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Iron-organic frameworks as effective fenton-like catalysts for
peroxymonosulfate decomposition in advanced oxidation
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Although Fenton-like reactions have been extensively used to treat various organic contaminants in wastewaters (oily wastewaters,
landfill leachate, denitrification with Fenton oxidized non-degradable large molecular organic pollutants, and removal of
phosphorus, etc.), the difficulty in catalyst recovery and the instability of catalytic activity limit their practical application. Herein,
iron atoms were inserted in a metal-organic framework (FeNC) with dual reaction sites as highly reactive and stable electro-Fenton-
like catalysts for the catalytic oxidation of organic pollutants via the electro-Fenton-like activation reaction of peroxymonosulfate
(PMS) with fractional leaching of metal ions. Experiments and density functional theory (DFT) calculations indicate that FeNC with
FeN, and Fe-Fe active sites can rapidly deliver electrons for PMS dissociation. Further, an electrolysis reactor was constructed for
the on-site generation of reactive oxygen species, which can stably and continuously purify various organic wastewaters. The
combined use of an electrolysis reactor and magnetic catalyst in the current study provides a direction for the long-term

remediation of organic pollutants on an industrial scale.
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INTRODUCTION

Fenton-like reactions can efficiently degrade organic contaminants
by generating highly reactive oxygen species (e.g., ROS, <OH, O,7),
and have been considered a promising method'= for eliminating
the increasing environmental pollutants produced by rapid
industrialization and human activity in groundwater or surface
water as well as in wastewaters. The hydroxyl radical (+OH) released
from the Fenton reaction, using hydrogen peroxide (H,0,) as an
activator, can react rapidly and non-selectively with nearly all
organic compounds and mineralize them from large molecules into
small nontoxic molecules (e.g, H,0, CO,)* However, the homo-
geneous Fenton reaction cannot be scaled up owning to the narrow
pH range, low utilization of H,0,, excess consumption of Fe?", rapid
generation of iron-containing sludge, and poor stability>. Recently,
the heterogeneous Fenton-like reaction caused by the activation of
peroxymonosulfate (PMS) has received extensive research attention
because of its ability to degrade and mineralize recalcitrant organic
pollutants in water environments owing to its wide working pH
range, high activity, and sustainability®’. Although the heteroge-
neous Fenton-like reaction has been substantially studied owing to
its promising performance in degrading various organic contami-
nants®®, three critical challenges have substantially limited its
practical application.

The first challenge is related to the leaching of metal ions in the
reaction process. Although some single-atom catalysts can
significantly reduce the release of metal ions'®'?, the lower
activity of '0, or O, than that of SO, and -OH is not beneficial
to the rapid degradation of various recalcitrant organic pollu-
tants'>'*. Transition-metal-based catalysts (e.g. Fe-'>, Co-'¢,
Mn-17, Ni-'®) on various supports (e.g. carbon nitride'®,

graphene?®®, carbon nanotubes?') can efficiently activate PMS to
produce ROS (SO4and -OH) (Eq. 1). A traditional Fenton-like
reaction based on the M"*/PMS process (where M represents
transition-metal atoms) proceeds according to the following
equations:

M + HSOs*™ — M1+ 150,°" + eOH (1)
MDF 4 HSOs* ™ — MM 4 505" + HY 2)
M + eOH — M+ 4 OH~ 3)
MM 4+ 50,47 — MTUT 4 50,27 @)

Previous studies have demonstrated that the low transforma-
tion rate of M™* "+ back to M"" in a Fenton-like system can
accumulate large amounts of Fe3* ions, which is regarded as a
rate-controlling and intrinsic shortcoming of this process®?. The
rapid reaction of Eq. 1 and the slow reaction of Eq. 2 not only
reduces the efficiency of the M™*"+/M"* redox cycle, but also
inactivates the catalyst?>~2°. In addition, the quenching reaction of
ROS in acidic conditions by transition-metal atoms increases the
leaching of metal ions (Egs. (3) and (4))%°. Consequently, the
leaching of metal ions and the narrow working pH range further
restrict Fenton-like reactions from comprehensive applications.

The second challenge with the Fenton-like reaction is catalyst
recovery. As the core of efficient organic pollutant degradation,
catalyst recovery and reuse significantly reduce operational costs.
However, the continuous addition and recovery of catalysts is not
feasible when Fenton-like technology is implemented in remote
areas or in in-situ operational processes. A potential alternative
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Fig. 1 Preparation process and structural characterization of FeNC. a Preparation procedure of the FeNC catalyst. b SEM and ¢ TEM images
of FeNC. d XRD pattern of different catalysts. @ TEM and the corresponding (f) HRTRM images of FeNC. g HAADF image and elemental

mappings of FeNC with Fe (green), C (blue), and N (red).

method is using a catalyst with high activity and stability, which can
be continuously activated and recovered via an in-situ method.

The third challenge with the Fenton-like process is the continuous
generation of SO4~and <OH. Previous studies have demonstrated
that the catalysts are inactivated through a sustainable reaction
owning to the active sites covered by adsorbed pollutants or the
continued consumption of catalysts, thereby reducing the genera-
tion efficiency of ROS?77%°, Although some studies recovered
catalyst activity to generate more ROS via recalcination treatment>°
complex operations and narrow working pH ranges are not
beneficial for scaling up applications of the Fenton-like process.

Herein, we propose a wastewater purification technique for
synthesizing effective catalysts that can successfully address the
abovementioned challenges related to the electro-Fenton-like
reaction. We explore the insertion of iron oxide into a metal-
organic framework (MOF) to form iron-based catalysts with dual
reaction sites (FeNC) and magnetism to solve the above challenges,
and discuss the potential performance for PMS activation to
generate SO, and +OH. In addition, we design and construct a
reaction device that can use FeNC as the catalyst to continuously
produce SO,~ and <OH to efficiently degrade organic pollutants
without leaching metal ions or environmental pollutants. This device
performs (i) an electro-Fenton-like process (to generate SO,~ and
*OH to degrade organic pollutants), (i) an ultrasonic recovering
process (to restore the catalyst), and (iii) a solid-liquid separation
process (to adsorb and separate the catalyst from the electrolyte).
We also use the device to run six continuous cycles to evaluate the
feasibility of the device and catalysts.

’

RESULTS
Synthesis and characterizations of FeNC catalyst

A magnetic FeNC catalyst can be synthesized based on the
hydrothermal reaction and calcination process, which are outlined
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in the schematic shown in Fig. 1a. After a series of simple
hydrothermal reactions at 200°C, iron nanoparticles were
successfully synthesized and denoted as FeNs. An MOF was
prepared to form a nitrogen-doped carbon structure through
high-temperature annealing. Through an additional hydrothermal
reaction and calcination, an MOF structure with added iron
nanoparticles (FeNs/MOF) was formed. The hydrothermal method
has many benefits such as low reaction temperature, environ-
mental friendliness, rich product morphology, and small particle
size3'32, The quick reaction time of the calcination process
allowed for the preparation of a pure product and control of
product particle size and morphology®*34. Here, using the
hydrothermal method, FeNs were successfully prepared and
several active sites were exposed for inserting into supporting
materials (MOF). FeNs/MOF was first dispersed in methanol
through sonication. Subsequently, NH,OH and CTAB were added
to the mixture and stirred to form a homogenous solution. After a
series of processes, namely, centrifugation, washing, and drying,
the samples were further heated via calcination. The mixing and
evaporation of low-boiling-point Zn atoms could regulate the
distance of adjacent Fe atoms and anchor them on the N-C
support. Finally, a magnetic catalyst (FeNC) with dual reaction sites
was obtained with functional modifications under the action of
NHs-H,O and hexadecyltrimethylammonium bromide (CTAB).

To explore the morphology of the FeNC catalyst, we performed
scanning electron microscopy (SEM) to observe the microstructure
of the FeNC catalyst. As illustrated in Fig. Tb and Supplementary
Fig. 1, FeNC exhibits a fullerene-like uniform structure with various
sizes ranging from 120 to 230 nm. Transmission electron micro-
scopy (TEM) was performed to further observe the three-
dimensional structure (Fig. 1c, e). The crystalline structures of
MOF studied by X-ray diffraction (XRD) exhibit two diffraction
peaks of graphene in the (101) and (002) planes. The diffraction
peaks exhibit an obvious change with the introduction of Fe
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Fig. 2 X-ray absorption fine structure. a Normalized Fe K-edge XANES spectra of FeNC and the reference spectra. b k3-weighted Fourier
transforms spectra for Fe K-edge-extended X-ray absorption fine structure (EXAFS). ¢ EXAFS fitting curves of FeNC in R-space. WT of (d) Fe foil,

(e) FeO, and (f) FeNC.

species, suggesting that the Fe species are successfully inserted
into the MOF structure (Fig. 1d). The high-resolution TEM image in
Fig. 1f exhibits a d-spacing of 0.38 nm, assigned to the (002) plane
of FeNC, and the result is in accordance with the XRD patterns. The
Fourier transform infrared (FTIR) spectra of FeNC are considerably
smoother than those of the other catalysts (Supplementary Fig. 2),
and the peak at 1387 cm™ confirms the formation of the N-C
structure®®, The specific Brunauer-Emmett-Teller (BET) surface
area and total pore volume (Supplementary Fig. 3) of FeNC
measured using nitrogen sorption isotherms are 229.6 m?g~' and
0.484 cm®g~", respectively, which are higher than those of MOF
(843m2g™' and 0225cm3g™") and FeNs (222m?g~' and
0.144 cm> g~ "), indicating an increase in the surface area of FeNC.
HAADF image and energy-dispersive X-ray spectroscopy (EDX)
elemental mappings of FeNC, as presented in Fig. 1g, suggest that
the Fe, N, and C species are uniformly distributed in the catalyst,
evidencing the formation of FeNC.

X-ray absorption fine structure measurements were performed
to examine the chemical states and coordinated environments of
FeNC. As displayed in Fig. 2a, the adsorption edge position of
FeNC is higher than that of Fe foil and FeO and lower than that of
Fe,0s3, suggesting that the oxidation state of the Fe atom in FeNC
is situated between 42 and +33°. The Fourier-transformed (FT) k-
weighted EXAFS spectra of FeNC exhibit a peak at approximately
1.5 A (Fig. 2b), ascribed to the Fe-N coordination3”3%, A second
peak located at 2.6 A is observed; however, it differs from that of
FeO and Fe foil*°, indicating the presence of Fe-N and Fe-Fe
species in FeNC. Compared with Fe foil, FeO, and Fe,0s;, two
intensity maximums at 4.7 A=" and 6.3 A=" can be observed from
the wavelet transforms of the EXAFS plots for FeNC, which can be
ascribed to Fe-N and Fe-Fe coordination, respectively (Fig. 2d-f,
and Supplementary Fig. 4). As presented in Fig. 2c and
Supplementary table 1, the FT-EXAFS of FeNC is fitted in R-space
to further determine the coordination structure. The coordination
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properties of FeNC are 0.9 for Fe-Fe and 4.2 for Fe-N, respectively,
indicating the presence of Fe-Fe coordination. These results
indicate that Fe atoms with FeN, and Fe-Fe configuration can be
designated as Fe atomic clusters, as illustrated in the inset of Fig.
2c.

Performance of the electro-Fenton-like reaction

We further utilized the electrochemical properties to evaluate the
catalytic activity of these catalysts. As illustrated in Supplementary
Fig. 5 and 3A, all catalysts exhibited multiple pairs of obvious
redox peaks, and the peak current significantly increased with an
increase in the scanning rate from 5 to 100 mV s~—'. FeNC exhibited
a substantially larger electrochemically active surface area of
24741 m2g~" than the other catalysts (Supplementary Fig. 6),
which was beneficial to the electron transfer between the
electrode and catalyst. The results of cyclic voltammetry (CV;
Supplementary Fig. 7), linear sweep voltammetry (LSV; Supple-
mentary Fig. 8), and Tafel curves (Supplementary Fig. 9) further
confirmed the rapid electron transfer and excellent electrochemi-
cal activity of FeNC. Figure 3b shows that the current of FeNC
exhibited a noticeable enhancement (39.8 mA) with the addition
of acid orange (AO7), and this increase was significantly higher
than that in other catalysts. In addition, the current response of
FeNs/MOF and FeNC remained stable for 2 h, whereas that of the
MOF and FeNs catalyst slightly decreased. This finding suggests
that the presence of an electron donor increased the electron
transfer to some extent; thus, FeNC exhibited better electro-
catalytic activity for oxidizing AO7 than the other catalysts.

The catalytic performance of the electro-Fenton-like reaction of
the FeNC catalysts was assessed for AO7 removal by PMS
activation. As illustrated in Fig. 3c, FeNC adsorption and PMS
reaction were negligible for AO7 removal; furthermore, the
combination of electrolysis and PMS without a catalyst exhibited
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no evident oxidation. However, almost 100% AO7 was removed
when the FeNC catalyst was added to this system, signifying that
large amounts of ROS were generated during the electro-Fenton-
like reaction. In addition, further results of AO7 degradation by
MOF, FeNs, and FeNs/MOF were compared (Fig. 3d), and the
corresponding removal rates were found to be 11.8%, 19.7%, and
72.8% within 60 min, respectively. FeNC achieved significant
improvement in AO7 degradation owing to the activation reaction
of Fe active sites on PMS. The kinetic degradation rate of AO7 was
calculated by data fitting using a pseudo-first-order equation. The
kinetic degradation rate of AO7 in the FeNC system reached
0.051 min~"', which was 26, 17, and 2 times higher than that of
MOF  (0.002min~"), FeNs (0.003min~"), and MOF/FeNs
(0.021 min~"), respectively (Supplementary Fig. 10). Furthermore,
the absorbance spectra of AO7-polluted solution samples at
various time intervals were collected, and the absorption peak
intensity was drastically decreased at 485nm in the electro-
Fenton-like reaction system, which finally completely disappeared

npj Clean Water (2023) 37

within 60 min (Fig. 3e). Various Fenton-like catalysts were used to
remove organic pollutants, as shown in Supplementary table 2.
FeNC exhibited considerably higher degradation efficiency and
kinetic rate than those recorded in many published studies.
Although the kinetic rates of MIL101-(Fe)/g-CsN4 or FeS,@Mo,C
achieved a higher kinetic rate than that of FeNC in the present
investigation, these Fenton-like reactions with MIL101-(Fe)/g-C5N4
or FeS,@Mo,C required significantly higher catalysts and PMS
dosages. Furthermore, these Fenton-like reactions with MIL101-
(Fe)/g-C3N,4 or FeS,@Mo,C exhibited weaker stability than FeNC in
our study. The loss of removal efficiency was only 0.2% after six
cycles in our study, and this system with MIL101-(Fe)/g-C3N,4 and
FeS,@Mo,C were 10.6% and 3.9%, respectively. The loss of
removal efficiency in this study was significantly lower than that in
other studies, further indicating the stability and effectiveness of
FeNC in the present study.

In addition to investigating the catalytic behavior, we con-
ducted a series of control experiments to achieve the maximum
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performance for AO7 removal. The removal efficiency increased
from 68.4% to 100% with an increase in the current density from 3
to 20mAcm~" (Supplementary Fig.11), and the corresponding
kinetic degradation rate improved from 0.020 to 0.067 min~'
(Supplementary Fig. 11). Considering that a high current would
destroy the electrode, 10mAcm~2 was chosen to effectively
remove AO7. In addition, continuous addition of PMS did not
improve the removal efficiency and kinetic degradation rate of
AO7 (Supplementary Fig.11), which was mainly ascribed to the
scavenging reaction between PMS and ROS®. These results
demonstrate that the promising electro-Fenton-like reaction
performance of FeNC may be due to the highly effective activation
reaction of PMS.

Generation of reactive species

As illustrated in Supplementary Fig. 12, the consumption rate of
PMS was faster than the degradation rate of AO7 in the FeNC-
activated electro-Fenton-like system, suggesting that ROS can be
abundantly and rapidly generated in this system. In addition, the
PMS concentration remained at a stable level in the presence of
lone PMS, further confirming the effectiveness of the electro-
Fenton-like system. To further investigate the main contributions
of crucial ROS to the AO7 degradation, different radical quenchers
were utilized to explore their effects. Adding these quenchers,
such as NaNs, furfuryl alcohol (FFA), L-histidine (LH),
p-benzoquinone (BQ), Kl, superoxide dismutase (SOD), and
catalase (CAT), had no evident influence on the degradation rate
of AO7 (Fig. 3f), indicating the absence of '0, and O,. When tert-
butanol (TBA), ethanol (EtOH), and methanol (MeOH) were used to
probe for «OH and SO, ", the degradation rate of AO7 was sharply
reduced, and the inhibiting effect was enhanced with an increase
in the concentration of the quenchers (Supplementary Fig.13).
Note that the inhibiting effect of MeOH was more evident than
that of TBA, indicating that the SO, radical played a more
important role than the «OH radical in AO7 degradation. Various
gases (O, Ar, and air) bubbled into the electrolyte did not
obviously affect the degradation rate of AO7 (Supplementary Fig.
14), indicating that the O element for the SO, ~and -OH radicals
was derived not from dissolved oxygen but from the PMS
activation reaction.

To further confirm the ROS produced in the electro-Fenton-like
system, EPR spectroscopy was performed to detect the ROS. The
four- and six-line peak intensities for «OH and SO, were
significantly increased with the reaction time (Fig. 3g). Notably,
the FeNC catalyst exhibited a stronger EPR peak intensity
(SO4and «OH radicals) than other catalysts under the same
reaction time (Fig. 3h), whereas the peak intensities for '0, and
O, "were very weak (Supplementary Fig. 15). Moreover, the
concentration of the ROS in this electro-Fenton-like system was
determined with different catalysts. The proportion of SO, ~and
*OH radicals in the ROS generated by the FeNC reaction system
was 99.05% (Fig. 3i and Supplementary Fig.15), indicating that a
radical process occurred in the electro-Fenton-like system. In
addition, the proportions of SO; and <OH radicals in other
reaction systems were substantially higher than that of 'O, and
0,"". Furthermore, the concentration of the SO, "radical was lower
than that of the «OH radical in all reaction systems, mainly because
of the reaction of SO, and H,O for producing the «OH radical*°.
The quenching experiment, EPR spectroscopy, and quantification
experiments confirmed that SO, and <OH radicals were the
dominant ROS for organic pollutant degradation in the electro-
Fenton-like system.

Mechanism investigation

To investigate the mechanism of the electro-Fenton-like reaction
for degrading organic contaminants, the change in the surface
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composition of FeNC was explored through XPS. Figure 4a
demonstrates that the high-resolution XPS spectra of Fe 2p from
fresh/used FeNC can be curve-fitted into six peak components.
Two characteristic peaks at 726.2 and 712.9 eV were attributed to
Fe3*, and the two peaks located at 723.9 and 7104 eV were
attributed to Fe?". Following the activation reaction, the area ratio
of the Fe 2p peak slightly changed, the area ratio of the Fe?* peak
located at 723.9 eV slightly decreased from 16.3% to 13.2%, and
the ratio of the Fe*" peak located at 710.4 eV gradually increased
from 25.0% to 27.8%. Note that the ratio of the Fe3* peak
increased at 726.2 eV and decreased at 712.9 eV. The transforma-
tion of these ratios remained more stable after the reaction than
before the reaction, indicating that an electron was transferred
between Fe** and Fe?" via the PMS activation reaction for ROS
generation. A vibrating sample magnetometer (VSM) was used to
explore the magnetic behavior of FeNC before and after the
reaction (Fig. 4b). As can be observed, the saturation magnetiza-
tion value of FeNC before the reaction was 23.6 emu g~', which is
similar to the value after the reaction (21.9emug™"). The above
results suggest that the magnetic properties of FeNC underwent
minor changes after the activation reaction, which benefitted to
the magnetic separation and reuse of the FeNC catalyst by the
electro-Fenton-like reaction device. EPR spectra were measured to
further investigate the electronic properties of different catalysts
(Fig. 4c). The EPR signal of FeNC was considerably stronger than
that of FeNs and FeNs/MOF, indicating more unpaired electrons in
the aromatic rings of FeNC.

To determine the critical active site, the FeNC catalyst was
treated with strong acid and alkali solutions for one week to
efficiently remove the Fe atom. The kinetic degradation rate of
AO7 via treated FeNC was sharply reduced from 0.051 to
0.003 min~" (Supplementary Fig. 16), indicating that the primary
catalytic contribution originated from the anchor of the Fe atom.
DFT calculations were used to assess the catalytic decomposition
properties of PMS; the corresponding Gibbs free energy is
presented in Fig. 4d. The occurrence and formation of SO, *
and HSOs™* in the FeNs/PMS and FeNs/MOF/PMS systems were
both exothermic reactions, suggesting that both the adsorption
and decomposition processes of PMS in the above system were
spontaneous. In the PMS decomposition process, the Gibbs free
energy of FeNC was —2.47 eV, which is lower than that of FeNC/
MOF (—3.06 eV) because the electrons located near the iron atom
helped transfer to the PMS adsorbed on the surface. Note that
desorption was the rate-limiting process of the catalytic reaction,
and the desorption energy of FeNC was considerably lower than
that of FeNs/MOF. Thus, the desorption performance of PMS can
be considerably enhanced by increasing the rate-limiting process,
which can improve the catalytic reaction between ROS and
pollutants in the following process and further accelerate organic
pollutant degradation.

The electron density difference between the catalysts and PMS
(Fig. 4e) showed the electron transfer from PMS to Fe active sites.
Then, the electron was transferred to the Fe-Fe bond during PMS
adsorption. In the reaction system (Fig. 4f), PMS was adsorbed on
the Fe actives sites because of the strong positively charged Fe
nanoparticles. In addition, the strong interaction between
negatively charged oxygen and positively charged Fe caused
the disassembly of PMS accompanied by the generation of
SO4"and +OH radicals. Notably, the dissociation reaction of PMS
on the surface of FeNs/MOF and FeNC was thermodynamically
favorable without energy barriers. In addition, the short Fe-O
bond between FeNC and PMS was markedly beneficial to the
electron transfer reaction compared with FeNs/MOF. Conse-
quently, FeNC can serve as an electron donor to adsorb PMS to
generate active radicals during electro-Fenton-like reactions.
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Fig. 4 Mechanism of reaction and density functional theory (DFT) calculations. a X-ray photoelectron spectroscopy (XPS) pattern of Fe 2p
before and after the reaction. b EPR spectra of the catalysts. ¢ Magnetic hysteresis loop of the catalysts before and after use. d Calculated free
energy profile for PMS to SO, process in the FeNC-activated electro-Fenton-like reaction system. e PMS adsorption on the surface of FeNs/
MOF and FeNC. f Calculated electron density difference diagrams of FeNs/MOF and FeNC with PMS adsorbed on the FeNC site.

Scalability and recyclability of the electro-Fenton-like reaction

As illustrated in Fig. 5a, the electro-Fenton-like reaction device for
degrading organic pollutants is constructed with three reaction
chambers. In the electro-Fenton-like reaction chamber, the FeNC
catalyst activates PMS to generate SO,~ and OH to remove
organic pollutants under electrochemical conditions with 0.05 M
Na,SO, as the electrolyte. In the ultrasonic regeneration chamber,
the activity of the used FeNC catalysts is recovered through
ultrasonic treatment at 200 Hz for 15 min. In the magnetic force
separation chamber, the recovered catalysts are separated by the
adsorption force of the magnet. Here, ultrasonic treatment can
restore the catalytic activity of the FeNC catalyst. Finally, the
magnetic FeNC catalysts are separated from the solution by the
adsorption force of the magnet. In particular, the separated
magnetic catalysts are continuously used as activators to generate
SO, and «OH to remove organic pollutants in the electro-Fenton-
like reaction chamber. The continuous operation of the device is
examined in the following sections, and its viability for the
purification of organic wastewater is assessed.

As illustrated in Fig. 5b, none of the cations (Mg>*, Ca®™, KT,
and Na™), anions (NO5~, S0,42~, HCO5~, and CI™), or natural organic
matter (Supplementary Fig. 17) affected the degradation rate
constant of AO7 at the different tested dosages, signifying that the
electro-Fenton-like reaction with the FeNC catalyst experiences
less disturbance from the usual background inorganic and organic
substances that exist in water. In addition, FeNC demonstrated
excellent pH adaptability, exhibiting similar degradation perfor-
mance of AO7 in the pH range of 2.5-11.5 (Fig. 5¢), indicating that
FeNC catalysts with dual reaction sites had high tolerance to
changes in pH. In addition, the electro-Fenton-like system can
degrade various organic pollutants, including phenols (4-chlor-
ophenol [4-CP], phenol, and bisphenol A [BPA]), antibiotics
(tetracycline [TC], oxytetracycline [OTC], and caffeine [CAF]), and
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dyes (methyl blue [MB], rhodamine B [RhB], and AO7) (Fig. 5d).
Consequently, the electro-Fenton-like system has great potential
for the purification of chronic and emerging organic contaminants
in water.

Figure 5e indicates that the electro-Fenton-like system can
achieve similar degradation properties and kinetic rate constants
as AO7 in deionized and natural water (i.e., ground water, sea
water, and Pearl river water), indicating its high practical
application potential. The stability of the system for AQO7
degradation was tested by six continuous cycles. As illustrated
in Fig. 5f, the electro-Fenton-like system with the FeNC catalyst
exhibited a stable degradation level, as confirmed by the flat
kinetic rate plateau (inset of Fig. 5f). No significant changes in the
morphology (Supplementary Fig. 18) or peak shift of Fe 2p (Fig.
4a) were observed after the continuous reaction. TOC removal
efficiency remained stable during the six testing cycles (Supple-
mentary Fig. 19). This phenomenon was mainly attributed to the
rapid recovery of catalyst activity after the introduction of
sonication treatment when AO7 molecules adsorbed on the
surface captured the active center of FeNC. The sonication
treatment was an effective approach for removing carbon
deposition on the surface of catalysts*' and prevent the poisoning
of the catalyst, further recovering the ability of the catalysts. As
illustrated in Fig. 5g, the leaching amount of Fe ions is less than
70 ug L~ after continuous five-cycle operations, which is below
the standard for drinking water specified by the World Health
Organization.

The highly effective and continuous catalytic ability of FeNC in
the electro-Fenton-like system reveals considerable potential for
remediating real industrial wastewater. In addition, benefiting
from the ubiquitous existence of dual reaction sites, various
catalysts with similar properties can be used to degrade organic
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replicates).

wastewater. These catalysts are typically low-cost and commer-
cially available MOF materials.

DISCUSSION

In summary, we synthesized a magnetic catalyst and designed an
engineering device to address three challenges of the Fenton-like
reaction in treating organic wastewater: (i) the leaching of metal
ions; (ii) the recovery of catalysts; and (iii) the continuous
generation of ROS. First, we comprehensively investigated the
effectiveness and stability of the magnetic catalyst (FeNC) in
removing organic pollutants via the electro-Fenton-like reaction.
The FeNC catalysts synthesized herein provide dual reaction sites
for efficient PMS activation to generate SO, and -OH radicals.
Additionally, this structure can significantly reduce the leaching of
metal ions (70 ugL~"). Subsequently, we designed and con-
structed an electrolysis reaction device containing an electro-
Fenton-like reaction chamber, an ultrasonic regeneration

Published in partnership with King Fahd University of Petroleum & Minerals

=2 AO7=50mgL""', PMS=10mM, pH=7.0, T=28°C. Error bars show the standard deviation (n=3 independent

chamber, and a magnetic force separation chamber. The FeNC
catalysts used in this device can be regenerated, separated, and
reused to continuously generate ROS through the electro-Fenton-
like reaction for the effective degradation of organic pollutants.
We also used this device to treat various organic pollutants
containing phenols, antibiotics, and dyes, and found that the
kinetic degradation rate of phenols (0.077-0.126 min~') was
substantially higher than that of antibiotics (0.036-0.049 min~")
and dyes (0.051-0.099 min~"). The proposed technology is a
promising alternative for large-scale applications in biological and
chemical engineering as well as areas related to electro-Fenton-
like reactions for the remediation and purification of wastewater.

METHODS
Materials

Zinc nitrate (Zn(NOs),-6H,0, 99%), 1,4-Benzene dicarboxylic acid
(H,BDC, 99%), acetic acid (HAc), N, N-Dimethylformamide (DMF,
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99%), ferric chloride hexahydrate (FeCls-6H,0), Iron(lll) nitrate
(Fe(NO3)3-H,0, 99%), urea (99%), polyethylene glycol, sodium acetate
trihydrate (NaAc, 98.5%), CTAB, ammonia solution (NH,OH, 99.99%),
sodium sulfate (Na,SO,4), oxone (KHSO50.5KHSO,-0.5K,S0,, PMS,
99%), 4-CP, CAF, MB, TC, OTC), BPA, RhB, AO7, phenol, magnesium
chloride (MgCl,), calcium chloride (CaCl,), potassium chloride (KCI),
sodium chloride (NaCl), sodium nitrate (NaNO;), sodium sulfate
(Na,S0,), sodium bicarbonate (NaHCOs), MeOH, TBA, EtOH, NaNs,
FFA, LH, BQ, KI, SOD, CAT, dimethyl pyridine N-oxide (DMPO), and
2,2,6,6-tetramethylpiperidine (TEMP) were purchased from Aladdin.

Preparation of MOF

BPDC (0.3 mM) and Zn(NOs),-6H,0 (0.3 mM) were added subse-
quently to the DMF solution (20 mL) via sonication for 30 min.
Then, HAc (0.5 mL) and HCI (0.1 mL) were added to the mixture
solution through sonication for 30 min. Next, the above solution
was transferred into a 100 mL Teflon-lined hydrothermal reaction
kettle at 120 °C for 24 h. Finally, the sample (MOF) was obtained
via further calcination at 900 °C for 2 h under argon gas protection.

Preparation of Fe nanoparticles (FeNs)

FeCl5-6H,0 (5 mM) and Fe(NOs)s-H,O (5 mM) were dissolved in
ethylene glycol (40 mL) to form a saffron yellow solution, followed
by the addition of NaAc (20 mM) and polyethylene glycol (1.0 g).
Then, the sample was heated to 200 °C for 12 h in an autoclave. Fe
nanoparticles (FeNs) were obtained by washing and drying.

Preparation of FeNs/MOF

During FeNs preparation, MOF (500 mg) and urea (20 mM) were
introduced into the reaction solution through sonication for
60 min. Following the hydrothermal reaction, the sample was
further heated to 550°C for 4h under argon atmosphere at
2°Cmin~". The synthesized sample is denoted as FeNs/MOF.

Preparation of FeNC

FeNs/MOF (100 mg) was dispersed in 20mL methanol via
sonication for 30 min. Subsequently, NH,OH (3 mL) and CTAB
(60 mL) were added to the mixture and stirred for 6 h to form a
homogenous solution. After a series of processes, namely,
centrifugation, washing, and drying, the samples were further
heated to 900°C for 4h under argon atmosphere at a rate of
2°Cmin~". The final sample is denoted as FeNC.

Material characterization and analysis methods

Surface morphology and structure of the samples were observed
using SEM (ZEISS Gemini 300) and high-resolution TEM (FEI Talos
F200s) equipped with EDX. The pattern of the samples was
measured via powder XRD (Rigaku Ultima IV, Japan) with Cu Ka
radiation. The elemental composition of the samples was
determined via XPS (Thermo Scientific K-Alpha) with Al Ka
radiation. The sample surface area and pore size distribution
were measured using the BET method based on the nitrogen
adsorption/desorption isotherm by an analyzer (ASAP2460). The
surface functional groups of the samples were determined
through FTIR (Vertex 70, Germany), and the magnetic properties
of the samples were explored through VSM (ATM 2900). The
concentrations of AO7, RhB, and MB were determined using a
UV-vis spectrophotometer (UV-3600 Plus) in the wavelength
range of 200-800 nm. The concentrations of contaminants (4-CP,
CAF, TC, OTC, BPA, phenol, and PMS) were determined using a
high-performance liquid chromatographer (HPLC, Agilent 1260).
The amount of Fe ions in the solution was determined using an
inductively coupled plasma atomic emission spectrometer (ICAP
7200). The XAS of the samples was collected at the Singapore
Synchrotron Light Source center, where a pair of channel-cut Si
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(111) crystals was used in the monochromator. The storage ring
operated at an energy of 2.5 GeV with an average electron current
below 200 mA. The TOC was detected using a TOC analyzer (VCPH,
Japan). The EPR spectra were measured using a Bruker EMXnano
spectrometer with DMPO or TEMP as a spin-trapping agent to
detect free radicals (such as SO,~, -OH, and O,7) and singlet
oxygen ('0,), respectively. SO4~, -OH, and O, were qualitatively
analyzed via a rapid spectrophotometric method*?, the terephtha-
lic acid photoluminescence method*?, and the nitroblue tetra-
zolium transformation method**, respectively.

Activity evaluation

The degradation experiments were conducted in a 250 mL reactor
with an anode and a cathode with a constant stirring speed
(300 rpm). Ti/RuO,—IrO, and Ti plate electrodes were used as anode
and cathode electrodes, respectively. In a typical experiment,
50mgL~" AO7 was introduced into the reactor, and the current
density was set to 10 mA cm~2. In addition, PMS was added into the
solution at a concentration of 10 mM. The electrolyte contained
0.05 M Na,S0O, solution. In addition, the catalyst was added to the
electrolyte to maintain a concentration of 50 mgL~". The reaction
solution at an interval time (2.5, 5, 10, 20, 40, 60 min) was detected
through HPLC. The degradation process of AO7 in this study was
consistent with pseudo-first-order kinetics, and the kinetic degrada-
tion rate constant (k) of AO7 degradation was further explored. The
corresponding equation is given as follows:

In(C¢/Co) = —kt (5)

where C; and C, denote the concentration of AO7 at time t and
zero min, respectively.

Electrochemical measurements

The electrochemical performance of the samples was measured
using an electrochemical workstation (CorrTest, 310) with a
traditional three-electrode cell. A Pt wire electrode and Ag/AgCl
electrode were used as the counter and reference electrodes,
respectively. A glass carbon (GC) electrode with an area of 0.196 cm?
was used as the working electrode. Ink was prepared by dispersing
5mg catalysts and 1 mL ethanol into 20 pyL Nafion with continuous
sonication. Then, the slurry was pipetted onto the GC surface, and
the loading amount was 0.25mgcm™2 The electrolyte was 0.5 M
Na,SO, solution. LSV was performed in the range of 0.4 to 20V ata
scanning rate of 2 mV s~ '. CV was performed in the range of —0.2 to
0.6 V at a scanning rate of 2 mV s~'. Quenchers such as EtOH, MeOH,
TBA, NaNs, FFA, LH, and BQ were used to distribute the contributions
of -OH and SO,~, 0,7, and '0,. KI, SOD, and CAT were used to
quench surface hydroxyl radicals, O,~, and H,0,%, respectively.

Density functional theory (DFT) calculations

Calculations were performed in the framework of DFT using the
Castep module in the Material Studio software?® using the
Perdew-Burke-Ernzerhof generalized gradient approximation®’.
The kinetic energy cutoff was set to 450 eV, and the k-point for the
bulk was 2x2 x 7. The force on each atom was set to less than
0.03eVA~" based on the convergence criterion of geometry
relaxation. The adsorption energy of PMS (E,;) on FeNC was
calculated based on the following equation:

Ead = Erotal - Epms - Esub: (6)

where E;q is the total energy of the adsorbed system, and E,,s and
E.p are the energies of the free PMS and substrate, respectively.
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