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ABSTRACT: Iron electrocoagulation (EC) can be used for the
decentralized treatment of arsenic(As)-contaminated groundwater.
Iron EC involves the electrolytic dissolution of an Fe(0) electrode
to Fe(Il). This process produces reactive oxidants, which oxidize
As(III) and Fe(II) to As(V) and a range of Fe(III) (oxyhydr)oxide
phases. Here, we investigated the impact of manganese (Mn) on As
removal, since the two often co-occur in groundwater. In the
absence of Mn(II), we observed rapid As(III) oxidation and the
formation of As(V)—Fe(Ill) polymers. Arsenic removal was
achieved upon aggregation of the As(V)—Fe(Ill) polymers. In the
presence of Mn, the mechanism of As removal varied with pH. At
pH 4.5, As(III) was oxidized rapidly by OH® and the aggregation of
the resulting As(V)—Fe(III) polymers was enhanced by the
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presence of Mn. At pH 8.5, As(II) and Mn(II) competed for Fe(IV), which led As(III) to persist in solution. The As(V) that
did form was incorporated into a mixture of As(V)—Fe(II) polymers and a ferrihydrite-like phase that incorporated 8% Mn(I1I);
some As(III) was also sorbed by these phases. At intermediate pH values, As(III) and Mn(II) also competed for the oxidants, but
Mn(III) behaved as a reactive intermediate that reacted with Fe(II) or As(III). This result can explain the presence of As(V) in the
solid phase. This detailed understanding of the As removal mechanisms in the presence of Mn can be used to tune the operating
conditions of Fe EC for As removal under typical groundwater conditions.

B INTRODUCTION

Many low-resource regions have groundwater that is
contaminated with arsenic (As), which must be effectively
removed to provide safe drinking water. Among 14 different
technologies that have been field-tested for removing As, iron
electrocoagulation (EC) was rated as one of five technologies
that meet international standards for As removal.' Overall, EC
effectively removes As from groundwater to values below the
recommendation from the World Health Organization
(WHO) of 10 ug L™ (0.133 uM).””” In particular, EC is
attractive for use in decentralized communities because it has a
short sulpply chain, low energy requirements, and is easy to
operate,”

Arsenic removal in an EC system relies upon a number of
redox reactions. First, electrical current is passed through an
Fe(0) electrode to oxidize Fe(0) to Fe(II) at the anode.
Subsequently, Fe(II) oxidation by O, and/or H,0, generates
reactive oxidant species, including hydroxyl radical (OH®),
superoxide (O,*”), and Fe(IV), which readily oxidize As(III)
to As(V) and/or Fe(Il) to Fe(III).'”"*™" Iron(Ill) then
polymerizes into Fe(IIl) (oxyhydr)oxides that adsorb As(II,
V) in a pH-dependent manner. Both of these processes depend
strongly on the chemical composition of the treatment water,
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especially the pH and concentration of co-occurring divalent
cations and oxyanions. Both processes also produce a range of
precipitates with varying affinities for As and ease of separation
by filtration or settling,”>'*'%"”

In many places, dissolved manganese (Mn) concentrations
in groundwater range from 0.27 to 103 yM and can be 5500-
fold %reater than As concentrations (0.01—60 yM As, Figure
S1)."7*® In EC experiments conducted in the absence of As,
van Genuchten and Pefia®® showed that Mn(II) was oxidized
to Mn(III) and incorporated into the resulting Fe(III)
(oxyhydr)oxides. The extent of Mn removal during EC varied
with the solution pH and initial oxidant (O, vs H,0,). While
the mechanisms of As and Mn removal by EC have been
studied separately, no published work has investigated the
redox and sorption reactions that underpin EC performance in
waters where As and Mn co-occur and where EC precipitates
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are generated in situ in the presence of both As and Mn. We
expect that Mn can influence As removal by EC by three
mechanisms. First, because Mn(II) can be oxidized by
superoxide (0,°7),*"** hydroxyl radical (OH®),”’ oxygen
(0,),** and Fe(IV)*** (Figure S2), it may scavenge the
reactive oxidant species generated from Fe(II) oxidation and
limit the oxidation of As(III) to As(V). Second, the
incorporation of Mn into Fe oxides can modify the ability of
the EC precipitates to adsorb As(III, IV).””**7* Third,
Mn(III) produced by EC may oxidize As(III) to As(V).”~*

In the current study, we investigated the extent and
mechanism of As removal by EC in the presence of Mn(II).
Since available field measurements show that Mn concen-
trations commonly exceed As concentrations in groundwater
(Figure S1), we conducted our experiments at Mn:As
concentration ratios of 10:1 and 1:1 and at total Mn and As
concentrations where analytical and spectroscopic analyses
could be readily performed. Kinetic experiments at pH 4.5—8.5
were conducted under four initial conditions: 10 uM of As(III)
and 0 uM of Mn(II) [10AsOMn], 10 uM of As(III) and 100
UM of Mn(II) [10As100Mn], 100 uM of As(IIl) and 0 uM of
Mn(II) [100AsOMn], and 100 uM of As(III) and 100 uM of
Mn(II) [100As100Mn]. Additionally, 250 uM of H,0, was
added to the experiments because (i) it favors the Fenton
reactions that generate OH® and Fe(IV) instead of O,*~, which
does not oxidize As(III) at appreciable rates relative to OH*
and Fe(IV),"” and (ii) it precipitates disordered or nanoscale
Fe(III) oxides with a high capacity to sorb As.*’ In the
dissolved phase, the concentrations of As(II) and As(V) in
solution were determined by combining hydride generation
inductively coupled plasma optical emission spectrometry
(HG-ICP-OES) and ICP-OES. Dissolved Fe and Mn
concentrations were also determined by ICP-OES. In the
solid phase, the redox speciation of As, Mn, and Fe was
determined using X-ray Absorption Near-Edge Structure
(XANES) spectroscopy at the As, Mn, and Fe K-edges.
Finally, Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy was used to determine the structure of the
precipitates formed; this included the potential incorporation
of Mn(III) as well as the As oxidation state and binding mode
in the solid phase. This work shows how coupled As, Mn, and
Fe redox transformations impact As oxidation and sorption by
Fe(III) phases generated by EC, which is critical for treating
groundwater with co-occurring As and Mn.

B MATERIALS AND METHODS

All solutions were prepared using 18.2 M cm deionized water
and ACS-grade reagents.

Kinetics of As(lll) and Mn(ll) Removal. A description of
the Fe(0) EC cell'® used for kinetic experiments is provided in
the Supporting Information (SI). Briefly, experiments were
initiated by applying galvanostatic currents of 6 mA to the
electrodes (Table S1) in 2 mM NaCl and 2 mM NaHCO;.
According to Faraday’s law, Fe = (I X t.)/(n X F), where Fe
(mol) is the amount of Fe generated during EC, I (C s™") is
the current, t, is the electrolysis time (s), n is the number of
transferred electrons, and F is Faraday’s constant (96 485 C
mol™"). With a volume of 250 mL, Fe(II) was produced at a
rate of about 7 uM min~". This Fe production rate was chosen
(i) to minimize Fe(II) accumulation and thus maximize the
consumption of reactive oxidant species by Mn(I) and
As(IlI), and (ii) to compare with previous data from our
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group.'”*” Current was applied for 32 min, and samples were
collected at 0, 6, 13, 23, and 32 min.

Triplicate experiments were conducted at pH 4.5, 6.5, and
8.5 using initial concentrations of 250 uM of H,0,, 10 or 100
uM of As(II1) (NaAsO,; Fisher Chemical), and 0 or 100 uM
of Mn(II) (MnCl,-4H,0; Sigma-Aldrich). Hereafter, experi-
ments are identified by the initial As and Mn concentrations.
Data for experiments conducted in the absence of As (ie.,
0As100Mn) were obtained previously using the same setup
and similar experimental conditions.”” Samples were collected
to analyze the total and dissolved concentrations of As, Mn,
and Fe. For total concentrations, 2 mL was sampled. For
dissolved phase concentrations, 4—5 mL were sampled, and
the first mL of the filtrate was discarded. Filtration was
performed using 0.22 ym of PES BGB or 0.02 ym of Whatman
Anotop syringe filters in a small subset of experiments. Samples
were also collected by filtration for X-ray absorption spectros-
copy (XAS).

Chemical Analysis. Arsenic, Mn, and Fe concentrations
were determined using a PerkinElmer Optima 8300 ICP-OES
as summarized in Table S2. Total As concentrations below 3
uM and As(III) concentrations in the dissolved phase were
determined using HG-ICP-OES (see the SI).*’ Aqueous
As(V) concentrations were determined from the difference
between total As and As(III) concentrations. Aqueous Mn in
our experiments can only be present as Mn(Il) because
Mn(III)(aq) must be stabilized by high-affinity ligands, which
are not present in our experiments. While aqueous Fe can be
present as Fe(II) or Fe(IlI), Fe(1l) is a minor component in
our system, as indicated from experiments using 0.02 mm
filters (see Results) and calculations based on our experimental
conditions and published rate constants for Fe(II) oxidation to
Fe(III) by H,0, (up to 80 M~ s at all pH values)**~*" and
by O, (0.19 and 548 M~ s™" at pH 6.5 and 8.5, respectively, as
calculated from data in Millero et al.).** These calculations are
described in the SI and Table S3. Throughout the text, As
removal refers to the removal of As from the dissolved phase to
the solid phase, where As can be sorbed to the Fe(III)
(oxyhydr)oxides as As(III) [As(III) sorbed] and/or As(V)
[As(V) sorbed]. Manganese removal is defined similarly,
although Mn can be sorbed as Mn(II) or Mn(III) or
incorporated into the precipitates as Mn(III) or Mn(IV).

X-ray Absorption Spectroscopy. Samples for XAS
analysis were collected by filtration onto 0.45 pm filter
membranes (25 mm diameter, nitrocellulose filter; Millipore
Sigma Aldrich). The membranes were then coated with a drop
of glycerol (50%) to prevent As(III) oxidation, cut into 4—S
rectangular sections, arranged in a stack, and then sealed with
Kapton tape. The sealed sample was attached to an aluminum
sample holder and immediately frozen to prevent As(III)
oxidation. Samples were stored at —20 °C until analysis.

Iron, As, and Mn K-edge X-ray absorption (XA) spectra
were collected at 77 K (LN, cryostat) at the Stanford
Synchrotron Radiation Laboratory (BL 4-1) using a Si(220) ¢
= 90 monochromator crystal. The incident beam (1 mm in the
vertical dimension) was detuned by 35, 50, and 50% for As,
Mn, and Fe, respectively. Monochromator energies were
calibrated using metal foils: 7112 eV (Fe), 11,919 eV (Au),
and 6,539 eV (Mn). Iron K-edge XA spectra were collected in
transmission mode using ion chambers for measuring I, and I..
Arsenic K-edge XA spectra were collected in transmission or
fluorescence mode, whereas Mn K-edge XA spectra were
collected in fluorescence mode. Fluorescence yield spectra

https://dx.doi.org/10.1021/acs.est.9b07099
Environ. Sci. Technol. 2020, 54, 7165—7174


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07099/suppl_file/es9b07099_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07099?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

were measured using a solid-state passivated implanted planar
silicon (PIPS) detector, a Lytle detector equipped with Soller
slits, or a Ge detector equipped with Z-1 filters (i.e., Ge for As
and Cr for Mn).

The data reduction followed standard procedures.
Replicate scans (2—6) were averaged to improve the signal-
to-noise ratio, and the dead-time was corrected when acquired
using the Ge detector. No X-ray-induced changes were
observed between replicate scans. X-ray absorption spectra
were averaged, background-subtracted (E, values of 6550,
11875, and 7127 eV for Mn, As, and Fe, respectively), and
normalized to 1 absorption unit. The extracted EXAFS spectra
were weighted by k* and Fourier-transformed (FT) using a
Kaiser—Bessel window with a dk value of 3 A~'. Both XANES
and EXAFS spectra were compared to reference spectra
acquired from samples with Fe, As, and Mn in known
oxidation states (Table S4). Arsenic and Mn K-edge XANES
and Fe K-edge EXAFS spectra were subsequently analyzed by
linear combination fitting (LCF) in SixPack as described in
detail in the SI and in Tables $5—S7."*

13,29

B RESULTS

Arsenic(lll) Removal by EC in the Absence of Mn(ll).
The kinetics and extent of As removal in a NaCl/NaHCO,
electrolyte solution are shown in Figure 1A (A-1 to A-3) and
Figure 1B (B-1 to B-3). In the 10AsOMn experiments at pH 4.5
and 6.5, the dissolved As concentration was below the 10 ug
L™ or 0.133 uM WHO recommendation after 32 min of EC
(Figure 1A (A-1 and A-2)). In the pH 8.5 10AsOMn
experiment, however, 0.2 uM of As remained in solution,
which exceeds the WHO recommendation (Figure 1A (A-3)).
In the 100AsOMn experiments, the WHO recommendation
was reached only at pH 4.5. At pH 8.5 and 6.5, dissolved As
concentrations largely exceeded the WHO recommendation,
with 23.2 and 80.7 M of As remaining in solution (Figure 1B
(B-1 to B-3)).

In general, As removal from the dissolved phase was
enhanced by decreasing the pH and increasing the amount of
Fe in the solid phase (Figure 1A (A-1 to A-3) and Figure 1B
(B-1 to B-3) and Figure 2A (A-1 to A-3) and Figure 2B (B-1 to
2B-3); Table S8). While As removal started immediately at pH
4.5, the onset of As removal was progressively delayed with
increasing pH and increasing initial As concentration. For
instance, in the 10AsOMn experiments, As removal was not
observed or was minimal until 6 and 13 min at pH 6.5 and 8.5,
respectively (<20% As removed, Figure 1A (A-2 and A-3)). In
the 100AsOMn experiments, removal was observed starting at
13 and 23 min at pH 6.5 and 8.5, respectively (<10% As
removed, Figure 1B (B-2 and B-3)). The poorer removal of As
at higher pH values and/or higher As concentrations cannot be
explained by the limited oxidation of Fe(II) to Fe(Ill) or
As(III) to As(V). Excess H,0, was available in these
experiments, and As(III) and Fe(II) are readily oxidized in
the presence of H,0, at pH 4.5—8.5."° Additionally, As(V)
was the dominant or exclusive form of As in all samples at t > 6
min (Figure 1A (A-1 to A-3) and Figure 1B (B-1 to B-3)), and
our calculations predict small to negligible Fe(II) (Table S3).
The apparent contradiction in the data regarding Fe(III)
formation and As(V) removal can be explained by a shift in the
mechanism of Fe(Ill) polymerization, which prevents the
formation of As(V)—Fe(Ill) precipitates’ that can be
removed by filtration (0.22 pm).
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Figure 1. Arsenic (As) removal from solution in the presence of
Manganese (Mn) plotted as a function of time and pH for
experiments with (A) 10 uM of As(III) and 0 or 100 M of Mn(II)
(i.e., 10AsOMn and 10As100Mn, respectively) and (B) 100 uM of
As(III) and 0 or 100 uM of Mn(II) (i.e., 100AsOMn and
100As100Mn, respectively). Bars show the concentrations of As(III)
(blue) and As(V) (red) in the dissolved phase (solid bars) and solid
phase (shaded bars).

At pH 6.5 and 8.5, the large fraction of dissolved As(V)
(Table S8) coincided with the large fraction of dissolved Fe
(Table S8). For example, at pH 8.5 in the 10AsOMn
experiments, 73% of the As and 70% of the Fe were in the
dissolved phase at 13 min. Additionally, the higher percentages
of dissolved As(V) and dissolved Fe in the 100AsOMn
experiments at later time points (e.g, 76% As(V) and 78%
Fe at 23 min) relative to the 10AsOMn experiments (e.g., 17%
As(V) and 17% Fe at 23 min) indicate that high As/Fe ratios
favor the accumulation of Fe in the dissolved phase, as similarly
observed by Shi et al.’’ Complementary experiments using
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Figure 2. Concentration of total iron (Fe) added into the reactors as

Fe(II) (black markers) and in the solid phase as Fe(III) (orange
markers) plotted as a function of time and pH for experiments with
(A) 10 uM of As(1II) and 0 or 100 zM of Mn(II) (i.e., 10AsOMn and
10As100Mn, respectively) and (B) 100 uM of As(III) and 0 or 100
uM of Mn(II) (i.e., 100AsOMn and 100As100Mn, respectively). The
shaded areas show the difference between the total Fe in the reactors
and in the solid phase (orange markers). Iron concentrations were
determined by ICP-OES.

0.02 ym and 0.2 pm filters showed that most of the dissolved
Fe and a large fraction of the dissolved As(V) were contained
in the 0.02—0.20 pm size fraction. For example, 100 and 92%
of the Fe and 86 and 37% of the As were present in the 0.2—
0.02 pm size fraction in samples collected at 6 min from the
10AsOMn experiments at pH 6.5 and 8.5, respectively (Figure
S3). Experimental results are thus consistent with the
formation of As(V)—Fe(III) polymers, especially at short
reaction times when the As(V):Fe(Ill) ratio is high (e.g,
As[V]:Fe[lII] ratios of 2.62 at pH 6.5 and 1.2 at pH 8.5 in the
100As100Mn experiments at 6 min). The formation of
As(V)—Fe(III) polymers is also more favorable at higher pH
values since the kinetics of Fe(II) oxidation by Fe(IV) are
fast’' and Fe(IV) is the dominant oxidant (Figure S4).
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Furthermore, as the pH increased from 6.5 to 8.5, the As/Fe
ratio in the 0.2—0.02 pm fraction decreased from 0.3 to 0.1 in
samples taken after 6 min in the 10AsOMn experiments (Figure
S3). Thus, the sorption capacity of the Fe(Ill) polymers
decreased with increasing pH, as is typically observed for
Fe(IlI) oxides. However, we cannot exclude the presence of
aqueous As species, especially at pH 8.5, where 24% of the As
was present as As(III) at 6 min.

Oxyanion—Fe(III) polymers containing oxyanion:Fe(III)
ratios of 0.5 and 0.7 mol mol™" have been described'*** for
arsenate and phosphate, respectively. In the 10AsOMn
experiments, all samples had As:Fe ratios below 0.7 in the
dissolved phase, which indicates that the pool of dissolved
Fe(III) was sufficient to trap all of the dissolved As (Table S8).
For the 100AsOMn samples, instead, the As(V) concentrations
exceeded the dissolved Fe concentrations in samples collected
at t < 13 min (Table S8). Thus, in these experiments, dissolved
As likely occurs both as free As and Fe(Ill)-bound As.

At pH 4.5, the nearly complete oxidation of As(III) to As(V)
observed in the first minutes of the experiments should favor
the formation of As(V)—Fe(IIl) polymers, especially in
100AsOMn experiments where the As(V)/Fe(Ill) ratios are
initially high. However, dissolved Fe concentrations decreased
as the initial As concentrations increased from 10 to 100 uM
(Figure 2A (A-1) and Figure 2B (B-1); Table S8). The wet
chemical data, therefore, provide no evidence for the presence
of As(V)—Fe(Ill) polymers in solution at low pH values.
However, Fe K-edge EXAFS spectra measured from the solid
phase and transmission electron micrographs (Figure S12)
suggest that the polymers formed and were rapidly removed
from solution upon aggregation, as described below.

Influence of Mn on As(lll) Removal by EC. The kinetics
of As removal by EC in the presence of 100 4M of Mn(II) and
low (10As100Mn) or high (100As100Mn) initial As(III)
concentrations are shown in Figure 1A (A-4 to A-6) and
Figure 1B (B-4 to B-6). After 32 min, dissolved As
concentrations were below the 10 ug L™' or 0.133 uM
WHO recommendation only in the pH 4.5 experiments
(Figure 1A (A-4) and Figure 1B (B-4)). Instead, the dissolved
phase contained 0.9, 17.3, and 24.2 uM of As, respectively,
after 32 min for the pH 6.5 10As100Mn, 6.5 100As100Mn, and
8.5 100As100Mn conditions (Figure 1A (A-S) and Figure 1B
(B-S and B-6)). In the pH 8.5 10As100Mn experiment, while
82% of the total added As was removed after 13 min, the
dissolved As concentrations remained relatively constant and
above the WHO recommendation at about 1.30 #M between
13 and 32 min (Figure 1A (A-6)).

Similar to experiments conducted in the absence of Mn,
As(I1I) oxidation and removal were most efficient at pH 4.5,
with more than 65% (2 min) and 85% (6 min) of the As in
solution present as As(V) in the 10As100Mn and
100As100Mn experiments, respectively (Figure 1A (A-4) and
Figure 1B (B-4)). In these experiments, the oxidation of
As(III) to As(V) by OH®,'> which represents 81% of the
oxidant species (Figure S4), was favorable despite the presence
of 100 uM of Mn(1Il) in solution. Arsenic(IIl) oxidation could
also have been mediated by Mn(III, IV)*>® if Mn(II) oxidation
by OH®*>*> were faster than As(III) oxidation. Additionally,
faster As removal from the dissolved phase occurred in the
presence of Mn (10As100Mn; Figure 1A (A-4)) than in its
absence (10AsOMn, Figure 1(A-1)). As discussed below, Mn
and Fe K-edge XANES and EXAFS spectra from the solid
phase suggest that Mn enhanced As removal by screening the
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negative charge of As(V) sorption complexes on the Fe(III)
oxyhydroxides and enhancing aggregation.'®'”>*

At pH 6.5 and 8.5, dissolved As remained dominantly as
As(1II), which is in sharp contrast to the experiments
conducted in the absence of Mn (Figure 1A (A-2 and A-3;
A-S and A-6) and Figure 1B (B-2 and B-3; B-S and B-6)). For
example, at pH 6.5, 100% As(V) and 100% As(III) were
measured in the filtrates of samples collected at 6 min in the
10AsOMn and 10As100Mn experiments, respectively (Figure
1A (A-2 and A-5)). Similar trends were observed at pH 8.5
after 6 min, where 76% As(V) and 84% As(III) were measured
in the dissolved phase for 10AsOMn and 10As100Mn
experiments, respectively (Figure 1A (A-3 and A-6)).

The stabilization of As(III) in As(III)—Mn(H)(aq) complexes
cannot explain its limited oxidation since As(III)—Mn(H)(aq)
species are not thermodynamically favorable (Figure SS).
Instead, we inferred that Mn(II) outcompetes As(III) for
Fe(IV), which is the dominant oxidant at pH > 5.5. Consistent
with this hypothesis, significant Mn removal from the dissolved
phase occurred at pH 8.5 (58.14 and $3.52 M in the
10As100Mn and 100As100Mn experiments, respectively;
Table S8). At pH 6.5, however, if Mn(Il) was oxidized to
Mn(III), Mn(II1) must be a short-lived intermediate because
little Mn was sorbed to the solid phase after 32 min (3.99 and
2.31 uM in 10As100Mn and 100As100Mn, respectively; Table
S9). Notwithstanding the predominance of dissolved As(III),
both As and Fe were steadily removed from the solution, with
the exception of the pH 6.5 100As100Mn experiment.

In the pH 6.5 100As100Mn experiment, the onset of As
removal was delayed and occurred at t > 13 min (Figure 1B
(B-5)). This delay coincided with high dissolved Fe and As(V)
concentrations at t < 13 min and As/Fe ratios ranging from 1.2
to 3.9 (Figure 1B (B-5) and Figure 2B (B-S); Table S8).
Additionally, no Mn was removed from the solution at ¢ < 13
min. The presence of both As and Fe in solution is consistent
with the formation of As(V)—Fe(III) polymers, which we also
identified at pH 6.5 in the absence of Mn.

Structure of Fe(lll) Precipitates Formed by EC. The Fe
K-edge EXAFS spectra and corresponding FT of all samples
and reference spectra are plotted in Figure S6, with
experimental samples grouped according to solution pH.
Qualitative comparison of the Fe K-edge EXAFS spectra and
FT from the samples and references shows that the generated
EC precipitates have a significantly less ordered structure than
that of goethite or lepidocrocite. Additionally, principal
component analysis (PCA) and target transform analysis*®
using three components (cumulative variance of 0.87)
returned good spoil values for Fh (2.2) and HFO-Si'” (2.9).
An excellent spoil value was also returned for the 32 min
sample from the pH 4.5 100As100Mn experiment (1.1), which
was excluded from the PCA run. This sample showed very
weak Fe—Fe scattering in the FT, indicating that it is in a
highly disordered phase (Figure S6). Based on the high As/Fe
ratios and low pH, which are favorable for As(V) sorption to
Fe(II1)** but unfavorable for the growth of ordered
precipitates,”” we assume that this sample consists largely of
the oxyanion—Fe(III) polymers described in the literature.'®**
This sample contains an As(V)/Fe(III) ratio of 0.42, which is
close to the 0.5 ratio reported for polymers formed in the
presence of phosphate and lower than the 0.7 ratio for As(V)
in the presence of Ca. Hereafter, this sample is interpreted as
an As(V)—Fe(II) polymer phase and its EXAFS spectrum is
used as a reference sample in LCF.
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For the Fe K-edge EXAFS spectra shown in Figure S6, the
best LCF results were obtained using Fh and the As(V)—
Fe(IlI) polymer phase as references, as determined from the
high sum of components (94—101%) and low R-factors
(<0.02) (Table S6). The polymer fraction represented at least
36% of the solid phase across all samples, although the
percentages varied with the reaction time and pH (Figures
3d—f and S7). For instance, the 32 min samples from the
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Figure 3. Concentrations and speciation of (a—c) Mn and (d—f) Fe
after 32 min in the dissolved phase (solid bars) and solid phase
(shaded bars). For Mn, data are presented as a function of the initial
As concentrations for experiments conducted at (a) pH 4.5, (b) 6.5,
and (c) 8.5. For Fe, data are presented as a function of pH for
experiments conducted with (d) 10AsOMn, (e) 10As100Mn, and (f)
100As100Mn.

10AsOMn and 10As100Mn experiments had 50 to 60% Fh and
36 to 44% As(V)—Fe(IIl) polymers, respectively. As expected,
the 100As100Mn samples (32 min), which had higher initial
As concentrations and thus larger As/Fe ratios, showed a 100
to 61% contribution of the polymer phase (Table S6). Larger
proportions of the polymer phase were also observed at short
reaction times, which had the highest As(V)/Fe(Ill) ratios.
For example, the polymer phase accounted for 79% at 6 min
and 39% at 32 min in the pH 4.5 10As100Mn experiment.
Finally, in the 100As100Mn experiments, the contribution of
the polymer phase decreased from 100 to 61% as pH increased
from 4.5 to 8.5 (32 min), which is correlated with an increase
in the polymer fraction in the dissolved phase (Table S8).
Overall, the fraction of the polymer phase in the precipitates
correlated positively with the fraction of As(V) in the solid
phase and inversely with the occurrence of As(V)—Fe(III)
polymers in the dissolved phase. However, we note that the
fitted polymer fraction, which we assumed to have an average
As(V)/Fe(Ill) ratio of about 0.42, overestimates the true
contribution of the polymer fraction in the pH 4.5, 6.5, and 8.5
10As100Mn, and pH 6.5 100As100Mn samples. For example,
if all of the As in the 10As100Mn precipitates was contained in
the polymer phase, the fitted fraction should be about 10%
instead of 30%. Thus, highly disordered Fe(III) phases may
also form due to the fast oxidation of Fe(Il) in the presence of
H,0, as corroborated by experiments using H,O, and O, as
the primary oxidants. These experiments led to the formation
of ferrihydrite- and lepidocrocite-like phases, respectively.”’
Arsenic Speciation in the Absence and Presence of
Mn(ll). The oxidation state of As in the solid phase was
determined by LCF analysis of As K-edge XANES and EXAFS
spectra, wherein the values generally fell within 10% of each
other (Figure S8 and Table SS). To represent the data, the
As(V) and As(III) fractions were scaled to the amount of As in
the solid phase, and are depicted by the hatched symbols in
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Figure 1. Samples from the 10AsOMn experiments at pH 4.5
and 8.5 contained As(V) in both the solid and dissolved
phases, indicating quasi-complete oxidation of As in the
absence of Mn (Figure 1A (A-1 and A-3)). In the presence of
Mn at pH 4.5, As occurred as As(V) in the precipitates (Figure
1A (A-4) and Figure 1B (B-4)). In the presence of Mn at pH
6.5 and 8.5, however, about 16% (32 min) and 40% (6, 13, and
32 min), respectively, of the As in the solid phase were present
as As(IIT) (Figure 1A (A-S and A-6) and Figure 1B (B-S and
B-6)).

Manganese Uptake and Redox Speciation Deter-
mined by Mn K-edge XANES and EXAFS Spectroscopy.
The Mn K-edge XANES spectra of the precipitates collected at
32 min were compared to a suite of Mn(II), Mn(III), and
Mn(IV) reference compounds. Linear combination fits
reproduced the experimental samples well (R-factor < 6 X
10~* and component sum of 93—102%) and showed that Mn
was present as Mn(IlI) and/or Mn(Il). These fits also
indicated that the contribution of each Mn species varied
with the initial As(III) concentration and pH (Figures 3a—c
and S9; Table S7). The amount of Mn(IIl) in the precipitates
decreased as the initial As(III) concentration increased.
Additionally, the amount of Mn(III) in the precipitates was
greater at pH 4.5 than those at pH 6.5 and pH 8.5 than that at
pH 6.5. The amount of Mn(III) in the precipitates decreased
from 19.26 (no As(1I1)) to 3.66 (100 uM of As(I11)) at pH 4.5
and from 59.07 (no As(III)) to 18.46 uM of Mn(III) (100 uM
of As(IIT)) at pH 8.5. These trends are consistent with the
competition between Mn(II) and As(III) for reactive oxidants
and indicate different reactive oxidants at acidic and alkaline
pH values.”” Instead, the amount of Mn(II) in the solid phase
generally increased with the initial As(III) concentration and
the pH. This trend was most notable at pH 8.5, in which the
precipitates showed 6.03 in the absence of As(III) and up to
35.06 uM of Mn(Il) in the presence of 100 uM of As(III).
Across all samples, Mn(IV) was a minor component (<11%,
up to 3.06 M) and is, therefore, not discussed further.

The Mn K-edge EXAFS spectra and corresponding FT for
the precipitates are shown in Figures S6, S10, S11. Similar peak
positions and amplitudes in the EXAFS spectra and FT from
precipitates that contained predominantly Mn(III) (i.e., pH
4.5 samples) match the EXAFS spectra from the 0As100Mn
samples, where Mn was incorporated into the Fe(III)
oxyhydroxides (Figure $6).”” Conversely, for precipitates
containing predominantly Mn(II) (i.e., pH 8.5 samples), the
EXAFS spectra and FT are dominated by a single oscillation
and show no evidence for a Mn—Mn/Fe second shell in the
FT (Figure S10), suggesting that Mn(II) adsorbs primarily via
nonspecific interactions (e.g., outer-sphere complexes).’

B DISCUSSION

Oxidation of As(lll) to As(V) in the Absence and
Presence of Mn. Arsenic(lll) Oxidation by OH®* and Possibly
Mn(lll, IV) at pH 4.5. At pH 4.5, where OH® is the dominant
oxidant (Figure S4), we observed fast and complete oxidation
of As(III) to As(V) in the absence and presence of 100 uM of
Mn. Additionally, the amount of Mn(III) associated with the
solid phase decreased from 19.3 to 4.2 to 3.7 uM as the initial
As(III) /Mn(II) molar ratio increased from 0 to 0.1 to 1.0. In
the 10As100Mn experiments, where the initial Mn(1I):As(I1I)
ratio was 10, As(V) concentrations were around twice as high
as the Mn(III) concentrations after 32 min of EC. These
results are consistent with the rate constant for As(III)
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oxidation by OH® (egs 1 and 2), which is more than an order
of magnitude higher than the rate constants for Fe** (eq 3)
and Mn*" (eq 4). These results also suggest that the rate
constant for Mn(II) oxidation by OH* is at least an order of
magnitude lower than 8 x 10°

As(Ill) + OH® — As(IV), k=8x10°M's™" (1)
As(IV) + O, —» As(V) + 0,7,
k=11x10"M"'s™" 2

Fe’t + OH® - Fe** + OH™, k=32x108M s}

(3)
Mn’t + OH® - Mn®" + OH",
k>14x10°M s (4)
Mn(II) + O,*” + 2H* — Mn(Ill) + H,0,,
k=42x10°x [HMs™ (s)

Note: eqs 1=S5 are from refs 15, 56, 32, respectively.

Any Mn(IIl, IV) formed transiently in solution and/or
incorporated into the Fe oxides upon the reaction of Mn*"
with OH® or O,"” should also oxidize As(III),** but this
mechanism cannot be ascertained from the experimental data.

Arsenic(lll) Oxidation by Fe(lV) at pH 6.5 and 8.5. The
speciation of dissolved As showed a marked shift from As(V)
at pH 4.5 to As(III) at pH 6.5 and 8.5 in the presence of Mn.
At pH > 5.5, Fe(IV) is the dominant oxidant in the EC system
(Figure S4), although if Mn(III, IV) formed, it would oxidize
Fe(Il) and As(III) to Fe(III) and As(V), respectively, with a
concomitant reduction of Mn(III, IV) to Mn(II).** As shown
by Hug and Leupin, " the kinetics of As(III) oxidation in the
presence of Fe(II) depend strongly on the Fe(Il) speciation,
given the difference of 5 orders of magnitude in the rate
constants for Fe** versus FeOH" oxidation by Fe(IV)

As(IIT) + Fe(IV) — As(IV) + Fe*?,

k=42x10°M s (6)
Fe’* + Fe(IV) = 2F*Y, k=19x10°M7s™"  (7)
FeOH" + Fe(IV) — 2Fe’", k=14x10°M s

(8)

Note: eqs 6—8 are from ref 15.

At pH 6.5 and in the absence of Mn, the rapid oxidation of
As(IIT) to As(V) is consistent with these rate constants. In the
presence of Mn, however, dissolved As remained largely as
As(II), and little Mn(III) was detected in the solid phase
(Figure 3b and Table S9). The persistence of As(III) and
absence of Mn(IlI) at pH 6.5 suggest both that the rate
constant for Mn** or MnOH" oxidation by Fe(IV) is larger
than the rate constant for As(III) (eq 6) and that the Mn(III)
generated upon the reaction with Fe(IV) is consumed rapidly
by the reaction with Fe(Il) to form Fe(IIl). This mechanism
implies faster oxidation of Fe** by Mn(IIl, IV) than that of
As(IlI) oxidation by Fe(IV) (eq 6). In other words, small
amounts of oxidized Mn can enhance Fe oxidation at the
expense of As oxidation. Nonetheless, 84—88% of the solid-
phase As was present as As(V) after 32 min, which indicates
that As(III) oxidized by Fe(IV) and/or Mn(III) in solution is
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sorbed immediately and/or that As(III) undergoes surface-
catalyzed oxidation.

At pH 8.5, the competition between As(III) and Mn(II) for
Fe(IV) was more evident than that at pH 6.5 due to the
increase in Mn(I1I) associated with the precipitates (Figure 3c
and Table S9). Additionally, the rate constants are likely of the
same order of magnitude for As(III) and MnOH" oxidation by
Fe(IV), e.g, kymon® = 3.98 X 10%, as suggested by the decrease
in Mn(III) concentrations with increasing initial As(III)
concentrations (Figure 3c) and decrease in As(V) concen-
trations with increasing initial Mn(II) concentrations (Figure
1A (A-3 and A-6) and Figure 1B (B-3 and B-6))."* Note that
Mn(III)-substituted Fe oxides or any transient Mn(III)
formation may also oxidize As(111),>***? but our data cannot
be used to assess the importance of this mechanism.

Formation and Aggregation of Fe(lll) Polymers Drive
As(V) Removal. The large fraction of the polymer phase
identified by Fe K-edge EXAFS spectroscopy across all samples
(36—100%, Table S6) suggests that the As(V)—Fe(III)
polymers in the dissolved phase are either the same or a
precursor to the polymers identified in the solid phase.
Transmission electron microscopy (TEM) analyses on samples
collected before filtration (Figure S12) showed no difference in
crystallinity over time. Instead, the amorphous precipitates
showed similar morphologies after 13 and 32 min of EC and
differed only by the length of the “Fe chains”, thus suggesting
that the polymers in the solid phase form from those in the
dissolved phase.

Polymer aggregation depends on pH, initial As concen-
trations, and the presence of Mn, as shown by differences in
the rate of As(V) removal from solution (Figure 1) and
experiments using 0.02 pm filters (Figure S3). Overall, lower
pH and the presence of Mn favored Fe(Ill) polymer
aggregation, as can be seen from the smaller concentrations
of dissolved Fe (Figure 2 and Table S8). This can be explained
by charge-screening effects, wherein Mn(II) can enhance (i)
Fe(Ill) polymerization and/or (ii) destabilization of the
As(V)—Fe(IIl) polymers, as has been observed for
Ca*".'®'”? Finally, aggregation may also be enhanced by the
formation of more crystalline precipitates (e.g., Fh) once all of
the As has been trapped in the polymer phase. The formation
of As—Fe polymers in the dissolved phase can limit As
removal, especially in groundwaters containing high As
concentrations or other oxyanions compared to the added Fe
concentrations. This problem can be addressed either by
adding divalent cations such as Ca™, increasing the waiting
time (especially at alkaline pH values), or using higher Fe
production rates to attain As/Fe ratios < 0.5.

Sorption of As and Mn—Impact of Mn Incorporation
on the Reactivity of the Fe(lll) (Oxyhydr)oxides Formed
by EC. The fraction of the As(V)—Fe(IIl) polymer present in
all of the samples was sufficient to remove all As(V). However,
our data do not provide unequivocal evidence that As was
retained exclusively in the polymer phase because As(V) forms
binuclear corner-sharing complexes on both the polymer phase
and Fh. Additionally, the affinity of As(III) for the polymer
phase versus Fh is unknown in the pH 8.5 10As100Mn and
100As100Mn samples. Lastly, while Mn(III) incorporation
into the polymer phase cannot be excluded, its incorporation
more likely occurs in Fh rather than the polymer as suggested
by the presence of a second shell in the Mn K-edge EXAFS
spectra. Given these limitations, we discuss the impact of Mn
on As removal from solution with no assumption regarding the
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distribution of As between the Fe(III) polymers and Mn(III)-
substituted Fh.

The incorporation of Mn(III) into Fe(III) oxyhydroxides at
levels of up to 2% (mol Mn(III) mol™" Fe(III)) had no
apparent influence on As removal at pH 4.5 and 6.5. For these
conditions, As removal was driven by the oxidation state of As
in the dissolved phase—As(V) at pH 4.5 and As(III) at pH
6.5, where As(III) sorption by Fe(Ill) precipitates is less
favorable than As(V) sorption at circumneutral pH values
(Figure S13). At pH 8.5, the incorporation of 15 and 8%
Mn(III) (mol Mn(III) mol™ Fe(III),,) in the 10As100Mn
and 100As100Mn experiments modified the sorption proper-
ties of the precipitates, likely through a change in the pHp,c.
Previous studies have shown that the pHp,c values of Mn-
substituted Fe oxides can decrease by 1—2 pH units relative to
their pure counterparts (Table $10).**7** Such a decrease in
the surface charge of the EC precipitates would favor As(V)
sorption as well as charge-screening by Mn(II). This
interpretation is consistent with the As/Fe(Ill),,;q and
Mn(I1):Fe(Ill), ;4 ratios of 0.04 to 0.30 and 0.10 to 0.16,
respectively, measured in the 10AsOMn and 100As100Mn
experiments. The initial As(III):Mn(II) ratio in solution is thus
an important parameter in EC systems at alkaline pH values, as
it controls the composition and surface charge of the
precipitates and thus As removal. Complementary experiments
could be pursued to determine the Mn(III)/Fe(IIl), ;4 ratio at
which As removal is favorable/unfavorable as well as the
affinity of As(Ill) and As(V) for precipitates with varying
amounts of Mn(III) incorporation.

Technical and Environmental Implications. This study
provides a detailed analysis of the coupled redox trans-
formations of As, Mn, and Fe. At acidic pH values, As(III)
outcompetes Mn(1II) for the reactive oxidants and the resulting
As(V)—Fe(IlI) polymers aggregate readily. This aggregation
appears to be driven by multiple factors, including low pH and
the presence of Mn(II). At alkaline pH values, instead, As(III)
and Mn(II) compete for the reactive oxidants, as evidenced by
the persistence of As(III) in solution and the accumulation of
Mn(III) in the solid phase. Nonetheless, extensive As removal
of As(III), As(V), and Mn(II) was achieved due to the
formation of As(V)—Fe(IIl) polymers and mixed Mn(III)—
Fe(I1I) ferrihydrite-like precipitates. Similarly to pH 8.5, at pH
6.5, As(IlI) persisted in solution and As was removed as a
mixture of As(III) and As(V). However, little Mn(III) was
found in the solid phase formed at pH 6.5. This result suggests
that the redox recycling of Mn(Ill) is likely an operative
mechanism that allows for the sorption of As(V) to the solid
phase at pH 6.5.

While As removal was most efficient at pH 4.5, acidic
groundwaters where As and Mn co-occur are not frequently
observed,'””* although EC may be applicable for the treatment
of mine-drainage waters. Waters containing both As and Mn at
pH close to 6.5'%*® could be treated by EC to remove As but
not Mn.'®*® Finally, the removal of both As and Mn from the
dissolved phase may be achieved in alkaline waters containing
Mn concentrations above 50 uM."'®"? However, the competi-
tion between As and Mn for the reactive oxidant species must
be accounted for in setting the EC operating conditions (i.e.,
Fe addition rate, EC time, and concentration of H,0,). In
places where the use of H,0, is impractical due to cost or
supply chain constraints, removing As(IIL,V) in the presence of
Mn with O, as the initial oxidant may require longer treatment
times and different Fe(II) production rates. Note that Mn
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concentrations lower than those used in this study are usually
found in groundwaters, which should decrease the impact of
Mn on As removal. Finally, additional research is needed to
quantify the influence of other redox-sensitive species on As
removal. Organic matter, which contains both reducing and
oxidizing moieties,”’ can participate in complex reactions with
reactive oxidant species and adsorbs to Fe(IIl) precip-
itates.”' ~®* This makes it likely that organic matter will impact
both redox and sorption reactions fundamental to the
operation of EC systems for As removal.
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