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A B S T R A C T   

Carbon-coated nanoscale zero-valent iron (Fe@C) is a robust active material in wastewater treatment. Small 
particle size and high content of zero valent iron nanoparticles (Fe◦ NPs) in Fe@C composites ensure their 
desired activity in Fenton-like reaction. We mechanochemically prepared Fe-ethylenediaminetetraacetic acid 
(Fe-EDTA), Fe-aminoterephthalic acid (Fe-ATA), and Fe-melamine (Fe-MA) complex as starting materials to 
synthesize Fe@C. The coordination ability between iron and ligands determines the particle size and distribution 
of Fe NPs. Fe@C derived from Fe-EDTA possessed 97.6 % of Fe◦ NPs (4 nm-in-diameter), exhibited strong cat-
alytic ability for sulfamethazine removal with and without the addition of H2O2, but also encountered serious 
erosion and poor reusability. Fe@C generated from Fe-ATA manifested reasonable activity and excellent stability 
and reusability in Fenton-like reaction, which was contributed by the suitable particle size (6 nm) and special 
topological structure. Fe@C-MA produced from Fe-MA exhibited bad catalytic performance and reusability due 
to its larger Fe NPs size (300 nm).   

1. Introduction 

The long-term exposed antibiotics contamination has become the 
focus of widespread concern in recent years because of which inevitably 
threatens the safety of aquatic ecosystems and poses potential risks for 
human health [1]. Sulfamethazine (SMT) as a common sulfonamide 
antibiotic is extensively prescribed to treat infectious diseases and pro-
mote animal growth in livestock production. However, unmetabolized 
SMT cannot be completely removed by conventional wastewater treat-
ment processes due to its antibacterial nature and poor biodegradability 
[2,3]. Various physical, chemical and biological methods have been 
used to remove these kinds of pollutants, such as adsorption [4,5], 
biodegradation [6] and advanced oxidation processes (AOPs) [7,8]. 
Among them, Fenton treatment as a primary technology used in AOPs 
has gained considerable attention. Heterogeneous Fenton-type Fe-based 
catalysts have been extensively used in AOPs, owing to their ease of 

separation, low cost, low toxicity, and environmental compatibility [9, 
10]. 

Particularly, nanoscale zero valent iron (nZVI), possessing high ac-
tivity, has been chosen as an effective catalyst in environmental reme-
diation [11]. However, nZVI particles not only tend to aggregate into 
larger-size particles owing to their strong magnetic attraction and van 
der Waals forces, but also can be oxidized easily even in anoxic envi-
ronments [12,13]. To overcome these shortcomings, nZVI has been 
loaded or immobilized onto a carrier (supporter), which can improve the 
dispersibility and surface areas of nZVI, to some degree relieve the 
oxidation of nZVI and improve its performance, even after use or storage 
[14]. Carbon materials are ideal supports to load nZVI materials owing 
to its excellent chemical and thermal stability, strong adsorption ability 
to pollutants, low cost, and easy-to-prepare [15,16]. 

The strategies for the preparation of carbon-supported nZVI involve 
the direct pyrolysis of the as-prepared mixture, chemical reduction or 
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gamma-ray irradiation of the pre-obtained carbon materials decorated 
with metal salts, CVD and arc discharge techniques [17]. The carbo-
thermal reduction method has the following advantages over other 
techniques: carbon is capable of supporting a large amount of nZVI and 
the stability of the nZVI in air is improved [18]. In this approach, organic 
chemicals such as glucose, sucrose, dopamine, are often applied as 
carbon source to synthesize Fe@C materials [19]. Since Fe atoms in Fe 
(II)/Fe(III)-organic complex precursors tend to aggregate due to 
broken of Fe-O bonds upon elevating the pyrolysis temperature, the 
obtained Fe NPs usually have particle size of several decade nanometers. 
Although the diameters of Fe NPs can be partly tuned by adjusting the 
ratio of Fe and C precursors, it is still difficult to gain Fe@C with high Fe 
content combined with fine particle size using this kind of precursors. 

In the preparation of single-atom Fe catalysts (Fe-N-C), N-rich 
organic chemicals have been widely used since the Fe-N bonds are more 
stable than Fe-O bonds at high temperature. The strong interaction be-
tween Fe species and N-containing functional groups prevents transport 
and aggregation of Fe atoms, so that ultra-small Fe clusters and single- 
atom Fe sites are generated [20]. Meanwhile, the organic components 
are carbonized to graphitic carbon and serves as support to anchor the 
ultra-small Fe clusters or single-atom Fe. Organic iron salts such as iron 
phthalocyanine (FePc) [21], prussian blue [22], Iron(III) 2,4-pentanedi-
onate and MOFs (Fe doped ZIF-8, MOF-545) [23,24] are the most 
frequently used precursors. The content of iron in the precursors is 
usually low enough to avoid the generation of Fe NPs. However, such 
low density of ultra-small Fe clusters and single-atom Fe sites embedded 
in graphitic carbon (less than 18.5 wt%) can cut down the Fenton-like 
catalytic performance, which making it unlikely serve as Fenton-like 
catalyst [25]. But we can take full use of the strategy for synthesis 

single-atom Fe to prepare ultra-small Fe NPs Fenton-like catalysts. 
In the present study, we choose three N-containing organic chemicals 

as ligands to fabricate Fenton-like catalysts, carbon supported/coated 
ultra-small iron NPs. The ordination ability of ligands with Fe atoms 
influences the particle size, morphologies and activity of the gained Fe- 
carbon nanocomposites. These Fe@C catalysts exhibit different Fenton- 
like catalytic performance for sulfonamides antibiotics degradation, 
which is related with the particle size of Fe NPs combined with their 
distribution in the carbon support. 

2. Materials and methods 

2.1. Reagents and materials 

Melamine (MA) (99 %), ethylenediaminetetraacetic acid (EDTA) (99 
%), iron(II) acetate, 2-aminoterephthalic acid (ATA) (98 %+), tert- 
butanol, 1,4-benzoquinone, 2,4-dinitrophenylhydrazine (98 %), and 
dimethyl sulfoxide were obtained from J&K Chemical Co. Ltd. (Beijing, 
China). Sulfamethazine (SMT, 99 %) was received from Acros Organics, 
NJ, USA. H2O2 (v/v 30 %) was from Sinopharm Chemical Reagent Co. 
Ltd. (Shanghai, China). All chemicals and solvents were used without 
further purification. Ultrapure water was produced by a Milli-Q 
Advantage A10 water purification system (Millipore, Bedford, MA, 
USA). 

2.2. Synthesis of Fe@C catalysts 

Iron(II) acetate (Fe(Ac)2) was selected as the iron precursor. EDTA, 
ATA and MA were used as ligands. The iron-ligand complexes or 

Fig. 1. SEM images of Fe@C-EDTA (a, b), Fe@C-ATA (c, d) and Fe@C-MA (e, f); HRTEM images of Fe@C-EDTA (g, h), Fe@C-ATA (j,k) and Fe@C-MA (m); and the 
measured lattice spacing of Fe NPs in Fe@C-EDTA (i) and carbon layer in Fe@C-ATA (l). 
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mixtures were prepared with mechanochemical method. The raw ma-
terials were ground at a rotational speed of 300 rpm for 3 h in a plan-
etary ball mill (BM4, Beijing Grinder Instrument Co., Ltd., Beijing, 
China). The mass ratio of iron(II) acetate and ligand was set at 1:3, 1:1, 
2:1, 3:1 and 4:1, respectively. Then the as-prepared complex/mixture 
was pyrolyzed at 800 ◦C under nitrogen atmosphere to obtain Fe@C 
catalysts. 

2.3. Degradation experiments 

Degradation of SMT was conducted in a 100 mL of PET bottle, 25 mg 
Fe@C catalyst was dispersed into 50 mL of aqueous solution containing 
20 mg/L sulfamethazine. The initial solution pH was adjusted to pH 4 
with 0.1 mol/L HCl or NaOH solution. In the micro-electrolysis pro-
cedure, the reaction solution was shaken at 300 rpm using a rotary 
shaker at ambient temperature, and 1 mL of samples was taken out at 
certain time intervals, filtered by 0.22 μm NY membrane and then 
determined by HPLC. In the microelectrolysis-Fenton like procedure, the 
reaction was initiated by adding a known concentration of H2O2 in the 
reaction solution. The effect of H2O2 concentration on sulfamethazine 
degradation was studied by control over a range of 0~40 mM. The de-
tails of characterization methods and sample measurement are pre-
sented in Supporting Information. 

2.4. Kinetic model 

To identify the catalytic actions of Fe@C materials in the degradation 
of SMT, three typical kinetic mathematical models, the pseudo-zero- 
order model, pseudo-first-order and the pseudo-second-order model, 
were used to fit the degradation kinetics of SMT.  

pseudo-zero-order model: C0 -Ct = k0 t                                               (1)  

pseudo-first-order model: -In (Ct / C0) = k1 t                                        (2)  

pseudo-second-order model: 1/Ct – 1/ C0 = k2 t                                    (3) 

where C0 (mg/L) is the initial concentration of SMT, Ct (mg/L) repre-
sents the SMT concentration at reaction time t (min) after the intro-
duction of H2O2, k0 (mg L− 1 min− 1), k1 (min− 1) and k2 (mg− 1 L min− 1) 
are reaction rate constants of the pseudo-zero-order, pseudo-first-order 

and pseudo-second-order models, respectively [26–28]. 

3. Results and discussion 

3.1. Composition optimization 

EDTA, ATA and MA which bear N-containing functional groups were 
utilized as ligands. EDTA has a favorable combination of carboxyl 
anchoring sites connected via nitrogen-containing groups, which ex-
hibits an especially strong coordination interaction with transition 
metallic ions. The ATA is a common ligand to synthesize MOF materials, 
whose two carboxylic groups coordinate with metal ions and the NH2 
groups act as modified functional group of MOFs. MA bears a multi- 
nitrogen heterocyclic ring and three amino groups, but shows rela-
tively weak coordination ability with iron ions [29]. 

To obtain the ideal Fe@C with high-content ultra-small Fe NPs, the 
ratio of Fe/C atoms in the precursors was optimized. The SEM images 
showed that the Fe@C materials derived from Fe-EDTA (shorted as 
Fe@C-EDTA) were aggregated greatly and composed of short nanofibers 
when the mass ratio of Fe(Ac)2/EDTA were 1:3 and 1:1 (Fig. S1). As the 
ratio increased to 3:1, the Fe@C-EDTA became loose and showed the 
sting-bead-like morphology (Fig. S1, Fig. 1(a, b)). Generally, large size 
Fe NPs were absent in all the Fe@C-EDTA materials. For Fe@C gener-
ated from Fe-ATA (Fe@C-ATA), the morphologies changed evidently 
with the varying of Fe(Ac)2/ATA mass ratio (Fig. S2). When the ratio 
was 1:3~2:1, the particles were of irregular shapes with some broken 
octahedron-like structures which should be ascribed to the template of 
Fe-MOF. With the ratio rising to 3:1, Fe@C-ATA mainly existed as 
spheroids or polyhedrons with smooth surface or coated with small 
particles (Fig. S2 and Fig. 1(c, d)). When the ratio was 4:1, the 
octahedron-like Fe@C-ATA seriously aggregated (Fig. S2d). With regard 
to Fe@C produced from Fe-MA (Fe@C-MA), the Fe@C-MA were rod- 
shaped as mass ratio of Fe(Ac)2/MA was 1:3 (Fig. S3), which should 
originate from the MA template. With the ratio up to 2:1, sphere or cubic 
particles in the size of ~500 nm were observed (Fig. S3, Fig. 1(e, f)). 
When the ratio reached to 3:1, Fe@C-MA with ill-defined octahedron 
shape began to aggregate. The elemental mapping analysis (Fig. S4-S6) 
validated that Fe, C, O and N elements were uniformly distributed in 
Fe@C matierials, confirming that these materials were composed of Fe 
NPs with oxidized outermost surface and N-rich carbon phase. 

Fig. 2. PXRD diffraction (a), FTIR spectroscopy (b) and Raman spectra (c) of Fe@C powders; high-resolution XPS spectra of N 1s (d), O 1s (e) and Fe 2p (f) of 
Fe@C-EDTA. 
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In a preliminary study, the Fe@C materials produced with different 
Fe(Ac)2/ligand mass ratios were utilized as Fenton-like catalyst to 
degrade SMT. The results in Fig. S7 showed that the catalytic perfor-
mance of the Fe@C-EDTA exhibited a continuous rise as the Fe(Ac)2/ 
ligand ratio increased from 1:3 to 3:1, and then declined with further 
rising of the ratio. The same trends existed for the Fe@C-ATA and Fe@C- 
MA materials, and the best Fenton-like catalytic performance was ob-
tained when the ratio of Fe(Ac)2/ligand was 3:1 for Fe-ATA and 2:1 for 
Fe-MA, respectively. This result suggested that adjusting the mass ratio 
of precursors can not only control the morphology of the product, but 
also improve the pollutants removal efficiency by controlling the bal-
ance between the content of carbon and particle size and dispersion of Fe 
NPs in the composites. Based on their highest catalytic performance, the 
optimum mass ratio of Fe(Ac)2/ligand was 3:1 for Fe-EDTA and Fe-ATA, 
and 2:1 for Fe-MA, respectively. 

3.2. Characterization of Fe@C catalysts 

The microstructure and morphology of Fe@C catalysts were further 
examined with TEM. As shown in Fig. 1(g, h), the Fe@C-EDTA was 
composed of carbon layer and small Fe NPs which were uniformly 
dispersed in the carbon layers. In the HRTEM images (Fig. 1h), the lat-
tice fringes with spacings of 0.206 nm (Fig. 1(h, i)) were indexed to the 
(110) plane of crystalline Fe◦ [30] and the mean particle diameter of Fe◦

was ~4 nm. The TEM images in Fig. 1(j, k) displayed that the structure 
of Fe@C-ATA inherited the profile of the Fe-MOFs precursors, and Fe 
NPs with a diameter of ~6 nm were encapsulated with a continuous 
structurally ordered graphitic carbon layer. The lattice fringes with 
spacings of 0.36 nm (Fig. 1(k, l)) in the carbon supporter were assigned 
to the (002) plane of graphitic carbon, suggesting good graphitized 
degree of carbon layer. TEM images of Fe@C-MA in Fig. 1(m) revealed 
that the iron had aggregated into large particles (~300 nm) and was 
encased with a graphite-like carbon shell whose thickness was about 70 
nm. 

The PXRD diffraction peaks of Fe@C catalysts at 2θ = 44.7◦, 65.1◦

and 82.4◦ indicated the presence of large amounts of α-Fe (JCPDS No. 
06-0696) [31] (Fig. 2(a)). The peak at 2θ = 26.5◦ can be indexed to the 
(002) plane of graphitic carbon (JCPDS No. 26-1080) [30]. Simulta-
neously, characteristic peaks of iron oxides (PDF#75− 1609) with low 
intensity at 35.6◦, 40.2◦, 58.2◦ and 73.2◦ can be observed as well [32]. 
The presence of iron oxides resulted from the oxidation of Fe NPs during 
storage due to its high reactivity. In the FT-IR spectra of these Fe@C 
materials (Fig. 2b), the characteristic peak in the regions of 3363 and 
3450 cm− 1 corresponded to the stretching vibration of hydroxyl groups 
and adsorbed H2O on surface [33]. The C––C peak at 1618 cm− 1 was 
assigned to the stretching vibration of graphite [34]. In the Raman 
spectra of Fe@C catalysts (Fig. 2c), the D-band at 1349 cm-1, G-band at 
1583 cm-1 and G′ band at 2701 cm-1 were attributed to vibrations of 
amorphous carbon, crystalline graphite and highly ordered graphitic 
microcrystal, respectively [35]. The three Fe@C catalysts showed the 
similar intensity ratios of the D-band/G-band (ID/IG) (~0.85), sug-
gesting that the carbon component in all the three Fe@C catalysts 

possessed high graphitization degree. According to elemental analysis 
results, the content of Fe, C, N and O atoms were 97.64 %, 1.15 %, 0.04 
%, 1.17 % in the Fe@C-EDTA, 89.07 %, 11.0 %, 0.03 %, 0% in 
Fe@C-ATA and 87.75 %, 2.32 %, 0.35 %, 9.58 % in Fe@C-MA, 
respectively. 

The surface composition of Fe@C catalysts were investigated by X- 
ray photoelectron spectroscopy (XPS). Fundamental elements Fe, N, O 
and C were observed in the full survey scan of each Fe@C catalyst 
(Fig. S8). Their high-resolution XPS spectra of N 1s could be fitted to 
graphitic-N (402.1~402.2 eV), Fe− N (400.7 eV) and pyridinic-N 
(398.4~398.6 eV) [36] (Fig. 2d, Fig. S9a and Fig. S9d). The O 1s XPS 
spectra presented three peaks located at binding energies of 
530.3~530.4 eV, 531.6~531.7 eV and 533.1~533.4 eV (Fig. 2e, 
Fig. S9b and Fig. S9e), corresponding to Fe–O, C–O and C––O, 
respectively [37]. The spectrum of Fe 2p on the surface of Fe@C-EDTA 
(Fig. 2f) could be deconvoluted into six peaks, including the Fe 2p3/2 
(peaks at 707.2, 710.5 and 712.8 eV) and Fe 2p1/2 band (peaks at 724.2 
and 728.6 eV) with a satellite peak at 720.2 eV. The binding energy of 
707.2 eV represented the existence of a-Fe. The peak at 710.5 eV (Fe 
2p3/2) demonstrated the existence of Fe − N bonding [38]. The two 
peaks at 712.8 and 728.6 eV correspond to Fe 2p3/2 and Fe 2p1/2 of 
oxidized species, which may be formed by the superficial oxidation of 
Fe◦ upon the exposure to air. The Fe◦ species can be observed in the Fe2p 
spectrum of Fe@C-ATA (Fig. S9c), but was absent in the Fe2p spectrum 
of Fe@C-MA (Fig. S9f). The intensity of O1 s lines of Fe@C-MA was 
obviously higher than those of Fe@C-EDTA and Fe@C-ATA, indicating 
that Fe NPs in Fe@C-MA was more readily corroded by oxygen. These 
results suggested that the strong coordination between Fe and EDTA, Fe 
and ATA prevented transferring and aggregation Fe atoms during car-
bonthermal process to produce ultrafine Fe◦ NPs. Meanwhile, the 
generated Fe NPs in Fe@C-EDTA and Fe@C-ATA were firmly coated by 
carbon phase (Fig. 1g–k), which relieved oxidation of Fe◦ in air during 
storage. 

The porosity and surface areas of Fe@C catalysts were evaluated by 
N2 absorption and desorption experiments at 77 K. The three Fe@C 
catalysts exhibited reversible type-IV isotherms according to the IUPAC 
classification (Fig. 3), and the hysteresis loop was located in the range of 
P/P0 = 0.45~0.95, which implied the coexistence of mesopores and 
macropores. In the plot of Fe@C-ATA, there was a steep increase in the 
relatively low pressure (P/P◦)<0.02, which suggested the reserving of 
the micropores of MOF templates. The Brunauer-Emmett-Teller (BET) 
surface area of Fe@C-EDTA, Fe@C-ATA and Fe@C-MA was 131.327 m2 

g− 1, 235.427 m2 g− 1 and 36.414 m2 g− 1, respectively. The pore size of 
these samples were estimated by nonlocal density functional theory 
(NLDFT) method to be around 2.205 nm and 7.896 nm for Fe@C-EDTA, 
2.186 nm and 4.986 nm for Fe@C-ATA, 2.472 nm and 4.931 nm for 
Fe@C-MA, respectively. 

The different morphologies, content, particle size and dispersion of 
Fe NPs on the Fe(Ac)2-ligands derived Fe@C were contributed by the 
varied coordination ability between Fe atoms and ligands. We examined 
the bonding between ligands and Fe by SEM, XRD and FTIR analysis. 
After grinding, the SEM images showed that the crystals of Fe(Ac)2 and 

Fig. 3. N2 adsorption-desorption isotherms of Fe@C-EDTA (a), Fe@C-ATA (b), Fe@C-MA (c), the insets represent the distribution of pore diameters.  
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ligands disappeared in the three mixtures (Fig. S10). The XRD patterns 
(Fig. S11) indicated that the diffusion peaks of individual Fe(Ac)2, EDTA 
and ATA vanished and a new broad peak at about 2θ = 10◦ appeared, 
suggesting the formation of Fe-EDTA and Fe-ATA complexes. For Fe 
(Ac)2 and MA mixture, the broad peak at about 2θ = 10◦ was seen as 
well, but the diffusion peaks of MA with decreased intensity still can be 
discerned. The FT-IR spectra (Fig. S12) of the Fe-EDTA and Fe-ATA 
disclosed that the characteristic peaks for N–H stretching vibrations 
in 3100-3650 cm− 1 were absent, and the peaks for vibration of 
carboxylate groups at 1592 cm− 1 and 1435 cm− 1 strengthened, sug-
gesting that both carboxylic groups and amino groups in the two ligands 
ordinated with Fe [39,40]. Thus we can conclude that the Fe-EDTA or 
Fe-ATA complexes generated after grinding. It should be noted that the 
amorphous state of Fe-ATA might be due to the absence of solvent 
washing after grinding, but the Fe@C derived from Fe-ATA still 
exhibited the MIL-101(Fe)-like morphology. As to Fe-MA, its FTIR 
spectrum was just the overlap of the individual Fe(Ac)2 and MA, 
implying the poor ordination ability of MA with Fe atoms. The strong 
ordination with EDTA and ATA prevented the transport and aggregation 
of Fe atoms, so that small Fe NPs uniformly embedded into the graphitic 
carbon layers. The weak interaction between MA and Fe could not 
relieve aggregation of Fe atom in the pyrolyzation process and resulted 
in core-shell structured Fe@C with large particle size. It was worth 
mentioning that the content of graphic carbon in Fe@C-ATA was 
significantly higher than those in Fe@C-EDTA and Fe@C-MA, which 
might be caused by the special topological structure of MOF material. 
The deep and stable embedding of fine Fe NP into the stacked graphitic 
carbon layers promoted the corrosion resistance of Fe NPs. 

The role of Fe(Ac)2 should be underlined. Normally, to ensure the 
ultrafine particle size of Fe NPs, the ratio of ligands and inorganic Fe 
salts were usually very high. For example, the mass ratio of EDTA-3 K 
and Fe(NO3)3 was as high as 5:1~20:1 to gain mesoporous graphitic 
carbon supported Fe/Fe3C materials [41]. If FeCl3 was applied as Fe 
precursors, the diameters of Fe NP ranged in 10~60 nm derived from 
mechanochemically prepared Fe-ATA [42]. Obviously, the application 
of Fe(Ac)2 salts positively influenced the formation of fine Fe NPs. The 
possible reason was that the acetates might involve in and promote the 
ordination of amino groups in ATA and MA with Fe atoms. On the other 
hand, the Fe(Ac)2 can both serve as carbon and iron precursors, which 
can provide sufficient carbon supporter to disperse Fe NPs even when 
the mass ratio of Fe(Ac)2/ligands are high. 

The mechanochemical technique was essential for the successful 
fabrication of these Fe@C materials. If hydrothermal or solvothermal 
method was adopted to obtain the Fe-ligands complex, it could be 
anticipated that Fe-EDTA or Fe-MA polymers/complexes powder will 
not be gained due to the high resolvability of Fe-EDTA or poor ordina-
tion between Fe and MA. The Fe@C or Fe3O4@C materials derived from 
solvothermal method synthesized Fe-MOFs (MIL-88A, Fe-ZIF) usually 
possessed larger sized Fe NPs or Fe3O4 NPs (10− 100 nm) [43–47]. 
Moreover, these MOFs have fixed Fe/C ratio in their crystals, the content 
of Fe and carbon in the Fe@C is unlikely adjusted by changing the ratio 
of Fe and ligands precursors. Anyway, the simple, easy-to-operate, 

lost-cost mechanochemical method is an ideal choice to design and 
control the morphology, particle size, chemical composition of Fe@C to 
achieve desired Fenton-like catalytic performance. 

3.3. Catalytic activity of Fe@C systems 

We first studied the degradation of SMT in Fe@C suspension without 
H2O2. As a result, the three Fe@C catalysts exhibited different degra-
dation performance. Without pH regulation (pH 7.0), as shown in the 
Fig. 4(a), the concentration changes of SMT were less than 5% after 400 
min. Nevertheless when the initial pH was adjusted to 4.0, within 80 
min, the removal percentage of SMT was 93.2 %, 8.6 % and 22.1 % 
triggered by Fe@C-EDTA, Fe@C-ATA and Fe@C-MA, respectively. It has 
been reported that the degradation or adsorption of sulfonamides by ZVI 
is related with solution pH. At pH 3–5, removal of sulfonamides is re-
ported to be dominated by the reductive degradation; at 5 ≤ pH ≤ 10, 
the elimination of sulfonamides is attributed to surface adsorption by 
the iron oxides and hydeoxides formed on the ZVI surface [48]. The 
carbon phase can serve as adsorbents for sulfonamides, which can 
adsorb sulfonamides through hydrogen bonding between the N-con-
taining groups of sulfonamides and the surface − OH group of carbon 
layers combined with the electron-donor-acceptor interactions between 
sulfonamides and carbon layers [49]. At initial pH 7.0, the elimination 
of SMT by these Fe@C materials should be based on surface uptakes. The 
low removal percentage of SMT suggested the weak adsorption ability of 
SMT onto Fe@C nanomaterials. At initial pH 4.0, IME usually takes 
place through corrosion of Fe◦ by oxygen molecules to produce H2O2, 
∙OH and OH− at acid solution, which leads to the rising of solution pH 
(Eqs. 4 and 5).  

Fe0 + O2 +2H+ → Fe2+ + H2O2                                                       (4)  

Fe2+ + H2O2 → Fe3+ +⋅OH + OH− (5) 

Owing to ultrahigh reactivity of Fe@C-EDTA, the solution pH 
increased immediately as pH of reaction solution was adjusted 4.0. 
Therefore, diluted HCl was constantly added into reaction solution to 
keep pH to 4.0. For Fe@C-ATA, the solution pH was nearly not changed 
even after interacted for 400 min, suggesting the lack of IME interaction. 
Therefore, we deduced that the removal of SMT by Fe@C-ATA at pH 4 in 
the absence of exogeneous H2O2 was caused by surface adsorption. In 
Fe@C-MA suspension at initial pH 4, the solution pH increased to pH 
4.5, which indicated the occurrence of weak IME interaction. Therefore, 
the removal of SMT by Fe@C-MA at initial pH 4 should be associated 
with IME interaction and surface adsorption. That is the possible reason 
for the higher elimination percentage of SMT triggered by Fe@C-MA 
than Fe@C-ATA. All the above mentioned results suggested that SMT 
only weakly adsorbed onto the surface of three kinds of Fe@C materials. 
The SMT degradation dynamics can be described by pseudo first-order 
kinetics with a R2 of >0.999 and followed a two-stage reaction in the 
Fe@C-EDTA system. The degradation rate was 0.0315 min− 1 in the 
initial 90 min, and then decreased to 0.0089 min− 1 in the second stage 
(Fig. 4b). 

Fig. 4. SMT removal percentages (a), pseudo-first-order kinetic plots (b), and concentration of ⋅OH radicals generated in different Fe@C suspension without the 
addition of H2O2. The initial concentrations of SMT = 20 mg L− 1, dosage of Fe@C 0.5 g L− 1, initial pH 4 or without adjusting pH. 
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We measured the concentration of ⋅OH (Fig. 4c) and leached Fe ions 
in the reaction process. Quantitative method of ⋅OH was shown in 
Supporting Information 1.3. As a result, the concentration of ⋅OH pro-
duced in Fe@C-EDTA system increased slowly within 1 h, and then rose 
aggressively after 1 h, and reached to 1.39 mM in 380 min. In the Fe@C- 
MA and Fe@C-ATA suspension, the concentration of ⋅OH increased 
gradually with reaction time and leveled off at 4 h. The concentration of 
⋅OH after reaction for 380 min in Fe@C-EDTA system was about 5.35 
and 46.33 times higher than that in Fe@C-MA and Fe@C-ATA systems, 
respectively. Due to the continuous addition of dilute HCl solution into 
reaction solution to maintain solution pH to 4.0, serious leaching of Fe 
(125 mg/L after reaction for 380 min) existed in Fe@C-EDTA reaction 
system. The concentrations of Fe ions in Fe@C-ATA and Fe@C-MA 
system were 0 and 0.076 mg/L respectively. Obviously, the activity of 
the reaction system was related with the leaching of Fe ions from Fe@C 
via the IME reaction on the surface of Fe◦ NPs. These results proved that 
fine Fe NPs (4 nm) in Fe@C-EDTA exhibited higher activity than Fe NPs 
with large size (300 nm) in Fe@C-MA to react with O2 to produce ROS 
(Eqs 4,5). The deep and firm embedding of fine Fe NPs (~ 6 nm) inside 
the carbon layers remarkably retarded the IME reactivity of Fe@C-ATA. 

3.4. Catalytic activity of Fe@C-H2O2 systems 

To promote degradation of SMT, exogenous H2O2 was added in the 
reaction solution. In Fe@C-EDTA-H2O2 system, the degradation removal 
percentage of SMT was 33 %, 58 %, 79 % and 95 % within 10 min when 
exogenous H2O2 was added, and then the rest SMT degraded slowly and 
completely in 400 min, 280 min, 130 min and 100 min in the presence of 
5, 15, 25, and 40 mM of H2O2, respectively (Fig. 5a). In the Fe@C-ATA- 

H2O2 system, the degradation of SMT was progressing steadily with 
reaction time until highest (95 % with 5 mM of H2O2) or complete 
removal of SMT at 400 min, 280 min, 160 min and 130 min with the 
addition of 5, 15, 25, and 40 mM of H2O2, respectively (Fig. 5c). The 
profile of SMT degradation in the Fe@C-MA-H2O2 system was similar 
with that in Fe@C-EDTA-H2O2 system, but the elimination percentage of 
SMT was far below than in the latter system, which was 50 %, 65 %, 80 
%, and 100 % with 5, 15, 25, and 40 mM of H2O2, respectively within 
400 min (Fig. 5e). 

The degradation of SMT in Fe@C-H2O2 systems were fitted with 
three typical kinetic mathematical models. The corresponding rate 
constants and kinetic fitting data (R2) for different conditions were listed 
in Table S1. As can be seen in Fig. 5d, Fig. S13c and Table S1, in the 
Fe@C-ATA-H2O2 systems, both pseudo-zero-order model and pseudo- 
first-order model showed great agreement between the experimental 
data and simulated lines, but the values of the correlation coefficients 
(R2) for the zero-order kinetic model were mostly higher than other two 
models. The elimination of SMT in Fe@C-EDTA-H2O2 and Fe@C-MA- 
H2O2 systems could be better described with the pseudo-first-order 
model (two-stage) than the other two models. Wüst et al. had reported 
that degradation kinetics of chlorinated ethenes (TCE) by commercial 
irons were pure zero-order for high concentration of TCE whereas for 
low concentrations the kinetics was first-order [50]. In these reaction 
systems, the active species Fe2+ and ROS (⋅OH and ⋅O2

− ) were originated 
from corrosion of Fe◦ by dissolved O2 and H2O2 (Eqs. 6–12).  

Fe0 + H2O2 +2H+ → Fe2+ + 2H2O                                                   (6)  

Fe2+ + H2O2 → Fe3+ +⋅OH + OH− (7)  

Fig. 5. SMT removal percentages, kinetic plots, and concentration of generated ⋅OH free radicals in Fe@C-EDTA-H2O2 (a, b, g), Fe@C-ATA-H2O2 (c, d, h), and Fe@C- 
MA-H2O2 (e, f, i) systems. Initial solution pH = 4, concentration of SMT: 20 mg L− 1, the dosage of catalyst: 0.5 g L-1. 
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Fe3+ + H2O2 → Fe2+ +HO2⋅ (⋅O2
− ) + H+(2H+)                                  (8)  

Fe3+ + HO2⋅ → Fe2+ + ⋅O2
− + H+ (9)  

Fe3+ + ⋅O2
− (HO2⋅) → Fe2+ + O2 (+H+)                                          (10)  

⋅OH + H2O2 → H2O + HO2⋅                                                          (11)  

HO2⋅ ⟵→ H+ +⋅O2
− (12) 

For Fe@C-EDTA and Fe@C-MA, rapid interaction between Fe◦ and 
H2O2 or dissolved O2 triggered formation of high amount of ∙OH radi-
cals within a short time. Fig. 5g and i showed that the concentration of 
⋅OH dramatically rose to 0.26–1.42 mM and 0.25–1.12 mM within 10 
min in Fe@C-EDTA-H2O2 and Fe@C-MA-H2O2 systems, respectively. In 
the Fe@C-EDTA-H2O2 systems, the concentration of ⋅OH radials were 
still constantly increased after 10 min; in Fe@C-MA-H2O2 systems, the 
concentration of ⋅OH radials slightly went up in the following 80 min, 
and then reached equilibrium at the prolonged reaction time. The initial 
concentration of SMT was 0.072 mM, hydroxyl radical was in excess 
compared to SMT and can be considered as a constant during the re-
action period. The fast elimination of SMT within 10 min in the two 
systems reduced the concentration of SMT in aqueous solution greatly, 
which slowed down the diffusion rate of SMT onto catalysts and led to 
the subsequent abatement of degradation rate. With regard to Fe@C- 
ATA, the strong protection of carbon phase for Fe◦ resulted in very 
slow generation and release of Fe2+/Fe(II). Fig. 5g-i displayed that the 
concentrations of ⋅OH radicals produced in Fe@C-ATA-H2O2 systems 
were lower than 0.05 mM within 10 min. Therefore, SMT was excess 
compared to the active sites on Fe@C-ATA surface, and the degradation 
rate did not depend on the concentration of SMT. Meanwhile, the 
reasonable fitting of SMT degradation kinetics to pseudo-fist-order 
model revealed the simultaneous working of parallel removal mecha-
nisms in Fe@C-ATA-H2O2 systems. Generally, the degradation kinetic 
profiles of SMT by these Fe@C materials was perfectly consistent with 
the generation of ⋅OH radicals, suggesting ⋅OH radicals took the main 
role on SMT degradation. 

The leaching of Fe ions in the Fe@C-H2O2 systems were examined as 
well. With the increase of H2O2 concentration in SMT solution from 5 to 
40 mM, the dissolved iron concentration apparently raised in each 

Fe@C-H2O2 system. For the Fe@C-EDTA-H2O2 system, the reaction so-
lution turned to pale brown within 10 min, and yellow precipitate was 
observed after reaction for 400 min. The concentration of Fe ions in the 
supernatant was 121.68, 166.44, 238.44 and 240.48 mg/L with the 
initial concentration of H2O2 5, 15, 25, 40 mM, respectively. In the 
Fe@C-MA-H2O2 system, the reaction solution turned to yellow as the 
concentration of H2O2 was higher than 25 mM, and the concentration of 
dissolved Fe ions 0.19, 0.83, 41.09, 82.45 mg/L with 5, 15, 25, 40 mM of 
H2O2, respectively. In the Fe@C-ATA-H2O2 system, the reaction solution 
remained colorless and the concentration of Fe ions was 0.01, 0.19, 0.35, 
0.72 mg/L in the presence of 5, 15, 25, 40 mM of H2O2, respectively. 

After the oxidation reaction, the total organic carbon (TOC) value of 
the reaction solution was examined to reflect the mineralization extent 
of SMT. After reaction for 400 min, the elimination percentage of TOC 
catalyzed by Fe@C-EDTA was 40.8 %, 52.5 %, 60.4 %, 89.2 % and 93.8 
% when the initial concentrations of H2O2 was 0, 5, 15, 25, 40 mM, 
respectively (Fig. 6a). In the Fe@C-ATA-H2O2 system (Fig. 6b), about 
51.6 %, 72.9 %, 90.4 % and 96.8 % of SMT was mineralized in the 
presence of 5, 15, 25, 40 mM of H2O2, respectively. Although the deep 
embedding of fine Fe NPs into the carbon layer in Fe@C-ATA retarded 
the release of Fe ions into reaction solution, the continuously and 
steadily oxidation of Fe NPs by dissolved O2 or H2O2 to generate ROS 
promoted the degradation and mineralization with the extended contact 
time. Simultaneously, continuous dissolution of Fe2+ further promoted 
SMT mineralization by avoiding the formation of the large persistence 
Fe(III)-carboxylate species, whereas the Fe(II)-carboxylate complexes 
were easy to degrade [51–54]. The Fe@C-MA-H2O2 system achieved the 
lowest TOC removal percentage (20.0 %, 35.7 %, 45.2 % and 55.2 % 
with 5, 15, 25, 40 mM of H2O2, respectively) (Fig. 6c), which confirmed 
that large Fe NPs possessed far low activity than fine Fe NPs. 

3.5. Reusability and stability of the Fe@C catalysts 

The reusability of Fe@C catalysts was tested by recovering the solid 
using magnetic separation technology under a magnet after a 130− 160 
min run, washing the solid with DI water, and reusing it for a consec-
utive run (Fig. 7). In the presence of 25 mM H2O2, SMT was completely 

Fig. 6. Removal of TOC (%) in Fe@C-EDTA(a), Fe@C-ATA (b), and Fe@C-MA (c) systems.  

Fig. 7. Recycling runs of Fe@C-EDTA (a), Fe@C-ATA (b), and Fe@C-MA (c). Initial solution pH = 4, concentration of SMT and H2O2: 20 mg L− 1 and 25 mM, the 
dosage of catalyst: 0.5 g L-1. 
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removed within 130 and 160 min catalyzed by Fe@C-EDTA and Fe@C- 
ATA in the first run, respectively; however, only 80 % of SMT was 
eliminated within 160 min catalyzed by Fe@C-MA in the first run. The 
catalytic performance of Fe@C-EDTA declined in the following rounds 
and only 45 % of SMT was removed within 130 min in the fifth run. For 
Fe@C-ATA, above 96 % catalytic activity of Fe@C-ATA was obtained 
within 160 min after the fifth cycle, indicating that Fe@C-ATA had an 
excellent long-term structural stability which benefitted from its 
inherited ordered microstructure and good chemical homogeneity. With 
regard to Fe@C-MA, a significantly drop in the catalytic activity was 
found in the second run. After reused for five times, oxidative degra-
dation of SMT catalyzed by Fe@C-MA decreased to 32 % and the sus-
pension were yellow due to the oxidation of iron. The concentration of 
dissolved iron ions increased slightly with the rising of recycling runs in 
each Fe@C-H2O2 system, which were approximately 238.44~260.44 

mg/L for Fe@C-EDTA, 41.09~80.08 mg/L for Fe@C-MA and 
0.345~0.461 mg/L for Fe@C-ATA, respectively. In general, Fe@C- 
EDTA had excellent catalytic ability because of the well dispersed 
ultra-small Fe NPs, but the surface oxidation and dissolution of iron was 
the obstacle for the catalyst reuse. By contrast, the deep and stable 
embedding of fine Fe NP into the stacked graphitic carbon layers 
extended service life of the ultra-small Fe NPs in Fe@C-ATA and reduced 
iron sludge for application. The decreased activity of the used Fe@C-MA 
may be attributed to the low utilization efficiency of large sized Fe NPs 
and iron leaching. 

3.6. Oxidation mechanisms of SMT by Fe@C systems 

To identify the reactive oxygen species generated in the Fe@C sys-
tems for SMT degradation, p-benzoquinone (BQ) and tertbutanol (tBA) 

Fig. 8. Effect of reactive species inhibitors in Fe@C-EDTA-H2O2 (a), Fe@C-ATA-H2O2 (b), and Fe@C-MA-H2O2 (c) systems. Initial solution pH = 4, concentration of 
SMT and H2O2: 20 mg L− 1 and 25 mM, the dosage of catalyst: 0.5 g L-1. 

Fig. 9. DMPO spin-trapping EPR spectra recorded at ambient temperature for Fe@C-EDTA-H2O2 (a, d), Fe@C-ATA-H2O2 (b, e), and Fe@C-MA-H2O2 (c, f) systems.  
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were applied as scavengers to quench superoxide radical (⋅O2
− ) and hy-

droxyl radical (⋅OH) radicals, respectively [55]. In the presence of excess 
tBA, degradation of SMT catalyzed by all Fe@C catalysts were totally 
inhibited (Fig. 8), indicating that the ⋅OH species was the main reactive 
radical in this process. With the addition of BQ, the degradation per-
centage of SMT decreased to 74.5 %, 83.7 %, and 64.2 % in 340 min in 
the Fe@C-EDTA-H2O2, Fe@C-ATA-H2O2 and Fe@C-ATA-H2O2 system, 
respectively, which confirmed that ⋅O2

− also took a role for the degra-
dation of SMT in all the three Fe@C systems. 

Spin trapped EPR with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 
was used to capture the ⋅OH and ⋅O2

− during the reaction [56]. No 
characteristic EPR spectra for spin adduct caused by ⋅OH and ⋅O2

− was 
observed in the absence of catalyst. Without the addition of H2O2, the 
characteristic four-line EPR peaks for spin adduct DMPO/⋅OH were 
observed in Fe@C-EDTA and Fe@C-MA suspension (Fig. 9a, c), which 
confirmed that hydroxyl radicals could be produced during the IME 
reaction. The typical EPR spectrum for spin adduct DMPO/⋅O2

− was not 
observed in the three Fe@C suspension in methanol solvent in the 
absence of the exogenous H2O2 (Fig. 9d–f). After introducing 25 mM of 
H2O2 into the reaction systems, the peak intensity of DMPO/∙OH adduct 
was obviously enhanced. As reaction time was prolonged, the intensity 
of DMPO/⋅OH peaks was slightly decreased in Fe@C-EDTA-H2O2 sys-
tem, not attenuated in Fe@C-ATA-H2O2 system, and reduced to zero in 
Fe@C-MA-H2O2 system, respectively after reaction for 400 min. In 
methanol solvent, the characteristic peaks of the DMPO/⋅O2

− adducts 
were absent in initial time, and observed after reaction for 400 min, 
indicating that the ⋅O2

− radicals might involve in the generation of 
Fe2+/Fe3+ species in Fenton-like reaction. On the basis of the results 
mentioned above, a possible mechanism for H2O2 activation and SMT 
degradation by Fe@C catalysts was proposed and illustrated in Fig. 10. 

4. Conclusion 

In summary, Fe@C materials possessing high Fe content and well- 
dispersed ultra-small Fe NPs were synthesized by a two-steps strategy. 
The Fe-ligands complex/mixture were firstly prepared using mechano-
chemical method, and then directly carbonized at 800 ◦C. Due to 
different coordination ability of the ligands to Fe atoms, the obtained 
Fe@C materials showed varied morphologies, chemical composition, 
particle size of Fe NPs. Among the as-prepared Fe@C materials, Fe@C- 
EDTA exhibited the best catalytic performances mainly ascribed to its 
ultra-small Fe NPs (<4 nm) and high catalytic active site density. 
Although the particles size of Fe NPs was as small as 6 nm, the special 
topological structure of Fe@C-ATA originated from the MOF precursors 

made Fe NPs deeply embedded into the carbon layers, which retarded 
the activity of Fe NPs in IME and Fenton-like reaction. However, this 
material showed lasting catalytic performance and good reusability and 
stability for organic pollutants degradation. Fe@C-MA exhibited the 
worst catalytic performance and reusability due to its larger Fe NPs size 
and poor anti-corrosion ability. 
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[50] W.F. Wüst, R. Köber, O. Schlicker, A. Dahmke, Combined zero- and first-order 
kinetic model of the degradation of TCE and cis-DCE with commercial iron, 
Environ. Sci. Technol. 33 (1999) 4304–4309. 

[51] E. Brillas, S. Garcia-Segura, Benchmarking recent advances and innovative 
technology approaches of Fenton, photo-Fenton, electro-Fenton, and related 
processes: a review on the relevance of phenol as model molecule, Sep. Purif. 
Technol. (2020) 237. 

[52] F.C. Moreira, R.A.R. Boaventura, E. Brillas, V.J.P. Vilar, Electrochemical advanced 
oxidation processes: a review on their application to synthetic and real 
wastewaters, Appl. Catal. B 202 (2017) 217–261. 

[53] E. Mousset, Z. Wang, J. Hammaker, O. Lefebvre, Electrocatalytic phenol 
degradation by a novel nanostructured carbon fiber brush cathode coated with 
graphene ink, Electrochim. Acta 258 (2017) 607–617. 

[54] S. Garcia-Segura, E. Brillas, L. Cornejo-Ponce, R. Salazar, Effect of the Fe 3+ /Cu 2 
+ ratio on the removal of the recalcitrant oxalic and oxamic acids by electro- 
Fenton and solar photoelectro-Fenton, Sol. Energy 124 (2016) 242–253. 

[55] L. Zhao, Z. Lin, X. Ma, Y. Dong, Catalytic activity of different iron oxides: insight 
from pollutant degradation and hydroxyl radical formation in heterogeneous 
Fenton-like systems, Chem. Eng. J. 352 (2018) 343–351. 

[56] Y. Pan, H. Su, Y. Zhu, H. Vafaei Molamahmood, M. Long, CaO2 based Fenton-like 
reaction at neutral pH: accelerated reduction of ferric species and production of 
superoxide radicals, Water Res. 145 (2018) 731–740. 

H. Lv et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0065
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0065
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0070
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0070
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0070
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0075
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0075
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0075
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0075
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0080
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0080
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0080
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0080
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0085
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0085
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0085
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0090
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0090
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0090
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0090
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0095
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0095
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0095
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0100
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0100
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0105
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0105
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0105
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0110
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0110
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0110
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0110
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0115
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0115
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0115
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0115
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0120
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0120
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0120
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0120
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0125
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0125
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0125
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0125
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0130
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0130
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0130
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0130
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0135
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0135
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0135
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0135
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0140
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0140
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0140
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0145
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0145
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0145
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0150
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0150
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0150
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0150
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0155
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0155
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0155
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0155
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0160
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0160
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0165
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0165
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0165
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0170
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0170
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0170
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0175
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0175
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0175
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0180
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0180
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0180
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0185
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0185
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0185
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0185
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0190
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0190
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0190
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0195
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0195
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0195
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0200
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0200
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0200
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0200
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0205
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0205
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0205
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0205
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0210
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0210
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0210
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0210
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0215
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0215
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0215
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0220
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0220
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0220
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0220
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0225
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0225
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0225
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0225
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0230
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0230
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0230
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0235
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0235
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0235
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0240
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0240
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0240
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0240
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0245
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0245
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0245
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0250
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0250
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0250
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0255
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0255
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0255
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0255
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0260
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0260
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0260
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0265
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0265
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0265
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0270
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0270
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0270
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0275
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0275
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0275
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0280
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0280
http://refhub.elsevier.com/S0926-3373(21)00066-7/sbref0280

	Carbon zero-valent iron materials possessing high-content fine Fe0 nanoparticles with enhanced microelectrolysis-Fenton-lik ...
	1 Introduction
	2 Materials and methods
	2.1 Reagents and materials
	2.2 Synthesis of Fe@C catalysts
	2.3 Degradation experiments
	2.4 Kinetic model

	3 Results and discussion
	3.1 Composition optimization
	3.2 Characterization of Fe@C catalysts
	3.3 Catalytic activity of Fe@C systems
	3.4 Catalytic activity of Fe@C-H2O2 systems
	3.5 Reusability and stability of the Fe@C catalysts
	3.6 Oxidation mechanisms of SMT by Fe@C systems

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


