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During the traditional homogeneous Fenton reaction process for water treatment, the
consumption rate constant of Fe2+ is much greater than its regeneration rate constant,
which makes Fe2+ an almost stoichiometric loss and produces iron sludge waste. In this
article, highly dispersed zero-valent Fe nanoparticles loaded on porous carbon materials
(Fe-EMC) were synthesized by a one-step calcination method using Flammulina velutipes
natural carbon source and Fe(NO3)3 as rawmaterials to solve the aforementioned problem.
The as-prepared Fe-EMC materials are characterized by X-ray diffraction analysis,
scanning electron microscopy, electron probe microanalyzer, high-resolution
transmission electron microscopy, X-ray photoelectron spectroscopy, and N2

adsorption–desorption measurements. It exhibits excellent photocatalytic activity for
the degradation of methylene blue (MB) dyes under a broad pH region. Under
conditions of 0.3 g/L Fe-EMC, 0.2 M/L H2O2, pH 7.0–11.0, and 50mg/L MB, 97.98%
of the MB dyes in the solution were completely degraded within 1 h. It was attributed to the
efficient regeneration cycle between Fe2+ and Fe3+ in the Fenton-like system with light
irradiation, which can promote the generation of active oxygen species.
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INTRODUCTION

The Fenton reaction is a kind of advanced oxidation process for the degradation of organic
pollutants. It is based on the addition of H2O2 to the wastewater or leachate in the presence of
ferrous salts as catalysts to produce strong oxidizing active oxygen·OHwhich can decompose organic
pollutants into H2O and CO2 (Lyu and Hu, 2017; Zhu et al., 2019). Due to advantages such as mild
reaction conditions, fast reaction speed, strong oxidation capacity, and high removal efficiency, the
Fenton reaction has been widely applied in wastewater treatment. However, the·OH concentration
produced in the Fenton reaction is severely affected by the material ratio and can only be effectively
performed under acidic conditions. Moreover, during the traditional homogeneous Fenton reaction
process, iron ions undergo a complex catalytic cycle between divalent iron ions and trivalent iron
ions. Several studies have shown that the consumption rate constant of Fe2+ is much greater than its
regeneration rate constant (Umar et al., 2010), which makes it difficult for the traditional Fenton
reaction to cycle efficiently (Liang et al., 2021). Therefore, Fe2+ is almost stoichiometrically lost and
not the way it has been interpreted, which results in producing iron sludge waste that absorbs a large
amount of organic pollutants or degrades intermediate substances, which may lead to secondary
environmental pollution (Bokare and Choi, 2014). Due to this reason, overcoming the
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aforementioned shortcomings has become a research hotspot in
recent years. Some studies have shown that the introduction of
auxiliary means of illumination in the traditional Fenton
treatment process can improve the catalytic cycle between Fe3+

and Fe2+, thereby increasing the production of·OH which can
improve the degradation efficiency of the Fenton system (Wai
et al., 2003; Zhu et al., 2019; Zhu et al., 2021).

In recent years, researchers have found that the combination
of zero-valent iron (ZVI), O2, H2O2, and other oxidants can form
a Fenton-like system to generate hydroxyl radicals (Mylon et al.,
2010), resulting in high efficiency of organic pollutants’
degradation (Stieber et al., 2011). This method, to a certain
extent, overcomes the aforementioned shortcomings of the
traditional Fenton reaction and can even effectively remove
heavy metals while removing organic pollutants (O’carroll
et al., 2013). In particular, nanoscale zero-valent iron particles
are highly reactive due to their specific surface area; surface
effects; quantum size effects; and special optical, electrical, and
magnetic properties (Ryu et al., 2011). However, due to their high
surface energy, iron nanoparticles tend to agglomerate during
synthesis and application (Jiang et al., 2014).

Loading on bulk materials is an effective way to avoid the
agglomeration of nanoparticles (Liu, 2017), and carbon materials
are often used as supporting materials for metal catalysts (Guo
et al., 2015; Han et al., 2017). Especially in the wastewater
treatment process, porous carbon carriers with strong
adsorption capacity can also enrich pollutants and improve
the pollutant removal efficiency (Liu and Gao, 2004). Wang
et al. (2020) constructed a series of superior Fenton-like
catalytic systems with zero-valent iron or iron oxides loaded
on different carbon materials derived from microplastics and
biomass, such as tea leaves and sawdust, and they have been
successfully applied to the degradation or decolorization of
organic pollutants such as antibiotics and dyes in wastewater
(Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2022). In this
article, inspired by previous works, a Fenton-like catalytic system
was constructed by combining zero-valent iron loading and
photo-assisted methods to solve the aforementioned iron
catalytic cycle and iron nanoparticle aggregation problems. In
view of the characteristics of rapid growth, diverse element
composition, and rich pore structure of Flammulina velutipes,
it was used as the biomass carbon carrier of zero valent iron.
Highly dispersed Fe nanoparticles loaded on porous carbon
materials (Fe-EMC) were prepared by calcining the mixture of
Flammulina velutipes and iron nitrate. The as-prepared Fe-EMC
photocatalyst was applied in the photo-Fenton process to degrade
methylene blue (MB) dye, which can overcome the
aforementioned limitations of the homogeneous photo-Fenton
process to a certain extent.

EXPERIMENT

Materials and Instruments
Fe(NO3)3·9H2O, H2O2, p-Phthalic acid (TAOH), tert-butyl
alcohol (TBA), and MB dyes were purchased from Shanghai
Macklin Biochemical Co., Ltd. All the chemicals were of AR

grade. Flammulina velutipes were purchased from the
supermarket. The ultrapure water used in the experiment was
Wahaha pure water.

The morphologies of the as-obtained product were
characterized using a scanning electron microscope (SEM)
equipped with a field-emission gun operated at 5.0 kV. The
element distribution in the catalysts was analyzed by energy-
dispersive spectroscopy (EDS) using Hitachi’s
SU8010 instrument made in Japan. High-resolution
transmission electron microscopy (HRTEM) was taken on a
JEM-2100F instrument at an accelerating voltage of 200 kV.
X-ray diffraction (XRD) analysis was carried out on a Bruker
D8 Advance diffractometer with Cu Kα radiation (1.5418 Å).
X-ray photoelectron spectroscopy (XPS) was conducted on a
Thermo Scientific Escalab 250 Xi with Al Kα as the excitation
source. The pore size of the catalysts was analyzed by
Brunner–Emmet–Teller (BET) and measured with an ASAP
2020 PLU HD88 instrument manufactured by Shanghai
Micromeritics Instrument Co., Ltd.

Synthesis of Fe-EMC
Flammulina velutipes were cut into pieces and soaked in 0.5 mol/
L iron nitrate solution for 24 h. Then, it was taken out and dried
in the oven at 120°C for 5 h. The dried Flammulina velutipes were
calcined at 800°C for 3 h in a N2 atmosphere. Finally, a black
irregular granular Fe-EMC catalyst was obtained. The synthesis
process of Fe-EMC is shown in Figure 1.

Photocatalytic Activity of MB Dyes
Degradation
The photocatalytic activity test for MB dye degradation was
performed on an XPA-7 photocatalytic reaction instrument. In
a typical process, 12.0 mg of photocatalyst was dispersed with
40.0 ml of MB dye solution in a 60-ml quartz tube. The sample
solution was stirred for 8 h to reach adsorption equilibrium
(Supplementary Figure S1). Then, it was irradiated with a
1000-W Xe lamp at room temperature with constant stirring.
After that, sampling was performed at regular intervals within a
fixed period of time. After removing the catalyst with a filter
membrane, the absorption spectrum was measured with an
ultraviolet-visible spectrophotometer, and the mineralization
rate was measured with a chemical oxygen demand (COD)meter.

RESULTS AND DISCUSSION

Morphology and Structure of Fe-EMC
The particle sizes of the as-prepared Fe-EMC photocatalyst range
from one micron to tens of microns (Figure 2A). Bundle tubular
structures were observed from the cross-section of particles,
which may have originated from the pristine structure of
Flammulina velutipes (Supplementary Figure S2). The N2

adsorption-desorption measurements show that the material
has a mesoporous slit-type structure with a main pore size of
20 nm and a BET surface area of approximately 169.43 m2g−1

(Supplementary Figure S3). From the HRTEM images
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(Figure 2B), it can be observed that Fe nanoparticles with a size of
10 nm are loaded and well-distributed on the carbonized
Flammulina velutipes. The lattice fringe with a size of 0.20 nm
is consistent with the Fe (110) lattice fringe (Figure 2C).

The XRD peaks centered at 44.7° and 65.0° were ascribed to the
(110) and (200) crystal planes of Fe, respectively (PDF#06-0696).
A weak peak centered at 35.4° was ascribed to the (311) crystal
plane of Fe3O4 (PDF#19-0629) (Figure 2D). For comparison, the

decomposition products of Fe(NO3)3 calcined at 800°C without
Flammulina velutipes is Fe2O3 (PDF#33-0664) (Supplementary
Figure S4). It indicates that the Fe(NO3)3 was almost completely
reduced by Flammulina velutipes under high temperature.

The distribution of Fe nanoparticles on the Fe-EMC was
further determined by the EDS mapping images (Figure 3). In
addition, a uniform distribution of C, N, O, P, Si, and S elements,
all originating from the Flammulina velutipes carbon source, was

FIGURE 1 | Scheme of the synthesis process of Fe-EMC.

FIGURE 2 | Morphology and structure characterizations of Fe-EMC. (A) SEM; (B,C) HRTEM; (D) XRD.

FIGURE 3 | EDS mapping images of Fe-EMC.
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also observed on Fe-EMC. It can be concluded that the
distribution state of O element is almost consistent with that
of Fe element. This indicates that although iron oxides are clearly
observed from the HRTEM images, some amorphous iron oxides
might exist independently or on the surface of Fe nanoparticles,
which was further confirmed by subsequent XPS results.

The chemical states of the surface species of Fe-EMC were
determined by X-ray photoelectron spectroscopy (XPS)
(Supplementary Figure S5; Figure 4). Consistent with the
EDS-mapping test results, seven elements, including Fe, C, N,
O, P, Si, and S, can be observed in the XPS spectrum
(Supplementary Figure S5). Among them, four main
elements (Fe, C, N, and O) have higher spectral peak
intensities, and the four peaks of Fe2p are shown in
Figure 4A. The XPS peaks centered at 709.93 eV were
ascribed to element Fe0 2p3/2 (Mathieu and Landolt, 1986).
The XPS peaks centered at 711.23 and 723.83 eV were
ascribed to Fe3+ 2p3/2 and Fe2+2p1/2 of Fe3O4, respectively
(Hidetaka and Masichi, 1980; Tan et al., 1990). The XPS peaks
centered at 717.68 eV was ascribed to Fe 2p3/2 of non-
stoichiometric Fe oxides (Daas et al., 1994). The three XPS
peaks of N1s centered at 397.44, 399.13, and 402.51 eV were
ascribed to metal nitrogen (Biwer and Bernasek, 1986), pyridine
nitrogen (Barber et al., 1973), and graphene nitrogen
(Baumgarten et al., 1996), respectively (Figure 4B). The three
XPS peaks centered at 529.37, 530.66, and 532.15 eV were
attributed to the O1s in iron oxides and carbon oxides (Tan
et al., 1990; Lopez et al., 1991; Marcus and Grimal, 1992)
(Figure 4C). The three XPS peaks of C1s centered at 283.92,

284.41, and 286.83 eV were ascribed to -C*H=CH- (Wu and
Chen, 1988), C*-C (Morar et al., 1986), and C*-O (Castner and
Ratner, 1990), respectively (Figure 4D).

Evaluation of Photocatalytic Activity of
Fe-EMC
The photocatalytic activity of Fe-EMC was determined by the
photocatalytic degradation of MB dyes. It was found that about
27.37% of the MB dye in the solution was adsorbed by Fe-EMC at
the adsorption equilibrium point in darkness (Supplementary
Figure S1). Under the optimal reaction conditions
(Supplementary Figure S6), 97.98% of MB dye in solution was
completely degraded within 1 h, which was determined by COD
testing. Blank comparison experiments showed that light
irradiation, catalyst, and hydrogen peroxide are the three
necessary conditions for obtaining excellent photocatalytic
performance (Figure 5A; Supplementary Figure S7).
Furthermore, as shown in Supplementary Figure S8, unlike the
traditional Fenton reaction, this Fenton-like photocatalytic system
has a wide applicable pH range from 3 to 11 (Supplementary
Figure S8). Because Fe-EMC has ferromagnetism, it can be easily
separated and recovered by magnetic adsorption (Supplementary
Figure S9). After five cycles, the catalytic activity of Fe-EMC did
not decrease significantly (Figure 5B).

Mechanism Investigation
Herein, the excellent photocatalytic degradation efficiency of Fe-
EMC photocatalysts is mainly due to the faster catalytic

FIGURE 4 | XPS of Fe-EMC. (A) Fe2p; (B) N1s; (C) O1s; (D) C1s.
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regeneration cycle between Fe2+ and Fe3+ under light conditions,
which will promote the generation of active oxygen·OH. As
shown in Figure 6A, the Fe2+ present on the surface of Fe of
the catalyst may be regenerated through two possible routes. The
first route is that the generated Fe3+ interacts with internal zero-
valent iron or other intermediate reducing agents such as HO2

and R· to regenerate Fe2+ (Liang et al., 2021). The second route is
that iron oxides perform a typical semiconductor photocatalytic
redox process to realize the regeneration of Fe2+ (Nguyen et al.,

2017). During the aforementioned photocatalytic reaction
process, light not only promotes the regeneration cycle of
Fe2+, but also plays a positive role in the production of
reactive oxygen species, such as·OH, thereby improving the
degradation efficiency of the Fenton reaction. As shown in
Figure 6B, the intermediate·OH was determined by the
fluorescence probe terephthalic acid (TA). It was found that
the concentration of·OH in the Fe-EMC photocatalytic system
increases more rapidly and higher than that of the typical Fenton

FIGURE 5 | (A)MBdye photocatalytic discoloration plots of Fe-EMC samples with H2O2 under different reaction conditions; (B) photocatalytic activity cycle tests of
Fe-EMC samples under full-spectrum light irradiation. 0.3 g/L Fe-EMC, 0.2 mol/L H2O2, pH 7.0, and 50 mg/L MB at room temperature.

FIGURE 6 | (A) The reaction mechanism of the Fe-EMC photocatalytic system; (B) fluorescence spectrum of TAOH under different reaction conditions after
50 min of full-spectrum light irradiation, TAOH 5.0 mmol/L, 0.3 g/L Fe-EMC, 0.2 mol/L H2O2, pH 7.0, and 50 mg/L MB at room temperature; XPS spectra (C) and XRD
patterns (D) of Fe-EMC before and after photocatalytic reaction.
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reaction. Moreover, MB degradation is significantly inhibited
with the addition of TBA (Supplementary Figure S10). It
indicated that OH played a key role during the photocatalytic
degradation of MB dyes (Wang et al., 2021c). Both the XPS and
XRD test results (Figures 6C,D) show that after five
photocatalytic reaction cycles, the content of iron oxides,
especially FeOOH (PDF#44-1415), increased significantly,
while the photocatalytic efficiency did not decrease, which
proved the aforementioned photocatalytic mechanism from
the side. Previous studies have shown that light helps to
dissociate·OOH from FeOOH formed during the Fenton
reaction, resulting in improved degradation efficiency of the
Fenton reaction (Nguyen et al., 2017).

CONCLUSION

In this article, a Fe-EMC photocatalyst was synthesized by a
one-step calcination method using Flammulina velutipes
natural carbon source and Fe(NO3)3 as raw materials. The
as-prepared Fe-EMC photocatalyst has an excellent
photocatalytic degradation effect on MB dyes. This is
attributed to the efficient regeneration cycle between Fe2+

and Fe3+ under light conditions, which can promote the
generation of active oxygen species. Moreover, unlike the
traditional Fenton reaction, the proposed Fe-EMC
photocatalytic system has a wide pH range and a long-life
photocatalytic activity, indicating that the catalyst has strong
applicability to actual wastewater treatment processes.
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