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A B S T R A C T   

Fe3C/Fe decorated N-doped magnetic carbon materials (denoted as Fe3C/Fe@N-C-x) were successfully fabricated 
via facile one-pot calcination of MIL-88B(Fe) with a green precursor of melamine. Benefiting from the co- 
existence of sp2-hybridized C–π moieties, oxygen-containing groups (C––O and O–C––O), N-doping species and 
ferreous nanoparticles (FNPs), the as-obtained Fe3C/Fe@N-C-9 exhibited excellent activation of perox
ymonosulfate (PMS) for ultrafast elimination of various emerging organic contaminants with high mineralization 
capacities. Inspired by the unique nanotube morphology and encapsulation of FNPs, the Fe3C/Fe@N-C-9 
possessed trace Fe leaching and can be magnetically separated for an easy recycling. Combining with competitive 
radical scavenging tests, electron spin resonance (ESR), electrochemical analysis and in-situ Raman spectra, the 
singlet oxygen (1O2) and electron-transfer can be accounted for the organic pollutant removal. Because of that, 
the Fe3C/Fe@N-C-9 exhibited good resistance to inorganic anions and natural organic matters (NOMs). It was 
fascinating that Fe3C/Fe@N-C-9 achieved satisfactory treatment efficiency for real pharmaceutical wastewater.   

1. Introduction 

Recently, with the progress of technology and rapid development of 
industrialization, new chemicals have been produced in large quantities 
to meet the needs of multiple application fields. Nevertheless, as 
everything has two sides, a few organic pollutants such as pharmaceu
tical and personal care products, microplastics, endocrine disrupting 
chemicals, per- and polyfluorinated chemicals have been frequently 
detected in different water environments owing to their non- 
biodegradability, persistence and ecotoxicity properties, giving rise to 
potential risks to life health and eco-environment [1,2]. Advanced 
oxidation processes (AOPs), in which the in-situ generated oxygen spe
cies (ROSs) with strong oxidation capacities are capable of decomposing 
and mineralizing organic compounds into harmless products in aqueous 
media, have gained increasing attention for the elimination of refractory 
organic pollutants in wastewater [3,4]. Among them, persulfate-based 

AOPs (PS-AOPs) have been certified as progressive technologies to 
produce a few varieties of ROSs, such as sulfate (SO4

− ⋅), hydroxyl (⋅OH) 
and peroxide (⋅O2

− ) radicals [5–7]. But for real wastewater treatments, 
the co-existence of natural organic matters (NOMs) and inorganic anions 
might significantly influence the catalytic performance of a 
radical-based AOP system via scavenging the highly oxidizing ROSs. 
Meanwhile, the weakened oxidation capacity leads to incomplete 
mineralization of organic pollutants and production of toxic secondary 
intermediates, ultimately limiting its potential applications in complex 
wastewater matrices [8]. 

By contrast, heterogeneous catalytic activated persulfate reaction 
systems based on non-radical pathways have attracted much attention 
due to its inapproachable advantages. Three mainstream non-radical 
pathways have been diffusely studied, including singlet oxygen (1O2) 
evolution, electron-transfer process and high-valent metal induced 
oxidation [9]. In general, the oxidizabilities of the non-radical systems 
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are moderate compared with the strongly oxidizing ROSs-based systems. 
Nevertheless, non-radical oxidation processes several outstanding su
periorities over oxidation reactions relied on reactive radicals in real 
wastewater treatment. Such as (1) electron-rich organic pollutants are 
inclined to be catalytic degradation with high selectivity [10]; (2) the 
catalytic efficiencies of non-radical oxidation systems can still be 
appreciable over a broad pH range and in complex wastewater matrices, 
despite the co-existence of inorganic anions and NOMs [8,11]; (3) Being 
compared with traditional AOPs, peroxides can be efficiently utilized 
with low stoichiometry between the consumed persulfate and target 
organic pollutants during non-radical processes, which is beneficial to 
prominently reduce chemical inputs and is more economical for 
wastewater treatment [10,12] and (4) the reaction pathways and redox 
potentials of non-radical systems can be further optimized via regulating 
the structure and composition of the catalysts. Therefore, developing an 
efficient and green catalytic system based on non-radical process is more 
meaningful and feasible for treatment of refractory organic wastewater. 

Currently, carbon-based catalysts including reduced graphene oxide 
(rGO) [13], carbon nanotubes (CNTs) [10], nanodiamonds [14] and 
biochar [15] have been employed as heterogeneous catalysts for medi
ating non-radical processes, especially 1O2 evolution and 
electron-transfer mechanisms. The impressive catalytic performances of 
the above carbonaceous materials can be attributed to the abundant 
sp2-hybridized carbon components with multifunctional active centers, 
such as ketonic groups and edges [16,17]. Moreover, during the cata
lytic process, the peroxydisulfate (PDS) or PMS can be activated by the 
conjugated π structures originated from graphitic carbons to generate a 
metastable complex, which was prone to trigger the oxidation of target 
organic pollutants via electron extraction without producing ROSs [10]. 
It was depressing that although the carbon-based materials showed good 
ability for PDS/PMS activation, which even exceeded the traditional 
MnO2, Fe3O4, CuO and Co3O4 catalysts, these carbon-based catalysts 
still exhibited limited catalytic activities. 

At present, considerable attempts have been made to improve the 
catalytic performances of carbon-based catalysts by combination of 
metal nanoparticles (MNPs) and proper doping of heteroatoms including 
nitrogen, phosphorus, sulfur and the other non-metallic elements [17]. 
Benefitting by the strong conductivity of MNPs, the presence of MNPs 
might effectually regulate the electronic structures of the interacted 
carbonaceous materials via interfacial electron transfer, which has 
indelibly improved the catalytic efficiencies of hydrogen evolution re
action (HER) and oxygen reduction reaction (ORR) [18,19]. Besides, the 
encapsulation of MNPs beneath the carbon shell may not merely endow 
the carbon-based materials with magnetic performance, but also protect 
MNPs against corrosion and leaching. Additionally, the doping of het
eroatoms can initiate new properties to enhance the reactivity, selec
tivity, hydrophilicity and increase more reactive sites [20,21]. 

In this work, Fe3C/Fe decorated N-doped CNTs (Fe3C/Fe@N-C-x, 
where x represented the calcination temperature divided by 100) were 
successfully prepared by facile calcination of the mixture of melamine 
and MIL-88B(Fe), which was simply obtained by ball-milling process 
without any other additions. With regard to the used precursors, mel
amine acted as N and C sources. As one type of metal-organic frame
works (MOFs), MIL-88B(Fe) possessed large specific surface area (up to 
222.8 m2/g) [22]. More importantly, the excessive aggregation of FNPs 
during the MIL-88B(Fe) carbonization process can be effectively 
restrained on account of the support by organic ligands and the evenly 
distribution of Fe3-μ3-oxo clusters [23]. Therefore, the harvest of uni
form Fe0 or Fe3C nanoparticles was possible. Furthermore, the catalytic 
performances of the as-prepared Fe3C/Fe@N-C-x were evaluated by 
activating PMS for decomposition of different types of organic pollut
ants. The synergistic effect of sp2-hybridized carbon, oxygen-containing 
groups, encapsulation of FNPs and N-doping species for the improve
ment of catalytic performance was systematically investigated by 
advanced characterizations and selectively scavenging radical tests. The 
effects of various environmental factors on organic pollutants removal 

as well as the reusability of the Fe3C/Fe@N-C-x were also evaluated. 
Moreover, we also assessed the treatment efficacy of the Fe3C/Fe@N-C-x 
catalysts on actual pharmaceutical wastewater samples. The corre
sponding achievements will be conducive to the development and 
application of MOF-derivatives in real wastewater decontamination. 

2. Materials and methods 

2.1. Fabrication of Fe3C/Fe@N-C-x catalysts 

Firstly, MIL-88B(Fe) as the important precursor was prepared in 
terms of the previous study with slightly modification [24]. In short, 2.7 
g FeCl30.6 H2O and 1.16 g terephthalic acid were spread in 50 mL of N, 
N-dimethylformamide. After that, the initial pH value was adjusted by 
adding 4 mL of NaOH solution (2 M) to the obtained suspension drop
wise under continuous magnetic stirring for 30 min. Then the acquired 
suspension was encapsulated in a Teflon-lined stainless-steel autoclave 
and heated in an oven at 100 ◦C for 720 min. After cooling to indoor 
temperature, the solids were gathered via centrifugation processing at 
12,000 rpm for 5 min. Finally, the desired MIL-88B(Fe) powders were 
obtained after washing and vacuum drying processes. 

Secondly, the Fe3C/Fe@N-C-x catalysts were fabricated via a 
controlled method through calcinating the mixture of MIL-88B(Fe) and 
melamine, as illustrated in Scheme 1. In a standard procedure, 3 g 
melamine and 0.2 g MIL-88B(Fe) were mixed through a facile ball- 
milling processing. The operating parameters were set as 20 min and 
30 Hz, respectively. Subsequently, the acquired precursors were trans
ferred into a tubular furnace and heated at a pre-set temperature ranging 
from 700 to 900 ◦C for 240 min at N2 atmosphere with a heating rate of 
5 ◦C/min. After the temperature decreased, the resulting solids were 
cleaned with 0.5 mM H2SO4 for removing ferreous species on the carbon 
surface. 

2.2. Procedure of catalytic degradation for organic pollutants 

The initial concentration of sulfamethoxazole (SMX) was determined 
as 20 mg/L, the initial concentrations of rhodamine B (RhB), bisphenol 
A (BPA), tetracycline hydrochloride (TCH) and ciprofloxacin (CIP) were 
set as 10 mg/L. The dosage of Fe3C/Fe@N-C-x was 0.3 g/L. A specified 
volume of aqueous sample was retrieved at pre-set time intervals and 
immediately filtered through a 0.22 µm membrane. Heterogeneous 
catalytic degradation processes were initiated by adding PMS solution 
(250 mM, 20 μL) into the reaction system. In the investigation of the 
influences of co-existing matters on the catalytic experiments, NaCl, 
Na2SO4, NaHCO3, NaH2PO4 solutions with a concentration of 1 mM and 
humic acid (HA) solution with a concentration of 10 mg/L were intro
duced to the reaction solutions. The initial pH values of modeling pol
lutants were adjusted with addition of 0.1 mM HCl or NaOH. At each 
time intervals, the collected reaction solution must be added 10 μL 
MeOH to quench the different ROSs. With respect to reusability evalu
ation, the used catalysts can be easily separated from the reaction system 
with the aid of an external magnetic field. Then the retrieved solids were 
washed with ultrapure water for three times and dried at 60 ◦C over
night for the subsequent catalytic experiment. All the experimental 
procedures were conducted at room temperature in a magnetic stirred 
reactor. 

2.3. Analytical methods 

The contents of SMX and BPA were detected by a VH-D10-A Thermo 
Scientific high performance liquid chromatograph (HPLC) equipped 
with a InertSustain® C-18 column (2.1 mm × 250 mm, 5.0 µm). The UV 
detection wavelengths were 270 and 227 nm, respectively. The mobile 
phases were acetonitrile/phosphoric acid (45:55, v/v) and acetonitrile/ 
water (50:50, v/v), respectively. The corresponding flow rates were 
operated as 0.8 and 0.4 mL/min, respectively. The contents of RhB, CIP 
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and TCH were tested through a PerkinElmer Lambda 650 S UV–vis 
spectrophotometer. According to the previous reports, the correspond
ing maximum absorption wavelengths were located at 554, 276 and 
357 nm, respectively [25]. The total organic carbon (TOC) concentra
tions of the untreated and catalytically degraded samples were deter
mined by a Jena Multi N/C 3100 analyzer. The excitation-emission 
matrix (EEM) fluorescence spectra of the pharmaceutical wastewater 
samples were recorded on a Hitachi F-7000 fluorescence spectropho
tometer. The background concentrations of inorganic ions in real 
pharmaceutical wastewater were measured by ICS-1500 and 
ICS-2100 ion chromatographic instruments. Chemical oxygen demand 
(COD) was determined by a Lianhua 5B-3 C (V7) speedy testing in
strument. The organic components in actual pharmaceutical wastewater 
were extracted and analyzed according to the Method 1694 proclaimed 
by U.S. Environmental Protection Agency (EPA). 

2.4. Mechanism study 

Different quenching agents, such as methanol (MeOH: 1, 10 and 
100 mM), tert-butanol (TBA: 1, 10 and 100 mM), p-benzoquinone (p- 
BQ: 1, 10 and 100 mM), L-histidine (1, 10 and 100 mM), dimethyl 
sulfoxide (DMSO: 1, 10 and 100 mM) and oxalate (1, 2 and 4 mM) were 
used to evaluate the contributions of SO4

− ⋅, ⋅OH, ⋅O2
− , 1O2 and high- 

valent Fe species (HV-Fe) to catalytic degradation of organic pollut
ants, respectively. Furthermore, some ROSs were also detected by a 
JEOL JES-FA200 electron spin resonance (ESR) spectroscopy with 
2,2,6,6-tetramethyl-4-piperidone (TEMP) and 5,5-dimethyl-1-pyrroline- 
N-oxide (DMPO) as trapping agents in phosphate buffer solution (pH =
7.4). Electrochemical tests including electrochemical impedance spectra 
(EIS), current response curves and linear sweep voltammetry (LSV) were 
conducted on a Metrohm Autolab PGSTAT204 electrochemical 
workstation. 

2.5. Data analysis 

To monitor the catalytic degradation efficiency of pharmaceutical 
wastewater more accurately, the EEMs data in the two triangle regions 
(Em ≤ Ex + 20 nm and Em ≥ 2Ex – 10 nm) were underwent zero setting 
process and the background spectrum of ultrapure water was deducted 
to remove Rayleigh and Raman scatterings [26]. The degradation ki
netic curves of specific model pollutants were fitted using the 
pseudo-first-order kinetic model, as expressed as Eq. (1):  

ln (Ct/C0)=-kt                                                                                 (1) 

where C0 and Ct represented the concentrations of organic pollutants at 
the initial state and at degradation time t (min), respectively, k was the 

degradation rate constant. All the catalytic experimental data were 
analyzed using Origin 2018. 

3. Results and discussion 

3.1. Characterization of as-prepared catalysts 

3.1.1. Phase structure and textural properties 
The powder X-ray diffraction (PXRD) patterns of the as-prepared 

MIL-88B(Fe) and Fe3C/Fe@N-C-x catalysts were displayed in Figs. S1 
and 1(a). The pure MIL-88B(Fe) showed a sequence of diffraction peaks, 
which matched well with that of reported MIL-88B(Fe) structure, indi
cating the successful fabrication of MIL-88B(Fe) [34]. All the Fe3C/
Fe@N-C-x catalysts exhibited an evident peak at 2θ = 26.5◦, which 
should be indexed to the (0 0 2) lattice plane of graphitic carbon (JCPDS 
No. 08–0415). Moreover, the diffraction peak at 26.5◦ became stronger 
and sharper with increasing of calcination temperature, indicating that 
elevated temperature can contribute to enhance the graphitization de
gree of Fe3C/Fe@N-C-x catalysts [27]. Furthermore, the strong peaks at 
2θ = 45.3◦, 65.0◦ and 82.1◦ were detected in the patterns of Fe3C/
Fe@N-C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C-9, which were belonged 
to the (1 1 0), (2 0 0) and (2 1 1) crystallographic planes of FNPs (JCPDS 
No. 870722), respectively [28]. And the diffraction peaks at 37.6◦, 
42.8◦, 43.6◦, 45.9◦ and 49.1◦ were assigned to the (0 2 1), (1 2 1), (2 1 0), 
(1 1 2) and (2 2 1) crystalline planes of Fe3C components (JCPDS No. 
892867) [29]. Additionally, the characteristic peaks originated from 
ferric oxides cannot be detected, reflecting that Fe0 or Fe3C particles 
were the dominant species and they might be dispersed in graphitic 
structures. 

The functional groups in Fe3C/Fe@N-C-x were further monitored by 
Fourier transform infrared (FTIR), as depicted in Fig. 1(b). The wide and 
intense peak at 3410 cm− 1 can be indexed to the O–H vibration gener
ated by free or bound water molecules [5]. And the peak at 1600 cm− 1 

should be identified as the C––O stretching and aromatic skeletal vi
bration [30]. The other characteristic peak at 1052 cm− 1 was referred to 
the stretching vibration of C–O functional group [31]. It was a 
remarkable fact that two characteristic peaks at 1543 and 590 cm− 1 can 
be detected in the spectra of Fe3C/Fe@N-C-x samples, which were 
ascribed to C–N and Fe–N groups [31,32], indicating that N-doped 
structures (e.g., graphitic-N, pyridinic-N and pyrrolic-N) and Fe–Nx 
moiety might be formed in the carbonous skeleton. 

Raman spectra of the Fe3C/Fe@N-C-x materials were depicted in 
Fig. 1(c) to investigate the structural features and graphitization degree. 
Typically, the defective level of a carbonaceous sample can be expressed 
by the intensity ratio of the D band (~1350 cm− 1) to G band 
(~1588 cm− 1) (ID/IG) [17]. The D band was related to the amorphous 

Scheme 1. Schematic illustration of the fabrication procedure of the magnetic Fe3C/Fe@N-C-x.  
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carbon layers, disorders, edges and boundaries of the sp3 defects, 
whereas the G band was assigned to the E2 g vibration originated from 
sp2-hybridized graphite carbon. Therefore, as the ratio of ID/IG went up, 
the defect degree increased, whereas the degree of graphitization 
decreased [33]. The ID/IG value was estimated as 1.86 for Fe3C/
Fe@N-C-7, which decreased with the calcination temperature. And the 
ID/IG value dropped to 0.79 for Fe3C/Fe@N-C-9, indicating that 
Fe3C/Fe@N-C-9 possessed the strongest sp2-hybridized structure and 
minimum defects among all catalysts. The above physicochemical 
properties might endow the Fe3C/Fe@N-C-9 have greater electrical 
conductivity and adsorption capacity for organic pollutants via π-π 
interaction. Additionally, a 2D peak located at 2705 cm− 1 as the other 
characteristic signal of graphitic material can be clearly detected in the 
Raman spectrum [34]. The intense peak appeared in each Fe3C/
Fe@N-C-x catalyst implied the presence of few-layer structures. 
Combining with PXRD and Raman analysis, it can be inferred that higher 
calcination temperature could enhance the corresponding graphitiza
tion degree. 

Fig. 1(d) showed the N2 adsorption-desorption isotherms of the 
Fe3C/Fe@N-C-x catalysts. The Brunauer-Emmett-Teller (BET) specific 
surface areas of the Fe3C/Fe@N-C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N- 
C-9 were 173.55, 209.19 and 254.99 m2/g, respectively. Furthermore, 
the N2 adsorption-desorption isotherm displayed a typical type-IV with 
an H4-type hysteresis loop at a relative pressure (P/P0) of 0.5–1.0, 
revealing that a mixture of microporous and mesoporous architecture in 
Fe3C/Fe@N-C-x [35]. Moreover, the Barrett-Joyner-Halenda (BJH) pore 
size distribution curves of the Fe3C/Fe@N-C-x catalysts were shown in 
Fig. S2. It was obvious that most of pores possessed widths in the range 
of 1–50 nm, and the above three catalysts had peaks at about 2 nm, 
indicating that the as-prepared Fe3C/Fe@N-C-7, Fe3C/Fe@N-C-8 and 

Fe3C/Fe@N-C-9 had micropores as well as mesopores. They were in line 
with the results obtained by N2 adsorption-desorption isotherms. In 
general, the calcination of MIL-88B(Fe) and melamine hybrids allowed 
the Fe3C/Fe@N-C-x materials to have larger specific surface areas and 
richer porous structure, leading to the adsorption and transfer of PMS, 
and organic pollutants could be enhanced during the heterogeneous 
catalytic process. 

3.1.2. Morphological analysis 
The morphologies and microstructures of the as-fabricated catalysts 

were observed by scanning electron microscopy (SEM) and high- 
resolution transmission electron microscopy (HRTEM) instruments, 
and the corresponding micrographs were exhibited in Fig. 2 and S3. 
Fig. S3 showed that the pure MIL-88B(Fe) possessed a hexagonal 
microrod morphology, which was in line with our reported work [34]. 
As revealed in Fig. 2(a), the Fe3C/Fe@N-C-7 exhibited the lettuce-like 
structure with a rough surface and an average size of 2–3 µm. It could 
be attributed to that the decomposition of melamine at high temperature 
will instantaneously release NH3 [36], which was inclined to tailor the 
porous structure and surface chemistry of MIL-88B(Fe)-graphitized 
carbonaceous material. When the calcination temperature rose to 
800 ◦C, a few of carbon nanotubes were formed and they were wrapped 
in the lettuce-like structure (Fig. 2(b)). However, after thermal pyrolysis 
at 900 ◦C, the lettuce-like structure disappeared and only regularly 
tubing structures with dimensions of 0.5–1.5 µm in length were 
observed in the SEM micrograph of Fe3C/Fe@N-C-9 (Fig. 2(c)), which 
was mainly due to the hybrid of melamine and MIL-88B(Fe) was fully 
converted to the graphitic structures and Fe3+/Fe2+ embedded within 
MIL-88B(Fe) was inclined to transform into iron carbide and zero-valent 
Fe particles under N2 atmosphere, this result can also be proved by PXRD 

Fig. 1. (a) PXRD patterns, (b) FTIR spectra, (c) Raman spectra and (d) N2 adsorption-desorption isotherms of the as-fabricated Fe3C/Fe@N-C-x catalysts.  
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results. According to the previous studies [37,38], gasification, nucle
ation, migration and generation were the main formation process of 
CNTs. As to Fe3C/Fe@N-C-9, the growth of tubular morphology fol
lowed a decomposition-reconstruction mechanism, in which melamine 
precursor would gasify during pyrolysis and then was transformed into 
CNTs. As the calcination temperature increased to 900 ◦C, melamine 
would totally decompose into small gaseous molecules like NH3, which 
could be permeated into MIL-88B(Fe) spindles. Finally, ferreous cations 
were reduced to metal nanoparticles, which could be used as catalysts to 
facilitate the formation of tubular structures. As a result, the Fe3C/
Fe@N-C-9 was obtained. 

More interestingly, from the HRTEM micrographs of Fe3C/Fe@N-C-9 
(Fig. 2(d)-(f)), the uniform distribution and encapsulation of a number 
of dark-contrast nanoparticles with an average size of 20–55 nm beneath 
the well-defined carbonaceous shells can be clearly found. The HRTEM 
micrograph in Fig. 2(f) presented a d-spacing of crystalline lattice with 
0.21 nm, which corresponded to the (2 1 1) crystallographic plane of 
Fe3C component [28]. Furthermore, the lattice spacing of outer spheres 
was 0.34 nm, which was related to the (0 0 2) plane of graphite carbon 
[39]. This experimental result was also consistent with PXRD and 
Raman analysis. Meanwhile, TEM elemental distribution mapping 
(Fig. 2(g)) showed that N element was homogeneously distributed on 
the carbon layers and Fe nanoparticles were wrapped tightly by N-doped 
carbon nanotubes (NCNTs). These fascinating features might protect Fe 
species from leaching during the catalytic process and could improve the 

catalytic efficiency. 

3.1.3. Surface chemical analysis 
The chemical compositions and surface chemical states of Fe3C/ 

Fe@N-C-x samples were analyzed using X-ray photoelectron spectros
copy (XPS). Four core elements including C, O, N and Fe were identified 
from the XPS survey spectra in Fig. S4. On the basis of the integrated 
peak areas, the atomic ratios of C, O, N and Fe on the surfaces of Fe3C/ 
Fe@N-C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C-9 were listed in Table S1. 
It can be found that the atomic percentages of C increased with the 
increasing calcination temperatures. However, the atomic percentages 
of N and Fe were trending in the opposite direction. In the high- 
resolution C 1 s spectra of various Fe3C/Fe@N-C-x samples (Fig. 3(a)), 
the characteristic peaks at 284.8, 285.2, 287.0 and 288.7 eV were 
ascribed to sp2 graphitic-C (C–π), C––N, Fe3C and C–N structures, 
respectively [40]. The O 1 s spectra can be split into four peaks centered 
at 530.5, 531.4, 532.2 and 533.6 eV, which were indexed to C––O, C–O, 
C–C––O and O–C––O groups, respectively [17,40]. High-resolution N 1 s 
spectra could be well deconvoluted into five peaks with binding energies 
of 398.1, 398.9, 400.1, 401.3 and 403.7 eV, corresponding to 
pyridinic-N, Fe–Nx, pyrrolic-N, graphitic-N and oxidized-N species, 
respectively [41,42]. Previous reports suggested that the N heteroatoms 
existed in the carbon-based catalysts, particularly the graphitic, pyrrolic 
and pyridinic N, can be deemed as Lewis basic sites to facilitate the PMS 
adsorption and electron-transfer reaction via manipulating the 

Fig. 2. SEM micrographs of (a) Fe3C/Fe@N-C-7, (b) Fe3C/Fe@N-C-8, (c) Fe3C/Fe@N-C-9, (d)-(f) HRTEM micrographs of Fe3C/Fe@N-C-9 and (g) TEM elemental 
mappings of C, N and Fe. 
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neighboring carbon atoms to be positively charged [43]. Besides, the 
Fe–Nx coordination moieties were also detected, which confirmed the 
FTIR results. And it was qualified for acting as redox active sites for 
activating PMS during heterogeneous catalytic degradation [44,45]. 
Thus, the presence of above N species was expected to enhance the 
electron transportation capability, leading to boost the catalytic degra
dation performances for organic pollutants. Additionally, the Fe 2p 
spectra of Fe3C/Fe@N-C-x samples can be disintegrated into seven peaks 
at 707.2, 720.6, 710.9, 723.7, 713.1, 725.7 and 708.1 eV, which should 
be indexed to Fe0 2p1/2, Fe0 2p3/2, Fe3+ 2p1/2, Fe3+ 2p3/2, Fe2+ 2p1/2, 
Fe2+ 2p3/2 spin orbitals and Fe3C species, respectively. 

As different active sites possess great impacts on the pathway and 
efficacy of PMS activation, therefore the potential active sites and their 
relative contents were summarized in Table 1. Firstly, the contents of 
C–π moieties increased from 700 ◦C to 900 ◦C, and Fe3C/Fe@N-C-9 
possessed the maximum percentage of 40.4% in comparison with other 

catalysts. As Duan and co-workers [46,47] suggested that the asym
metric O–O bond in PMS molecules (HO-SO4

− ) was prone to interact and 
weaken by sp2-hybridized carbonaceous network with conjugated π 
structures, thereby more available C–π moieties may endow Fe3C/
Fe@N-C-9 with improved catalytic activity. Recently, it was demon
strated that C––O and O–C––O groups can function as active sites for the 
production of 1O2 via PMS activation process [17,47]. In this work, the 
amount of O–C––O boosted from 1.02% (Fe3C/Fe@N-C-7) to 2.12% 
(Fe3C/Fe@N-C-9) and that of C––O reduced from 1.37% (Fe3C/
Fe@N-C-7) to 0.78% (Fe3C/Fe@N-C-9). But the total amount of O–C––O 
and C––O species did increase with calcination temperatures (from 
2.39% to 2.90%). Therefore, it was rational to infer that the O–C––O and 
C––O formed in Fe3C/Fe@N-C-9 might activate PMS and generate more 
1O2 during the catalytic process. In terms of Fe0, the corresponding 
content dropped to 0.17% in Fe3C/Fe@N-C-9. Although the relative 
amounts of graphitic N, pyridinic N, pyrrolic N, and Fe–Nx decreased 
with the calcination temperature rising from 700 to 900 ◦C, the presence 
of above N-doped species may synergistically reinforce the catalytic 
activity for organic pollutants degradation via a “donor-acceptor com
plex” mechanism [16]. 

3.1.4. 57Fe Mössbauer spectrum analysis 
In order to further confirm the iron species in Fe3C/Fe@N-C-9, the 

57Fe Mössbauer spectrum was also conducted. As illustrated in Fig. 4, the 
spectrum can be fitted with three doublets and three sextets. The pa
rameters including magnetic hyperfine field (Bhf), isomer shift (δ), 
quadrupole shift (ε), full width at half maxima (FWHM) and the relative 
content were shown in Table 2. According to the detailed analysis, the 
doublets 1–3 were assigned to FeIIN4 (low spin), FeIIN4 (medium spin) 

Fig. 3. XPS spectra of (a) C 1 s, (b) O 1 s, (c) N 1 s and (d) Fe 2p in Fe3C/Fe@N-C-x catalysts.  

Table 1 
Relative contents (%) of potential active sites for PMS activation in Fe3C/Fe@N- 
C-x.  

Species Fe3C/Fe@N-C-7 Fe3C/Fe@N-C-8 Fe3C/Fe@N-C-9 

C–π  32.5  35.8  40.4 
O–C––O  1.02  1.35  2.12 
C––O  1.37  1.40  0.78 
Graphitic N  2.27  1.59  1.67 
Pyridinic N  2.32  1.16  0.49 
Pyrrolic N  2.23  1.07  1.04 
Fe–Nx  2.77  1.63  1.11 
Fe0  0.79  0.25  0.17  
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and N–FeIIN2+2 (high spin), while those of sextets were in accordance 
with Fe3C, α-Fe and Fe2.2C, respectively [27,48]. This result indicated 
that the as-prepared Fe3C/Fe@N-C-9 was composed of iron carbide with 
the balance remaining in α-Fe and Fe–N4, affirming the PXRD, HRTEM 
and XPS analysis. With this clarification, it was clear that the formation 
of Fe3C and α-Fe species endowed Fe3C/Fe@N-C-9 with ferromagnetic 
property. 

3.2. Catalytic activities of Fe3C/Fe@N-C-x for PMS activation 

3.2.1. Organic pollutants degradation by Fe3C/Fe@N-C-x 
As a normally persistent and hydrophobic antibiotic that is contin

ually detected in various water environments with high concentration of 
mg/L level [49], SMX was firstly selected as the modeling pollutant to 
assess the catalytic activities of the Fe3C/Fe@N-C-x samples. As 
exhibited in Fig. 5(a), it was clear that only 12.5% of SMX molecules 
were removed in 10 min with the absence of catalysts, implying that the 
oxidation capacity of PMS alone was very limited. Furthermore, each of 
the Fe3C/Fe@N-C-x materials possessed relatively high adsorption ca
pacities for SMX without addition of PMS, approximately 32.2%, 41.2% 
and 49.9% of SMX was adsorbed by Fe3C/Fe@N-C-7, Fe3C/Fe@N-C-8 
and Fe3C/Fe@N-C-9, respectively. Their prominent adsorption capac
ities were mainly due to the tailored surface chemistry and hierarchical 
porous structure. During the pyrolysis transformation process, the 
original skeleton structure of MIL-88B(Fe) orderly collapsed and fer
reous species tended to agglomerate. Therefore, after washing by H2SO4 
solution, the accessible FNPs covered on the surface of the prepared 
catalysts can be removed and the occupied active sites were simulta
neously released. Hence more exposed surface and available active sites 
should be contributed to adsorption process. More importantly, as the 
calcination temperatures increased from 700 to 900 ◦C, the reason for 
the gradual increase in adsorption efficiency was formation of more 
sp2-hybridized structures (C–π species) in Fe3C/Fe@N-C-9. The larger 
specific surface area (254.99 m2/g) and stronger π–π interactions be
tween the carbon layers of Fe3C/Fe@N-C-9 and SMX molecules 

endowed its highest adsorption capacity [16,50]. And the ameliorative 
adsorption performance will eventually facilitate the rapid decontami
nation of SMX from wastewater. 

Being compared to adsorption processes in darkness conditions, 
when the PMS was introduced, the decomposition of SMX can be 
regarded as a two-stage-reaction. In the first stage, Fe3C/Fe@N-C-7, 
Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C-9 exhibited ultrafast kinetics for 
eliminating SMX molecules with removal efficiencies of 83.4%, 89.4% 
and 94.1%, respectively. For comparison, MIL-88B(Fe) was employed as 
reference for the catalytic reaction under the identical conditions. As 
shown in Fig. S5, MIL-88B(Fe) alone exhibited negligible catalytic ac
tivity. While MIL-88B(Fe) + PMS system just led to 32.0% of SMX 
removal within 10 min. They were far less than the efficiencies achieved 
by the Fe3C/Fe@N-C-x catalysts, elucidating that the as-prepared Fe3C/ 
Fe@N-C-x were the most efficient catalyst among them. Moreover, to 
ascertain the role of MIL-88B(Fe), a control experiment by calcinating 
the physical mixture of melamine and the precursors of MIL-88B(Fe) 
(FeCl30.6 H2O and terephthalic acid) was carried out. The as- 
fabricated material named P-9 was characterized by PXRD, SEM as 
well as HRTEM. And the corresponding catalytic activity toward SMX 
was investigated. As shown in Fig. S6(a), the P-9 displayed stronger 
graphite characteristic peak at 2θ = 26.5◦. However, from its SEM and 
HRTEM images (Fig. S6(b)-(c)), plicated and stacked carbon layer 
structures were observed, in which morphology of carbon nanotubes 
had almost disappeared. More importantly, a much lower catalytic ef
ficiency toward SMX was detected as compared to that of Fe3C/Fe@N-C- 
9. The above result revealed that the ordered distribution of ferrous 
species in MOFs was essential for the synthesis of even-distributed FNPs 
wrapped in CNT structures. 

To deeply explore the catalytic activities of the Fe3C/Fe@N-C-x, the 
pseudo-first-order kinetic model was applied to express the degradation 
behaviors of SMX molecules over the Fe3C/Fe@N-C-x catalysts. As 
illustrated in Fig. 5(b), the degradation rate constant (k1) acquired by 
the Fe3C/Fe@N-C-9 + PMS system in the initial stage reached to 2.84 
± 0.22735 min− 1, which was about 1.58 and 1.26 times higher than 
those for Fe3C/Fe@N-C-7 (1.80 ± 0.06364 min− 1) and Fe3C/Fe@N-C-8 
(2.25 ± 0.12873 min− 1), respectively. Furthermore, as depicted in 
Fig. S7, the oxidation rate constants obtained in the second stage (k2) 
were relatively sluggish, in which k2 values were calculated to be 0.01 
± 0.00078, 0.02 ± 0.00639 and 0.50 ± 0.01757 min− 1 for Fe3C/Fe@N- 
C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C-9, respectively. The corre
sponding mechanism would be further elaborated later in this study. 

These experimental results suggested that the calcination tempera
ture not only seriously affected the morphologies of the Fe3C/Fe@N-C-x, 
but also strongly affected their PMS activation efficiencies. More 
importantly, it was worth noting that the k values obtained in the first 
stage were correlated well to the relative contents of C–π, algebraic sum 
of O–C––O and C––O (as depicted in Fig. 5(c)). The corresponding cor
relation coefficients (r2) were 0.99 and 0.81, respectively. Interestingly, 
previous studies had proved that the sp2-hybridized N-doping species 
including graphitic N, pyridinic N, pyrrolic N and Fe–Nx sites played 
significant roles in activating PMS [12,51,52]. Nonetheless, we found a 
negative correlation between the k1 values and the amount of total N 
species (Fig. 5(d)). Therefore, the above experimental phenomena 
indicated that the graphite carbon component and the co-existence of 
oxygen-containing groups such as O–C––O and C––O were the dominant 
forces for ultrafast catalytic degradation of SMX. 

Meanwhile, it was not difficult to see that the degradation of SMX 
encountered the second stages over the as-prepared Fe3C/Fe@N-C-x 
materials, especially for the optimum Fe3C/Fe@N-C-9, the residual SMX 
molecules in reaction system can be completely removed. This might be 
attributed to the synergism of encapsulation of FNPs and N-doping 
species further enhanced the catalytic activities via tuning the electron 
properties of the carbonaceous materials. For instance, the existence of 
carbon nanotube structures in Fe3C/Fe@N-C-9 can confine the Fe3C or 
Fe0 nanoparticles, which can accelerate the electron transportation from 

Fig. 4. 57Fe Mössbauer spectrum of Fe3C/Fe@N-C-9.  

Table 2 
Mössbauer parameters at 298 K for the spectrum of the Fe3C/Fe@N-C-9.  

Component Bhf (T) δ (mm/s) ε (mm/s) FWHM (mm/s) Content (%) 

Doublet 1 —  0.22  0.86  0.34  15.5 
Doublet 2 —  0.03  2.87  0.23  3.1 
Doublet 3 —  0.95  2.05  0.18  5.5 
Sextet 1 205.95  0.21  0.02  0.22  36.1 
Sextet 2 329.42  -0.01  0  0.2  17.2 
Sextet 3 175.81  -0.08  -0.45  0.47  22.6  
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the ferreous components to the interacted carbon atoms, thereby 
enhancing the electron accumulation in specific carbon lattice for sub
sequent redox process [53]. Besides, the creation of N-dopants was 
beneficial to overcome the chemical inertness of graphitic lattice and 
gave rise to the neighboring carbon atoms being positively charged, 
further leading to more close interaction between the as-prepared cat
alysts and PMS to generate catalyst-PMS complexes [10,12]. Then, the 
electrons will be extracted from the vulnerable SMX molecules by the 
Fe3C/Fe@N-C-x-PMS* complex for catalytic degradation process. 
Additionally, the co-existence of N-doping species can cooperatively 
promote the electron migration from FNPs to carbon atoms [54,55], 

which was also conducive to improve catalytic efficiency. In addition, 
the PMS activation over Fe3C/Fe@N-C-9 for the decomposition of SMX 
was compared with other reported heterogeneous catalytic materials 
(Table 3), showing that the as-prepared Fe3C/Fe@N-C-9 can treat higher 
concentration of SMX with fastest reaction rate and lower consumption 
of PMS, thus the Fe3C/Fe@N-C-9 possessed a stronger application 
potential. 

3.2.2. Environmental factors on SMX degradation by Fe3C/Fe@N-C-x 
The influence of initial pH on SMX removal was investigated in the 

Fe3C/Fe@N-C-9 + PMS reaction system. As shown in Fig. 6(a), the SMX 

Fig. 5. (a) Catalytic degradation of SMX over various Fe3C/Fe@N-C-x catalysts, (b) the corresponding pseudo-first-order kinetic constants (k1) obtained in the initial 
stage, (c)-(d) the apparent SMX removal rates as functions of the content of C–π, algebraic sum of O–C––O and C––O, total N elements. [PMS]0 = 0.1 mM, [SMX]0 
= 20 mg/L, catalyst dosage = 0.3 g/L. 

Table 3 
Comparison of catalytic activation of PMS for SMX removal.  

Catalyst Dosage (g/ 
L) 

SMX concentration 
(mg/L) 

PMS concentration 
(mM) 

Energy 
source 

Efficiency 
(%) 

Reaction rate 
(min− 1) 

Reference 

Co3O4 @NCNTs 0.01 10 1.19 Darkness 100 0.22 [56] 
FeCo2S4-CN 0.02 4.98 0.15 Darkness 91.9 0.15 [57] 
CuO@Al2O3 0.5 10 0.4 Darkness 99 N/A [58] 
CoFe2O4-EG 0.6 10 0.4 Darkness 100 0.18 [59] 
FeOy/S-g-C3N4 0.2 10 0.8 Darkness 100 0.06 [60] 
Coconut-shell-derived biochar (CSBC) 0.15 12.66 0.6 Darkness 85 0.01 [61] 
Dairy manure digestate derived biochar 

(DMDB) 
1.00 15.00 2.50 Darkness 90.2 0.02 [62] 

Cu-N-C 0.2 18 1.19 Darkness 100 0.16 [63] 
Fe3O4/β-FeOOH 0.2 5 0.89 Darkness 91 0.08 [64] 
CoAl-LDH@CoFe-PBA 0.1 10 0.3 Darkness 98 0.37 [65] 
Fe-Co-O-g-C3N4 0.2 10 0.8 Darkness 100 0.09 [66] 
g-C3N4 0.1 5 0.1 UV-A LED 

light 
95 0.05 [67] 

PDA-gCN-1.0 0.05 10 1 Darkness 100 1.70 [68] 
Fe3C/Fe@N-C-9 0.3 20 0.1 Darkness 100 2.84 This work  
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catalytic degradation rates at pH of 3.0, 5.0, 7.0 and 9.0 still maintained 
at relatively high levels (1.92–2.84 min− 1) and nearly all the SMX 
molecules were eliminated within 10 min. This result revealed that the 
constructed Fe3C/Fe@N-C-9 + PMS system can be applied to treat 
wastewater over a broad working pH (3.0–9.0). However, it was not 
difficult to observe that the SMX degradation rate slightly increased as 
pH values decreased, this increasement should be attributed to the 
surface attraction effect between Fe3C/Fe@N-C-9 and PMS at lower pH 
values. Under the acidic conditions (pH = 3.0 or 5.0), the surface po
tentials of Fe3C/Fe@N-C-9 were 4.65 and 9.62 mV, respectively (the 
zeta potential diagram of Fe3C/Fe@N-C-9 was shown in Fig. S8), which 
would be conducive to attract HSO5

− anions to trigger catalytic degra
dation process. Prior studies suggested that the reaction between PMS 
and N-doped active sites on the surface of carbonaceous materials was 
more favorable at lower pH conditions [69], thus the presence of 
N-doped species in Fe3C/Fe@N-C-9 might facilitate the activation of 
PMS when pH being 3.0 and 5.0. In contrast, although the SMX molecule 
was presented as a completely deprotonated form when pH increased to 
7.0 and it possessed higher reactivity than protonated forms [70], PMS 
showed the poorest stability when pH was 9.0 and where half of HSO5

−

was inclined to decompose to SO5
2− [70], which might be a reason that 

the catalytic degradation rate decreased from 2.84 ± 0.22735 min− 1 to 
1.93 ± 0.07983 min− 1 as the initial pH increased from 3.0 to 9.0. 

In practical engineering applications, the co-existing substances in 
wastewater might possess undesirable impact on the elimination of 
target pollutants. Therefore, the influence of inorganic anions including 
SO4

2− , H2PO4
− , Cl− , HCO3

− , NO3
− as well as HA on the SMX removal was 

particularly evaluated. As shown in Fig. 6(b), SO4
2− , H2PO4

− , Cl− , HCO3
−

and NO3
− did not show remarkable effects on the elimination of SMX, 

revealing that an outstanding anti-interference capacity of the Fe3C/ 
Fe@N-C-9 + PMS reaction system. In general, Cl− was inclined to react 
with SO4

− ⋅ and ⋅OH to produce Cl⋅, Cl2− ⋅ and ClOH− ⋅ radicals with weaker 
oxidation abilities, giving rise to an inhibitory effect on the decompo
sition of organic contaminants [5]. Nevertheless, this inhibition cannot 
be found in the Fe3C/Fe@N-C-9 + PMS system, revealing that SO4

− ⋅ and 
⋅OH were not responsible for SMX removal in this study. As to HCO3

− , it 
was a representative dual-function inorganic anion [47]. On the one 
hand, HCO3

− acted as an efficient quencher for SO4
− ⋅ and ⋅OH, but the 

observed negligible inhibition effect further indicated that the contri
bution of ROSs-dominated catalytic oxidation process in this system was 
limited. On the other hand, the solution pH value will inevitably in
crease by addition of HCO3

− , which was disadvantageous for SMX 
removal as mentioned above, thus the corresponding k1 value slightly 
dropped to 1.87 min− 1. Moreover, the co-existence of SO4

2− , H2PO4
− and 

NO3
− had no impact on SMX removal, suggesting that the Fe3C/

Fe@N-C-9 + PMS catalytic oxidation system did not depend on active 
free radicals. And it had been reported that the inhibitory effect of 
H2PO4

− in nonradical-dominated catalytic process was insignificant 
[47]. Therefore, combined with the above analysis, the degradation of 
SMX scarcely disturbed by the co-existence of inorganic anions. In 
addition, HA was chosen as a NOM to evaluate its influence on Fe3C/
Fe@N-C-9 + PMS system. As depicted in Fig. 6(b), the introduction of 
10 mg/L of HA could exert negative effect on SMX removal, but 81.3% 
of SMX can still be removed with 10 min. Such a disadvantageous per
formance caused by the presence of HA could be ascribed to the 
competition effect between HA and SMX on the surface of Fe3C/
Fe@N-C-9 via strong π-π stacking, resulting in restricting the interaction 
between PMS and heterogeneous catalytic sites [71]. Besides, HA can 

Fig. 6. SMX catalytic degradation under different experimental conditions: (a) pH, (b) the co-existence of inorganic anions and humic acid, (c) catalytic perfor
mances of different organic pollutants over the Fe3C/Fe@N-C-9 and (d) Fe leaching from different Fe3C/Fe@N-C-x catalysts. [PMS]0 = 0.1 mM, [SMX]0 = 20 mg/L, 
Fe3C/Fe@N-C-9 = 0.3 g/L, [anions] = 1 mM, [HA]0 = [RhB]0 = [CIP]0 = [TCH]0 = [BPA]0 = 10 mg/L. 
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also suppress the SMX oxidation via consumption of 1O2 [51], which 
implied that the mechanisms of non-radical pathways in accounting for 
the SMX degradation should be given serious attention. 

Furthermore, the constructed Fe3C/Fe@N-C-9 + PMS reaction sys
tem was also effectual for elimination of different types of organic pol
lutants via PMS activation, such as an organic dye (RhB), a 
fluoroquinolone antibiotic (CIP), tetracycline (TCH) and a typical 
endocrine disrupting chemical (BPA), as depicted in Fig. 6(c). Moreover, 
for the purpose of investigating the mineralization capacities of the 
Fe3C/Fe@N-C-9 + PMS system toward the above-mentioned organic 
compounds, the TOC concentrations of aqueous solution before and 
after catalytic reaction were also analyzed. As illustrated in Fig. S9, the 
considerable mineralization capacities (above 70.2%) revealed its 
applicability towards considerable decontamination and detoxification 
abilities. Meanwhile, it was worth pointing out that the Fe3C/Fe@N-C-x 
catalysts can effectively overcome the hurdles of ferric cations leaching. 
As shown in Fig. 6(d), ICP-OES results indicated that the ferric leaching 
concentrations for Fe3C/Fe@N-C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C- 
9 after catalytic processes were 1.64 ± 0.01226, 1.43 ± 0.02001 and 
0.18 ± 0.02106 mg/L, respectively, which was in compliance with the 
environmental standard (2 mg/L) established by the European Union 
[72]. The trace ferric leaching of Fe3C/Fe@N-C-9 definitely benefited 
from the extraordinary structure of Fe0 or Fe3C nanoparticles encapsu
lated in NCNTs, which should be good for electron transfer and ulti
mately improving the catalytic activity [73]. Thus, the 
Fe3C/Fe@N-C-9 + PMS system was a high-potential system for decon
tamination of wastewater under complicated conditions. 

3.3. Mechanisms of enhanced catalytic performances 

3.3.1. Singlet oxygen evolution 
To further clarify the catalytic degradation mechanisms, the free 

radical scavenging activity test was conducted to validate the creation 
mechanisms of reactive species by the Fe3C/Fe@N-C-9 + PMS system. 
Particularly, MeOH was frequently used as a probe for both SO4

− ⋅ 
(k = 9.7 × 108 M− 1s− 1) and ⋅OH (k = 2.5 × 107 M− 1s− 1), respectively 
[74]. And TBA was deemed as a reasonable capture agent for ⋅OH 
(k = 3.8–7.6 × 108 M− 1s− 1) and less sensitive for SO4

− ⋅ (k = 4.0–9.1 ×

105 M− 1s− 1) [75]. As shown in Fig. 7(a), the introduction of 1 mM of 
MeOH or TBA (MeOH:PMS = 10, TBA:PMS = 10) exhibited a negligible 
impact on SMX degradation. In comparison with the controlled experi
ment, the corresponding k1 values merely declined from 2.84 
± 0.22735 min− 1 to 2.83 ± 0.02066 or 2.83 ± 0.04225 min− 1 after 
adding MeOH or TBA, respectively, revealing that only tiny amounts of 
SO4

− ⋅ and ⋅OH radicals were generated during the catalytic process. This 
speculation was further affirmed by continually increasing MeOH and 
TBA to 10 mM (MeOH:PMS = 100, TBA:PMS = 100) and 100 mM 
(MeOH:PMS = 1000, TBA:PMS = 1000). It can be clearly observed that 
the inhibition effects on SMX degradation rate still kept slight, demon
strating that the ⋅OH and SO4

− ⋅ were not indispensable for the reduction 
of SMX molecules. To deeply identify the roles of ⋅OH and SO4

− ⋅, ESR 
spectra were recorded and DMPO was selected as a spin trapping agent. 
As shown in Fig. 7(b), the DMPO-⋅OH adducts with the characteristic 
intensities of 1:2:2:1 along with DMPO-SO4

− ⋅ adducts were observed in 
the Fe3C/Fe@N-C-9 + PMS system, but the corresponding peak in
tensities was insignificant. This result can also unambiguously confirm 
that SO4

− ⋅ and ⋅OH were not the predominant ROSs in the 

Fig. 7. (a) SMX degradation with various scavengers, such as MeOH, TBA, p-BQ and L-histidine, (b) ESR spectra of obtained at different reaction time using DMPO as 
spin-trapping agents, (c) ESR spectra of 1O2 signals in Fe3C/Fe@N-C-9 + PMS system and (d) SMX degradation curves over Fe3C/Fe@N-C-9 + PMS system under 
different atmospheres. [PMS]0 = 0.1 mM, [SMX]0 = 20 mg/L, Fe3C/Fe@N-C-9 = 0.3 g/L, [DMPO]0 = [TEMP]0 = 50 mM. 
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Fe3C/Fe@N-C-9 + PMS system. Considering that a small quantity of 
ferreous leaching from Fe3C/Fe@N-C-9 (0.18 ± 0.02106 mg/L), 
thereby the corresponding ROSs might be originated from the PMS ho
mogeneous activation. More importantly, the characteristic peaks 
attributed to 5,5-dimethy-L-pyrrolidone-2-oxyl (DMPOX) with the in
tensity ratio of 1:2:1:2:1:2:1 can be captured with the prolonging of 
reaction time. This experimental phenomenon indicated that DMPO 
should be immediately oxidized rather than being attacked by free 
radicals during the catalytic processes [52]. Previous reports suggested 
the oxidized derivative DMPOX was mainly formed by the reaction be
tween DMPO and 1O2, carbon surface-bound oxidative complexes or 
Fe–Nx sites [57]. Therefore, it could be considered that the SMX mole
cules were catalytically degraded through non-radical processes. 

Non-radical mediated PMS activation has been reported in different 
catalysis reaction systems, which can be classified as 1O2 [51], 
high-valent iron-oxo complex [42,52] or electron-transfer [10,12]. 
Therefore, ESR test with TEMP as a capture agent was used to acquire 
more proofs for the produced reactive species via non-radical process. As 
shown in Fig. 7(c), 1:1:1 triplet characteristic spectrum assigned to 
TEMP-1O2 adduct was not captured in PMS alone reaction system, while 
the signal enhancement of TEMP-1O2 adduct can be detected after the 
addition of Fe3C/Fe@N-C-9, revealing that the generation of abundant 
1O2. Nevertheless, previous work pointed out the TEMPO adduct might 
be generated through electron transfer [52]. Thus we selected L-histi
dine as 1O2 scavenger, although L-histidine was easy to react with PMS 
unavoidably (k = 10.9 M− 1s− 1), it tended to preferentially react with 
1O2 at a much higher reaction rate (k = 3.2 × 107 M− 1s− 1) [17]. As 
shown in Fig. 6(a), the addition of a small quantity of L-histidine (1 mM, 
L-histidine:PMS = 10) led to a remarkable reduction in catalytic effi
ciency, only 63.2% of SMX can be degraded by Fe3C/Fe@N-C-9 + PMS 
system and the corresponding k1 decreased to 0.86 ± 0.06755 min− 1. 
While L-histidine was further increased to 10 or 100 mM (L-histidine: 
PMS = 100 or 1000), the SMX removal efficiency decreased to 26.0% or 
4.6% and the k1 values further decreased to 0.28 ± 0.01203 or 0.05 
± 0.00106 min− 1, respectively. Therefore, it can be concluded that 1O2 
was generated and it played a decisive role in removing SMX by the 
Fe3C/Fe@N-C-9 + PMS system. Additionally, although L-histidine dis
played a strong affinity with ⋅OH (k = 5 × 109 M− 1s− 1) [57], the inap
preciable inhibition effects of MeOH and TBA demonstrated that the 
quenching experiments by introducing L-histidine were still credible. 

Typically, 1O2 evolution pathways including the self-decomposition 
of PMS [46,70], the reaction between PMS and some reactive groups 
(O–C––O, C––O, Fe–Nx, graphitic N, etc.) [17], as well as the 
photo-excitation of oxygen molecules via an energy-transfer pathway 
[46,70]. And 1O2 is mainly derived from three species, such as ⋅O2

− , 
dissolved oxygen and SO5

− ⋅ [51]. To elucidate the evolution pathway of 
1O2, p-BQ, a selective scavenger of ⋅O2

− was tried to exert disadvanta
geous effects on decomposition of SMX [51]. As depicted in Fig. 6(a), the 
catalytic rates of SMX were not inhibited by 1 mM, 10 mM and 100 mM 
of p-BQ, which excluded the presence of ⋅O2

− during 1O2 generation. 
Moreover, as dissolved oxygen might contribute to the 1O2 generation, 
thus the elimination of SMX molecules was investigated in different 
atmospheres. As depicted in Fig. 7(d), the N2 and O2 atmospheres did 
not affect the SMX removal efficiencies, indicating that 1O2 was not 
generated from dissolved oxygen. Therefore, we proposed that the 1O2 
was mainly generated via the direct decomposition of PMS over 
Fe3C/Fe@N-C-9 and derived from SO5

− ⋅ radicals. 
According to the linear correlation analysis (Fig. 5(c)), we speculated 

that 1O2 might be produced from the following pathways (as illustrated 
in Fig. 8). Firstly, the abundant C–π active sites on the surface of Fe3C/ 
Fe@N-C-9 can successfully activate PMS to generate SO5

− ⋅ radicals, as 
expressed by Eqs. (2) and (3) [76,77]. Because the rapid reaction rate 
(k = 2.0 × 108 M− 1s− 1) and low activation energy (E = 7.4 
± 2.4 kcal/mol), rapid self-reaction of SO5

− ⋅ will contribute to produce 
1O2 (Eqs. (4) and (5)) [51]. It should be noted that in such reaction 
circumstance, the produced SO4

− ⋅ radicals were inclined to be scavenged 

by PMS to generate SO5
− ⋅ with a low oxidative potential (1.1 V) and high 

reaction rate (k = 1.0 × 105 M− 1s− 1) through Eq. (6) [78], instead of 
directly acting on the oxidation of SMX. Because the kinetic constants in 
SMX degradation process significantly increased from 0.89 
± 0.00560 min− 1 at 0.025 mM PMS to 2.53 ± 0.08216 min− 1 at 
0.075 mM PMS (Fig. S10). However, only a slight increase of kinetic 
constant was observed when the PMS concentration further increased to 
0.1 mM. This experimental phenomenon revealed that the PMS con
centration (0.1 mM) used in the catalytic reactions was sufficient. 

Secondly, the oxygen groups (O–C––O and C––O) of Fe3C/Fe@N-C-9 
can serve as the catalysis sites for direct decomposing PMS to generation 
of 1O2 [17,79,80]. The O atoms in O–C––O together with N atoms 
connected to Fe–N4 sites might act as electron acceptors to deplete the 
adsorbed PMS for the generation of SO5

− ⋅. It will further react with H2O 
to generate 1O2, as described by Eqs. (7) and (8) [81]. Meanwhile, C––O 
was prone to activate PMS to generate 1O2 through Eq. (9) [77,82], 
which could also contribute to SMX degradation via the non-radical 
pathway. Thirdly, the self-decomposition of PMS can also dedicate to 
the formation of 1O2 (Eqs. (10) and (11)). At last, the mere existence of 
Fe leaching in reaction solution and trace amount of Fe0 species can 
induce SO4

− ⋅ or ⋅OH, and subsequently transformed into 1O2 (Eqs. (12)– 
(16)) [83].  

C–π + HSO5
− → C–π+ + OH − + SO4

− ⋅                                             (2)  

C–π+ + HSO5
− → C–π + H+ + SO5

− ⋅                                                 (3)  

SO5
− ⋅+ SO5

− ⋅ → S2O8
2− + 1O2                                                           (4)  

SO5
− ⋅+ SO5

− ⋅ → 2SO4
2− + 1O2                                                           (5)  

HSO5
− + SO4

− ⋅ → SO5
− ⋅+ SO4

2− + H+ (6)  

HSO5
− + Fe3C/Fe@N-C-9 → SO5

− ⋅ + H+ + e − (7)  

2SO5
− ⋅ + H2O → 2HSO4 

− + 1⋅51 O2                                                 (8)  

HSO5
− + SO5

2− → HSO4
− + SO4

2− + 1O2                                             (9)  

HSO5
− → H+ + SO5

2− (10)  

HSO5
− + SO5

2 − → HSO4 
− + SO4

− ⋅ + 1O2                                        (11)  

Fe0 + HSO5 
− + H+ → Fe2+ + SO4

− ⋅ + H2O                                    (12)  

Fig. 8. Proposed catalytic mechanisms in Fe3C/Fe@N-C-9 + PMS reac
tion system. 
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Fe2+ + HSO5
− → Fe3+ + SO4

− ⋅ + ⋅OH                                             (13)  

SO4
− ⋅ + H2O → SO4

2− + ⋅OH + H+ (14)  

HSO5
− + H2O → H2O2 + HSO4

− (15)  

2⋅OH + H2O2 → 1O2 + H2O                                                           (16)  

3.3.2. Electron-transfer mechanism 
As mentioned in Section 3.2.1, the catalytic activation of PMS over 

Fe3C/Fe@N-C-9 for SMX removal was a two-stage-reaction. Therefore, 
electron transfer might contribute to the second stage of SMX removal, 
since Fe3C/Fe@N-C-9 was constituted of sp2-conjugated carbons [12], 
active N species (graphitic N and Fe–N4) [52] and Fe3C with strong 
abilities for electron transfer [53]. In this study, the electron-transfer 
mechanism was confirmed by electrochemical measurements and 
in-situ Raman spectral analysis. As shown in Fig. 9(a), a remarkable in
crease of the current density can be observed when Fe3C/Fe@N-C-9, 
SMX and PMS were simultaneously added, suggesting a current flow was 
formed in metastable reactive complex (Fe3C/Fe@N-C-9-PMS*) [12, 
16]. Moreover, a smaller semicircle diameter in EIS can be achieved by 
the Fe3C/Fe@N-C-9 + PMS + SMX system (as illustrated in Fig. 9(b)), 
indicating that faster interfacial charge transfer between the Fe3C/
Fe@N-C-9-PMS* and SMX was possible [52]. Besides, the i-t curve was 
used to record the current changes after introducing PMS and SMX at a 
specific open-circuit voltage (Fig. 9(c)). It can be seen that no obvious 
fluctuation of current after the introduction of PMS, but the current 
decreased sharply after the addition of SMX, implying that the 
co-adsorption behavior of PMS and SMX on the surface of Fe3C/
Fe@N-C-9 was inclined to induce the electron-transfer pathway, which 

was in line with the ESR analysis about the clear signal of DMPOX [12]. 
In addition, the generation of Fe3C/Fe@N-C-9-PMS* metastable com
plex was directly confirmed by in-situ Raman spectroscopy. As shown in 
Fig. 9(d), the peaks at 889 and 1060 cm− 1 originated from HSO5

− , and a 
strong peak at 983 cm− 1 should be attributed to SO4

2− [84]. Interest
ingly, when the Fe3C/Fe@N-C-9 was added into the PMS solution, a new 
peak at 839 cm− 1 was detected, which was due to the bending vibration 
of the metal-peroxo bonds, affirming the presence of the Fe3C/
Fe@N-C-9-PMS* complex [12]. The above electrochemical and in-situ 
Raman results demonstrated that Fe3C/Fe@N-C-9 can also activate PMS 
through an electron-mediated non-radical pathway. The formed 
Fe3C/Fe@N-C-9-PMS* complex can elevate the redox potential of the 
Fe3C/Fe@N-C-9 (EFe3C/Fe@N-C-9), when EFe3C/Fe@N-C-9 exceeded the 
oxidation potential of the SMX (ESMX), the Fe3C/
Fe@N-C-9-PMS* complex will extract electrons from the SMX and SMX 
was easy to decompose via the electron transfer process. Moreover, as 
shown in Fig. S6, Fe3C/Fe@N-C-9 possessed larger k2 values (0.50 
± 0.01757 min− 1) than those of Fe3C/Fe@N-C-7 (0.01 
± 0.00078 min− 1) and Fe3C/Fe@N-C-8 (0.02 ± 0.00639 min− 1). This 
result can be attributed to the following reasons: (1) higher adsorption 
capacity was achieved by Fe3C/Fe@N-C-9 (Fig. 4(a)). Thus stronger 
pre-adsorption effect was beneficial to the subsequent catalytic process; 
(2) higher O–C––O content (2.12 at%) in Fe3C/Fe@N-C-9 can improve 
the hydrophilicity and accelerate mass transfer of SMX/PMS on the 
surface [12]; (3) more defects in Fe3C/Fe@N-C-7 and Fe3C/Fe@N-C-8 
(confirmed by Raman analysis) might cause partial carbon trans
formation from sp2 to sp3, which might deteriorate the electron-transfer 
process [85]; (4) more importantly, benefited from the CNT morphology 
of Fe3C/Fe@N-C-9 and its higher complete sp2-hybridized structure, the 

Fig. 9. (a) LSV curves, (b) EIS analysis, (c) current response curves after addition of PMS and SMX at the Fe3C/Fe@N-C-9 electrode in solution, [PMS]0 = 1.5 mM, 
[SMX]0 = 5.0 mg/L, (d) in-situ Raman spectra obtained in different reaction systems. 

C. Zhao et al.                                                                                                                                                                                                                                    



Applied Catalysis B: Environmental 321 (2023) 122034

13

entrapped FNPs can impressively modulate the electronic states of the 
interacted carbon regions, giving rise to faster electron transfer effi
ciency with synergistic promotion of N-doping. The Fe3C/Fe@N-C-9 
possessed the highest current density in LSV curves and the smallest 
semicircle diameter in EIS analysis (Fig. S11), which further confirmed 
that the Fe3C/Fe@N-C-9 had greater charge transfer ability. 

3.3.3. Identification the role of HV-Fe 
Previous studies reported that HV-Fe species (FeV=O and FeIV=O) in 

Fe-based catalysts can directly degrade organic pollutants [42,86]. To 
explore possible HV-Fe components, PMSO2 was used as the HV-Fe 
probe in different reaction systems [87]. As shown in Fig. 10(a), 
PMSO2 production was not enhanced in the Fe3C/Fe@N-C-9 + PMS 
system in contrast to the PMS alone system, suggesting that the HV-Fe 
was not formed during the heterogeneous catalytic process. Further
more, HV-Fe was also detected by the a selective scavenger, DMSO [52]. 
As illustrated in Fig. 10(b), the SMX removal rates were not distinctly 
reduced along with DMSO increased from 1 to 100 mM (the ratio of 
DMSO:PMS increased from 10 to 1000), suggesting the absence of HV-Fe 
in Fe3C/Fe@N-C-9 sample. Moreover, effect of oxalate on SMX removal 
was explored since the active iron sites were inclined to coordinate with 
carboxyl groups of oxalate, leading to the target pollutants removal will 
be terminated in HV-Fe dominated catalytic process [87]. As displayed 
in Fig. 10(b), the SMX degradation rates were slightly suppressed after 
adding oxalate in Fe3C/Fe@N-C-9 + PMS system, even though the ratio 
of oxalate:PMS increased to 40, confirming that HV-Fe was not involved 
in the catalytic process. To sum up, 1O2 evolution and electron-transfer 
were the dominant non-radical pathways occurred in Fe3C/
Fe@N-C-9 + PMS + SMX reaction system. 

3.4. Practical application evaluation 

From the aspect of actual practices, the reusability of a catalyst is 
crucial for remediation of water environments. Bearing this in mind, 
continuous running experiments were conducted to assess the stability 
of Fe3C/Fe@N-C-9 catalyst. As shown in Fig. 11(a), the Fe3C/Fe@N-C-9 
could be repeatedly used as an efficient catalyst for PMS activation and 
the removal efficiency of SMX still maintained at 81.2% after 5 runs. The 
decreased degradation efficiency might be ascribed to co-adsorption of 
SMX or catalytic intermediates on the surface of Fe3C/Fe@N-C-9 and a 
small amount of lost catalytic sites. Furthermore, the magnetic proper
ties of the Fe3C/Fe@N-C-x materials were characterized by VSM. The M- 
H curves in Fig. 11(b) demonstrated nonlinear and reversible behaviors 
with robust saturation magnetizations of 51.04, 59.74 and 121.78 emu/ 
g for Fe3C/Fe@N-C-7, Fe3C/Fe@N-C-8 and Fe3C/Fe@N-C-9, respec
tively. Owing to the encapsulated Fe3C and Fe0 nanoparticles beneath 

the graphitic carbon shells, which allowed the Fe3C/Fe@N-C-9 to be 
easily recovered by an external magnetic field without needless sepa
ration process (the insert of Fig. 11(b)). Moreover, the PXRD patterns 
(Fig. 11(c)) and morphology (Fig. S12) of the Fe3C/Fe@N-C-9 before 
and after catalysis had good coincidence, indicating that the Fe3C/ 
Fe@N-C-9 did not undergo phase transformation and the skeleton 
structure was maintained well. Additionally, the XPS spectra of the used 
Fe3C/Fe@N-C-9 were tested, as illustrated in Fig. S13. The relative 
contents of the different species occupying in the total elements for used 
Fe3C/Fe@N-C-9 were shown in Table S2. For C 1 s, the amount of C–π 
dropped to 36.4%, indicating that the C–π played an important role in 
the catalytic reaction. And after the catalytic reaction, the ratios of 
O–C––O and C––O groups were also observed to decrease, suggesting 
that these oxygen-containing groups interacted with PMS and mediated 
non-radical processes. With respect to N 1 s and Fe 2p, the relative 
contents of graphitic N, pyridinic N and Fe–Nx declined, meanwhile the 
ratio of Fe3+/Fe2+ decreased from 1.43 to 0.86. The obtained results 
revealed that the above species also participated in PMS activation 
process. 

More importantly, to further evaluate the application potential of 
Fe3C/Fe@N-C-9 + PMS system in a complicated water environment, the 
removal efficiency of actual pharmaceutical wastewater was analyzed. 
Its background concentrations of inorganic ions were shown in Table S3. 
Meanwhile, based on the ultra-performance liquid chromatography 
tandem triple quadrupole mass spectrometry analysis technology of 80 
antibiotics built by our laboratory, the antibiotics in the actual phar
maceutical wastewater were screened and analyzed combined with the 
information of the standard sample. If the parent ions and fragment ions 
of the compound appeared simultaneously and the HPLC retention time 
was consistent with that of the standard, the organic compound was 
considered to be detected. As shown in Fig. S14, the detected antibiotics 
were sulfadoxine, doxycycline and 2-aminoflubendazole, and their basic 
properties were illustrated in Table S4. Fig. 11(d) depicted the perfor
mance of Fe3C/Fe@N-C-9 + PMS system on removal of COD from the 
actual pharmaceutical wastewater. The removal percentage reached 
43.4% with the Fe3C/Fe@N-C-9 dosage of 0.3 g/L and PMS initial 
concentration of 5 mM. And the color of the sample changed from yel
low to colorless after catalytic reaction (as shown in insert of Fig. 10(d)). 
It was worthy to noting that the removal efficiency of COD in the actual 
pharmaceutical wastewater was much lower than that in the simulated 
sample by spiking modeling organic pollutants into ultrapure water. It 
could be ascribed to that the co-existing dissolved organic matters 
(DOM) interfered with degradation of antibiotics via PMS consumption 
or reducing antibiotics’ susceptibilities to reactive species like 1O2 [71]. 

To verify the above speculations, EEM spectroscopy was applied to 
monitor DOM in actual wastewater samples. Because the high COD 

Fig. 10. (a) PMSO2 production in different reaction systems. [PMSO]0 = 1000 μM, [PMS]0 = 0.1 mM, Fe3C/Fe@N-C-9 = 0.3 g/L, (b) the corresponding kinetic 
reaction constants obtained by the presence of different scavengers, such as DMSO and oxalate. 
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concentration of original sample (in excess of 10000 mg/L), it was 
gradually diluted by 2000 times to avoid inner-filter effect for subse
quent analysis. The EEM spectrum of original pharmaceutical waste
water sample was shown in Fig. 12(a), the peak at Ex/Em of 260–275/ 
400–450 nm was related to soluble-microbial-byproduct (SMP)-like 
components [61], while the peak at Ex/Em of 310–325/400–430 nm was 
associated with fulvic-like fluorophores [61]. The fluorescence in
tensities of the above characteristic peaks were 1470 and 350 QSU, 
respectively. After treated with Fe3C/Fe@N-C-9 + PMS system for 
10 min, the corresponding intensities of the two characteristic peaks 
rapidly dropped to 654 and 190 QSU (Fig. 12(b)), respectively. As a 
whole, being compared with other (PS-AOPs), such as ionizing radia
tion- [22,88] and UV-assisted technologies [89,90], the constructed 

Fe3C/Fe@N-C-9 + PMS system can purify the pharmaceutical waste
water with relatively acceptable efficiency and lower energy cost. 

4. Conclusion 

In summary, a sequence of Fe3C/Fe@N-C-x catalysts were fabricated 
by using MIL-88B(Fe) as a self-sacrificing template and melamine as a N- 
doping precursor in a ball-milling pretreatment and one-pot calcination 
procedure. The characterization results showed that all the Fe3C/Fe@N- 
C-x catalysts underwent distinct changes in physical and chemical 
properties after the pyrolysis process. In particular, benefitted from the 
synergistic effect of the sp2-hybridized carbon network, oxygen- 
containing groups, N-doping species, Fe3C and Fe0 nanoparticles 

Fig. 11. (a) Reusability of the Fe3C/Fe@N-C-9 catalyst for the degradation of SMX, (b) magnetic properties of the as-prepared Fe3C/Fe@N-C-x catalysts, (c) PXRD 
patterns of Fe3C/Fe@N-C-9 before and after catalytic process and (d) the COD removal efficiencies in actual pharmaceutical wastewater by Fe3C/Fe@N-C- 
9 + PMS system. 

Fig. 12. (a)-(b) EEM spectra of pharmaceutical wastewater samples before and after treatment by Fe3C/Fe@N-C-9 + PMS system. [PMS]0 = 0.1 mM, Fe3C/Fe@N-C- 
9 = 0.3 g/L. 
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encapsulated in NCNTs, the Fe3C/Fe@N-C-9 possessed an excellent 
ability for ultrafast removal of emerging contaminants via PMS activa
tion. Meanwhile, the Fe3C/Fe@N-C-9 attained little Fe leakage in re
action solution. The catalytic mechanisms were investigated by means of 
quenching tests, ESR signals, electrochemical analysis and in-situ Raman 
spectroscopy. Both 1O2 evolution and electron transfer were validated to 
the SMX removal by Fe3C/Fe@N-C-9 + PMS system. The effects of 
environmental factors (initial pH, inorganic anions and NOM) on the 
catalytic degradation process were analyzed. The results revealed the 
constructed Fe3C/Fe@N-C-9 + PMS system can achieve considerable 
degradation efficiency for modeling organic compounds in complicated 
water matrices. Moreover, the Fe3C/Fe@N-C-9 + PMS system could also 
decontaminate real pharmaceutical wastewater with an appreciable 
degradation efficiency. This research offered a new perspective about 
the catalytic degradation of organic pollutants triggered by MOFs- 
derived materials, which verified the feasibility of MOFs-PMS-based 
reaction systems for future treatment of organic wastewater. 
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