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A B S T R A C T

Reactive oxygen species (ROS) production for Fe0 is limited because of the formed iron corrosion products. In
this study, C/Fe3C/Fe0 composite which produces enhanced ROS has been specifically designed and fabricated to
remove typical antibiotics (i.e., oxytetracycline (OTC) and chloramphenicol (CAP)) as a heterogeneous Fenton-
like catalyst. The C/Fe3C/Fe0 composite demonstrated excellent performance for both OTC and CAP removal as
compared with Fe0 and biochar. Furthermore, X-ray photoelectron spectrometry, Fourier transform infrared
spectrometry, high performance liquid chromatography-mass spectra and electron spin resonance analyses were
conducted to elucidate the adsorption and degradation mechanisms. The adsorption of OTC and CAP was mainly
dominated by H bonds and the electron-acceptor-acceptor on the surface of the C/Fe3C/Fe0 composite, re-
spectively. In particular, %OH simultaneously induced the degradation of OTC and CAP, while 1O2 presented the
selective oxidation to OTC. More specifically, the degradation of OTC over C/Fe3C/Fe0 was stronger and faster
than that of CAP, leading to 65.84% and 16.84% of removal efficiency for OTC and CAP, respectively.
Furthermore, C/Fe3C/Fe0 exhibited superior reusability and stability after regeneration, but regenerated Fe0

almost lost its reactivity. Therefore, the efficiency in situ generation of 1O2 using C/Fe3C/Fe0 would shed new
light on the selective oxidation of aqueous organic compounds.

1. Introduction

Antibiotics are very important to human life. However, they have
attracted a growing concern due to their toxicity to the aquatic eco-
system and the development of antibiotic resistant bacteria (Kemper,
2008; Szymanska et al., 2019), which increasingly threaten human
health (Li et al., 2019a). Among antibiotics, oxytetracycline (OTC) and
chloramphenicol (CAP) are broad-spectrum antibiotics that have been
widely used to treat bacterial infections. CAP is more hydrophobic than
OTC. These two antibiotics have been detected in drinking water, sur-
face water and groundwater (Jiang et al., 2011; Kolpin et al., 2002;
Lindsey et al., 2001) and posed serious risk to the environment. Pre-
vious studies have shown that OTC and CAP are difficult to be biode-
graded and they were more persistent than other contaminants in the
environments (Chen et al., 2016; Wang and Yates, 2008). Therefore,

their biodegradation often occurs at a very low rate (Chen et al., 2019;
Navada and Kulal, 2019). Thus, adsorption and chemical degradation
methods are attractive approaches to eliminate them. To date, the
composites of biochar with nano-scale Fe0 and their application are
widely studied (Ahmed et al., 2017b; Wu et al., 2018; Xu et al., 2020;
Zhu et al., 2019).

Biochar (BC) is a kind of low-cost adsorbent with many surface
functional groups, but its adsorption capacity is often restricted by its
limited surface area, and its degradation ability is very weak (Mao
et al., 2019). Nano-scale Fe0 has become a study hot topic thanks to its
high reactivity for the degradation of many antibiotics, and its oxida-
tion product Fe(III) was reported to chelate with some antibiotics (Bi
et al., 2016). Nano-scale Fe0 can degrade organic contaminant by re-
duction (Lei et al., 2018a; Zhao et al., 2019). It can also activate mo-
lecular oxygen to produce reactive oxygen species (ROS) such as %OH
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for the degradation of organic contaminants (Shen et al., 2018). How-
ever, nano-scale Fe0 is easily oxidized and releases into water, reducing
the yield of ROS (Erdim et al., 2015; Lei et al., 2018b). Therefore, its
utilization is greatly limited.

To enhance the adsorption capacities of biochar and increase the
production ability of ROS for the nano-scale Fe0, nano-Fe0 has been
loaded on biochar to obtain the stable C/Fe composites with both ad-
sorption and degradation capacities (Ahmed et al., 2017b; Li et al.,
2019b; Mao et al., 2019; Sun et al., 2019). The C]C aromatic carbon
along with eOH groups in biochar could adsorb CAP by a stronger
electron-donor-acceptor interaction (Ahmed et al., 2017a). OTC can
also form complexation with eCOOH groups (Luo et al., 2018). The BC/
Fe0/H2O2 system has been shown to enhance the activation of H2O2 to
generate more %OH for the degradation of ciprofloxacin than sole BC or
Fe0 (Mao et al., 2019). In the Fe/CB600/PMS system, O2

%− and 1O2

were validated as the predominant ROS for the removal of tri-
chloroethylene (Li et al., 2020).

Until now, few papers have reported the production of ROS in C/Fe
composite without the addition of any oxidants. The relative con-
tribution of adsorption and degradation has not been fully understood.
Some research studies just focused on the degradation, while some only
paid attention to the adsorption behavior (Hsu et al., 2018; Misra et al.,
2018; Wang et al., 2015). Therefore, fully understanding the underlying
adsorption and degradation mechanisms of these antibiotics on the
surface of C/Fe3C/Fe0 composite is critical for the design of the C/Fe
material and optimization of operational conditions to achieve high
removal efficiency.

It is still not very clear what kind of ROS will be produced when the
C/Fe3C/Fe0 composite contacts with antibiotics such as OTC and CAP?
Moreover, what are the specific structures and properties of organics
that relate with the removal behaviors? To answer these questions, the
C/Fe3C/Fe0 composite, nano-scale Fe0 and biochar as the corre-
sponding benchmarks were synthesized and used for the removal of
OTC and CAP. Detailed mechanisms of the adsorption and degradation
were investigated by X-ray photoelectron spectrometry (XPS), Fourier
transform infrared spectra (FTIR), high-performance liquid chromato-
graphy-mass spectrometry (HPLC-MS) and electron spin resonance
(ESR) analysis. Furthermore, the quantitative contribution of adsorp-
tion and degradation to the removal of OTC and CAP was calculated.
The findings of this study will be beneficial for promoting the potential
application of C/Fe3C/Fe0 composites to remove antibiotics.

2. Materials and methods

2.1. Preparation of C/Fe3C/Fe0, Fe0, and biochar

C/Fe3C/Fe0 composite was produced by mixing 400 mg of 300 °C
corn stalk biochar with Fe(NO3)3·9H2O (1000 mg) in 50 mL of ultrapure
water. The used high content of Fe was beneficial for the formation of
graphite. After stirring at room temperature for 7 h, the mixture was
dried at 105 °C for 48 h. At last, the dried mixture was transferred to a

tube furnace and pyrolyzed at 800 °C for 2 h under a N2 atmosphere.
Fe0 was obtained by adding excessive NaBH4 solution dropwise into
50 mL of 20 g/L FeSO4 solution and stirring for 2 h to reduce Fe(II) to
Fe0 under a N2 atmosphere. The produced Fe0 was collected by filtra-
tion, washed with ethanol and dried in an oven at 105 °C. The biochar
studied herein as the benchmark was prepared by pyrolyzing the above-
mentioned corn stalk biochar in the tube furnace at 800 °C for 2 h under
a N2 atmosphere.

2.2. Experiments for antibiotic removal

The dynamic experiments of OTC or CAP removal were conducted
by mixing 0.0120 g of the C/Fe3C/Fe0 composite, Fe0 or biochar sam-
ples with 15 mL of 0.1 mM OTC or CAP solution on a 180 rpm shaker at
25 ± 1 °C for different periods of time (0–24 h) under aerobic con-
dition. Then, the mixtures were centrifuged at 3000 rpm for 5 min, and
the supernatant was filtered through a 0.22 µm membrane for the re-
sidual OTC and CAP concentration determination with a UV–vis spec-
troscopy at 272 nm and 277 nm (Jo et al. 2017; Liu et al. 2019; Xu et al.
2018; Yao et al., 2019). Moreover, the control experiment with the
biochar and ultrapure water without OTC or CAP was also conducted to
exclude the interference of biochar impurity or natural organic matter
on the UV analyses.

The static OTC or CAP removal under different initial concentra-
tions was also investigated by agitating 0.0120 g of the C/Fe3C/Fe0

composite, Fe0 or biochar samples in 15 mL of 0.1–0.7 mM OTC or
0.01–1.5 mM CAP solutions for 24 h. The detailed procedures were
similar to the dynamic experiments. All experiments were duplicated,
and the average and standard deviation were recorded.

3. Results and discussion

3.1. Characterization of C/Fe3C/Fe0, Fe0 and biochar

The SEM and TEM spectra of C/Fe3C/Fe0 (a), Fe0 (b) and biochar (c)
with their surface morphologies are presented in Figs. 1 and 2. As il-
lustrated in Fig. 1a, spherical iron crystal particles were attached on or
entered into the porous surface of biochar in C/Fe3C/Fe0. According to
Fig. 2a, the sizes of iron nanoparticles were in the range of 17–61 nm. In
addition, carbon shells formed owing to the interactions between
carbon atoms and iron (Efimov et al., 2018). These carbon shells were
well recognizable around larger iron nanoparticles. On the images of
Fe0 (Figs. 1b and 2b), the iron nanoscale particles were clustered with
each other in chains due to magnetic and electronic interactions (Xiao
et al., 2014) and gradually aggregated into larger ones. Fig. 1c displays
that biochar had flaky structure, and no porous structures were ob-
served which might be destroyed under very high temperature (800 °C).
For biochar, the carbon fraction is primarily in the amorphous form.

The N2 adsorption-desorption isotherms of these three materials are
shown in Fig. S1, and the textural properties are presented in Table S1.
The N2 adsorption/desorption of C/Fe3C/Fe0 and Fe0 presented typical

Fig. 1. SEM spectra of (a) C/Fe3C/Fe0, (b) Fe0 and (c) biochar.
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type IV isotherm according to IUPAC classification with abundant
mesoporosity, while biochar showed very little N2 adsorption capacity,
which implied that it was almost non-porous (Tiwari et al., 2018). This
might because that high temperature destroyed the porous structures of
biochar. As listed in Table S1, the surface areas of C/Fe3C/Fe0 and Fe0

were 116.86 and 23.60 m2/g with the mesopore volume of 0.090 and
0.076 cm3/g, respectively, and their mesopore ratios were 75.63% and
65.79%. C/Fe3C/Fe0 exhibited improved textural properties as com-
pared to biochar. Inhomogeneous nanoparticles in C/Fe3C/Fe0 com-
posite always led to a porous and loose structure (Zeng et al., 2018),
increasing its surface area. Moreover, the produced CO2, CO and H2

(Yan et al., 2013) by the reduction of Fe3+/Fe2+ to Fe0 also benefited
the pore formation. Therefore, the surface area of biochar was much
lower than that of C/Fe3C/Fe0.

The XRD patterns exhibited the well-defined crystalline C/Fe3C/Fe0,
as assigned in Fig. S2, and a small peak at 25.96° confirmed its highly
graphitic layered carbon structure (Liu et al., 2016). Its prominent
peaks at 37.75°, 42.89°, 43.75°, 44.57°, 44.99°, 45.87°, 51.83°, 54.41°
and 74.51°, corresponding to the (2 1 0), (2 1 1), (1 0 2), (2 2 0), (0 3 1),
(1 1 2), (1 2 2), (0 4 0) and (4 0 0) diffraction lattice faces, respectively,
were in good agreement with the standard diffraction pattern of Fe3C.
Thus, the XRD results indicated that iron was successfully immobilized
onto biochar. The diffraction peaks at 44.67°, 65.02° and 82.32° were
observed in the XRD patterns of both C/Fe3C/Fe0 composite and pure
Fe0 prepared by the reduction of NaBH4 (Figs. S2a and S2b). They could
be indexed to the (1 1 0), (2 0 0) and (2 1 1) planes of Fe0, revealing
that there was Fe0 in the C/Fe3C/Fe0 composites. The peaks at 20.83°,
26.61°, 36.49°, 39.43°, 40.24°, 50.08°, 54.80°, 59.86°, 68.06°, and
68.20° confirmed that SiO2 existed in the biochar.

The XPS spectra in Fig. S3 indicate that the surface of C/Fe3C/Fe0

was enriched with C and O, while Fe was not detected. It confirms the
existence of a carbon shell on the cover of C/Fe3C/Fe0 composites, with
a greater C atomic percentage (75.09%) than biochar (67.61%). On the
surface of Fe0, three prominent peaks corresponding to C1s, O1s and Fe2p
were detected. The peaks attributing to C1s, O1s, N1s, Si2p and K2p were
observed on the surface of biochar.

3.2. Removal of antibiotics

The kinetic removal performances of C/Fe3C/Fe0, Fe0 and biochar
for OTC and CAP are presented in Fig. 3. Obviously, biochar had the
lowest removal capacity for these antibiotics with the slowest removal
rate. Both antibiotics removal initially soared within a short period and
later levelled off at 480 min for C/Fe3C/Fe0 and Fe0. The kinetic data
were fitted with pseudo first-order and second-order kinetic models,
and the corresponding parameters are summarized in Table S2. The rate
constant k2 (1.477 g/(g·min)) of OTC removal by C/Fe3C/Fe0 was
double of that by Fe0 (0.708 g/(g·min)). Although the removal of CAP
seems to be faster by Fe0 than C/Fe3C/Fe0, the residual amounts of CAP
in the solution after treating with C/Fe3C/Fe0 were lower than that with
Fe0. Pseudo second-order kinetic model was found to fit quite well

(R2 > 0.973), indicating that the removal process mainly depended on
chemical interactions (Zhao et al., 2017a).

Fig. S4 presents the increasing removal of OTC and CAP with the
initial concentrations. C/Fe3C/Fe0 composite was found to remove as
high as 167.73 mg/g OTC, much higher than Fe0, biochar and many
reported adsorbents (Table S3). Similarly, C/Fe3C/Fe0 composite could
remove slightly greater amounts of CAP than Fe0, and 5.14 times that of
biochar. These results confirmed that C/Fe3C/Fe0 owned a greater ca-
pacity to remove antibiotics compared with Fe0 and biochar. Mean-
while, when the initial concentration of OTC and CAP was 0.5 mM, the
removal amounts of OTC on three materials were 137.11 mg/g,
112.45 mg/g and 92.70 mg/g, respectively, which were higher than
those of CAP. Hydrophilic compounds were recalcitrant to be adsorbed
in the solid. As a result, degradation might be the dominant removal
mechanism which gave rise to higher removal amounts of OTC than
CAP.

Fig. 2. TEM images of (a) C/Fe3C/Fe0, (b) Fe0 and (c) biochar.
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3.3. Corrosion resistance of the materials

It was important to consider the corrosion resistance of the mate-
rials regarding to their potential application in wastewater treatment.
The XRD patterns of C/Fe3C/Fe0, Fe0 and biochar after the reactions
with antibiotics are shown in Fig. 4. No change occurred during the
removal process of antibiotics by biochar. However, the peak intensity
at 2θ = 44.67° dramatically decreased for C/Fe3C/Fe0 and Fe0, sug-
gesting that iron was involved in the reaction, which might form a
complex with antibiotics (Bi et al., 2016). During the reaction process,
C/Fe3C/Fe0 kept its state, and no iron oxide (2θ = 35.39°) was formed,
indicating that C/Fe3C/Fe0 displayed a good stability with the cover of
graphite. Fe0 became iron oxide after reacting with OTC and CAP at
240 min and 30 min, respectively. For the removal of CAP, the oxida-
tion of Fe0 happened very fast, and γ-FeOOH (2θ = 27.04°, as illu-
strated in Fig. 4e) was formed at 90 min, which corresponded to water
adsorption and corrosion (Vollprecht et al., 2019). This process de-
creased the electron transfer rate and ROS yield (Erdim et al., 2015).
Meanwhile, the formation of a passive layer enhanced the precipitation
and surface area (67.81 m2/g). Therefore, Fe0 removed CAP faster than
C/Fe3C/Fe0. From the above analysis, the iron corrosion was written as:

Fe0 + 2H2O → Fe2++H2 + 2OH−(1)

2Fe0 + O2 + 2H2O → 2Fe2++4OH−(2)

6Fe2+ + O2 + 6H2O → 2Fe3O4 + 12H+(3)

4Fe2+ + O2 + 6H2O → 4FeOOH + 8H+(4)

The corrosion of iron was accompanied by the release of iron.
Therefore, the iron dissolution from C/Fe3C/Fe0 and Fe0 was con-
tinuously observed along the removal process. The amounts of iron
dissolved in the OTC solution for Fe0 were much higher than that of C/
Fe3C/Fe0. The very quick increase in concentrations of total iron in the
OTC solution was observed during the first 30 min (Fig. S5a). After the
slowdown, the iron elution reached equilibrium at 240 min with the
concentration of total Fe ion up to 5.61 mg/L. Iron oxide formed at
240 min, as confirmed by XRD spectra illustrated in Fig. 4b, led to a
large amount of iron eluted into the solution. The adsorption and pre-
cipitation were inhibited, which led to a slower removal rate as com-
pared to C/Fe3C/Fe0. By contrast, for the CAP solution, the maximum

iron elution concentration was only 42.30 µg/L for Fe0, because the
passive iron oxide or γ-FeOOH, confirmed by XRD spectra in Fig. 4e,
covered the entire surface of Fe0, therefore blocking the further iron
elution (Harada et al., 2016). Interestingly, the total Fe ion con-
centrations in the OTC and CAP solutions were close to zero for C/Fe3C/
Fe0, which clearly exhibited a good stability with much reduced sec-
ondary pollution caused by iron elution.

We also investigated the Fe 2p3/2 spectra of C/Fe3C/Fe0 and Fe0

after the reaction with antibiotics at 24 h to further understand the
stability of materials (Fig. 5). Peaks A and B were due to Fe0 while the
other peaks were assigned to Fe(II) and Fe(III) in iron oxides (Grosvenor
et al., 2004; Yang et al., 2019; Zhao et al., 2018). The Fe0 contents were
13.67% and 6.58% on the surface of C/Fe3C/Fe0 after the reaction,
which were higher than those of Fe0 (0.37% and 1.31%). This further
demonstrated that C/Fe3C/Fe0 was more stable and iron corrosion was
inhibited.

3.4. Adsorption mechanisms

To further understand the adsorption mechanisms of antibiotics on
C/Fe3C/Fe0 and Fe0, we investigated the XPS and FTIR spectra after the
reaction of OTC and CAP (Figs. 6 and S8). Some new peaks at 398.88 (N
1s) appeared after the reaction as compared to the XPS spectra in Figs.
S3a and 3b. The increased content of N indicated that N containing
groups in OTC and CAP were adsorbed on the surface of C/Fe3C/Fe0

and Fe0. Simultaneously, the peak at Fe 2p also appeared for the C/
Fe3C/Fe0 sample, which suggested that iron was exposed to the surface
after 24 h of reaction. As shown in Fig. 6 of the FTIR spectra, the bands
ranging from 3419 to 3422 cm−1 in C/Fe3C/Fe0 and Fe0 were assigned
to bulk OH (Park et al., 2019). After the reaction of OTC with C/Fe3C/
Fe0 and Fe0, the bands at 3422 cm−1 and 3419 cm−1 shifted to the
lower frequency 3415 cm−1 and 3405 cm−1, respectively. These
changes indicated that H bonds were formed (Zhao et al., 2017a). The
ability of OTC to form H bonds with C/Fe3C/Fe0 and Fe0 was higher
than that of CAP, as evidenced by more OH groups in OTC molecules
(Liao et al., 2013). No H bonds formed in the reaction of CAP with the
C/Fe3C/Fe0 composite, but the peak intensity of 3415 cm−1 in C/Fe3C/
Fe0 shortened, indicating that the involvement of carboxyl group led to
the breakage of OH bonds (Devi and Saroha, 2015). In addition, an
electron-acceptor-acceptor interaction might occur for the carboxyl

Fig. 4. (a), (b), (c) XRD patterns of materials after reacting with OTC; (d), (e), (f) XRD patterns of materials after reacting with CAP at different time.
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group in the C/Fe3C/Fe0 composite and nitro groups in its arene units of
CAP. A similar result was also reported by Ahmed et al. (2017b). The
appearance of two strong peaks at 3395 and 3190 cm−1 suggested that
the amide groups of CAP were adsorbed by Fe0 (Oliveira et al., 2019).
The band at 2873 cm−1 was attributed to the stretching vibration of the
CH3 groups (Chen et al., 2011). The appearance of this new band was
the consequence of the interaction between methyl groups of OTC and
C/Fe3C/Fe0 (Zhao et al., 2017b). The band at 1730 cm−1 was indicative
of C]O stretching vibration. The intensity of this band greatly in-
creased after the adsorption of OTC and CAP by C/Fe3C/Fe0, which
indicated that C]O in the OTC and CAP molecules were adsorbed
(Fernandes et al., 2019). Simultaneously, the bands at 1614 and
1633 cm−1 appeared, possibly due to the adsorption of aromatic ske-
letal C]C vibration in OTC and CAP by C/Fe3C/Fe0. This phenomenon
also occurred for the removal of OTC by Fe0. The presence of aromatic
C-H bend (out of the plane) groups at 743 cm−1 in the Fe0 + CAP
sample confirmed that the aromatic C-H groups of CAP were adsorbed
by Fe0.

3.5. Degradation products and degradation pathways

Fig. S9 displays the ion chromatograms of OTC after the reaction
with C/Fe3C/Fe0 and Fe0 at different contact times. The appearance of
small peaks of A (m/z 357, 7.91 min Retention Time (RT)) at 10 s
confirmed a fast degradation process. At 30 min, the initial OTC peak
(m/z 461, 3.24 min RT) disappeared after the reaction with C/Fe3C/
Fe0, revealing a more efficient OTC removal by C/Fe3C/Fe0 than Fe0.
Comparatively, the removal rate of CAP on C/Fe3C/Fe0 was slower.
Only a very small amount of degradation product C (m/z 127, 1.65 min
RT) was detected at 10 min in CAP solution with C/Fe3C/Fe0. Most of
the macromolecular CAP existed in the solution and was not adsorbed
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or degraded at 24 h. This accounted for a lower removal amount of CAP
on C/Fe3C/Fe0 compared to OTC. The peak intensity of di-
chloroacetamide (C) increased with reaction time in Fig. S10f, which
might lead to higher UV intensity and lower TOC removal efficiency at
24 h (Figs. S6 and S7b). The smaller amounts of degradation products in
C/Fe3C/Fe0 system than that of Fe0 implied that C/Fe3C/Fe0 was in-
effective to directly degrade OTC and CAP into the solution, and more
degradation might occur on the surface of C/Fe3C/Fe0.

According to the HPLC-MS results, the main degradation products of
OTC and CAP by C/Fe3C/Fe0 and Fe0 were exhibited in Figs. 7 and 8. In
Fig. 7, the possible degradation pathways of OTC contained two routes.
For route 1, the hydrogen abstraction and the loss of hydroxyls, amide
and N, N-dimethyl groups possibly accounted for the production of A.
Then, the further oxidation led to the opening of aromatic ring to form
5-hydroxy-2-methylnaphthalene-1,4-dione. In route 2, product B was
stemmed from dehydroxylation, demethylation, deamidation and
opening of the aromatic ring, and then gradually oxidized to product D.
Finally, product D underwent demethylation and dehydroxylation to
form N-methyl-3,4-dihydro-2H-pyran-2-amine.

In Fig. 8, peak A was mainly in 305 (m/z), suggesting that the
chlorine in molecular had not been lost yet. The drop in 16 (m/z) re-
sulting from the loss of O was due to the low bond energy of C-O (Wu
et al., 2018). It was postulated that product A was further degraded to
two products (p-nitrobenzoic acid and dichloroacetamide). At last, ni-
trobenzene was formed by decarboxylation. The previous study has
shown that CAP could be degraded by nano zerovalent iron through the
reduction reaction (Ahmed et al., 2017b). However, no reduction pro-
duct was detected in this study. Thus, the degradation of CAP on Fe0

was dominated by oxidation.

3.6. Quantification of adsorption and degradation

To confirm the degradation mechanism, electron spin resonance

spectra were used to determine the generation of ROS. In Fig. S11a, we
found the four characteristic lines with the intensity ratio of 1:2:2:1
ascribed to the signal of %OH for both C/Fe3C/Fe0 and Fe0 systems. The
noticeable 1:1:1 three-line patterns attributed to the formation of
TEMP-1O2 adducts were observed in Fig. S11b. These results demon-
strated that %OH and 1O2 were generated. Graphite is a conductor and
iron oxide is a semiconductor. They could directly transmit electron
from the inner iron core to the adsorbed oxygen, and activate O2 to
generate %OH through Fenton reaction (Eqs. (5) and (6); Guan et al.,
2015). The Fe2+ species could react with dissolved oxygen through
electron transfer forming O2

%− (Eqs. 7; Yang et al., 2019). Then, the
recombination of O2

%− led to the production 1O2 (Eqs. 8). The in-
ference was also proved by several experimental results by non-pho-
tochemical methods or without the addition of oxidants (Bokare and
Choi, 2015; Rayaroth et al., 2019). Meanwhile, our experiment with N2

bubbling to remove dissolved oxygen in solution, as illustrated in Fig.
S12, showed that the decrease for the removal efficiency of OTC by C/
Fe3C/Fe0 and Fe0 was observed with the increasing time of N2 bubbling.
This indicated that the decrease of O2 led to the reduction of O2

%− and
1O2 and indirectly consolidated that 1O2 can be derived from the re-
combination of O2

%−.

Fe0 + O2 + 2H+ → Fe2++H2O2(5)

Fe0 + H2O2 → Fe2+ + %OH + OH−(6)

Fe2+ + O2 → O2
%− + Fe3+(7)

O2
%−+O2

%−+2H+ → 1O2 + H2O2(8)

The signals of %OH and 1O2 in the C/Fe3C/Fe0 system were much
stronger than that of Fe0 system, indicating that more %OH and 1O2

Fig. 7. Proposed degradation pathway of OTC by C/Fe3C/Fe0 composite and
Fe0. Dotted square means the product was not detected in the solution, which
might be adsorbed on the surface of C/Fe3C/Fe0 composite.

Fig. 8. Proposed degradation pathway of CAP by C/Fe3C/Fe0 composite and
Fe0. Dotted square means the product was not detected in the solution, which
might be adsorbed on the surface of C/Fe3C/Fe0 composite.
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were generated in the C/Fe3C/Fe0 system. Hence, the C/Fe3C/Fe0

composite owned a superior molecular oxygen activation performance
over Fe0. In the C/Fe3C/Fe0 composite, the Fe content was only
24.60%, which was much lower than that of Fe0. Meanwhile, biochar
has a weak activation ability (Mao et al., 2019), but biochar could
promote C/Fe3C/Fe0 in the activation of O2 because most C/Fe3C/Fe0

particles were uniformly distributed on the biochar surface, which
avoided the agglomeration of nanoparticles. Moreover, the middle layer
of Fe3C efficiently catalyzed electron transfer from the core Fe0 to the
external graphite surface.

Quenching tests were conducted to confirm the effects of %OH and
1O2 on the OTC and CAP degradation in the C/Fe3C/Fe0 and Fe0 sys-
tems. Tert butyl alcohol (TBA) and NaN3 were used as the scavengers
for %OH and 1O2, respectively. The results showed that the OTC removal
efficiency decreased from 81.38% to 45.73% and 51.19% with the
addition of 0.1 M TBA and 1 mM NaN3, respectively (Fig. S13). Hence,
the removal efficiencies of 35.65% and 30.19% were attributed to the
degradation (Fig. 9). For Fe0, 30.63% and 26.06% were caused by the
degradation through %OH and 1O2, respectively.

In the removal process of CAP by C/Fe3C/Fe0 and Fe0, oxidation
occurred quickly and hindered the electron transfer between Fe0 and
the adsorbed oxygen. Therefore, the degradation efficiencies only ac-
counted for 16.84% and 8.08%. The degradation efficiency of C/Fe3C/
Fe0 was 2 times that of Fe0 due to the higher signal intensity of ROS. %

OH was the main ROS responsible for the CAP degradation and 1O2 had
little effect. Previous studies have shown that %OH and O2

%− played
important roles in the degradation of organic contaminants by Fe0-
based materials (Harada et al., 2016, Shen et al., 2018, Yang et al.,
2019). 1O2 was seldom found in the removal of organic contaminants
by non-photochemical methods or without the addition of oxidants. In
our studies, 1O2 was produced by the initially-formed O2

%− and
showed a higher selective reactivity toward OTC in C/Fe3C/Fe0 system.

From the above analysis, we inferred that the OTC removed by C/
Fe3C/Fe0 and Fe0 involved two steps: (1) Small parts of OTC molecules
and the degradation intermediates were adsorbed onto the surface by H
bonding; (2) %OH and 1O2 were produced to degrade most OTC mole-
cules by oxidation. CAP presented a different phenomenon due to the
distinct physical-chemical properties of the two antibiotics. The log Kow

value of OTC was much smaller than that of CAP, indicating the greater
hydrophobicity of CAP (Table S4). The hydrophobic effect had a minor
contribution to antibiotics adsorption (Liao et al., 2013). The greater
number of H-bond acceptor/donors in OTC molecule than in CAP
confirmed that OTC is easier to form hydrogen bonds, which drove the

OTC to be adsorbed on C/Fe3C/Fe0 composite. Thus, H bonds made the
fast contact of OTC with the materials. Most CAP molecules and the
degradation intermediates were slowly adsorbed on the C/Fe3C/Fe0

composite due to the weak interaction. Water molecules were pre-
ferentially adsorbed by C/Fe3C/Fe0 composite and Fe0, which led to the
quick oxidation and formation of iron oxide. Oxidized Fe0 had lower
degradation and mineralization capacities for the degradation products
due to the increased amounts of dichloroacetamide and decreased TOC
removal efficiency, which would cause the secondary pollution.

3.7. Reusability of materials

Recycle experiments were performed to evaluate the reusability of
C/Fe3C/Fe0 and Fe0 on the removal of OTC and CAP. As shown in Fig.
S14, the removal efficiency of OTC on C/Fe3C/Fe0 increased from
81.38% to 84.15% after the second cycle. Because high temperature
desorption reactivated the C/Fe3C/Fe0 composite, thus the removal
efficiency was enhanced. Even in the fourth time, the removal effi-
ciency of OTC on C/Fe3C/Fe0 was 77.08%. But for Fe0, the removal
efficiency gradually dropped from 67.29% to 23.05%. The XRD pat-
terns displayed that iron oxide appeared after the first usage, and γ-
FeOOH occurred after the second cycle (Fig. S15b). The C/Fe3C/Fe0

composite kept its original state until the fourth usage and only a small
peak of iron oxide appeared after the third cycle. Furthermore, the
peaks at 44.67° showed higher intensity after second, third and fourth
usage, which indicated that high temperature desorption could increase
the Fe0 crystallinity.

For the removal of CAP on Fe0, the removal efficiency dropped
sharply from 72.78% to 2.7% after the second cycle. No absorption
peak of acetamide was produced (Fig. S16d) and Fe0 could only be used
once to remove CAP. The formation of γ-FeOOH made it totally lose the
removal capacity (Fig. S15d). In the C/Fe3C/Fe0 composite, the iron
oxide was formed after the second cycle. Oxidation was stronger than
the system of C/Fe3C/Fe0 with OTC. Compared with the reuse capacity
of Fe0, the removal efficiency of CAP on C/Fe3C/Fe0 was only reduced
by 6.87% after four times of usage. Thus, C/Fe3C/Fe0 had a much better
reusability and presented a great application superiority.

4. Conclusions

Due to enhanced formation of ROS, C/Fe3C/Fe0 displayed a superior
performance in removing OTC and CAP. This composite could prevent
organic contaminants from being released back to the solution. OTC
and CAP were adsorbed by C/Fe3C/Fe0 through H bonding and elec-
tron-acceptor-acceptor interaction, respectively. Meanwhile, N con-
taining groups, methyl groups, C]O, and aromatic skeletal C]C
groups in OTC or CAP were adsorbed by C/Fe3C/Fe0. The ESR spectra
suggested that %OH could degrade OTC and CAP, while 1O2 presented
selective oxidation to OTC. The degradation of OTC by C/Fe3C/Fe0 was
faster and more effective as compared to that for Fe0 alone. The weak
degradation of CAP only occurred on the surface of C/Fe3C/Fe0. The
mechanistic and quantitative understanding of adsorption and de-
gradation provided a theoretical basis for the application of this system
without purging O2 or adding H2O2. C/Fe3C/Fe0 exhibited excellent
recycling capacity and could be used continuously. The C/Fe3C/Fe0

composite was very stable with little iron leaching to avoid secondary
pollution, which was a promising material for the treatment of anti-
biotics-rich industrial wastewater.
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