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A B S T R A C T   

In the last years, the synthesis and applications of biochar/Fe composites have been extensively studied, but only 
few papers have systematically evaluated their removal performances. Herein, we successfully synthesized and 
structurally characterized Fe0, Fe3C, and Fe3O4-coated biochars (BCs) for the removal of chlortetracycline hy-
drochloride (CH). Evaluation of their removal rate and affinity revealed that Fe0@BC could achieve better and 
faster CH removal and degradation than Fe3C@BC and Fe3O4@BC. The removal rate was controlled by the O–Fe 
content and solution pH after the reaction. The CH adsorption occurred on the O– C groups of Fe0@BC and the 
O––C and O–Fe groups of Fe3C@BC and Fe3O4@BC. Electron paramagnetic resonance analysis and radical 
quenching experiments indicated that HO• and 1O2/ O2

• − were mainly responsible for CH degradation by biochar/ 
Fe composites. Additional parameters, such as effects of initial concentrations and coexisting anions, regenera-
tion capacity, cost and actual wastewater treatment were also explored. Principal component analysis was 
applied for a comprehensive and quantitative assessment of the three materials, indicating Fe0@BC is the most 
beneficial functional material for CH removal.   

1. Introduction 

Chlortetracycline hydrochloride (CH, Fig. 1), as a broad-spectrum 
antibiotic, is the former antibiotic of tetracycline family. It has been 
widely applied for treating infections and promoting the growth of an-
imals (Puicharla et al., 2014). However, its extensive use has led to the 
detection of a high concentration of CH residues in various water sources 
and soils, which have many adverse effects, such as inhibition of mi-
crobial activity (Liao et al., 2017), phytoplankton toxicity (Guo and 
Chen, 2012), development of antibiotic resistance (Pulicharla et al., 
2018), and ecological risk (Chen et al., 2011a, 2011b). 

Various techniques have already been developed to effectively remove 
antibiotic residues, including TiO2 photocatalysis, SrTiO3/Ag2S/CoWO4 
sonocatalysis, Ti/Ti4O7 anode electrochemical advanced oxidation, and 
H2O2 advanced oxidation processes (Chen et al., 2017; Qiao et al., 2019; 
Wang et al., 2018; Zhu et al., 2013). Among these techniques, adsorption 

and degradation processes without the use of light, electricity, oxidants, 
and sonication have been indicated as the most feasible methods for 
removing organic contaminants. These technologies are cost-effective, 
efficient, and safe. To date, amino-Fe (III) functionalized SBA15, 
multi-walled carbon nanotube/amino-functionalized MIL-53(Fe) com-
posites and natural clay sediments have been used for the adsorption of 
CH (Al-Wabel et al., 2020; Xiong et al., 2018; Zhang et al., 2015a, 2015b). 
Biochar (BC) or activated carbon-supported Fe composites have also 
attracted increasing attention, as they can be applied for the simultaneous 
adsorption and degradation of organic residues (Kumar et al., 2020). 
Specifically, Fe3O4, Fe◦, and Fe3C can be successfully loaded onto biochar. 
However, although in earlier studies Fe3O4-coated biochars have exhibi-
ted strong adsorption capacity for crystal violet of up to 349.40–436.68 
mg g− 1 (Du et al., 2020; Sun et al., 2015), their degradation properties 
have not been investigated. Other studies have shown that biochar or 
activated carbon-supported Fe3O4 can remove 2,4,6-trichlorophenol and 
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nitroarenes by reductive degradation (Veerakumar et al., 2016; Zhuang 
et al., 2020). Moreover, Fe◦ has been proved to be highly reactive, while 
biochar supported Fe◦ can effectively degrade p-nitrophenol by reduction 
and remove glyphosate, bisphenol A, decabromodiphenyl ether, trichlo-
roethylene, and sulfamethazine from aqueous solutions (Deng et al., 
2018; Jiang et al., 2018, 2019; Li et al., 2019, 2020), suggesting its po-
tential sorption and reduction capacity. However, during the removal 
process, Fe◦ loses its reductive nature and is converted to Fe3O4 (Ahmed 
et al., 2017), implying that biochar loaded Fe◦ and Fe3O4 might have 
different removal effects. 

As a developing technique, a novel Fe3C–biochar composite with 
superior stability and regeneration capacity has been successfully 
fabricated for the removal of organic dyes (Zhao et al., 2019; Zhou et al., 
2019), which shows simultaneous adsorption and degradation effects. 
So far, few studies have reported the application of Fe3C@BC in the 
removal of organic contaminants (Liu et al., 2016; Zhao et al., 2020). Fe 
phases have diverse functions and the combination of biochar with 
different Fe species can produce complex mechanisms. Therefore, a 
thorough investigation of different biochar/Fe composites as effective 
materials for the removal of organic contaminants from water is needed. 
Furthermore, few studies have systematically compared the perfor-
mance of Fe3O4-, Fe◦-, or Fe3C-loaded biochars for antibiotics removal. 
CH is the first discovered tetracycline which possesses a four-ring system 
with multiple substituent groups on the molecule skeleton (Charuaud 
et al., 2019). It is the typical representative of tetracycline family. Thus, 
in this study, Fe3O4@BC, Fe◦@BC, and Fe3C@BC were prepared and 
applied to remove CH from aqueous solutions, aiming specifically to (1) 
study the removal kinetics of these composites and identify the domi-
nant factors that control the removal rate, (2) explore the effect of initial 
concentrations, pH, and anions on their removal affinity, (3) elucidate 
the adsorption and degradation mechanisms of CH on biochar/Fe 
composites, and (4) comprehensively evaluate the structural charac-
teristics and removal performance of the composites. 

2. Materials and methods 

2.1. Preparation of biochar/Fe composites 

Corn straw was used as a precursor for the preparation of biochar. At 
first, the corn straw was washed with high purity water to remove the 
ash and dried at 70 ◦C for 24 h. The dried corn straw was then grounded 
into powder and passed through a 80-mesh sieve. Subsequently, the 
carbonization of corn straw was done in a closed stainless steel tank 
(corn straw was filled to the full for purging out oxygen), then, heated to 
300 ◦C at a rate of 10 ◦C min− 1 in a muffle furnace, and maintained 
under O2-limited conditions for 2 h. Afterward, 0.4 g of the obtained 
biochar was mixed with Fe(NO3)3⋅9H2O (the mass ratio of biochar and 
Fe(NO3)3⋅9H2O was 1:2) for 12 h and then oven-dried at 105 ◦C for two 
days. The resulting mixture was then pyrolyzed at 600 ◦C with or 
without N2 flow for 2 h to obtain Fe◦@BC or Fe3O4@BC, respectively. 

The sample was finally cooled to room temperature by switching off the 
furnace. H3PO4-treated biochar was used as a supporter for preparing 
Fe3C@BC, which was obtained by impregnating corn straw with H3PO4 
in a weight ratio of 1:4 for 24 h. The mixtures were activated in an oven 
at 105 ◦C for 7 h in the presence of O2. The other preparation procedures 
were similar to that used for Fe◦@BC. Finally, the obtained biochar/Fe 
composites were ground and sieved through a 100-mesh screen. The 
pure Fe◦ and Fe3O4 were obtained from Aladdin Co., Ltd., China. Fe3C 
was purchased from Ailan (Shanghai) Chemical Technology Co., Ltd. 

2.2. Batch experiments for CH removal 

Batch experiments for CH removal were performed in brown glass 
bottles containing 15 mL of CH solutions (50 mg L− 1) and 12 mg of 
biochar/Fe composites in an aerobic environment. After shaking for 50, 
150, 240, 480, 720, and 1440 min, the resulting CH solutions were 
separated by centrifugation at 3000 r min− 1 for 1 min and filtered 
through a 0.45 μm filter. Then, 5 mL aliquots were sampled and 
immediately quenched with 0.1 mL of 2 M Na2SO3. The CH concentra-
tion was measured in 10 mm quartz cuvettes by a UV-2600 UV–vis 
spectrophotometer at a maximum wavelength of 366 nm. The UV–vis 
absorption spectra of the CH samples were recorded in a range of 
200–450 nm. Control experiments were also performed only for the 
biochar/Fe composites using high purity water and stirring for different 
time intervals to exclude the effects of impurities or natural organic 
matters in biochar on their UV–vis absorbance. 

Furthermore, the effect of the initial concentration, pH, and inor-
ganic anions on the removal ability of the biochar/Fe composites was 
analyzed. The initial concentrations for CH were set at 10, 25, 50, 150, 
250, 300, and 350 mg L− 1 and pH values of 4.0, 7.0, and 10.0 for the CH 
removal experiments were achieved using 0.1 M NaOH or HCl. The 
inorganic Cl− and HCO3

− (25, 250, and 2500 mg L− 1) were mixed with 
the CH solutions to investigate the effects of coexisting anions on the 
removal performance of the biochar/Fe composites. 

2.3. Quenching experiment 

tert-butyl alcohol (TBA), benzoquinone (BQ), and furfuryl alcohol 
(FFA) were used as quenching agents for the capturing of HO•, O2

• − , and 
1O2 species. TBA (100 mM), BQ (1 mM), and FFA (20 mM) were added to 
the reaction solution before the addition of the biochar/Fe composites, 
respectively. The initial concentration of CH was 25 mg L− 1 and the total 
solution volume was 15 mL. The mixture was shaken at 180 rpm for 24 
h. Then, 5 mL aliquots were sampled and quenched with 0.1 mL of 2 M 
Na2SO3. The other procedures were the same as the dynamic 
experiments. 

The adsorption and degradation performance can also be quantita-
tively determined by the following equation:  

R = RA + RH + RO + RB                                                                (1) 

where R is the total removal efficiency, RA is the removal efficiency 
caused by adsorption, and RH, RO, RB are the removal efficiencies due to 
HO•, O2

• − , and 1O2 degradation, respectively. 
The CH concentrations in the mixtures and wastewater were deter-

mined by an HPLC system (1290, Agilent, U.S.) equipped with a C18 
column (1.5 × 2.1 mm, 5 μm) and a UV detector. The detector tem-
perature and wavelength were set to 30 ◦C and 360 nm, respectively. 
Moreover, a mixture of oxalic acid, acetonitrile, and methanol 
(67:22:11, v/v) was used as the eluent at a mobile flow rate of 0.4 mL 
min− 1. 

2.4. Regeneration of biochar/Fe composites 

To investigate the reusability of the prepared biochar/Fe composites 
in the removal of CH from aqueous solutions, the used composites were 

Fig. 1. Chemical structure of CH.  
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separated and washed with ethanol. Prior to reuse, adsorbed CH was 
desorbed by pyrolyzing the used biochar/Fe composites at 650 ◦C for 2 h 
in a tube furnace under N2 atmosphere and the entire regeneration 
process was repeated for three cycles. 

2.5. Statistical analyses 

Statistical analysis was performed using the SPSS Statistics 23.0 
software and the significance was reported at a 0.05 probability level. 
The relationship between the removal rate (vo), textural properties, C 
content and functional groups of the biochar/Fe composites, dissolved 
Fe, and solution pH after the reaction were examined using the Pearson 
correlation coefficient. 

3. Results and discussion 

3.1. Characterization of biochar/Fe composites 

3.1.1. Scanning and transmission electron microscopy 
The morphological features of the biochar/Fe composites were 

investigated by scanning (SEM) and transmission (TEM) electron mi-
croscopy. As shown in Fig. S1a, the biochar surface was partially 
covered by the loaded Fe0 and appeared to be smooth, while for the case 
of Fe3C@BC, the Fe3C particles were incorporated or inserted into the 
pores of biochar. Instead, the SEM image of Fe3O4@BC revealed that 
Fe3O4 was well dispersed on the carbon substrate. TEM images were also 
recorded to further elucidate the structures of the biochar/Fe composites 
(Fig. S2). A dispersion of Fe nanoparticles with varying sizes indicated 
the successful loading of Fe species onto the carbon materials, which was 
consistent with the SEM results. Moreover, biochar showed a strong 
ability to control the size of the Fe nanoparticles, providing a wide size 
range of 2.7–93.5 nm without metal aggregation. The Fe particles were 
spherical with an average size of 44.6, 36.9, and 4.0 nm for Fe0@BC, 
Fe3C@BC, and Fe3O4@BC, respectively. In addition, it was found that 
the particles in Fe0@BC and Fe3C@BC consisted of black cores, which 
corresponded to metallic iron (Fe0) and gray carbon shells, i.e., typical 
core-shell structures with a shell thickness of 5.7 and 3.1 nm, respec-
tively. A graphite crystal plane with a lattice structure was also observed 
for the Fe3C particles, indicating the good crystallinity of Fe3C@BC. 

3.1.2. X-ray diffraction 
Fig. S3 displays the X-ray diffraction (XRD) patterns of the biochar/ 

Fe composites. The pattern obtained for Fe◦@BC matched well with the 
diffraction peaks of Fe◦ (PDF 01-071-8483) (Zhao et al., 2019), as the 
sharp peaks observed at 44.67◦, 65.02◦, and 82.32◦ corresponded to the 
(110), (200), and (211) facets of Fe◦, respectively. The peaks detected in 
the XRD pattern of Fe3C@BC at 37.75◦ (210), 42.89◦ (211), 43.75◦

(102), 44.57◦ (220), 44.99◦ (031), 45.87◦ (112), 51.83◦ (122), 54.41◦

(040), and 74.51◦ (400) corresponded to the specific peaks of Fe3C as 
revealed from the comparison with the standard database (PDF 
01-085-1317). The peaks of Fe◦ were also found to be present, indicating 
that Fe◦ was covered by Fe3C in the Fe3C@BC composite. Moreover, 
Fe◦@BC and Fe3C@BC exhibited great crystallinity without any impu-
rity. Accordingly, Fe3O4@BC exhibited typical Fe3O4 oxide structure 
diffraction peaks at 2θ=30.17◦, 35.45◦, 43.25◦, 56.78◦, and 62.73◦ (PDF 
00-003-0863). However, the weak intensity of the Fe3O4@BC peaks was 
due to poor crystallinity, suggesting that the Fe3O4 particles were 
formed in small sizes with high dispersion (Wang et al., 2019), as 
revealed by the SEM and TEM results. 

3.1.3. Brunauer–Emmett–Teller surface area 
The textural properties of biochars and biochar/Fe composites were 

measured by N2 adsorption–desorption analysis (Fig. 2 and Fig. S4). 
Both Fe◦@BC and Fe3C@BC displayed irreversible type IV isotherms 
with a H4 hysteresis loop, which was characteristic for highly ordered 
mesoporous materials, with mesoporous ratios of 55.17 % and 89.78 %, 

respectively (Table 1). H3PO4-treated biochar presented type I isotherm 
with narrow mesopores. In contrast, S-shaped N2 adsorption–desorption 
curve were obtained for biochar and Fe3O4@BC, described as type II 
isotherms (Zhao et al., 2018). The biochar without any activation 
showed limited surface area, which was only 2.7 m2 g− 1. After activated 
by H3PO4, the surface area increased to 591.9 m2 g− 1. Both of Fe◦@BC 
and Fe3O4@BC had higher surface areas due to the incorporation of Fe◦
and Fe3O4 nanoparticles into the biochar that provided additional 
nucleation sites and retarded the sintering and pore plugging of biochar 
(Zhang et al., 2017). Instead, the surface area of Fe3C@BC decreased to 
256.0 m2 g− 1 after the coating of Fe, probably because the Fe3C particles 
blocked the entry to the internal surface area, thus decreasing the total 
surface area (Hu et al., 2015). The pore size distribution curves also 
demonstrated that Fe3C@BC had a hierarchical porous structure with 
more mesopores than Fe◦@BC and Fe3O4@BC, which agreed with the 
mesopore volume, as given in Table 1. 

3.1.4. Elemental composition and coating efficiency 
The elemental compositions of biochars and biochar/Fe composites 

were listed in Table S1. The lower carbon contents of biochar/Fe com-
posites than the companion biochars were due to the introduction of Fe 
species into the biochars. H/C ratio with lower value represented that 
less original organic matters were preserved and more biomass was 
pyrolyzed (Chen et al., 2011a, 2011b). The observed H/C ratios 
increased after the coating of different Fe species, indicating that the 
existence of Fe◦, Fe3C and Fe3O4 nanoparticles could preserve cellulose, 
lignin, fatty acid and so on. The mass fraction of Fe in Fe◦@BC increased 
from 1.37 % to 26.16 % after loading Fe◦ onto biochar, thus, the coating 
efficiency of Fe◦@BC was the lowest. For the other two composites, the 

Fig. 2. Adsorption (hollow) and desorption (solid) isotherms (a) and pore size 
distribution curves (b) of Fe0@BC, Fe3C@BC, and Fe3O4@BC. 
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coating efficiencies were about 27.67 %–28.77 %. 

3.2. Removal kinetics 

The removal kinetics of CH by Fe◦@BC and Fe3C@BC were fast for 
the first 150 min and gradually reached an equilibrium after 480 and 
720 min, respectively (Fig. 3). Fe◦@BC showed the highest removal 
affinity for CH, with a removal efficiency that reached 42.30 % after 
only 50 min treatment. Based on the data in Table 2, the CH removal by 
Fe◦@BC and Fe3C@BC could be sufficiently described by a pseudo- 
second order kinetic model, while a pseudo-first order kinetic model 
was applicable to Fe3O4@BC. The kinetic models also suggested that the 
removal rate of CH by Fe◦@BC was 2.25 and 24.73 times that of 
Fe3C@BC and Fe3O4@BC, respectively. Thus, the removal amount in 
equilibrium followed the order of Fe◦@BC > Fe3C@BC > Fe3O4@BC. 
This result was also supported by the adsorption spectra measured for 
CH over the reaction time (Fig. S5), where the adsorption bands 
decreased rapidly when CH was mixed with Fe◦@BC, whereas only a 
slight reduction in the adsorption bands was observed for Fe3O4@BC, 
suggesting a weak removal affinity for CH. 

3.3. Changes of Fe in the biochar/Fe systems 

Fig. S6 shows the XRD patterns of the biochar/Fe composites before 
and after their use. In all patterns, the peak intensity was weak after the 
reaction with the Fe particles, indicating their involvement in the 
removal process of CH. Moreover, no visible crystalline peak of iron 
oxide was detected in the XRD patterns for Fe◦@BC and Fe3C@BC, 

implying that either these composites were stable or that the iron oxide 
on the surface was amorphous (Yang et al., 2019). The changes in the Fe 
concentration over time before and after reaction were also observed 
(Fig. 4), indicating that the Fe dissolution gradually increased over time. 
Great differences in Fe corrosion were also identified during the removal 
process, probably due to the differences in the properties of the bio-
char/Fe composites. In particular, a significantly higher Fe release was 
achieved by Fe◦@BC compared to Fe3C@BC and Fe3O4@BC, reaching a 
Fe concentration of 0.73 mg L− 1 in 10 min. Thus, it was revealed that Fe◦

served as a sustained-release material and was continuously involved in 
proton exchange reactions with H+, leading to enhanced iron dissolution 
(Cagnetta et al., 2017; Chen et al., 2018). However, the total Fe con-
centration released by Fe3C@BC in 1440 min was only 0.27 mg L− 1, 
because the graphite shell cover probably suppressed the release of Fe, 
while the lowest release was observed by Fe3O4@BC due to the low 
solubility of Fe3O4 (Veerakumar et al., 2016). 

3.4. Dominant factors affecting removal rate 

The N2 adsorption–desorption isotherms (Fig. 2) indicated that the 
BET surface area and pore volumes of Fe3C@BC were significantly larger 
than those of Fe◦@BC and Fe3O4@BC. In this case, the surface areas and 
pore volume were therefore not considered as the key parameters gov-
erning the removal rate and removal affinity. Thus, correlation analysis 
was applied to determine the dominant influencing factors. As shown in 
Fig. 5, v0 was significantly negatively correlated with the surface 
oxidation of the Fe spheres in the biochar/Fe materials, but was favored 
by the increase in the pH of the solution after the reaction. The removal 
of CH led to an increase in pH that was significantly different between 
the studied biochar/Fe composites. In particular, the pH increased from 
4.00–5.22, 4.76 and 4.41 for Fe◦@BC, Fe3C@BC, and Fe3O4@BC, 
respectively, due to the consumption of H+ during Fe◦ corrosion. In 
addition, the smallest pH increase in the Fe3O4@BC system suggested 
that the reaction between the Fe ions and H+ was suppressed due to the 
weak mass and electron transfer abilities of the composite (Lei et al., 
2018). 

3.5. Effect of experimental conditions on the removal efficiency 

3.5.1. Initial CH concentration 
The effect of the initial CH concentration on the removal efficiency 

was investigated in the range of 10–350 mg L− 1. The amount of CH 
removed by Fe◦@BC increased with increasing initial concentration 
(Fig. 6a), as more CH ions took part in the reaction with the composite. It 
was assumed that when the initial concentration was relatively high 
(>250 mg L− 1), CH reacted very strongly with Fe◦@BC, leading to a 
higher removal amounts. However, for Fe3C@BC and Fe3O4@BC, the 
removal amount was almost the same, suggesting the removal has 
reached saturation. In summary, at an initial concentration of 350 mg 
L− 1, the removal amounts for Fe◦@BC, Fe3C@BC and Fe3O4@BC were 
97.63 mg g− 1, 69.79 mg g− 1 and 59.08 mg g− 1, respectively, with 
Fe◦@BC exhibiting the highest removal affinity. Its removal affinity was 
also higher than that of soil, natural clay sediment, pine park, amino-Fe 
(III) functionalized SBA15 and so on (Table S2). 

3.5.2. pH 
Since the pH value significantly affected the surface charge, the 

removal efficiency of the biochar/Fe composites, and the physico-
chemical properties of CH, the pH was considered an important factor 
that could also affect CH removal. Thus, the experiments were per-
formed under various pH conditions using the same initial CH concen-
tration (Fig. 6b). The highest removal was observed at pH 4.0, which 
was then significantly eliminated with an increase in pH from 7.0–10.0, 
indicating the direct effect of the solution pH on the removal efficiency. 
Therefore, acidic solutions facilitated CH removal by the biochar/Fe 
composites, as H+ was consumed, while the Fenton and Fenton-like 

Table 1 
The BET surface area and pore morphology of biochars, Fe0@BC, Fe3C@BC and 
Fe3O4@BC.  

Samples Surface 
area (m2 

g− 1) 

Total 
pore 
volume 
(cm3 g− 1) 

Mesopore 
volume a 

(cm3 g− 1) 

Micropore 
volume 
(cm3 g− 1) 

Average 
pore size 
(nm) 

BC 2.7 0.008 0.003 0.000 17.8 
H3PO4- 

treated 
BC 

591.9 0.060 0.042 0.014 3.1 

Fe0@BC 170.2 0.058 0.032 0.005 4.3 
Fe3C@BC 256.0 0.137 0.123 0.014 3.6 
Fe3O4@BC 23.9 0.012 0.005 0.001 37.4  

a The volumes of micropore and mesopore are obtained by the cumulative 
pore volume calculated by BJH. 

Fig. 3. The removal dynamics of CH. Lines represent pseudo first-order kinetic 
and pseudo second-order kinetic fitting and the bars are standard deviation. 
(CH concentration = 50 mg L− 1, solution pH = 4). 
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reactions were inhibited by increasing the initial solution pH (Yang 
et al., 2019). The point of zero charge (pHPZC) of Fe◦@BC, Fe3C@BC and 
Fe3O4@BC were 5.08, 5.26 and 4.02, respectively, the surface charge of 
biochar/Fe composites was positive when the pH of solution was lower 
than pHPZC. Thus, the lowered electrostatic repulsion between the pos-
itive charged biochar/Fe composites and CH could also contribute to a 
higher removal efficiency due to the shielding effect of H+ at lower pH 
(Mao et al., 2016). 

3.5.3. Coexisting anions 
Figs. 6c, 6d and S7 showed the effects of HCO3

− and Cl− on the 
removal of CH. In HCO3

− system, the CH removal was obviously 
depressed for Fe◦, Fe3C, Fe◦@BC and Fe3C@BC samples in the presence 
of 25 mg L− 1 HCO3

− . This suggested that HCO3
− primarily influenced the 

reactivity of Fe species. But for Fe3O4 and Fe3O4@BC, the change trends 
of CH removal efficiency were different when the concentrations of 
HCO3

− were 250 and 2500 mg L− 1, indicating that the existence of bio-
char could reduce the selectivity for CH and HCO3

− would compete for 
the adsorption sites on biochars. 

On the opposite, the CH removal revealed no significant changes 
with different concentrations of Cl− in Fe◦, Fe3C, and Fe3O4. However, 
the removal efficiency of CH was dramatically decreased with the 
addition of 25 mg L− 1 Cl− on biochar/Fe composites, probably due to the 
competition of Cl− for the adsorption sites on biochars, which reduced 
the potential electrostatic interactions between the biochar/Fe com-
posites and CH (Fig. 6d). The removal efficiency of CH for Fe3O4@BC 
increased from 35.29 %–49.91 % when the Cl− concentration was 
increased from 250 to 2500 mg L− 1, probably due to the compression of 
the double layer thickness (Zhang et al., 2015b). However, although the 
removal efficiency was improved by the addition of 2500 mg L− 1 Cl− , it 
was still lower than the initial value without the addition of Cl− , 
concluding that the Cl− species impaired the removal performance of 
Fe3O4@BC. The strong effect of HCO3

− and Cl− on the removal of CH by 
biochar/Fe composites also suggested that CH formed outer-sphere 
complexes with the biochar/Fe composites (Zhang et al., 2015a). 

Interestingly, as the HCO3
− and Cl− concentrations were increased 

from 25 to 250 mg L− 1, the CH removal efficiency increased from 24.20 
%, 58.25 %, and 45.92%–99.01%, 89.09 %, and 76.09 % for Fe3C, 
Fe◦@BC, Fe3C@BC, respectively. This increase suggested that HO•

reacted with HCO3
− /Cl− to form CO3

• − /ClOH•− during the removal pro-
cess (Eqs. 2 and 3). The existence of CO3

• − might resulted in the gener-
ation of other reactive oxygen species of HO2

• , 1O2 and O2
• − (Eqs. (4)–(6); 

Ma et al., 2018). For Cl− system, the decomposition of ClOH•− led to the 
formation of Cl• (Eq. (7)), which in turn improved the CH removal ef-
ficiency (Fang et al., 2014). This process suggested that the Cl• species 
played a partial role in the decomposition of CH. However, when HCO3

−

and Cl− concentration was 2500 mg L− 1, the removal efficiency of CH 
was found to be significantly decreased, as the higher HCO3

− and Cl−

concentrations quenched the HO• species (Ji et al., 2016; Ma et al., 2018; 
Yang et al., 2014). Cl− could also reacted with Cl• to produce Cl2

• − (Eq. 
8), which is particularly less reactive than HO• and Cl•.  

HO•

+ HCO3
− → CO3

• − +H2O                                                           (2)  

HO•

+ Cl− → ClOH•− (3)  

H2O2 + CO3
• − →HO2

•

+ HCO3
− (4)  

HO2
•

+ HO2
• → 1O2 + H2O2                                                              (5)  

HO2
• →H+ + O2

• − (6)  

ClOH•− → Cl• + OH− (7)  

Cl•− + Cl− → Cl2
• − (8) 

Table 2 
Kinetics parameters for the removal of CH on Fe0@BC, Fe3C@BC and Fe3O4@BC.  

Sample Pseudo first-order kinetic qt= qe[1-exp(-k1t)]a Pseudo second-order kinetic t/ qt = 1/k2 qe
2+t/qe = 1/v0+t/qe  

k1 (min− 1) qe (mg g− 1) R2 k2 (g (g·min) − 1) qe (mg g− 1) v0 (mg (g·min) − 1) R2 

Fe0@BC 0.019±0.001 42.63±0.233 0.974 0.822±0.026 45.87±0.149 1.731±0.067 0.999 
Fe3C@BC 0.011±0.002 36.13±0.129 0.963 0.480±0.002 40.00±1.414 0.769±0.160 0.997 
Fe3O4@BC 0.002±0.000 23.66±0.623 0.974 0.111±0.005 25.13±0.357 0.070±0.001 0.850 

Values are mean ± standard deviation. 
a k1 and k2 were the kinetic removal rate constants, qt expressed the removal quantity at different contact time, qe represented the removal amount at equilibrium, v0 

was the removal rate. 

Fig. 4. Dissolved iron in the solution of CH after reacting with biochar/Fe 
composites (CH concentration = 50 mg L− 1, solution pH = 4). 

Fig. 5. Correlation coefficient of v0, pH after reaction, dissolved iron, textural 
properties, C content and functional groups of biochar/Fe composites. Brown 
signifies positive correlation, and blue means negative correlation. This picture 
was drawn with Matlab software. 
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3.6. Removal mechanism 

3.6.1. Adsorption mechanism 
The interactions between the biochar/Fe composites and CH were 

examined by full-range scans of Fe0@BC, Fe3C@BC, and Fe3O4@BC 
before and after the reaction (Fig. S8). Based on the initial X-ray 
photoelectron spectrum (XPS), the biochar/Fe composites consisted 
mainly of C, O, N, and Fe, and the Fe content in Fe0@BC, Fe3C@BC, and 
Fe3O4@BC was 4.44 %, 2.74 %, and 3.57 %, respectively. Fe3C@BC 
showed the lowest Fe content due to its coverage with the graphite shell, 
but had also the highest C content (74.7 %), which indicated its high 
carbonization degree. This result was also consistent with the TEM 
spectra. The removal of CH also generated new peaks for Cl2p, because 
the Cl-containing groups of CH were adsorbed by the biochar/Fe 
composites. 

Additionally, the high-resolution O1 s spectra were further charac-
terized by XPS to investigate changes in the O-containing groups before 
and after reaction. The XPS spectra shown in Fig. 7 were divided into 
three peaks and the content in O––C (531.44–531.57 eV), O–C 
(532.23–533.08 eV), and O–Fe (530.12–530.26 eV) was determined by 
peak-differentiating and fitting analysis (Fig. S9; Du et al., 2019; Hu 
et al., 2015). An obvious reduction in the O–C content from 57.09 %– 
35.13 %, was clearly observed, which was mainly due to the adsorption 
of CH on the O–C group of Fe◦@BC. The peak intensity of O––C and 
O–Fe in Fe3C@BC and Fe3O4@BC was also considerably reduced, 
revealing that, unlike Fe◦@BC, these two groups were the main 
adsorption sites of the Fe3C@BC and Fe3O4@BC composites. 

3.6.2. Degradation products and pathways 
The degradation products of CH were identified by HPLC–MS. As 

shown in Fig. S9, no degradation took place at 5 s, while the low signal 
intensity observed at m/z 477 for Fe◦@BC was due to its strong 
adsorption capacity. However, at 10 s, one or two intermediates were 

observed (Figs. 8a–8c), indicating the beginning of the degradation. In 
general, the degradation of CH by the biochar/Fe composites was very 
fast, while according to the peak intensities at 30 min, the product F (m/ 
z 165) was the main intermediate formed during degradation. 

Thus, the main degradation pathways of the biochar/Fe composites 
were proposed, as illustrated in Fig. 9. The process began with a dehy-
droxylation reaction, leading to the formation of product A. Then, an 
oxidization step triggered the ring opening, generating the N-containing 
compound B and the Cl-containing product C. However, product C was 
not detected during the degradation by Fe0@BC and Fe3C@BC, implying 
that it might be adsorbed or degraded. 5-chloro-3-methyl-1-benzofuran 
(product F) was formed due to further dehydroxylation and oxidation. 
Finally, a ring opening reaction generated product G, i.e., 3-chloro-1- 
butene. The degradation of CH by Fe0@BC and Fe3C@BC followed the 
same pathway due to the existence of Fe0, but the smallest molecule 
existed in Fe0@BC, possibly due to its strongest degradation capacity. 
However, the degradation by Fe3O4@BC involved a more complex 
pathway, with five intermediates detected in the solution. In particular, 
product B was further oxidized to product E, while the dehydrogenation 
process induced the conversion of 3-chloro-6-hydroxy-2-(hydroxy-
methyl)benzoic acid (product C) to 3-chloro-2-formyl-6-hydroxybenzoic 
acid (product D). Finally, the Cl-containing product F, i.e., 5-chloro-3- 
methyl-1-benzofuran, was again formed. In this case, the formation of 
products C, D, and E, and the highest signal intensity of F were possibly 
due to the weak degradation capacity of Fe3O4@BC compared to 
Fe0@BC and Fe3C@BC. 

3.6.3. Degradation mechanism 
Electron paramagnetic resonance (EPR) spectra were also recorded 

to identify the reactive oxygen species (ROS) that contributed to the CH 
removal (Fig. 10). HO•, O2

• − , and 1O2 species were involved in the CH 
removal process, indicating that they were the dominant ROS generated 
by the biochar/Fe composites. To further elucidate the CH removal 
mechanisms, the role of ROS was studied by quenching tests. In 
particular, the addition of TBA, BQ, and FFA reduced the CH removal 

Fig. 6. The removal of CH under different initial concentration (a, solution pH = 4), pH (b, CH concentration = 25 mg L− 1), HCO3
− (c) and Cl− (d) by Fe0@BC, 

Fe3C@BC and Fe3O4@BC. 
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efficiency of Fe◦@BC by 18.02 %, 0.08 %, and 32.91 % after 24 h 
(Fig. 11). The small decrease in the presence of BQ indicated that a small 
amount of O2

• − species was formed in the Fe◦@BC system. The same 
results were observed for Fe3C@BC as well, confirming that HO• and 1O2 
played an important role in the degradation of CH by both Fe◦@BC and 
Fe3C@BC. A noticeable decline in the CH removal efficiency for 
Fe3O4@BC was also observed in the presence of TBA or BQ, suggesting 
that HO• and O2

• − were the main ROS involved in CH degradation by this 
composite. Thus, the removal efficiencies, which were mediated by 
degradation, were determined to be 58.67 %, 47.13 %, and 45.69 % for 
Fe◦@BC, Fe3C@BC, and Fe3O4@BC, respectively. In addition, the 
highest degradation capacity found for Fe◦@BC was consistent with the 
formation of a degradation product with the smallest molecular weight. 

In the Fe◦@BC and Fe3C@BC systems, the pH of the CH solution 
increased after reacting for 24 h, indicating that Fe◦ reacted with H+ and 
formed ferrous and iron oxide. Thus, CH was oxidized owing to the 
reducing effect of Fe◦ (Chen et al., 2018). H2O2, which was generated as 

shown in Eq. (9), further reacted with Fe◦ and yielded the highly reac-
tive HO• species (Eq. (10)). However, no O2

• − was captured in the 
quenching experiment, indicating that 1O2 was derived from dissolved 
oxygen. For the case of Fe3O4@BC, Fe2+ reacted with O2 and took part in 
the Fenton reaction (Eqs. (11–13)) to generate O2

• − and HO•.  

Fe0 + O2 + 2H+ → Fe2+ + H2O2                                                      (9)  

Fe◦ + H2O2 → Fe2+ + HO•

+ OH− (10)  

Fe2+ + O2 → Fe3+ + O2
• − (11)  

Fe2+ + O2
• − + H+ → Fe3+ + H2O2                                                 (12)  

Fe2+ + H2O2 → Fe3+ + HO•

+ OH− (13)  

Fig. 7. XPS spectra of O 1s for Fe0@BC (a), Fe3C@BC (c) and Fe3O4@BC (e) before and after the reaction of CH (b, d, f).  
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3.7. Regeneration of biochar/Fe composites 

The regeneration of the biochar/Fe composites is an important cri-
terion for their practical application in wastewater treatment, as it re-
flects the regeneration efficiency and cost-effectiveness of the entire 
system. Thus, in this study, the reusability of the biochar/Fe composites 
for the removal of CH was also investigated. Based on Fig. 12a, the 
removal efficiency of CH on Fe0@BC decreased slightly from 86.94 % to 
82.34 % after the second use. However, a significant reduction occurred 
after its third and fourth use, probably due to the appearance of iron 
oxide after the second use (Fig. 12b). Moreover, the continuous release 
of dissolved Fe in the solution resulted in a decrease in the Fe content in 
Fe0@BC, thus reducing the CH removal efficiency. 

For the case of Fe3C@BC and Fe3O4@BC, an enhancement of the 
removal efficiency by 28.47 % and 26.00 % was observed after the 
second use. We concluded that the desorption process probably 

triggered the activation of Fe3C@BC and led to the increased diffraction 
peak intensity observed at 44.57◦ after the second use (Fig. 12c), while 
oxidation occurred after the fourth use. Furthermore, the reduction of 
Fe3O4 in Fe3O4@BC to Fe◦ with good crystallinity was observed after the 
second usage (Fig. 12d), which might be caused by the desorption under 
N2 atmosphere. However, a strong iron oxide peak appeared after the 
third and fourth usage, indicating a decrease in the removal efficiency. 
In summary, among the three biochar/Fe composites, Fe3C@BC 
exhibited the best reusability, as its CH removal efficiency was 89.0 % 
even after four recycling processes. 

3.8. Cost analysis 

With a view to actual applications, the cost of the composites and its 
operation should also be considered. Based on this study, the application 
of the investigated biochar/Fe composites to enhance the CH removal 

Fig. 8. Total ion current chromatograms of CH observed at 10 s and 30 min for Fe◦@BC (a, d), Fe3C@BC (b, e) and Fe3O4@BC (c, f). (CH concentration = 50 mg L− 1, 
solution pH = 4). 
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efficiency did not require additional operating costs other than the 
supply of H3PO4, Fe(NO3)3, and N2. Thus, according to a previous study 
(Fan et al., 2019), we defined the cost for the application of biochar/Fe 
composites using the following equation:  

Cost = m*p/mCH                                                                           (14) 

where m and mCH are the mass values for the used composites and the 
removed CH, respectively, and p represents the total price of the 

Fig. 9. Proposed degradation pathway of CH by Fe◦@BC (a), Fe3C@BC (b) and 
Fe3O4@BC (c). Dash line square means the product was not detected in the 
solution. (CH concentration = 50 mg L− 1, solution pH = 4). 

Fig. 10. DMPO spin-trapping spectra for HO• (a), O2
• − (b) and TEMP- spin- 

trapping spectra for 1O2 (c) in different biochar/Fe composites. 
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reagents and N2. As shown in Table S3, the chemical costs of Fe◦@BC, 
Fe3C@BC and Fe3O4@BC were 0.065, 0.076, and 0.040 USD kg− 1 CH, 
respectively, with Fe3O4@BC being the most cost-effective system 
among the three for the removal of the same CH amount. 

3.9. Evaluation of biochar/Fe composites 

Through this observation study, we found that the biochar/Fe com-
posites had different properties and removal performances. Fe◦@BC had 
the fastest removal rate and the highest removal and degradation ca-
pacities for CH, whereas Fe3C@BC exhibited the highest surface area 
and best reusability and Fe3O4@BC showed the lowest Fe dissolution 
and cost. Therefore, the removal performances of these biochar/Fe 
composites were further evaluated for their future applications. Prin-
cipal component analysis was conducted to describe their removal 

performance and physicochemical properties and the principal compo-
nent comprehensive scores were computed and sequenced. In order to 
enhance the analysis efficiency, the factors of O–Fe and pH after reac-
tion, which strongly affected the vo parameter, were removed. The 
biochar/Fe composites characteristic parameters were divided into two 
principal components and the expression of each principal component 
was determined by Eqs. (15)–(16). In particular, the scores of the two 
principal components for each biochar/Fe composite were calculated by 
substituting each standardized physicochemical parameter in the 
equations and were used to determine the effect of each factor on the 
performance of each material. Based on Eqs. (15)–(16), PC1 included vo, 
k2, qe, DFe, SA, D, q10, q350, O-C, R%(250Cl− ), R%(2500Cl− ), cost, R% 
(adsorption), R%(O2

• -), R%(1O2), C and qw; PC2 contained VT, Vmes, 
Vmicro, R%(10), O = C, DI, R%(250HCO3

− ), R%(2500HCO3
− ), R%(HO•), R 

%(3), and R%(4). The distribution of each parameter and the score of 
each material for every principal component are shown in Fig. 13. The 
scores for Fe◦@BC were positive in both PC1 and PC2 directions, sug-
gesting that the physicochemical properties favored the removal of CH 
by Fe◦@BC and that the addition of HCO3

− and Cl− and higher pH values 
did not affect the overall removal performance. In contrast, the scores 
for Fe3C@BC were positive in the PC1 direction and negative in the PC2 
direction, indicating that higher pH values, low degradation capacity 
caused by HO•, and the addition of HCO3

− reduced the removal effi-
ciency. Furthermore, the scores for Fe3O4@BC were positive in the PC2 
direction and negative in PC1 direction, implying that the smallest Fe 
sphere diameter, surface area, pore size and C content, the addition of 
Cl− , the low adsorption capacity, and the low degradation capacity 
caused by 1O2 did not favor the removal of CH. At the same time, 
Fe3O4@BC was not suitable for the treatment of real wastewater. The 
comprehensive score calculated by Eq. (17) was in the order Fe◦@BC >
Fe3C@BC > Fe3O4@BC, highlighting the superior removal performance 
and structural characteristics of Fe◦@BC.  

PC1 = 0.887vo + 0.933k2 + 0.990qe + 0.999DFe + 0.873SA + 0.690VT +

0.572Vmes + 0.639Vmicro − 0.988D + 0.714q10 + 0.802q350 + 0.333R%(10) −

Fig. 11. Quantitative removal of CH on different biochar/Fe composites by 
adsorption and degradation at 24 h. (CH concentration = 25 mg L− 1, solution 
pH = 4). 

Fig. 12. Removal of CH by biochar/Fe composites in four successive cycles (a), XRD patterns of spent Fe0@BC(b), Fe3C@BC(c), and Fe3O4@BC(d) after four cycles. 
The bars are standard deviation. (CH concentration = 25 mg L− 1, solution pH = 4). 
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0.549(O = C) + 0.776(O–C) + 0.644DI − 0.492R%(250HCO3
− ) − 0.321R% 

(2500HCO3
− ) + 0.995R%(250Cl− ) − 0.982R%(2500Cl− ) + 0.671R%(3) +

0.617R%(4) + 0.906cost + 0.957R%(adsorption) + 0.612R%(HO•) − 1.000R% 
(O2

• − ) + 0.932R%(1O2) + 0.950C + 0.936qw                                     (15)  

PC2 = 0.462vo + 0.359k2 + 0.143qe + 0.045DFe − 0.488SA − 0.724VT −

0.820Vmes − 0.769Vmicro + 0.152D + 0.701q10 + 0.597q350 + 0.943R%(10) −
0.836(O = C) + 0.630(O–C) + 0.765DI + 0.870R%(250HCO3

− ) + 0.947R% 
(2500HCO3

− ) + 0.099R%(250Cl− ) + 0.190R%(2500Cl− ) − 0.742R%(3) −
0.787R%(4) − 0.424cost − 0.291R%(adsorption) + 0.791R%(HO•) + 0.018R% 
(O2

• − ) + 0.363R%(1O2)− 0.311C + 0.352qw                                      (16)  

Comprehensive score = 0.6449PC1 + 0.3551PC2                              (17)  

4. Conclusions 

Biochar/Fe composites have gained attention as universal materials 
for the highly efficient removal of organic contaminants. Herein, an 
integrated evaluation method based on the physicochemical character-
istics, removal rate and affinity, reusability, and cost efficiency of three 
biochar/Fe composites was developed to assess their removal perfor-
mance for CH. To the best of our knowledge, this is the first compre-
hensive assessment of different biochar/Fe composites. Our work 
revealed that biochar loaded Fe◦, Fe3O4, and Fe3C systems had different 

CH removal performances depending on several factors, and that their 
CH removal rates and affinities followed the order Fe◦@BC > Fe3C@BC 
> Fe3O4@BC. The O–Fe content and the solution pH after the reaction 
proved to be important parameters for controlling the removal rate. 
Interestingly, the CH removal efficiencies for Fe◦@BC and Fe3C@BC 
were found to be increased at a Cl− concentration of 250 mg L− 1. In 
addition, investigation of the removal mechanisms indicated that 
Fe◦@BC adsorbed CH via the O– C group, while the adsorption sites for 
Fe3C@BC and Fe3O4@BC were O––C and O–Fe. Moreover, the degra-
dation of CH by Fe◦@BC and Fe3C@BC was mainly induced by HO• and 
1O2, whereas HO• and O2

• − mainly controlled the degradation mecha-
nism for Fe3O4@BC. Thus, the simultaneous adsorption and degradation 
processes involved in the revealed mechanism can contribute to a better 
understanding of the in situ removal of organic contaminants by bio-
char/Fe composites. Moreover, the current approach offers unique op-
portunities for both fundamental research and technological 
applications of Fe◦@BC in pollution control and environmental 
remediation. 
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