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Fe(III) chelate reduction is of great importance in the homogeneous neutral electro-Fenton (EF) process, but its
reduction mechanisms with different reductive species remain unclear. In this study, the reduction mechanisms
of several typical Fe(IlI) chelates through electron and atomic H* were investigated using experiments and
density functional theory calculations. The results indicated that the electron reduction efficiencies for [Fe(II)-
EDTA] ™ and [Fe(II)-EDDS] ~ chelates were 16.23 and 8.31 times higher compared to [Fe(H,0)6]3 ", which was

featured by low Ejymo-nomo and concentrated LUMO distribution around Fe atom. In contrast, the atomic H*
reduction efficiency for [Fe(II1)-HA]®" chelate was 10 times higher than that of electron, attributed to high
chelation ability of HA and negative energy barrier of [Fe(IlI)-HA]®*" reduction in the atomic H*-dominated
system. Additionally, phthalocyanine (Pc) had insignificant effect on pollutant degradation efficiency in the
neutral EF systems due to the lower chelate ability of Pc with Fe(III) compared to H>O.

1. Introduction

The electro-Fenton (EF) process is efficient for degrading bior-
ecalcitrant wastewater, but technical challenges remain at neutral pH
[1]. Particularly, in the homogeneous EF process, the generation of
solid Fe(OH)3 is not favorable for iron cycling at neutral pH, inhibiting
the production of hydroxyl radicals ((OH) in the Fenton reaction [2].
Therefore, various ligands are usually added to the homogeneous EF
system to promote the solubility of iron complexes by generating che-
late species under neutral conditions [3-5]. The behaviors of organic
chelate species in EF process are always complicated at neutral pH,
including reduction, oxidation, chelating competition, destruction, and
precipitation reaction.

Iron chelates are of great importance in the neutral EF process be-
cause the degradation efficiency can be improved by chelates via ac-
celerating the cycling of Fe(II)/Fe(Il) [6]. The chelation of Fe(III) with
ethylenediaminetetraacetic acid (EDTA) has been widely adopted to
form soluble complexes, thereby accelerating the electron transfer be-
tween iron species [3]. Ethylenediamine-N,N’-disuccinic acid (EDDS)
was also used to form a Fe(III)-EDDS complex to catalyze the EF process
[7]. Additionally, Fe(I) phthalocyanine (FePc) has been used as a
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chelate to create a heterogeneous Fenton catalyst [8], and achieve
continuous iron cycling and efficient degradation. Humic acids (HAs),
which are widespread, are also efficient ligands of Fe(III) [9]. However,
the presence of HA resulted in unexpected low pollutant removal effi-
ciency in the EF process with a conventional carbon felt (CF) cathode,
indicating potential limitations of iron cycling under these conditions
[10]. Since various ligands have different impacts on the redox of Fe
(II)/Fe(I1I), the ligands for the neutral EF process should be carefully
selected.

Electrons from the cathode are generally considered active species
for the reduction of Fe(Ill)-complexes to Fe(II)-complexes [1]. Specifi-
cally, the electron reduction process is that the Fe(Il) species directly
react with electrons from the cathode to generate Fe(II) species. The
electron reduction pathway of Fe(III) chelate was found to be associated
with the structural property of the chelate, such as orbital hybridization
[11], the spin state of metal ions [12,13], and the functional groups of
ligands [14]. Interestingly, the cathode-introduced atomic H* might be
an alternative to facilitate the regeneration of the Fe(II)-complex when
electron reduction pathway was inefficient, thus enhancing pollutant
degradation [10]. As for atomic H* reduction process, H,O is reduced
by electrons from the cathode to form atomic H*, which would then
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reduce the Fe(IIl) species to produce Fe(II) species and H»O. In order to
produce more atomic H*, the cathode needs to be modified to facilitate
the H,O dissociation and enhance atomic H* adsorption.

Our previous study found that the Ni-deposited CF (Ni-CF) cathode
could introduce enough atomic H* for the reduction of low electron
activity of Fe(III) species, such as Fe(III)-HA [10]. The reasons for en-
hanced atomic H* generation for the Ni-CF cathode were explained by
d-band center theory and convincing electrochemical characterization.
Specifically, the results demonstrated that the Fe(III)-CIP and Fe(III)-HA
could be more readily reduced by electron and atomic H*, leading to
favorable pollutant degradation rate in electron- and atomic H*-domi-
nated EF systems, respectively [10]. It raises an interesting issue that
the type of chelates and the dominated reductive species may need to
be considered simultaneously in order to promote the degradation ef-
ficiency in EF systems. Nevertheless, there have been no detailed ex-
perimental and theoretical investigations on the influences of the in-
herent properties of chelates on the reduction priority of atomic H* and
electrons during the EF process. With respect to experimental strategies,
the chelation efficiency, structure, and redox capacity of iron chelates
could be examined using electron spin resonance (ESR) [15], Raman
spectroscopy [16], and electrochemical characterization, respectively
[6,10]. The density functional theory (DFT) calculation could be used to
determine the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) to indicate the electrophilic ca-
pacity of metal chelates [17,18]. Furthermore, the feasibility of the
reactions between iron chelates and reductive species could be eval-
uated by assessing the thermodynamic properties and energy barrier
[12].

Herein, four typical ligands, including EDTA, EDDS, Pc, and HA
were used to clarify the relationship between the structure of Fe(III)
chelates and the reduction priority of atomic H* and electrons during
the neutral EF process. The selected four ligands not only have been
widely applied in Fenton related processes [3,7,8,10], and but also have
the definite chelate structures for computational construction [3,13],
leading to significant and convincing conclusions. Ibuprofen (IBU) was
used as the pollutant to exclude the reductive degradation caused by
electrons or atomic H* [19]. The degradation of IBU in the presence of
various ligands was initially investigated in the neutral EF system using
CF and Ni-deposited CF (Ni-CF) cathodes as electron- and atomic H*-
dominated systems, respectively [10]. Subsequently, the structures of
various Fe(IlI) chelates were verified using ESR, DFT simulation, and
Raman spectroscopy. The regeneration feasibility of various Fe(Il)
chelates was analyzed using thermodynamic calculations. Moreover,
the reduction priority by electrons or atomic H* of different Fe(III)
chelates was evaluated by molecular orbital (MO) analysis, energy
barrier calculation, and cyclic voltammetry (CV) measurements.

2. Experimental
2.1. Electrochemical experiments

The EF experiments were conducted with 300 mL of a 0.2 mM IBU
(> 98 %, Aladdin, China) solution in an undivided two-electrode cell
with a constant current of 50mA using DC power (WYK-303S,
Shenzhen Nolepower Technology Co., China). The CF (Qingdao
Baofeng Graphite Material Co., China; 2cm X 5cm X 0.5 cm) cathode
was modified using a Ni-deposit method to introduce atomic H*, as
described in our recent work [10], where the Ni-CF cathode was also
etched by HCI for 10 min to exclude H,O5 production from Ni°. In ad-
dition to the CF or Ni-CF cathode, a RuO,-IrO,-coated dimensionally
stable anode (DSA) from Baoji Ruicheng Titanium Co. (China) was
used. A solution containing 0.05 M NaySO,4, 0.2 mM Fe?", IBU, and the
ligand was stirred for 1h to complete the chelation process after pH
adjustment to 7.0 with 0.1 M NaOH or H,SO,4; the pH was monitored
with a Hanna HI9025 pH meter. EDTA (0.2 mM) (> 98 %, Aladdin,
China), 0.2 mM EDDS (> 98 %, Micxy, China), 0.2mM Pc (> 98 %,
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Aladdin, China), or 0.4 mM HA (> 90 %, Aladdin, China) was used to
create a six-coordinated chelate complex [20]. The solution was sub-
sequently bubbled for 30 min with compressed air at a rate of 0.4 L/min
before electrolysis. In order to evaluate the Fe(III) reduction with HO,,
additional H0, (30 % w/w, Merck, USA) was added into the EF system
before experiments. All other chemicals were of analytical grade and
were obtained from Sigma-Aldrich (USA), and the HA was purified
three times as outlined previously [21].

The IBU degradation was followed by high-performance liquid
chromatography (HPLC) (Agilent, USA) analysis using an Eclipse Plus
C18 column (0.46 x 25 cm, 5-um particle size). The mobile phase for
the determination of the IBU was a 0.25M acetic acid/acetonitrile
(25:75, v/v) mixture at a flow rate of 0.5 mL/min, and the wavelength
was 221 nm [22]. The removal rate constant (k,,) was obtained from
the pseudo-first-order fitting of the degradation of IBU during the re-
action time. The Fe(II) concentration in the presence of different ligands
was measured using a 1,10-phenanthroline colorimetric method [7].
The concentration of the dissolved iron was determined using in-
ductively coupled plasma-atomic emission spectrometry (ICP-AES,
PerkinElmer, USA). A Bruker 200A-9.5 ESR spectrometer (JEOL, Japan)
was used to detect the signal of the Fe(III) chelates at neutral pH [15].
The details of the electrochemical characterization of the chelate spe-
cies are provided in the Supporting Information (Texts SI-1).

2.2. Raman spectra measurements

The Raman spectrometer data of the Fe(II) chelates were obtained
as described in our recent work [23,24]. Briefly, the excitation source
was a CW laser (Coherent, Verdi) at 532 nm with a power of 2W. A
triple-monochromator system (Acton Research, TriplePro) was used to
disperse the Raman scattered light. The dispersed spectra were re-
corded at a resolution of ca. 1cm ™" by a liquid nitrogen-cooled CCD
detector (Princeton Instruments, Spec-10:100B) in the region of
300—-700 and 1280—1680cm~!. The Raman shift was calibrated
using a mercury lamp, and a quartz cuvette was used to store the
sample solution. The acquisition time was ca. 20s for each measure-
ment, and 30 measurements of the Raman spectra of each chelate were
averaged.

2.3. DFT calculations

The DFT calculations of the iron chelates and related ligand mole-
cules were performed in the DMol® module, including the simulated
Raman spectra, thermodynamic properties, MO distribution, and en-
ergy barrier (E,). All of the iron chelate structures were optimized by
the Perdew-Wang 91 (PW91) generalized gradient approximation
(GGA) using an all-electron method. The exchange-correlation term,
conductor-like screening model (COSMO), and double-precision nu-
merical basis sets with polarization functions (DNP) were adopted [25].
The convergence threshold of each geometry optimization cycle was
1 x 10~ ° Hartree, and the maximum tolerances of the force and dis-
placement were 2 x 10" Hartree/A and 5 x 10 A, respectively. The
E, and transition state (TS) were determined using the linear synchro-
nous transit (LST)/quadratic synchronous transit (QST) methods [26].
The free energy difference (AG) is defined in Eq. (1) [27].

T
AG = AH — TAS = AE + A ZPVE+ ‘/0' AC,dT — TAS = AE + AH.y,

— TAS (@)

where AG, AH, AE, AZPVE, AC,, AS, and AH,,,, are the changes in the
free energy, enthalpy, total energy, zero-point energies, heat capacity,
entropy, and temperature-corrected enthalpy. The values of AE, AS, and
AH,,, were obtained from the DFT calculations.
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2.4. Computational models

The iron atom was six-coordinated with the ligands (L) EDTA*",
EDDS*~, Pc?, HA, and H,O to establish the common octahedral con-
figuration [20]. The [Fe(I)-EDTA]*, [Fe(II)-EDTA]-, [Fe(I)-EDDS]*,
[Fe(II)-EDDS]-, [Fe(II)-Pc]-2H,O, and [Fe(Ill)-Pc]*-2H,O complexes
were created at an L:Fe(III) molar ratio of 1:1 [12]; two H5O molecules
were introduced to create the FePc structure with an octahedral con-
figuration [13,28]. Specifically, the [Fe(I)-HA]*>* and [Fe(llI)-HA]®™*
complexes were created at an L:Fe(III) molar ratio of 1:2 because the
HA used in this study has 3 coordinated sites. The [Fe(H,0)61®" and
[Fe(H,0)6]2* complexes were created at an L:Fe(III) molar ratio of 1:6
[29]. Additionally, all Fe(III) chelates had a high-spin state, whereas the
Fe(II) chelates had a low-spin state [30]. The optimized structure of Ni-
CF was introduced to TS search of the Fe(Ill) chelate reduction, pro-
viding an adsorption site for the atomic H*. The water molecule was
introduced to accept H*, resulting in the generation of a hydrated
proton after the reduction of the Fe(IIl) chelate.

3. Results and discussion
3.1. Effects of various chelates on IBU removal

The removal of IBU was conducted at an initial neutral pH, and the
CF and Ni-CF cathodes represented the electron- and atomic H*-domi-
nated EF systems, respectively. The variations of solution pH were
checked in the EF process with the CF cathode in the presence of dif-
ferent ligands, as shown in Fig. SI-1. The solution pH changed slightly
in the presence of EDTA, EDDS, and HA, while only decreased from 7.0
to 5.8 without the addition of the ligand and in the presence of Pc.
Indeed, the H* based processes could generate protons after the re-
duction of Fe(III), but the generation of H* would also consume protons
from the H,0, resulting in an insignificant impact on pH variation. In
the EF system, the reduction of pH was mainly caused by hydrolysis of
Fe(IIl) in the absence of efficient chelating agent [10]. However, the
EDTA, EDDS, and HA can effectively chelate with Fe(Ill) and thus
prevent the hydrolysis of Fe(II), inhibiting the decrease in the solution
pH. The interfacial pH variation may be different for modified and
unmodified cathodes [31], which could influence the reduction of iron
chelates on the cathode and thus need a further investigation.

Fig. 1a shows that the degradation rate constant of IBU for Ni-CF
(0.0047 min 1) was higher than that of CF (0.0013 min ') in the ab-
sence of additional ligand, confirming that the presence of atomic H*
promoted the reduction of the Fe(IlI)-H,O complex; the reason was that
the Fe(IID-IBU chelate had negligible electro-activity [22,32]. It should
be noted that H,O, accumulation for the Ni-CF cathode was found to be
slightly lower than that of the CF cathode [10], suggesting that Ni-CF
and pristine CF exhibited the comparable electrocatalytic activity for
H,0, production. Therefore, the difference in ibuprofen degradation
efficiency in the electro-Fenton process would likely result from dif-
ferent Fe(IIl) reduction efficiency of various cathodes.

As shown in Fig. 1b, the IBU degradation rate constant was 16.23
and 8.31 times higher in the EF system with the CF cathode after the
addition of EDTA and EDDS, respectively. This result was attributed to
the more easily chelation efficiency of the EDTA and EDDS with Fe(III)
than with H,O [3]. Interestingly, the addition of EDTA and EDDS only
resulted in 2.29 and 2.61 times higher IBU degradation rate constants in
the atomic H*-dominated EF system (Fig. 1b). The electron-dominated
system was much more favorable to reduce the Fe(III)-EDTA and Fe
(IIN-EDDS complexes than the atomic H*-dominated system. In addi-
tion, the Fe(III)-EDTA complex was more readily reduced than the Fe
(IID-EDDS complex by the electron-dominated system. The Pc addition
had no significant effect on the IBU degradation in the electron- and
atomic H*-dominated EF systems (Fig. 1b). Interestingly, the rate
constant of the IBU degradation in the presence of HA was one half of
that in the absence of HA in the electron-dominated EF system (Fig. 1b).
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Fig. 1. (a) IBU degradation in two EF systems (0.2mM IBU at a current of
50 mA, 0.05M NaySO,4, 0.2mM Fe?*, and pH = 7.0). (b) Effects of EDTA,
EDDS, Pc, and HA on the degradation rate constant of IBU in two EF systems
(0.2mM IBU at a current of 50mA, 0.05M Na,SO,, 0.2mM Fe?", initial
pH = 7.0, and 0.2mM EDTA, 0.2 mM EDDS, 0.2mM Pc, 0.4 mM HA, respec-
tively).

However, the IBU degradation rate constant in the atomic H*-domi-
nated EF system was 10.33 times higher than that in the electron-
dominated EF system in the presence of HA (Fig. 1b), implying that
atomic H* enhanced the reduction of the Fe(III)-HA chelate.

The variations of the Fe(II) concentration were determined in dif-
ferent systems, as shown in Fig. SI-2. The addition of EDDS increased
the available Fe(I) concentration at neutral pH as compared to the
addition of Pc, HA as well as without the ligand [7]. The atomic H*-
dominated reduction system increased the concentration of Fe(Il) in the
presence of HA as compared to electron-dominated reduction system,
which was even higher than that of Pc and without the addition of the
ligand. Moreover, the concentration of Fe(II) was higher in the atomic
H*-dominated system compared to the electron-dominated on at the
presence of HA. Unfortunately, the available Fe(II) with the EDTA ad-
dition could not be accurately detected due to the greater formation
constants of Fe(II) chelate with EDTA than 1,10-phenanthroline [33].
Nonetheless, it can be deducted that the actual Fe(II) concentration in
the presence of EDTA would be comparable with that in the presence of
EDDS due to similar pollutant degradation performance.

The effects of chelate and Fe(IIl) concentrations, electrolyte con-
centration, and initial pH on the performance of two EF systems were
explored in the presence of EDTA and HA. In order to ensure that the
iron atom is six-coordinated with the ligand, the EDTA and HA were
added at an L:Fe(II) molar ratio of 1:1 and 1:2 during investigating the
effects of chelate and Fe(Ill) concentrations, respectively. As shown in
Fig. SI-3a, the best degradation of IBU was achieved with addition of
0.2 mM Fe(II) and 0.2 mM EDTA, and 0.4 mM Fe(II) and 0.8 mM HA in
both EF systems, respectively. The decay rate constant of IBU was
comparable with 0.025 and 0.05 mM Na,SO, in two EF systems, while
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it reduced in the presence of 0.1 M Na,SO,4 (Fig. SI-3b). The inhabita-
tion of IBU removal in 0.1 M Na,SO4 might be caused by the transfor-
mation from ‘OH into less efficient SO, ~ in the presence of excess
S0, [34]. As shown in Fig. SI-3c, the acidic pH generally accelerated
the degradation of IBU in two EF systems. However, initial pH had a
more significant impact on IBU degradation in the presence of HA
compared to EDTA. It was previously reported that the variation of
initial pH from 5.0 to 9.0 made little difference to the ratio of soluble Fe
(IID) in the presence of EDTA [2], which may explain unobvious change
of IBU removal in EDTA chelation EF system (Fig. SI-3c). Conversely,
the acidic pH could cause the dissociation of Fe(III)-HA into Fe(III) and
HA [35], which may particularly lead to a 8.67-time higher IBU decay
rate constant than that at neutral pH in electron-dominated EF systems
(Fig. SI-3c).

Furthermore, the NaCl was employed as the electrolyte to in-
vestigate the impact of excess chloride on IBU degradation in two EF
systems in the presence of EDTA and HA. As shown in Fig. SI-3d, the
degradation rate constant of IBU with 0.05M NacCl is lower than that
with 0.05M Na,SO, in all of systems, suggesting that the excess
chloride had a negative impact on IBU removal in EF systems. This
could be explained by the scavenger effect of C1~ on hydroxyl radical,
producing less powerful active chlorine species, such as CIOH'- and CI -
[34,36]. As for the chelation aspects, the competition of chloride with
organic chelates can be ignorable due to the low formation constant of
Fe(II)-chloride [34]. Meanwhile, the competition of bicarbonate was
not considered in this study, due to the acute hydrolysis in the coex-
istence of Fe®* and CO5% [37].

3.2. Structure identification of different Fe(IIl) chelates

The ESR signal of Fe(Ill) (Fig. 2) indicates the generation of stable
chelates with EDTA, EDDS, or HA, as well as the lower chelation effi-
ciency of Pc than H,0. The higher intensity of ESR spectra means more
soluble Fe(Ill) species in aqueous solution [15], suggesting that the li-
gand has a better chelation efficiency to dissolve more Fe(OH); into
soluble Fe(III) compared to water under neutral pHs [2]. In this study, if
the intensity of ESR spectra of Fe(Ill) chelate is higher that of [Fe
(H,0)6]3 ™, this Fe(IIl) chelate is defined as the high chelate, such as Fe
(IIN-EDTA, Fe(III)-EDDS and Fe(III)-HA.

The structures of various iron chelates were proposed and optimized
in the calculation package DMol?, including [Fe(II)-EDTA]?~, [Fe(III)-
EDTA]-, [Fe(ID-EDDS]?, [Fe(IID)-EDDS]-, [Fe(II)-Pc]-2H,0, [Fe(IID)-
Pc]*-2H,0, [Fe(II)-HA]?*, and [Fe(Il[)-HA]®**. Subsequently, the
Raman spectra of the corresponding Fe(IlI) chelates were calculated

EDTA
EDDS
HA

Intensity

1620 1640 1660 1680
Magetic field (G)
Fig. 2. ESR spectra of the Fe(Ill) signal region for the chelate of [Fe(IID)-

EDTA]~, [Fe(IID-EDDS]~, [Fe(Il)}-Pc]*-2H,0, [Fe(II)-HA]**, and [Fe
(H20)61%" at neutral pH.
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Fig. 3. Observed and calculated Raman spectra of various Fe(III) chelates.

based on the optimized structure. As shown in Fig. 3, the Raman scat-
tering in the region of 300 — 700 cm ~ ! represents the vibration between
the Fe atom and the O or N atom [16], covering the peaks at 394 and
531 cm™ of [Fe(IlI)-EDTA]-, the peaks at 340 and 426 cem! of [Fe(IID)-
EDDS]-, and the peaks at 346, 429, and 527 cm™ of [Fe(Il)-HA]®™"
(Fig. 3). In addition, the peaks of [Fe(III)-EDTA]- and [Fe(III)-EDDS]-
centered at 1327 and 1357 cm™ were assigned to the carbon-based
functional group [16]. Raman measurements were obtained to identify
Fe(III) chelates in aqueous solution [38], where Fe,(SO,4); was used to
fabricate [Fe(II)-EDTA]-, [Fe(III)-EDDS]-, [Fe(II)-Pc] *-2H,0, and [Fe
(IID-HAI®* to avoid oxidation of Fe(II) during the Raman measure-
ments. As indicated in Fig. 3, the experimental data were well con-
sistent with the simulated results for [Fe(IlI)-EDTA]-, [Fe(II[)-EDDS]-,
and [Fe(II)-HA]®", and the three peaks of the Raman spectra of each
chelate exhibited good matches [38]. In the 1280 — 1680 em ™t region,
the peak indicating the functional group of [Fe(IID-HA]®* was greatly
suppressed by the fluorescence even after several hours of quenching
(Fig. 3), although several peaks were found in the calculated Raman
spectrum. Nevertheless, there was a poor agreement between the si-
mulated and measured Raman spectra for [Fe(Il)-Pc]*-2H,0, in-
dicating that [Fe(II)-Pc] *-2H,0 might not be the dominant chelate
species in the mixture of Pc and Fe(III), as shown in the ESR spectra
(Fig. 2). The identified structures of the different Fe(II) chelates were
used in the following DFT calculations.

3.3. Thermodynamic aspect of Fe(Il) chelate regeneration

Generally, the substitution of [Fe(H,0)6]?* and reduction of Fe(III)
chelate are two direct approaches to generate the Fe(I) chelate. The
substitution of [Fe(H,0)c]?>* was conducted by using a specific ligand,
and the formation energy (AGy) from [Fe(H,0)61?* to the Fe(II) chelate
was calculated using the following equations:

AGy ([Fe(ID—EDTAJ*") = G([Fe(IN-EDTAJ*") + 6 G(H,0)

— G([Fe(H,0)**) — G(EDTA"") (2)

AG; ([Fe(ID-EDDS-) = G([Fe(I)~EDDS™) + 6 G (H,0)
— G([Fe(H,0)¢]**) — G(EDDS*") 3
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AG;([Fe(I) — Pc]+2H,0) = G([Fe(Il) — Pc]+2H,0) + 4 G (H,0)
— G([Fe(H,0)6)**) — G(Pc*7) C)]

AG;([Fe(Il) — HAX*) = G([Fe(Il) — HA*) + 6 G(H,0)
— G([Fe(H,0)]**) — 2G(HA) %)

The calculation of AGyis applicable to both the electron- and atomic
H*-dominated EF systems, but the Gibb’s energy change (AG) of the
electron reduction of the Fe(Ill) chelates could not be directly calcu-
lated because the energy of a single electron is not accessible. Herein,
the proton-coupled reduction reaction was used to describe the atomic
H*-dominated reduction process (Eq. (6)) [39]. Since the Gibb’s energy
of the free atomic H* is equal to half of H (Eq. (7)) [40], the AG for the
reduction of Fe(II) with a specific ligand (L) is calculated using Eq. (8).

Fe(III) — L (solv) + H,O(aq) + H*(aq) — Fe(II) — L(solv) + H;O*(aq)

©)
s=1
G(H ) = ZG(HZ) (7)
AG (Fe(III)/Fe(I)) = G (Fe(I)-L) + G (H;0%) — %G(Hz)
— G(Fe(lI)-L) — G(H,0) (€))

All the thermodynamic calculations were calibrated to standard
conditions at 298.15K; the free energy changes for the chelate and li-
gand species are given in Table SI-1. Consequently, the formation en-
ergies of [Fe(I1)-EDTA]?~, [Fe(I)-EDDS]?, [Fe(I)-Pc]-2H,0, and [Fe
(ID-HA]?* from [Fe(H,0)6]?>" were estimated at -5.7, -6.3, 9.5, and
-1.0 eV, respectively (Fig. 4). Except for [Fe(II)-Pc]-2H,O, the trans-
formations from [Fe(HzO)G]2+ to [Fe(H)—EDTA]zf, [Fe(II)—EDDS]z",
and [Fe(I)-HA]?" are spontaneous, indicating their high chelate fea-
ture [41]. This result could be validated with the ESR analysis, in which
the intensity of ESR spectra increased after adding EDTA, EDDS and HA
(Fig. 2). As illustrated in Fig. 4, the thermodynamic energy profile of
the atomic H*-dominated reduction of the Fe(IIl)-chelates was sig-
nificantly affected by the type of ligands, and the Gibb’s energy changes
for H,O, EDTA, EDDS, Pc, and HA were -2.1, 1.8, 1.6, 17.1, and -0.1 eV,
respectively. Interestingly, only the reductions of [Fe(H,0)61®* and [Fe
(IID)-HA1®* in the atomic H*-dominated system are spontaneous,
whereas the atomic H*-dominated pathway does not appear to be fa-
vorable for the reduction of [Fe(III)-EDTA]-, [Fe(IlI)-EDDS]-, and [Fe
(I11)-Pc] *-2H,0.

3.4. Reduction priority of electrons with Fe(IIl) chelates

The reduction priority of electrons was evaluated by conducting
qualitative and quantitative analyses of HOMO and LUMO, revealing

20
AGg{[Fe(Il)-L1) S
s AG(Fe(lll)/Fe(ll))
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Fig. 4. Calculated formation energy of Fe(I)-L and standard Gibb’s free energy
changes in the atomic H* reduction of Fe(IIl)-L.
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the electrophilic site and k.ps-related energy profile of the chelate
species [18,42,43]. The LUMOs of [Fe(IlI)-EDTA]~ and [Fe(II)-
EDDS] ™ are more concentrated near the Fe atom than those of the [Fe
(II)-Pc] *-2H,0 and [Fe(Il)-HA]®** (Fig. 5), indicating that the Fe(III)
sites for the [Fe(III)-EDTA] ~ and [Fe(II)-EDDS] ~ are more favorable to
accept electrons [18]. The LUMOs of [Fe(IlI)-Pc] "-2H,0 and [Fe(III)-
HAJ®* occur primarily on the Pc and HA ligands (Fig. 5), indicating
that Pc or HA is more readily reduced by electrons than the Fe center.
Interestingly, the HOMOs of [Fe(H;0)6]>" and [Fe(H,0)c]>* exhibit
broad overlap with the LUMOs around the Fe atom (Fig. 5), suggesting
that electron reduction occurs less readily in [Fe(H,0)61°" [44].

The qualitative analysis of the electron affinity of each Fe(III) che-
late was identified using CV measurements with the CF cathode, as
shown in the SI [6]. A reduction in the peak of the CV curves was only
found in the presence of EDTA or EDDS at neutral pH (Fig. 6), in-
dicating that the reduction of Fe(III)-EDTA and Fe(III)-EDDS chelates is
favorable on the CF cathode, which is in agreement with the con-
centrated LUMO distribution around the Fe atom (Fig. 5). Additionally,
the absence of a redox peak in the complexes without Pc, HA or chelate
suggests unfavorable electron reduction of the related iron chelates; this
result is in line with the distribution of LUMOs on the ligand.

The Eyymo and Epomo Were calculated to obtain quantitative mea-
surements to clarify the reduction of the Fe(IIl) chelates (Table SI-2).
The E;jymo shows the capacity of Fe(Ill) chelate to accept electrons,
whereas the Epymo-nomo represents the energy gap for the activation of
Fe(III) chelate [45]. The plot of E;ywmo Vs. In ke is illustrated in Fig. 7a;
a weak linear correlation was found for [Fe(III)-EDTA]™, [Fe(IID)-
EDDS] ~, and [Fe(Ill)-Pc] *-2H,0. However, the Ejymo values of [Fe
(IID-HAI®* and [Fe(H,0)s]>* were not correlated with the In kops; the
reason might be than an increase in the number of ligands at the iron
center contributed to a lower Ej o of the chelate species [46]. In order
to construct a six-coordinated iron atom in the DFT calculation, the
number of ligands was fixed for each Fe(Ill)-L complex, as the co-
ordinate sites of each ligand is definite, such as 3 for HA and 1 for H,O
[29]. Hence, the impact of number of chelates on the redox capacity of
Fe center among different chelates has been considered and compared
in the DFT calculations. In contrast, as shown in Fig. 7b, a strong linear
correlation between E;ymo-nomo and In k., was observed for the [Fe
(IID-EDTA]~, [Fe(IID-EDDS]~, [Fe(llD)-HAI**, and [Fe(H,0)s]*",
implying that Fe(III) chelates with a lower Ejymo-nomo might be more
favorable for electron reduction. Fig. 7b also shows the E;ypo-tomo for
[Fe(IID-HA]®™ (1.88eV) is higher than [Fe(H,0)61°" (1.70eV), in-
dicating that the electron reduction of [Fe(II1)-HA]®* is more difficult
than that of [Fe(H,0)¢]®*. This might explain half degradation rate
constant of IBU after the addition of HA in the electron-dominated EF
system compared to the atomic H*-dominated one (Fig. 1b). However,
the [Fe(Il)-Pc] *-2H,0 fell outside the line, possibly because [Fe
(H,0)6]1°™ is the active Fe species under these conditions due to the low
chelation efficiency of Pc (Fig. 2). In summary, the experimental and
theoretical analyses suggest that the electron reduction pathway might
be more favorable for [Fe(II)-EDTA]~ and [Fe(II)-EDDS] "~ than for
[Fe(IlI)-Pc] *2H,0, [Fe(Il)-HA]®**, and [Fe(H,0)6]°" in EF systems.

3.5. Reduction priority of atomic H* with Fe(Il) chelates

The atomic H* generated by the Ni-CF cathode does not exist in
aqueous solution as other radicals, and the d-band center of the surface
of the electrode is suitable to stabilize the atomic H* [10]. As shown in
Fig. 8, the optimized structure of the interaction configuration of the
atomic H*-attached surface of the Ni-CF electrode is defined as the
initial state, whereas the isolated one is the final state. This process
stands for the electron transfer from atomic H* to the Fe(III) chelates.
Fig. 9 shows that the energy barriers for the atomic H*-dominated re-
duction of the EDTA and EDDS chelates were 2.07 and 0.59 eV, re-
spectively, implying that the atomic H* must overcome these energy
barriers to reduce [Fe(III)-EDTA] ~ and [Fe(III)-EDDS] ~. This might be
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Fig. 6. CV curves in the presence of [Fe(II)-EDTA]?~, [Fe(I)-EDDS]?~, [Fe(I)-
Pc]-2H,0, [Fe(I)-HA]**, and [Fe(H,0)]** with CF at neutral pH.

the major reason that the addition of EDTA and EDDS only increased
the degradation rate constant of IBU by 2.29 and 2.61 times in the
atomic H*-dominated EF system (Fig. 1b). In contrast, the values of the
energy barrier of the Fe(Ill) chelates of Pc, HA, and H>O were in the
negative ranges (Fig. 9), suggesting that the [Fe(II)-Pc] *-2H,0, [Fe
(IIN)-HA1®**, and [Fe(H;0)6]®>* were reduced by atomic H* without an
energy barrier [47].

Experimental identification of the atomic H* affinity for each che-
late was performed using the CV measurements with the Ni-CF cathode.
The presence of an oxidation peak of atomic H* in the EDTA and EDDS
systems suggests unreacted atomic H* on the Ni-CF (Fig. 10), verifying
the positive energy barrier values of these systems (Fig. 9). Interest-
ingly, the stronger atomic H* peak quenching effect of EDDS implies
that the Fe(IIII)-EDDS chelate had higher atomic H* affinity than EDTA,

which corresponded to the lower energy barrier (Fig. 9) and less in-
hibition of IBU degradation in the atomic H*-dominated system
(Fig. 1b). The complete quenching of the atomic H* peak in the pre-
sence of Pc and HA, as well as without chelate, is in agreement with the
negative energy barriers for the reaction of these Fe(IIl) chelates with
atomic H* (Fig. 9). In addition, these results also verified the sponta-
neous reduction of [Fe(H,0)s]*>" and [Fe(Il)-HA]** in thermodynamic
calculations (Fig. 4).

Interestingly, the [Fe(IlI)-HA]®* system was most favorable for the
atomic H*-dominated EF system (Fig. 1b), although the energy barrier
of the [Fe(IlI)-HA]®* reduction by atomic H* was 0.75 and 0.54 eV
higher than that of [Fe(III)-Pc] *-2H,0 and [Fe(H,0)¢]>* (Fig. 9). The
chelation of HA with Fe(III) was more easily than that of Pc and H,O
according to the ESR spectra (Fig. 2). The high chelation efficiency of
HA seems to play a vital role in the atomic H* reduction, contributing to
stronger IBU degradation capacity compared to the systems with Pc and
without additional chelates (Fig. 1b). The destruction of Fe(III) chelate
could cause a poor electron reduction at neutral pH, which would not
achieve high percentages of mineralization in EDTA and EDDS systems.
Interestingly, our result suggests that the Ni-CF cathode could even
promote pollutant degradation without addition of organic ligands,
which is expected to achieve high percentages of mineralization [10].
Therefore, there would be of great significance in modifying carbon felt
with Ni to work at neutral pH with complexed iron in EF systems. In-
deed, the complicated water matrix may also contain many naturally-
occurring organics and inorganics, which more readily react with
electron than atomic H*. Under such conditions, there would be a
competition between electron and atomic H* reduction in the EF
system, making the whole process more complex. Therefore, it deserves
a further investigation for the complicated water matrix particularly in
the atomic H*-dominated EF system.
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3.6. Reduction mechanism of Fe(II) in neutral EF process

As shown in Scheme 1, the cathode plays a critical role in the re-
duction of Fe(III) chelate in the neutral EF process. We have previously
proved that the Fe(III) chelate could be effectively reduced by cathode-
introduced atomic H* [10]. In this work, the ligand-dependent cathode
reduction priority of electron and atomic H* was explored, which could
be directly evaluated by LUMO distribution, E;ymo-nomo, and energy
barrier calculation. Particularly, the transformation between the Fe(IIl)-
L and [Fe(H,0)s]®" was taken into considered, and the reduction
priority of atomic H* for [Fe(H,0)6]®" was identified. Additionally, it
has been previously demonstrated that H,O,, HO, /O," ~ and organic
radicals (R") could also conduct the reduction of Fe(II)-L. and [Fe
(H50)61%™ in bulk solution [48-501, which would inspire homogeneous
Fenton reaction to produce "OH.

In order to evaluate the possible contribution of Fe(IIl) reduction
with H,0, route, some experiments were further conducted. Firstly, as
shown in Fig. S4, the addition of 30 mg/L H,O, into the EF system
further enhanced the degradation of IBU in the presence of EDTA and
EDDS, but had slight impact on IBU degradation rate constant in the
presence of Pc and HA. Secondly, the actual H,O, concentration in the
presence of EDTA (< 3mg/L) with the CF cathode was lower than that
of the Ni-CF cathode (< 6 mg/L) during first 1 h of EF process (data not
provided). Considering that the degradation rate constant of IBU with
Ni-CF (0.0108 min~!) cathode was lower than that of CF
(0.0211 min ') cathode (Fig. 1b) in the presence of EDTA, the rela-
tively higher H,O, concentration would not be sufficient to alter the
major Fe(Il) reduction routes. Therefore, it could be concluded that the
contribution of H>O, to Fe(Ill) reduction was relatively limited as
compared to the favorable cathodic reduction pathway in this study.

On the other hand, indeed the R" could be generated from the alkyl
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Fig. 8. Optimized structures of atomic H*-dominated [Fe(III)-EDTA] ~, [Fe(III)-
EDDS] ™, [Fe(Ill)-Pc] *-2H,0, [Fe(IlI)-HA]®**, and [Fe(H,0)c]®>* reduction on
the Ni-CF surface. (a, d, g, j, m): Fe(Ill)-L, atomic H*, and H,0, (b, e, h, k, n):
transition states, (c, f, i, 1, 0): Fe(II)-L and H;0*.
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Fig. 9. Energy profile of atomic H*-dominated Fe(III)-L reduction on the Ni-CF
surface. The values in the middle and right are the activation energies and
reaction energies, respectively.

hydroxylation and may conduct the Fe(IIl) reduction [51]. However, it
has been indicated that the Fe(III) reduction with R’ route is not effi-
cient and some of R" species even tend to facilitate Fe(II) oxidation
rather than Fe(IlI) reduction [52]. In addition, unfortunately there are
no standard methods to introduce or quantify R in each chelate system,
and moreover the types of R* might be not comparable in the presence
of different organic chelates, making it difficult for quantitative analysis
of R’ contribution on Fe(Ill) reduction. Although we think that the R’
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would have the limited effect on Fe(IlI) reduction during the EF pro-
cess, it might deserve a further investigation for the specific ligand to
reach convincing conclusions.

As compared to the positive aspects, the produced hydroxyl radicals
may affect the cathodic Fe(IIl) reduction and Fe(Il) regeneration in the
following two manners. On one hand, Fe(II)-L could be oxidized into Fe
(IID)-L by hydroxyl radicals to slow down the Fe(III) reduction [49]. On
the other hand, the hydroxyl radicals could also degrade ligands in
aqueous solution by eliminating the dissolved Fe species, contributing
to the generation of solid Fe(OH)s/ferrihydrite with adsorbed Fe(III)
[7,36]. The Fe(Ill) on the surface of Fe(OH)s/ferrihydrite would be
reduced into adsorbed Fe(II) by H,O5 [51], which mainly occur in the
lack of efficient chelating agent. Indeed, the heterogeneous Fenton in-
spired by adsorbed Fe(Il) reduction would occur at neutral pH with
Fe2* in the absence of chelator [53,54], but seems to lead to much low
pollutant degradation in this study (Fig. 1a and b). This process could
be an efficient degradation pathway with rational catalyst design
[55-57].

In order to study the effect of iron precipitation during this process,
the ICP analysis was conducted to quantify the dissolved iron before
and after degradation process. As shown in Fig S5, the insoluble iron
contents in the presence of EDTA (2.34 mg/L), EDDS (4.12 mg/L), and
HA (2.20mg/L) were lower than that of Pc (9.47 mg/L) after de-
gradation with the CF cathode. Even the highest concentration of
9.47 mg/L Fe (equivalent to 16.27 mg/L 5Fe;039H,0 or 18.09 mg/L Fe
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(OH)3), the insoluble iron content was still much lower than one fiftieth
of the commonly used catalyst concentration in the heterogeneous
Fenton process, such as ca. 1 g/L [53]. Moreover, the heterogeneous
Fenton degradation efficiency of Fe(OH)s/ferrihydrite is known to be
poor without modification [53]. Hence, the Fe(Ill) reduction on the
surface of iron precipitation was likely much limited as compared to
cathodic reduction in this study, which could be confirmed by the IBU
degradation with H>O, addition (Fig. S4).

4. Conclusions

This study demonstrates that the properties of iron chelates are vital
for their reduction in a neutral EF process. Electron reduction occurs
more readily in Fe(IIl) chelates with LUMO distribution concentrated
around the Fe atom and low E;ymo-tomo- In the electron-dominated EF
system, the low Ejymo-nomo for [Fe(III)-EDTA] ™ and [Fe(III)-EDDS]-
leads to 16.23 and 8.31 times higher degradation rate than that without
the addition of the ligand. The atomic H* facilitated the reduction of
several Fe(III)-chelates with negative energy barriers and the reduction
occurred more readily in systems with high chelation efficiency, such as
10 times faster of [Fe(IlI)-HA]®" reduction in atomic H*-dominated
system than electron-dominated one. In the lack of efficient chelate, the
atomic H*-dominated EF system could also achieve 3 times faster de-
gradation rate than electron-dominated EF system due to the negative
energy barrier for the atomic H* reduction of [Fe(H,0)61® . The re-
duction of Fe(Ill) chelates is of great significance to the neutral EF
process, and the results of this study provided a deep understanding of
Fe(III) chelates, their reduction priority, as well as their effects on de-
grading pollutants in EF systems. The results of this study indicated that
pollutant degradation in the neutral EF process was correlated with the
chelate structure and the cathode-introduced reductive species.
Therefore, researchers should carefully consider the coupling effect
between the chelate properties and the dominant reductive species
before implementing the EF process for pollutant degradation.
Moreover, our findings could also be extended to other Fenton-related
processes involved in the interaction between Fe(III) chelates and re-
ductive species, such as H,0,, organic radicals (R’), HO,", and O,-.
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