Co2-Haus = [(51.0 M + 144 M)] / [100 m2/g × 0.2
g/L] = 9.75 M/m2.
[Pristine and Co-substituted Mang] the SA normalized As(V) production for Mang = [8.2

M + 5 M)] / [28.5 m2/g × 0.2 g/L] = 2.3 M/m2, for Co1-Mang = [5.7 M + 6 M)]
/ [27.1 m2/g × 0.2 g/L] =

2.2 M/m2 for Co1-Mang, and for Co2-Mang [5.2 M + 8 M]

/ [26.3 m2/g × 0.2 g/L] = 2.6 M/m2 for Co2-Mang.
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Figure B7. The SA normalized [Mn](aq) production derived from acidic (black) and
reductive (red) dissolution of hausmannite (closed square) and manganite (closed circle)
as a function of Co substitution percentage in the mineral structure.
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B2.3. XAS of Pristine and Co-Substituted Mn(II/III) Oxides Before and After
Dissolution Reactions

Figure B8. Co K-edge XANES of Co2-Haus and Co3O4 reference in first derivatives.

Figure B9. Co K-edge XANES spectra of (a) hausmannite and (b) manganite before
(black) and after (red) arsenite oxidation.
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Figure B10. Mn K-edge XANES in normalized absorbance (a) Haus and (b) Mang in the
absence (black) and presence (red) of Co substitution (at 2 wt.% substitution).

B2.3.1. Estimation on Mn AOS after Co Substitution
The Mn AOS was calculated by multiplying the fraction of each reference with its
theoretic AOS. For example, for Co2-Haus, the Mn AOS = [(2.67 (Haus AOS) × 0.95) +
(3.74 (Birn AOS) × 0.05) = 2.72. In the same manner, for Co2-Mang, the Mn AOS =
(3.00 (Mang AOS) × 0.81) + (3.74 (Birn AOS) × 0.19) = 3.14.
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B2.4. As Coordination Chemistry on Mn(II/III) Oxide Surfaces

Figure B11. Flow cell in-situ ATR-FTIR results: (A) control experiments with pH 5
solution (10 mM NaCl) in the presence of (a) Haus and (b) Co2-Haus for 120 min (The
details of experimental conditions are given in Section 2.2.5) and (B) As(III) reacted Mang
in time sequence of (i) baseline, (ii) 0 (iii) 10, (iv) 30, (v) 60, and (vi) 120 minutes.
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APPENDIX C
ADDITIONAL INFORMATION FOR CHAPTER 3

C1. Materials and Methods
C1.1. Characterization of Single and Binary Systems

Figure C1. Full PXRD spectra of (a) Haus and (b) Mang, and standard reference materials.
The reference peaks were exported from American Mineralogical Crystal Structure
Database (AMCDS). Identification numbers for hausmannite and manganite references are
AMCDS 0002024 and AMCDS 0010565, respectively.
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Figure C2. The BET surface area (SA) measurement of Haus, Mang, and HM11
(Haus:Mang = 50:50 wt.%) and the estimated SA values for HM41 (Haus : Mang = 80 :
20 wt.%) and HM14 (Haus : Mang = 20:80 wt.%).

Table C1. The comparison between measured and calculated values of SA with binary
systems.
SA (m2·g-1)
Measured values
Calculated values

Haus
136
N/A

HM41
N/A
115

HM11
88.4
82.3

HM14
N/A
50.0

Mang
28.5
N/A

The estimation of SA for binary systems was performed by multiplying the
measured SA of the mineral with the target wt. %. For example, SA for HM41 = [136 m2/g
x 0.8] + [28.5 m2/g x 0.2] = 115 m2·g-1. SA for HM14 = [136 m2/g x 0.2] + [28.5 m2/g x
0.8] = 50.0 m2·g-1. SA for HM11 = [136 m2/g x 0.5] + [28.5 m2/g x 0.5] = 82.3 m2·g-1. The
comparsion between actual measurement and estimated value of HM11 system is listed
below in Table C1, showing less than 3% difference in between two SA.
156

Figure C3. TEM images of (a,c-d) Haus particles (pseudo-octahedral morphology), (b)
high-resolution image of Haus particles, (e) Mang rods (fibrous morphology), and (f)
closed-view of Mang rod.
157

C2. Results and Discussion
C2.1. Single Mineral Systems: As Oxidation and Adsorption

Figure C4. The concentrations of [As], [As(V)], and [Mn] during As(III) oxidation
reactions as a function of time in the single mineral systems (a) pH 5 and (b) pH 7.

The As(III) removal was estimated by dividing the sum of oxidized As(III) (i.e.,
[As(V)]) and adsorbed As species (i.e., [As(V)]ads) by the SA of each mineral. For example,
a total As(V) concentration produced by Haus was 194 M after 8 h and [As]aq in the
solution was 203 M. Thus, the As(III) removal by hausmannite is estimated to [194 M
+ (initial As (250 M) – 203 M)]/[0.2 g (particle loading) x 136 m2/g] = [241 M / 27.2
m2] = 8.86 µM·m-2. In a same manner, at pH 5 the As(III) removal by manganite is
estimated to [23.4 µM + (250 M – 247 M)]/[0.2 g x 28.5 m2/g] = 4.63 µM·m-2.
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C2.2. Binary Mineral Systems

Figure C5. The concentrations of [As], [As(V)], and [Mn] during As(III) oxidation
reactions as a function of time from the binary systems (a) HM41, (b) HM11, (c) HM14
at pH 5.

Similar to Section C2.1, As(III) removal from the binary systems was estimated by
dividing the sum of [As(V)] and [As(V)]ads by the surface area of mineral solids. For
example, for HM41 a total As(V) was measured of 165 M after 8 hours, whereas the
[As]aq in the solution was 247 M. Thus, the As(III) removal by HM41 is equal to [165

M + (initial As (250 M) – 247 M)]/[0.2 g (particle loading) x 115 m2/g] = [168 M /
23.0 m2] = 7.33 M·m-2. For HM14 system, the As(III) removal is equal to [103 M +
(initial As (250 M) – 241 M)]/[0.2 g (particle loading) x 50.0 m2/g] = [112 M / 10.0
m2] = 11.2 M·m-2
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C2.3. Binary Mineral Systems: Aggregation Structure of the Oxide Mixtures

Figure C6. TEM images of HM11 (50 wt.% of Haus and Mang in the binary system) (a, e,
g) and their enlarged views (b-d, f, h) (white boxed areas).
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