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ABSTRACT: Electrocoagulation (EC) using iron electrodes is a promising arsenic removal g’ f:'g' i i 1
strategy for Bangladesh groundwater drinking supplies. EC is based on the rapid in situ

dissolution of a sacrificial Fe(0) anode to generate iron precipitates with a high arsenic E%_““_\

sorption affinity. We used X-ray absorption spectroscopy (XAS) to investigate the local Battery
coordination environment (<4.0 A) of Fe and As in EC precipitates generated in synthetic [ 2
Bangladesh groundwater (SBGW). Fe and As K-edge EXAFS spectra were found to be | > »

similar between samples regardless of the large range of current density (0.02, 1.1, 5.0, | ‘
100 mA/cm?) used to generate samples. Shell-by-shell fits of the Fe K-edge EXAFS spectra o
Cathode,

_/

Iron

>
y

indicated that EC precipitates consist of primarily edge-sharing FeO4 octahedra. The | _Anode
absence of corner-sharing FeOg4 octahedra implies that EC precipitates resemble nanoscale } e
clusters (polymers) of edge-sharing octahedra that efficiently bind arsenic. Shell-by-shell fits "\\ x @ %#
of As K-edge EXAFS spectra show that arsenic, initially present as a mixture of As(III) and '
As(V), forms primarily binuclear, corner-sharing As(V) surface complexes on EC
precipitates. This specific coordination geometry prevents the formation of FeOg4 corner-
sharing linkages. Phosphate and silicate, abundant in SBGW, likely influence the structure of EC precipitates in a similar way by
preventing FeOy corner-sharing linkages. This study provides a better understanding of the structure, reactivity, and colloidal
stability of EC precipitates and the behavior of arsenic during EC. The results also offer useful constraints for predicting arsenic
remobilization during the long-term disposal of EC sludge.

1. INTRODUCTION influences power consumption and treatment time.*>'

Additionally, the current density may influence the structure
of the generated Fe precipitate by altering the rate of Fe ion
generation, which may lead to significant concentration
gradients and local supersaturation with respect to different
Fe (oxyhydr)oxide phases. Because the dominant mode of
arsenic sorption varies among crystalline and amorphous Fe
phases,11 it is important to investigate the Fe precipitate
structures over a wide range of practical current densities.
Previous studies indicate that the phase generated during EC
is system-specific and may be influenced by the composition of
the electrolyte (in addition to the current density). X-ray
diffraction (XRD) has been used to detect Fe phases ranging
from crystalline magnetite, maghemite, and lepidocrocite, to

Tens of millions of people worldwide are exposed to toxic
concentrations of arsenic in groundwater drinking supplies, the
vast majority living in rural Bangladesh."” A recent study
estimates that 1 in S deaths in Bangladesh are due to arsenic
exposure.” Despite much research during the past decade, the
need for a sustainable solution to the arsenic crisis still exists.
Electrocoagulation (EC) using Fe(0) electrodes is a promising
arsenic removal strategy for Bangladesh because it is effective
and low cost, produces minimal waste, and is easy to maintain
and operate with locally available materials.*~¢

EC is based on applying an electric current to a sacrificial
Fe(0) anode to generate Fe ions. The Fe ions generated during
EC polymerize rapidly, forming precipitates in situ with a high ¢ ‘ ‘
arsenic sorption affinity. The argsenic-laden precipitates can th§n ar.norphous FeAsO, Sagcl 14hydrous ferric oxide (HFO) 1n
be separated from treated water by gravitational settling and/or different EC systems.™ However, none of these st.ud.1es
filtration. EC removes both As(III) and As(V) from wastewater .characterlzgfi EC precipitates generated in an electrply'fe sgnll:ar
and drinking water of varying pH and chemical character- in cc;r_nposmc?n t40_ grc?undwater of Banglade_sh, which is rich in
istics.>”~® However, the structures of EC precipitates generated PO, and 8iO,"", with smalge_r cs)ncgltratlons of is(III) and
in a Bangladesh groundwater matrix are not reported in prior As(V). The presence of PO,", SiO,", and AsO,’” has been

literature.

The successful implementation of field-scale EC systems Received: June 4, 2011
requires the optimization of operational parameters. The Revised:  August 25, 2011
current density (current per unit area of electrode) of EC Accepted: December 1, 2011
operation has been identified as a key parameter because it Published: December 1, 2011

W ACS Publications  © 2011 American Chemical Society 986 dx.doi.org/10.1021/es201913a | Environ. Sci. Technol. 2012, 46, 986—994


pubs.acs.org/est

Environmental Science & Technology

reported to influence the structure of precipitates generated by
Fe hydrolysis by reducing or preventing the formation of FeOg
octahedral linkages.'*™'” Therefore, it is critical to study the Fe
precipitate structure generated by EC in a groundwater matrix
similar to the target region of Bangladesh with respect to major
dissolved inorganic species.

Based on the work of Doeslch et al, Rose et al, and
Waychunas et al,">~"” we expect that EC in a Bangladesh
groundwater matrix will lead to poorly crystalline material that
cannot be adequately characterized using XRD. Therefore, to
best characterize the reaction products, we applied X-ray
absorption spectroscopy (XAS) to determine the short-ranged
structure of the precipitate and bonding structure of sorbed
arsenic in EC precipitates generated in synthetic Bangladesh
groundwater (SBGW) as a function of current density. The
current density was varied over a larger range than in any other
single previous EC study (5000 fold: 0.02—100 mA/cm?) to
investigate an extensive range of practical EC operating
conditions. Knowledge of the local coordination about Fe
should improve our understanding of the structure, reactivity,
and colloidal stability of EC precipitates. An understanding of
the dominant coordination geometry of arsenic (Figure 1)
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Figure 1. Possible inner-sphere coordination geometries of AsO,
tetrahedra bound to a cluster of FeOg octahedra. Nj,_p. and Ry, g,
are given for each geometry.

should provide insights into the behavior of arsenic during EC
and offer useful constraints for predicting arsenic remobilization
during the long-term disposal of EC sludge.

2. MATERIALS AND METHODS

Synthetic Groundwater. The chemical composition of
synthetic Bangladesh groundwater (SBGW; Table 1a) was

derived from a comprehensive British Geological Survey (BGS)
analysis of over 3500 tubewells from 61 of the 64 districts of
Bangladesh.'® Batches of SBGW were prepared with reagent-
grade chemicals by first combining defined volumes of 4.0 mM
Na,HAsO,-7H,0, 0.14 M Na,HPO,-7H,0, 0.45 M NaHCO;,,
0.84 mM CaSO,2H,0, 0.032 M MgCL-6H,0, and 0.14 M
CaCl, stock solutions. After lowering pH < 6 by bubbling CO,,
silicate was introduced using a 0.070 M Na,SiO;-5H,0 stock
solution under vigorous mixing to prevent silicate polymer-
ization. To accurately represent groundwater of Bangladesh, the
solution was purged with N, until pH increased to 7 and
dissolved oxygen (DO) dropped below 2.0 mg/L. Finally,
As(IIT) was introduced using a 4.0 mM NaAsO, stock solution.
The conductivity of SBGW was determined to be approx-
imately 990 uS/cm using an Accumet AP8S5 conductivity meter.
Batches of SBGW were stored in a covered plastic carboy
with N, continuously supplying the headspace until used in
experiments. Batches were discarded unless used within 2 days
of preparation.

EC Experimental Protocol. Experiments were conducted
using an acid-washed Fe(0) wire anode coiled into a spiral and
a Cu(0) mesh cathode spaced approximately 1 cm apart.
Preliminary tests indicated that Pt(0) and Fe(0) cathodes
behaved similarly to Cu(0), suggesting the cathode is likely
inert in our EC system. The active area of the Fe(0) electrode
was set by modifying the length of the submerged wire to
produce the desired current density (J = 0.02, 1.1, 5.0, and
100 mA/ cmz). Current density (J [mA/ sz]) is related to the
charge loading (Q [C/L]), electrolysis time (t. [s]), and
electrode area to electrolyte volume ratio (A/V [em?/L])
through the relationship: ] = Q/[t.-(A/V)]. To avoid excessive
t, values while investigating the 5000-fold variation in J, both
A/V and t, were varied during sample synthesis. The value of Q
is related to the expected molar concentration of Fe generated
during EC by Faraday’s Law as follows: Q/(n-F) = [Fe], where
n is the number of transferred electrons, and F is Faraday’s
constant (96485 C/mol). The calculation of Fe concentration
assumes that n = 2 for the generation of Fe(II) from Fe(0)."” A
description of the operating parameters and relevant solids
ratios for each sample is presented in Table 1b.

EC precipitates were synthesized by applying a galvanostatic
current to the Fe(0) electrode in contact with SBGW (initial
DO < 2.0 mg/L) under ambient atmospheric conditions. After
the electrolysis stage, EC precipitates were continuously stirred
and allowed to react with co-occurring ions for approximately
1 h. Solids were then separated from solution with a 0.1 ym
filter. Concentrations of aqueous arsenic and iron in the clear
filtrate were determined by inductively coupled plasma mass
spectrometry (ICP-MS) performed by Curtis and Tompkins,
Ltd. (Berkeley, CA) in experiments for which XAS samples
were generated. In all other experiments, aqueous arsenic, iron,
phosphate, and silicate were measured using a Perkin-Elmer
5300 DV inductively coupled plasma optical emission system

Table 1a. Solution Chemistry of SBGW*

at & ¢t C°  HCO, SO

Ton (mM)  (mM) (mM) (mM) (mM)  (mM)
Initial 6.0 1.5 0.33 3.5 4.5 0.70
Post- - - - - - 0.50

treatment

ek PO~ As(II)  As(V)  As(tot) Conductivity
(uM) (M) (M) (M) #M  pH (#S/cm)
84 4 40 4.0 8.0 7.0 990
- 1.0 - - 010 74 930

“Post-treatment values are reported for ] = 1.1 mA/cm” Removal fractions (1 — Post-treatment/Initial) of SiO,*”, PO,*>~ and As(tot) varied <5%

across current densities. A dash (—) indicates unmeasured ions.

dx.doi.org/10.1021/es201913a | Environ. Sci. Technol. 2012, 46, 986—994



Environmental Science & Technology

Table 1b. Sample Operating Parameters”

Spectra Current Density t. Faradaic Fe Concentration Si/Fe Solids Ratio P/Fe Solids Ratio As/Fe Solids Ratio
Sample type (mA/cm?) (min) (mM) (mmol/g) (mmol/g) (mmol/g)
J =002 Fe K-edge 0.02 453 0.39 9.3 1.9 0.37
J=11 Fe K-edge 1.1 25.6 091 4.0 0.82 0.16
J=S5.0 Fe K-edge 5.0 5.63 091 4.0 0.82 0.16
J =100 Fe K-edge 100 3.17 091 4.0 0.82 0.16
J =002 As K-edge 0.02 1170 0.39 9.3 1.9 0.37
J=11 As K-edge 1.1 75.0 091 4.0 0.82 0.16
J=S5.0 As K—edge S.0 16.3 091 4.0 0.82 0.16
J =100 As K-edge 100 9.20 091 4.0 0.82 0.16

“A lower charge loading was used for the lowest current density samples (J = 0.02 mA/cm?®) because of the impractical f, required to generate
175 C/L. The solids ratio was calculated using the amount of sorbate removed (mmol) divided by the Faradaic Fe mass (g).

(ICP-OES). In all experiments, Fe was undetectable in the
filtrate.

X-ray Absorption Spectroscopy. A total of about
100 mg of solid was collected onto a filter membrane for
each XAS measurement. The filter membranes were immedi-
ately transferred into a glovebox under N, atmosphere and
taped to sample holders with kapton. Fe K-edge X-ray
absorption spectra were collected at beamline 10.3.2 of the
Advanced Light Source (ALS, Berkeley, CA) up to a reciprocal
space value of 13.3 A™! in transmission mode, calibrated to a
Fe(0) foil (7110.75 eV). Beamline 10.3.2 was also used to
acquire XRD patterns of representative samples (see
Supporting Information (SI) for experimental details). Arsenic
K-edge X-ray absorption spectra were collected at beamline 11-
2 of the Stanford Synchrotron Radiation Laboratory (SSRL,
Menlo Park, CA) up to a reciprocal space value of 14.3 A" in
fluorescence mode, calibrated to an As(0) foil (11867 eV). The
intensity of fluorescent X-rays was measured with a 30-element
solid-state Ge detector (Canberra). Reference spectra for
synthetic Fe (oxyhydr)oxides, including scorodite, magnetite,
carbonate green rust, 2-line ferrihydrite (2LFH), and goethite,
were provided by Dr. Peggy O'Day (University of California,
Merced) and Dr. Brandy Toner (University of Minnesota) with
sample preparation and data collection described previously by
O'Day et al.”® and Hansel et al>' A reference spectrum of
As,O; was obtained from a web-based library of model
compounds.*

All data reduction and analyses were performed with
SIXPack software.”> Extended X-ray absorption fine structure
(EXAFS) spectra were extracted from the deadtime-corrected,
averaged, and normalized data, weighted by k°, and Fourier
transformed using a Kaiser-Bessel window with dk of 3.2*
Theoretical curve fitting was carried out in R + AR-space (A),
based on algorithms derived from IFEFFIT.*® Parameters
varied in the fits included interatomic distance (R), coordi-
nation number (N), the mean squared atomic displacement
(6*) and the change in threshold energy (AE,). Theoretical
phase and amplitude functions for single and multiple
scattering paths were calculated using FEFF6.2° Fe and As
paths used in the fits were derived from the structures of
goethite” and scorodite,”® respectively. In the polyhedral
approach, polymerization of individual FeOg octahedra into
crystalline Fe phases occurs by corner-, edge-, and face-sharing
octahedral linkages,zg’30 each with characteristic Fe—Fe
interatomic distances distinguishable in the second-shell peak.
In preliminary fits of the second-shell Fourier-transformed Fe
and As K-edge EXAFS spectra, a high correlation between N
and ¢ led to high fit-determined errors. To eliminate these

988

high correlations and high fit-determined errors, we followed
the approach of Mikutta et al,*! and constrained the Fe second-
shell fits by fixing 6 to the average of published values for Fe—
Fe edge- and corner-sharing paths of similar Fe (oxyhydr)oxide
precipitates (6> = 0.012 A2, standard deviation = 0.004) ">~
while allowing N to float. The As second-shell fits were carried
out by floating ¢ and fixing Nu,_p. to the value of the
corresponding arsenic binding geometry (i.e,, Ny, g is 1 and 2
for mononuclear and binuclear geometries, respectively).
Sherman and Randall** suggested that the minimum value of
the k-range used in the Fourier transform can influence the
detection of different As surface complexes, including the *E
complex. To avoid fitting artifacts originating from the Fourier
transform window, two k-ranges were fit for each sample
(3—13.5 and 4-13.5 A™"). Additional information regarding
XAS sample preparation, data collection and analysis is
provided in the SL

3. RESULTS

Chemical Behavior in the EC Cell. During electrolysis,
the clear and colorless electrolyte became turbid with a light
orange color typical of Fe(III) (oxyhydr)oxides. Measurements
of pH after electrolysis revealed a < 0.5 log unit increase, rather
than the typical drop associated with Fe hydrolysis. Although
HCO;™ contributes to the pH buffering capacity of the solution,
the evolution of H,(,) observed at the Cu(0) cathode can help
balance the H* generated by the hydrolysis of Fe. For all but the
lowest current density experiment (J = 0.02 mA/cm?), DO
decreased to <0.5 mg/L by the end of electrolysis and returned
to at least its initial value (2.0 mg/L) after the mixing stage.
Laboratory experiments at each current density (J = 0.02, 1.1,
5.0, and 100 mA/cm?) showed more than 98, 94, and 25%
removal of initial arsenic (8 uM), phosphate (42 uM) and
silicate (0.70 mM) concentrations, respectively. In identical
experiments to generate XAS samples, arsenic was similarly
removed by more than 98% at each current density. Due to
the removal of ions, the solution conductivity decreased to
930 uS/cm in each experiment.

Though a significant fraction of solids were filterable after the
1 h reaction time, the precipitates remained suspended over a
2—3 day period, indicating their colloidal stability. The X-ray
diffractograms of EC precipitates (SI Figure S1) display
features typical of nanocrystalline Fe(III) (oxyhydr)oxides
such as 2-line ferrihydrite®” with two broad peaks at d-spacings
of approximately 1.50 and 2.57 A. SEM images (SI Figure S2)
of filtered solids revealed an aggregated particle size of
approximately 50—200 nm composed of several smaller
spherical subunits of approximately 10—30 nm.
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Figure 2. (a) Fe K-edge EXAFS spectra and (b) Fourier-transformed Fe K-edge EXAFS spectra (uncorrected for phase shift) of selected Fe
reference materials and EC precipitates. The fits of EC precipitates (dashed lines) are superimposed on the data (solid black lines). The vertical lines
in a) at approximately 5.7 and 7.4 A™! indicate line shape features in goethite that arise from the presence of corner-sharing FeOj linkages and an
increased number of edge-sharing FeOy4 octahedral linkages. These features are diminished in the EXAFS spectrum of 2LFH and disappear in the
EXAFS spectra of EC precipitates. The vertical lines in (b) indicate peaks arising from edge-sharing and corner-sharing FeOjy linkages.

Fe K-Edge X-ray Absorption Near Edge Structure
(XANES). The Fe K-edge XANES spectra of EC precipitates
were compared to those of Fe(II) and Fe(Ill) reference
materials (SI Figure S3). The position of the absorption
maximum of EC precipitates (7131.5 eV) is close to that of the
Fe(Ill) reference materials, goethite and scorodite, indicating
that Fe is present primarily as Fe(IIl). The absorption
maximum of carbonate green rust (GR), a mixed valent
Fe(ILIII) (oxyhydr)oxide, clearly shifts to a lower X-ray energy
due to the presence of Fe(Il). The lack of an observable
shoulder at lower energies in the XANES spectra of EC
precipitates suggests that Fe(II) was not present at detectable
levels. Lakshmanan et al.'” have shown that only Fe(II) is
generated in EC at current densities ranging from approx-
imately 3—40 mA/cm?. At high interface potentials, Fe(III) can
be generated electrochemically during EC;** however, con-
sistent with its decrease during electrolysis, DO is the most
likely oxidant for Fe(II) in the EC system.

Fe K-Edge EXAFS. Figure 2a compares the Fe K-edge
EXAFS spectra of EC precipitates to goethite and 2-line
terrihydrite, a nanocrystalline Fe phase. A change in the line
shape of goethite compared to the other spectra is apparent
between approximately 5.5 and 5.9 A™". This peak is typical of
crystalline Fe (oxyhydr)oxides and indicative of corner-sharing
FeOjg octahedra.” The EXAFS spectrum of goethite also shows
a large peak at approximately 7.4 A™'. This spectral feature is
dampened in 2-line ferrihydrite and disappears in the spectra of
EC precipitates. The weakening of this feature arises from the
loss of corner-sharing FeOg linkages and a decrease in the
number of edge-sharing FeOg4 octahedral linkages.33 Therefore,
this feature indicates a progressive loss of structure from
goethite to 2-line ferrihydrite to EC precipitates, with EC
precipitates having less structural order than 2-line ferrihydrite.
The spectra of EC precipitates, and to a lesser extent 2-line
terrihydrite, are dominated by broad, low amplitude oscillations
at k > 9 A", The spectrum of goethite shows high amplitude
oscillations throughout the analyzed k-range. Dampened
spectral features at k > 9 A™" are typical of the EXAFS spectra
of HFO generated by Fe hydrolysis in the presence of str0n6gly
adsorbing organic and inorganic aqueous species, 1632333

Shell-by-Shell Fits of the Fe K-Edge EXAFS Spectra. The

magnitude of the Fourier transform (uncorrected for phase

989

shift) of EC precipitates is compared to that of goethite and
2-line ferrihydrite in Figure 2b. Two peaks dominate the
Fourier transform. The large peak located at approximately 1.5
A (R + AR) corresponds to the first shell of neighboring atoms
within the FeOg octahedron. The second-shell peak arises from
scattering from neighboring Fe atoms in the second
coordination shell. The fits of EC precipitates are superimposed
(dashed lines) on the data in Figure 2. Table 2a compares the
results of the EC precipitate fits to those obtained by Toner
et al.>® for goethite and 2-line ferrihydrite.

Fe First-Shell Fits. The first shell of oxygen atoms of the
FeOg octahedron was fit with one Fe—O path at approximately
1.98—1.99 A. Fitting parameters (Nge—oy Rpe_o, and %) were
similar among all of the EC precipitate samples. The somewhat
large 6> value (0.009 A?) associated with the Fe—O path as
compared to the Fe—O paths of goethite and 2-line ferrihydrite
is likely due to the presence of multiple Fe—O distances within
the FeOg octahedron. Although previous studies have reported
the presence of two Fe—O distances of approximately 1.93 and
2.04 A,">'%% the spatial resolution of this data set (AR ~ 7/
(2Ak) ~ 0.2) prevented fitting two Fe—O paths.** The fits
produced Ng, o values near 6 for each sample, which is in
agreement with the theoretical value if Fe atoms are in
octahedral coordination.

Fe Second-Shell Fits. Only one Fe—Fe path at approx-
imately 3.05—3.06 A was required for the best fit of all EC
precipitate samples. This path corresponds to FeOg4 octahedra
sharing edges. The inclusion of additional Fe—Fe paths with
distances of 3.26 and 3.43 A yielded physically impossible
Nge_pe values and excessive (and often negative) values of ¢*
(ie, 6 = 0.19 A* for ] = 1.1 mA/cm?). In contrast, published
fits of goethite and 2-line ferrihydrite required multiple Fe—Fe
paths to fit both the edge-sharing and corner-sharing FeOq
octahedral contributions at distances of 3.03 and 3.31 — 3.43 A,
respectively.> The lack of Fe—Fe scattering beyond approx-
imately 3 A in EC precipitates suggests that polyhedral linkages
of longer distances, such as corner-sharing FeOg octahedra,
were not present in detectable amounts. Although small
differences in AE, Rg, g, and Ng,_g,. exist among the samples,
all parameters are in general agreement within the fit-derived
uncertainties.

dx.doi.org/10.1021/es201913a | Environ. Sci. Technol. 2012, 46, 986—994
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Table 2a. Summary of Fe Shell-by-shell Fitting Results

Sample Atomic Pairs N R (A) @ (A% AE, (eV) R-Factor
J =002 Fe—O 52 (0.5) 1.98 (0.01)  0.009 (0.001) —42 (1.1) 0.014
Fe—Fe 2.0 (0.3) 3.06 (0.01) 0012
J=11 Fe—O 5.5 (0.4) 1.99 (0.01)  0.009 (0.001)  —3.6 (0.9) 0.010
Fe—Fe 2.5 (0.3) 3.05 (0.01) 0012
J=50 Fe—O 5.7 (0.5) 198 (0.01) 0011 (0.001)  —2.9 (L.1) 0.016
Fe—Fe 2.3 (0.3) 3.05 (0.01)  0.012
J = 100 Fe—O 62 (0.6) 1.99 (0.01) 0010 (0.001)  —3.6 (1.2) 0.018
Fe—Fe 2.6 (0.4) 3.06 (0.01)  0.012
2-line ferrihydrite Fe—O1 2.7 (0.3) 192 (0.01) 0003 (0.002) 1.3 (1.4) 0.010
Fe—02 N Fe—O1 2.04 (0.01)  0.005 (0.002)
Fe—Fel 3.5 (1.7) 3.05 (0.02)  0.013 (0.004)
Fe—Fe2 14 (1.0) 345 (0.02)  0.006 (0.005)
goethite Fe—O1 3.0 (0.7) 195 (0.02)  0.003 (0.002) 2.6 (2.7) 0.020
Fe—02 N Fe—O1 2.09 (0.02)  0.005 (0.004)
Fe—Fel 2.5 3.03 (0.01)  0.003 (0.001)
Fe—Fe2 N Fe—Fel 331 (0.04)  0.004 (0.005)
Fe—Fe3 ON Fe—Fel 344 (0.02)  0.006 (0.003)
Table 2b. Summary of As Shell-by-Shell Fitting Results®
Sample Atomic Pairs N R (A) o (A?) AE, (eV) R-factor
J =002 As—O 42 (0.4) 1.69 (0.01) 0.002 (0.001) 7.6 (1.4) 0.030
As—0—-0 12 1.82(Ry o) = 3.08 Sig (As—0)
As—Fe 2.0 3.24 (0.02) 0.007 (0.002)
J=11 As—O 42 (0.3) 1.70 (0.01) 0.002 (0.001) 8.3 (1.2) 0.022
As—0—0 12 1.82(Ry, o) = 3.09 Sig (As—0)
As—Fe 2.0 327 (0.02) 0.010 (0.003)
J=50 As—O 40 (0.4) 1.70 (0.01) 0.003 (0.001) 74 (1.6) 0.040
As—0-0 12 1.82(Ras_0) = 3.09 Sig (As—0)
As—Fe 2.0 3.26 (0.03) 0.010 (0.003)
J =100 As—O 4.0 (0.5) 1.70 (0.01) 0.003 (0.001) 74 (1.7) 0.043
As—0-0 12 1.82(Rps_0) = 3.09 Sig (As—0O)
As—Fe 2.0 3.26 (0.03) 0.010 (0.003)

“N is the coordination number, R is the interatomic distance, 6> is the mean squared atomic displacement, AE,, is the change in threshold energy.
The passive electron reduction factor, Sy* was fixed at 0.6 and 0.95 for the fits of Fe and As respectively. Fitting parameters allowed to float are
accompanied by fit-determined standard errors in parentheses. Constrained parameters appear without a parentheses. The k-range used in the
Fourier transform was 3—11 A™! for Fe and 3—13.5 A~ for As. All fits were carried out from 1—4 A in R + AR-space. The number of independent
points (Mdp) for Fe and As were 1S and 17 respectively, whereas the number of variables (N,,,) for both Fe and As was 6. The fitting results for

2-line ferrihydrite and goethite were taken from Toner et al.**

The Fourier-filtered spectra of EC precipitates provide
further evidence that only a single Fe—Fe path contributes
to the second shell. If multiple contributions were present in
the second-shell peak, the filtered spectrum would show a
characteristic “beat node”,** as observed in the Fourier-filtered
spectrum of goethite (SI Figure S4), and to a lesser extent
2-line ferrihydrite. No such beat node is evident in the Fourier-
filtered second-shell peak of EC precipitates.

As K-Edge XANES. The As K-edge XANES spectra of EC
precipitates were compared to those of As(III) and As(V)
compounds (spectra shown in SI Figure SS). The shift in the
absorption maximum of the reference compounds from
11872.4 to 11876.3 eV is consistent with an energy shift of
approximately +2 eV per unit oxidation state previously
reported for arsenic.”” The maxima in the XANES spectra of
EC precipitates at approximately 11876.5 eV are in agreement
with the As(V) compound, FeAsQ,. Prior to electrolysis, the
initial composition of SBGW consisted of equal concentrations
of As(IIT) and As(V). The lack of a prominent shoulder in the
XANES spectra of EC samples indicates oxidation of As(III)
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during treatment and that As(V) is the primary species present
on EC precipitates.

As K-Edge EXAFS. Figure 3a shows the As K-edge EXAFS
spectra of EC precipitates. The presence of similar peak
positions and line-shapes among the EC samples suggest
similar As coordination across all current densities. In each
spectrum, the peaks of the first two oscillations at
approximately 4.8 and 7.2 A™' are broadened compared to
the peaks at approximately 9.7 and 12.0 A™'. A similar
broadening in the first two oscillations was observed by
Paktunc et al.*® in the As K-edge EXAFS spectra of amorphous
and crystalline FeAsO,. Broadening of the first oscillation has
been attributed to interference between the scattering of As—O
and As—Fe atomic pairs, whereas broadening of the second
oscillation arises from contributions of As—O—O multiple
scattering within the AsO, tetrahedron.*®

Shell-by-Shell Fits of the As K-Edge EXAFS Spectra. To
determine the geometry of sorbed arsenic, theoretical curve fits
were carried out to identify the specific atomic pair
contributions to the first and second peaks. The fits of EC
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Figure 3. (a) As K-edge EXAFS spectra and (b) Fourier-transformed As K-edge EXAFS spectra (uncorrected for phase shift) of EC precipitates. The
fits of EC precipitates (dashed lines) are superimposed on the data (solid black lines). The vertical line in (b) indicates the peak arising from arsenic

bound in the binuclear *C geometry.

precipitates are superimposed (dashed lines) on the data in
Figure 3. The results of the fits are given in Table 2b.

As First-Shell Fits. The values of Ry, Na—o, and &
determined by the fit of the first shell were similar among all
EC precipitates and agreed within the standard error. Ny, o
was found to be approximately 4.0—4.2 and R,,_o was
approximately 1.69—1.70 A, which is consistent with previous
studies of tetrahedrally coordinated As(V) adsorbed to Fe
(oxyhydr)oxides.>”*° As(III) would have an N,_o of
approximately 3 and R,,_o of 1.78 A.'"** The similarity of
Nup—o and R, o with As(V) in tetrahedral coordination
provides further evidence of the oxidation of As(III) to As(V)
during EC treatment.

As—O—0O Multiple Scattering Fits. Multiple scattering in
highly symmetric polyhedra may be significant due to the high
degeneracy of the scattering path. Since AsO, tetrahedra
contain 12 As—O—O paths, an As—O—0O path was added to
the fit with constrained degeneracy of 12. Furthermore, in a
regular tetrahedron, the distance between vertices is related to
the distance from the center to a vertex by a geometrical factor.
Thus, the value of Ry,_o_o was constrained to be equal to the
product of Ry, o and this geometrical factor (1/,(2+(%/3))"?).
The value of Ry,_o_o returned by the fit was 3.08 A, which
agrees closely with both theoretical and published values.*® The
addition of this multiple scattering As—O—O path improved
the goodness-of-fit parameter, but did not affect the fit
parameters obtained for the As—Fe second shell.

As Second-Shell Fits. Three possible geometries of As(V)
bound to EC precipitates as inner-sphere surface complexes
(Figure 1) can occur, each having a characteristic Ry,_g. value
distinguishable in the second-shell peak of the Fourier-
transformed EXAFS spectra. Mononuclear complexes sharing
edges between AsO, and FeOg polyhedra (*E) would have
Rys_re values of approximately 2.8—2.9 A."7*' AsO, tetrahedra
bound in the binuclear *C geometry would bridge the oxygen
atoms of adjacent FeOg octahedra and would have R,,_, values
of approximately 3.2—3.3 A."”*! Mononuclear complexes that
share single corners between AsO, and FeOy polyhedra ('C)
would have an As—Fe distance of approximately 3.5—3.6 A."”*!

For each sample at each analyzed k-range, the dominant
geometry predicted by the fit was the *C configuration, based
on Ry, g, values of 3.26—3.27 A (Figure 1). The addition of an
As—Fe path corresponding to the *E geometry did not improve
the fit by a statistically significant amount.** Moreover, ¢*
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associated with the *E path was unreasonably large (> = 0.045 A
for J = 1.1 mA/cm?). The addition of an As—Fe path corresponding
to the 'C geometry or an As—As path corresponding to an AsO,
polymer was not supported by our data using any k-range window
for any sample. Finally, though previously observed on the surface
of hematite,** an As(V) outer-sphere complex was not detectable
in our data.

4. DISCUSSION

As(lll) Oxidation. Both the absorption maxima in the As
XANES spectra and the As—O interatomic distance determined
from first-shell fits of the Fourier-transformed As K-edge
EXAFS spectra indicate As(III) oxidation during EC treatment.
A possible oxidant for As(III) in EC is Cl, generated by the
anodic oxidation of Cl” as hypothesized by Lakshmipathiraj
et al."® However, the interface potential required to generate
Cl, is likely higher than what would be available in this system.
Dissolved oxygen can also oxidize As(III), but the reaction
kinetics are too slow to contribute to As(IIl) oxidation in EC
treatment.”> The reactive intermediates generated during the
oxidation of Fe(I) by DO** (i.e., Fenton-type reactions) likely
play the largest role in the rapid As(III) oxidation seen here.
Previous studies examining the Fe-catalyzed oxidation of
As(III) in oxic systems have suggested the identity of the
oxidant is pH-dependent, with the most likely oxidant being the
ferryl ion (Fe(IV)) at near-neutral pH.** The slow and
continuous addition and oxidation of Fe(Il), rather than a
one-time addition of an Fe(II) salt, has also been suggested as a
way to maximize the efficiency and extent of Fe-catalyzed
As(III) oxidation.**** The ability to control the current density,
and thus the supply of Fe(I) and reactive intermediates, in EC
systems might be an advantage over the single addition of an
Fe(II) salt. The oxidation of As(III) to As(V) can be beneficial
in sorbent-based arsenic treatment systems because of the
different sorption behavior of As(III) and As(V). At near-
neutral pH, previous studies suggest that As(V) binds more
strongly than As(III) to iron (oxyhydr)oxide mineral surfaces,
making the removal of As(V) easier within this pH range.***’
The *C bonding structure derived from our EXAFS analysis is
consistent with a strong As(V) inner-sphere complex.

Interaction of EC Precipitates with Arsenic and Co-
Occurring lons. Shell-by-shell fits of the Fourier-transformed
Fe K-edge EXAFS spectra indicate that EC precipitates consist
of primarily edge-sharing FeOg4 octahedra. The low degree of
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FeOg¢ polymerization can be explained by the high concen-
trations of oxyanions present in SBGW. Before treatment,
SBGW contained considerable amounts of SiO,*~ and PO,>”,
with smaller concentrations of AsO;>~ and AsO,*”. The
substantial removal of AsO,*”, PO,>” and SiO,*” points to
the strong affinity of these oxyanions for EC precipitate
surfaces. The As shell-by-shell fits suggest that AsO, tetrahedra
bind primarily in binuclear, corner-sharing complexes with the
apical oxygen atoms of adjacent FeO4 octahedra. Previous
EXAFS studies have shown that SiO,*” and PO,’” likely bind
in similar corner-sharing configurations to the same site as
AsO,>~ on Fe (oxyhydr)oxides.'>'®*® This is the same site
where free FeOg4 octahedra would join to form corner-sharing
linkages. Sorption of oxyanions such as AsO,’~, PO,’” and
Si0,*" can poison the surface of FeOg4 edge-sharing clusters and
retard crystal growth by blocking the formation of FeOg corner-
sharing linkages.">~"7*®* Moreover, corner-sharing FeOjq
octahedra are essential in the evolution from disordered FeOyg
polymers to crystalline (3-dimensional) Fe (oxyhydr)oxide
phases. In SBGW, the high concentrations of PO,*~ and SiO,*"
are likely the cause of the nanocrystalline structure, with the
lower concentration of AsO,’” playing a smaller role. The
observed colloidal stability of the suspension (2—3 day settling
time) is consistent with the nanoscale, surface-poisoned
structure as determined by shell-by-shell fitting.

Due to the nanoscale structure of the EC precipitates, the
insignificant contribution of the *E arsenic binding geometry is
somewhat surprising. The E and *C arsenic binding geometries
on Fe (ox;rh dr)oxide surfaces (Figure 1) are debated in the
literature.”*"***”*! Short-ranged polymers consisting of only
small clusters of edge-sharing FeO4 octahedra should exhibit
maximized edge-sharing sites.”® Ample sites for the 2E complex
should be present in EC precipitates; however, the 2C complex
is the dominant geometry supported by the data. This may be
due to the higher surface free energy of the “E geometry
suggested by Sherman and Randall.**

Implications for Field Treatment. Since both the
structure of EC precipitates and coordination geometry of
sorbed arsenic were generally unchanged over a large range of
current densities (0.02—100 mA/cm?), the choice of optimum
current density for EC operation will depend on trade-offs
between additional operating parameters such as power
consumption and treatment time. The applied voltage and
power required to operate EC systems increase with increasing
current density. However, the electrolysis time required to
generate sufficient sorbent decreases with increasing current
density. In rural areas with intermittent electricity, one might favor
high power consumption (high current density) to complete
treatment while power is available. Conversely, if the locality is
connected to a reliable electrical grid, one might favor longer
treatment duration (low current density) to minimize energy use.

The nanoscale structure of EC precipitates has implications
for the application of EC as an arsenic removal technology.
Nanoparticulate Fe (oxyhydr)oxides have a high surface area to
volume ratio, which may lead to increased contaminant
sorption per adsorbent mass.*” The nanoparticulate clusters
of FeO4 octahedra identified in this study can reduce the
electricity and mass of Fe needed for adequate arsenic removal
due to their large specific surface area. However, separating
colloidally stable FeOg clusters from treated water in this
system might require additional steps. Improved separation can
be achieved by adding a filter to treatment design or enhancing
aggregation and settling by adding a coagulant, adjusting the
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background electrolyte concentration to the critical coagulation
concentration (CCC), or adjusting the pH to the point of zero
charge (PZC ~ 8 for nanocrystalline iron (oxyhydr)oxides).>
However, any additional step in treatment design may add
complexity and unwanted supply chains to the system, which
will be a burden on achieving low-cost, robust, and sustainable
operation in the field.

The fate of arsenic and the likelihood of remobilization from
EC precipitates after treatment is a concern for treatment
efficiency and ultimate disposal of treatment sludge. Because
As(V) forms multiple bonds to FeOg octahedra in the *C
geometry, this inner-sphere surface complex will likely exhibit
enhanced stability relative to the 'C geometry or outer-sphere
complex.®" Evidence of the >C binuclear geometry as noted in our
study is useful for explaining the minimal release of arsenic from
Fe (oxyhydr)oxide precipitates reported in previous leaching
tests.” Knowledge of the arsenic bonding structure determined in
this study will also aid in the assessment of disposal strategies;
however, a deeper understanding of the propensity of As(V)
remobilization requires additional research.
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