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ABSTRACT: Iron-based electrocoagulation can be highly effective for
Cr(VI) removal from water supplies. However, the presence of humic !
acid (HA) inhibited the rate of Cr(VI) removal in electrocoagulation,
with the greatest decreases in Cr(VI) removal rate at higher pH. This
inhibition was probably due to the formation of Fe(II) complexes with
HA that are more rapidly oxidized than uncomplexed Fe(II) by dissolved
oxygen, making less Fe(Il) available for reduction of Cr(VI). Close
association of Fe(IIl), Cr(IIl), and HA in the solid products formed
during electrocoagulation influenced the fate of both Cr(III) and HA. At E
pH 8, the solid products were colloids (1—200 nm) with Cr(III) and HA i°,§,',“§',§‘d

concentrations in the filtered fraction being quite high, while at pH 6
these concentrations were low due to aggregation of small particles. X-
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ray diffraction and X-ray absorption fine structure spectroscopy indicated

that the iron oxides produced were a mixture of lepidocrocite and ferrihydrite, with the proportion of ferrihydrite increasing in
the presence of HA. Cr(VI) was completely reduced to Cr(III) in electrocoagulation, and the coordination environment of the
Cr(1II) in the solids was similar regardless of the humic acid loading, pH, and dissolved oxygen level.

B INTRODUCTION

Hexavalent chromium [Cr(VI)] is a toxic and carcinogenic
metal found in groundwater and surface waters as a result of
human activities and natural processes. A common Cr(VI)
treatment technique involves Cr(VI) reduction to Cr(IIl) by
Fe(1I) and the subsequent association of Cr(III) with the
produced Fe(III) (oxy)hydroxide solids.”> The Cr(IIl) can
either adsorb to or be structurally incorporated into the iron
oxide by co-precipitation to form a Fe(IIl)—Cr(Ill) (oxy)-
hydroxide solid solution.” Iron-based electrocoagulation (EC),
where Fe(II) is produced from the iron anode, can lower the
Cr(VI) concentrations to levels well below the 10 ug/L
drinking water standard recently established in California.” In
our recent work on electrocoagulation, the dynamics of Cr(VI)
removal could be described by a model that incorporates Fe(II)
release from the anode and heterogeneous and homogeneous
reduction of Cr(VI) by Fe(Il). The Fe- and Cr-containing EC
product was found to catalyze that Cr(VI) reduction by
adsorbed Fe(II). Iron electrocoagulation is also known to
destabilize and remove natural organic matter (NOM, chiefly
humic substances) by charge neutralization and sweep
flocculation.”® However, the influence of NOM on the extent
and rate of Cr(VI) removal and the structure of the iron- and
chromium-containing solids was not determined in the
previous work.
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Iron undergoes significant interactions with humic sub-
stances in the dissolved and particulate phases. Humic
substances are complex organic macromolecules that are
ubiquitous in water, soil, and sediments.” The concentration
of humic substances in groundwater can be as high as 70 mg/L
as dissolved organic carbon (DOC), whereas the DOC
concentration in surface waters can be as high as 100 mg/L
with an average concentration of § mg/L.s_10 Humic
substances can be in soluble (defined as diameter less than 1
nm) or colloidal forms (1 to 200 nm)"" depending on solution
conditions. Anionic functional groups, primarily carboxylic and
phenolic groups, of humic substances introduce negative
charges and have a strong affinity for positively charged mineral
surfaces or metal cations.”'”~'* NOM can become associated
with iron oxides by adsorbing to already existing Fe oxides,"*'°
but it can also become associated with iron oxides during the
initial formation of iron oxides. The precipitation of Fe(III)
phases and immediate adsorption of NOM to the newly formed
hydrous oxides and precipitation of NOM by monomeric or
polymeric Fe species are parallel processes that have been
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Figure 1. Influence of humic acid on Cr(VI) removal from pH 6 to pH 9 at oxic and anoxic conditions. The dashed lines correspond to simulations
done according to the humic acid concentration present (Cr(VI) concentration derived from eq 1). Humic acid concentrations are expressed as mg
C/L. Conditions: [Cr(VI)], =2 mg/L, U=4V, =37 mA, 2 mM MES for pH 6.0, S mM HEPES for pH 7.0 and 8.0, S mM CHES for pH 9, and

conductivity = 460 uS/cm.

referred to as co-precipitation.”’18 Co-precipitation of NOM

with Fe is common in environments where Fe hydrolysis occurs
due to changes in pH or redox potential.'” Lalonde et al.
estimated that around 21.5% of organic carbon is co-
precipitated or adsorbed to reactive iron oxide phases in
sediments across a wide range of depositional environments.
Simple adsorption of organic matter on reactive iron oxide
surfaces accounts for little uptake compared with co-
precipitation and/or chelation of organic compounds with
iron oxides."> In addition to the stabilization of NOM by
association with iron oxides,”® co-precipitation is also known to
alter the particle size and structural order of the newly formed
oxyhydroxides.”””" Eusterhues et al. found that even a small
amount of NOM significantly affects crystal growth, leading to
smaller ferrihydrite crystals, increased lattice spacing, and
greater distortion of Fe(III) octahedra.

Besides interacting with metal oxides, humic substances also
bind soluble metal ions, which is important for the speciation,
transport, and toxicity of these trace metals.”>~>* Cr(III) binds
to Suwannee River fulvic acid (SRFA) as a monomeric
Cr(III)—SRFA complex at pH < S, but it binds as polynuclear

Cr(II1)—SRFA at higher pH.>> However, fewer studies have
examined the chemistry of HA in systems containing both
Cr(III) and Fe(1II).>>*°

Dissolved organic matter can affect the rate of Fe(Il)
oxidation by dissolved oxygen.””™** A variety of iron(II)-
binding ligands and humic acids were found to decrease the
rate of iron(II) oxidation.”® However, it has been noted that
back reduction of Fe(III) species by catechol-type ligands may
have decreased their observed oxidation rate.®’ In contrast,
Liang et al.”” found that DOM can accelerate the iron(II)
oxidation rate under some conditions. This study and another
postulated that in the presence of DOM net oxidation is the
result of two competing pathways, DOM—iron(II) complex-
ation followed by oxidation of the complex and oxidation of
inorganic iron(II) species.””* In addition to the influence of
complexed HA on Fe(II) oxidation, HA could also directly
influence Cr(VI) reduction by Fe(II) at suboxic conditions.
Cr(VI) reduction by Fe(II) was reported to be accelerated in
the presence of different organic ligands, and the acceleration
extent is dependent on pH.”**°
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The objectives of this study were to evaluate the effect of HA
on the process of Cr(VI) removal by Fe electrocoagulation,
including its influence on the dynamics of Cr(VI) reduction,
the colloidal stability of solids produced from electro-
coagulation, and the coordination environments of chromium
and iron in these solid products. We chose humic acid as a
representative NOM to evaluate its effects on Cr(VI) removal
by electrocoagulation. Humic acid might affect the process by
inhibiting or accelerating the rates of Fe(Il) oxidation by
dissolved oxygen and Cr(VI) reduction by Fe(II), reducing
Cr(VI) with specific ligands, competitively adsorbing onto
reactive sites of iron oxides, adjusting or even reversing the
electrostatic charge of mineral surfaces, and forming colloids
composed of HA, Fe(III), and Cr(III).

B MATERIAL AND METHODS

Materials. Chemicals used were analytical reagents of high
purity. Ultrapure water (resistivity >18.2 MQ-cm) was used for
the experiments. Glass volumetric flasks and 1 L polypropylene
reaction vessels were cleaned with 10% HCI and rinsed several
times with ultrapure water before use. A Cr(VI) stock solution
(0.1 g/L, 1.923 mM) was prepared from K,Cr,O,. Control of
ionic strength was achieved by addition from a 1 M NaNO,
stock solution. At pH 6, 1 mM MES (2-(N-morpholino)-
ethanesulfonic acid) (Fisher Scientific) was used, 2 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (>99.5%,
Sigma-Aldrich) was used at pH 7 and 8, and 2 mM CHES (N-
cyclohexyl-2-aminoethanesulfonic acid) (>99.5%, Sigma-Al-
drich) was used for experiments at pH 9. The pH buffers
and their concentrations were chosen to minimize the possible
formation of Fe(IlI) and Cr(IlI) complexes with the
buffers.>”*® MES, HEPES, and CHES are widely used for
their minimal influences on metal complexation.”’ ™" Com-
mercial humic acid was chosen as a model for colloidal humic
substances (Sigma-Aldrich). Sigma-Aldrich humic acid displays
similar redox properties (midpoint potential and electron
accepting capacity) as those of soil-derived humic acids,”* and it
has been used in numerous other studies.””***® The stock
solution of HA was filtered through a 045 um poly(ether
sulfone) (PES) membrane (Millipore) under vacuum and
stored in the dark at 4 °C before use.

Electrocoagulation Batch Experiments. The electro-
coagulation reactor and procedure were the same as described
in detail in our previous work.” Briefly, the electrocoagulation
reactor consisted of two iron rods immersed in a 1 L solution
with 2 mg/L (38.5 M) initial Cr(VI) and S mM buffers.
Sodium nitrate was added until the conductivity of the solution
achieved 460 uS/cm. An electric potential of 4 V was applied to
the rods with a direct current power supply, and the current
was held constant at 37 mA. Anoxic experiments were
performed in an anaerobic chamber (Coy Laboratory Products
Inc, MI) with a secondary low temperature oxygen trap to
achieve strictly anoxic conditions in the electrocoagulation
reactor.”*” All of the EC experiments for Cr(VI) removal with
different concentrations of HA were performed in duplicate
with error bars representing standard deviation, as shown in
Figure 1.

For each sampling event, a volume of suspension was drawn
from the reactor. The suspensions for analyzing total iron and
chromium were acidified directly after collection. The rest of
the suspension in the syringe was filtered through a 0.22 um
poly(ether sulfone) (PES) membrane, and the filtrate was saved
for analysis of dissolved iron, chromium, Cr(VI), Fe(II), and

humic acid concentrations. The aliquots for Cr(VI), Fe(II), and
HA were not acidified and measured immediately after being
collected. Only the separate aliquots for ICP-MS measurements
were preserved with 2% HNO,.

Analysis. Cr(VI) concentrations in the samples were
determined with the diphenyl carbazide (DPC) method by
measuring the absorbance at 540 nm using a spectropho-
tometer (PerkinElmer-Lambda XLS).*® Total dissolved Fe(II)
concentrations were determined spectrophotometrically by the
ferrozine method at a wavelength of 562 nm."” Total dissolved
iron and total dissolved chromium (Cr(VI) and Cr(III)
together) concentrations were measured by inductively coupled
plasma mass spectrometry (ICP-MS) (PerkinElmer ELAN
DRC II) analysis of filtered samples. In experiments without
humic acid, dissolved Fe(II) concentrations were found to be
equal to dissolved iron concentrations because Fe(IIl) has a
very low solubility in the range of pH 6—9 that was studied.
The organic carbon concentration of the humic acid stock
solution was determined by a total organic carbon analyzer
(TOC-L, Shidmadzu Scientific Instruments, Inc., MD). DOC
concentrations of filtered samples were measured spectropho-
tometrically at 254 nm using a 1 cm quartz cell. To eliminate
interference from Fe(IIl) in absorbance measurements for
DOC determination, 0.05 mL of 5% hydroxylamine hydro-
chloride was added to each 1 mL sample and the absorbance
was recorded until no further change occurred, indicating that
all the Fe(III) had been reduced to noninterfering Fe(I1).>°

Soluble (<10 kDa), colloidal (10 kDa, 0.22 pm), and
particulate (>0.22 ym) Cr, Fe, and HA were fractionated from
samples by 10 kDa ultrafiltration and 0.22 pm filtration.
Colloids in this study were defined as particles ranging from 10
kDa (roughly equal to 1-3 nm) to 0.22 pm (the initial
filtration). Specifically, the colloidal samples were operationally
isolated by the pore size of separating devices; i.e., filtered water
samples (filtrates) were separated into permeates (<10 kDa,
soluble phase) and retentates (10 kDa, 0.22 um, concentrated
colloidal phase) by ultrafiltration membranes (MF-Millipore)
with nominal molecular weight cut-ofts of 10 kDa.

The particle size distributions and zeta potential of
electrocoagulation products were measured through dynamic
light scattering (DLS) analysis (ZetaSizer Nano, Malvern
Instruments, UK). For each sampling event, the suspension was
taken from the electrocoagulation reactor and measured by
DLS within 5 min. TEM samples were prepared by dropping
approximately 30 4L of electrocoagulation suspension quickly
onto 200 mesh carbon-coated copper grids (Ted Pella, Inc.)
followed by immediate evaporation of the remaining water at
room temperature under vacuum. TEM micrographs were
taken with a transmission electron microscope under 120 kV
(FEI Spirit G2). Solids for X-ray powder diffraction (XRD)
were collected from suspensions after 30 min of electro-
coagulation reaction. The suspensions were concentrated by
centrifugation and then freeze-dried. XRD patterns of solid
samples were collected using Cu Ka radiation (Bruker d8
Advance X-ray diffractometer).

Fe and Cr K-edge X-ray absorption fine structure (XAFS)
spectra were collected on samples from electrocoagulation
reactors after 30 min of reaction. Samples were vacuum-filtered
onto mixed cellulose ester membranes (0.22 um) and then
sandwiched as wet pastes between Kapton film and sealed with
Kapton tape. XANES spectra were collected at the Advanced
Photon Source on beamlines 5-BM-D and 20-BM-B. 5-BM-D
and 20-BM-B both employ a water-cooled Si (111) double-
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crystal monochromator; harmonic rejection is achieved through
detuning the monochromator by 10—30% and beamline-
specific mirror configurations.””>” Fluorescence-yield spectra
were collected with a four-element energy-dispersive silicon
drift detector at beamline 5-BM-D and were collected with a
13-element solid state Ge energy-dispersive detector at
beamline 20-BM-B. Fe reference compounds included
lepidocrocite and two-line ferrihydrite. Two-line ferrihydrite
was synthesized by dissolving Fe(NO,);-9H,O in DI water and
adding NaOH to bring the pH to 7. The suspension was then
dialyzed to remove dissolved sodium and nitrate, and the
cleaned suspension was freeze-dried.”® Lepidocrocite was
synthesized using previously described procedures.”” Cr
reference compounds of Fe(III)—Cr(III) co-precipitates were
synthesized by first combining Fe(III) chloride and Cr(III)
chloride stock solutions in varying ratios with a total
concentration of 60 yM Fe and Cr with 10 mM NaCl as a
background electrolyte. The solutions were then adjusted to
pH 7 using NaOH and stirred for 2 days before being prepared
by vacuum filtration in the same way as the samples. Fe and Cr
spectra were processed in the Athena®* interface to IFEFFIT.>
Athena was also used for linear combination fitting of Fe
extended X-ray absorption fine structure (EXAFS) spectra.
Structural models of Cr EXAFS spectra were refined in
SIXPack®® using backscattering phase and amplitude functions
generated from FEFF 7.02.°7°%

Modeling the Dynamics of Cr(VI) Removal. Reaction
kinetics considering Fe(II) generation in EC, Cr(VI) reduction
by Fe(Il), Fe(Il) oxidation by dissolved oxygen (DO), and
acceleration of Fe(Il) oxidation by DO caused by HA were
applied to simulate the dynamics of dissolved Cr(VI) and
Fe(II) during electrocoagulation. The rates of change of Cr(VI)
(eq 1) and Fe(Il) (eq 2) during electrocoagulation can be
written as

S AEODL RV e,
K Fe(I) ] [CHVD y [Py,
(1)
e BRI RN P

+ 3kj orerol Fe(IID) | [ Cr(VI) 14 [Fe(1D) Lyics
—k, +.ﬂc02|:Fe(II)]diss (2)

The definitions and values of the rate constants are
summarized in Table S1. The development and initial
parametrization of the model were described in our recent
work on experiments in the absence of humic acid.* Briefly, eq
1 includes both homogeneous and heterogeneous reduction of
Cr(VI). In eq 2, the four terms are included to track the fate of
Fe(II) as it is affected by (i) homogeneous and (ii)
heterogeneous reaction of Fe(II) with Cr(VI), (iii) Fe(II)
production from the anode according to Faraday’s law, and (iv)
Fe(Il) oxidation by dissolved oxygen. The terms of
heterogeneous reactions are simplified under the assumption
that any minor fraction of adsorbed Cr(VI) does not strongly
affect the kinetics and that adsorbed Fe(Il) is proportional to
the dissolved Fe(II). In the presence of HA, the rate of Fe(Il)
oxidation by DO would increase and enhancing factors were
used to represent the increasing extent. The enhancing factor of
Fe(Il) oxidation with different HA concentration (f) was an

adjustable parameter that was used to fit the model output to
the experimental data. Because the rest of the model had been
previously developed from independently determined param-
eters, the enhancing factor was the only fitting parameter in the
present study.

B RESULTS AND DISCUSSION

Effect of Humic Acid on Cr(Vl) Removal Rate in
Electrocoagulation. Without the presence of oxygen, HA had
no effect on the rate of Cr(VI) removal from pH 6 to pH 9
(Figure 1). Although HA was previously reported to accelerate
Cr(VI) reduction by Fe(II),** this was not observed from pH 7
to pH 9 even without oxygen. The lack of an observable effect
of HA at anoxic conditions suggests that Fe(II) generation from
the anode in electrocoagulation was the rate-limiting step for
Cr(VI) removal,* and the reduction of Cr(VI) by Fe(II) either
with or without HA was much faster than Fe(II) production.

With oxygen present, HA inhibited Cr(VI) removal at the
higher pH conditions studied (Figure 1). Humic acid has a high
density of carboxylate functional groups that complex with both
Fe(1I) and Fe(III).*” The strong complex with Fe(III) could
drive down the free Fe(Ill) concentration and lower the
reduction potential of the Fe(IIl)/Fe(Il) half reaction; thus,
Fe(II) could be more easily oxidized by dissolved oxygen.m’61
In addition, the complexation of Fe(II) by carboxylate
functional groups increases the rate of Fe(Il) oxidation by O,
compared to uncomplexed Fe(IT).”” Thus, Cr(VI) reduction by
Fe(II) was inhibited as oxygen became a strong competitor
with Cr(VI) to oxidize Fe(I)~HA complexes. The greater
inhibition of Cr(VI) removal by HA at higher pH during
electrocoagulation might be due to the pH dependence of the
rate of the complexed Fe(II) oxidation by O,. Figure S1 shows
the influence of HA on the evolution of dissolved Fe(II) in
electrocoagulation at oxic conditions without the presence of
chromium. The enhancement of Fe(Il) oxidation was not
observed at pH 6 in electrocoagulation (Figure Sla), and the
Fe(II) concentration with or without HA was similar to total
iron (represented by Faraday’s law, eq S1 in the Supporting
Information). The Fe(II) oxidation by dissolved oxygen was
too slow at pH 6 and could be negligible within the short time
of electrocoagulation. At a higher pH of 7, it is easier to see the
trend of Fe(Il) oxidation acceleration in electrocoagulation
(Figure S1b). At pH 8, no accelerating effect of HA on Fe(II)
oxidation can be discerned because the rate was very fast even
in the absence of HA (Figure Slc). Fe(Il) was immediately
oxidized once generated in electrocoagulation even without
HA. This pH dependence of the HA-enhanced oxidation of
Fe(Il) by O, might be due to a greater abundance of
deprotonated carboxyl groups that could complex Fe(II) better
at higher pH.

We applied the model for the dynamics of Fe(1I) and Cr(VI)
during electrocoagulation at both oxic and anoxic conditions
(egs 1 and 2). For the processes with HA present, we increased
the Fe(II) oxidation rate constant by changing the value of the
enhancing factor f in the term of Fe(Il) oxidation by DO (eq
2). The enhancing factors for Fe(Il) oxidation, f, are
summarized in Table S2. The enhancing factors necessary to
fit the evolution of Cr(VI) during electrocoagulation increased
with increasing pH and humic acid concentrations. At pH 7, it
is hard to precisely determine the enhancing factors of different
HA concentration as experimentally there is a slight enhance-
ment of Fe(Il) oxidation (Figure S1b) and inhibition of Cr(VI)
removal (Figure 1) and at pH 6 there is no experimental
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Figure 2. Hydrodynamic diameter at (a) pH 6 and (b) pH 8 and electrophoretic mobility of particles produced during electrocoagulation at (c) pH
6 and (d) pH 8 for conditions with (blue squares) and without (red circles) S mg/L HA; Cr(VI), = 2 mg/L, U =4V, I = 0.037 A.

evidence for even a slight enhancing factor of Fe(II) oxidation
by HA. In modeling the behavior at both pH 6 and 7, the
enhancing factor could be set to 1 (i.e, no enhancement), and
acceptable fits were achieved. Including any factor greater than
1 at pH 7 would actually have resulted in poorer fits. The
evolution of the Fe(II) concentration during electrocoagulation
calculated by the model is shown in Figure S2. According to the
model output, HA would not influence the macroscopically
observable Fe(II) concentration evolution even at oxic
conditions from pH 6 to 9. This is because any HA
enhancement of Fe(Il) oxidation by dissolved oxygen is not
apparent at pH 6, is very limited at pH 7, and is not observable
at pH 8 and above because all Fe(Il) is immediately oxidized
once generated even without HA. In the model equations, it is
assumed that all the Cr(VI) in EC solids is reduced to Cr(III)
even in the presence of humic acid. This is consistent with the
XANES spectroscopy results discussed below.

Effect of HA on the Formation of Colloidal Particles in
Electrocoagulation. The overall performance of iron electro-
coagulation and its integration with other unit operations in
water treatment will depend on the coagulation of the particles
produced in addition to the Cr(VI) removal just discussed.
Humic acid enhanced coagulation—flocculation at pH 6, while
it inhibited coagulation—flocculation at pH 8. Without HA,
Fe—Cr solid particles produced from electrocoagulation are
positively charged below pH 6.5 as determined from zeta
potential measurement (pszcz 6.5 in Figure S3). This pH
dependence of surface charge is comparable to that reported by
Wan et al, where the lepidocrocite produced in electro-
coagulation had an isoelectric pH of about 7.0.> As a result,
solid particles generated during electrocoagulation with no HA
present had zeta potentials that were positive at pH 6 (Figure
2c) and negative at pH 8 (Figure 2d). Particle size measured by
DLS provides information on the changes in the state of

colloidal systems. Without HA at pH 6, electrostatically
repulsive interactions predominantly reduced the collision
efficiency of particles due to their positive charge. Iron oxide
solids were colloids for the first 10 min and then aggregated
into larger particles as more iron oxide particles were generated
(Figure 2a). The humic acid influences the surface charge
properties of electrocoagulation products, which govern
particle—particle interactions. Since the produced amount of
iron oxide is low at the beginning of EC process, the negatively
charged HA adsorbs and thus neutralizes the positive charges
on the iron oxide surface at pH 6 and gives the initial solids
formed a net negative charge. In this process, the hetero-
aggregation between the HA and iron oxides was promoted due
to favorable electrostatic attractions between oppositely
charged particles.”> With more output of positively charged
iron oxides generated from EC, the surface charge of particles
became less negative than 30 mV within 5 min, and eventually
the surface charge was reversed at 15 min. The charge
neutralization and reversal led to an unstable particle system in
which aggregation occurred. As seen in Figure 2a for the case of
S mg/L HA at pH 6, the aggregate size already exceeded 1 ym
after S min. DLS does not give information on very large
particles so we only showed the data up to S min.

Particles with zeta potentials more positive than +30 mV or
more negative than —30 mV are normally considered stable.”*
Figure 2d shows the surface charge of EC products at pH 8 in
the absence and presence of HA. Iron oxides generated in EC
without HA are only slightly negatively charged at pH 8, and
thus, aggregation to larger particles occurs easily. The particle
size increased from 0 to 1000 nm in less than 1 min. In the
presence of 5 mg/L HA at pH 8, the surface charge of solid
particles generated during electrocoagulation is always negative
(ca. —40 mV). Under this condition, the particle size is stable,
ranging from 163 to 244 nm during the whole EC process. The
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stabilization of colloidal particles by HA at pH 8 (Figure 2b)
can be ascribed to the enhanced electrosteric stabilization effect
from adsorbed HA,'® which increases the dispersion of the
particles.

The stability of the particles in electrocoagulation greatly
influences the fate of Cr(III). All Fe(II) and Cr(VI) are soluble
as no Cr(VI) or Fe(Il) were detected in large particles or
colloids. All Cr(III), Fe(III), and HA were present in either
colloids or larger suspended particles because of their negligible
concentration detected in soluble filtrates after 10 kDa
membrane ultrafiltration. Thus, the colloidal concentrations
of Cr(III), Fe(III), and HA are the same as their concentrations
in the samples filtered with 0.22 ym membranes, which are
recorded in Figure S4. Figure 3 summarizes the fractions of the
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Figure 3. Colloid conditions of solids produced during electro-
coagulation at pH 6 and pH 8. The colloidal portion is the
concentration of colloidal Cr(III), Fe(IlI), and HA divided by the
concentration of total Cr(III), Fe(IIl), and HA, respectively.

total amounts of Cr(III), Fe(IIl), and HA that are present as
colloids following electrocoagulation. In the first S min at pH 6,
when EC products with HA are small colloidal particles, the
colloidal fractions of Cr(III), Fe(IlI), and HA concentrations
are close to 1. However, after S min, the Cr(III), Fe(III), and
HA aggregated and became larger particles. At pH 8, the
negatively charged HA prevents the aggregation of particles,
and the Cr(III), Fe(III), and HA were colloids at pH 8 over the
entire duration of electrocoagulation. The consistent colloidal
behaviors among Cr(III), Fe(Ill), and HA indicate their close
associations during electrocoagulation.

HA removal during the electrocoagulation process is also
important as NOM has been identified as a precursor to
harmful disinfection bgrsproduct (DBP) from upon contact with
chlorine disinfectants.”> %" It can be seen in Figure 3 that HA is
present in stable colloids during electrocoagulation at high pH.
However, HA could still be aggregated in EC with optimized
operation conditions, e.g., increasing anodic Fe(II) dosage rate
or dosage time. Many studies in recent years have reported that
iron-electrocoagulation ogerations can be effective at removing
natural organic matter.” " The presence of divalent cations
(Ca** and Mg’*) might also introduce HA aggregation and
subsequent removal by filtration.”””"

Characterization of Precipitates Produced during
Electrocoagulation. XRD measurements (Figure 4) show
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20 1

EC with 1mg/L HA at pH 8

ECatpH8

lepidocrocite

Figure 4. XRD patterns of iron oxides produced during electro-
coagulation without chromium present at various conditions. For
reference, the patterns of pure lepidocrocite and two-line ferrihydrite
are included in XRD plots.

that both pH and the presence of HA affect the mineralogy of
iron oxides produced during electrocoagulation. The patterns
suggest that ferrihydrite dominates at pH 6, with nanocrystal-
line lepidocrocite also likely present, whereas lepidocrocite
dominates at pH 8. The addition of HA has little apparent
effect on the mineralogy at pH 6 but leads to a decrease in
lepidocrocite coherent domain size (as indicated by the
broadening of the XRD reflections) at pH 8. The higher
concentrations of HA used may also increase the production of
ferrihydrite at pH 8.

EXAFS spectroscopy (Figure S) was used to quantify the
iron mineralogy produced via electrocoagulation with and
without HA and Cr(VI) because such quantification of
nanocrystalline phases is not possible via XRD. All spectra
were modeled via linear combination fitting using the spectra of
lepidocrocite and ferrihydrite and the phases identified as being
dominant components in XRD. Fitting confirms that in the
absence of HA lepidocrocite is the sole mineral product of
electrocoagulation at pH 8 but that ferrihydrite dominates at
pH 6, with a minor lepidocrocite component present (Table 1).
The addition of HA, Cr(VI), or both species favors an
increased formation of ferrihydrite at pH 8. In contrast, at pH 6
neither HA nor Cr(VI) appreciably affects the ratio of
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Figure S. Fe K-edge EXAFS spectra of iron oxides produced during electrocoagulation in the presence and absence of chromium at various
conditions. For reference, the patterns of pure lepidocrocite and two-line ferrihydrite are included in the EXAFS plots.

Table 1. Fe K-Edge EXAFS Linear Combination Fitting
Results for Solids Generated in the Electrocoagulation
Reactor

percent component

Cr HA two-line component
(mg/L)  (mg/L) pH lepidocrocite ferrihydrite sum
6 20+ 1 80 +2 1.10
2 6 27 £2 73 +£3 1.09
N 6 31 +£2 69 +3 1.12
2 N 6 17+ 1 83 +2 1.13
8 100 0 1.00
2 8 48 +2 S2+3 1.10
S 8 37+2 63 +3 1.11
2 N 8 23+1 77 £ 3 11§

ferrihydrite to lepidocrocite, with the former dominating under
all conditions studied.

The influence of HA and Cr(VI) on the Fe(III) solids
produced at pH 8 likely results from their effect on Fe(III)
nucleation and polymerization. Complexation of Fe by HA may
favor smaller particle sizes and inhibit aggregation, which is
supported by the hydrodynamic diameter measurements
described above. Cr(VI) reduction by Fe(Il) can lead to
Cr(TI1)—Fe(III) co-precipitates’” and the initial nuclei formed
presumably favor ferrihydrite over lepidocrocite.

The TEM images of Fe/Cr oxide precipitates formed from
electrocoagulation shown in Figure 6 further confirm the role of
HA in affecting the properties of EC solids. At pH 8 without
humic acid, the precipitate exhibits a “hedgehog-like”
morphology that is similar to lepidocrocite-rich precipitates
formed under the conditions of Fe(I) oxidation by DO.”
However, for the solids produced by electrocoagulation in the
presence of 5 mg/L humic acid, the hedgehog-like morphology
disappeared and the precipitates consist of smaller particles
with a smoother surface aggregated into flocs, in line with
previous results for amorphous Fe(II[)—HA precipitates.”* The
TEM analyses further demonstrate the electrosteric stabiliza-

tion effect from HA at pH 8. To further examine how HA
affected the morphology of precipitated iron oxides, experi-
ments with adsorption of 5 mg/L HA onto preformed
electrocoagulation products at pH 8 created in the absence of
HA were conducted, and the TEM images are shown in Figures
6¢. The hedgehog-like morphology is clear when HA adsorbs to
preformed solids, distinct from iron oxides that are
simultaneously precipitated in the presence of HA. Although
the EXAFS shows that lepidocrocite still accounts for 23% of
the solids generated after EC with 5 mg/L HA at pH 8, the
hedgehog-like morphology was not visible in TEM images of
this solids, which is probably because the particles were too
small or the lepidocrocite in these particular samples did not
have that morphology. At pH 6 without HA, we still could
observe the hedgehog-like morphology although it is less
pronounced than at pH 8, consistent with the XRD and EXAFS
spectroscopy results showing more ferrihydrite formation at pH
6. With 5 mg/L HA, the precipitates show greater aggregation
but still contain features suggesting that some lepidocrocite is
present (Figure 6e).”>7°

XAFS spectroscopy was also used to characterize the
speciation of Cr in the solids produced by electrocoagulation
treatment of Cr(VI) solutions. XANES spectra show that these
solids contain solely Cr(III), as indicated by the lack of a large,
single pre-edge feature at ~5991 eV (Figure S5). All solids have
similar XANES and EXAFS spectra (Figure 7), indicating that
Cr speciation is largely unaffected by conditions in the
electrocoagulation reactor. Comparison of the XANES and
EXAFS spectra to those of Fe—Cr co-precipitates that have Fe/
Cr ratios of 3:1 and 1:3 shows that the EC products closely
resemble the 3:1 co-precipitates (Figure S6) . This is consistent
with prior work that found that the products of Cr(VI)
reduction by Fe(II) have an Fe/Cr ratio of 3:1 due to the
reaction stoichiometry.n’76

To examine the coordination environment of Cr within the
Fe oxide mineral structure, shell-by-shell fitting was performed
on Cr K-edge EXAFS spectra of EC products (Figure S7).
Sample spectra were well-fit with one Cr—O shell at 1.98 A and
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Figure 6. Transmission electron micrographs of solids produced by electrocoagulation at oxic conditions (a) at pH 8, (b) with S mg/L HA at pH 8,
(c) at pH 8 and with postelectrocoagulation HA addition, (d) at pH 6, (e) with S mg/L HA at pH 6, (f) at pH 6 with postelectrocoagulation HA
addition. Electrocoagulation with post HA addition was conducted by first producing solids in electrocoagulation and then adding HA 2 h later. Scale

bar is 100 nm.
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Figure 7. Cr K-edge (a) XANES and (b) EXAFS spectra of electrocoagulation products at pH 6 and pH 8 with and without S mg/L HA, all with an

initial Cr(VI) concentration of 2 mg/L and operated at oxic conditions.

one Cr—Fe shell at 3.04 A (Table S3). A second Cr—Fe shell
could be fit at 3.5 A or at 3.9 A, but the N values for either fit
refined to values within error of zero and increased the reduced
x* value making their addition not statistically justified. The lack
of a second Cr—Fe shell, which was observed in prior studies of
Cr—Fe co-precipitates,’””’ may reflect the nanocrystalline
nature of the products formed during electrocoagulation and
the short reaction times (minutes) which inhibit particle
ripening. The increase in ferrihydrite content upon addition of
Cr(VI) during electrocoagulation suggests that in the present
system Cr(VI) reduction by Fe(Il) favors nucleation of
ferrihydrite. Fitting also shows that HA does not alter Cr
speciation, likely because ferrihydrite formation is also
promoted during EC by HA.

Environmental Implications. Hexavalent chromium is a
contaminant of great concern in water supplies, and iron-based
electrocoagulation can effectively remove Cr(VI) to a very low
concentration. The presence of humic acid in raw water during
electrocoagulation leads to slower Cr(VI) removal at high pH,
indicating that an electrocoagulation process will need more
time to completely remove Cr(VI). The presence of HA also

resulted in the formation of solid products with close
association of Fe(III), Cr(IlI), and HA. The colloidal
conditions of the electrocoagulation products would greatly
influence the mobility of chromium even if all the Cr(VI) was
reduced to Cr(III) by Fe(II) in EC. Cr(III), HA, and Fe(III)
could pass through filtration steps when HA results in stable
colloid formation during electrocoagulation at high pH. The
passage of Cr(Ill) and HA through filtration steps as colloids
could lead to concerns of Cr(Ill) reoxidation and DBP
production during the later disinfection process in water
treatment. Humic acid could be aggregated by optimizing the
electrocoagulation operation conditions. (e.g, longer electro-
coagulation time or higher dosage rate of Fe(Il) from the anode
with increasing the currency). All of the Cr in the solids
produced by electrocoagulation was the less toxic Cr(III) form,
and the coordination environment of Cr was indicative of
Cr(IIl) incorporation into an iron oxide solid regardless of the
presence of HA.
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