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A B S T R A C T   

Hausmannite and manganite, the most abundant Mn(II/III) oxides in the environment, commonly contain cobalt 
(Co) as a structural impurity, yet the effects of Co substitution on the structure, stability, and reactivity of Mn(II/ 
III) oxides have not been experimentally assessed. Using pristine and Co-substituted minerals with varying Co 
loadings (1 and 2 wt%), the present study observed changes in the structural properties, as well as stability and 
reactivity of these minerals toward acidic and reductive dissolution with arsenite (As(III)). Cobalt substitution in 
hausmannite produced significant changes in the lattice parameters and surface areas of the mineral, while 
manganite presented little to no Co substitution effects. In both minerals, Mn and Co release was accelerated in 
reductive dissolution, although more than 85% of the Co remained in the mineral structure. Only hausmannite 
showed increased oxidation of As(III) to As(V) with increased Co substitution, where the stoichiometric [Mn 
(II)]aq to [As(V)]aq ratio was at/close to 2. X-ray absorption spectroscopy analysis indicated the co-presence of Co 
(II) and Co(III) at tetrahedral and octahedral sites, respectively, with structural Co(II) dominating in haus
mannite. The sole occupancy of Co(II) at octahedral sites in manganite appeared to induce changes in the average 
Mn oxidation state. Multiple surface complexes of arsenate were observed on the mineral surfaces, with the 
bidentate binuclear mode being the major species. Thus, Co substitution altered the stability and reactivity of the 
Mn(II/III) oxides under dissolution conditions, although the extent varied by the Co coordination chemistry, 
valence, and quantity in the mineral structures.   

1. Introduction 

The occurrence and geochemical behavior of cobalt (Co) at Earth’s 
surface is closely associated with that of manganese (Mn) (oxyhydr) 
oxides (hereafter, Mn oxides). The intimate association of Mn–Co has 
been extensively observed in soils (Burns, 1976; Koschinsky and Hal
bach, 1995; Manceau et al., 1987; Taylor, 1968; Taylor et al., 1964; 
Taylor and McKenzie, 1966), lake sediments (Green et al., 2004; Shacat 
et al., 2004), oceanic nodules (Burns et al., 1977; Dillard et al., 1982; 
Goldberg, 1954; Hein and Koschinsky, 2014; Koschinsky and Halbach, 
1995), and ore deposits (Carpenter et al., 1978; Hem et al., 1989; Hem 
and Lind, 1994; Kay and Conklin, 2001; Ostwald, 1984; Tan et al., 
2010), and such field observations have motivated laboratory-scale 
mechanistic studies aimed at understanding Co adsorption, oxidation, 
and structural incorporation by Mn oxides (Lee and Tebo, 1994; Man
ceau et al., 1997, 1992; McKenzie, 1972; Silvester and Manceau, 1997; 

Simanova and Peña, 2015; Wu et al., 2019; Yin et al., 2014, 2011; Yu 
et al., 2012). In particular, birnessite group minerals, the most common 
natural Mn(III/IV) oxides, have been extensively analyzed. In layered 
birnessite minerals adsorption of Co(II) occurs preferentially at edge 
sites and then migrates into vacant sites (Manceau et al., 1997; Sima
nova and Peña, 2015; Yin et al., 2011). Oxidation of adsorbed Co(II) to 
Co(III) can be facilitated by either Mn(IV) or Mn(III) (Crowther et al., 
1983; Dillard et al., 1982; Hem, 1978; Manceau et al., 1997; Murray 
et al., 1985; Murray and Dillard, 1979; Simanova and Peña, 2015; Yin 
et al., 2011) or by O2 in the presence of Mn(III/IV) minerals (Hem, 1978; 
Murray et al., 1985; Murray and Dillard, 1979), which is followed by 
incorporation of Co(III) into mineral structures (Crowther et al., 1983; 
Manceau et al., 1997, 1992; Simanova and Peña, 2015; Yin et al., 2011). 

While the mechanisms of Co uptake and sequestration are well 
established in birnessite structure, only a few studies have investigated 
the effects of structurally incorporated Co on the stability and reactivity 
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of Mn minerals, as well as the fate and cycling of the structural Co during 
geochemical processes. For instance, Yin et al. (2011) demonstrated that 
Co substitution in the hexagonal birnessite structure increased the 
removal capacity of Pb(II) and As(III) by the mineral, but produced 
insignificant Co and Mn in solution, implying that both metal cations 
were retained in the layered structure of birnessite, or strongly adsorbed 
onto the mineral surfaces. Furthermore, a recent study by Wu et al. 
(2019) demonstrated that Co remained incorporated in the crystal 
structures, and distributed among mineral mixtures, when Co- 
containing birnessite precursors underwent transformation processes. 
Thus, Co substitution in birnessite appears to enhance the overall 
reactivity of the minerals and Co tends to remain associated with the 
mineral lattice, either adsorbed or incorporated, during these reactions. 

In addition to the birnessite family, naturally-occurring Mn(III)- 
oxide phases, such as hausmannite (Mn(II)Mn(III)2O4) and manganite 
(Mn(III)O(OH)), commonly contain Co as a structural impurity. Field- 
scale studies noted a correlation between an increase in reductive 
dissolution of hausmannite to an increase in Co solubility in lake and 
sedimentary environments (Green et al., 2004; Shacat et al., 2004). 
However, due to the complexity of redox boundaries in such environ
ments, linking the Mn reduction solely to the geochemical behavior of 
Co was difficult to discern. In laboratory-scale studies, pristine phases of 
hausmannite and manganite have been favorably used for adsorption 
and redox reactions with heavy metals (including Co) and toxic metal
loids (Chiu and Hering, 2000; Hem, 1978; Junta and Hochella, 1994; 
McKenzie, 1972; Shaughnessy et al., 2003; Song et al., 2021, 2020; 
Vodyanitskii, 2009; Weaver et al., 2002; Weaver and Hochella, 2003; 
Wilk et al., 2005). Research has also demonstrated that adsorption of Co 
(II) and oxidation of adsorbed Co(II) to Co(III) occurs on the surfaces of 
hausmannite or manganite, followed by structural incorporation of Co 
(III) (Hem, 1978; Simanova and Peña, 2015; Wu et al., 2019), similar to 
Co uptake by birnessite minerals. Yet, no studies exist which investigates 
influences in the characteristics and reactivity of these Mn(II/III) oxides 
induced by Co substitution, or the fate of structural Co as the minerals 
undergo geochemical reactions. A recent study of our own demonstrated 
that trace-level substitution of Ni in the hausmannite structure signifi
cantly altered the stability and reactivity of the mineral compared to the 
pristine phase (Song et al., 2020). As Ni is redox inactive under envi
ronmental conditions, the potential contribution of redox-labile Co to 
the oxidizing ability of the mineral is thus of particular interest. 

In the present study, we characterized for the first time the similar
ities and differences of Co oxidation states and coordination chemistry in 
the structures of Co-substituted hausmannite and manganite, and 
demonstrated how these effects govern the properties, stability, and 
overall reactivity of the minerals toward acidity and/or arsenite (As(III)) 
relative to the pristine equivalents using a combination of laboratory 
and synchrotron-based techniques. The findings of the present study will 
help elucidate the complexity of intimate Mn–Co association in Mn(II/ 
III) oxides, and thus improve our understanding of the stability or sol
ubility of Mn oxides, as well as the fate and cycling of associated tran
sition metals and metalloids in surficial environments. 

2. Materials and methods 

2.1. Materials 

All chemical agents used for material synthesis and batch experi
ments in the present study were of analytical grade or better, including 
manganese acetate tetrahydrate (Mn(CH3COO)2⋅4H2O), cobalt acetate 
tetrahydrate (Co(CH3COO)2⋅4H2O), cobalt chloride hexahydrate 
(CoCl2∙6H2O), potassium persulfate (K2S2O8), sodium (meta)arsenite 
(NaAsO2), sodium arsenate dibasic heptahydrate (H2NaAsO4), acetone 
(CH3COOH), ethyl alcohol (C2H5OH), sodium chloride (NaCl), nitric 
acid (HNO3), hydrochloric acid (HCl), and sodium hydroxide (NaOH). 
Trace metal grade Mn, Co, and As standard solutions were used for 
inductively coupled plasma optical emission spectroscopy (ICP-OES) 

analysis. Dionex™ AS22 eluent consisted of 4.5 mM sodium carbonate 
and 1.4 mM sodium bicarbonate. Detailed information (e.g., manufac
turer, purity) about chemicals can be found Supporting Information (SI), 
S1.1. 

2.2. Material synthesis 

Both pristine hausmannite (Song et al., 2020; Song et al., 2012) and 
manganite (Hu et al., 2008; Song et al., 2021) were synthesized 
following a method described in previous studies. The Co-substituted 
hausmannite was synthesized in the same manner as pristine haus
mannite but with the addition of Co from a stock solution of 50 mM Co 
(CH3COO)2⋅4H2O into the Mn(CH3COO)2⋅4H2O solution to meet the 
target 1 or 2 weight percent (wt%). Hereafter, these synthesized haus
mannite minerals are referred to as Haus, Co1-Haus, and Co2-Haus, 
respectively. The Co-substituted manganite was synthesized in the 
same manner, by adding a stock solution of Co(CH3COO)2⋅4H2O into the 
dissolved Mn(CH3COO)2⋅4H2O solution to yield 1 or 2 wt%, respec
tively. Hereafter, these are referred to as Mang, Co1-Mang, and Co2- 
Mang, respectively. In contrast, mineral samples of Co adsorbed haus
mannite or manganite was prepared by adding 1 mM of Co(II) (from 50 
mM CoCl2⋅6H2O stock solution) into a suspension of pristine haus
mannite or manganite (particle loading of 1 g/L). The adsorption reac
tion was continued for 24 hours (h) with solution pH maintained at pH 5 
using dilute NaOH. After completion of the synthesis or adsorption re
action, the minerals were collected by centrifugation, rinsed several 
times with DI water, and then dried in an oven at 60 ◦C overnight prior 
to PXRD measurements. 

2.3. Material characterization 

Freshly-synthesized hausmannite and manganite minerals were 
characterized for structure, surface area, as well as elemental composi
tion, by using a series of techniques including powder X-ray diffraction 
(PXRD) analysis, Brunauer-Emmett-Teller (BET) method, ICP-OES, and 
scanning electron microscopy (SEM), prior to batch reactions. 

2.3.1. PXRD analysis 
Powder mineral samples were analyzed by PXRD using a D8 Advance 

X-ray diffractometer (Bruker, USA) equipped with Ni-filtered, Cu Kα 
radiation, and a high-speed energy-dispersive linear detector (LYN
XEYE). Sample powders were deposited on a non-diffracted silicon (Si) 
sample holder and scanned from 10 to 80◦ 2θ with a 0.01◦ step-size. 
Peak identifications were made using the DIFFRAC.EVA software with 
the American Mineralogy Crystal Structure Database (AMCSD). The 
lattice parameters of the unit cells were estimated with Rietveld 
refinement using total pattern analysis solution (TOPAS) software. 

2.3.2. BET surface area analysis 
The BET method was used to analyze approximately 100 mg of 

mineral sample with nitrogen gas (N2) adsorption and desorption 
isotherm via a Quantachrome Monosorb surface area analyzer. The 
standard calibration was made using 1 cm3 of air injected through a gas- 
tight glass syringe equipped with a cemented needle (C series, Pressure 
lok® analytical syringe, Valco Instruments Co. Inc). All surface area (SA) 
measurements were run in triplicate and used to calculate the average 
and standard deviation of SA for each mineral sample. 

2.3.3. Elemental analysis 
Both Co-substituted hausmannite and manganite samples were 

analyzed by two different approaches for elemental composition. First, a 
microwave-assisted acid digestion method (U.S. EPA, 2007) followed by 
ICP-OES analysis (iCAP 7400 equipped with Cetax autosampler) was 
employed to determine the total Mn and Co concentrations in the min
eral samples. Approximately 20–30 mg of mineral sample were pre- 
digested with 10 mL of concentrated HNO3 at room temperature 
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overnight, followed by microwave-assisted digestion at 200 ◦C for 20 
minutes (min) using MARS 6 (CEM Corp.). The acid digests were 
collected and diluted with DI prior to ICP-OES, and analyzed with radial 
viewing for Mn (257.610 nm), while axial viewing was used for Co 
(228.616 nm) to increase sensitivity for trace metal detection. 

A Quanta™ 450 FEG SEM equipped with Bruker QUANTAX 400 
energy dispersive X-ray spectrometer (EDX) was also used to quantify 
the total Mn and Co contents in the mineral samples. Approximately 10 
mg of mineral sample were sonicated in 30 mL of DI water by a probe 
sonicator (Model 505 Sonic Dismembrator, Fisher Scientific™) for 10 
seconds (s). About 20–50 μL of the dispersed mineral suspension was 
placed on a Si wafer (University Wafer, Inc.) and dried at room tem
perature prior to the SEM analysis. 

2.4. Batch experiments and solution analyses 

Batch experiments with pristine or Co-substituted minerals were 
carried out at pH 5 in the absence (i.e., acidic dissolution) or presence (i. 
e., reductive dissolution) of As(III) (NaAsO2) via established methodol
ogy described from prior work (Song et al., 2021, 2020). In brief, a 
mineral suspension was made by dispersing 30 mg of pristine or Co- 
substituted hausmannite in 149.25 mL of 10 mM NaCl solution by a 
probe sonicator, or the same particle loading of pristine or Co- 
substituted manganite prepared in 149.85 mL of 10 mM NaCl solu
tion. For acidic dissolution reactions, the mineral suspension was 
titrated to pH 5.0 using dilute HCl or NaOH and equilibrated for one 
hour prior to use in batch reactions. For reductive dissolution reactions, 
the mineral suspension was prepared in the same fashion as the acidic 
dissolution, but 750 μL of a 50 mM NaAsO2 stock solution was added 
into the hausmannite mineral suspension for a final concentration of 
250 μM of As(III). Based on our recent study (Song et al., 2021) and a 
work by Chiu and Hering, (2000), a lower As(III) concentration of 50 μM 
was used for pristine and Co-substituted manganite minerals for the 
reductive dissolution reactions by adding 150 μL of a 50 mM NaAsO2 
stock solution. 

Both acidic and reductive dissolution reactions were run for 8 h in 
duplicate with adjustments by dilute HCl to pH 5.0 as needed. A total of 
11 aliquots were withdrawn from each replicate at selected times during 
the reaction, filtered with a 0.22 μm syringe filter (Millipore filter), and 
acidified with HNO3. The acidified aliquots were then analyzed for total 
dissolved concentration of Mn, Co, and As by ICP-OES, where Mn and Co 
detected as described above (Section 2.3.3) and As detection was 
completed in axial view at 189.042 nm. In addition, As(V) concentra
tions were measured by ion chromatography (IC, Dionex™, ICS-1000, 
Thermo Scientific), equipped with a Dionex IonPacAS22 analytical 
column (4 mm × 250 mm) and a conductivity detector. At the end of 
each batch reaction, the reacted solids were collected by centrifugation, 
rinsed thoroughly with DI water, dried, and stored in a glove bag (Erlab 
2200ANM, Erlab™) under N2 prior to post-reaction analysis. 

2.5. XAS analysis 

X-ray absorption spectroscopy (XAS) data were collected at the Co, 
Mn, and As K-edges at two beamlines of the National Synchrotron Light 
Source II (NSLS II), Brookhaven National Laboratory (Upton, NY). The 
Co and Mn K-edge spectra were collected at beamline 6-BM, after 
beamline calibration with Co or Mn foil for the absorption edge location 
and the reference energy level (Ir). The Co K-edge spectra were collected 
at room temperature in fluorescence mode, whereas Mn K-edge spectra 
in transmission mode. The As K-edge spectra were collected at the Quick 
X-ray Absorption and Scattering (QAS) beamline (7-BM) to avoid As 
oxidation during XAS measurements (Nesbitt et al., 1998). The beamline 
was calibrated with Pt foil, and the As K-edge spectra were collected 
during 5 min at room temperature in fluorescent mode, with each scan 
requiring only 30 s. 

For Co speciation, CoO (US Research Nanomaterials, Inc.), Co3O4, 

and CoOOH were used as reference materials and run under the same 
sampling conditions. For Mn speciation, birnessite (MnO2) (McKenzie, 
1971), manganite (MnOOH) (Hu et al., 2008; Song et al., 2021), and 
hausmannite (Mn3O4) (Song et al., 2020; Song et al., 2012) were syn
thesized in the laboratory via methods described in previous studies, and 
used as reference materials for XAS analysis. For As speciation, NaAsO2, 
Na2HAsO4, and As(V)-reacted minerals were used as reference materials. 
Details on synthesis of the Co reference materials and preparation of As 
(V)-reacted minerals can be found in SI, S1.2. 

The X-ray absorption spectra were analyzed both in the X-ray ab
sorption near-edge structure (XANES) and extended X-ray absorption 
fine structure (EXAFS) energy regions. The XANES spectra for Co, Mn, 
and As were background-corrected, averaged, and normalized using the 
Athena graphical user interface (Ravel and Newville, 2005). Linear 
combination fitting (LCF) of the relevant XANES regions for Co was 
conducted from −20 to 20 eV of E◦. The EXAFS spectra for Co and As 
were processed using the Artemis software, with k3 weighting in the 
approximate range from about 3.0 to 9.0 Å−1 for Co K-edge and As K- 
edge, and 3.0 to 12.0 Å−1 for Mn K-edge (Ravel and Newville, 2005). 
During the EXAFS spectra fitting analysis, the coordination number (N) 
was fixed, while the rest of parameters, including E◦, Debye-Waller 
factor (σ2), and radial distance (R), were allowed to vary. Crystallo
graphic information files for the reference materials were obtained from 
AMCSD and run with ATOMS and FEFF for calculation of the theoretical 
scattering pathways used in the fitting procedure. 

2.6. Flow-cell ATR-FTIR 

The attenuated total reflection Fourier transform infrared spectros
copy (ATR-FTIR) measurements were performed on hausmannite min
eral surfaces (Haus, Co1-Haus and Co2-Haus) with As(III) (NaAsO2) 
using a Smart Orbit ATR diamond accessory housed in a Nicolet 6700 
spectrometer (Thermo Scientific™) equipped with a liquid N2-cooled 
MCTA detector, following established methodology described in our 
prior work (Bhandari et al., 2010; Cerkez et al., 2015; Song et al., 2020). 
In brief, ~75 to 100 μL of a mineral suspension (~ 0.08 mg of mineral in 
the suspension) was deposited on the ATR element, and dried under N2. 
Then, a house-made Teflon flow cell was placed around the mineral film, 
followed by equilibration with 10 mM NaCl solution at pH 5. Once the 
film was equilibrated (confirmed by constant spectra), a solution of 250 
μM As(III) (or As(V)) (in 10 mM NaCl at pH 5) was introduced to the film 
for 2 h at a flow rate of 1 mL/min. Spectra were collected from 650 to 
4000 cm−1 at a resolution of 4 cm−1, resulting in 200 co-added scans for 
each time point. All spectra were processed by blank and background 
subtraction. It is noted that due to low As(III) (or As(V)) interaction on 
manganite mineral surfaces, no ATR-FTIR measurements were made on 
manganite samples. 

3. Results and discussion 

3.1. Effects of Co substitution in the Mn(II/III) oxide structures and 
properties 

The effects of Co substitution in the structures and properties of 
lower valence Mn oxides were examined by comparing Co-substituted 
Haus or Mang to pristine equivalents for crystallographic properties, 
particle size, and surface area (SA). The importance of these properties 
on mineral dissolution reactions has been also noted in our recent work 
(Song et al., 2020), as well as other studies (Eitel et al., 2018; Luo et al., 
2018; Peña et al., 2007). Prior to a series of comparison, the quantifi
cation of Co and Mn in Co-substituted Haus or Mang was made to ensure 
the target wt% of Co to Mn in each mineral sample. The results of the 
ICP-OES analysis on Co1-Haus and Co2-Haus showed 1.0 and 2.8 wt% of 
Co (and hence, 99.0 and 97.2 wt% of Mn), respectively, and 1.0 and 2.6 
wt% of Co (99.0 and 97.4 wt% of Mn) in Co1-Mang and Co2-Mang, 
respectively. In addition, the SEM EDX results displayed Co wt% of 
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0.7 and 2.0 for Co1-Haus and Co2-Haus (Table S1 and Fig. S1), 
respectively, and of 1.4 and 3.5 for Co1-Mang and Co2-Mang (Table S2 
and Fig. S2), respectively. Both techniques resulted in values that were 
in good agreement for the quantification of Co and Mn in Co-substituted 
minerals. 

The PXRD patterns of Co1-Haus and Co2-Haus were well-matched to 
that of pristine Haus and the reference material (hausmannite, AMCSD 
0002024) (Fig. 1(a)) and formation of Co (hydr)oxides or other mineral 
phases was not observed. Co substitution in the hausmannite structure 
caused peak sharpening and slight peak shifting toward higher 2θ, more 
distinguishable with increasing Co substitution (Fig. 1(a)). By analyzing 
unit cell parameters derived from Rietveld refinement (Table S3), the 
unit cell lattice parameter along the c-axis decreased from 9.4522 to 
9.4093 Å, as Co substitution increased in the hausmannite structure, 
while the other parameters remained relatively consistent. The 
contraction in c-axis is attributed to changes in the lattice size induced 
by the replacement of a larger Mn cation with a smaller Co in the 
structure (Shannon, 1976). Such changes in lattice parameters have 
been noted elsewhere (Wright et al., 1992; Yamamoto et al., 1983), and 
also with Ni substitution in the hausmannite structure (Song et al., 
2020). In contrast to hausmannite, the PXRD patterns of Co1-Mang and 
Co2-Mang were identical to that of pristine Mang and the reference 
material (manganite, AMCSD 0010565) (Fig. 1(b)), showing no changes 
in the PXRD patterns and subsequent derived unit cell parameters. This 
is presumably due to compatible metal ion sizes for substitution in the 
mineral structure, such as a high-spin (HS) Mn(III) with low-spin (LS) of 
Co(II) (Table S4). 

To further confirm that Co was structurally incorporated in haus
mannite and manganite, not adsorbed on those mineral surfaces, PXRD 
patterns of Co-adsorbed Haus and Mang were collected and compared 
with those of the pristine equivalents. The PXRD patterns of Co-adsorbed 
Haus were identical to those of pristine hausmannite and the reference, 
without signs of peak sharpening and shifting (Fig. S3(a)), both of which 
were evident in the PXRD patterns of Co-substituted Haus. The PXRD 
patterns of Co-adsorbed manganite were also identical to those of the 
pristine and reference minerals, except that an additional peak was 
observed in Co-adsorbed Mang which was not seen in the PXRD patterns 

of pristine or Co-substituted manganite (Fig. S3(b), indicated by box). 
This additional feature may indicate the presence of an impurity by 
added Co, as no match was found with DIFFRAC.EVA software or with 
the AMCSD. The absence of this feature in both pristine and Co- 
substituted Mang minerals supports Co substitution in the manganite 
structure, not Co adsorption on the mineral surfaces. 

The results of BET SA analysis also showed the effect of Co substi
tution in hausmannite and manganite, where the Co-substituted min
erals had lower SA compared to the pristine phases (Table S3). Pristine 
Haus had the highest BET SA of 136 (±1) m2/g, followed by Co1-Haus 
and Co2-Haus, 112 (±1) and 100 (±2) m2/g, respectively. A 26.5% 
decrease in the BET SA from pristine Haus was made by 2 wt% Co 
substitution in the mineral structure. Similarly, pristine Mang had the 
highest BET SA of 28.5 (±0.4) m2/g, followed by Co1-Mang and Co2- 
Mang, 27.1 (±0.5) and 26.3 (±0.2) m2/g, respectively, a 7.7% 
decrease from pristine Mang caused by 2 wt% Co substitution. The de
creases in BET SA by Co substitution may be attributed to increases in 
crystal size with increasing levels of Co substitution. Such changes in SA 
by Co substitution have been observed in MnO2-type minerals (Wu et al., 
2019), and also by Ni substitution in hausmannite samples (Song et al., 
2020). 

3.2. Effects of Co substitution on the Mn(II/III) oxide dissolution 
reactions 

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 low 

valence Mn oxides was evaluated by measuring the extent of Mn and/or 
Co release as a result of acidic mineral dissolution. At pH 5, all haus
mannite samples readily underwent dissolution, releasing Mn(II) into 
solution (Table S5). After 8 h of the acidic dissolution reaction, Haus, 
Co1-Haus, and Co2-Haus produced 130 (±1), 139 (±5), and 158 (±3) 
μM [Mn(II)]aq, respectively, where Co2-Haus recorded the highest [Mn 
(II)]aq release despite the lowest BET SA. When released [Mn(II)]aq was 
further normalized by SA, the values were at 4.8, 6.2, and 7.9 μM∙m−2, 
for Haus, Co1-Haus, and Co2-Haus, emphasizing the enhanced dissolu
tion of hausmannite with higher Co substitution (Detail calculation is in 
SI S3.1). This finding implies that the structural incorporation of Co in 
hausmannite accelerates acidic mineral dissolution, more significantly 
at 2 wt% than 1 wt% substitution. A similar observation was made with 
Ni substitution in hausmannite, where a higher [Mn(II)]aq was measured 
from Ni-substituted hausmannite than the pristine at pH 5 (Song et al., 
2020). In addition, the concomitant release of structural Co was also 
noted, 0.2 (±0.1) and 1.3 (±0.1) μM [Co(II)]aq in Co1-Haus and Co2- 
Haus, respectively. When considering the fraction of [Co(II)]aq of the 
total metal released (i.e., [Mn(II)]aq + [Co(II)]aq) for Co1-Haus and Co2- 
Haus, the percentage attributed to Co was 0.1 and 0.8%, respectively, 
values lower than the wt% of Co in the mineral structures. Thus, the 
overall release of structural Co from both Co1-Haus and Co2-Haus was 
minimal, with the majority of Co remaining in the hausmannite struc
tures after 8-h acidic dissolution. Details of this calculation are provided 
in SI S3.2. 

In contrast to hausmannite, limited acidic dissolution was observed 
in manganite minerals. The release of structural Mn was only observed 
in Co-substituted manganite but not in pristine, with measured [Mn 
(II)]aq of 2.3 (±1.4) and 4.9 (±0.9) μM observed from Co1-Mang and 
Co2-Mang, respectively. Normalization of Mn release by SA yielded 
values of 0.4 and 0.9 μM∙m−2 for Co1-Mang and Co2-Mang, respec
tively, thus displaying a similar trend as the hausmannite system, where 
an increase in [Mn(II)]aq was observed with increased Co substitution 
(Detail calculation is in SI S3.1). The release of structural Co was not 
observed during acidic mineral dissolution of manganite samples 
(Table S5). The stability of manganite against acidic dissolution has 
been experimentally demonstrated in previous studies (Luo et al., 2017; 
Murray et al., 1985; Stumm and Giovanoli, 1976; Weaver et al., 2002). 
Despite the small quantities observed here, the results indicate that Co 

Fig. 1. Full PXRD spectra of (a) Haus (black), Co1-Haus (red), and Co2-Haus 
(blue), with the hausmannite reference (AMCSD 0002024). An inset of 
enlarged diffractogram as an example shows a shift to higher 2θ with increasing 
Co substitution and (b) Mang (black), Co1-Mang (red), and Co2-Mang (blue) 
with the manganite reference (AMCSD 0010565). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

B. Song et al.                                                                                                                                                                                                                                    



Chemical Geology 583 (2021) 120453

5

substitution in the structure can make manganite more susceptible to 
acidic dissolution. 

3.2.2. Reductive dissolution of pristine and Co-substituted Mn(II/III) oxides 
by arsenite 

The effect of Co substitution on the reactivity and stability of low 
valence Mn oxides was also evaluated by measuring the extent of 
reductive mineral dissolution in the presence of As(III). Both haus
mannite (Barreto et al., 2020; Silva et al., 2013; Song et al., 2020) and 
manganite (Chiu and Hering, 2000; Song et al., 2021) oxidize As(III) to 
As(V), releasing Mn(II) into the solution during As(III) oxidation. Hence, 
the quantity of As(V), Mn(II), and/or Co(II) (i.e., [As(V)]aq, [Mn(II)]aq 
and/or [Co(II)]aq) produced as a result of reductive dissolution were 
used as means of comparison between Co-substituted minerals and the 
pristine equivalents. Based on the above results, especially for [Mn(II)]aq 
and/or [Co(II)]aq, both acidic and reductive dissolution reactions are 
assumed to contribute at pH 5. Thus, in order to estimate the extent of 
[Mn(II)]aq and/or [Co(II)]aq induced by the reductive dissolution only, 
initial concentrations of Mn and/or Co measured prior to sample 
exposure to As(III) were subtracted from the measured concentrations of 
these elements. 

In the presence of hausmannite, a majority of added As(III) was 
oxidized to As(V), with increasing [As(V)]aq over the course of the 
experiment. After 8 h, the measured [As(V)]aq of Haus, Co1-Haus, and 
Co2-Haus were 194 (±10), 163 (±8), and 144 (±2) μM, respectively 
(Fig. 2(a), open triangle), where less As(V) was observed in the Co- 
substituted samples. However, when the SA of the minerals was used 
to normalize [As(V)]aq, the Co-substituted Haus showed more As(V) 
produced per meter squared, specifically 8.9, 9.9, and 9.8 μM⋅m−2 Haus, 
Co1-Haus and Co2-Haus, respectively (Detailed calculation is in SI S3.3). 
In addition, a loss of total As from solution was observed in all haus
mannite samples (Fig. 2(a), closed triangle). The initial concentration of 
As(III) was 250 μM, thus the loss of As via adsorption onto mineral 
phases was estimated to be 19.0, 22.6, and 20.4% for Haus, Co1-Haus, 
and Co2-Haus, respectively, showing that the majority of arsenic 
remained in solution as As(V), consistent with observations made by Yin 
et al. (2011) and Song et al. (2021, 2020). These findings also agree well 
with measurements of the point of zero charge (PZC) of hausmannite to 
be below pH 5. Hence, at pH 5 the hausmannite surface is slightly 
negatively charged and not favorable for As(V) adsorption reactions. 

The concomitant release of Mn(II)aq was also noted from the haus
mannite samples under reductive dissolution conditions. In the Haus, 
Co1-Haus, and Co2-Haus batch reactions 362 (±11), 356 (±9), and 388 
(±2) μM [Mn(II)]aq, respectively, was detected after 8 h of the reductive 
dissolution reaction (Fig. 2(b), square). These concentrations are 

2.5–2.8 times higher than the Mn release measured as a result of the 
acidic dissolution reactions alone, indicating accelerated mineral 
dissolution in the presence of As(III). Furthermore, when the [Mn(II)]aq 
was normalized by the SA of each mineral (13.3, 16.1, and 19.4 μM⋅m−2 

for Haus, Co1-Haus, and Co2-Haus, respectively) a similar trend as the 
acidic dissolution was observed, with enhanced Mn(II) release with 
higher Co substitution per meter squared of mineral (Detail calculation 
is in SI S3.3). During reductive dissolution, structural Co in hausmannite 
was also released, 1.4 (±0.1) and 10.7 (±0.3) μM from Co1-Haus and 
Co2-Haus, respectively (Fig. 2(b), circle in the enlarged graph). Further, 
the [Co(II)]aq fraction relative to the total metals released (i.e., [Mn 
(II)]aq + [Co(II)]aq) was 0.4 and 2.7% for Co1-Haus and Co2-Haus, 
respectively (See S3.2). These values are in the range of the Co substi
tution in the hausmannite structure, suggesting the reductive dissolution 
process occurs more aggressively than acidic dissolution alone. Finally, 
mass balance calculations of Co indicates that 85–94% of initial Co 
remained in hausmannite structure after the As(III) oxidation, suggest
ing a strong retention of Co during reductive dissolution (Table S6). 

In the presence of manganite, significantly lower concentrations of 
As(V) were measured compared to hausmannite, 5 (±1), 6 (±1), and 8 
(±2) μM [As(V)]aq in Mang, Co1-Mang, and Co2-Mang, respectively 
(Fig. 3(a), open triangle). These quantities account for less than 20% of 
the initial As(III) added being oxidized to As(V), indicating poor As(III) 
oxidizing ability of manganite compared to hausmannite. When the 
measured [As(V)]aq was normalized by the SA of each mineral (2.3, 2.2, 
and 2.5 μM⋅m−2 for Mang, Co1-Mang, and Co2-Mang, respectively), it 
was evident that Co substitution in the manganite structure had little to 
no impact on the oxidizing ability of the mineral (Detailed calculation is 
in SI S3.3). The As loss through adsorption on manganite surfaces was 
also noted, specifically, 16.4, 11.3, and 10.3% of the initial As(III) added 
(50 μM) was estimated to be adsorbed on Mang, Co1-Mang, and Co2- 
Mang, respectively (Fig. 3(a), close triangle). Lower oxidation and 
adsorption of As by manganite can be explained by weak electrostatic 
interactions between As species and mineral surfaces. At pH 5, manga
nite is positively charged (Ramstedt et al., 2004), with little to no 
attraction to the neutral As(III) species. This initially unfavorable sur
face interaction seems to limit As(III) oxidation to As(V), and subse
quently, lower As(V) adsorption on the mineral (Guo et al., 2015; Song 
et al., 2021). 

The release of aqueous Mn was also observed from manganite during 
reductive dissolution. The [Mn(II)]aq was 17.1 (±0.9), 16.9 (±3.0), and 
25.0 (±0.5) μM in Mang, Co1-Mang, and Co2-Mang, respectively, after 
8 h (Fig. 3(b), square). These levels are approximately five times higher 
than the Mn release observed during acidic dissolution alone. The SA 
normalized [Mn(II)]aq productions were 3.0, 3.1, and 4.8 μM⋅m−2 from 

Fig. 2. The bulk solution analysis from arsenite oxidation by Haus (black), Co1-Haus (red), and Co2-Haus (blue). (a) [As]tot (closed triangle) and [As(V)] (open 
triangle), and (b) [Mn(II)] (closed square) and [Co(II)] (closed circle). An enlarged graph of [Co(II)]aq vs. time for better presentation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Mang, Co1-Mang, and Co2-Mang, respectively, also displaying an in
crease of Mn(II) release as Co substitution increased (Detailed calcula
tion is in SI S3.3). The release of structural Co (1.0 (±0.1) μM [Co(II)]aq) 
was detected only from Co2-Mang (Fig. 3(b), circle), representing 3.8% 
of total metal released, a percentage greater than the fraction measured 
in Co2-Haus (2.7%, See SI 3.2) and greater than the wt% in the mineral 
structure. However, the majority of Co remained in the manganite 
structure, similar to the strong Co retention observed in Co-substituted 
hausmannite samples (Table S6). 

3.2.3. Effects of Co substitution on Mn(II/III) oxide dissolution 
In order to generalize the effects of Co substitution on dissolution 

behaviors of Mn(II/III) oxides, the production of SA-normalized [Mn 
(II)]aq and the ratio of [Mn(II)]aq to [As(V)]aq were examined as a 
function of Co wt% in both minerals. First, when plotting the SA- 
normalized [Mn(II)]aq against the Co wt% of each mineral, four linear 
regressions were achieved, where an R2 of 0.996 or higher for all sam
ples was obtained, except for the reductive dissolution in manganite (R2 

of 0.797) (Fig. 4). Based on this analysis the extent of the mineral 
dissolution was increased by Co substitution in all Mn(II/III) oxides. 
Importantly, a ratio of the slopes shows a doubling of this effect when 
both reductive and acidic dissolution are operative rather than just 

acidic dissolution for both minerals. This may indicate there is a syn
ergistic effect of the two dissolution reactions, where reductive disso
lution actually enhances the rate of acidic dissolution. 

Based on the stoichiometry of the As(III) oxidation reaction, with a 
theoretical ratio of 2 to 1 of [Mn(II)]aq to [As(V)]aq (Song et al., 2020, 
2021), the ratios were calculated and compared between the pristine 
and Co-substituted phases in both minerals to probe the effects of Co 
substitution on the reductive dissolution. For Haus, Co1-Haus, and Co2- 
Haus these ratios were estimated to be 1.5:1, 1.7:1, and 2.0:1 after the 8- 
h reaction, respectively, while ratios of 1.3:1, 1.4:1, and 1.9:1 were 
determined for Mang, Co1-Mang, and Co2-Mang, respectively. While 
hausmannite minerals resulted in the ratios closer to the theoretical of 2, 
in both minerals higher Co wt% in substitution yielded ratios closer to 2, 
whereas the pristine phases recorded the lowest ratio of Mn(II):As(V). 
The results of these analyses show that the enhancement of mineral 
dissolution reactions occurs in the presence of structural impurity of Co, 
more significantly at higher substitution wt% in the structure. 

3.3. XAS of pristine and Co-substituted Mn(II/III) oxides before and after 
dissolution reactions 

Synchrotron based XANES and EXAFS analyses at the Co and Mn K- 
edges were used to assess differences in oxidation states and local co
ordination environments of these elements in the mineral solids before 
and after the dissolution reactions. Due to the low level of As sorption in 
the manganite systems, As K-edge XAS analysis was only feasible for 
hausmannite samples, and the results of As K-edge analysis are provided 
in SI, S4.1 (See Figs. S4, S5, and Table S7). 

3.3.1. Co K-edge XANES and EXAFS analysis: Co2-Haus 
The Co K-edge XANES data show that the spectrum of Co2-Haus is 

similar to Co(II)Co(III)2O4, in that the position of the absorption edge is 
located between those of the Co(II)O and Co(III)OOH references (Fig. 5 
(a)). The similarity of the spectra of Co2-Haus and Co3O4 is attributed to 
the fact that both hausmannite and Co3O4 have normal spinel structures, 
with Mn(II) and Co(II) positioned in tetrahedral sites (Mn(II)tet and Co 
(II)tet) and Mn(III) and Co(III) in octahedral sites (Mn(III)oct and Co 
(III)oct) (Suchow, 1976), and thus, suggests that Co2-Haus contains Co in 
oxidation states of (II) and (III) in the mineral structure. 

To further analyze the ratio between Co(II) and Co(III) in Co2-Haus, 
the first derivative of the pre-edge region of the normalized spectrum 
was compared to that of the Co3O4 reference material (Fig. 5(b)). Both 
Co3O4 and Co2-Haus present a peak at ~7717 eV, which corresponds to 
Co(II)tet, and another at ~7721 eV, corresponding to Co(III)oct (Yildirim 
and Riesen, 2013). When analyzing the derivative spectrum of Co3O4, 

Fig. 3. The bulk solution analysis from arsenite oxidation by Mang (black), Co1-Mang (red), and Co2-Mang (blue). (a) [As]tot (closed triangle) and [As(V)] (open 
triangle) and (b) [Mn(II)] (closed square) and [Co(II)] (closed circle) as a function of time. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 4. The SA-normalized [Mn(II)](aq) production derived from acidic (black) 
and reductive (red) dissolution of hausmannite (closed square) and manganite 
(open square) as a function of Co substitution percentage in the mineral 
structure. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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the peak height ratio of Co(II) to Co(III) was 1 to 2 (Yildirim and Riesen, 
2013), while a higher peak height of Co(II) relative to Co(III) in Co2- 
Haus was observed. This important difference indicated that the ma
jority of Co in hausmannite is in the oxidation state of (II) and situated at 
the tetrahedral site, and only a minor quantity of Co exists as Co(III) at 
the octahedral site. Substitution of Co(II) at tetrahedral sites in the 
hausmannite structure has also been noted elsewhere (Miyasaka et al., 
2012; Wright et al., 1992). The difference also provides further evidence 
that Co is incorporated into hausmannite structure rather than existing 
as a separate Co3O4 phase. In addition, we exclude the possibility of Co 
(II) oxidation to Co(III) during the XAS measurements, as no edge-shifts 
were observed during the triplicated measures of the Co-substituted 
samples, or during analysis of Co(II)-containing reference materials. 

The average local coordination environments of cobalt in Co2-Haus 
were also examined by shell-by-shell fitting of the EXAFS spectra, via 
two single-scattering paths (–Co-O and Co-Me). The two spinel model 

compounds Co3O4 (having Co(II)tet and Co(III)oct at a 1:2 ratio) and 
CoMn2O4 (having Co(II)tet and Mn(III)oct at a 1:2 ratio) were used for the 
analysis. The best fits were obtained with Co–OCo-O (N = 4) and Co-Me 
(N = 8) at radial distances (RCo-O and RCo-Me) of 1.96 and 3.39 Å, 
respectively (Fig. 6 and Table 1). While these RCo-O and RCo-Me values are 
comparable to Co(II) and Co(III) at tetrahedral and octahedral sites, 
respectively, in the hausmannite structure, they are located between 
those of the two model compounds, suggesting that the Co coordination 
environment in hausmannite is intermediate between these two mate
rials (Table 1). The trend of RCo-O and RCo-Me values was observed in the 
order of CoMn2O4 > Co2-Haus > Co3O4, and such an increase of the 
–Co-O shell is related to a higher content of Co(II)tet than Co(III)oct in 
the hausmannite structure. The RCo-O value in Co3O4 compound is the 
shortest among all three compounds (1.92 Å, Table 1) due to the 
dominant presence of Co(III)oct, which has a bonding distance of Co(III)- 
O of 1.89–1.91 Å (McKenzie, 1972; Wu et al., 2019). In addition, Co3O4 

Fig. 5. Co K-edge X-ray absorption spectra of Co2- 
Haus (red) and Co2-Mang (blue) with reference ma
terials, Co(II)O (black), Co(II)Co(III)2O4, (green), and 
Co(III)OOH (orange). (a) XANES regions marked with 
dashed lines at the absorbance edge locations 
showing different Co oxidation states among samples 
and reference materials, (b) Co2-Haus and Co3O4 
reference in first derivatives, EXAFS regions in (c) k3- 
weighted χ(k) function, and (d) the radial structure 
functions (RSFs). (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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does not exhibit the Jahn-Teller (JT) distortion with Co(III)oct in LS 
electron configuration (Wu et al., 2019), and hence, results in the 
shortest distance of Co-Me (RCo-Me 3.35 Å, Table 1). 

While elongated RCo-O values were found in Co2-Haus and CoMn2O4 
compared to Co3O4, the shorter RCo-O in Co2-Haus (1.96 Å) than in 
CoMn2O4 (2.02 Å) is evidence of cobalt residing in both tetrahedral and 
octahedral sites as Co(II) and Co(III) (Table 1), respectively, in haus
mannite. Both the elongated RCo-O and higher ratio of Co(II)tet to Co 
(III)oct in Co2-Haus are also in good agreement with our own Co K-edge 
XANES analysis, as well as others (Miyasaka et al., 2012; Wright et al., 
1992; Yamamoto et al., 1983). Furthermore, the presence of JT- 
distorted Mn(III) in Co2-Haus and CoMn2O4 can likely induce the 
elongation of RCo-Me. The RCo-Me in Co2-Haus (3.39 Å, Table 1) was 
slightly shorter than that of CoMn2O4 (3.43 Å, Table 1), likely due to the 
minor quantity of Co(III)oct present in Co2-Haus. These structural vari
ations are important for understanding the Co environment in haus
mannite, where the relatively low occupation of Co(III) in LS electron 
configuration in octahedral sites may be explained by a lack of 
compatibility with the JT distorted trivalent site. 

The Co K-edge EXAFS analyses indicate that the abundance of Co(II) 
relative to Co(III) increases in the sequence of Co3O4 < Co2-Haus <

CoMn2O4. This implies substantial structural complexity in Co2-Haus, 
where two divalent metal ions (Mn(II) and Co(II)) and two trivalent 
metal ions (Mn(III) and Co(III)) coexist in both tetrahedral and octahe
dral coordinations, different from the relatively simple coordination 
chemistry of the model compounds. This mixed Co coordination in Co2- 
Haus is reflected not only in the XANES results (Fig. 5(a)), but also in the 
EXAFS spectra, where significant dampening in the oscillations of the χ 
spectra and in the peak height of the Fourier transforms are observed 
compared to the other materials (Fig. 5(c), (d)). 

3.3.2. Co K-edge XANES and EXAFS analysis: Co2-Mang 
The Co K-edge XANES spectrum of Co2-Mang was well-aligned with 

that of Co(II)O (Fig. 5(a)), suggesting Co(II) substitution at the octahe
dral sites in the manganite structure. The results of LCF analysis also 
support the sole presence of Co(II) in Co2-Mang sample (Data not 
shown). These findings are similar to a study by Hens et al. (2018), 
where divalent Ni substitution occurred at the octahedral sites of the 
manganite structure. 

The EXAFS data of the Co2-Mang sample were fit in the same manner 
as Co2-Haus, using two scattering pathways (–Co-O and –Co-Me) and 
Co(III)OOH as the model compound (Fig. 7 and Table 2). The best fit for 
R–Co-O was found to be 1.94 Å, which is slightly longer than the reference 
(1.90 Å) and experimental (1.91 Å) values for heterogenite (Table 2) 
(Manceau et al., 1987; Wu et al., 2019). This increase in the –Co-O 
distance may be due to the larger Co(II) ions in manganite relative to 
smaller Co(III) in the model compound (Fig. 5(a)), and is suggestive of 
incorporation of Co in the mineral structure versus precipitation of a 
separate Co phase. The best fit for RCo-Me was found to be 2.87 Å, in 
strong agreement with the crystallographic values of the Co-Me dis
tances reported in heterogenite (Table 2). The relatively high Debye- 
Waller factor (σ2) fitted for this shell may reflect structural disorder 
arising from the substitution of octahedral Co(II) as an impurity in Mn 
(III) sites of the manganite structure. 

3.3.3. Mechanism of structural Co incorporation in Mn(II/III) oxides 
The results of the XAS analyses demonstrate for the first time the 

structural complexity in both hausmannite and manganite minerals 
induced by Co substitution. These experimental findings are supported 
by a theoretical analysis of crystal field stabilization energy (CFSE) 
values and bonding distances (Fig. 8(a)) (McKenzie, 1972). For example, 
in the hausmannite structure, only LS Co(III) (45 kcal/mol) possesses 
enough energy to replace Mn(III) (35.9 kcal/mol) at octahedral sites 
(McKenzie, 1972; Yin et al., 2011). Similarly, the replacement of Co(II) 
(12 kcal/mol) with a tetrahedral Mn(II) site (0 kcal/mol) is also ener
getically favorable (McClure, 1957), and the bonding distance of Mn(II)- 
O (2.04 Å) is comparable with that of Co(II)-O (2.02 Å). While ener
getically favorable in substitution, Co(III) in an LS electron configura
tion does not exhibit the JT distortion, as shown in Fig. 8(b). In contrast, 
HS Co(III) does display JT distortion, and therefore, this electron 
configuration would be more compatible when replacing HS Mn(III) in 
the hausmannite structure. Thus, substitution of LS Co(III) for HS Mn 
(III) may lower the stability of the hausmannite structure, making it 
more susceptible toward acidic and reductive mineral dissolution, re
sults observed in Co-substituted Haus samples. This incompatibility of 
either HS or LS Co(III) substitution at Mn(III) octahedral sites may 
further explain the higher percentage of overall Co substitution in the 
hausmannite occurring at Mn(II) octahedral sites by Co(II). 

Fig. 6. Co K-edge EXAFS region of Co2-Haus: (a) k3-weighted χ(k) function and (b) Fourier transforms (imaginary part in triangles, magnitude in circles) and their 
fitting results (solid line) corresponding to the Table 1. 

Table 1 
Co K-edge EXAFS spectra fitting parameters and results of Co2-Haus.      

Crystallographic values 

Co2-Haus Co3O4
b CoMn2O4

c 

Shell Na R (Å) σ2 (A2) Shell N R (Å) Shell N R (Å) 
O 4 1.96 

(9) 
0.002 
(3) 

O 4 1.92 O 4 2.02 

Me 8 3.39 
(5) 

0.008 
(3) 

Co 12 3.35 Me 8 3.43  

a N was fixed during the fitting analysis. R (radial distance) and its uncertainty 
is marked with ΔR. 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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The predominance of Co(II) in the manganite structure is in line with 
the study by McKenzie (1972), who concluded that Co(III) replacement 
with Mn(III) in the octahedral site of manganite is unlikely due to the 
small ionic radius. Since Co(II) in a LS configuration is of similar size to 
Mn(III) in manganite (Table S4), thus Co(II) would be a more feasible 
substituent, as evidenced by the longer bond distance of Co(II)-O 
demonstrated in our XAS analysis (McKenzie, 1972). This change in 
bond length may impact the stability of Co-substituted manganite to
ward the reductive dissolution reaction, leading it to behave differently 
than the pristine mineral phase. The combined consideration of bond 
lengths, CFSE effects, and the influence of the JT distorted Mn(III) can be 
useful for predicting the coordination chemistry of transition metal 
impurities in Mn(III) mineral structures (Fig. 8). 

3.3.4. Co K-edge XANES of Co-substituted Mn(II/III) oxides after reductive 
dissolution 

The reduction potential of Co(III/II) is larger than that of Mn(III/II) 
(Shannon, 1976), thus structural Co(III) may be involved in the oxida
tion of As(III) to As(V). As a result, reduced Co(II) may remain in the 
structure or be released to solution and then re-adsorbed on the mineral, 
where either pathway would result in a decrease of the average oxida
tion state (AOS) of post reaction material. To detect such changes, the Co 
K-edge XANES spectra of the mineral solids before and after the 
reductive dissolution were compared in SI Fig. S6. The results show that 
the absorption edge locations of the pre- and post-reacted phases are 
well-aligned, suggesting no change in the AOS of cobalt in Co2-Haus and 
Co2-Mang during reductive dissolution, although we do note a slight 
dampening of the edge height and near-edge oscillations, suggesting 
increased structural disorder in the reacted samples. In the case of 
manganite, the presence of redox-inactive Co(II) had little to no impact 

Fig. 7. Co K-edge EXAFS region of Co2-Mang: (a) k3-weighted χ(k) function and (b) Fourier transforms (imaginary part in triangles, magnitude in circles) and their 
fitting results (solid line) corresponding to the Table 2. 

Table 2 
Co K-edge EXAFS spectra fitting parameters and results of Co2-Mang.       

Crystallographic values 

Co2-Mang Co(III)OOH reference Heterogeniteb 

Shell Na R (Å) σ2 (A2) Shell N R (Å) σ2 (A2) Shell N R (Å) 
O 6 1.94 (4) 0.007 (3) O 6 1.91 (1) 0.004 (4) O 6 1.90 
Me 6 2.87 (1) 0.013 (24) Me 6 2.86 (1) 0.004 (3) Co 6 2.85  

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

Fig. 8. Schematic diagrams of the likelihood in replacement between Mn and Co at tetrahedral or octahedral sites of hausmannite and manganite by (a) the CFSE and 
bonding distance values, and (b) the Jahn-Teller distortion impacted by Co(III) replacement at octahedral Mn(III) site of hausmannite. 
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on the oxidizing ability of the mineral toward As(III) oxidation (Fig. 3). 
The absence of changes in the oxidation state of solid-phase Co in 
reacted hausmannite may indicate that (i) structural Co(III) does not 
actively oxidize As(III) due to its trivial quantity; (ii) any reduced Co(II) 
is mostly released to solution; and/or (iii) the amount of structural or re- 
adsorbed Co(II) is comparably small relative to that of (unreacted) Co in 
the bulk mineral (SI Section 3.2.2, Table S6). Thus, the increased 
oxidizing ability of Co2-Haus (Fig. 2) may be attributed to accelerated 
mineral dissolution reactions, induced by the structural incorporation of 
Co, but not to Co(III) as a primary oxidizer of As(III). 

3.3.5. Mn K-edge XANES of pristine and Co-substituted Mn(II/III) oxides 
before and after reductive dissolution 

The Mn K-edge XANES spectra of pristine and Co-substituted Haus 
were identical, (Fig. 9(a)), indicating no major changes in Mn AOS 
resulting from Co substitution. In contrast, the Mn K-edge XANES 
spectrum of the Co2-Mang was notably different from that of the pristine 
Mang, indicating that Co substitution in the structure likely caused 
changes in the oxidation state and/or coordination environment of 
structural Mn (Fig. 9(b)). Among the changes, an increase in absorbance 
at higher energy in the absorption edge was observed, indicating the 
appearance of higher oxidation state Mn(IV) in Co2-Mang. To further 
examine the AOS of Mn in both minerals, and changes in the Mn AOS by 
Co substitution, LCF was performed on the XANES spectra using haus
mannite (Mn(II/III)), manganite (Mn(III)), and birnessite (Mn(III/IV)) as 
reference materials. The results of LCF exercises yielded Mn AOS values 
of 2.70 and 3.14 in Co2-Haus and Co2-Mang, respectively. As the AOS of 
pristine manganite is 3, the increase in AOS of Mn in Co2-Mang further 
suggests the presence of Mn(IV) in the structure, which may be required 
to compensate for localized charge imbalance by Co(II) substituted at 
Mn(III) sites. 

After the reductive dissolution with As(III), the absorption edge lo
cations of pristine and Co-substituted Mn(II/III) oxides remained un
changed (Fig. S7), suggesting little to no change in Mn oxidation states 
in both minerals. A lack of change in Mn AOS was also noted in our 
previous study with Ni-substituted hausmannite minerals (Song et al., 
2020). In addition, the results of PXRD analysis on As(III)-reacted 
minerals show essentially identical XRD patterns of both minerals 
before and after reductive dissolution (Fig. S8), in line with the XANES 
analysis. The absence of changes in Mn oxidation states of Co- 
substituted manganite after reductive dissolution with As(III) may also 
support our finding that Mn(IV) is not involved in the As(III) oxidation 
to As(V). The standard redox potential of Mn(IV) (i.e., MnO2/Mn(II) =
1.23 eV) toward As(III) oxidation (H3AsO3/HAsO4

2− = −0.58 eV) is 
lower than that of Mn(III) in hausmannite (i.e., Mn3O4/Mn(II) = 1.50 

eV) (Bratsch, 1989). Since Mn(II) is released into solution as a result of 
reductive dissolution no change in Mn AOS is expected. 

3.4. In-situ ATR-FTIR of pristine and Co-substituted Mn(II/III) oxides 

In-situ ATR-FTIR was used to identify the differences and complex
ities in coordination environments of As species on the mineral surfaces 
to compliment the EXAFS analyses. When the mineral surfaces were 
exposed to acidic dissolution conditions for 2 h (i.e., pH 5 in the absence 
of arsenite), no vibrational bands were observed suggesting that (1) 
acidic dissolution does not significantly alter the structure of the surface 
and (2) no formation of Mn hydroxide (946 cm−1) or mineralogical 
conversion from hausmannite to manganite (1080–1150 cm−1) were 
observed (Fig. S9A) (Elzinga, 2011). Due to small As(III/V) interactions 
with manganite, the in-situ ATR-FTIR results from manganite are pre
sented in SI Fig. S9B and not discussed here. 

When Haus was exposed to As(V), vibrational modes associated with 
the arsenate moiety grew in intensity and became distinctive from the 
baseline. In the spectrum of As(V)-reacted Haus, a growth of a broad 
band was noted between 900 and 700 cm−1 (Fig. 10(a)). While indi
vidual peak features were indistinguishable, this broad absorption can 
be generally defined as three vibrational modes of As(V) species, pri
marily the symmetric (νs) and antisymmetric (νas) As-O–stretches. 
These findings agree well with a study by Parikh et al. (2010) where 
three vibrational modes of As(V) complexes 908 cm−1 (antisymmetric 
(vas) stretch) and 875 cm−1 (symmetric (vs) stretch) of As-O– and 
759–766 cm−1 (vs + vas of As-OH–) on δ-MnO2 surfaces were observed 
at pH 6. While it is difficult to identify each vibrational mode, an overall 
bathochromic shift, from the range of 908–759 cm−1 for modes of 
δ-MnO2, was observed with As(V)-reacted Haus toward lower wave
number (900–700 cm−1) which can be attributed to the longer bond 
between As(V)-Mn(III) compared to shorter As(V)-Mn(IV) in δ-MnO2. 
Furthermore, the broad intensity observed in the spectrum As(V)- 
reacted Haus suggests the presence of multiple complexations of As(V) 
on the hausmannite surface, consistent with the multiple peaks observed 
in the relative Fourier transform (Fig. S4(c)) and the shorter As(V)-O 
distance (Table S7) in the EXAFS analysis. 

For the samples of As(III)-reacted pristine Haus and Co2-Haus, a 
continuous flow of an As(III) solution adjusted to pH 5 was run over a 
freshly made film of each mineral, while collecting spectra over the 
course of two hours. In both As(III)-reacted pristine Haus and Co2-Haus, 
an immediate growth of two vibrational modes was observed within the 
spectral regions that are indicative of As(V) interactions on the mineral 
surfaces. For instance, the As(III)-reacted pristine Haus displayed two 
vibration modes at 895 and 750 cm−1 (Fig. 10(b)), where the former 
corresponds to the νs and νas –As-O stretch, and the latter to the vi
bration associated with As(V)-O-Mn(III). However, the two modes were 
different in regard to overall peak intensities. The peak at 895 cm−1 was 
smaller and reached a maximum of the intensity after 60 min, whereas 
the peak at 750 cm−1 was higher in intensity and continued to grow over 
the full 2 h. This difference may indicate an early saturation of As(V) 
adsorption on or near the mineral surface (895 cm−1), followed by a 
continuous formation of inner sphere As(V) complexes over the course 
of the reaction (750 cm−1). In comparison to the As(V)-reacted Haus 
(Fig. 10(a)), the spectra of As(III)-reacted pristine Haus lacked a definite 
vibration located at 810 cm−1 that is associated with the oxidation of As 
(III) to As(V). The As(III) oxidation to As(V) is rapid and transient, and 
thus, detection of the vibration mode associated with this reaction is not 
feasible. 

Similar to the As(III)-reacted Haus, the spectra of As(III)-reacted 
Co2-Haus showed (Fig. 10(c)) a peak at 895 cm−1, assigned to (νs As- 
O– + νas –As-O), reaching a maxima at 60 min reaction time, and 
another at 750 cm−1, growing in intensity throughout the reaction time, 
although the latter peak exhibited a slight shift toward lower wave
number, 730 cm−1, over the full two hours. The shift in peak maxima 
(750 to 730 cm−1) found in the As(III)-reacted Co2-Haus was attributed 

Fig. 9. Mn K-edge XANES in normalized absorbance (a) Haus and (b) Mang in 
the absence (black) and presence (red) of Co substitution (at a high substitu
tion) with birnessite reference (dashed line), confirming the presence of Mn 
(IV). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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to the growth of vibrational band at 705 cm−1 (Fig. S10) identified by 
subtraction of subsequent spectra at the time of the peak shift. The new 
vibrational mode grew in for the remainder of the reaction time, and 
could be potentially 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 h analyzed here), As(III) builds up on the surface 
prior to converting fully to As(V) (the predominant species observed in 
XAS analysis after 8 h). Or if the mode is due to changes in Mn geometry 
as redox reactions occur, the analysis may yield an atomic level mech
anism of As(III) oxidation at Mn surfaces. Future work is planned to 
elucidate the genesis of this vibration, which will help further determine 
complex environments of As species at mineral surfaces. 

4. Conclusion 

The present study investigates for the first time how, and to what 
extent, the structural incorporation of Co affects the stability and reac
tivity of hausmannite and manganite in a systematic manner. Haus
mannite shows greater Co substitution effects than manganite, from 
changes in crystallographic and physicochemical properties to increases 
in both acidic and reductive dissolution reactions. Further, hausmannite 
exhibits enhanced oxidizing ability toward As(III), a property that also 
increased with Co substitution. While release of structural Co occurred 
during reductive dissolution of both sorbents, the majority of Co (more 
than 85% of initial Co) was found to remain in the mineral structures 
after reaction. Structural Co was found to contribute little as a primary 
oxidant of As(III). 

The more pronounced effects of Co substitution in hausmannite than 
manganite can be explained by differences in the Co coordination ge
ometry and oxidation states as probed by XAS analyses. The co- 
occupancy of Co(II) and Co(III) at tetrahedral and octahedral sites was 
identified in hausmannite, whereas in manganite only Co(II) substituted 
in octahedral sites was observed. The Co(II) occupancy in the manganite 
structure appears to impact the average Mn oxidation state in the min
eral, with the formation of Mn(IV) observed in Co-substituted manga
nite, likely to compensate the charge imbalance induced by Co 
substitution. To interpret the observations, a theoretical analyses of 
CFSE and bond distances as well as JT distortion effects were used to 
explain the likelihood of Co substitutions in tetrahedral or octahedral 
sites of hausmannite and manganite, and Co(III) substitution in a LS 

configuration in hausmannite structure. Furthermore, we provide in-situ 
evidence of different coordination environments of As surface species 
induced by both the type of As species introduced and the presence of Co 
impurities in the mineral sorbent. 

Thus, it is concluded that the coordination chemistry and valence of 
Co in the mineral structure has a significant impact on the stability and 
reactivity of the Mn(III)-containing oxide under dissolution conditions. 
Once incorporated in the mineral structure, Co solubility and mobility 
appear to be limited, even when the mineral undergoes dissolution re
actions. Overall, this study successfully showcases that minerals with 
structural impurities exhibit geochemical behaviors that are different 
from their pristine equivalents. Therefore, careful examinations of the 
effects of metal impurities in minerals are required to gain a better un
derstanding of natural Mn(II/III) oxides and their interactions with trace 
metals and metalloids in the environment. 
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Fig. 10. 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 min. The As(V)-O vibrational modes are marked with red dashed line. The blue arrow guides the 
peak growth ~705 cm−1 with Co2-Haus. Complementary figure is listed in SI (Fig. S10). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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