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a b s t r a c t

In this study, novel iron-doped biochar (Fe-BC) was produced using a simple method, and it was used

as an H2O2 activator for tetracycline (TC) degradation. Generally, iron loading can improve the separa-

tion performance and reactivity of biochar (BC). In the Fe-BC/H2O2 system, 92% of the TC was removed

within 30 min with the apparent rate constant (kobs) of 0.155 min−1, which was 23.85 times that in the

case of the BC/H2O2 system (0.0065 min−1). The effects of the H2O2 and Fe-BC dosage, initial pH, and

TC concentration on the TC removal were investigated. The radical quenching and electron paramagnetic

resonance (EPR) measurements demonstrated that the removal of TC using the Fe-BC/H2O2 process in-

volved both radical (•OH and O2
−•) and non-radical pathways (1O2 and electron transfer). In addition, the

performance of the catalyst was also affected by the persistent free radicals (PFRs) and defective sites

on the catalyst. Moreover, the degradation pathways of TC were proposed according to the intermediate

products detected by LC-MS and the ecotoxicity of intermediates was evaluated. Finally, the Fe-BC/H2O2

showed high resistance to inorganic anions and natural organic matter in aquatic environments. Overall,

Fe-BC is expected to be an economic and highly efficient heterogeneous Fenton catalyst for removing the

organic contaminants in wastewater.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, antibiotics have been widely used to control infectious

diseases and their presence in the environment has aroused dra-

matic attention, since surface water, groundwater, and even drink-

ing water are contaminated with antibiotics residues [1]. As a gen-

eral consensus, the existence of antibiotics leads to the develop-

ment of antibiotic-resistant pathogens that pose a potential threat

to ecosystems function and human health [2]. As a broad-spectrum

bacteriostatic agent, tetracycline (TC) is widely used in the live-

stock and aquaculture industry [3]. However, due to the strong

bacterial resistance, TC could not be efficiently degraded by tra-

ditional methods of wastewater treatment [4]. Therefore, it is nec-

essary to exploit a new process that can effectively degrade it.

Advanced oxidation processes (AOPs) have been exploited to

degrade the existing refractory organics in wastewater due to their

remarkable treatment effects [5]. AOPs are based on the formation

∗ Corresponding authors.

E-mail addresses: lixiang2019@htu.edu.cn (X. Li), zhoumh@nankai.edu.cn (M.

Zhou).

of hydroxyl radicals (•OH) in situ, which have high redox potential

(2.7 eV) and non-selectivity. In addition, they can oxidize most or-

ganic pollutants. Recently, several AOPs, such as O3 [6], ultraviolet

[7], ultrasound [8], Fenton [9], and electro-Fenton processes [10],

have been applied to degrade organic contaminants from wastew-

ater. However, these approaches have various drawbacks, such as

high cost and energy consumption (O3, ultraviolet, ultrasound, and

electro-Fenton), the need for pH adjustment (Fenton and electro-

Fenton), and sludge generation (Fenton). Recently, heterogeneous

Fenton-like process becomes a promising choice to overcome the

disadvantages of traditional AOPs (massive iron sludge and inca-

pable catalyst recovery) [11].

At present, carbon-based materials have been widely used as

catalysts for environmental remediation [12-14]. Specifically, acti-

vated carbons (ACs) [15], graphene [16], carbon aerogels [17,18],

g-C3N4-based materials [19-21], and biochars (BCs) [22], have at-

tracted more and more attentions as H2O2 activators. BCs, which

are produced from agricultural and industrial waste through the

direct thermal decomposition of biomass under anaerobic con-
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Fig 1. XRD patterns of BC and Fe-BC before and after reaction (a), Raman spectra (b) and XPS survey of BC, Fe-BC and used Fe-BC (c), and magnetic hysteresis loops of Fe-BC

(d).

ditions, could be used as substitutes for expensive carbon-based

materials. Although BCs have large specific surface areas, multi-

ple pores, abundant active functional groups, and a stable struc-

ture, the catalytic performance of original BCs is unsatisfac-

tory. For instance, only 33.3% sulfamethoxazole could be removed

by BC/H2O2 system, which was much lower than that of by

Schwertmannite@BC/H2O2 system (100%) under the same condi-

tions [23]. Additionally, the original BCs are difficult to separate.

Metal loadings (Fe and Co) not only enhance the catalytic perfor-

mance of BCs, but they also effectively solve the problem of cata-

lyst recyclability. As Fe spices are non-toxic, relatively inexpensive,

and magnetic, they were chosen as metal loads on BCs. Recently,

Fe-BC, as an activator for H2O2, has aroused widespread attention

in removing organic contaminants [24]. The Fe phases loaded on

BC has an important effect on the structure and reactivity of Fe-BC.

Meanwhile, the contribution of each component in Fe-BC to con-

taminant degradation was also different. However, only few stud-

ies have focused on the performance of Fe additions and the Fe-BC

catalytic mechanisms for removing pollutants, especially the gen-

eration of by-products and their toxicities in Fe-BC/H2O2 process.

Therefore, a thorough investigation of Fe-BC as the catalyst to acti-

vate H2O2 for the removal of TC from water is needed, which can

guide the application of Fe-BC/H2O2 process in wastewater treat-

ment.

In this study, hydrothermal-pyrolysis, which can uniformly load

iron on BC [25], was used to prepare a new Fe-BC composite using

wheat stalk and FeSO4·7H2O as precursors, and a Fe-BC/H2O2 sys-

tem was proposed to treat tetracycline (TC). The effects of catalyst

and H2O2 dosage, initial pH, pollutant concentration, and the wa-

ter matrix on the wastewater treatment were studied. Meanwhile,

the reusability of Fe-BC was also studied. Additionally, the catalytic

mechanisms of the Fe-BC/H2O2 process were studied through the

characterization analysis of materials, electron paramagnetic reso-

nance (EPR) detection, chemical quenching experiments, and H2O2

consumption detection. Moreover, the degradation products of TC

were determined and the possible degradation pathways were

speculated. Additionally, the ecotoxicities of TC and its intermedi-

ates were evaluated. The characterization details of Fe-BC and the

experimental procedures are provided in Supporting information.

The morphology of BC-based materials were detected by scan-

ning electron microscopy (SEM) (Fig. S1 in Supporting informa-

tion). The BCs retained the irregular flaky structure of the wheat

straw with slight surface protrusions. By comparing Figs. S1a and

b, it can be seen that there is no obvious difference in the surface

morphology of BC before and after the reaction, indicating that BC

alone has no or little effect on the TC pollutants. A large number of

tiny particles could be clearly seen attached to the Fe-BC surface.

These particles are known to be loaded with iron or iron oxide

based on the element distribution. These structures provided more

specific surface areas and active sites which can in favor of enhanc-

ing catalytic activity, compared to original BCs (Table S3 and Figs.

S2a in Supporting information). Compared with Figs. S1c and d, it

was noticed that the particles attached to the Fe-BC surface before

and after the reaction had significantly changed and the particles

became coarser and tended to aggregate after the reaction, indicat-

ing that the Fe loaded on the BC played an important role in the

reaction process. The microstructure and compositional distribu-

tion of the BC and Fe-BC were further investigated using transmis-

sion electronic microscopy (TEM), energy dispersive X-ray detector

(EDX), and EDX-mapping. The TEM image (Fig. S3a in Supporting

information) showed that Fe was uniformly and densely doped on

the surface of Fe-BC, which is in agreement with the SEM results.

The distribution of the C, O, and Fe components on the surface

of the materials was determined using EDX-mapping. As presented

in Figs. S3b and c and Fig. S4 (Supporting information), compared

with the pristine BC sample, the Fe content of the Fe-BC sample

was significantly increased.

In Fig. 1a, the XRD patterns of the prepared BC and Fe-BC

before and after the reaction clearly demonstrated the structures

and changes of these materials. The broadened peaks cantered at

2θ = 23° and 42.2° were found in BC before and after the reaction,

corresponding to the (002) and (100) planes of crystalline carbon,

respectively [26]. The apparent peaks at 2θ = 33.24°, 43.28° and

53.73° (JCPDS No. 19-0629) in the fresh and used Fe-BC were as-

signed to the (220), (400) and (422) crystal planes of magnetite

[25]. Moreover, the 2θ = 30.1° and 44.8° might have been corre-

sponded to γ -Fe3O4 and α-Fe, respectively [27]. The XRD patterns

demonstrated that Fe was successfully loaded on the BC surface,

which is in agreement with the SEM results. The positions of the

diffraction peaks were almost unchanged before and after the re-

action, illustrating that the crystal structures of the material were

relatively stable. The diffraction peak intensity of the iron species

changed, showing that Fe played a key role in the degradation of

TC.

Raman spectroscopy was applied to further uncover the crys-

tallization and the defect degree on the catalysts surface, as de-

scribed in Fig. 1b. The D band (∼1350 cm−1) was ascribed to the

disordered graphitic carbon or amorphous carbon, and the G band

(∼1580 cm−1) was attributed to the sp2-hybridised graphitic car-

bon [28]. The carbon-based material defects could be expressed

using the relative intensity ratio of ID/IG. It could be inferred from

the Raman spectra that the ID/IG of BC was 0.99 and that of Fe-BC

was 1.01, indicating that Fe-BC formed more defects in the genera-

tion process [29].

X-ray photoelectron spectroscopy (XPS) measurements were

conducted to probe the surface element composition and valence

state data. As illustrated in Fig. 1c, the survey spectra of XPS de-

scribed the presence of C and O for both BC and Fe-BC samples.

The peak at 708.8 eV (Fe 2p) was observed for Fe-BC, which is

in agreement with the results of EDX-mapping and XRD, suggest-

ing that Fe was successfully loaded onto the BC surface in the

form of Fe0, Fe2+, and Fe3+. In addition, we found that the O

content of used Fe-BC was higher than that of fresh Fe-BC, in-

dicating oxygen-containing functional groups play an important
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Fig 2. Influence of different system (a and b), Fe-BC dosage (c), H2O2 concentration (d), initial pH values (e), and initial TC concentration (f) on the TC removal using the

Fe-BC/H2O2 system. Reaction conditions: [TC] = 20 mg/L, [H2O2] = 1 mmol/L, [Fe-BC] = 0.2 g/L, and initial pH 3.

role in removal of TC, which also discussed in the following

results.

The magnetic hysteresis loops in Fig. 1d reflect the magnetiza-

tion properties of Fe-BC. The small coercivity indicates that Fe-BC

is a soft magnetic material, and the small remanence indicate that

Fe-BC is a typical superparamagnetic material. Moreover, Fe-BC had

a high saturation magnetization value of about 6.2 emu/g, indi-

cating that it was easily attracted to external magnets and that it

could be easily separated from the system after the reaction.

The catalytic performance of materials was estimated and the

results were shown in Figs. 2a and b. Less than 1% TC was elim-

inated only in the H2O2 system, indicating that H2O2 can hardly

degrade TC effectively in the absence of external catalysis. The re-

moval efficiency of TC was 5.4% by BC within 60 min, illustrat-

ing that BC can remove a part of TC due to its porous structure.

The removal efficiency of TC was 15.3% in the BC/H2O2 process,

confirming that BC can promote the decomposition of H2O2 [30].

In addition, 56% TC was removed by Fe-BC alone in 60 min. The

TC removal may have been caused by adsorption (N2 adsorption-

desorption isotherm results in Fig. S2 in Supporting information)

and the micro-electrolysis because of the existence of Fe species

(Fe0) on Fe-BC surface (XRD and XPS results). In the Fe-BC/H2O2

process, ∼92% of TC was removed, so it can be inferred that Fe

plays a key role in TC removal. The kobs of the Fe-BC/H2O2 pro-

cess was 0.155 min−1, which is 23.85 times higher than that of

the BC/H2O2 process (0.0065 min−1), indicating that Fe doping en-

dowed the material with higher adsorption and reactivity.

Fig. 2c shows the influence of the Fe-BC dosage on the TC re-

moval. The removal efficiency of TC increased with the increase of

Fe-BC dosage. 89% of the TC was removed within 60 min under

the condition of 0.1 g/L Fe-BC. When the Fe-BC dosage was 0.2 g/L,

94.2% of TC could be removed. The dosage of Fe-BC was further

increased to 0.6 g/L and 0.8 g/L, a similar removal efficiency was

obtained within only 10 min and 5 min, respectively. The kobs of

the Fe-BC/H2O2 process increased with the increase of the Fe-BC

dosage from 0.105 min−1 of 0.1 g/L to 0.355 min−1 of 0.8 g/L. These

results indicate that increasing the dose of Fe-BC can provide more

active sites.

The H2O2 concentration effect on the TC removal is shown in

Fig. 2d. 87% of TC was removed within 60 min with 0.5 mmol/L

H2O2. When the H2O2 increased to 1.0 mmol/L, the removal effi-

ciency of TC reached 94.2% within 60 min. However, with a further

increase in H2O2 (1.5 and 2.0 mmol/L), the removal of TC was not

further enhanced, corresponding to the trend of kobs (0.088, 0.155,

0.165 and 0.145 min−1). One possible for the results was that the

excess H2O2 in the process consumed •OH according to Eq. 1 [5].

H2O2 + •OH → H2O + HO2
• (1)

pH is usually considered as a critical factor that affects heteroge-

neous Fenton reactions. In addition, TC is an amphoteric molecule

with multiple pKa and appeared in different chemical state at dif-

ferent pH values [31]. Therefore, the TC removal using the Fe-

BC/H2O2 process at different initial pH values (3.0-9.0) was eval-

uated. As exhibited in Fig. 2e, TC could be effectively removed at

pH of 3.0-4.0. while the removal efficiency of TC slightly decreased

from 91.37% to 88.37% with increasing pH from 4.0 to 9.0 under ex-

perimental conditions, which is consist with previous report [32].

Similarly, the values of kobs vary with pH, which are 0.155, 0.159,

0.149, 0.145, 0.151, and 0.144 min−1 at pH 3.0-9.0. The reasons why

TC can be effectively removed under neutral or alkaline conditions

are explained as follows: TC present different forms under differ-

ent pH value, i.e., cationic (pH < 3.3), zwitterionic (3.3 < pH < 7.7),

and anionic species (pH > 7.7). When pH > 3.3, TC mainly exists

in the form of zwitterionic (TCH2
0) and anions (TC−), which are

vulnerable to attack by reactive oxygen species (ROS) due to the

higher electronic density in the ring system. In addition, previous

study found that H2O2 could directly attack TC molecules to form

hydroxyl or to remove certain groups to achieve TC removal under

alkaline conditions [33].

The TC concentration is also an important factor for pollutants

removal. As shown in Fig. 2f, at a concentration of 10 mg/L, 90% TC

could be removed in 15 min and 98% in 60 min. As the TC concen-

tration increased to 20, 30, 40 and 50 mg/L, the degradation rates

correspondingly decreased to 94%, 91%, 90%, and 87%, respectively.

The quantity of the produced free radicals and active sites in the

Fe-BC/H2O2 process was limited and could not respond to the ex-

cessive amount of TC. Therefore, the kobs decreased with the in-

crease in the TC concentration.
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Fig 3. Influence of different scavengers on the removal efficiency of TC (a), the EPR spectra of the Fe-BC/H2O2 process with DMPO and TEMP (b), and the possible activate

mechanism of the TC removal using the Fe-BC/H2O2 process (c). Reaction conditions: [TC] = 20 mg/L, [H2O2] = 1.0 mmol/L, [Fe-BC] = 0.2 g/L, [TBA]0 = 100 mmol/L,

[BQ]0 = [FFA]0 = [KI]0 = 20 mmol/L, [DMPO]0 = [TEMP]0 = 10 mmol/L, and initial pH 3.

Based on previous experience, it was predicted that the free

radical and non-free radical pathways are the main causes of TC re-

moval using the Fe-BC/H2O2 process [34]. Therefore, quenching ex-

periments were executed to confirm the reaction mechanism. The

results of the quenching experiments are shown in Fig. 3a. First,

the role of the free radicals was discussed, and tert-butyl alco-

hol (TBA) was applied to quench •OH with rate constants of 4.8-

7.6 × 108 L mol−1 s−1 [35]. The removal efficiency of TC decreased

from 94% to 41% within 60 min after adding TBA, thus confirming

the formation of •OH in the Fe-BC/H2O2 process. The production of
•OH in the Fenton reaction is generally considered to be the reac-

tion of Fe2+ with H2O2. Additionally, p-benzo-quinone (p-BQ) was

chosen to scavenge O2
−• (k = 0.9-1.0 × 109 L mol−1 s−1) [36]. The

TC degradation effects were significantly affected, from 94% to 18%

in 60 min, and the kobs decreased from 0.155 min−1 to 0.008 min−1

after the addition of p-BQ. This indicated that O2
−• played a pivotal

role in the TC removal in the Fe-BC/H2O2 process. The generation

of O2
−• came from the reaction of Fe2+/Fe3+ with O2 Eqs. 2 and 3.

Fe2+ + O2 → Fe3+ + O2
−• (2)

H2O2 + Fe3+ + 2OH− → Fe2+ + O2
−• + 2H2O (3)

As for the non-free radical pathway, furfuryl alcohol (FFA) was

considered to be the quenching agent for 1O2, which was used

in this study to confirm the existence of 1O2 (k = 1.2 × 108

L mol−1 s−1) [37]. The removal efficiency of TC ranged from 94%

to 36% with the presence of FFA, with the kobs ranging from 0.155

min−1 to 0.029 min−1, suggesting that the TC removal was signif-

icantly inhibited. In the Fe-BC/H2O2 process, 1O2 was generated,

as shown in Eqs. 4-6 [38]. Potassium iodide (KI) quenched ROS on

the material surfaces [39], and the TC removal efficiency decreased

from 94% to 54% after adding KI. It was proven that the Fe-BC sur-

face bound some ROS, which was crucial in the reaction.

O2
−• + H2O2→1O2 + OH−+•OH (4)

2H2O2→1O2 + 2H2O (5)

2O2
−• + 2H+→1O2 + H2O2 (6)

EPR was also measured and used to validate the TC degradation

pathway, and the results are demonstrated in Fig. 3b. In the tests,

5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl-

4-piperidinol (TEMP) were applied to capture radicals. When cap-

tured with DMPO, typical DMPO-OH signals were clearly identi-

fied, indicating the generation of •OH in Fe-BC/H2O2 process. Also,

DMPO was a spin trapping agent for O2
−•. With the assistance of

DMPO, representative quartet characteristic EPR signals appeared,

corresponding to the production of O2
−•. Additionally, 1O2 was

trapped by TEMP, through which the triplet EPR spectrum (1:1:1)

was detected and attributed to signals for TEMP-1O2, thus imply-

ing the generation of 1O2. These results clearly confirmed that the

removal of contaminants in the Fe-BC/H2O2 process involved free

radical and non-free radical pathways, which is in agreement with

the quenching results. To further clarify the role of iron species and

H2O2 in Fe-BC/H2O2 system, the ROS formed in Fe-BC and BC/H2O2

process were also detected by EPR and the results showed that

the presence of iron species and H2O2 facilitated the production

of O2
−• and 1O2 (the details were shown in Fig. S5 in Supporting

Information). Moreover, the H2O2 consumption and Fe2+ dissolu-

tion in the Fe-BC/H2O2 process further demonstrates that non-free

radical pathways exist (Fig. S6 in Supporting information).

In order to understand components transformation on the sur-

face of Fe-BC, the used Fe-BC were characterized by EDX, Raman,

XPS, and FTIR and the results were displayed in Fig. S7 (Support-

ing information). The EDX spectra of used Fe-BC were showed in

Fig. S7a and Table S2 (Supporting information). Compared with the

fresh Fe-BC, the Fe contents on the surface of the used Fe-BC de-

creased from 27.96% to 18.65% while the O content increased from

14.15% to 23.56%, illustrating that a part of Fe was dissolved and

oxidized during the reaction and that Fe plays a key role in the

TC removal. Raman spectra were also obtained to further under-

stand the changes of crystallization and defects of the catalysts af-

ter reaction. Fig. S7b showed that The Fe-BC defects changed af-

ter the reaction, and the ID/IG of the used Fe-BC decreased from

1.01 to 0.98, which might have been caused by the damage of the

defective edges, the change of the functional groups, and the in-

teractions between the adsorbed pollutants and sp2 hybrid carbon

system [40]. Thus, the defective sites of Fe-BC took part in the

degradation of TC. The high-resolution C 1s O 1s, and Fe 2p XPS

spectra were presented in the Figs. S7c-e. The XPS spectra of C 1s

were divided to four peaks (Fig. S7c) at around 288.5, 286.7, 285.6,

and 284.7 eV, corresponding to C=O/C=N, C−O−C, C−OH/C−N and

C−C/C=C, respectively [41]. The spectra of O 1s were divided into

three peaks (Fig. S7d) at 533, 530.7 and 529.9 eV, corresponding

to C=O, C−OH and Fe−O, respectively [42]. Interestingly, it was

found that C=O increased and that C−OH decreased in both the

C 1s and O 1s XPS spectra after the reaction, suggesting that C=O

might play a catalytic role in the Fe-BC/H2O2 process [43]. The

Fe 2p spectra were resolved to a variety of states of iron species

(Fe3+, Fe2+ and Fe0) (Fig. S7e). Notably, the amounts of Fe0 of Fe-

BC decreased, while Fe2+ and Fe3+ increased after the reaction,

demonstrating that Fe0 was oxidized. FTIR technology was used

to distinguish the functional groups of BC-based materials. Fig. S7f

shows the FTIR spectra of Fe-BC before and after the reaction. The

broad absorption peak appearing at 3426 cm−1 is ascribed to the

stretching vibrations of the −OH groups: 2930, 1588, 1103 and 807
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Fig 4. Influence of inorganic ions and HA on TC removal by the Fe-BC/H2O2 process (a), TC removal in deionized water, tap water, and river water (b), the removal of different

contaminants in the Fe-BC/H2O2 system (c), and the reusability of Fe-BC on removal of TC (d). Reaction conditions: [TC]= 20 mg/L, [H2O2] = 1.0 mmol/L, [Fe-BC] = 0.2 g/L,

[NO3
−]0 = [Cl−]0 = [SO4

2−]0 = 20 mmol/L, [HA]0 = 10 mg/L, and initial pH 3.

cm−1 to −CH2, C=C, C−O and C−H, respectively [44]. The absorp-

tion peak at 550 cm−1 is probably associated with the Fe-O bond

stretching vibrations of Fe3O4 nanoparticles [45], or possibly the

binding of iron adhering to the surface of Fe-BC with the oxygen-

containing functional groups [46]. It should be noted that the band

of C=C and Fe−O slightly diminished, confirming that C=C and

Fe−O provided active sites for the TC removal. These results are

consistent with the XPS results.

On the basis of above results, the possible reaction mechanisms

for the pollutants removal by the Fe-BC/H2O2 process were put for-

ward, as shown in Fig. 3c. The TC removal was primarily related to

the adsorption and oxidative degradation (the species distribution

of TC on Fe-BC were shown in Fig. S8 in Supporting Information).

First, the TC was adsorbed on the surface of Fe-BC, then H2O2 is

activated by Fe-BC to produce ROS, and finally the adsorbed TC

was in situ attacked by ROS. The oxidative degradation mainly in-

cluded two pathways (radical pathway and non-radical pathway).

The iron species on the Fe-BC surface could activate O2 and H2O2

to generate O2
−• and •OH. Meanwhile, H2O2 reacted with C−OH

to form •OH and HO2
•. These free radicals could rapidly oxidize

and decompose pollutants. It was found that persistent free radi-

cals (PFRs) were produced during the BC pyrolysis, and the PFRs

existence was confirmed using EPR spectroscopy (Fig. S9 in Sup-

porting information). The PFRs in the BC could directly activate

H2O2 to generate •OH, and they could also transfer electrons to the

oxygen molecules to form O2
−•, as described in a previous work

[22]. Additionally, H2O2 was decomposed to produce 1O2 (Eq. 4),

which could remove pollutants using electron transfer. Further-

more, Fe-BC provided electrons primarily via a graphite electron

donor-transfer complex in the BC and directly transferred electrons

to the H2O2 as an electronic shuttle. The combination of radical

and non-radical processes could degrade the organic contaminants.

The degradation intermediates of TC were identified using LC-

MS. Base on the transformation intermediates identified in the

present work and previous research [47], three possible degrada-

tion pathways of TC in the Fe-BC/H2O2 process were illustrated

in Fig. S10 (Supporting information). Pathway I: product P1 (m/z

417) was generated by N-demethylation of TC attacked by ROS, the

amino group of P1 was destroyed to form P2 (m/z 376), and the

benzene ring and amino group of P2 were attacked by ROS to form

P3 (m/z 339), which then removed −OH and methylates to form P4

(m/z 309), Then, P4 was further broken into P5 (m/z 287) under the

attack of ROS. The similar mechanisms have been reported in pre-

vious work [47]. Pathway II: Due to the active substance presented,

the deamidation reaction of TC could occur, resulting in the loss

of dimethylamino group to form P6 (m/z 362) [48]. Subsequently,

P6 underwent the opening of ring to form P7 (m/z 274). Pathway

III: TC could be converted into P8 (m/z 461) by hydroxylation [49],

and then the C=C on P8 was oxidized by ROS to generate hydroxyl

and ketone groups, forming P9 (m/z 477). As the reaction proceeds,

these intermediates formed by the above three pathways were fur-

ther degraded into small molecular weight organics, such as P10

(m/z 242) and P12 (m/z 218), then they were further decomposed

into the smaller molecules P11 (m/z 114), P13 (m/z 118), P14 (m/z

60), P15 (m/z 90)) under the action of ROS. Finally, the intermedi-

ates were eventually oxidized to CO2, H2O, and NH4
+. In addition,

the acute toxicity (represented by oral rat LD50) and mutagenic-

ity of intermediates were predicted by the quantitative structure-

activity relationship (QSAR) method using the Toxicity Estimation

Software Tool (T.E.S.T.) (Fig. S11 in Supporting information)

Inorganic anions, e.g., Cl−, NO3
−, and SO4

2−, and natural organic

matter (humic acid, HA) are usual water ingredients in the actual

water. To estimate the influence of inorganic anions on the Fe-

BC/H2O2 process, 20 mmol/L of Cl−, NO3
−, and SO4

2− were added

into the process, and compared with control experiment. As de-

picted in Fig. 4a, negligible effects on the 60 min removal were

obtained in the presence of these matrices. However, when NO3
−,

Cl− and SO4
2− were added, the obtain kobs values (0.144, 0.147 and

0.145 min−1) were slightly decreased compared to the control, pre-

sumably due to the clearing of a small amount of reactive radicals

as exhibited in Eqs. 7-9 [50-52]. Moreover, HA can promote the

degradation of TC to some extent, the kobs value was 0.156 min−1,

which might be ascribed to the fact that HA could expedite cir-

culation of iron and enhance the pollutants elimination [53]. In

addition, HA can act as a catalyst to activate H2O2 to form ROS

therefore promoting the degradation performance [54]. In conclu-

sion, these results suggested that Fe-BC in this study could achieve

excellent results for TC removal in practical water treatment.

Cl− + •OH → ClOH−• (7)

NO3
− + •OH → NO3

−• + OH− (8)

SO4
2− + •OH → SO4

−• + OH− (9)

To further investigate the practicability of the prepared Fe-BC

catalyst in removing TC pollutants from real aquatic systems, the

catalytic degradation reactions were carried out in different water

processes. As demonstrated in Fig. 4b, the removal efficiencies of

TC were 90.3% and 86.7% within 60 min in tap water and river wa-

ter, respectively, and the corresponding values of kobs were 0.136

and 0.037 min−1. Compared to deionized water (94.2% and 0.155

min−1), the removal efficiency and rate constant of TC were inhib-

ited in river water. The reason might be that the coexisting ions

and organic matters in the river water would consume ROS [41]. As

we all know, there are some organic pollutants in the nature wa-

ter bodies, such as azo dyes and endocrine disruptors. To prove the

feasibility of Fe-BC for other organic pollutants, the degradations of

methyl orange (MO), orange II (OGII), and bisphenol A (BPA) were

studied. Fig. 4c showed that the removal efficiencies of these or-

ganic pollutants reached more than 90%. These results indicated

that Fe-BC had a great prospect in actual wastewater treatment.

Reusability of catalysts plays a significant role in practical appli-

cation. To test the reusability performance of Fe-BC in this study,
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the catalysts were recovered by magnetic separation, and washed

several times with ultrapure water, then directly put into the next

cycle. As illustrated in Fig. 4d, the removal efficiency of Fe-BC grad-

ually decreased as the number of cycles increased, probably be-

cause the pore structure of the catalyst was blocked by contam-

inants or the active sites were occupied, which was consist with

the results of N2 adsorption-desorption isotherms of the used Fe-

BC. Even so, the degradation effect of the fourth time still reached

80.5% at 60 min, which indicated that Fe-BC is promising for prac-

tical wastewater treatment. In addition, the magnetic separation

property of Fe-BC is shown in Fig. S12 (Supporting information).

As depicted, Fe-BC showed a great magnetic response when a per-

manent magnet was nearby, indicating the Fe-BC catalyst was re-

cyclable, which helped to avoid secondary pollution.

Fe-BC catalysts were successfully fabricated using a simple and

effective method in this work. The obtained Fe-BC displayed out-

standing activation performance for the H2O2 in TC removal, which

was improved with a moderate increase in Fe-BC and in the H2O2

dosage (favored at acidic condition). The EPR and quenching ex-

periments verified that the TC removal mechanisms by the Fe-

BC/H2O2 process depended on both radical (•OH and O2
−•) and

non-radical pathways (1O2 and electron transfer). Moreover, the

defective sites and PFRs on the catalysts facilitate the removal

of TC. The degradation mechanisms of TC by Fe-BC/H2O2 process

were proposed based on above results. Based on the identified in-

termediate products, the possible reaction pathways of TC were

proposed. Furthermore, the ecotoxicity of TC and degradation in-

termediates were estimated and the acute toxicity of most in-

termediates was much lower than that of TC. Finally, the Fe-BC

showed remarkable reusability and the adaptability for removal of

TC in real samples (river water and tap water).
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