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Abstract

Peroxidase-like based on double transition metals have higher catalytic activity and are considered to have great potential
for application in the field of pollutant degradation. First, in this paper, a novel Fe’-doped three-dimensional porous Fe’@
FeMn-NC-like peroxidase was synthesized by a simple one-step thermal reduction method. The doping of manganese was
able to reduce part of the iron in Fe-Mn binary oxides to Fe” at high temperatures. In addition, Fe’@FeMn-NC has excel-
lent peroxidase-like mimetic activity, and thus, it was used for the rapid degradation of p-chlorophenol (4-CP). During the
degradation process, Fe’ was able to rapidly replenish the constantly depleted Fe>* in the reaction system and brought in a
large number of additional electrons. The ineffective decomposition of H,O, due to the use of H,0, as an electron donor in
the reduction reactions from Fe** to Fe? and from Mn>** to Mn?* was avoided. Finally, based on the experimental results
of LC-MS and combined with theoretical calculations, the degradation process of 4-CP was rationally analyzed, in which
the intermediates were mainly p-chloro-catechol, p-chloro resorcinol, and p-benzoquinone. Fe?@FeMn-NC nano-enzymes
have excellent catalytic activity as well as structural stability and perform well in the treatment of simulated wastewater
containing a variety of phenolic pollutants as well as real chemical wastewater. It provides some insights and methods for
the application of peroxidase-like enzymes in the degradation of organic pollutants.
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Introduction

Phenolic pollutants are widely present in industrial pro-
cesses such as pharmaceuticals, paper, printing, and dyeing
(Zhang et al. 2007). Incompletely treated industrial waste-
water often contains phenolics, which have serious effects
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on human and animal physiology when discharged into the
environment and can accumulate in organisms, with the risk
of carcinogenicity and teratogenicity (Hu et al. 2021; Vil-
laluz et al. 2019). Among the monochlorophenols, p-chlo-
rophenol (4-CP) is the most toxic (Czaplicka 2004), and
chlorophenol-containing wastewater must be treated before
it is discharged into the environment. Therefore, it is neces-
sary to find an effective method to remove phenolics from
wastewater.

Green chemistry technologies using nano-enzymes as
catalysts are receiving more and more attention compared
to traditional physical and chemical treatment methods (Liu
et al. 2023b; Mishra et al. 2022; Wang and Chen 2020).
Among them, peroxidase-like enzymes, which can catalyze
the activated decomposition of H,0, to produce hydroxyl
radicals (¢OH) with stronger oxidizing ability, have been
intensively studied in the field of advanced oxygenation
of organic pollutants (Chen et al. 2020; Tang et al. 2023;
Yang et al. 2020). As an effective peroxidase-like mimic,
metal-based nanomaterials have been successfully applied to
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remove chlorophenols from laboratory synthetic wastewaters
and real industrial wastewaters due to their excellent electron
transfer ability (Tang et al. 2023). For example, Xin et al.
prepared AA-NiMn-CLDHs@HNTs-Ag nanomotors by
assembling AgNPs and NiMn-CLDH nanosheets inside and
outside the lumen of natural halloysite nanotubes (HNTSs)
using a layer-by-layer self-assembly technique, which was
able to degrade 95.63% of phenol within 90 min (Xing et al.
2022). Magnetic material Au@Ni/rGO with a size less than
8 nm and core-shell nanostructure was successfully syn-
thesized and exhibited peroxidase-like activity, exhibiting
excellent performance in the photodegradation behavior of
phenol, 2-chlorophenol, and 2-nitrophenol (Darabdhara and
Das 2019). However, the cost of precious metals and the
scarcity of the material are also difficulties that have to be
faced at the material preparation stage. Iron-based materi-
als, as a peroxidase-like, have received increasing attention
from researchers due to their environmental-friendly prop-
erties and low cost (Huang et al. 2023; Jiang et al. 2021;
Jiao et al. 2020; Wan et al. 2022). Among them, zero-valent
iron and iron oxides have been shown to possess peroxidase-
like activity, while Fe;0, is an ideal feedstock for catalysts
due to its magnetic properties facilitating material recycling
(Baye et al. 2023; Liu et al. 2022). However, the use of iron-
based nano-enzymes alone comes with unavoidable draw-
backs such as low Fe?*/Fe®* recovery and high ion leaching.
Therefore, it is crucial to improve the stability of iron-based
materials and their catalytic properties.

Manganese, as a widespread element in the environment,
has a wide variety of valence states and excellent redox
properties (Cai et al. 2021; Du et al. 2020; He et al. 2022;
Hu et al. 2017). Some studies have shown that Mn>*, Mn>*,
and Mn** can exhibit peroxidase mimetic activities (Ding
et al. 2021; Lv et al. 2023; Meng et al. 2020). However, man-
ganese-based nano-enzymes are often difficult to recover,
which limits their wide application in water pollution treat-
ment. Therefore, iron-manganese bimetallic nano-catalytic
materials can effectively solve the problems of material
recycling as well as material stability, achieving the best of
both worlds. Due to the synergistic effect between Fe-Mn,
Fe-Mn bimetallic nano-enzymes tend to exhibit stronger
catalytic performance than the corresponding monometal-
lic nano-enzymes (Huang et al. 2022; Qu et al. 2021; Wang
et al. 2019). This has been widely applied in the field of
pollutant degradation and detection and sensing (Liu et al.
2023a; Mao et al. 2023; Martins et al. 2023; Sun et al. 2021;
Zhang et al. 2022). For example, Liang et al. showed that
redox cycling between Fe**/Fe?* and Mn>*/Mn** can pro-
mote the generation of free radicals, thus showing excel-
lent performance in the degradation of tetracycline (Liang
et al. 2023); Liu et al. found that Mn-amplified Fe-N nano-
enzymes have more excellent peroxidase-like activity, which
is attributed to the strong electron transfer properties of Fe

and Mn, which can accelerate the decomposition of H,0,
to produce more eOH (Liu et al. 2023a). For carbon-based
materials, high-temperature pyrolysis favors the formation of
a large number of carbon vacancies, which can significantly
accelerate the redox step (Wei et al. 2023). In addition, bime-
tallic nano-enzymes were found to have d-orbital coupling
features that contribute to the lowering of electron transfer
energy barriers in redox (Feng et al. 2023). However, poly-
metallic nano-enzymes are still poorly studied, and efforts
are still needed to fill this research gap.

In this work, to further improve the catalytic activity as
well as stability of the nano-enzyme, we employed a simple
high-temperature pyrolysis reduction method to synthesize a
novel Fe-doped three-dimensional porous FeMn-NC nano-
enzyme for the catalytic degradation of 4-CP (Scheme 1a).
Among them, Fe?@FeMn-NC exhibited excellent peroxi-
dase-like (POD-like) activity with high H,O, affinity and
catalytic efficiency. Moreover, the presence of Fe’ could
effectively replenish the Fe’* consumed in the reaction,
avoiding the ineffective decomposition of H,0, and enabling
more hydroxyl radicals (¢OH), superoxide radicals (eO,7),
and singlet oxygen ('0,) to be used for the degradation of
pollutants (Scheme 1b). Fe’@FeMn-NC nano-enzyme have
excellent catalytic activity and structural stability and are
effective in treating both simulated wastewater contain-
ing various phenolic pollutants as well as real chemical
wastewater.

Materials and methods
Materials and drugs

D(+)-glucosamine hydrochloride, dicyandiamide,
3,3',5,5'-tetramethylbenzidine (TMB), and ZnCl, were
purchased from Shanghai Maclin Biochemical Co., Ltd.
FeCl;06H,0, MnCl,, H,0, (30 wt%), glacial acetic acid,
anhydrous sodium acetate, anhydrous ethanol, tert-butanol
(TBA), p-benzoquinone (PBQ), furfuryl alcohol (FFA),
p-chlorophenol (4-CP), p-nitrophenol (4-NP), phenol,
paracetamol (PCM), bisphenol A (BPA), hydrochloric
acid, NaOH, and 2,2,6,6-tetramethylpiperidine (TEMP)
were purchased from Sinophenol Chemical Reagents Co.,
Ltd. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was pur-
chased from Dojindo Laboratories. All chemicals are used
as received without further purification. All aqueous solu-
tions were prepared with deionized water (18.25 MQ-cm,
microporous).

Instruments

High-resolution field emission scanning electron micros-
copy (FESEM, Regulus 8230, Japan) was used to record
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Scheme 1 Schematic flow diagram of the preparation of Fe’@FeMn-NC nano-enzymes (a) and their application in the degradation of 4-CP by

activated H,O, (b)

scanning electron microscopy images. Transmission elec-
tron microscopy (TEM) imaging was performed on a JEM-
2100F microscope at an acceleration voltage of 200 kV
(JEOL, Japan). The specific surface area and pore structure
of the materials were measured by the AutosorB-IQ3 N,
adsorption-desorption instrument (Kantha, USA). X-ray
photoelectron spectroscopy (XPS) spectra were collected
by an ESCALAB250Xi XPS microscope (Thermo, USA).
UV-visible absorption spectra were collected by UV-visible
spectrophotometer (SHIMADZU, Japan). Raman analysis
was performed on a LabRAM HR Evolution (France) spec-
trometer with an argon ion laser (532 nm) as the excitation
source. The XRD patterns of the materials were recorded
by an X-ray diffractometer (Rigaku D/MAX2500VL/PC,
Japan). The concentration of metal ions leached in solution
was determined by atomic absorption spectrometer (Perkin
Elmer AA800, USA). Electron paramagnetic resonance
(EPR) measurements were carried out on a JES-FA200 spec-
trometer (JEOL, Japan). The TOC removal rate was meas-
ured by Multi N/C 3100 TOC analyzer (Jena, Germany).
The intermediates in the reaction process were analyzed by
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liquid chromatography-four-stage electrostatic field orbital
trap mass spectrometry (LC-MS, Thermo, USA).

Synthesis of Fe’@FeMn-NCnanocomposite catalysts

The Fe’@FeMn-NC nanocatalysts required for the experi-
ments were synthesized by a one-step pyrolysis method.
Firstly, D(+)-glucosamine hydrochloride and dicyandi-
amide were used as carbon and nitrogen sources, ZnCl, as
a pore-forming agent, and FeCl;-6H,0 and MnCl, as iron
and manganese sources, respectively, which were dissolved
into a certain amount of deionized water in a molar ratio
of 10:10:2:1:1, respectively, by ultrasonic dissolution. After
drying the above solution, the solid obtained was transferred
to a tube furnace and heated up to 900 °C at a heating rate of
5 °C/min in an atmosphere of N,. Holding time was 2 h, and
then annealed to obtain Fe’@FeMn-NC. Finally, NC-900,
Fe-NC, and Mn-NC were prepared by the same scheme
described above under the conditions of no metal doping
and Fe/Mn ratios of 2:0, 0:2, respectively.
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Peroxidase activity measurement

To study the peroxidase-like activity of FeMn-NC nano-
enzymes, TMB was selected as the substrate for colorimetric
assay. Fe’@FeMn-NC nano-enzymes (40 mg/L) were added
to HAc-NaAc buffer solution (pH=4) containing TMB
(0.3 mM) and H,0, (10 mM). After incubation at room
temperature (25 °C) for 5 min to produce the corresponding
blue color reaction, 1 mL of the solution was removed from
the tube and filtered through a microporous filter (0.45 pm)
and transferred to a UV-vis spectrophotometer to measure
the absorbance value at 652 nm.

In the steady-state kinetic experiments, we fixed the TMB
concentration at 0.3 mM and performed kinetic analysis
of different concentrations of H,0, by varying the H,0O,
concentration and recording the absorbance at 652 nm at
selected time intervals in a scanning kinetic mode. Appar-
ent kinetic parameters (K,, and V,,,,) were obtained through
typical Miltonian equation and double-reciprocal equation
diagrams (Zhang et al. 2021), as shown in Eq. (1):

1 my L, ! (1
V Vmax [S] Vmax
where V represents the initial reaction rate, V,,,, represents

the maximum reaction rate, [S] represents the substrate
concentration, and K, represents the Michaelis—Menten
constant.

4-CP adsorption and degradation experiments

The catalytic performance of the Fe’@FeMn-NC nano-
enzyme catalyst was evaluated based on the degradation
efficiency of 4-CP in the presence of H,O,. The effects of
several important parameters of 4-CP degradation such as
H,0, concentration, initial pH, and catalyst dosing on the
4-CP degradation efficiency were explored. The experimen-
tal procedure was as follows: 50 mL of mixture containing
catalyst (40 mg/L) and 4-CP (100 mg/L) was added into a
50-mL conical flask, pH was adjusted and stirred continu-
ously for 30 min to reach the adsorption equilibrium, and
then, a certain concentration of H,O, was added with con-
tinuous stirring. One milliliter of liquid was removed from
the reaction solution at 0, 2, 5, 10, and 30 min, respectively,
and filtered through a 0.45-pm membrane to remove the
catalyst, and an excess of anhydrous methanol was added
to quench the unreacted radicals to inhibit further reaction.
Finally, the obtained samples were analyzed by high perfor-
mance liquid chromatography (HPLC, LC-20A, Shimadzu,
Japan) for the determination of 4-CP. The catalysts were
collected by filtration at the end of each run and then washed
at least five times with ethanol and deionized water, dried,

and reserved for the next cycle of experiments. Subsequent
degradation experiments with 4-NP, BPA, PCM, Phenol, and
actual wastewater were conducted using the same methodol-
ogy as described above.

DFT calculations

All calculations are based on Materials Studio DMol® ver-
sion 2020 (Delley 1990, 2000). Geometry optimization
and energy minimization of the compounds were carried
out using the Generalized Gradient Approximation (GGA)
and the Perdew-Burke-Ernzerhof (PBE) exchange function
(Perdew et al. 1996). The cutoff energy of the plane-wave
basis set is 380 eV. In the geometric optimization, the energy
convergence criterion of the system is set to 1 x 107 eV,
with a force of less than 0.03 eV/A per atom. For the 4-CP
degradation process, we use Linear Synchronous Transition/
Quadratic Synchronous Transition (LST/QST) for the tran-
sition state search and verify whether the transition state
has only one imaginary frequency by frequency analysis.
Then, transition state confirmation is performed based on
the Nudged Elastic Band (NEB) method.

Results and discussion
Physical characterization of the material

XRD characterization was performed to explore the crystal-
line phase of the nano-enzymes. As shown in Fig. la, all
materials exhibited characteristic peaks (broad diffraction
peaks at 20-25°) similar to the graphitized carbon nitride
of NC-900. The diffraction peaks appearing at 35.4°, 41.2°,
and 59.6° are attributed to the (111), (200), and (220) crys-
tal planes of the Fe-Mn oxides, respectively. In Fe-NC and
Mn-NC there are only characteristic peaks of Fe-Mn oxides.
When Fe-Mn is doped simultaneously, new diffraction peaks
appear at 44.7°,65.2°, and 82.5°, corresponding to the (110),
(200), and (211) crystal planes of a-Fe, respectively (Gong
et al. 2021). This is due to the fact that Fe in Fe oxides can be
stripped out and reduced to zero-valent Fe by Mn under high
temperature environment (Xu et al. 2023b). Figure 1b shows
the Raman spectra of NC-900, Fe-NC, Mn-NC, and Fe'@
FeMn-NC, which can reflect their defective information. The
D peak (1350 cm™!) corresponds to the sp? hybridization
of carbon atoms, and the G peak (1580 cm™) is due to the
intra-structural scaling of the sp? hybridization of carbon
atoms (Ananthoju et al. 2019). All materials have broad
D-band peaks, indicating the presence of abundant defects
in the carbon matrix, to play an important role in improving
the catalytic activity of the catalysts. In addition, the value
of Iy/I; decreases significantly with the doping of Fe-Mn;
this is due to the emergence of Fe-Mn crystallization, which
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Fig. 1 The XRD patterns (a), Raman spectra (b), N, adsorption/desorption isotherms (c), and corresponding DFT pore-size distribution (d) of

NC-900, Fe-NC, Mn-NC, and Fe?@FeMn-NC

makes the catalyst gradually tend to be ordered. The porous
carbon layer in Fe’@FeMn-NC plays an important role for
electron transfer within the system. As shown in Fig. lc,
all the samples exhibit a typical type I adsorption isotherm
for microporous materials, associated with the presence
of a large number of microporous structures, where intra-
microporous adsorption occurs in the low-pressure region,
leading to a sharp increase in adsorption, whereas a slow
rise in the adsorption plateau suggests that there is a trace
amount of hollow and microporous structures in the mate-
rial (Lai et al. 2016; Liang et al. 2014). The hysteresis loop
appears in the region of higher relative pressure, showing a
typical type IV adsorption isotherm, which was shown to be
related to the presence of meso- and microporous structures
in the carbon structure (Zhang et al. 2018). The pore size
distribution and specific surface area of the nanocatalysts
were calculated by the DFT method, and the results are
shown in Fig. 1d and Table S1. The pore sizes are mainly
distributed in the range of 0.5-5 nm, belonging to the typi-
cal micro-mesoporous materials, and are mainly dominated
by micropores distributed below 2 nm. This phenomenon
suggests that Fe’@FeMn-NC has formed a layered pore
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structure that is favorable for increasing the reaction sites
and thus enhancing the reaction activity. By comparing the
enlarged pore size distribution (inset in Fig. 1d) and the spe-
cific surface area (Table S1), it can be seen that the num-
ber of micropores and the specific surface area appeared to
decrease after loading the metal, which was attributed to
the metal particles having a certain blocking effect on the
micropores of the material.

Figure S1 shows the SEM images of NC-900, Fe-NC,
Mn-NC, and Fe’ @FeMn-NC, which exhibit irregular porous
features. Similar to NC-900, they all have a large number of
graded porous structures, which suggests that Fe/Mn doping
does not affect the macrostructure of carbon nitride (Wang
and Nan 2020). A granular structure was clearly observed
from the TEM images of Fe’@FeMn-NC (Fig. 2a, b), which
could be the doped Fe and Mn species (Xu et al. 2023a).
The HR-TEM images showed (Fig. 2c, d) that the interfa-
cial spacing of the carbon matrix was 0.34 nm, suggesting
that a large amount of graphitized carbon was formed in
Fe?@FeMn-NC (He et al. 2024). The 0.22-nm and 0.25-
nm interfacial spacing is attributed to the (200) and (111)
crystal faces of the Fe—Mn oxides. In addition, the (110)
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Fig.2 The TEM (a, b), HR-TEM (¢, d), and EDS elemental mapping images (e) of Fe’@FeMn-NC

crystal face of a-Fe (with an interfacial spacing of 0.20 nm)
can be clearly seen (Xu et al. 2023b). The energy dispersive
X-ray spectroscopy (EDS) mapping images in Fig. 2e show
a homogeneous distribution of the elements C, N, O, Fe, and
Mn on Fe’?@FeMn-NC. This is in agreement with our results
described in XRD, indicating that Fe® was successfully syn-
thesized on a carbon matrix where Fe-Mn oxides coexist.
The elemental composition and state of Fe’@FeMn-NC
were determined through further characterization by XPS.
Significant C, N, and O signals, as well as weak Fe and
Mn signals, can be observed in the XPS gross spectrum of
Fe’@FeMn-NC (Fig. S2a), which is because the amounts
of Fe and Mn are trace compared to carbon and nitrogen
during the material synthesis process. Among them, C 1 s
was able to be indexed as C-C (284.8 eV), C-N (286.0 V),
and C-O (288.1 eV) structures (Fig. S2b) (He et al. 2023;
Zhu et al. 2018). In its high-resolution N 1 s XPS spectra
(Fig. S2c¢), four different types of N, Pyridinic-N (398.5 eV),
Graphitic-N (400.9 eV), Oxidized-N (402.7 eV), and M-Ny
(399.7 eV), were observed, demonstrating that the mate-
rial forms abundant Fe-Ny and Mn-Ny, which can provide
a large number of active sites for the catalytic reaction to
proceed (Deng et al. 2017). In the O 1 s profile (Fig. S2d),

it was possible to quickly fit three distinct characteristic
peaks indexed as M-O (530.2 eV), M-O-C (531.8 eV),
and C-O (533.4 eV), respectively (Duan et al. 2022). The
Fe 2p pattern (Fig. 3a) with distinct characteristic peaks of
Fe’ (705.4 eV), Fe?* (710.6 eV and 723.9 eV), and Fe**
(713.8 eV and 726.9 eV) reconfirms the successful syn-
thesis of zero-valent iron in Fe?@FeMn-NC, which would
be more favorable for the activation of peroxide (Lin et al.
2017; Yamashita and Hayes 2008). The spectrum of Mn 2p
is shown in Fig. 3b, which can be back-convoluted to the
characteristic peaks of Mn>* (640.2 eV and 652.4 eV), Mn>*
(641.4 eV and 653.7 eV), and Mn** (643.0 eV and 655.3 eV)
(He et al. 2024). All these results are in agreement with the
conclusions obtained in the previous characterization.

Peroxidase activity

TMB was chosen as a chromogenic substrate for Fe’@
FeMn-NC nano-enzymes to evaluate the peroxidase-like
activity of the nano-enzymes due to its ability to be catalyti-
cally oxidized by Fe’@FeMn-NC nano-enzymes to a blue
color product (OxTMB) in the presence of H,0O, (Fig. 4a).
Compared to the addition of NC-900 only, Fe-NC, and
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Mn-NC, Fe?@FeMn-NC had the maximum absorbance
at 652 nm, indicating the highest peroxidase-like activity
(Fig. 4b). It proved that there is a synergistic effect between
Fe and Mn. When both are present together, they can effec-
tively increase the peroxidase activity.

To quantitatively assess the peroxidase activity of
NC-900, Fe-NC, Mn-NC, and Fe’@FeMn-NC nano-
enzymes, the Michaelis-Menten constants (K,,) and the
maximum reaction rates (V,,,,) were determined using
double-inverse plots of the initial reaction rates (Fig. 4c—e,
Fig. S3, Fig. S4, and Fig. S5). As shown in Fig. 4f, the K,
values (3.38, 3.23, and 0.25 mM) of the three nano-enzymes
were lower than those of HRP (3.7 mM (Gao et al. 2007)),
except for NC-900 (K,,=4.53 mM), when H,0, was used
as substrate. It indicates that Fe/Mn-doped nano-enzymes
have more excellent affinity for H,O, than HRP, and among
them, Fe’@FeMn-NC is the best. Most encouragingly, the
newly synthesized Fe-Mn bimetallic peroxidase mimic in
this study exhibited a higher affinity for H,O, compared
to other classes of peroxidized nano-enzymes previously
reported (Fig. S6 and Table S2).

Catalytic degradation of 4-CP byFe’@
FeMn-NCnano-enzymes

To demonstrate the actual catalytic performance of Fe’@
FeMn-NC nano-enzyme, 4-CP was selected as a target pol-
lutant to test the degradation effect. We explored the factors
affecting the degradation of 4-CP, such as nano-enzyme
species, nano-enzyme dosing, pH, and H,0, concentra-
tion. Figure 6a shows the removal efficiency of 4-CP in dif-
ferent reaction systems. Since all four materials have rich
microporous structures, they showed excellent adsorption
effects before the addition of H,0, and basically reached
the adsorption equilibrium after 30 min. The concentration
of 4-CP in the Fe’@FeMn-NC system decreased rapidly
after the addition of H,0O,. This system was able to remove
94.62% of 4-CP within 2 min, and the removal rate was as
high as 98.91% after 30 min of oxidation. It indicates that
Fe’@FeMn-NC has a strong H,0, activation ability and can
accelerate the oxidative degradation of 4-CP by H,0,.

The effect of different Fe’@FeMn-NC dosages on the
removal efficiency of 4-CP is shown in Fig. 5b. Firstly, the
removal efficiency of 4-CP increased with the increase of
Fe’@FeMn-NC concentration, from 62.65% at 5 mg/L to
98.91% at 40 mg/L. Subsequently, continuing to increase
the dosage of Fe’@FeMn-NC did not improve the removal
of 4-CP. The removal rate of Fe’@FeMn-NC at 80 mg/L
decreased to 98.76% at 60 min, which showed a certain
inhibitory effect on the degradation of 4-CP, suggesting that
excessive Fe’ would lead to the ineffective decomposition
of H,0,.

It is well known that pH has a significant effect on the
formation of hydroxyl radicals and the degradation process
of pollutants in Fenton/Fenton-like systems (Masomboon
et al. 2009; Wang et al. 2022). With similarity to the Fen-
ton system, the Fe’@FeMn-NC in this study had a higher
degradation effect at low pH (3-6) (Fig. 5¢), which can be
attributed to the following factors: (1) low pH is favorable
for the generation of -OH (Kim et al. 2010); (2) it is benefi-
cial to strengthen the catalytic oxidation ability of -OH; and
(3) facilitates the activation of Fe species (Xia et al. 2022).

In addition, the H,O, concentration has a crucial effect
on the degradation of 4-CP. In this study, the effect of dif-
ferent H,O, concentrations on the degradation of 4-CP was
investigated by varying the amount of H,0, dosed in the
system, and the results are shown in Fig. 5d. When the H,0,
concentration was 1 mM, the degradation of 4-CP by Fe’@
FeMn-NC was 90.11% at 60 min. With the increase of H,0,
concentration, the degradation efficiency of 4-CP gradually
increased and reached a maximum of 98.91% at 10 mM.
Subsequently, the final degradation efficiency no longer
increased after the concentration continued to increase. This
indicates that the dosage of H,0, has reached the optimum
at 10 mM, and due to the limitation of the number of active
sites, it is difficult to decompose the excess H,0, effectively,
and then, the degradation efficiency cannot be improved.

Furthermore, the performances of different catalysts in
the degradation of 4-CP reported in selected literature are
summarized in Table 1. It is noteworthy that, in comparison
with previous studies, Fe’@FeMn-NC prepared by one-step
pyrolytic reduction method in this study has excellent 4-CP
degradation ability, and its performance is no less than that
of conventional non-homogeneous catalysts. This fully dem-
onstrates that our synthesized Fe’@FeMn-NC is an excellent
catalyst capable of efficiently degrading organic pollutants
in wastewater.

Mechanistic studies

Toward revealing the internal mechanism of Fe’@FeMn-NC
nano-enzymatic catalysis, different radical burst experiments
were designed according to the strong oxidizing radicals that
may be generated during the classical H,0,-based advanced
oxidation process, and the results are shown in Fig. S7a.
Tert-Butanol (TBA), p-benzoquinone (PBQ), and furfuryl
alcohol (FFA) were used as scavengers for ¢OH, ¢O,™ and
10,, respectively (Ma et al. 2021; Yun et al. 2018; Zhu et al.
2020). Firstly, the degradation rate of 4-CP decreased from
98.91 to 63.55% within 60 min with the addition of 50 mM
TBA. The degradation rate further decreased to 60.25%
when the concentration of TBA was increased to 100 mM.
The degradation rate of 4-CP was likewise significantly
inhibited by 50 mM FFA (degradation rate decreased to
69.72%). In contrast, the effect of PBQ on the removal of
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Fig.5 Factors affecting the degradation of 4-CP: a type of nano-
enzymes; b dosage of nano-enzymes; ¢ pH; d H,O, concentra-
tion. In addition to the condition to be controlled, other reaction

conditions: pH=4, [4-CP]=100 mg/L, [nano-enzyme]=40 mg/L,
[H,0,]=10 mM, adsorption time =30 min, reaction time =30 min

Table 1 Comparison of different catalysts in the degradation of 4-CP

Catalyst Reaction conditions Degra- Time (min) Ref
dation
efficiency
HACO-P [4-CP]=2 g/L, [H,0,]=0.1 mM, [catalyst]=3 g/L, pH,=3.0  100% 120 (Wang et al. 2022)
MAC [4-CP]=100 mg/L, [H,0,]=20 mM, [catalyst]=0.3 g/L, 92% 180 (Duan et al. 2020)
pHy,=3.0
Fe;0,@Fe;0,/C [4-CP] =200 mg/L, [H,0,]=20 mM, [catalyst] =0.5 g/L, 97% 180 (Zeng et al. 2014)
pHy=4.0
Fe-rich biochar [4-CP] =100 mg/L, [H,0,]=30 mM, [catalyst] =2 g/L, 100% 120 (Gan et al. 2020)
pHy=2.0
Activated carbon/ [4-CP] =250 mg/L, [H,0,]=25.58 mM, [catalyst]=2 g/L, 97.32% 78 (Haghmohammadi et al. 2023)
magnetite nano- pHy=3.0
catalyst
Fe’@FeMn-NC [4-CP]=100 mg/L, [H,0,]=2 mM, [catalyst] =0.04 g/L, 98.91% 30 This work

pHy=4.0
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Fig.6 EPR spectra of ¢«OH (a) and ¢O,~ (b) with DMPO as trapping
agent and 'O, (c¢) with TEMP as trapping agent in Fe’@FeMn-NC/
H,0, system; d comparison of single-molecule orbital energy lev-
els of 4-CP and its degradation intermediates (HOMO, LUMO, and

4-CP was less pronounced. Fifty millimolar PBQ merely
reduced the degradation of 4-CP to 78.69%. Finally, based
on the inhibition effect of different quenchers on 4-CP deg-
radation, we obtained the contribution of «OH, ¢O,", and
10, to the degradation of 4-CP (Fig. S7b). It can be seen that
#OH and 'O, are the main ROS within the Fe’ @FeMn-NC/
H,0, system, and O, is the minor one.

The role of ¢OH, ¢0,™, and 'O, in the system was further
demonstrated by the determination of free radicals in the
reaction by electron paramagnetic resonance spectroscopy.
To the reaction system, 5,5-dimethyl-1-pyrrolidine N-oxide
(DMPO) was added for the detection of #OH and O, and
2,6,6-tetramethylpiperidine (TEMP) was used for the detec-
tion of 102. The results are shown in Fig. 6a—c, where the
signals of eOH, ¢0O,", and 1O2 were detected. This further
confirms that there are not only radical pathways of eOH
and 0, but also non-radical pathways of 'O, during the
degradation of 4-CP.

In this study, Fe” was introduced on the basis of the classi-
cal Fenton system (e.g., Egs. (2)—(4)). Since Fe’@FeMn-NC
was added in solid form, a two-stage reaction was involved,
starting with a non-homogeneous process of H,0O, on the
surface of Fe’@FeMn-NC, where Fe transfers two electrons

% M1
e
<. 600 &
| ©
| 400 C < <

5(0.0)

AG (keal/mol)

-200

-400

-600

-800

LUMO-HOMO energy gaps); e the reaction barriers AG (kcal/mol)
of 4-CP, its degradation intermediates, and transition states obtained
by transition state search

to the H,O, to be oxidized to Fe?* (Eq. (5)). Notably, com-
petitive adsorption of 4-CP on the catalyst surface resulted
in a decrease in the number of active sites exposed to the
catalyst surface, thus prolonging the first stage of the reac-
tion process. The second stage involves a rapid degradation
process of the pollutant, mainly by Fe?* catalyzing a homo-
geneous oxidation reaction on or near the catalyst surface.
Strongly oxidizing ¢OH is rapidly produced in this phase.
Meanwhile, Fe?* is regenerated from Fe** by reaction
Egs. (3) and (6), which promote the formation of eOH.
However, Fe’ not only promotes the reduction of Fe** on
the catalyst surface but also generates H,O, in situ in the
presence of dissolved oxygen to further oxidize the pollutant
(Eq. (7)). In addition, 'O, generated by disproportionation
and auto-decomposition between free radicals contributes
significantly to the degradation of 4-CP (Egs. (8)—(9)). Man-
ganese doping resulted in the appearance of a significant
increase in the degradation efficiency of 4-CP. On the one
hand, it is because similar to iron ions, MnZ* can also par-
ticipate in the chain reaction of free radicals in the catalytic
system and can catalyze the decomposition of H,0, to pro-
duce eOH (Eq. (10)). On the other hand, manganese atoms
can make the iron atoms in the Fe-Mn binary oxides separate
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and be reduced to zero-valent iron under high temperature
environment, thus effectively improving the activation effi-
ciency of H,0,. Eventually, 4-CP is co-oxidized by eOH,
¢0,", and 'O, to produce various intermediates and eventu-
ally mineralized to CO, and H,O (Eq. (11)).

H,0, + Fe* — Fe’* 4+ «OH + OH k = 40 — 80M's~!

2
H,0, + Fe’™ - Fe* + HO, « +H'k = 0.001 — 0.01M~'s™!

3)
HO,+ < +0; +H* )
Fe’ + H,0, + 2H" — Fe** + 2H,0 6)
2Fe’* + Fe’ — 3Fe?* (6)
Fe’ + 0, + 2H' - Fe** + H,0, (7
«0; ++OH - OH™ +'0, ®)
«0; + HO,+ — '0, + HO; 9)
H,0, + Mn** — Mn** + «OH + OH~ (10)

«OH/+0; /'O, + 4 — CP — intermediate + CO, + H,0
1D

Since Fe’ @FeMn-NC nano-enzymes have excellent cata-
lytic degradation activity for 4-CP, it indicates that a large
number of intermediate products are bound to be generated
within this reaction system. And how to identify and charac-
terize the intermediate products during the reaction process
is crucial for exploring the degradation pathway of 4-CP. In
this experiment, the intermediates during the degradation of
4-CP in the Fe’@FeMn-NC/H,0, system were analyzed by
LC-MS and combined with the analysis of 4-CP degradation
pathways by Liu et al. and Lei et al. (Hong et al. 2022; Lei
et al. 2021). It was initially deduced that the intermediates
for the degradation of 4-CP may include phenol (m/z=96),
benzoquinone (m/z=108), hydroquinone (m/z=110), maleic
acid (m/z=116), malic acid (m/z=116), 4-chlorocatechol
(m/z=144), and 2,4,6-trichlorophenol (m/z=195), as shown
in Fig. S8.

To successfully predict the interaction modes during the
degradation of 4-CP, we calculated the highest occupied
molecular orbital energy (HOMO), the lowest unoccupied
molecular orbital energy (LUMO), and the LUMO-HOMO
energy gap of the ground state (S) and the degradation
intermediate state (IM) of 4-CP. Besides, the transition
state (TS) energy barriers of the corresponding reactions
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were calculated, and the results are shown in Fig. 6d, e.
Molecules with high HOMO energies favor reactions with
electrophilic molecules, while molecules with lower LUMO
energies show affinity for nucleophilic reagents (Liu et al.
2014). Thus, eOH (—5.219 eV) with the lowest LUMO
orbital energy is able to easily replace the hydrogen in the
neighboring and interstitial positions of the hydroxyl group
on the benzene ring by electrophilic addition reactions.
This results in the conversion of 4-CP to 4-chlorocatechol
(IM1-1) and 4-chlororesorcinol (IM1-2). The lower LUMO
orbital energy of '0, (—4.573 eV) can effectively dechlorin-
ate 4-CP and generate hydroquinone (IM2) through the elec-
trophilic addition reaction of eOH. In turn, p-chlorophenol
in solution is subjected to the action of the dechlorinated
chlorine radicals in the system to produce trace amounts of
2,4,6-trichlorophenol (IM1-3) with a reaction energy bar-
rier of 712.9 kcal/mol. unstable hydroquinone (—5.043 eV
for HOMO) is readily oxidized to p-benzoquinone (IM3).
Immediately thereafter, due to the lower LUMO-HOMO
energy gap (2.822 eV), p-benzoquinone is highly suscep-
tible to oxidative ring-opening by electrophilic ¢OH and
1O2 to form, for example, maleic acid and malic acid, and
these small-molecule acids are able to be further mineralized
ultimately to CO, and H,O. In summary, the degradation
process of 4-CP in the Fe’@FeMn-NC/H,0, system was
summarized in Fig. S9.

Repeatability and stability studies

As to evaluate the stability and TOC removal rate of Fe’@
FeMn-NC nano enzymes, the degradation rates of 4-CP and
TOC were determined under five cycling experiments, and
the results are shown in Fig. S10. The 4-CP degradation rates
in the five cycling experiments were maintained above 90%,
while the TOC removal rates were maintained above 40%.
This indicates that the Fe’@FeMn-NC nano-enzyme still
has good catalytic activity under repeated use. In addition,
the ion leaching of Fe-NC, Mn-NC, and Fe’@FeMn-NC in
five-cycle experiments was compared (Fig. 7a, b), and the
results showed that the doping of Fe with Mn could reduce
the leaching of metal ions, and it was gradually decreased
in several cycles. The above results further proved that the
nano-enzymes have good stability and environmental safety.

Degradation of multiple pollutants and treatment
of actual wastewater

The degradation efficiency of the Fe’ @FeMn-NC/H,0, sys-
tem for a variety of phenolic pollutants and its application
in real wastewater were investigated. As shown in Fig. 7c,
Fe’@FeMn-NC exhibited high adsorption rates for 4-CP,
4-NP, BPA, PCM, and Phenol. With the addition of H,O,
after 30 min of adsorption equilibrium, the final degradation
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Fig.7 Fe and Mn leaching concentrations of Fe-NC, Mn-NC (a) and
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PCM, and Phenol (10 mg/L); d changes in raw water in the workshop

rates of 4-NP, BPA, PCM, and Phenol were 95.04%, 98.21%,
99.73%, and 100%, respectively. It shows that the Fel@
FeMn-NC/H,0, system has the potential to treat a wide
range of phenolic pollutants. Subsequently, raw workshop
water from a chemical plant was used as the target efflu-
ent to study the degradation effect of the Fe’@FeMn-NC/
H,0, system in a real wastewater environment (Table S3
and Fig. 7d). Firstly, its initial indicators were determined,
and 4-CP, 4-NP, BPA, PCM, and Phenol were detected in
this wastewater. Secondly, the pH was adjusted to 4.0, and
Fe’@FeMn-NC and H,0, were successively added to it.
Eventually, after 1 h of reaction, the removal of 4-CP, 4-NP,
BPA, PCM, and Phenol reached 90.94%, 87.70%, 85.50%,

1st 2nd 3rd 4 th 5th

Cycling runs

of a chemical plant before and after the reaction. Reaction condi-
tions: pH =4, [nano-enzyme] =40 mg/L, [H,0,]=10 mM, adsorption
time =30 min, reaction time =30 min

77.47%, and 93.98%, respectively. In addition, the indexes
of turbidity and COD also decreased by 69.92% and 56.70%.
This study demonstrates that Fe’@FeMn-NC is a promis-
ing material for the treatment of high concentration organic
wastewater.

Conclusion

In this study, an Fe-loaded Fe-Mn bimetallic peroxidase
mimetic (Fe’ @FeMn-NC) was successfully prepared by a
simple one-step thermal reduction method with Fe and Mn
co-doping. Fe and Mn exist in the valence states of Fe>*/
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Fe?*/Fe and Mn**/Mn**/Mn>*, which act as the key active
sites catalyzing the decomposition of H,0, to produce «OH
and ¢0,~, as well as '0,, for the degradation and even min-
eralization of 4-CP. Among them, the role of Fe® should
not be neglected, which promptly replenishes the constantly
consumed Fe?* in the reaction and brings in a large number
of additional electrons. This avoids the ineffective decom-
position of H,0, due to the use of H,0, as an electron donor
during the reduction reaction of Fe** to Fe>* and Mn?* to
Mn?**. The degradation process of 4-CP, whose intermedi-
ates are mainly p-chloro-catechol, p-chloro resorcinol, and
p-benzoquinone, was reasonably hypothesized based on the
results of LC-MS detection and combined with theoretical
calculations. The Fe’ @FeMn-NC/H,0, system also showed
high degradation efficiency for simulated wastewater con-
taining multiple phenolic pollutants as well as real chemical
plant wastewater. The successful application of Fe’-loaded
Fe’@FeMn-NC nano-enzyme in the degradation of 4-CP
presented in this work provides some insights and methods
for the application of peroxidase-like enzymes in the degra-
dation of organic pollutants.
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