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ABSTRACT

Hausmannite is a common low valence Mn oxide mineral, with a distorted spinel struc-
ture, in surficial sediments. Although natural Mn oxides often contain various impurities
of transitional metals (TMs), few studies have addressed the effect and related mechanism
of TM doping on the reactivity of hausmannite with metal pollutants. Here, the reactivity
of cobalt (Co) doped hausmannite with aqueous As(Ill) and As(V) was studied. Co doping
decreased the point of zero charge of hausmannite and its adsorption capacity for As(V).
Despite a reduction of the initial As(IIl) oxidation rate, Co-doped hausmannite could ef-
fectively oxidize As(III) to As(V), followed by the adsorption and fixation of a large amount
of As(V) on the mineral surface. Arsenic K-edge EXAFS analysis of the samples after As(V)
adsorption and As(IIl) oxidation revealed that only As(V) was adsorbed on the mineral sur-
face, with an average As-Mn distance of 3.25-3.30 A, indicating the formation of bidentate
binuclear complexes. These results provide new insights into the interaction mechanism
between TMs and low valence Mn oxides and their effect on the geochemical behaviors of

metal pollutants.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction

Hausmannite, the fifth most common Mn oxide mineral in
soils and sediments, is commonly present in hydrothermal
and metamorphic deposits (Giovannelli et al., 2012; Pena et al.,
2007). It has considerable adsorption and redox reactiv-
ity for a variety of metal pollutants (Barreto et al., 2020;
Shaughnessy et al., 2003; Song et al., 2020; Wilk et al., 2005).
Compared with other Mn oxides, hausmannite has a high
point of zero charge (Barreto et al., 2020; Shaughnessy et al.,
2003), and thus may carry a positive charge even under near-
neutral pH conditions, which may greatly promote its ad-
sorption reactivity with anionic pollutants such as arsenate
(As(V)0437). Arsenate pollution has aroused great environ-
mental concerns globally due to its high toxicity (Choongetal.,
2007; Habuda-Stanic and Nujic, 2015). Adsorption by minerals
such as hausmannite has been demonstrated to be an effec-
tive way to remove As(V) from wastewaters. Previous studies
have shown that the adsorption capacity of hausmannite for
As(V) gradually decreases with increasing pH (Barreto et al.,
2020; Garcia et al., 2014). However, there have also been some
reports about the pH-independent adsorption of hausmannite
for As(V) (Parsons et al., 2009). The various coexisting anions
(SO42-, PO43~, Cl~ and NO3~) have minor effects on As(V) ad-
sorption (Garcia et al., 2014).

Hausmannite can also oxidize low-valence redox-sensitive
elements such as As(ll) and Cr(lll) (Garcia et al., 2014
Weaver and Hochella, 2003; Xu et al., 2017). It has been added
to paddy soils to enhance arsenite oxidation and retention,
thereby reducing the mobility and toxicity of soil As (Xu et al.,
2017). The oxidation of As(Ill) by hausmannite is greatly af-
fected by the reaction pH. It has been reported that the oxi-
dation of As(Ill) is significantly more efficient with increasing
pH from 7 to 12 (Feng et al.,, 2006). Under acidic conditions,
the maximum binding of As(III) on hausmannite was observed
at pH 4-5 (Feng et al., 2006; Parsons et al., 2009); however, a
reduction of As(IIl) adsorption with increasing pH from 2 to
6 was also reported (Garcia et al., 2014). Ionic strength (e.g.,
Cl7) has little influence on As(IIl) adsorption (Feng et al., 2006).
Low concentrations of tartaric acid promotes the oxidation of
As(III), but tartaric acid at high concentrations inhibits the re-
action (Feng et al., 2006). After As(IIl) oxidation, the changes
in the average hausmannite particle sizes were minimal and
could not be detected by XRD analysis (Parsons et al., 2009). In
a previous study, As K-edge XANES analysis for the reaction
of hausmannite and hausmannnite-magnetite with As(IIl) at
an initial pH of 5 and a final pH of 6-7 demonstrated that
all As retained on the mineral surface was As(V) (Silva et al,,
2012). Raman and FTIR analysis revealed that As(V) was ad-
sorbed on these minerals as monodentate mononuclear (MM)
and bidentate mononuclear (BM) complexes (Silva et al., 2013).
Recently, investigation of As(V) adsorption onto hausman-
nite using attenuated total reflection-Fourier transform in-
frared (ATR-FTIR) spectroscopy demonstrated that As(V) was
adsorbed onto hausmannite surfaces as bidentate complexes
at high pH during the early adsorption stage and with low
surface coverage. With decreases in pH and increases in ad-
sorption time and surface loading, more As(V) species were
adsorbed as outer-sphere and/or protonated inner-sphere

monodentate species (Barreto et al., 2020). As K-edge extended
X-ray absorption fine structure (EXAFS) spectroscopy demon-
strated that As adsorbed on hausmannite surfaces through
As(V) adsorption and As(IIl) oxidation at pH 5 formed binu-
clear bidentate complexes (Parsons et al., 2009).

Mn oxide minerals in various geological settings are often
enriched in various transition metals (TMs) (Baron et al., 1998).
Incorporation of TMs into Mn oxides can modify their struc-
ture, physicochemical properties and reactivites with vari-
ous pollutants (Song et al., 2020; Yin et al,, 2012). Our previ-
ous studies investigated the effects of TMs on the reactivity
of hexagonal birnessite with various pollutants. The results
clearly demonstrated that TM-containing minerals, which are
closer to natural analogs, tend to have much different reactivi-
ties with pollutants compared with the corresponding pristine
minerals. For example, incorporation of Ni into hexagonal bir-
nessite greatly reduced the adsorption capacity of birnessite
for heavy metals (Pb(II) or Zn(II)) by 79%-85% (Yin et al., 2012).
The removal efficiencies of Cr(Ill) from water by Co- and Ni-
containing birnessite were only 28%-55% and 67%-78% that of
pure birnessite, respectively (Yin et al., 2020). As a low-valence
Mn oxide, hausmannite is also capable of incorporating vari-
ous substituents including Co, Ni, Fe and Al (Antao et al., 2019;
Baron et al., 1998; Bordeneuve et al., 2010; Song et al., 2020).
Substitution of Fe(Ill) for Mn(Ill) into the octahedral site of
hausmannite decreases the Jahn-Teller distortion, increases
the Curie point, and decreases the spontaneous magnetiza-
tion (Baron et al., 1998). Zn doping changes the morphology
of hausmannite crystallites from nanorods to a mixture of
nanorods and nanoparticles, as well as increases the energy
band gap (Jha et al., 2012). Pb doping greatly reduces the Mn304
particle size and increases the energy band gap, dielectric con-
stant, and AC conductivity (Sahin et al., 2020). Doping with var-
ious TMs (Cr(III), Co(II), Ni(II), and Cu(Il)) can greatly enhance
the phase stability during cycling and charge-transfer behav-
iors of hausmannite (Dong et al., 2013). However, these studies
were mainly focused on the application of TM-modified haus-
mannite in material sciences, and few studies have been car-
ried out to explore the dopant effects on the reactivity of haus-
mannite with environmental pollutants. It has been recently
reported that Ni substitution in hausmannite leads to notice-
able changes in the mineral structure (e.g. lattice parameters),
and enhances the acid dissolution and oxidation reactivity of
hausmannite with As(III) at pH 5 (Song et al., 2020). These find-
ings indicate that impurities may modify the structure and
physicochemical properties of hausmannite and thus alter its
adsorption behavior and redox reactivity with pollutants. Un-
like Ni, Co is highly redox-sensitive, and the influence of Co
incorporation on the reactivity and stability of hausmannite
remains to be elucidated.

In this study, we investigated the effect of Co doping on the
reactivity of hausmannite for the removal of As(III) and As(V)
from water. The influence of environmental conditions (pH
and ionic strength) on the As(V) adsorption by Co-doped haus-
mannite was also studied. For As(IIl) oxidation, changes in
the concentration of various As species were also monitored
during oxidation. As K-edge EXAFS data from samples af-
ter both As(V) adsorption and As(Ill) oxidation were collected
and analyzed to reveal the adsorption mechanisms. Our re-
sults provide new insights into the interaction mechanisms of
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low valence Mn oxides with TMs, and the influences of these
minerals on the geochemical behaviors of heavy metal pollu-
tants in surficial environments.

1. Materials and methods
1.1. Chemical and materials

All chemical reagents used in this study were purchased
from Sinopharm Chemical Reagent Co. Ltd., China. Man-
ganese sulfate (MnSO4-H,0O; analytical grade), cobalt
sulfate (CoSO4-7H,0; analytical grade) and sodium hy-
droxide (NaOH; analytical grade) were used to synthesize
Co-doped hausmannite. Potassium chloride (KCl; analytical
grade) was used for PZC analysis. Di-sodium hydrogen arse-
nate (NapHAsO4-12H,0; analytical grade), sodium arsenite
(NaAsO,; analytical grade) and sodium nitrate (NaNOs; ana-
lytical grade) were used to prepare the simulated wastewater.
Potassium borohydride (KBH,4; guaranteed reagent) and hy-
drochloric acid (HCI 32%; guaranteed reagent) were used for
As(Ill) analysis. Potassium bromide (KBr; spectroscopically
grade) was used for FT-IR analysis. Deionized water (18 MQ
cm resistance) obtained from Aquapro Water Pro Ps was
used to prepare stock solutions and wash the products for all
experiments.

1.2. Synthesis and characterization of Co-doped
hausmannite

Three Co-doped hausmannite samples with initial Co/Mn mo-
lar ratios of 0, 0.05 and 0.10 (HM, CoH5 and CoH10) were pre-
pared using the co-precipitation method (Giovannelli et al.,
2012). The phase identification and determination of the ba-
sic physicochemical properties were described in detail in a
previous study (Zhang et al., 2021).

The point of zero charge (PZC) of the as-prepared
samples was determined with the salt addition method
(Bhowmik et al., 2016). About 20 mL of 0.01 mol/L KCl solu-
tion was added to a series of 100 mL test tubes, and the solu-
tion pH values were adjusted to 2.0-8.0, respectively, with 0.1
mol/L HCl or 0.1 mol/L NaOH solution, and recorded as the ini-
tial pH. Then, 0.0200 g of mineral was added to each tube, and
the suspension was rotated thoroughly for 48 hr. At the end of
reaction, the slurry was filtered and the pH of the filtrate was
recorded as pH¢. The change of pH from pH; to pH¢ (ApH) was
plotted against pHj; the value of pH; at which the ApH was
equal to zero represented the PZC of the tested solid.

1.3.  As(V) adsorption experiments

Co-doped hausmannite samples (1 g) were suspended in 250
mL of 0.1 mol/L NaNOs solution for 24 hr to eliminate the ef-
fect of stirring and surface hydration, during which the pH was
kept at 4.5 £+ 0.05. About 10 mL of each mineral suspension
was added to a 50 mL centrifuge tube, and then 0-3.2 mL of 10
mmol/L As(V) solution (pH 4.5; containing 0.1 mol/L NaNOj; so-
lution) was added, followed by the addition of 0.1 mol/L NaNO3
solution to make a final reaction volume of 40 mL. These tubes
were agitated mechanically in a shaker at 25 + 2°C for 24 hr.

The ionic strength (0.01 mol/L, 0.1 mol/L and 0.2 mol/L) and
reaction pH (4.5, 5.5, 6.5 and 7.5) were measured. The mixture
pH was adjusted to the required value by the addition of 0.1
mol/L HNO3 or NaOH solution during the reaction. At the end
of the reaction, the suspensions were centrifuged, filtered, and
the As(V) concentration in the filtrate was analyzed with the
colorimetric method (Oscarson et al., 1980).

1.4.  As(Ill) oxidation experiments

About 0.150 g of HM or CoH10 was added to 276 mL of 0.1 mol/L
NaNOj3 solution at pH 4.50 + 0.05 for aquotization for 24 hr.
The As oxidation experiment was initiated by quick addition
of 24 mL of 2.636 mmol/L NaAsO, solution (pH = 4.50 + 0.05;
with 0.1 mol/L NaNOjs solution) into the mineral suspension
to make a final As concentration of 15.8 mg/L. The reaction
was allowed to proceed at pH 4.50 + 0.05 for 24 hr. At certain
time intervals, a 5 mL aliquot of mixture was taken and im-
mediately filtered through a 0.22 pm membrane. At the end
of the reaction, the mixture was centrifuged. The As(III) and
total As (As(T)) in the filtrate were measured by atomic fluo-
rescence spectrometry (AFS) using 1.5% HCI -1.5% KBH, and
5% HCl -2 % KBH, as the carrying fluid. The concentration of
As(V) in the solution was calculated by subtracting the As(III)
concentration from As(T) in the solution. The concentrations
of Mn(Il) and Co(ll) in the filtrate were determined by AAS.

The obtained solids at the end of reaction of As(Ill) ox-
idation and As(V) adsorption were washed thoroughly, and
the wet pastes were covered with Kapton tape for XAFS
analysis.

1.5.  X-ray absorption fine structure (XAFS) spectroscopy

The XAFS data were collected on the 1W1B beamline at the
Beijing Synchrotron Radiation Facility (BSRF) at room tem-
perature (Yin et al.,, 2012). As K-edge XAFS data were col-
lected in florescence mode over the energy range of 11635
to 12882 eV. Reduction and analysis of XAFS data were
performed using Athena and Artemis from the Ifeffit soft-
ware package (Ravel and Newville, 2006). As K-edge spec-
tra were background-subtracted using the following param-
eters: Ey = 11872 eV, Rbkg = 1.0 A and k-weight = 2. Struc-
tural parameters (bond length (R), coordination number (CN),
and Debye-Waller factor (02)) for As were obtained by fit-
ting the k3-weighted EXAFS data to the standard EXAFS
equation (Kelly et al., 2008). Phase and amplitude functions
for single- and multi-scattering paths were calculated us-
ing Feff7.0 (Rehr et al, 1992). As K-edge EXAFS data were
fitted in an R space of 1 to 4 A over a k range of 3.4-
12.4 A1, using several single scattering paths and one mul-
tiple scattering path calculated based on the structure of
MnAsO, (ICSD 73489). An amplitude reduction factor (Sp?)
of 0.978 for As was determined by fitting the As-O shell
of Na3AsO4 in an R range of 1-2 A. In all fits, the num-
ber of independent variables was much smaller than that
of independent data points allowed. During Fourier trans-
formation and EXAFS data fitting, a Hanning window was
used.
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Table 1 - Chemical composition, specific surface area (SSA) and point of zero charge (PZC) of Co-doped hausmannite

samples.

Sample Element content (wt%) Co/Mnat. % SSA(m?/g) PZC
Mn Co
HM 70.92(1) 0 0 124 +£0.1 7.04(3)
CoH5 69.63(32) 3.52(5) 5 11.7 £0.2 6.92(1)
CoH10 65.93(116) 6.70(11) 11 11.8+0.1 6.86(4)
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Fig. 1 - (a) Effects of pH and ionic strength on As(V) adsorption on HM with an initial As(V) concentration of 7.5 mg/L and
sorbent dose of 1 g/L at 25°C. (b) Adsorption isotherm curves of As(V) on Co-doped hausmannite samples, overlaid with the
best fit using the Freundlich model, Q = kC", where Q is the amount of adsorbed As(V), C is the equilibrium concentration,
k is the distribution coefficient, and n is a correction factor. Experimental conditions: a sorbent dose of 1g/L, ionic strength of

0.1 mol/L, and a pH of 4.5 at 25°C.

2. Results
2.1. Basic physicochemical properties of Co-doped
hausmannite

The structure and basic physicochemical properties of the
Co-doped hausmannite samples were described in detail in
our previous paper (Zhang et al., 2021) and summarized in
Table 1. With increasing doping amounts of Co, the Mn con-
tent gradually decreased. The final Co/Mn molar ratios in
these samples were 0.05 (CoH5) and 0.11 (CoH10). The Co-
doped hausmannites consisted of cubic nanocrystals, and the
TEM images showed that the average particle size was 85 +
18, 131 £ 27 and 103 £ 28 nm for HM, CoH5 and CoH10, re-
spectively (Appendix A Fig. S1). The increase in particle sizes
of CoH5 and CoH10 resulted in slight decreases in specific sur-
face area from 12.4 m?/g to 11.7-11.8 m?/g. The PZC of HM was
7.04 + 0.03 (Appendix A Fig. S2), and Co doping resulted in a
slight decrease in PZC, consistent with reports that the PZC
of Co compounds, including CoOOH and Co,03, is 6.9 and 6.2,
respectively (Kosmulski, 2009).

2.2.  As(V) adsorption at the mineral-water interface

The effects of ionic strength and pH on the As(V) adsorp-
tion by the Co-doped hausmannite samples were system-
atically analyzed (Fig. 1a). With increasing NaNO3 concen-

tration from 0.01 mol/L to 0.2 mol/L, the As(V) adsorption
density on HM remained almost constant at a given pH. By
contrast, at a given ionic strength, pH greatly affected As(V)
adsorption; as pH increased from 4.5 to 7.5, the As(V) ad-
sorption density decreased from 5.29-5.61 mg/g to 0.13-0.19
mg/g (Fig. 1a). Similar results have been reported for As(V) and
Cr(VI) adsorption on hausmannite at pH 2-8 (Barreto et al,,
2020; Cantu et al.,, 2014; Garcia et al,, 2014). This strong pH
dependency of As(V) adsorption can be mainly ascribed to
the reduced competition between As(V) and OH~ for surface
sites at lower pH. According to the dissociation constants of
H3AsO4 (pK1 = 2.26, pK; = 6.76 and pK3 = 11.29) (Lide and
Haynes, 2010), As(V) mainly exists as anionic As species of
H,As0,~ and HAsO4?~ in the tested pH range.

Adsorption isotherm experiments were conducted
with initial As(V) concentrations of 0-60 mg/L (Fig. 1b).
With increasing As(V) concentration, the As(V) adsorp-
tion first showed a sharp increase, and then leveled off at
high As(V)concentrations. Co-doped hausmannite samples
showed similar As(V) adsorption behaviors as HM; however,
the As(V) removal by Co-doped samples from the solution
gradually decreased with increasing Co doping level. Analy-
ses of the isotherm adsorption data with the Langmuir and
Freundlich adsorption models (Fig. 1b and Appendix A Table
S1) revealed that the Freundlich model significantly better
fit the data than did the Langmuir model, suggesting that
the active sites on the Co-doped samples are energetically
heterogeneous. The k values obtained from the Freundlich
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Fig. 2 - Changes in the concentrations of various As species in solution and on the solid surfaces with time during the
oxidation of As(III) by HM (a) and CoH10 (b), and (c) pseudo-first order kinetic modeling for As(III) depletion by HM and
CoH10 at pH 4.5 during the first 30 min, and (d) release of Mn(II) or Co(II) during the As(III) oxidation by CoH10. Experimental
conditions: mineral concentration 0.5 g/L, As(Ill); 15.8 mg/L and NaNO3 0.1 mol/L.

model fitting indicated that the adsorption capacity of CoH10
for As(V) was about 36% lower than that of HM. This decrease
in adsorption capacity may be ascribed to the decrease in
PZC of Co-doped hausmannite, indicating that the decrease
in positive charge is unfavorable for As(V) adsorption.

2.3. As(III) oxidation at the mineral-water interface

In the pH range of most natural waters, soils and sediments,
As(III) usually exists as neutral H3AsO3 molecules, while As(V)
usually exists in the forms of HyAsO3~ and HAsO32~ anions,
which can be readily adsorbed onto the mineral surfaces.
Therefore, As(Ill) has higher mobility and ecological toxicity
than As(V). We, therefore, investigated the effect of Co doping
on the interaction between hausmannite and As(IIl). The As
oxidation experiments were conducted by the reaction of the
solutions containing As(III) (15.8 mg/L) and HM (0.5 g/L) in air
atmosphere at 25°C and pH 4.5. The control experiment was
also conducted under the same conditions, but under N, to
investigate the effect of O, on the oxidation of As(III) to As(V)
(Appendix A Fig. S3). In both atmospheres, the As(V) concen-
trations in the solutions were almost the same, indicating that
O, in air has a negligible effect on As(III) oxidation by haus-
mannite.

Fig. 2a, b present the plots of concentrations of various
As species in the reaction systems with time. The amount of
As(V) in the solution gradually increased, confirming the ox-
idation of As(IlI) by Mn(III) (Song et al., 2020, 2021). Concur-

rently, As(III) in the solution was quickly depleted, which could
be attributed to the oxidation of As(IIl) to As(V) and the ad-
sorption of As(V) onto the mineral surface. The adsorption of
both As(IIl) and As(V), generated by oxidation, contributed to
the decrease in total As in the solution. For all the reactions,
the concentrations of the As species approached equilibrium
after 2 hr, which may be ascribed to the effect of surface pas-
sivation. Hausmannite has a high PZC, and thus its surface is
positively charged at pH 4.5 and can adsorb large amounts of
As species, which eventually leads to the blocking of the ac-
tive sites. At equilibrium, As adsorption and fixation on the
mineral surface were the dominant process, and the As in
the solution was mostly As(V). At the end of the reaction, the
amount of As adsorbed and fixed on the mineral surface was
13.24 + 0.66 mg/L for HM and 12.16 + 0.70 mg/L for CoH10. The
total concentration of As(V) in the solution and adsorbed/fixed
on the mineral surface was almost the same for HM (15.58 +
0.71 mg/L) and CoH10 (15.43 + 0.75 mg/L), which accounted
for 99% =+ 4% and 98% + 5% of the initial amount of added
As(III), respectively. The oxidation capacities of HM and CoH10
for As(III) were 416 + 19 mmol/kg and 412 + 20 mmol/kg, re-
spectively.

The As(Ill) oxidation rate was quantified by fitting the reac-
tion data over 0-0.5 hr using a pseudo-first order kinetic model
(Fig. 2c). The As(III) oxidation rate constants for HM and CoH10
were 0.0504 + 0.0011 min~?! and 0.0219 + 0.0012 min?, re-
spectively. The differences in oxidation rate between the sam-
ples may be ascribed to several reasons. Firstly, TEM analysis
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Fig. 3 - FT-IR spectra of pristine HM and that after reaction
with As(III).

showed that CoH10 had a larger particle size and therefore
a lower active site density than HM (Zhang et al., 2009). An-
other possible reason is that the crystal field stabilization en-
ergy (CFSE) of low-spin Co(IIl) ion (534.2 kJ/mol) is higher than
that of Mn(III) (150.8 kJ/mol), and thus the Co(III)-O bond has
higher binding energy than the Mn(III)/Mn(1I)-O bond, result-
ing in greater activation energy at these Co(lll) sites, and cor-
respondingly a slower reaction rate (Yin et al., 2011).

During the As(IIl) oxidation by these Co-doped samples
under the experimental conditions, large amounts of Mn(II)
and Co(Il) were released. In the CoH10 mineral suspension ob-
tained by the addition of 0.1 mol/L NaNOj solution to reach a
final solid-to-liquid ratio of 0.5 g/L and equilibrated at pH 4.5
for 24 hr, the concentrations of Mn(Il) and Co(Il) were 148 +
0.1 mg/L and 19 + 0.03 mg/L, respectively. After the addition
of As(1ll), the release of Mn(Il) and Co(Il) was only slightly in-
creased. The highest Mn(II) and Co(Il) concentration was mea-
sured as ~160 mg/L and ~21 mg/L, respectively (Fig. 2d).

2.4.  Mechanism for the binding of As on mineral surface

2.4.1. FT-IR analysis of HM before and after As(III) oxidation
In order to determine the mechanism for the binding of As
on the hausmannite surface, FT-IR analysis was conducted
on a typical sample after reaction with As(III) (HM_0.8As(III))
(Fig. 3). Compared with the spectrum of pristine HM, the spec-
trum of HM_0.8 As(IIl) clearly showed an additional peak at
750 cm~1. This peak matched that reported for an in-situ ATR-
FTIR analysis of As(Ill) reaction with hausmannite (Song et al.,
2020, 2021), which corresponds to the vibration of As(V)-O-
Mn(IIl), indicating the formation of As(V) bidentate binuclear
surface complexes on the mineral surface.

|
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Fig. 4 - Normalized As K-edge XANES spectra of reference
samples (As,03 and NazgAsO4), and HM and CoH10 after
As(V) adsorption ([As(V)]o = 0.05 and 0.40 mmol/L) and
As(III) oxidation (As(III), 0.8 mmol/L). (a) HM_0.05As(V), (b)
HM_0.40As(V), (c) CoH10_0.05As(V), (d) CoH10_0.40As(V), ()
HM _0.80As(1lI), (f) CoH10_0.80As(l1I), (g) NazAsO4 and (h)
As,03.

2.4.2. Arsenic K-edge XAFS analysis

The As K-edge XAFS spectra of HM and CoH10 after As(V) ad-
sorption and As(IIl) oxidation were analyzed to investigate the
surface As valence and local bonding structure on the mineral
surface. A comparison of the As K-edge XANES spectra of the
samples with those of As(IIl) and As(V) standards (As,03 and
Na3AsO4) demonstrated that only As(V) was bound to HM and
CoH10 surfaces during As(V) adsorption and As(IIl) oxidation
experiments (Fig. 4). This result is consistent with the XANES,
Raman and infrared analyses of hausmannite after As(IIl) ox-
idation in previous studies, which demonstrated that As was
adsorbed in the form of As(V) (Silva et al., 2013, 2012).

The EXAFS spectra for all of the As-loaded hausmannite
samples showed similar oscillations, indicating that they had
similar local atomic structures. However, these spectra were
different from those of Na3AsO, (Fig. 5A), which was espe-
cially obvious in the corresponding FTs (Fig. 5B). Each of the
FTs showed a major peak at R+AR ~ 1.3 A, which can be as-
signed to the As-O shell in the [AsO4] unit. Additionally, there
was a peak at R+AR ~ 2.9 A in As-loaded hausmannite, but
this peak was absent in the spectrum of Na3AsOy, suggesting
that As forms inner-sphere complexes on the mineral surface.

Fittings of the As K-edge EXAFS spectra for the hausman-
nite samples yielded As-O distances ranging from 1.68-1.72 A
(Fig. 5 and Table 2). These distances are identical to the pre-
viously reported As(V)-O distances for As(V) associated with
Mn-oxides and Fe-oxides (Foster et al., 2003; Lafferty et al.,
2010; Manning et al., 2002; Zhang et al., 2014), but shorter
than the As(Il)-O distance (1.75-1.77 A) for NaAsO, or As(llI)
adsorbed on FeOOH (Zhang et al., 2014). This is consistent
with the XANES results showing that As was adsorbed on
the mineral surface in the form of As(V). Only a single As-
Mn distance of 3.25-3.30 A is needed to fit the R+AR ~ 2.9 A
peak.

In a previous study of As(V) adsorption on the birnes-
site surface, bidentate-mononuclear (BM, R ~2.7 A), bidentate-
binuclear (BB, R ~3.1-3.2 A) and monodentate-mononuclear
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Fig. 5 - (A) As K-edge EXAFS and (B) the corresponding Fourier transformed spectra (FTs) of HM and CoH10 after As(V)
adsorption (As(V)p 0.05 and 0.4 mmol/L) and As(III) oxidation (As(II)o 0.8 mmol/L). The lines are experimental data, and
dashed lines are the best fits. (a) HM_0.05As(V), (b) HM_0.4As(V), (c) CoH10_0.05As(V), (d) CoH10_0.4As(V), (€) HM_0.8As(III),

(f) CoH10_0.8As(III) and (g) NazAsOj.

Table 2 - Structural parameters obtained from the fitting of As K-edge EXAFS for typical samples after As(V) adsorption

and As(III) oxidation.

Sample shell CN R (A) o2 AE (eV) R factor

HM_0.05As(V) As-O 4.9(6) 1.695(7) 0.0025(9) 8.3(20) 0.0282
As-Mn 0.7(9) 3.295(26) 0.0016(67)

HM_0.4As(V) As-O 4.9(6) 1.686(7) 0.0031(9) 6.0(22) 0.0272
As-Mn 0.5(11) 3.263(47) 0.0040(122)

CoH10_0.05As(V) As-O 4.8(7) 1.688 0.0029 6.4(23) 0.0359
As-Mn 0.9(4) 3.251(26) 0.0023(17)

CoH10_0.4As(V) As-O 4.1(7) 1.682 0.0014 4.9(29) 0.0459
As-Mn 0.5 3.263(39) 0.0012(104)

HM_0.8As(II) As-O 3.9(5) 1.716(7) 0.0020(9) 13.4(20) 0.0388
As-Mn 0.6(4) 3.277(39) 0.0006(19)

CoH10_0.8As(III) As-O 4.6(6) 1.697 0.0027 10.0(23) 0.0401
As-Mn 0.3(4) 3.297(84) 0.0017(53)

(MM, R ~3.4-3.5 A) complexes were identified (Lafferty et al.,
2010). However, the analysis of BM complexes revealed that
As-O multiple scattering may also contribute to the R ~ 2.7 A
peak (Sherman and Randall, 2003). In the present study, an As-
O multiple scattering path was added for the fitting and no BM
complex was found, which is consistent with a previous find-
ing about the binding mechanism of As on birnessite in the
presence of Fe(II) (Wu et al., 2018). During the As(III) oxidation
by birnessite in a stirred-flow system, the Mn(IIl) content grad-
ually increased. The binding of As(V) to Mn(IIl) sites proba-

bly contributed to the observed increase in BB As-Mn distance
from 3.12-3.13 A t0 3.19-3.23 A, and the decrease in MM As-Mn
distance from 3.42-3.47 A to 3.34 A (Lafferty et al., 2010). The
As(V) retained on the Ni-doped hausmannite surface during
As(V) adsorption and As(IIl) oxidation resulted in an As-Mn
distance of 3.28-3.35 A, as determined by EXAFS fitting, which
could be assigned to the formation of BB complex on Mn(III)
sites (Songet al., 2020). A quantum chemical study of As(V) ad-
sorption on Mn(IIl) sites in Mn oxides also indicated an As-Mn
distance of 3.29-3.47 A for BB configuration (Zhu et al., 2009).
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Hence, the observed As-Mn distance on Co-doped hausman-
nite surface could be reasonably assigned to the formation of
BB complexes.

3. Discussion
3.1.  As(V) adsorption mechanism

Among various Mn oxides, hausmannite has a relatively high
adsorption capacity for certain anions (Li and Jaisi, 2015). Our
experiments of As(V) adsorption onto Co-doped hausman-
nite demonstrated that pH has a great impact on As(V) ad-
sorption, but ionic strength has almost no effect at pH rang-
ing from 4.5 to 7.5 (Fig. 1a). However, other studies suggested
that the binding of As(V) onto hausmannite at pH 3 is sup-
pressed by the presence of NO;~ at concentrations > 3 mg/L
(Garcia et al., 2014), possibly because a lower pH such as pH 3
can enhance the dissolution of the mineral compared with a
high pH (Luo et al., 2018).

For As(V)-adsorbed hausmannite, no As(IIl) was detected
on the mineral surface by As K-edge XANES analysis, suggest-
ing that no As(V) reduction occurred during adsorption un-
der the experimental conditions in this study, which is the
same as observed for As(V) adsorption on Ni-doped haus-
mannite (Song et al., 2020). However, in a previous study,
Cr K-edge XANES analysis of Cr(VI) adsorbed on hausman-
nite at pH 2, 4 and 6 for 1 hr demonstrated that Cr(VI)
was reduced to Cr(IIl), owing to the electron transfer from
Mn(Il) to Cr(VI) (Hernandez, 2010). This difference between
As(V) and Cr(VI) adsorption behaviors on hausmannite may
be attributed to the lower standard reduction potential of
H3As04/HAsO, (E° = 0.56 V) relative to that of HCrO4~/Cr(IIl)
(E® = 1.35 V) (Lide and Haynes, 2010). Additionally, the reduc-
tion of Cr(VI) on the mineral surface may also be related to the
interaction with the X-ray beam irradiation during the analy-
sis, as in the reduction of Np(V) by the X-ray beam during XAFS
analysis of Np(V) adsorption on hausmannite (Wilk et al,
2005).

Furthermore, the As K-edge EXAFS analysis demonstrated
an As-Mn distance of 3.25-3.26 A for As(V) adsorbed on the
Co-doped hausmannite surface, which corresponds to the BB
inner sphere complex. Raman and IR analysis of As(V)-loaded
hausmannite showed that the anions were adsorbed as both
monodentate- and bidentate-mononuclear complexes at pH
5 (Silva et al., 2013). Recently, an ATR-FTIR study of As(V) ad-
sorption onto hausmannite demonstrated that low pH and
high As(V) surface loading are favorable for the formation
of outer-sphere or hydrogen-bonded surface complexes and
inner-sphere monodentate species on mineral surfaces, while
high pH and low surface loading are conducive to the for-
mation of bidentate complexes (Barreto et al., 2020). Another
ATR-FTIR study suggested that many types of complexes, such
as bidentate, monodentate, binuclear, and mononuclear moi-
eties as well as their protonated forms, are all possibly formed
on the mineral surface (Song et al., 2020). However, this is
different from the EXAFS results, which indicated that the
As(V) adsorbed on the mineral surface forms BB complexes
(Song et al., 2020). Our EXAFS results confirm the formation
of BB complexes. The inconsistency in the results of EXAFS

and ATR-FTIR can be mainly ascribed to the fact that EXAFS
detects the average overall information but in-situ ATR-FTIR
acquires information from the surface and is more sensitive
to the effects of protonation. Thus, the combination of EXAFS
and in-situ ATR-FTIR is needed in future studies of interface
reactions.

3.2.  As(lll) oxidation mechanism

Our results showed that Co-doped hausmannite has high ox-
idation capacity for As(IIl), and a large part of the generated
As(V) is adsorbed on the mineral surface. Furthermore, the
solution pH increased during the reaction. For example, the
final pH in the CoH10 system increased to ~5.2, indicating
the consumption of H* during the reaction (Feng et al., 2006;
Silva et al., 2012).

In hausmannite, structural Mn(IIl) is responsible for As(III)
oxidation according to the following equation:

2Mn(III)+As(III)= 2Mn(II)+As(V)

According to the equation, 2 mol of Mn(II) will be released
into the solution when 1 mol of As(Ill) is oxidized. In previous
studies, for the As(IIl) oxidation by hausmannite doped with
0, 1 wt.% and 2.8 wt.% Co, the Mn(II): As(V) ratios were deter-
mined to be 1.5:1, 1.7:1 and 2.0:1, respectively, which are also
consistent with the results obtained for Ni-doped hausman-
nite (Song et al., 2020, 2021). In the present study, before the
addition of As(IIl), the mineral was partially dissolved, result-
ing in the release of 45% of the total Mn and ~57% of the total
Co in CoH10 during equilibration at pH 4.5 for 24 hr. During
As(IIl) oxidation, additional ~12 mg/L of Mn(Il) and ~2 mg/L of
Co(II) were released. The molar ratio of Mn(Il) in the solution
to total As(V) produced (including both As(V) in the solution
and that adsorbed/fixed on mineral surface) was estimated to
be 1:1. The low Mn(II) concentration in the solution might be
due to the re-adsorption on the As(V)-loaded mineral surface.
In a previous study, less than 25% of total As was adsorbed on
mineral surface (Song et al., 2020), while in the present study,
77% + 4% of total As was adsorbed and fixed on the mineral
surface in the form of As(V) (Fig. 2). At pH 4.5, As(V) exists pre-
dominantly in the form of H,AsO4~ (Lide and Haynes, 2010).
The retention of a large amount of anions on the mineral sur-
face would neutralize the positive charge and make the zeta
potential (¢) more negative, which is more favorable for the
re-adsorption of Mn(Il) and Co(II).

Our As K-edge XAFS analysis of the As-loaded samples
after As(Ill) oxidation showed that As was adsorbed on the
mineral surface as As(V) by forming the BB complexes with
the nearest As-Mn distance of 3.28-3.30 A, which is consis-
tent with previous studies (Song et al., 2020). These As species
were relatively stable on the mineral surface, and the amount
of As adsorbed and fixed on the mineral surface was almost
constant after reaching reaction equilibrium (Fig. 2). All these
results suggest that hausmannite may greatly affect the geo-
chemical behaviors of As(IIl), by oxidation of As(III) to As(V),
and by adsorption of As(V) on the mineral surface.

In fact, hausmannite nanomaterials have been used to
remediate As(IIl)-polluted soils and sediments. For example,
hausmannite was added to two paddy soils to enhance ar-
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senite oxidation, leading to a decrease in As concentration in
rice grains and straw (Xu et al., 2017). In natural environments,
Mn oxides may contain significant amounts of metal impuri-
ties. The present study revealed that although incorporation
of Co into hausmannite decreased the initial As(Ill) oxidation
rate, the overall oxidation capacities of the various doped sam-
ples were similar. Therefore, natural hausmannite may also
be highly oxidizing towards low valence redox-sensitive trace
elements. However, it is necessary to continue to study reac-
tions of hausmannite with these elements in the presence of
coexisting ions, organic molecules and humic substances.

4, Conclusions

After Co doping, hausmannite showed a decrease in PZC and
high reactivity for As(IIl) oxidation and As(V) adsorption. Ionic
strength had no effect on the adsorption of As(V) onto the
mineral surface, while an increase in the reaction pH from
4.5 to 7.5 gradually decreased the adsorption capacity. The
As(V) adsorption capacity gradually decreased with increas-
ing Co doping level. Co-doped hausmannite has high oxida-
tion activities for As(Ill), and most of the generated As(V) is ad-
sorbed on the mineral surface. Although Co doping decreased
the initial oxidation rate, the overall oxidation capacity of the
Co-doped hausmannite was comparable to that of pristine
hausmannite. The As species in hausmannite after both As(V)
adsorption and As(IIl) oxidation probably form bidentate binu-
clear complexes with the nearest As-Mn distance of 3.25-3.30
A. These results suggest that natural hausmannite may play
an important role in mediating the geochemical cycling of As
in surficial environments.
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