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ABSTRACT: The reaction between Fe’* and HCIO constitutes a promising advanced oxidation process (AOP) for removing
pollutants from wastewater, and *OH has been considered the dominant reactive oxidant despite limited evidence for this. Herein,
we demonstrate that the Fe**/HCIO reaction enables the production of Fe'O?* rather than *OH in acid medium, a finding that is
strongly supported by multiple lines of evidence. Both X-ray absorption near-edge structure spectroscopic tests and Mossbauer
spectroscopic tests confirmed the appearance of Fe'VO** as the reactive intermediate in the reaction between Fe* and HCIO. The
determination of Fe'VO>" generation was also derived from the methyl phenyl sulfoxide (PMSO)-based probe experiments with
respect to the formation of PMSO, without *OH adducts and the density functional theory studies according to the lower energy
barrier for producing Fe'VO** compared with *OH. A dual-anode electrolytic system was established for the in situ generation of
Fe’* and HCIO that allows the production of Fe'VO>". The system exhibits an enhanced capacity for oxidizing a model pollutant
(e.g, phosphite) from industrial wastewater, making it an attractive and promising AOP for the abatement of aqueous contaminants.

B INTRODUCTION which H,0, is replaced by O—O-contained substances, such as
peroxydisulfate,” peroxymonosulfate,® and peracetic acid.”
Indeed, the production of Fe(IV), instead of reactive radicals
(e.g, "OH), in the iron redox system has attracted much
attention in the field of advanced oxidation'® because Fe(IV) is
capable of allowing selective oxidation and *OH engages in
uncontrolled oxidation.”"!

In addition to the peroxide compound, the substitution of
H,0, by HCIO to create stronger oxidants for eliminating
contaminants in the iron redox system has also attracted
attention in the field of advanced oxidation.'” In acid medium,
the application of the reaction between Fe* and HCIO as an
emerging AOP can be accomplished in an electrochemical
system, integrating Fe®'/Fe** recycled at the cathode and

The reaction between Fe(II) and H,0, for generating strong
oxidants has had numerous industrial and environmental
applications since its discovery in 1894 by the British chemist
HJH. Fenton. (The reaction was accordingly named after
him.)" The Fenton reaction generates intermediates showing a
powerful capability to oxidize a wide variety of inorganic and
organic pollutants, which is an important step in iron-based
advanced oxidation processes (AOPs) for the abatement of
contaminants in wastewater and soil.”’ Despite extensive
efforts to identify the key oxidative intermediate species, a
fundamental question has been the object of decades of
debate:® whether the main oxidant is *OH generated via the
Haber—Weiss pathway (i.e., homolytic O—O bond cleavage)”
or Fe(IV) formed through the Bray—Gorin pathway (ie.,
heterolytic O—O bond cleavage).” So far, the consensus on Received:  January 12, 2020
this traditional Fenton reaction is that *OH is the dominant Revised:  March 9, 2020
species produced in an acid medium (pH < 6), whereas Fe(IV) Accepted: March 11, 2020
is the dominant species generated under a near-neutral Published: March 11, 2020
medium (pH > 6).° Recently, this kind of disputation has

also been extended to some analogous Fenton-like reactions, in
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Figure 1. Normalized XANES spectra of Fe?*, Fe**, and Fe**/HCIO samples: (a) normalized spectra in Xu/energy and (b) normalized spectra in

the derived Xyu/energy. [Fe**] = [HCIO] = 0.5 mM and pH = 2.0.

chlorine-based electro-oxidation (EQ) at the anode (eqgs
1&2)." Several previous studies in the literature'”™"" have
demonstrated that the electrogenerated Fe**/HClO-involved
AOP is effective in abating organic pollutants from aqueous
solutions and proposed the possibility of *OH formation that is
attributed to HCIO activation by Fe, a reaction (eq 3)
analogous to the H,0, reaction with Fe(Il). However, no
convincing evidence for the occurrence of *OH has been
presented, and the possibility of Fe™'O>" (an abbreviation of
[Fe'V"=0]*) generation via (eq 4) should be considered.' "¢
It remains unknown whether *OH or Fe'VO>" is the dominant
reactive oxidant produced from the reaction between HCIO
and Fe?*, which may impede the broad application of this
AOP; as such, it has stimulated our great interest in
distinguishing Fe'YO** and *OH produced in the HCIO-
participating Fenton-like reaction. To unravel an ambiguous
mechanism, compelling evidence, especially direct evidence,
must be provided. It has been suggested that various
spectroscopic techniques show solid evidence to support the
generation of Fe(IV)—oxo species from the reaction of Fe(Il)
complexes with an oxygen atom donor such as m-
chloroperbenzoic acid, iodosylbenzene (PhIO), or O; via
heterolytic O—O bond cleavage.'” ™’

2CI" = Cl, + 2e” (1)
Cl, + H,0 - HCIO + HCI (2)
Fe’* + HCIO — Fe** + *OH + CI” 3)
Fe>* + HCIO — Fe'VO** 4+ HCI 4)

Herein, we identify for the first time the HCIO-stimulated
two-electron transformation of Fe*" to Fe'VO*' rather than
*OH generation in acidic solution and provide multiple
instances of solid evidence by characterizing it in experimental
and theoretical aspects. These include Fe K-edge X-ray
absorption near-edge structure (XANES) spectroscopic
characterizations, Mossbauer spectroscopic tests, methyl
phenyl sulfoxide (PMSO)-based probe experiments, electron
spin resonance (ESR) characterizations, quenching experi-
ments, and thermodynamic density functional theory (DFT)
calculation studies. To test the enhancement of pollutant
oxidation with Fe'VO*" from a Fe?*/HCIO reaction, a dual-
anode electrochemical system was set up for in situ generation
of Fe** and HCIO from an Fe anode and a mixed metal oxide
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(MMO) anode, respectively, in an acid medium containing
CI", followed by the assessment of its performance for the
oxidation of phosphite, which is a stubborn eutrophication
contaminant that requires advanced oxidation treatment. Our
previous work has shown that a preoxidation process is an
essential prerequisite for the sufficient removal of phosphite by
coagulation in phosphite-laden wastewater.”"

B EXPERIMENTAL SECTION

Chemicals and Electrode Materials. 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO, purity > 97%), PMSO (purity >
99%), methyl phenyl sulfone (PMSO,, purity > 99%),
dimethyl sulfoxide (DMSO, purity > 99%), tertiary butanol
(TBA), Fe(ClO,);-H,0, Fe(ClO,), (purity > 98%), iron
powder (purity > 99%), and sodium phosphite (Na,HPO;-
SH,0) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). NaClO-5H,O (available chlorine min. 40.0%) was
purchased from TCI (Shanghai) Development Co., Ltd. All
other chemicals, being of at least analytical grade, were utilized
as received without further purification. For in situ generation
of Fe** and HCIO, an electrochemical reactor was constructed
with an MMO anode (IrO,—RuO,-type coated titanium plate,
Changli Specialty Metals Ltd., Shanxi, China), an Fe plate
anode (DT-3 type, Rui Yuan Armco-iron Co., Ltd, Jiangsu,
China), and a stainless steel plate cathode (304 type, Zhong
Run Hongfa Stainless Steel Co., Ltd., Shenzhen, China).

Spectroscopic, Chemical, and Theoretical Character-
izations on the Product of Fe?*/HCIO Reaction. The
XANES spectra were collected at beamline 44A of the Taiwan
Photon Source synchrotron facility. The Mossbauer spectra
were measured using an automated precision Mossbauer
spectrometric system with a high-velocity resolution (registra-
tion in 1024 channels) built on the basis of a Mdssbauer
spectrometer WSS-10 (WissEl GmbH, Germany). The
electrospray ionization-triple quadrupole mass spectrometry
(ESI-QqQMS) measurements were performed using an AB
SciexAPI 4000 QqQMS analysis system (AB Sciex, Toronto,
Canada) with an ESI source. The ESR experiments were
performed using a spectrometer (EMX-10/12, Bruker,
Karlsruhe, Germany). DFT calculations were performed
using the Gaussian 09 quantum chemistry software package.
More details on these measurements are documented in the
Supporting Information (Section S1—S4).
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In Situ Generation of Fe** and HCIO in a Dual-Anode
Electrolytic Cell and Its Application in the Acceleration
of Phosphite Oxidation. Batch experiments for the in situ
formation of Fe** and HCIO were conducted in an undivided
electrolytic cell at an initial pH of 2.2, which contains an MMO
anode, an Fe plate anode, and a stainless steel plate cathode,
each having a size of 3 cm X 3 cm. The application of this
system for phosphite oxidation was evaluated by detecting the
phosphate generation as a function of electrolysis time. The
detailed experimental procedures are presented in the
Supporting Information (Section SS).

B RESULTS AND DISCUSSION

Identification of FeVO?** Produced from the Fe?*/
HCIO Reaction Using XANES and Mdéssbauer Spectra.
To monitor the valence variation of Fe during the process of
Fe>*/HCIO reaction, XANES in a fluorescent mode was
carried out on four related samples, including pure Fe®*
solution, pure Fe** solution, and Fe**/HCIO mixture at 6 s
and 12 s, all frozen with liquid nitrogen before the
characterizations (see the detailed procedures in Section S1).
As shown in Figure 1, the edge energies of these samples were
revealed and compared with each other, as they provide
information about the valent states of Fe. The peak energy
shifted from 7124 eV of the pure Fe?* sample to near 7129 eV
of the Fe>*/HCIO mixture (mixed over 6 s) and shifted back
to 7128 eV of the Fe**/HCIO mixture (mixed over 12 s),
which was approximately equivalent to that of the pure Fe*
sample. The K-edge energy shift to higher values is closely
linked to the increase in the Fe valence state, the positive shift
by 3.5—4 eV corresponding to the valence state change by
+1.”** The nearly 1 eV of the right shift of Fe?*/HCIO
compared with Fe*" indicated an average Fe valence of
approximately +3.25 for the resulting species after 6 s, which
clearly indicates that a ferryl species (at a valence higher than
+3) should be %enerated during the rapid reaction between
Fe?* and HCIO.** The back shift for the edge energy of the
Fe?*/HCIO mixture to 7128 €V after 12 s reflected that the
ferryl species (most likely attributed to Fe™'O** because of the
two-electron transfer character of HCIO)™ is a fairly reactive
intermediate®® whose life span is so short that the majority of
all Fe species in the Fe’’/HCIO mixture might end up at
Fe®**° This is due to the quenching of ferryl species such as
FeVO**subject to reduction by Fe** and its self-decomposition
to Fe>* according to the literature.””*’

To clearly recognize and identify the ferryl species generated
from the Fe**/HCIO reaction, the corresponding Mossbauer
spectra of the ’Fe**/HCIO mixture were recorded (see the
detailed procedures in Section S1), as presented in Figure 2.
The Mossbauer spectrum of >’Fe?* without HCIO exhibits a
doublet with an isomer shift (6) of 1.37 mm s™' and a
quadrupole splitting (A) of 3.27 mm s™', which are typical
characteristics of a high-spin Fe(II) species.”® The resultant
Massbauer spectrum of the *’Fe**/HCIO sample mixed for 6 s
can be analyzed as a superposition of the spectrum of Fe(II)
(60.4% of total intensity, blue line)*” and a new singlet (red
line) with § = —0.26 mm s~!, which is consistent with the
assignment of this “oxidized Fe” species as Fe(IV) by Chen et
al.>’ No clear signal of Fe(III) was observed in this sample; this
might be attributable to the small percentage of Fe(Ill)
generated within the short period of 6 s. Fe(IV) has four 3d
electrons, and the paramagnetic states of Fe(IV) have spins of
either $ = 2 or S = 1.”' The parameters obtained in the present
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Figure 2. Mossbauer spectra of *’Fe’* and *’Fe**/HCIO samples
(mixed for 6 s and after 12 s). [Fe?*] = [HCIO] = 0.5 mM and pH =
2.0. The spectra were collected at 12 K in transmission mode with a
WSS-10 Mossbauer spectrometer equipped with a closed-cycle
cryostat. The spectra were calibrated against 7 ym a-Fe® foil and fit
using MossWinn software.

study are similar to those of § = 2 Fe(IV).*> Most plausibly, the
Fe(IV) species is formulated as [FeV=0(H,0),]**.*° The
larger isomer shift observed for S = 2 Fe"VO*" (6 = —0.26 mm
s™') is not a consequence of the unusual trigonal bipyramidal
coordination geometry but rather an intrinsic property of the S
= 2 state as it necessarily populates a strongly antibonding
orbital, which gives rise to significant metal—ligand bond
elongations.” The spectrum of the Y"Fe?*/HCIO sample
collected after 12 s of mixing delivers a major high-spin Fe(III)
species of sextuplet (pink line), with parameters (6 = 0.63, A =
—0.21) similar to those reported for Fe’* in the literature.”
This accords with the XANES data showing that, after an
extended period of time, the predominant Fe species is Fe**
because of the short 7 of reactive Fe'VO?* in acid solution.**
Evidence of FeVO?* Generation through PMSO-Based
Probe Experiments Using Mass Spectra. Previous studies
on Fe'YO® generation in AOPs have shown that the
differentiation between Fe'VO?* and radicals (e.g, *OH and
SO,*”) can be attained with a sulfoxide such as PMSO or
DMSO as a probe.” This is because sulfoxide oxidation by
FeVO™ is subjected to oxygen atom transfer to form sulfone
(e.g, PMSO, or DMSO,), a product different from that
generated upon the reaction between sulfoxide and *OH.”'***
The reaction among Fe?*, HCIO, and PMSO was carried out
in an acid medium (pH = 2.0) with a molar ratio of 2:2:1
(Fe**/HCIO/PMSO), and the products were detected by ESI-
QqQMS in the positive and full scan mode (see the detailed
procedures in Section S2). For comparison, the typical Fenton
reaction between Fe** and H,0, under the same conditions
was undertaken for the generation of *OH, and the oxidation
of PMSO was also monitored. Figure S1 shows the positive
ESI-QqQMS scans of pure PMSO and PMSO, chemicals, each
exhibiting one intense peak appearing at m/z 141.0 and 157.2,
respectively. As shown in Figure 3, in the Fe**/H,0, system,
the dominant spectrum appeared at m/z 158.1, indicating
*OH-induced PMSO oxidation (Figure 3a). The product ion
mass spectra of m/z 158.1 yielded peaks at 141.1, 143.1, 126.0,
and 124.2, which should be the products of the cleavage of the
methyl (15/CHj;) and hydroxyl (17/OH) groups (Figure 3c).
Conversely, in the Fe’*/HCIO system (Figure 3b), the
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Figure 3. ESI-QqQMS of PMSO oxidation products (a,b) and the related product ion mass spectra (c,d) in the Fe**/H,0, (a,c) and Fe**/HCIO
(b,d) systems. [PMSO] = 200 uM; [Fe**] = [H,0,] = [HCIO] = 400 uM; reaction time = 20 min; and pH = 2.0.
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Figure 4. DMPO-probed ESR spectra of Fe**/H,0, (a) and Fe**/HCIO (b) with different scavengers. [Fe**] = 200 uM; [H,0,] = [HCIO] = 400
uM; [DMSO] = [TBA] = 50 mM; [DMPO] = 100 mM; reaction time = 2 min; and pH = 2.0.

spectrum was dominated by a strong peak at m/z 157.2, which
corresponds to the presence of PMSO,, and a minor peak at
m/z 175.3 that is attributable to the oxidation of PMSO
directly by HCIO (Figure S3). The product ion mass spectrum
of m/z 157.2 (Figure 3d) was the same as that of the PMSO,
standards (Figure S2), an indication of the absence of *OH
involvement. The formation of PMSO, and the absence of
*OH adducts of PMSO provided evidence for the generation
of Fe'VO*" in the Fe**/HCIO system, highly concomitant with
PMSO,/DMSO, formation from PMSO/DMSO oxidation
attributed to Fe'VO>' generated in processes such as Fe**/
0,,° Fe(II)/peroxydisulfate,” and Fe(III)-tetraamidomacro-
cyclic/peroxymonosulfate® systems, as reported in recent years.
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DMPO-Probed ESR Spectra Indicative of Nonradical
Pathway in the Fe**/HCIO Reaction. A series of ESR tests
using DMPO as a spin-trapping agent were performed to
identify and compare the reactive species generated from the
Fe’’/HCIO and the reference Fe’*/H,0, systems in the
presence and absence of scavengers (see the detailed
procedures in Section S3). As shown in Figure 4, the ESR
spectrum of Fe*"/HCIO exhibited a legible signal of DMPO—
OH adducts (h. of aN = aH = 14.9 G), which was exactly
coincident with the ESR spectrum that resulted from Fe®/
H,0,. This signal is generally assigned to the production of
*OH.*® Nevertheless, the DMPO—OH adducts generated
could also be attributed to the production of Fe'YO?".” Except
for the adducts of DMPO scavenging free *OH,” the
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oxidation of DMPO by Fe(IV) also leads to the formation of
DMPO—-OH through a metal-catalyzed nucleophilic addition
of water mechanism,®® similar to the cases of high-valence
Cu(11) and Mn(VII).” Despite the similarity of the ESR
spectra for the two reactions, the utilization of different
scavengers (e.g, DMSO and TBA) could distinguish the
dominant reactive species based on the fact that Fe(IV)
reacted with DMSO at a rate of 1.4 X 10° M~! 571, 4 orders of
magnitude higher than that (6.0 X 10' M~ s7") of Fe(IV) with
TBA in acid medium.®”° The DMPO—OH ESR signal of the
Fe**/H,0, system was distinctly suppressed upon the addition
of TBA because TBA is a specific *OH scavenger,-‘m’41 in
contrast, the signal of the Fe?*/HCIO system changed
insignificantly in the presence of TBA. On the other hand,
the amendment of DMSO to the Fe?*/HCIO system caused a
remarkable decline in the intensity of the DMPO—OH signal.
These observations support that the oxidant generated in the
Fe?*/HCIO system is different from the Fe>*/H,0, system in
acid medium, which is ascribed to Fe'VO?* instead of *OH.”’

Because of the similarity in the structures of H,O, and
HCIO (both contain the —OH group), it has been considered
that the reaction between Fe>* and HCIO occurs in the same
manner as that between Fe?* and H,0,, and it is thus labeled a
Fenton-like reaction, as proposed by Candeias et al. in 1994.*
It was thought that the HCIO molecule undergoes a one-
electron activation by Fe®* to produce *OH and CI-,*
analogous to the one-electron activation of H,0, by Fe". This
radical-involved pathway may not occur in the case of HCIO
activation, as evidenced by a set of reference experiments in
which a mild reducing agent (e.g, NH;OHCI) was used to
activate HCIO or H,O, in acid medium. As shown in Figure
S4, distinct DMPO—OH ESR signals were visible as a
consequence of one-electron activation of H,0, by NH;OHC],
whereas no ESR signals in relation to reactive radicals were
displayed in the NH;OHCI/HCIO system. The possible
reactions are listed as eqs S1 and S2. This phenomenon
suggests the resistance of HCIO activation to the production of
*OH, which indirectly proves that the Fe**/HCIO reaction
proceeds via the nonradical pathway.

Thermodynamic DFT Calculations on the Fe?*/HCIO
Reaction. DFT calculations of thermodynamics were
performed to investigate the Fe®'/HCIO intermolecular
reaction mechanisms using the Gaussian 09 quantum
chemistry software package (see the detailed information in
Section S4). To simulate the aquatic intermolecular reaction,
10 H,0O molecules were involved in the model, with six H,O
coordinated with Fe?*.** The solvent effect (in water) was
taken into account by the polarizable continuum model.” The
relative energy of the intermediates and the barrier heights of
all transition states in the reaction process were calculated
(Figure 5). In the simulation model, [Fe(H,0)]*" integrates
with one HCIO and four H,0 to form [Fe-
(H,0);(HCIO)]**[(H,0);] (INT_1). Then, INT 1 under-
goes a proton transfer to form [Fe(H,0);—OCl)]*[(H;0)"]
[(H,0),] (INT_2) via TS_1 with a barrier height (AGiys) of
10.7 kcal mol™'. Finally, the O—Cl bond breaks via TS 2
(AGE) = 16.9 keal mol™) to release the chlorine anion, and
Fe=0 was formed to yield [Fe=0(H,0);]*".* From the
above, the total energy barrier of producing [Fe=0(H,0);]**
and [(H;0)*(H,0),Cl"] during the [Fe(H,0)¢]**/HCIO
reaction is calculated to be 16.9 kcal mol™!, which indicates
that the entire transformation process could occur at room
temperature with relatively rapid kinetics.*® On the other hand,
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Figure S. Energy profiles of the intermediates and the barrier heights
of all transition states in the computational model for the
[Fe(H,0)4]**/HCIO reaction process.

the relative energy of the final product [Fe(H,0)4]*"[*OH]-
[(H,0),][CI"] was calculated and found to be 29.2 kcal mol™*
(~12 kcal mol™" higher than the total energy barrier of
producing [Fe=0(H,0);]*" and [(H;0)*(H,0),Cl"]). This
suggests that [Fe=O(H,0);]*" is the reactive intermediate
product during the [Fe(H,0)4]*"/HCIO reaction, whereas
*OH is unlikely to be produced during the process.”’

Electrochemical Generation of Fe’* and HCIO for
Fe'YO?* Production and Its Role in Phosphite Oxidation.
A scenario for the coexistence of Fe?* and HCIO can be
attained in a dual-anode electrolytic cell, which is used for
pollutant removal from CI™-containing acid media, containing
an Fe anode that dissolves into Fe** and an MMO anode that
enables the anodic oxidation of CI™ to produce HCIO. We
prove that the combination of in situ electrogenerated Fe** and
HCIO has a significantly enhanced capability of oxidizing
pollutants. Phosphite was selected as the model pollutant as it
is prevalent in acid electroless plating wastewater, and we have
previously corroborated that a preoxidation process is
necessary before it can be sufficiently removed from aqueous
solution by coagulation.”" Figure 6a,b shows and compares the
time courses of phosphate (i.e., product of phosphite
oxidation) concentrations, which are appreciably affected by
the concentration of ClI” and the in situ addition of Fe®"
(released from the Fe anode) in the presence of Cl™ in the
electrolysis cell. The addition of CI” significantly improved the
extent of phosphite oxidation because it was oxidized at the
surface of the MMO anode to generate active chlorine (e.g.,
HCIO, dissolved Cl,; standard reduction potential of HCIO/
Cl™: 1.49 V/SHE in acid medium),"* which is also capable of
oxidizing phosphite to phosphate. The elevated concentration
of CI” from 0 to 150 mM yielded a faster rate of phosphite
oxidation. Only 4.2% of phosphite was transformed to
phosphate in the absence of CI7, and an almost 94%
transformation was attained in the presence of 150 mM CI~
within 150 min of treatment.

An interesting note was the distinctly enhanced trans-
formation of phosphite to phosphate, as the Fe anode was
introduced in the electrochemical reactor with a low applied
current (10 mA). The presence of the Fe anode increased the
rate of phosphate formation by 400.2% at 50 mM CI™. When
100 mM CI~ was available in the electrolyte, the dual-anode
system resulted in a 168.4% increase in the reaction rate
compared with the single-anode system without the Fe anode.
Almost 95% of phosphite was oxidized to phosphate at 100
mM CI” after 150 min of operation, and this value reached
100% at 150 mM CI~ (less than 150 min of operation) in the
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Figure 6. Time courses of phosphate concentrations as a function of time for different treatments: (a) single-anode (MMO) mode and (b) dual-
anode (MMO/Fe) mode. Iy;y0 = 200 mA; I, = 10 mA; [initial phosphite] = 10 mM; and initial pH = 2.2. (c) Comparisons of DMPO-probed
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dual-anode electrolytic system. It was also noticeable that the
implantation of the Fe anode can improve phosphite oxidation
in the absence of CI™. This can be explained by the fact that
the reaction between in situ electrogenerated Fe** (from the
Fe anode) and O, (from the MMO anode) results in the
production of reactive oxygen species (ROS), such as *O,” and
*OH.*® Nevertheless, only 8.2% transformation was obtained,
which is much lower than the 81.5% in the same system
containing 50 mM CI7, because the chain reactions for ROS
generation are sluggish in acid medium.*” It can thus be
concluded that both Fe** and CI~ available in the dual-anode
electrochemical system play a critical role in accelerating
phosphite oxidation owing to the presence of large amounts of
FeVO*" generated from the Fe?*/HCIO reaction.

Despite the importance of dissolved Fe?" in improving the
oxidizing capability of the system, excessive amounts of Fe?*
would impede phosphite transformation. For example (Figure
S7a), when the current at the Fe anode was raised to 20 mA,
favoring a greater extent of iron dissolution, the rate of
phosphite oxidation dropped by 51.1%, compared with that
associated with 10 mA applied to the Fe anode in the presence
of 50 mM NaCl. Another example (Figure S7b) is that a one-
time dose of 2.33 mM FeCl, (the amount is equal to the
theoretically calculated value that dissolved from the Fe anode
in 150 min) only led to 38.5% of phosphite being oxidized to
phosphate, much less than the 81.5% obtained with the Fe
anode (10 mA) that gradually released Fe**. This observation
is likely the consequence of the reaction between excessive
Fe?* and the oxidative Fe'VO>" to form Fe(III), an undesirable
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reaction that reduces the oxidative capacity of the electro-
chemical system.*’

ESR and quenching experiments were also performed to
verify the formation of Fe'YO* in the dual-anode electro-
chemical system that allows the in situ generation of Fe** and
HCIO. As shown in Figure 6c, the spectrum of the dual-anode
system in the absence of ClI™ exhibited relatively weak signals,
which are assigned to the DMPO—OH (with kg, of aN = aH
= 14.9 G), HDMPO—OH (with hg_ of aN = 14.6 G and aH =
1.1 G), and DMPO adducts of a carbon-centered radical (with
hg of aN = 154 G and aH = 22.3 G). This implies the
presence of oxidative species, possibly *O,” and *OH, which
originated from the reaction between Fe?* and O, generated in
situ.”’ The ESR spectrum of the dual-anode system in the
presence of 50 mM CI” displayed much stronger peaks
corresponding to the DMPO—OH adducts, which is exactly
consistent with the ESR spectrum of the Fe** and HCIO
system shown in Figure 4. Note that in the spectrum of the
single-anode system (without the Fe anode), only signals
related to the direct oxidation of DMPO were observed,
implying the vital role of Fe*" for reactive species formation in
this electrochemical system. To clarify the involvement of
Fe™VO?" in the appearance of DMPO—OH adducts and the
oxidation of phosphite in the dual-anode electrochemical
reactor, scavenging experiments were undertaken using TBAY
to quench *OH and ethanol alcohol (EtOH)”/DMSO° to
deactivate Fe'VO>". As Figure 6d illustrates, the introduction of
TBA to the system had an insignificant impact on phosphite
oxidation, with only a 6.6% decrease in the amount of
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phosphate formed. However, the addition of EtOH and
DMSO substantially suppressed the amount of phosphite
oxidized, decreasing it by 68.5 and 72.9%, respectively. This
comparison proves that Fe'VO?* rather than *OH is the pivotal
in situ-generated reactive species for the acceleration of
phosphite oxidation.

Environmental Implications. We have provided multiple
lines of evidence to identify the generation of Fe'VO>' rather
than *OH from the reaction between Fe** and HCIO in an
acid medium, offering insights into the radical and nonradical
chemistry of the Fe(II)-mediated redox system. The evidence
includes the results from XANES examinations, Mossbauer
spectroscopic tests, PMSO-based probe experiments, ESR
characterizations, and DFT calculations, all of which
coincidently support the finding. We have also constructed a
dual-anode electrolytic cell for the in situ generation of Fe®"
and HCIO in order to demonstrate the Fe'VO>**-enhanced
AOPs for the oxidation of an aqueous pollutant (e.g,
phosphite), as depicted in Figure S8.

Despite the lower oxidizing potential of Fe'VO>* (the
standard redox potential of Fe'VO*"/Fe*" is 2.0 V vs SHE)
compared with *OH (the standard redox potential of *OH/
H,0 is 2.8 V vs SHE),* Fe'YO?" as an electropositive species
is advantageous because of its high selectivity and reasonable
activity for the oxidation of pollutants.® This is important
because nonselective radicals such as *OH can react with
coexisting substances, such as natural organic matter, halides,
and carbonates, available in real wastewater.”® These
competitive reactions are susceptible to reducing the rate of
removal of target pollutants. The established system in this
study for FeVO®' generation should represent an excellent
platform for further in-depth investigation of its oxidation
selectivity toward different contaminants.

Furthermore, in recent years, the idea of using the iron-
based electrocoagulation/electro-oxidation (EC/EO) system
with dual anodes for oxidizing various inorganic and organic
compounds has aroused scientific and technological interest.
The generation of oxidative intermediates such as Fe(IV),
*OH, and °*O,” from the reaction between Fe(Il) and O,
(both species are generated in situ in the system) has been
demonstrated.”""**°* However, few studies have addressed the
contribution of the Fe(Il)/active chlorine system to pollutant
oxidation. (Active chlorine is an inevitable by-product of EO in
Cl -containing media.) The discovery of Fe''O*'in the iron-
involved EC/EO system that is used for treating CI™-
containing water represents a significant preoxidation step for
the removal of some pollutants (e.g., phosphite, arsenite, and
heavy metal—organic complexes). This leads to the production
of their relevant compounds in the oxidized state, compounds
that are more conducive to coagulation.m’52 In the future,
based on the established dual-anode electrochemical setup
(Figure S8), we will endeavor to further explore the extent of
FeMQ generation in real wastewater laden with CI” and
how Fe)O?* generation contributes to the transformation of
target contaminants with desirable products.
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