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In the past several years, through the use of molecular scale
techniques, particularly those that are in-situ, advances have
been made in determining the reactivity of manganese oxides
with arsenic (As) and chromium (Cr). Of particular note is
an enhanced understanding of the kinetics and mechanisms of
As(III) and Cr(III) oxidation on Mn-oxides over a range of time
scales, frommilliseconds to days. This is in large part due to the
employment of novel, synchrotron-based techniques, such as
Quick X-ray absorption spectroscopy (Q-XAS) and bench-scale
attentuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy. This review will focus on these advances,
and rely heavily on the published research of Sparks and his
group, both present and former members. Undoubtedly these
advancess were greatly facilitated by a large number of previous
investigations by numerous authors, some of which are cited in
the review.

Manganese Oxide Reactivity with Arsenic

Manganese-oxide minerals (Mn-oxides) are robust oxidizing agents that play
an important role in many redox processes in the natural environment, such as
oxidation of arsenic (As) (1). Previous studies have suggested that many Mn-
oxides found in terrestrial environments are poorly-crystalline and biogenic (2,
3) and extremely reactive (3). The reactivity of Mn-oxide minerals depends on
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their mineralogy. Layered Mn-oxide minerals (i.e. phyllomanganates) are more
reactive oxidizing AsIII than other types of Mn-oxides (4–8).

Arsenic (As) is a toxic element in the environment, originating from both
geogenic and anthropogenic sources. Its toxicity and mobility are determined
by its speciation or form. Arsenite (AsIII) is more toxic than arsenate (AsV) (9),
and the sorption of As on oxide minerals depends on pH and speciation (10, 11).
Manganese-oxides, including phyllomanganates, can oxidize AsIII to AsV (5–8,
12–14), and since AsIII is more toxic than AsV the oxidation process helps detoxify
As in the environment. Additionally, AsIII oxidation by Mn-oxides can decrease
the mobility of As mobility (10, 15).

Mechanisms of AsIII oxidation by Mn-oxides are complex, involving several
simultaneous reactions. For example, AsIII oxidation by birnessite produces AsV
and MnII as products. Both AsV and MnII can be adsorbed by birnessite (4, 5).
A MnIII intermediate also can form during AsIII oxidation by Mn-oxides (7, 16).
During the reaction with AsIII, phyllomanganates become passivated, i.e. AsIII
oxidization initially proceeds rapidly, after which there is a decrease in oxidation
rate (5–7, 12–14, 17, 18). Two potential mechanisms for Mn-oxide passivation are
possible. One is the sorption ofMnII, produced by reduction ofMnIV in the mineral
structure, which serves to block reactive sites on the mineral surface (5, 18, 19).
A second mechanism is the formation of MnIII on Mn-oxide surfaces, which while
less reactive than MnIV sites, can decrease the AsIII oxidation rate (7, 16, 20).

In previous studies passivation of the Mn-oxide surface (represented by
>MnIVO2 in Equation 1) was attributed to sorption of MnII (Equation 1), which
forms during AsIII oxidation (Equation 2) (1, 5). A MnIII intermediate, produced
during AsIII oxidation by phyllomanganates (16), is thought to be another cause
of Mn-oxide passivation (Equations 3 and 4) (7, 16).

The MnIII reactive site (MnIIIOOH in Equations 3 and 4) on the Mn-oxide
surface should be less reactive than a MnIV reactive site, in oxidizing AsIII (20).
While much of the AsV produced during AsIII oxidation by phyllomanganates is
released into solution, AsV is also sorbed on the solid phase which can also cause
passivation of the mineral surface (6, 20, 21). Passivation of phyllomanganates
may also result due to the formation of a Mn/As precipitate under certain reaction
conditions (7).

There are four possible pathways for the oxidation of AsIII by δ-MnO2. Each
pathway employs a different combination of Mn reactive sites on the δ-MnO2
surface for AsIII oxidation (19). In the first pathway, one AsIIImolecule reacts with
one MnIV reactive site (represented by >MnIV-OH in Equations 5 – 7; protonation
states based on Peacock and Sherman (22)) producing one AsV molecule and one
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MnII molecule (Equation 5). One AsIII molecule could also react with two MnIV
reactive sites producing oneAsVmolecule and twoMnIII reactive sites (represented
by >MnIII-OH2 in Equations 6 - 8; protonation state based on Ramstedt et al.)
(Equation 6) (23).

The third and fourth possible AsIII oxidation pathways necessitate that the
δ-MnO2 surface first contain MnIII reactive sites. One proposed mechanism for
MnIII formation is directly through AsIII oxidation (Equations 3 and 6) (16). Some
recent studies show that MnIII can form by conproportionation of MnII and MnIV
at the δ-MnO2 surface. In this reaction, MnII is oxidized, MnIV is reduced, and the
resulting product isMnIII (24, 25). MnIII resulting from conproportionation ofMnII
and MnIV could produce soluble MnIII, however, if there is no ligand to stabilize
MnIII in the reactions discussed here, soluble MnIII should rapidly disproportionate
back intoMnII andMnIV (26). Thus one can assume that all MnIII in these reactions
is associated with the δ-MnO2 surface.

One possibility for AsIII to be oxidized by MnIII is via the reaction of one AsIII
molecule with one MnIII reactive site and one MnIV reactive site, resulting in one
AsV molecule, one MnII molecule and one MnIII reactive site (Equation 7). The
other possible pathway for AsIII oxidation by δ-MnO2 is for one AsIII molecule
to react with two MnIII reactive sites creating one AsV molecule and two MnII
molecules (Equation 8) (15, 19).

Advances in Time-Resolved Molecular Scale Techniques To
Elucidate Reactions at the Mineral/Water Interface

In soil environments, chemical reactions at the mineral/water interface
occur over a range of time scales, from microseconds to years. Many important
processes (e.g., adsorption, oxidation-reduction, precipitation) at mineral surfaces
are characterized by a rapid, initial reaction that occurs from milliseconds to
minutes (13, 27–31). In fact, in some reaction processes, a large part of the
reaction process is complete before the first experimental measurement can be
made using traditional batch and flow techniques. An understanding of these
initial reaction rates, where back reactions and secondary reaction products are
minimized, allows one to obtain "chemical kinetic" rate constants and reaction
mechanisms, both of which are needed to understand environmental chemical
processes. Chemical relaxation techniques e.g., pressure jump (p-jump) and
concentration jump (c-jump such as stopped-flow), provide rapid data collection
on time scales of milliseconds. However, with these methods, rate “constants”
are calculated from linearized rate equations that include parameters that were
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determined via macroscopic equilibrium and modeling studies. Thus, the rate
“constants” are not directly determined (13, 32, 33).

Direct, in situ, molecular-scale measurement of rapid reactions has been
limited. Fendorf et al. (34) employed stop-flow electron paramagnetic resonance
(SF-EPR) spectroscopy to determine Mn(II) sorption on birnessite (δ-MnO2)
at a time scale of milliseconds. Recently, Parikh et al. (14) used in situ,
Fourier Transform infrared (FTIR) spectroscopy to determine As(III) oxidation
rates on hydrous manganese(IV) oxide (HMO) at a time resolution of ~2.5 s.
Unfortunately, both of these techniques have limitations. EPR can only be used to
measure EPR active nuclei, while FTIR requires both IR active functional groups
and relatively high concentrations of reactants (14).

These are not limitations with quick-scanning X-ray absorption spectroscopy
(Q-XAS). Q-XAS is a synchrotron-based technique that allows one to collect a
X-ray absorption near edge structure (XANES) or extended X-ray absorption fine
structure (EXAFS) spectrum on ms time scales (35).

Depending on beamline instrumentation and photon flux, Q-XAS, can probe
elements with atomic numbers >20 and at low concentrations (36). Most of the
quick-scanning beamlines allow for collection of a complete EXAFS scan in ~
1 min or less, by slewing the monochromator from low energy to high energy
and repeating the process (37). Another way to rapidly collect EXAFS data is to
conduct energy-dispersive measurements; however, this technique often has poor
sensitivity and since transmission mode is used, it may be unsuitable for mineral/
water studies (35).

Ginder-Vogel et al. (13), for the first time, employed Q-XAS to measure
the kinetics of As(III) oxidation on hydrous manganese oxide (HMO). A
cam-operated, continuously scanning monochromator (Figure 1) was used at
beamline X18B at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The constant rocking motion enabled the collection of X-ray
fluorescence spectra as the monochromator moved from low to high and from high
to low energy. This enabled greater time resolution of the XAS measurements.

Q-XAS has been employed over the past several years to studymetal sorption/
precipitation (31) and redox kinetics (13, 30) using both batch and flow apparatus.

Kinetics and Mechanisms of As(III) Oxidation on Mn-Oxides

While the mobility and toxicity of elements such as As and Cr is dependent
on redox state and the redox conditions of the environment, the kinetics of the
processes also play an important role. XAS is an ideal tool for determining the
local coordination environment of an element and its oxidation state and for
following changes in speciation and reaction mechanisms over time (38).
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Figure 1. Experimental setup used to collect Q-XAS data. Reproduced with
permission from Ginder-Vogel et al. PNAS 106, 16124–16128. Copyright (2009)

National Academy of Sciences.

Parikh et al. (39), using single bounce, rapid scan attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy, demonstrated that As(III)
oxidation on HMO was extremely rapid. In the research of Ginder-Vogel et al.
(13), using Q-XAS, a complete XANES spectrum was collected in 980 ms (Figure
2). In this study the oxidation states in both the solution and at the mineral/water
interface were probed. The average oxidation state was then determined by fitting
each individual XANES spectra with a linear combination of As(III) and As(V)
standard solutions (in this experiment, 5mM standardswere used). The fits yielded
the molar ratio of As in solution, from which the concentrations of As(III) and
As(V) could be calculated, using the initial As concentration. In Figure 3 one
sees the XANES spectra for the reaction of As(III) with HMO over time scales
ranging from 0.98 to 298.9 sec. There is a rapid transformation of As(III) to
As(V) on the HMO surface. Complementary solution and surface concentrations
for both Q-XAS and separate batch experiments show that after 1 sec, the As(V)
concentration reaches 0.37 mM (Figure 3) and increases precipitously for 45 sec
to attain a concentration of 1 mM, and then slowly reaches 1.5 mM after 300s.
Based on biphasic kinetics, rate constants were determined from first-order plots
for both the Q-XAS and batch experiments (Table 1). For both methods, a rate
constant for As(III) depletion was obtained that was an order of magnitude larger
during the initial portion of the reaction that in the later segment (Table 1). The
initial rate constant of As(III) depletion, obtained using Q-XAS was nearly twice
as large (4.7 X 10-3 /sec) as the rate constant determined with the batch method
(2.5 X 10-3/sec, Table 1).
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Figure 2. Data (solid) and linear combination fits (dots) of individual As K-edge
XANES spectra used to determine As(III) and As(V) concentrations during the
batch reactions. Each spectrum was collected in approximately 980 ms, with the
time (in s) next to each spectrum indicating the time the last data point of each
spectrum was collected. Reproduced with permission from Ginder-Vogel et al.
PNAS 106, 16124–16128. Copyright (2009) National Academy of Sciences.
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Figure 3. As(V) and As(III) concentrations determined from traditional batch and
Q-XAS reactions. Error bars represent the SD of 3 measurements made at each
time point. XANES spectra and fits used to calculate Q-XAS As concentrations
are shown in Figure 12. Reproduced with permission from Ginder-Vogel et al.
PNAS 106, 16124–16128. Copyright (2009) National Academy of Sciences.
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Table 1. Apparent, first-order rate constants determined from batch and
Q-XAS experimentsa

Experiment type Time period (s) No. of data points k (s−1) r2

As(III)–Batch 1–60 4 2.5 (3) × 10−3 0.96

As(III)–Batch 135–300 14 6.1 (4) × 10−4 0.82

As(III)–Q-XAS 1–30 30 4.7 (4) × 10−3 0.91

As(III)–Q-XAS 135–300 168 4.9 (4) × 10−4 0.74
a The rate constants of As(III) depletion were determined by linear regression analysis of
the noted time-periods.vReproduced with permission from Landrot et al. Environ. Sci.
Technol. 44, 143–149. Copyright (2010) American Chemical Society.

Lafferty et al. (15, 40), using a combined kinetic and molecular scale
approach, determined the rates and mechanisms of As(III) oxidation and As
desorption on hydrous manganese oxide (HMO), a high surface area, amorphous
Mn-oxide. A stirred-flow technique was employed to follow the kinetics of As(III)
oxidation over a time scale of days (Figure 4). During the first 0.4 hour no As or
Mn appeared in the effluent solutions, indicating that all the As(III) was oxidized
to As(V) since the EXAFS data did not show any sorption of As(III) on the HMO.
Up until 6.4 hours, only As(V) appeared in the effluent solution suggesting that all
the As(III) was oxidized to As(V) and bound to the HMO or was desorbed into the
solution phase. After 6.4 hours, As(V), as well as Mn(II) and As(III), appeared in
the effluent. This was also when As(III) oxidation decreased. Synchrotron-based
XRD and XAS analyses of Mn revealed that initially Mn was sorbed into vacancy
sites of the HMO as both Mn2+ and Mn3+, and at between 4 and 10 hours the
vacancy sites were filled and Mn2+ began to compete with As(V) for edge sites,
causing a decrease in As(IIII) oxidation. Additionally, the data indicated that
Mn3+ could be sorbing on edge sites via conproportionation. This results when
Mn2+ is oxidized and Mn4+ is reduced. Thus, passivation of the HMO surface was
significantly affected not only by As(V) but most importantly, Mn2+ and Mn3+. As
time proceeded, passivation of the surface was enhanced. XAS of As speciation
showed that only As(V) species were present on the surface, but that the type of
As(V) species changed as reaction time proceeded (Figure 5). Up to 4 hours of
reaction time, the predominant inner-sphere adsorption complexes were bidentate
binuclear and monodentate mononuclear but between 4 and 10 hours, when
passivation ensued, there were two predominant species, bidentate binuclear and
a bidentate mononuclear. A schematic showing the overall mechanism of As(III)
oxidation on HMO is shown in Figure 6. The data clearly show, once again, the
importance of following reaction processes over time and at the molecular scale.
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Effect of Competitive Ions and Bacteria on As(III) Oxidation
on Mn-Oxides

Some studies have been published on the competitive effects of elements
and bacteria on the kinetics of As(III) oxidation on Mn-oxides (41, 42). Ion
competition does impact As(V) sorption on minerals (41, 43–45), but few studies
have appeared on the effect of ion competition on As(III) oxidation kinetics on
Mn-oxides (8, 41). Chiu and Hering (9) showed that reactions with manganite
were slower than what was observed for As(III) oxidation on poorly crystalline
Mn(IV) oxides (13, 39). Parikh et al. (41) studied the effects of Fe and phosphate
competition on the rapid, initial kinetics of As(III) oxidation on δ-Mn-oxide.
Phosphate caused decreased total As sorption on Mn-oxide (Figure 7). This
could be ascribed to the similar chemical structure and reactivity of As(V) and
phosphate (41, 44, 46). There was also decreased retention of both anions (Figure
7). The reduced As sorption in the presence of phosphate is advantageous in
environments where animal waste containing both As and P is land applied (41).

Figure 4. The amount (nmol) of As sorbed as well as amounts (nmol) of AsIII,
AsV, and MnII in the effluent of a stirred-flow experiment reacting 1 g/L δ-MnO2
with 100 μM AsIII flowing at 1 mL/min for 48 h. Reproduced with permission
from Lafferty et al., Environ. Sci. Technol. 44, 8460-8466. Copyright (2010)

American Chemical Society.
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Figure 5. Time 0 through 4 h AsV is bound in Bidentate-Binuclear and
Monodenate-Mononuclear. This is the time when Mn is primarily sorbing at
vacancy sites. Time 10 through 48 h AsV is bound in Bidentate-Binuclear,
Monodenate-Mononuclear, and Bidentate-Mononuclear. Bidentate-binuclear
As-Mn length increases. Mn(III) is present when AsV bonding changes. This is
the time when Mn has filled all vacancy sites and begins to compete with As
for edge sites. Reproduced with permission from Lafferty et al., Environ. Sci.
Technol. 44, 8467–8472. Copyright (2010) American Chemical Society.
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Figure 6. Proposed reaction mechanism for AsIII oxidation by δ-MnO2 over 48 h
in a stirred-flow reactor. Throughout the reaction, AsIII is oxidized by MnIV at
δ-MnO2 edge sites, producing MnII and AsV. (A) Unreacted δ-MnO2 octahedral
layers consist of primarily Mn4+ and have reaction sites at layer edges (edge
sites) and vacancy sites. (B) During the first 4 h of AsIII oxidation, MnII sorbs
at δ-MnO2 vacancy sites, and AsV sorbs at edge sites in bidentate−binuclear
and monodentate−mononuclear complexes. Also, a portion of sorbed MnIIreacts
with MnIV at vacancy sites to form MnIII. (C) Between 4 and 6 h of reaction,
vacancy sites become filled with MnII/III, MnII begins to sorb at δ-MnO2 edge
sites, and AsV sorption continues in the same sorption complexes. (D) Beyond 6
h of reaction, MnII at edge sites (and probably vacancy sites) reacts with MnIII
in δ-MnO2 octahedral layers to form MnIII. The resulting MnIII changes the
bonding environment of AsV, which begins to sorb in bidentate−mononuclear
complexes, and the As−Mn distance in AsV bidentate−binuclear complexes

increases slightly. Reproduced with permission from Lafferty et al., Environ. Sci.
Technol. 44, 8467–8472. Copyright (2010) American Chemical Society.
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Figure 7. Sorption isotherms from batch experiments at pH 6 (solid symbols) and
9 (open symbols) in 5 mmol kg−1 NaCl for a) As sorption to δ-MnO2 when
added as AsV and AsIII (including oxidation) in the presence and absence of

phosphate (P) and b) phosphate sorption to δ-MnO2 in the presence and absence
of AsIII. Reproduced with permission from Parikh et al., Environ. Sci. Technol.

44, 3772-377. Copyright (2010) American Chemical Society.
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Figure 8 shows the percent of initial As [As(III) and As(V)] and phosphate
in solution after reaction with Mn-oxide over time at pH 6 and 9. An increased
rate of As(III) oxidation on manganite was previously observed with decreased pH
(6.3 to 4); however, the current data, and the study of Parikh et al. (14) showed no
significant effect of pH on the initial As(III) oxidation onMn-oxide (Figure 8). The
concentration of As(III) in solution rapidly dropped to near zero, with full removal
from solution occurring between 5 and 30 minutes. At 24 h, both phosphate and
As concentrations were stable, with solution As(V) concentrations higher when
phosphate was present. When the As(V) concentrations were increased from 5 to
960 minutes reactions are still occurring at the solid-liquid interface. There were
still high phosphate concentrations in solution, which indicated that As release was
not due to phosphate exchange reactions (41).

Figure 9 shows the effect of phosphate and γ-Fe-oxide on As(III) oxidation on
Mn-oxides using rapid scan ATR-FTIR. In every case the addition of phosphate
reduced the total amount of As(III) oxidation. The initial slope and half times
were similar for all reactions, except for the addition of 25 mmol kg-1 phosphate
(the slope decreased and half time increased). Although phosphate and α-FeOOH
concentrations reduced the amount of As(V) produced, the initial oxidation rate
was not affected. Since the initial reaction rates were not strongly influenced by
concentration of reactants, including other ions and surfaces, the reaction did not
appear to be transport limited, which suggests that primarily chemically controlled
kinetics were measured (41).

Under certain conditions, As(III) can be oxidized by Fe-oxides (47) however,
no oxidation by α-FeOOH was observed during 15 minutes of reaction (Figure 9).
When δ-Mn-oxide was reacted with As(III) and 4 g kg-1 α-FeOOH, the amount of
As(V) detected decreased. However, with increasing α-FeOOH concentration the
amount of As(V) increased. At the highest α-FeOOH concentration the amount
of As(V) produced exceeded what was observed for δ-Mn-oxide alone (Figure
9). The reduced As(III) oxidation in the presence of α-FeOOH is ascribed to
competition between δ-Mn-oxide and α-FeOOH for As(III). Increasing α-FeOOH
increased competition for As(V), and with high α-FeOOH concentrations, some
As(V) released from δ-Mn-oxide during oxidation binded to the α -FeOOH
instead of δ-Mn-oxide. Therefore, passivation of δ-Mn-oxide was reduced. In this
case, the Fe-oxide was promoting and hindering As(III) oxidation on δ-Mn-oxide.
This result was observed when As(III) was oxidized by birnessite, todorokite,
and hausmannite in the presence of α-FeOOH (41, 48). Another study showed
an increase in As attenuation via simultaneous oxidation of As(III) and Fe(III) by
Mn-oxides, whereby coprecipitation of Fe(III)-oxides with As(V) sequestered As
and prevented Mn-oxide passivation (41, 49).
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Figure 8. Kinetic plots of batch experiments showing percent of initial As (5
mmol L−1 AsIII), as solution AsIII and AsV, and phosphate in solution during the
course of reaction with δ-MnO2 at a) pH 9 and b) pH 6 in 5 mmol kg−1 NaCl.
Insets are included to allow viewing of data within the first 60 min of reaction.
Solid symbols correspond to experiments where δ-MnO2 was reacted with

AsIII, and open symbols correspond to experiments where AsIII and phosphate
were simultaneously reacted with δ-MnO2. Reproduced with permission from
Parikh et al., Environ. Sci. Technol. 44, 3772-377. Copyright (2010) American

Chemical Society.
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Figure 9. Rapid-scan ATR-FTIR plots of AsV IR peak area as a function of
reaction time for 25 mmol kg−1 AsIII (pH 6, 5 mmol kg−1 NaCl) reacted with
varying concentrations of a) phosphate (P) and b) α-FeOOH (experiments
conducted on a different FTIR and with different batches of δ-MnO2 and
α-FeOOH). Reproduced with permission from Parikh et al., Environ. Sci.
Technol. 44, 3772-377. Copyright (2010) American Chemical Society.
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Parikh et al. (41) also studied the effect of bacteria on As(III) oxidation on
Mn-oxide. Solution As(III) and As(V) concentrations, over a 48 hour reaction
period, showed that the bacteria completely oxidized 1 mmol kg-1 As(III) in about
24 hours. The data also showed that the bacteria oxidize a maximum of about 5
mmol kg-1 As(III) in 48 hours, with the highest oxidation rate occuring after 24
hours of reaction. Rapid-scan ATR-FTIR experiments did not show detectable
As(III) oxidation by either P. fluorescens or A. faecalis alone during the 15 min
reaction time (Figure 10) and rapid As(III) oxidation was observed only when
Mn-oxide was present. When bacteria were bound to only α-FeOOH, no As(V)
was detected; however, if δ-Mn-oxide was present with bacteria, a small IR peak
corresponding to As(V) was observed.

The As(V) max for P. fluorescens with Mn-oxide was 3.05 mmol kg-1 and
4.41 mmol kg-1 for A. faecalis with Mn-oxide; with α-FeOOH also present the
values dropped to 0.79 and 2.14, respectively. The half-time values were less than
when δ-Mn-oxide reacted with As(III) alone, with values ranging from 0.64 to
0.88; however, the slope values were much less with a value of 0.01. Bacterial
adhesion to minerals blocks access to Mn(IV) and reduces the As(V) maximum.
Bacteria bound to δ-Mn-oxide impede As(V) production much more than reaction
with phosphate or α-FeOOH. Reaction rates were significantly reduced, based on
half-times (0.9802.81) and m30 s (0.01) values, which suggest that the reaction
was transport limited. Exchange of bacteria or biopolymers for As(III) at Mn(IV)
sites was not likely. Rather, the As(III) diffusion and transport through bacteria
extracellular material (biofilm) proabley retarded As(III) oxidation (41).

Jones et al. (42) studied the kinetics of As(III) oxidation by two heterotrophic
soil bacteria (Agrobacterium tumefaciens and Pseudomonas fluorescens) and
poorly crystalline manganese oxide (δ-Mn-oxide) using batch experiments. The
apparent rate of As(V) appearance in solution was higher for the combined batch
experiments in which bacteria and δ-Mn-oxide were oxidizing As(III) at the same
time than for either component alone. The additive effect of the mixed bacteria
and δ-Mn-oxide system was consistent for short (<1 h) and long (24 h) term
coincubation showing that mineral surface inhibition by cells had little effect on
the As(IIII) oxidation rate. Surface interactions between cells and the mineral
surface were indicated by sorption and pH-induced desorption data. Total sorption
of As on the mineral was lower with bacteria present (16.1 t- 0.8% As sorbed) and
higher with δ-Mn-oxide alone (23.4+- 1%). Arsenic was more easily desorbed
from the cell- δ-Mn-oxide system than from δ-Mn-oxide alone. Therefore, the
presence of bacteria inhibited As sorption and decreased the stability of sorbed
As on δ-Mn-oxide even though As(III) was oxidized most rapidly in a mixed
cell- (δ-Mn-oxide system. The additive effect of biotic (As-oxidizing bacteria)
and abiotic (δ-Mn-oxide mineral) oxidation processes in a system containing both
oxidants suggests that mineral-only data may underestimate the oxidative capacity
of natural systems with biotic and abiotic As(III) oxidation pathways (42).
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Figure 10. Rapid-scan ATR-FTIR plots of AsV IR peak area as a function of
reaction time for 25 mmol kg−1 AsIII (pH 6, 5 mmol kg−1 NaCl) reacted with
a) P. fluorescens and b) A. faecalis suspensions (10 times steady state) with and
without δ-MnO2 and α-FeOOH. Reproduced with permission from Parikh et al.,
Environ. Sci. Technol. 44, 3772-377. Copyright (2010) American Chemical

Society.
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Environmental Influences on Cr(III) Oxidation on Mn-Oxides

Chromium predominantly exists in two oxidation states in the environment,
CrIII and CrVI (50, 51). Chromate, chromium(VI), is highly toxic to animals
and plants; moreover, it is quite soluble and highly mobile under environmental
conditions. The other common Cr oxidation state, chromite (CrIII), is less toxic
and generally immobile. Most Cr in the environment is present as CrIII; however,
industrial processes and Mn-oxides can oxidize CrIII into CrVI and release this
toxic metal into natural systems (52, 53). The widespread contamination of natural
systems with CrVI necessitates a thorough understanding of the mechanisms of
Cr oxidation by Mn-oxides to determine the risk of CrVI production and develop
techniques to reduce its formation.

Mn-oxides are the only naturally occurring mineral capable of oxidizing
CrIII (52, 53). While all Mn-oxides are able to oxidize Cr, the extent and
rate of CrVI production is highly dependent on the mineral’s surface charge,
PZC, surface area, MnII and MnIII impurities, and the reactive site density of
MnIV (54). Most naturally occurring Mn-oxides are poorly crystalline with
layered structures. Random stacked birnessite (RSB), acid birnessite (AB), and
δ-MnO, are synthesized Mn-oxides which closely resemble those found in the
environment. All of these Mn-oxides can rapidly convert a large percentage of
CrIII, up to 80%, into CrVI (55–57). Many other Mn-oxides, such as birnessite,
manganate, hausmanite, and Mn2O3 can also quickly oxidize CrIII (57, 58).
Even pyrolusite, which has the highest PZC and is the most crystalline of the
Mn-oxides, can oxidize CrIII to CrVI in small quantities (53, 57).

The oxidative capacity of Mn-oxides can be quantified through the use of
batch techniques. Kim et al. (58) and Weaver & Hochella (57) determined this
capacity under relatively similar experimental conditions. Weaver & Hochella
(57) found birnessite had the highest oxidizing ability followed by hausmannite,
romanechite, cryptomelane, manganite, pyrolusite, and lithiophorite, in order of
decreasing reactivity. Kim et al. (58) found birnessite to be the most reactive,
followed by todorokite, lithiophorite, and finally pyrolusite. The reactivity of
Mn-oxides can be closely linked to their degree of crystallinity, which influences
surface area (57–59). Birnessite has the largest surface area and is the most
reactive; however, the relationship between oxidative capacity and surface area is
broken by hausmannite, which has a smaller surface area than romanechite and
cryptomelane. Excluding hausmannite, surface area is a strong predictor of CrIII
oxidation. Kim & Moon’s (59) study reinforces this trend, showing up to a 20%
increase in CrVI production by a less crystalline birnessite. Biogenic manganese
oxides (bioMnOx) follow a similar pattern, where younger, less structured
bioMnOx have greater reactivity compared to more aged bioMnOx that contain
higher proportions of triclinic birnessite (60). The percentage of CrIII oxidation by
Mn-oxides is also dependent on the oxidation state of Mn on the mineral surface
(59), where a higher MnIV concentration leads to larger amounts of CrIII oxidized.
This is due to CrIII supplying two electrons to MnIV versus only one to MnIII (58).

The Cr oxidation reaction proceeds in three phases, first Cr sorbs to the Mn
surface, then the Cr exchanges electrons withMn, and finally the reaction products
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are desorbed (52, 56, 61, 62). The exact kinetics and mechanisms of Mn-oxidation
are poorly understood (63). An overall equation for the oxidation of Cr(III) is
shown in Eq. 9 and a schematic of the multimodal processes is shown in Fig. 11
(64).

The pH of the solution can greatly impact Cr oxidation kinetics. As pH rises, the
Mn mineral surface becomes more negative, further attracting positively charged
CrIII. This increases the electrostatic interaction between the Mn mineral surface
and CrIII. Accordingly, more CrIII is sorbed to the Mn surface leading to initially
higher rates of CrVI production (65). However, not all of the CrIII is oxidized
because MnIV and CrIII share the same structural environment. Therefore, some
of the CrIII can be sorbed to the surface of the manganese and remain un-oxidized.
CrIII sorption preferentially occurs at higher pHs, allowing CrIII to be held as an
inner-sphere complex on the Mn(IV)O2 surface. This contrasts with CrVI which
is thought to form primarily outer-sphere complexes with Mn-oxide (Fig. 11).
Higher pHs ultimately lower the amount of CrIII oxidized which reduces the
production of CrVI (66).

Figure 11. The CrIII in solution interacts with the surface of MnOx. Some of the
CrIII is sorbed to the surface of the MnOx, while some is oxidized. Not all of the
CrVI is released back into solution as a portion can sorb on the MnOx surface.
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Research conducted by Johnson & Xyla (61) determined a lower rate of CrIII
oxidation bymanganite as CrIII concentrations increased. Fendorf and Zasoski also
found CrIII oxidation by birnessite was reduced at higher CrIII concentrations (65).
In both cases, CrIII was below a pH and concentration where it could precipitate
in solution alone. Similarly, as the solution pH increases more hydroxide ions are
introduced into the reaction, enhancing the formation of Cr hydroxide precipitates
on the Mn mineral surface. Fendorf & Zasoski (65) determined there was little
change in reactivity from pH 2 to 3.5. However, above pH 3.5, the increased
availability of hydroxide ions enhanced the formation of Cr hydroxides leading to
passivation of theMnmineral surface (65). When the pHwas raised above 3.5 CrIII
oxidation decreased (66). This was confirmed by Feng et al. (67), who found the
amount of CrIII oxidized by birnessite between pH 2 and 3.5 was nearly constant,
but oxidation of CrIIIwas reduced once the pH increased beyond 3.5. Experiments
conducted by Landrot et al. (66) showed greater oxidative capacities at more acidic
pHs, evenwithin the pH 2.5 to 3.5 range as can be seen in Fig. 12. The combination
of higher pHs and concentrations promote the precipitation of Cr-(oxyhdr)oxide
phases. The formation of Cr hydroxides on the Mn mineral surface reduces the
availability of reactive sites, which in turn decreases CrIII sorption and oxidation.
Chromium hydroxide can precipitate from bulk solution onto the surface of Mn
minerals at concentrations below its saturation index (64).

Under more neutral pH conditions bioMnOx oxidized more CrIII at higher,
rather than lower pHs. At pH 6.2 Cr oxidation by bioMnOx ceased within 10
mins, while at pH 7.2 oxidation continued for 160 mins. The quenching of the
reaction at pH 6.2 is due to either the proton promoted dissolution of bioMnOx or
the lower activity of bioMnOx towards MnII oxidation (60).

Kinetics and Mechanisms of Cr(III) Oxidation on Mn-Oxides

The identification and quantification of chromium oxidation states using
XANES spectroscopy is quite straightforward due to a prominent pre-edge peak
at 5993 eV, when Cr is present as CrVI which is caused by a bound-state 1s to 3d
transition. Landrot et al. (29) employed the same technique as Ginder-Vogel et al.
(13) to measure the rapid, initial kinetics of CrIII oxidation on HMO (29, 49, 50).
A complete XANES spectrum was determined in 0.75 sec. Data were collected
at pHs of 2.5, 3.0, and 3.5 at CrIII concentrations of 40-100 mM. ChromiumVI

resulting from the oxidation of CrIII on the HMO surface, displays the prominent
pre-edge feature in the XAS spectrum, which is proportional to the amount of
CrVI in the system. Therefore, the height of the pre-edge feature can be measured
and compared to a set of CrIII/CrVI mixtures to determine the amount of CrVI
present over the course of the reaction (29, 50). Figure 13 shows the pre-edge
feature increases in intensity with time, indicating the oxidation of CrIII to CrVI.
Chromite oxidation is quite rapid during the first 120 sec of the reaction, when
about 35 mM of chromate is produced. The reaction continued to oxidize CrIII
to CrVI for another 30 minutes, before oxidation ceased between 30-60 minutes
due to sorption of chromate. Initial reaction rates were determined by quantifying
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the CrVI from the height of the pre-edge feature for each experiment, focusing
on the reaction from 0-1 minute. Landrot et al. found the rate constants were
similar at a given pH and for varying CrIII and HMO concentrations (Table 2)
(29). Strongly suggesting that the k values are chemical rate constants, as only
temperature should impact the magnitude of the k values. Therefore, the use of
a method like Q-XAS not only provides valuable information on rapid, initial
reaction processes, but also the additional benefit of determining chemical kinetics
rate constants. Together these findings provide important insights on reaction
mechanisms. Most other techniques cannot significantly reduce or eliminate
transport processes. Consequently, the rate parameters that are measured are
apparent rate coefficients, and not rate constants. The rapid initial oxidation of
Cr(III) by HMO was also confirmed by Dai et al. (68) who discovered CrVI levels
increased quickly within the first 50 minutes of the reaction and increased slowly
before leveling off after 300 minutes, due to the saturation of available surface
adsorption sites. Techniques such as Q-XAS and further, more detailed research
will unlock the exact kinetics and mechanisms of Cr oxidation by Mn-oxides (69).

Figure 12. Mn oxides react rapidly with Cr. The reaction is largely complete
within the first 20-60 minutes. Lower pHs result in greater oxidation of CrVI, with
less overall surface sorption. Reproduced with permission from Landrot et al.,
Environ. Sci. Technol. 46, 11594-11600. Copyright (2012) American Chemical

Society.
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Table 2. Initial Conditions, Measured Initial Rates, and Rate Parametersa

a The partial rate coefficients α, β at pH 2.5, pH 3, and pH 3.5 shown in this table are averaged values from α and β calculated using eqs 6 and 9 and
by combining the initial rates measured at different experimental conditions. The rate constant for each experiment was measured with eq 10. Since all
experiments were duplicated, the initial rates and rate parameters are reported with two values separated with “/”. The standard error (95% confidence
interval) for each initial rate is italicized. Averages of duplicate values are highlighted in bold. Reproduced with permission from Landrot et al. Environ. Sci.
Technol. 44, 143–149. Copyright (2010) American Chemical Society.
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Figure 13. Cr(III) oxidation kinetics using a Q-XAFS technique, at pH 2.5,
[Cr(III)] = 100 mM, [HMO] = 20 g/L, and 0−240 s. Each XANES spectrum
shown represents 3 s of the reaction (average of four 0.75 s spectra). Reprinted
with permission from Landrot et al., Environ. Sci. Technol. 44, 143–149.

Copyright (2010) American Chemical Society.
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