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ARTICLE INFO ABSTRACT

Editor: Sungjun Bae Heterogeneous Fenton-like process based on H0; activation has been widely tested for water purification, but
its application still faces some challenges such as the use of high doses of chemicals (including catalysts and

Keywords: H,03). Herein, a facile co-precipitation method was utilized for small-scale production (~50 g) of oxygen va-

Fe304 cancies (OVs)-containing Fe3O4 (V,-Fe304) for HyO2 activation. Experimental and theoretical results collabo-
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ratively verified that H,O, adsorbed on the Fe site of Fe304 tended to lose electrons and generate O3. While the
localized electron from OVs of V,-Fe304 could assist in donating electrons to HoO2 adsorbed on OVs sites, this
allowed more H,0, to be activated to *OH, which was 3.5 folds higher than Fe304/H202 system. Moreover, the
OVs sites promoted dissolved oxygen activation and decreased the quenching of O3 by Fe(lIl), thus promoting
the generation of '0,. Consequently, the fabricated V,-Fe3O4 achieved much higher oxytetracycline (OTC)
degradation rate (91.6%) than Fe3O4 (35.4%) at a low catalyst (50 mg/L) and HyO5 dosage (2 mmol/L).
Importantly, further integration of V,-FesO4 into fixed-bed Fenton-like reactor could effectively eliminate OTC
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(>80%) and chemical oxygen demand (COD) (21.3%~50%) within the running period. This study provides
promising strategies for enhancing the HyO3 utilization of Fe mineral.

1. Introduction

Owing to their abundance in Earth’s crust, environment-friendly
performance, and capacity of activating hydrogen peroxide (H2O2),
iron-based minerals, such as goethite (FeOOH), hematite (Fe,O3) and
magnetite (FegO4) have aroused interesting attention in heterogeneous
Fenton-like reaction for treating polluted wastewater in recent years
[1-4]. Thereinto, Fe304 may be more attractive owing to the presence of
intrinsic Fe(II) for HoO3 activation and superior magnetic properties for
separation [5,6]. Nevertheless, the HyO; utilization efficiency of Fe304
is usually very low on account of the aggregation of Fe3O4 and insuffi-
cient iron cycle (Fe(IlI)/Fe(II)) during Fenton-like reaction [3,7]. As
described in previous literature, excessive doses of HyO5 (10-50
mmol/L) was typical required to degrade relatively low concentrations
of organic pollutants (0.01-0.3 mmol/L) in FesO4-based heterogeneous
Fenton-like system (Table S1) [8-14]. The attempt to reduce HyO
consumption is thus of great significance.

Such an objective can be achieved by tuning the intrinsic catalytic
sites of Fe3O4 to modulate its Fenton-like activity [15,16]. In fact, except
for the traditional surface Fe sites of Fe oxides, some microstructures
over Fe oxides, such as oxygen vacancies (OVs) and electron
distribution-polarized micro-areas have also been investigated as po-
tential catalytic sites for HoO5 activation in recent years [17-20]. Taken
OVs as example, it has been reported that OVs are possible to modify the
surface electronic structure of metal oxides and enhance their electronic
conductivity, thus positively affecting the metal redox cycle and inter-
facial electron transfer between metal oxides and HyO5 [21,22]. On the
other hand, OVs may act as reactive sites for substrates (i.e., HyO2 and
dissolved oxygen (DO)) adsorption as well as activation due to the
coordinative unsaturation property and accumulated local electrons,
then accelerating the production of reactive species [23,24]. Our pre-
vious work also reported that the existence of OVs prominently altered
the surface properties of CuO, and switched the reaction mechanism
from eOH generation to the major formation of Cu(IIl) [25].

Inspired by the above processes, it can be envisaged that preparing
Fe304 with dual-catalytic sites through modulating OVs should be a
promising strategy to enhance the HyO5 utilization efficiency and cat-
alytic performance. Nevertheless, to date, scale production of OVs-
containing Fe304 (Vo-Fe3O4) in a facile method is still challenging.
Moreover, the following concerns, including (i) the electron transfer
process between Hy0» and V,-Fe3Oy; (ii) the influence of synergistic
effects between OVs and surface Fe sites on reactive species generation;
and (iii) the scale-up application performance of the obtained catalyst,
remain to be unrevealed, which still needs to be further investigated for
promoting the practical application.

Therefore, in this study, a convenient and eco-friendly coprecipita-
tion method is employed to prepare OVs-rich Fe3O4 (V,-Fe304). Then,
the Fenton-like activity of the obtained catalyst is studied by degrading
oxytetracycline (OTC), a typically antibiotic in water environment, in
batch reactor and continuous fixed-bed reactor. Other characteristics
during Fenton-like reaction such as (i) the utilization efficiency of HyOq;
(ii) the influence of experimental conditions including HoO, dosage,
initial pH and co-existing anions on catalytic performance are discussed.
Besides, the interfacial reactions between V,-Fe304 and H,05, as well as
the generation mechanism of reactive species are explored in depth by
combining experimental and theoretical studies.

2. Materials and methods
2.1. Materials

Ammonium hydroxide (NH3-H30), Hz0, sodium borohydride
(NaBH,), ferrous sulfate heptahydrate (FeSO4-7 Hy0), ferric chloride
hexahydrate (FeCls-6 Hy0), OTC, 2,2,6,6-tetramethylpiperidine (TEM-
POL), tert-butyl alcohol (TBA), L-tryptophan, 1,3-diphenylisobenzo-
furan (DPBF), sodium hydroxide (NaOH), hydrogen chloride (HCD),
and quartz sand were purchased from Sinopharm Chemical Reagent
Corp (Beijing, China). Ultrapure water, of which the resistivity was
18.25 MQecm, was applied throughout the experiment.

2.2. Preparation of catalysts

Fe304 was synthesized through co-precipitation method. To be spe-
cific, 0.02 mol FeSO4-7 H,0 and 0.04 mol FeCls-6 H,0 were dissolved in
oxygen-free water (40 mL) to obtain a mixed solution. Subsequently,
NH;3-H20 (12 mL) was added dropwise at 80 °C and stirred for 5 min, the
obtained suspension was named as A. Then, 12 mL oxygen-free water
was added dropwise into A and further stirred for 2 h. The obtained
black solid was filtered and washed with ultrapure water and ethanol
several times to acquire Fe3gO4. For synthesizing V,-Fe304, 12 mL NaBH4
(CnaBH4) = 2 mol/L) instead of oxygen-free water was added drop-wise
into A, and the rest of steps were the same as Fe304 synthesis. For scale
production of V,-Fe304, 0.3 mol FeSO4-7 Ho0 and 0.6 mol FeCl3-6 HyO
were dissolved in 600 mL oxygen-free water to obtain a mixed solution.
The following steps were the same as V,-Fe3O4 synthesis, and the vol-
ume of NH3-H20 as well as NaBH4 (Cnapu4) = 2 mol/L) was 180 mL.

2.3. Characterization of catalysts

A detailed description of the characterization technologies and
methods of density functional theory (DFT) calculations [26-34] is
included in Text S1.

2.4. Experimental procedure

2.4.1. Stirred reactor experiment

Firstly, OTC solution (10 mg/L) was prepared in a volume of 100 mL.
Then 5 mg of catalyst was added into the solution, and adsorption/
desorption equilibrium was acquired by stirring for 30 min. For trig-
gering Fenton-like reaction, HoO5 (1 mol/L) was then added. Besides,
samples were taken out during each interval, filtrated through a 0.22 yum
Millipore membrane filter, and then quenched by adding 70 uL of TBA.
The above solution was used for analysis. For studying the effect of so-
lution pH on Fenton-like activity, the solution pH was adjusted by NaOH
and HCL. For studying the performance of V,-Fe3O4 in natural water,
OTC solution (10 mg/L) was prepared by using lake water (Taozi Lake,
Changsha, China) and river water (Xiangjiang River, Changsha, China)
as solvent.

2.4.2. Fixed-bed reactor experiments

For fixed-bed reactor experiments, four parts including wastewater
storage (containing OTC and H20j), peristaltic pump, packed bed
(including 0.05 g of catalyst and 50 g of quartz sand), and fraction
collector were involved. The whole reaction was propelled by the power
provided by the peristaltic pump. Meanwhile, 5 mL of the sample was
collected at regular intervals for further analysis.
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2.5. Analytical methods

The residual OTC concentration was determined through high per-
formance liquid chromatography (HPLC, Agilent 1260, USA), where the
mobile phase consisted of methanol, acetonitrile, and 0.005 mol/L
oxalic acid (15: 10: 75 (v/v/v)), the flow rate was 1 mL/min, and
detection wavelength was 355 nm. Besides, Shimadzu TOC-VCPH
analyzer was applied to study the total organic carbon (TOC) removal
efficiency. HACH DR/2010 spectrophotometer was used to measure the
chemical oxygen demand (COD) value. The leaching amount of Fe
during reaction was detected by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7900). High-performance liquid
chromatography-mass spectrometry (HPLC-MS, 1290/6460 Triple
Quad) was employed for studying the degradation intermediates of OTC.

The variation of HyO5 concentration during Fenton-like process was
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detected by a titanium (IV) (Ti(IV)) colorimetric method [35]. In-situ
detection of superoxide radical (0%), hydroxyl radical (*OH), and
singlet oxygen ('0,) was performed through electron paramagnetic
resonance (EPR) technology (Bruker EMXplus spectrometer), where
DMPO and TEMP were used as spin-trap reagents, respectively. Quan-
tification of *OH was conducted by employing 2 mmol/L benzoic acid
(BA) as a probe. It was known that BA reacting with 5.87 + 0.18 moles
eOH produced one mole p-hydroxybenzoic acid (p-HBA) [36], the
generated p-HBA could then be detected by HPLC. The mobile phase
consisted of 0.1% acetic acid and methanol (50: 50 (v/v)) with detection
wavelength to be 254 nm.
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Fig. 1. SEM images of (A) Fe304, and (B-C) V,-Fe30,4; (D-F) EDS-elemental manning of V,-Fe304; (G) XRD patterns, and (H) magnetic hysteresis loops of Fe;04 and

V,-Fes04.



L. Liet al

3. Results and discussion
3.1. Characterization of catalysts

Fig. 1(A-C) shows the scanning electron microscope (SEM) images of
obtained materials. As displayed in Fig. 1 (A), Fe3O4 mainly existed in
spherical morphologies with partial in rod-like morphologies. Mean-
while, it was found that V,-Fe304 exhibited a flower-like nanostructure
constructed by several nanosheets (Fig. 1(B-C)). These results indicated
that treating Fe3O4 precursor with NaBH4 had significant influence on
the morphology, this was probably because the addition of NaBH4
affected the nucleation and aggregation growth rate of Fe3O4 precursor
[37,38]. In addition, the elemental composition of V,-Fe304 was further
studied by energy-dispersive spectrometry (EDS)-elemental mapping
(Fig. 1(D-F)), which suggested the uniform distribution of Fe and O.

The X-ray diffractometer (XRD) patterns of obtained catalysts are
presented in Fig. 1(G). As can be seen, both Fe304 and V,-Fe304 showed
characteristic diffraction peaks at 26 around 30.1°, 35.5°, 43.1°, 53.5°,
57.0°, and 62.6°, belonging to the (220), (311), (400), (422), (511), and
(440) crystal planes of Fe3O4, respectively (PDF No.88-0866) [8].
Meanwhile, the clear lattice fringes were observed from the
high-resolution transmission electron microscope (HRTEM) images of
Vo-FesO4 (Fig. S1), and the lattice spacing was about 0.219 nm,
0.254 nm and 0.298 nm, corresponding to the (400), (311) and (220)
facets of Fe3Oq4, respectively. This further verified that the structure of
Vo-Fe304 belonged to Fe3Og4.

The magnetization properties of obtained catalysts were then studied
by vibrating sample magnetometer (VSM). It can be found from mag-
netic hysteresis loops (Fig. 1(H)) that both Fe304 and V,-Fe304 exhibited
strong magnetic response to the changed magnetic fields (Table 1).
Meanwhile, the saturated magnetization (Ms) of V,-Fe3O4 was slightly
lower than that of Fe30y4, and this may be due to the magnetocrystalline
anisotropy of FegO4. As previously reported, the magnetic properties of
Fe304 showed anisotropy along the axis of the crystal, and in this case,
Fe304 with different morphological structures might exhibit different
magnetic properties [9].

Besides, the pore characteristic and surface area of Fe3O4 and V-
Fe304 were explored via Ny adsorption-desorption isotherms. The re-
sults are presented in Fig. S2 and Table 1. It can be observed that the BET
specific surface area of V,-Fe3O4 increased compared to Fe3O4, which
may be due to the flower-like structure of V,-Fe3Oy4 alleviating the ag-
gregation of nanoparticles, and therefore enlarging the specific surface
area. Generally, a larger surface area may allow the catalyst to expose
more reactive sites for substrate contact, which then favors the catalytic
process.

Additionally, the surface chemical states of catalysts were studied via
X-ray photoelectron spectroscopy (XPS). The XPS survey demonstrated
the existence of O and Fe in the obtained materials (Fig. 2(A)). Besides, O
1 s spectra of Fe3O4 (Fig. 2(B)) could be deconvoluted into three peaks,
including O-H from surface-absorbed water (Opy at 533.3 eV), oxygen
species chemisorbed at OVs sites (Oy at 531.4 eV), and lattice oxygen
(O, at 530.1 eV) [18,39,40]. The area of Oy was higher for V,-Fe304
(Fig. 2(C)) than Fe304, suggesting that V,-FesO4 possessed more OVs
among these two samples. The high-resolution XPS spectra of Fe 2p
further confirmed this statement. As displayed in Fig. 2(D), the peaks at

Table 1
BET specific surface area, pore diameter, pore volume, saturated magnetization
(Ms), and remnant magnetization (Mr) of obtained catalysts.

Samples Fe304 Vo-Fez04
BET specific Surface area (m?/g) 98.07 113.48
Pore volume (cmg/g) 0.33 0.31
Pore diameter (nm) 11.87 10.09
Ms (emu g™) 55.03 51.72
Mr (emu g) 1.15 0.46

Journal of Hazardous Materials 457 (2023) 131800

711.1 eV and 724.7 eV could be attributed to the Fe 2p3/» and Fe 2p; 2
of Fe(II) oxidation state, respectively [41,42]. Meanwhile, the binding
energies of the other two peaks were 713.1 eV and 727.1 eV, respec-
tively, which belonged to Fe(Ill) [43]. Compared with Fe3O4, the peak
area ratio of Fe(Il) to Fe(Ill) in V,-Fe3O4 increased. This might be
because the electrons around OVs could be easily attracted by neigh-
boring metal ions and then led to the reduction of metal ions [18].

The existence of OVs was further confirmed by EPR technology
(Fig. 2(F)). It can be observed that both Fe3O4 and V,-Fe3O4 showed
signal with g value of 2.003, which was the typical signal example of
OVs [39,44]. Meanwhile, V,-Fe3O4 exhibited stronger intensity among
these samples, further verifying that a higher concentration of OVs was
obtained in V,-Fe3O4. As reported by some literatures, the oxidation
state of metal ions would be decreased when metal oxide underwent
redox reaction with NaBH,4, which would result in the generation of OVs
(anion defects) because of the charge neutrality of crystal [18,45]. To
further reveal the effect of OVs on electronic structure of Fe3Qy4, the
charge density difference before and after introduction of OVs was
investigated by DFT calculation. As observed from Fig. 3(C-D), the
electron density of Fe atom increased with the introduction of OVs,
suggesting the enhancement of Fe reduction, which was consistent with
the XPS results.

3.2. Catalytic performance in bacth reactor

Then, the Fenton-like activities of Fe304 and V,-Fe304 were evalu-
ated by studying the results of OTC degradation. Obviously, OTC con-
centration barely decreased in the presence of HyO, alone (Fig. 4(A)),
suggesting that HyOy could hardly degrade OTC. Meanwhile, OTC
concentration decreased by about 35.4% in Fe304/H205 system. In
contrast, 91.6% of OTC could be degraded in V,-Fe304/H202 system,
and only 25.2% of OTC can be removed when using V,-Fe3O4 alone,
indicating that the interaction between V,-Fe3O4 and H204 played an
important role in OTC degradation. In addition, the pseudo-first-order
kinetic for OTC degradation was also studied. It could be found from
Fig. 4(B) that the rate constant of V,-Fe304/H205 system was
0.0311 min™!, which was about 10 times higher than that of Fe304/H202
system (k = 0.003 min™).

In order to further study the Fenton-like activity of Fe3O4 and V,-
Fe304 during reaction, the utilization rate of HyO2 (1)) was calculated
based on the previous described method (Text S2) [46,47]. In general,
H»0, utilization efficiency is defined as the ratio of stoichiometric HyO4
consumption ([/\H,0,]s) for pollutants mineralization to the actual
H,05 consumption ([/AH202]4). As shown in Fig. 4(C), the [AH202]a
for Fe3O4 and V,-Fe304 within 90 min was 0.08 mmol/L and
0.65 mmol/L, and TOC removal efficiency was determined to be 4.1%
and 39.2%, respectively (Fig. S3). Then, the HyO; utilization efficiency
by different catalysts was calculated and ordered as V,-Fe304 (62.8%)>
Fe304 (52.5%) (Table S2). Thus, it can be concluded that V,-Fe304
showed higher Fenton-like activity, which may be because: (i) the
flower-like nanostructure and increased surface area facilitated the
exposure of reactive sites for OTC and H,0; contact; (ii) the existence of
more OVs could promote Fe(II) generation and act as reactive site (see
Section 3.4 for detail), therefore enhancing H,O activation; and (iii) the
generated OVs could enhance the electronic conductivity of catalyst and
accelerate the electron transfer. This was confirmed by the liner sweep
voltammetry (LSV) results (Fig. 4(D)), where the current response in
Vo-Fe304/H20, system was stronger than that in Fe304/H202 system,
indicating the accelerated electron transfer process in V,-Fe304/H204
system. Electrochemical impedance spectroscopy (EIS) results also
supported this statement (Fig. 4(D)), in which V,-Fe3O4 exhibited a
smaller semicircle diameter than Fe3Oy4, indicating its lower interfacial
charge transfer resistance.

3.2.1. Effect of operating factors
As for the effect of HoO5 dosage, it was found that OTC degradation
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tration= 2 mmol/L;.

rate increased from 84.3% to 91.6% when Hy05 dosage increased from
0.5 mmol/L to 2 mmol/L (Fig. S4). While OTC degradation efficacy
decreased to 87.5% and 86.9% respectively with HoO, dosage further
increasing to 5 mmol/L and 10 mmol/L. This may be because excessive
H20;2 would compete with OTC to react with generated reactive species
such as *OH [25,48], then leading to the decrease of OTC degradation

efficiency. Therefore, 2 mmol/L of H,O5 was utilized in the subsequent
experiment. Besides, it is worth mentioning that compared with other
works relating to Fe3O4-based Fenton-like process (Table S1), OTC can
be effectively degraded by using less catalyst dosage (50 mg/L) and
H30, dosage (2 mmol/L) in this V,-Fe304/H20; system, suggesting that
Vo-Fe30y4 is an effective catalyst for heterogeneous Fenton-like reaction.
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Meanwhile, solution pH is an important factor affecting the Fenton-
like activity. Hence, the catalytic activities of V,-Fe3O4/H202 system
under different initial pH (3—9) were also studied with results displayed
in Fig. 4(E). It was observed that the OTC degradation efficiency at pH 3,
4.7 (unadjusted pH of OTC solution), 6, 7, and 9 was 63.2%, 91.6%,
84.3%, 82.5%, and 82.0%, respectively. In general, Fenton-like reaction
is considered to be more effective under acidic condition since the
generation of eOH is enhanced and eOH possesses higher oxidation
potential [49]. However, a pH 3 solution resulted in a minimal degra-
dation efficiency in this study. To explore the reason, the pH at the point
of zero charge (pHp,c) of V,-Fe3O4 was then measured (Fig. S5). The
results showed that the surface of V,-Fe3O4 possessed a positive charge
at pH 3. Meanwhile, according to previous studies, OTC mainly existed
as H3OTC™ at pH 3 [50,51]. Therefore, the electrostatic repulsion would
occur between OTC and Vo-Fe304 at pH 3, as confirmed by the reduced
adsorption of OTC over V,-Fe3O4 surface (Fig. 4(E)), which could be
responsible for the decreased degradation efficiency. Furthermore, the
leaching amount of Fe at pH 3 was obviously higher than that at pH 4.7
(Fig. 4(F)). The higher loss of Fe would lead to the destruction of original
surface properties of V,-Fe3O4, which may also be responsible for the
decreased OTC degradation efficiency at pH 3 [18,25]. Besides, the
variation of pH during the reaction was investigated. It was found that
the solution pH changed from 4.7, 6, 7, and 9-4.72, 5.16, 6.44, and 6.76
respectively after adsorption, and there was little change in the subse-
quent degradation process (Fig. S6). The stable pH environment may be
responsible for the good activity of V,-Fe304/H20 system under a wide
pH range (pH = 4.7-9).

In addition, the influence of some inorganic anions involving NO3,
Cl, SO%, as well as HCO3 on the catalytic activity of V,-Fe304/H202
system were studied, since these anions usually exist in the natural
waters, and can compete with target pollutant to react with *OH or O3.
As displayed in Fig. S7, the order in which these anions affected Fenton-
like activity of V,-Fe304 was HCO3 > SOF > NOj3 ~ CI". The detailed
discussion is presented in Text S3. Meanwhile, this V,-Fe304/Hy04
system could also remove most of OTC in natural water. The OTC

Journal of Hazardous Materials 457 (2023) 131800

degradation efficiency in lake water and river water was determined to
be 81.6% and 78.2%, respectively (Fig. S8).

3.3. Reactive species analysis

Firstly, the main reactive species in Fe304/H202 system and V,-
Fe304/H202 system were semi-quantitatively estimated through EPR
technology. The evident signals of DMPO-03%, TEMP-'0,, and DMPO--
*OH were detected (Fig. 5(A-C)), suggesting the production of O3, 10,,
and °OH in the above catalytic system. Meanwhile, the intensities of
DMPO-03 and TEMP—102 in V,-Fe304/H20; system were much stronger
than that in Fe304/H205 system, indicating the higher concentration of
0% and 'O, in V,-Fe304/Hy0, system. The enhanced generation of 0%
may be because the introduction of OVs promoted the activation of DO.
This hypothesis was confirmed by the Fenton-like activity of Fe304 and
Vo-Fe304 under Ar atmosphere. As displayed in Fig. S9, the Fenton-like
activity of Fe3O4 slightly altered while that of V,-Fe304 obviously
decreased under Ar atmosphere, which demonstrated the important role
of DO activation in V,-Fe304/H20; system. As for 10,, it can be found
from Fig. S10 that the consumption of DPBF was obviously inhibited
when TEMPOL was presented, indicating that O3 was the precursor of
102 (Egs. (1-2)). In addition, since the reduction of Fe(III) (Fe(II)/Fe
(ID)) could be accelerated with the assistance of OVs, the quenching of
0% by Fe(Ill) (kpeam, 02e- =5 x 107 M s1) [52] in V,-Fe304/Hy0
system would be decreased, which consequently reduced the con-
sumption of O%. The enhanced generation and reduced consumption of
0% facilitated Egs. (1-2), and thus promoting the generation of 1O,.

Nevertheless, the intensity of DMPO-*OH in V,-Fe304/H20, system
was only slightly higher than that in Fe304/H205 system. To further
compare °OH generation within Fe304/H0, system and V,-Fe3Os/
H,0- system, *OH concentration in reaction system was quantified by
using BA as a probe. As seen from Fig. 5(D), “OH concentration in V,-
Fe304/H20; system was approximately 3.5 times than that in Fez0y4/
H»0; system. In this case, it was considered that the introduction of OVs
significantly promoted °OH generation. Besides, the enhanced
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Fig. 5. (A) The EPR spectra of DMPO-"0OH, (B) DMPO-O3 and (C) TEMP-10, in Fe30,4/H,0, system and V,-Fe304/H,0, system; (D) *OH generation in Fe304/H50,
system and V,-Fe304/H>0, system; (E) The degradation curve of OTC with different inhibitors in Fe304/H,0, system; and (F) The degradation curve of OTC with
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generation of *OH may be related to the accelerated regeneration of Fe
(II) and distinguishing electron transfer process, which will be discussed
in the later section.

0, +HO,- +H"—>'0, +H,0, @

20; + 2H20—>102 + H202 -+ 20H7 (2)

Then, the role of different reactive species was studied through
quenching experiments. To be specific, TBA was utilized as the quencher
of *OH, TEMPOL was employed to scavenge O3, and L-tryptophan was
used to quench 10,. As shown in Fig. 5(E), the existence of TBA, TEM-
POL, and L-tryptophan in Fe304/H30, system decreased OTC degrada-
tion efficiency to 25.3%, 16.1% and 23.9%, respectively. These results
suggested that all *OH, O3, and 10, contributed to OTC degradation in
Fe304/H20; system, which was in accordance with EPR results. Mean-
while, in V,-Fe304/H20, system, the degradation efficiency of OTC
decreased to 36.9%, 27.3%, and 54.9% respectively when adding TBA,
TEMPOL, and L-tryptophan as quencher (Fig. 5(F)). It was found that in
both Fe304/H205 system and V,-Fe304/H202 system, O3 played a major
role in OTC degradation. This might because the recombination of 0%
and HOqe was mainly responsible for 10, generation. Therefore, the
scavenger of O3 could also result in the decrease of 10y, further causing
a decrease in OTC degradation efficiency. Besides, in Fig. 5(E-F), the
concentration of OTC appeared to increase with the degradation pro-
gressing. This may be because the adsorption-desorption process still
existed when OTC could not be further degraded, which therefore
resulted in a slight change in the OTC concentration in solution.

(A) (B)
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3.4. Mechanisms analysis for the V,-Fe304 mediated Fenton-like reaction

The Fe 2p and O 1 s XPS spectra of V,-Fe3O4 after reaction were
analyzed to explore the activation mechanism. The results showed that
the ratio of Fe(II) to Fe(III) decreased from 0.492 to 0.465 after catalytic
reaction (Fig. S11(A)), which suggested the oxidation of Fe(II) to Fe(III)
during activation process. Meanwhile, the OVs content of V,-Fe304
slightly declined after reaction (Fig. S11(B)), indicating that OVs also
participated in the Fenton-like process [53].

In order to further investigate the catalytic reaction between Hy0,
and Fe304 as well as V,-Fe3Oa, the adsorption and charge transfer of
H20;, on Fe3O4 and V,-Fe3O4 were studied through DFT calculation
(Fig. 6). Firstly, the adsorption of HyO, molecule on different sites of
Fe304 (Fe site) and V,-Fe304 (OVs site and Fe site adjacent to OVs) were
revealed. It was calculated that the adsorption energy (E(aq)) of H2O2 on
Fe site of Fe304 was — 3.495 eV, and that of HoO» on OVs site and Fe site
adjacent to OVs was — 3.965 eV and — 3.850 eV, respectively. The most
negative E(,q) of H2O2 on OVs site indicated that the adsorption of HoO2
on this site was the most stable. Meanwhile, the calculated charge
transfer values of HoO5 on Fe site of Fe304, OVs site and Fe site adjacent
to OVs of V,-Fe304 were — 1.125e, 0.489¢, and — 0.024e, respectively.
This suggested that H,05 tended to lose electrons on Fe site of Fe304 and
gain electrons on OVs site of V,-Fe3O4, which may be because the
localized electrons of OVs assisted in donating electrons to HOa,
therefore benefitting the generation of *OH.

On the basis of above discussions, Fig. 6(G) proposes the possible
reaction mechanism in V,-Fe304/H204 system. Firstly, the flower-like

(©
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Fig. 6. Initial geometry of absorption structure of H,O5 on (A) Fe site of Fe304, (B) OVs site, and (C) Fe site adjacent to OVs of V,-Fe304; Optimized geometry of
absorption structure of H,O5 on (D) Fe site of Fe304, (E) OVs site, and (F) Fe site adjacent to OVs of V,-Fe304; and (G) Proposed mechanism in V,-Fe304/H20, system.
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nanostructure of V,-Fe304 enabled the exposure of abundant active sites
for Hy04 activation. The existed Fe(II) and Fe(III) would react with HyO5
to generate *OH and HO3 respectively through Eq. (3) and Eq (4), the
unstable HO3 then quickly transferred to O3 via Eq. (5). Besides, the Fe
(II1)/Fe(1I) redox could be proceeded with the aid of OVs, further
accelerating the catalytic reaction. Moreover, the localized electrons
from OVs of V,-Fe3O4 could assist in donating electrons to HyO2
adsorbed on OVs site, which could therefore benefit the production of
*OH. Additionally, the existence of OVs promoted the activation of DO
and thus the generation of O3, which was possible to recombine with
HO3 (Eq. 1) or itself (Eq. 2) to produce 102. The generated reactive

HiC. _CH;
( A) - CH.UH N

OH o OH o
P1 m/z = 460.5
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radicals then attacked OTC and its intermediates, leading to their
degradation.

Fe(Il) + H,0, — Fe(Ill) + ¢ OH + OH™ 3
Fe(lll) + H,0, — Fe(ll) + HO,e + H' (4
HO,e = O + H* (5)

3.5. Identification of intermediates and toxicity analysis

LC-MS was utilized for detecting the degradation intermediates of
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OTC, and the detailed spectra are presented in Fig. S12. Based on this
and relevant literature, possible OTC degradation pathways in V-
Fe304/H204 system were then proposed (Fig. 7(A)), and the corre-
sponding discussion is made in Text S4. Meanwhile, the possible toxicity
of OTC and these intermediates were estimated through toxicity esti-
mation software tool (T. E. S. T) [54,55]. To be specific, the Daphnia
magna LC50 (48 h), development toxicity, bioconcentration factor, and
mutagenicity were studied. As shown in Fig. 7(B), all intermediates
except for P2, P7, and P10 showed lower Daphnia magna LC50 than
OTC, indicating the reduced toxicity of these intermediates. For devel-
opment toxicity (Fig. 7(C)), although some preliminary intermediates
showed increased toxicity, the toxicity of P2 and P10 eventually
decreased with the degradation process proceeding. Additionally, all
intermediates exhibited much lower bioconcentration factor than OTC
(Fig. 7(D)), clarifying their weaker ecological enrichment effects [54].
Meanwhile, the mutagenicity of most intermediates (except for P2, P3,
and P6) were less negative than that of OTC (Fig. 7(E)). The above re-
sults demonstrated that not all generated intermediates showed reduced
toxicity compared to OTC. Therefore, the potential environmental risks
of generated intermediates are still of concern.

3.6. Investigating the long-term application of V,-FesO4

In this study, the long-term Fenton-like performance of V,-Fe304 was
also evaluated through a continuous flow experiment in the fixed-bed
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reactor. It can be observed from Fig. 8(A), the pollutant water solution
was passed through the catalyst packed bed by using a peristaltic pump
at a flow rate of 4 mL/min, and then collected at the other end. For
studying the adsorption capacity of this fixed-bed reaction for OTC, the
pollutant water solution only contained 10 mg/L OTC. The result (Fig. 8
(B)) indicated that the adsorption amount decreased gradually with
increase of time, and the adsorption-desorption equilibrium between
catalyst packed bed and OTC was obtained at 360 min. Then, the
degradation efficiency of OTC during continuous experiment was stud-
ied by using pollutant water solution containing both 10 mg/L OTC and
2 mmol/L Hy05. As shown in Fig. 8(C), the value of C;/Cy was slowly
increasing and stayed below 20% within 120 h, which in turn indicated
that the removal efficiency of OTC was slowly decreasing but stayed
above 80% within 120 h. This result suggested the efficient removal of
OTC in this fixed-bed Fenton-like reactor and proved the applicability of
Vo-Fe304 in continuous experiment. Meanwhile, the ability of this V-
Fe304/H50, system to remove COD from real wastewater was also
studied. The wastewater was collected from rotational flow grit chamber
of Kaifu Waste-water Treatment Plant in Changsha, Hunan province,
China, and the COD was measured to be 80 mg/L. As shown in Fig. 8(D),
the C¢/Cy of COD in the effluent ranged from 50% to 78.7% within the
running period, and the removal efficiency was determined to be
21.3-50%.
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Fig. 8. (A) Schematic diagram of the continuous flow fixed-bed reactor; (B) Adsorption of OTC by the continuous flow fixed-bed reactor; (C) The removal per-
formance of OTC by the continuous flow fixed-bed reactor; and (D) The removal performance of COD by the continuous flow fixed-bed reactor.
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4. Conclusion

In summary, through a facile NaBH,4 reduction method, flower-like
Fe3O4 with abundant OVs (V,-Fe3O4) was successfully built, which
could effectively remove OTC at a low HyO, dosage with the degrada-
tion efficiency to be 91.6% and H»0, utilization efficiency to be 62.8%,
much higher than that of Fe304 (H20, utilization efficiency of 52.5%
and OTC degradation efficiency of 35.4%). Characterization analysis,
experimental results, and theoretical calculations revealed that the
presence of OVs not only promoted electron transfer process, but also
assisted in donating electrons to HyO5 and DO adsorbed on OVs site.
Meanwhile, the flower-like structure facilitated the exposure of reactive
sites for OTC and Hy0> contact, all of which contributed to the improved
Fenton-like catalytic performance. In addition, the obtained V,-Fe3O4
also exhibited well catalytic activity in continuous fixed-bed Fenton-like
reactor. The proposed strategy in this work to enhance the HO3 utili-
zation efficiency of Fe3O4 provides a reference to develop scalable, and
highly efficient Fenton-like catalysts for the remediation of polluted
water.

Environmental Implications

How to reduce the use of chemicals doses is the key issue for appli-
cation of heterogeneous Fenton-like process in wastewater remediation.
In this study, magnetite (Fe304) with enriched oxygen vacancies (Vo-
Fe304) was produced on a small-scale (~50 g). The prepared Vo-Fe304
could effectively degrade oxytetracycline (91.6%) at a low catalyst
dosage (50 mg/L) and H202 dosage (2 mmol/L). Remarkably, further
integration of Vo-Fe304 into fixed-bed Fenton-like reactor could effec-
tively eliminate chemical oxygen demand (COD) (21.3%~50%) within
the running period. This work provides worthy guidance for enhancing
Fenton-like performance of Fe mineral toward sustainable environ-
mental remediation.
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