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A B S T R A C T

The pollution risks of biomass-containing and antibiotics-containing wastewater mean that it must be treated 
before discharge into the environment. In a process following circular economy principles, oil-mill wastewater 
(OMWW) was treated in a microwave-assisted hydrothermal process and with simultaneously fabricated mag
netic biochar (MBC), which was used as a catalyst for the sonocatalytic degradation of antibiotics metronidazole 
(MET) and ciprofloxacin (CIP) in aqueous solutions. FeCl3·6H2O, FeCl2·4H2O, and KOH were added to the 
OMWW, which was then treated in a SynthWave microwave reactor under either a nitrogen or air atmosphere. 
The UV254 and COD removal efficiencies of the OMWW reached 42.3% and 60.6%, respectively, after treatment 
at 250 ◦C for 3 h. The MBC obtained from the OMWW treatment with air exhibited the highest adsorption and 
catalytic activity for antibiotics degradation. The synergistic effects of combining adsorption and sonolytic 
removal were in the ranges of 0.76–3.07 (MET) and 0.75–3.17 (CIP), resulting in significant degradation rate 
constants of pseudo-first-order kinetics (k1) that ranged from 0.010 to 0.086 min− 1 (MET) and from 0.018 to 
0.050 min− 1 (CIP). Hydrophobic MET underwent faster degradation than hydrophilic CIP. The •OH is crucial for 
removing the model antibiotics. Initial antibiotics concentration, reaction volume, ultrasonic frequency, and 
power had clearer impacts on antibiotics degradation than bulk temperature. Furthermore, the possible sono
catalytic degradation pathways have also been proposed herein. The absorbents and catalysts were derived 
during the purification of OMWW and subsequently used for antibiotics removal from water, becoming an 
innovative case of circular economy and sustainable waste treatment.

1. Introduction

Antibiotics (ABX) are known to prevent the spread and growth of 
microorganisms (e.g. bacteria, protozoans, microalgae, viruses, and 
fungi), and have thus been consumed in their tons, and observed in a 
range of water environments in various concentrations in recent decades 
[1–3]. The presence of ABX in water may lead to the formation of 
resistance genes in bacteria, weak crop development, poor organism 
metabolism, and pose severe health risks to human beings, e.g. serious 
allergic reactions, toxic effects (nephrotoxicity, hematological toxicity, 

etc.), imbalance in the intestinal flora and damage to the immune system 
[4,5]. The common ABX metronidazole (MET, a nitroimidazole ABX) 
and ciprofloxacin (CIP, a fluoroquinolone ABX) have been widely used 
to cure anaerobic infections and microbial diseases in humans and an
imals [6–8]. MET and CIP have recently been used to prevent and treat 
COVID-19 infections [9,10]. Both MET and CIP enter water environ
ments via the discharge involved in their production as well as via 
human and animal excrement and can be persistent in water matrices. 
The residual concentrations of MET and CIP in water environments have 
been reported to range from ng L− 1 to µg L− 1 [11–13]. It is therefore 
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necessary to develop appropriate ways to remove ABX from water 
environments.

Advanced oxidation processes, which involve the strongly oxidative 
hydroxyl radical (•OH), have been popular in the field of wastewater 
purification in recent decades [14]. These processes, including ozona
tion, Fenton, photochemical, sonochemical, electrochemical, etc., have 
been widely used for degrading ABX in water [8,13,15–17]. However, 
several drawbacks are restricting their application. For instance, ozon
ation is generally energy-consuming and ozone reacts with unsaturated 
substrates selectively. The Fenton process is relatively expensive due to 
the requirements of large chemical doses, while the recovery of Fenton 
reagents is difficult. Although photochemical processes are convenient 
in their operation, the relevant degradation efficiencies (DEs) of con
taminants strongly depend on light-source configuration, limitations in 
mass transfer, and a narrow operation range of pH, etc. Sonication alone 
is generally a low-efficiency approach with poor ABX mineralization. 
Similarly, electrochemical processes are usually energy-consuming and 
high-cost [16]. By contrast, sonolytic processes that are enhanced by 
various catalysts have attracted a great deal of attention due to their 
excellent performance in degrading ABX in water [18–20]. Generally, 
the synergistic effect (SE) of adsorption over catalysts and ultra
sonication (US) plays a decisive role in heterogeneous sonocatalytic 
systems. On the one hand, sonication triggers both physical and chem
ical effects, in which numerous cavitational bubbles are generated, 
expanded, imploded, and are accompanied by high temperatures 
(approx. 5000 K), high pressures (approx. 500 atm), cumulative 
micro-jets (approx. 10 m s− 1), and sonoluminescence, etc. [21], while 
•OH are generated during the collapse of cavities, inducing a series of 
radical-based oxidative reactions [14,22]. On the other hand, adding 
catalysts to sonolytic systems can enhance the degradation of ABX by 
intensifying the cavitational effects, forming more reactive oxygen 
species (ROS), as well as by providing more active sites on the catalysts. 
Additionally, catalysts can maintain stable effectiveness as sonication 
continuously refreshes their surfaces [19,21,23].

Materials, including carbon-rich materials, metal oxides, and the 
relevant composites, etc., have been synthesized and used as sonocata
lysts for ABX removal from water [23–25]. Compared to single 
carbon-rich materials or metal oxides, the composites provide better 
sonocatalytic performance [25–31]. Carbon-rich materials generally 
possess high specific surface areas and pore volume, rich-pore textures, 
and good adsorption capacity, providing abundant reaction sites for the 
adsorption and in-situ oxidative degradation of ABX, while metal oxides 
can also create micro-battery effects and generate free radicals by ho
mogeneous cleavage of peroxide bonds via the single electron transfer 
pathway [23,26]. Biochars (BCs) are carbon-rich materials, possessing a 
wide source of precursors and high mechanical strength, etc. [16,32]. 
BCs could be produced via biomass pyrolysis under limited oxygen 
conditions regarding the properties essentially associated with the py
rolysis temperature, the components of precursors, reaction environ
ments, etc. [33]. However, BCs often have poor separation from liquid 
matrices and low recycling efficiency followed by limited applications 
[24,32]. Magnetic BC-based materials (MBCs) can not only improve the 
separation of BCs but also intensify their sonocatalytic efficiency and 
reduce the degradation costs by reusing the consumed MBCs [18–20, 
25–29,31]. MBCs can be fabricated by either loading metal or their 
oxide, nanoparticles (e.g. iron, Fe2O3, Fe3O4, α-Fe2O3, Fe2NO3, 
Fe2(SO4)3, etc.) onto BCs [11,15,30,32,34–36].

Conventional approaches such as pyrolysis, gasification, torre
faction, and flash carbonization have been used for biochar production 
with limitations of high energy-intensive (up to 900 ◦C) and low econ
omy [37]. In contrast, hydrothermal synthesis can produce biochar by 
directly conversing high humidity biomass or dry precursors with water 
under relevant mild subcritical conditions (generally 180–250 ◦C and 
20–60 bar) through a series of reactions including hydrolysis, pyrolysis, 
dehydration, decarboxylation, decarbonylation, re-condensation, poly
merization, etc. [38,39]. Compared with conventional pyrolysis, 

hydrothermal synthesis is convenient for treating biomass precursors in 
a larger range with higher biochar yield and smaller waste gas pro
duction [40]. Compared with the conventionally synthesized biochar, 
the hydrothermally synthesized biochar (or hydrochar) possesses higher 
labile carbons, lower aromaticity structure, and lower ash content, while 
the main components are both cellulose, hemicellulose, and lignin. 
Moreover, the hydrothermally synthesized biochar has an equivalence 
ratio of H: C and O: C as compared with natural coal, while higher than 
the conventionally synthesized biochar [41–43]. It has been reported 
that more O-containing functional groups, e.g. phenolic, carboxylic, 
hydroxyl, and carbonyl existed in the outer surface of hydrothermally 
synthesized biochar, which exhibited highly dispersed in aqueous so
lutions favoring acting as sonocatalysts [44–46]. On the other hand, 
both microwave (MW) and conventional heating have been used to 
prepare BCs and their composites [25–31,47,48]. MW irradiation can 
more rapidly and selectively heat the carbon-containing polar particles 
by dipole rotation and ionic conduction, and creates numerous ‘hot 
spots’, increasing the disruption of biomass materials [49,50]. 
Compared with the traditional approach, MW exhibits distinctive ben
efits such as high efficiency, low energy consumption, and loss, uniform 
heat transfer, high yields, low risk of pore blockage, etc. [51]. The 
electromagnetic component of MW were reported to be able to directly 
interact with biomass, which is beneficial in producing uniform particle 
size owing to the rapid synthesizing of small crystals followed by a 
compacting particle size distribution [50,52–54]. Moreover, MW heat
ing can also improve the C/O ratio of materials by changing the pro
portion of O-containing functional groups [47]. MW-assisted 
hydrothermal synthesis thus shares the benefits of both MW heating and 
hydrothermal treatment with the decomposition rate of biomass 10 
times faster than conventional heating [55]. Although several biochars 
or MBCs have been fabricated via similar MW-assisted hydrothermal 
synthesis, the current work shows novelty in the constant reaction 
pressure, changeable gas filling, stable magnetic stirring, much smaller 
additional precursors (only 0.03 g) and solvents, as well as the free of 
further activation. Moreover, the prepared MBCs act as both adsorbents 
and catalysts [56–59].

Against this backdrop, MBCs have been innovatively synthesized 
herein via the MW-assisted hydrothermal treatment of oil-mill waste
water (OMWW) with FeCl2·4H2O and FeCl3·6H2O under either nitrogen 
or air atmosphere. To implement the circular economy approach, the 
purification of OMWW, to a certain degree, and MBC preparation were 
simultaneously achieved. Meanwhile, the prepared MBCs can be used as 
a catalyst to perform the sonocatalytic degradation of MET and CIP in 
water. A range of catalysts has been characterized using field emission 
scanning electron microscopy (FESEM) combined with energy disper
sive X-ray spectroscopy (EDS), powder X-ray diffraction (PXRD), N2 
physisorption at lid nitrogen temperature, Brunauer-Emmett-Teller 
(BET) analysis, thermogravimetric analysis (TGA), and Fourier- 
transform infrared spectroscopy (FT-IR). After MW-assisted hydrother
mal treatment, the quality of OMWW was also evaluated. The sonoca
talytic degradation of MET and CIP in aqueous solutions, via various 
processes, was optimized in terms of catalyst dose, additives, initial ABX 
concentration, reaction volume, ultrasonic power and frequency, and 
bulk temperature. Finally, possible pathways for the sonocatalytic 
degradation of MET and CIP have also been proposed.

2. Materials and methods

2.1. Materials, chemicals and apparatus

Detailed information on the chemicals used in this study is shown in 
Section S1. The chemical structure and physicochemical properties of 
MET and CIP are shown in Table S1. An ultrasonic cleaner (35 kHz, 
Fisherbrand, Singen/Htw., Germany) was used to homogenize the ma
trix. A pH microprocessor (Hanna instruments, pH 211) was used to 
measure the pH of matrices. The high-frequency (500 kHz) device 
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consists of an ultrasonic generator (UMC-Premium, Weber Ultrasonics, 
Germany). At the maximum electrical output power of 318 W, the cor
responding ultrasonic power was detected, by calorimetry, to be 259 W. 
In addition, a multi-frequency device (MG 200, Weber Ultrasonics, 
Germany), consisting of a sonic digital generator (operating at variable 
frequencies of 40, 80, and 120 kHz), was used in this study, and the 
ultrasonic power, corresponding to the maximum electrical output 
power of 150 W, was detected to be 87 W by calorimetry. Detailed in
formation on these ultrasonic devices has been shown in our previous 
studies [23,60]. A digital thermometer with a pointed probe (Hanna 
instruments, HI 98501) was used to monitor bulk temperature. A Syn
thWave MW reactor (Milestone Srl, Italy) was used for MW-assisted 
hydrothermal synthesis. A freeze-drier (LyoQuest-85 lyophilizer, Azbil 
Telstar Technologies, Spain) was used for the analysis of total solids (TS) 
and total dissolved solids (TDS) in OMWW. A liquid phase parallel 
synthesizer (Heidolph Synthesis 1, Germany) was used to perform the 
adsorption of ABX onto the prepared materials in aqueous solutions. The 
TGA and FT-IR of the prepared samples were performed using a Ther
mogravimetric Analyser (TGA 4000, PerkinElmer) and an FT-IR Spec
trometer (Spectrum Two, PerkinElmer), respectively. Other methods for 
the characterization of OMWW and of the prepared materials have been 
described in detail in Section S2.

2.2. Treatment of OMWW and biochar preparation

OMWW was treated using various methods (a-d), and a range of 
different materials were simultaneously fabricated under optimal 
conditions:

a) Centrifugation: 100 mL of OMWW was centrifuged at 4200 rpm 
for 30 min to obtain the total suspended solids (TSS), which are labeled 
as TSS0;

b) US/MW treatment: 80 mL of OMWW was previously sonicated in a 
cleaner bath at 35 kHz for 30 min and divided equally into 8 portions 
without pH adjustment. Aliquots (10 mL) of the processed OMWW were 
added into eight 20 mL test tubes and reacted in an MW-assisted hy
drothermal process under either nitrogen (labeled as BC-N2) or air 
(labeled as BC-Air) atmosphere at 250 ◦C and 80 bar for 3 h;

c) US/MW treatment under basic conditions: the pH value of 30 mL 
of OMWW was previously adjusted to 10 using KOH solutions. After
ward, the mixture was sonicated at 35 kHz for 30 min and divided 
equally into 3 portions. Aliquots (10 mL) of the processed OMWW were 
respectively added to three 20 mL test tubes and reacted in an MW- 
assisted hydrothermal process under either nitrogen (labeled as BC-N2- 

pH 10) or air (labeled as BC-Air-pH 10) atmosphere at 250 ◦C and 80 bar 
for 3 h;

d) US/MW treatment with Fe(II)/Fe(III) compounds under basic 
conditions: a 0.03 g mixture of FeCl3‧6H2O and FeCl2‧4H2O (mol/mol, 
2:1) was previously added to 80 mL of OMWW and sonicated at 35 kHz 
for 10 min. The pH value of the mixture was adjusted to 10 using KOH 
solutions and sonicated at 35 kHz for 30 min. Afterward, the mixture 
was divided equally into 8 portions, and aliquots (10 mL) of the pro
cessed OMWW were added into eight 20 mL test tubes, which were 
reacted in an MW-assisted hydrothermal process under either nitrogen 
atmosphere (labeled as MBC-N2) for 3 h or an air atmosphere (labeled as 
MBC-Air) for 3 h at 250 ◦C and 80 bar. Details of the procedure for 
treating OMWW and preparing MBCs are shown in Fig. 1.

Upon processes b, c, and d, the pH values of the mixture were 
adjusted to neutral using H2SO4 solution. The obtained biochars were 
washed several times using distilled water to remove any possible water- 
soluble impurities and were dried in an oven at 100 ◦C overnight. The 
final products were collected for the subsequent experiments.

2.3. Sonocatalytic degradation of MET and CIP in aqueous solution

In a typical run, adsorption was previously performed by mixing 
50 mL of either 30.2 µM MET or CIP aqueous solutions with a 5 mg 
catalyst, the mixture was shaken at 500 rpm for 30 min at room tem
perature to reach adsorption-desorption equilibrium (Table S2). To 
carry out sonocatalytic degradation, the above mixture, after adsorp
tion, was transferred to a 1-L Erlenmeyer flask, which was set over the 
serpentine condenser (at approx. 1 cm from the bottom) in the soni
cation reactor and sonicated at 500 kHz and 259 W ultrasonic power in 
an ambient atmosphere at pH 7 and room temperature. The bulk tem
perature was continuously monitored and controlled by cooling water 
during sonication. Water samples were withdrawn periodically and then 
centrifuged to obtain the supernatants, which were analyzed using an 
HPLC system. The used catalyst can be separated from the reaction 
systems via both centrifugation and magnetic separation and regener
ation under MW irradiation.

2.4. Determination of model ABX and intermediates

MET and CIP were analyzed using a UPLC-MS/MS system (Acquity 
TQD LC/MS/MS System, Waters Corporation, Milford, MA, USA) 
equipped with Gemini C-18 column (5 µm, 4.6 ×100 mm) via isocratic 
elution using 0.1% TFA in H2O (Phase A) and 0.1% TFA in MeCN (Phase 

Fig. 1. The procedure of OMWW treatment and MBC preparation in a MW-assisted hydrothermal process.
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B) at room temperature. The flow rate and injection volumes were 
1 mL min− 1 and 40 µL, respectively. The isocratic elution for MET (or 
CIP) was carried out using 70% (or 80%) Phase A and 30% (or 20%) 
Phase B for 15 min (or 10 min). Intermediates from MET and CIP were 
identified using a UPLC-MS/MS system equipped with a Kinetex C18 
column (5 µm, 150 × 4.6 mm) and an electrospray ion source operated 
in positive ionization mode. Isocratic elution was performed with 80% 
Phase A and 20% Phase B at a flow rate of 1 mL min− 1 for 28 min with 
an injection volume of 20 µL.

2.5. Evaluation of ABX removal

In order to evaluate removal kinetics and efficiency, the pseudo-first- 
order (PFO) model constant (k1, min− 1), pseudo-second-order model 
constant (k2, L mg− 1 min− 1), and the DE (%) of ABX were calculated, 
according to Eqs. (1)-(3) [61,62]: 

Ct

C0
= e− k1t (1) 

1
Ct

−
1
C0

= k2t (2) 

DE (%) =
C0 − Ct

C0
× 100 (3) 

where C0 (mg L− 1 or μM) is the initial ABX concentration and Ct (mg L− 1 

or μM) is the ABX concentration at a given time t (min). All experiments 
were performed in duplicate and errors are given by the difference be
tween the highest measured value and the average value of the paired 
treatments. Where errors are not visible in the figures, they are smaller 
than the symbols representing the average values.

2.6. Analysis of OMWW and characterization of prepared biochars

The methods for the analysis of OMWW and the characterization of 
the prepared biochars are described in Section S2.

3. Results and discussion

3.1. MW-assisted hydrothermal treatment of OMWW

The indicators of wastewater quality, e.g. the pH, the absorbance of 
light at a wavelength of 254 nm (UV254, cm− 1), the chemical oxygen 
demand (COD, g L− 1), and the oil content (g L− 1), for the OMWWs before 
and after treatment are summarized in Table 1.

In addition, the analyzed oil contents, TS, TSS, and TDS in the 

original OMWW were 0.06%, 4.75%, 0.73%, and 3.96%, respectively. 
The obvious sediment was observed in the original OMWW, and the 
color of the surfactant suggests that some solutes were included in the 
supernatant (Fig. 2a).

10 mL of the original OMWW were centrifuged to obtain the super
natant and sediment (i.e. TSS0), where the quality indicators in the ob
tained supernatant are the same as those in the original OMWW, apart 
from the TSS value. TSS0 was used as the blank catalyst of the various 
BCs for the sonocatalytic degradation of MET and CIP. A 30 mg mixture 
of FeCl3‧6H2O and FeCl2‧4H2O (mol/mol, 2:1), under basic conditions, 
was previously added to 10 mL of OMWW, which was then sonicated 
(Fig. 2b). The sonicated mixture was treated in the MW-assisted hy
drothermal process, (d) in Section 2.2, and the appearance of the 
collected supernatant is shown in Fig. 2c. The color of the sample in 
Fig. 2b likely results from the formation of Fe(II)/Fe(III) compounds. 
Nevertheless, the color of the sample in Fig. 2c is much lighter than the 
previous two samples, demonstrating that OMWW had undergone sig
nificant purification. Based on Table 1, UV254 values after the MW- 
assisted hydrothermal treatment are ordered as OMWW(BC-Air) 
> OMWW(BC-Air-pH 10) > OMWW(MBC-Air) > OMWW(BC-N2) 
> OMWW(BC-N2-pH 10) > OMWW(MBC-N2). Good linear correlations 
between UV254 and COD in organic wastewater have been reported in 
one of our previous works, indicating that the UV254 value of the various 
samples in Table 1 can be used as references for the corresponding COD 
values [63].

The DEs of UV254 reached 42.3% and 18.0% under N2 and air at
mospheres, respectively, while the relevant DEs of COD were 60.6% and 
48.2%. The fact that the DEs of UV254 and COD under an air atmosphere 
are lower than those achieved under the N2 atmosphere is probably a 
result of the produced soluble organics (such as organic acids, etc.) via 
oxidation in the presence of oxygen and derived reactive oxygen species 
contributed to higher COD and UV254 values. The lower yields of the 
magnetic BCs compared to the other BCs may be due to the generated 
BCs reacting with Fe(II)/Fe(III) compounds under the high temperature 
(250 ◦C) and pressure (80 bar). Moreover, the better OMWW purifica
tion results achieved under basic conditions may be caused by the 
improved carbonization of the biomass [47,51,64].

3.2. Characterization of the prepared BCs

3.2.1. FESEM analysis
The morphological features of TSS0, BC-N2, BC-Air, BC-N2-pH 10, 

BC-Air-pH 10, MBC-N2, and MBC-Air are shown in Fig. S1. Globular 
particle agglomerates are observed on all samples, according to the 
FESEM images in Fig. S1a-g. These morphologies are typical of non- 
saccharide constituents (e.g. lignins, and their decomposition prod
ucts) and amorphous carbons formed during the MW-assisted 

Table 1 
Quality indicators of OMWWs before and after treatment.

Samples Indicators

pH UV254 

(cm− 1)
COD 
(g L− 1)

TSS 
(g L− 1)

BC yield 
(g L− 1)

Original OMWW 5.48 a164.5 b136 7.28 0
OMWW(BC-N2) 5.62 117.8 - 0 13.6
OMWW(BC-Air) 5.55 154.2 - 0 14.0
OMWW(BC-N2-pH 10) 10 109.7 - 0 14.2
OMWW(BC-Air-pH 10) 10 143.9 - 0 16.5
OMWW(MBC-N2) 10 94.9 53.6 0 14.5
OMWW(MBC-Air) 10 134.9 70.4 0 12.0

Note: OMWW(BC-N2), OMWW(BC-Air), OMWW(BC-N2-pH 10), OMWW(BC- 
Air-pH 10), OMWW(MBC-N2) and OMWW(MBC-Air) stand for the superna
tants obtained during the preparation of BC-N2, BC-Air, BC-N2-pH 10, BC-Air-pH 
10, MBC-N2 and MBC-Air, respectively.

a UV254 value was calculated in terms of the detection of the 2500-fold-diluted 
OMWW.

b COD value was calculated in terms of the detection of the 500-fold-diluted 
OMWW.

Fig. 2. The appearance of the original OMWW (a), 10 mL of OMWW with 
0.03 g FeCl3‧6H2O and FeCl2‧4H2O (2:1, mol/mol) at pH 10 (b) and the su
pernatant collected after the MW-assisted hydrothermal treatment (c).
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hydrothermal treatment. In particular, MBC-N2 (Fig. S1f) and MBC-Air 
(Fig. S1g) possess smaller and less agglomerated particles homoge
neous in size than the other materials, and this may be due to alterna
tions to the synthesis and the growth patterns of the amorphous carbon 
when FeCl2‧4H2O and FeCl3‧6H2O are added [19,65]. In addition, C and 
O were identified using the EDS probe, in Fig. S2, and were found in all 
samples as the main elements.

3.2.2. EDS analysis
The large relative amount of C (54.4 wt%) in Fig. S2a indicates that 

OMWW is a suitable precursor for preparing BCs and MBCs. Based on the 
EDS analyses reported in Fig. S2b-g, the catalyst C relative contents are 
ordered as MBC-N2 (69.0 wt%) > MBC-Air (66.0 wt%) > BC-Air-pH 10 
(63.9 wt%) > MBC-N2-pH10 (59.8 wt%) > BC-N2 (32.0 wt%) > BC-Air 
(30.0 wt%), whereas the O relative amounts are ordered as BC-N2 
(39.1 wt%) > BC-Air (37.8 wt%) > BC-Air-pH 10 (24.6 wt%) > MBC- 
Air (24.3 wt%) > BC-N2-pH 10 (21.6%) > MBC-N2 (18.4%). These re
sults indicate that an alkaline pH affects positively the carbonization of 
biomass, and it can be hypothesized that FeCl2‧4H2O and FeCl3‧6H2O 
may act as catalysts in the process. This is further confirmed by EDS 
analysis that put in evidence the presence of Fe only on the MBC-N2 and 
MBC-Air materials (Fig. S2f and g), which supports the successful 
preparation of BC/Fe3O4 composites. These results are consistent with 
those related to the OMWW treatment in Section 3.1.

3.2.3. PXRD analysis and magnetism demonstration
The PXRD patterns of TSS0, MBC-N2, and MBC-Air are presented in 

Fig. 3a.
As shown in Fig. 3a, the broad diffraction peak at 2θ = 20.55◦ in the 

PXRD pattern of TSS0, MBC-N2, and MBC-Air, is related to the presence 
of amorphous carbon [66]. Moreover, weak diffraction peaks likely 
related to aluminum calcium magnesium silicate (JCPDS Card no. 
00–004–0682) already present in the original matrix are observed in all 
PXRD patterns. Other peaks observed in the case of MBC-N2 and 
MBC-Air (with higher intensity in the latter sample) at 2θ = 30.1◦, 35.7◦

and 57.2◦, are ascribed to the (220), (311) and (511) planes of magnetite 
in the cubic phase (JCPDS Card no. 00–001–1111), suggesting that the 
Fe3O4 spinel was formed and conserved during MW-assisted hydro
thermal treatment [18,19]. The demonstration of the magnetic separa
tion of MBC-Air from a MET solution is presented in Fig. 3b. As shown, 
the magnetism of MBC-Air facilitates its separation from reaction sys
tems with the assistance of external magnetic action.

3.2.4. TGA analysis
The TGA and derivative thermogravimetric curves of TSS0, BC-N2, 

BC-Air, BC-N2-pH 10, BC-Air-pH 10, MBC-N2, and MBC-Air are pre
sented in Fig. 4a and b, respectively.

As shown in Fig. 4a, the weight losses of TSS0, BC-N2, BC-Air, BC-N2- 
pH 10, BC-Air-pH 10, MBC-N2, and MBC-Air range from 0.1 wt% to 
2.0 wt% as the temperature rose from 35 to 120 ◦C, with this weight 
change being a result of the loss of moisture from the catalysts [24]. 
Accelerated weight losses in various samples were observed at 200–400 
◦C, where peak values reached at 320 (and 392), 330, 258, 258 (and 
370), 232 (and 370), 224 and 219 ◦C for TSS0, BC-N2, BC-Air, BC-N2-pH 
10, BC-Air-pH 10, MBC-N2, and MBC-Air, respectively (Fig. 4b). At 
200–400 ◦C, the weight losses are ordered as follows: TSS0 (61.9%) 
> BC-Air (46.2%) > BC-N2-pH 10 (43.7%) > BC-N2 (40.8%) 
> BC-Air-pH 10 (31.1%) > MBC-N2 (24.2%) > MBC-Air (21.3%). When 
the temperature was further increased from 400 to 1000 ◦C, catalyst 
weight loss was ordered as follows: MBC-Air (42.2%) > BC-Air-pH 10 
(32.5%) > MBC-N2 (31.2%) > BC-N2-pH 10 (24.8%) > BC-N2 (21.6%) 
> TSS0 (21.1%) > BC-Air (21.0%). These results put in evidence that 
most of the MBC weight loss occurred at 400–1000 ◦C, whereas in 
non-magnetic catalysts occurred between 200 and 400 ◦C. It has been 
reported that natural fibers decomposed first to hemicellulose, with then 
cellulose, lignin, and ash then being produced in sequence with 

increasing temperature [67]. The weight loss in the 200–400 ◦C range 
can thus be attributed to the decomposition of hemicellulose, cellulose, 
and other organics, e.g. fatty acids, glycosidic methylcellulose, etc. [36, 
68]. At 400–1000 ◦C, lignin was mainly decomposed to ash [69].

3.2.5. FT-IR spectroscopy analysis
FT-IR analysis favors the identification of the chemical bonds and 

surface groups of materials. The FT-IR spectra of the prepared TSS0, BCs, 
and MBCs are shown in Fig. 4c. The proposed chemical bonds and 
functional groups are marked in the prepared spectra in Fig. 4c and 
summarized in Table S4. Peaks at 2924 and 2850 cm− 1 provide evidence 
of the presence of -CH2- groups, along with peaks at 721 and 1380 cm− 1, 
which reveal that there are long-chain saturated alkanes on the surface 
of all the prepared samples. Peaks at 1744 and 1715 cm− 1 suggest that 
the surfaces include several C––O bond-containing groups. Peaks at 
3010 cm− 1 as well as at 1600, 1500, and 1450 cm− 1 (and 700 cm− 1) 
correspond to the vibrations of the C-H and C––C bonds on the aromatic 
rings (or Ar-R on aromatic compounds). Peaks at 1000–1010 cm− 1 and 
1250–1275 cm− 1 correspond to the stretching vibrations of -O- and Ar-O 
bonds, respectively. In addition, the peak at 570 cm− 1 may be ascribed 
to the stretching vibration of Fe-O bonds in MBC-Air [18]. The proposed 

Fig. 3. PXRD patterns of TSS0, MBC-N2, and MBC-Air (a), appearance of 
dispersing 20 mg MBC-Air in MET aqueous solution (b, left) and separation of 
MBC-Air from MET aqueous solution using an external magnet (b, right).
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assignment is in agreement with the fact that MBC-Air possesses better 
magnetic properties than MBC-N2 and by XRD results, revealing that the 
peaks related to the magnetite crystalline phase are more evident on 
MBC-Air than on MBC-N2.

3.2.6. BET analysis
The N2 adsorption-desorption isotherms of MBC-N2 and MBC-Air are 

shown in Fig. S3. As shown, these isotherms can be categorized as type 
IV with a type-H4 hysteresis loop, referring to the IUPAC classification, 
and the differences in the isotherms suggest that MBC-Air possesses 
better porosity than MBC-N2. The BET surface areas, mesopore volumes, 
and average pore diameters of MBC-N2 and MBC-Air were measured to 
be 10.42 m2 g− 1, 0.029 cm3 g− 1, 11.14 nm and 13.89 m2 g− 1, 0.027 cm3 

g− 1, 7.67 nm, respectively. These results prove that the prepared MBC- 
N2 and MBC-Air are mesoporous (2–50 nm) materials, referring to the 
IUPAC classification. The low surface areas of MBC-N2 and MBC-Air 
suggest low adsorption capacities towards the model ABX [47,51,70].

3.3. Comparison of various processes in MET degradation

To evaluate the contribution of various processes to removing MET, 
its degradation using adsorption, sonolysis, and sonocatalysis was 
investigated under the same operational conditions. 50 mL of a 30.2 µM 
(5.17 mg L− 1) MET solution was sonicated at 500 kHz and 259 W with 
or without 5 mg MBC-Air at pH 7. The results are shown in Fig. 5.

As shown in Fig. 5, the adsorption-desorption equilibrium was ach
ieved in 30 min. The adsorption data in Table S2, acquired with the use 
of MBC-Air, were fitted using Freundlich and Langmuir adsorption 

isotherm models, and the values of qm, KL, KF, and 1/n are presented in 
Table S3. As shown, the adsorption of MET and CIP onto MBC-Air in 
aqueous solutions fits the Freundlich isotherm model well (R2: 
0.9706–0.9834). The high 1/n values (2.3862–2.5013) suggest that 
small amounts of MET and CIP are adsorbed onto MBC-Air [47].

Adding MBC-Air to the sonolytic system raised the DE of MET under 
the given conditions. The removal of MET from aqueous solutions using 
sonolysis and sonocatalysis follows pseudo-first-order kinetics well, 

Fig. 4. The thermogravimetric (a) and derivative thermogravimetric (b) curves, and the FT-IR spectra (c) of the prepared materials.

Fig. 5. Comparison of adsorption, sonication, and sonocatalysis with MBC-Air 
on the removal of MET (conditions: initial MET concentration before process
ing, 30.2 μM; reaction volume, 50 mL; dosage of MBC-Air, 0.1 g L− 1; US fre
quency, 500 kHz; US power, 259 W; pH 7, room temperature).
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which is verified by high correlation coefficients (R2: 0.9665–0.9936). 
9.8%, 75.9%, and 96.9% MET was degraded by adsorption, sonication 
(k1: 0.029 min− 1), and sonocatalysis (k1: 0.053 min− 1), respectively, in 
60 min. As a comparison, the relevant k2 values of the model ABX 
degradation in Sections 3.3–3.6 are listed in Table S5 in detail. After 
sonocatalytic degradation, 143.9 µg L− 1 MET remained. The higher DE 
of MET achieved by sonocatalysis over sonolysis may be due to the 
generation of conduction band electron/valence band hole pairs, 
namely, e-/h+ pairs over the surface of MBC-Air, which can further 
induce the generation of ROS (e.g. •OH, O2

•-, HO2
•, etc.) and oxidative 

chemicals (e.g. H2O2, etc.) thanks to intrinsic charge separation via the 
pyrolysis of H2O, radical reactions, as well as Fenton-like processes in 
sonocatalytic systems (Reactions S1–22) [20,36,71,72].

Moreover, the values of SE can be calculated from Eq. 4 [23]: 

SE =
kSonocatalysis

kAdsorption + kSonication
(4) 

where ksonocatalysis, kAdsorption, and kSonication are the degradation rates of 
ABX in sonocatalysis, adsorption, and sonication under the given con
ditions, respectively. Theoretically, synergism occurs between adsorp
tion and sonolysis in sonocatalytic systems when the SE value is over 1.0.

Based on Eq. 1, the SE value between adsorption and sonication 
alone in MBC-Air-involved sonocatalysis is calculated to be 1.83, 
demonstrating that high synergism existed during the sonocatalytic 
degradation of MET.

3.4. Effects of catalyst type and dosage

To investigate the effect of catalyst type, 50 mL of 30.2 µM MET or 
CIP (i.e. 5.17 mg L− 1 MET or 10.00 mg L− 1 CIP) solutions were soni
cated at 500 kHz and 259 W with 5 mg TSS0, BC-N2, BC-Air, BC-N2-pH 
10, BC-Air-pH 10, MBC-N2 and MBC-Air at room temperature. Results 
are shown in Fig. 6.

As shown in Fig. 6, the DEs of MET and CIP using the various cata
lysts are ordered as follows: MBC-Air > MBC-N2 > BC-Air-pH 10 > BC- 
N2-pH 10 > BC-Air > BC-N2 > TSS0. The sonocatalytic degradation of 
MET and CIP using different materials are well described by pseudo- 
first-order kinetics (R2: 0.9524–0.9965), and the k1 values for MET 

and CIP degradation are 0.053, 0.047, 0.041, 0.039, 0.034, 0.031, 
0.022 min− 1; and 0.045, 0.041, 0.037, 0.035, 0.031, 0.028, 0.018 min− 1 

with the US/MBC-Air, US/MBC-N2, US/BC-Air-pH 10, US/BC-N2-pH 10, 
US/BC-Air, US/BC-N2, and US/TSS0 processes, respectively. The rele
vant SE values of the various US/catalysts processes for MET and CIP 
removal were calculated to be 0.76, 1.07, 1.17, 1.34, 1.41, 1.62, 1.83 
and 0.75, 1.17, 1.29, 1.46, 1.54, 1.71, 1.88 (Table S6). MBC-Air was thus 
selected as the optimal catalyst from among the various materials. 
Compared with sonication alone, the addition of TSS0 to the sonolytic 
systems inhibited the degradation of MET and CIP, resulting in a 24% 
and 25% reduction in k1 values, respectively. The results can be attrib
uted to the competitive reaction of ROS with components of TSS0, 
instead of MET or CIP.

To investigate the effect of catalyst dose, 50 mL of 30.2 µM MET 
solution was sonicated at 500 kHz and 259 W with 5–25 mg MBC-Air. 
The results are shown in Figs. 6c and 5d. As shown, the higher dose of 
MBC-Air leads to faster MET and CIP degradation. Similar results 
regarding the sonocatalytic degradation of MET and oxytetracycline 
were reported by Sheikhmohammadi et al., and Hassandoost et al., 
respectively [18,73]. High R2 values (0.9594–0.9965) prove that the 
sonocatalytic degradation of MET and CIP is well described by 
pseudo-first-order kinetics. When increasing the MBC-Air dose from 0.1 
to 0.5 g L− 1, the k1 values increase from 0.053 to 0.086 min− 1 for MET 
and from 0.045 to 0.076 min− 1 for CIP (Table S7), resulting in an in
crease in the k1 values by 62.3% for MET and 68.9% for CIP. The 
accelerated degradation may arise from (i) the higher catalyst dose 
providing more nuclei for the generation of cavities and more active 
sites for adsorption, followed by more intensified in-situ oxidizing of 
MET and CIP over the MBC-Air surface; (ii) the presence of Fe and 
causing the improved generation of ROS, H2O2 and e-/h+ pairs in 
sonocatalytic systems (Reactions 1–22) [20].

3.5. Effects of critical factors on the sonocatalytic degradation of MET

Ultrasonic frequency and power, initial concentration, reaction vol
ume, and bulk temperature can affect the sonocatalytic degradation 
kinetics of ABX in aqueous solutions to different degrees [14].

Fig. 6. Effects of catalyst type (a, b) and dose (c, d) on the sonocatalytic degradation of MET and CIP (conditions: initial MET or CIP concentration before adsorption, 
30.2 µM; reaction volume, 50 mL; US frequency, 500 kHz; US power, 259 W; pH 7; room temperature).
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3.5.1. Effect of ultrasonic frequency and power
In sonication-induced sonoluminescence processes, lower ultrasonic 

frequencies can enhance photon energy, while higher ultrasonic fre
quencies favor an intensification in photon numbers [74]. To investigate 
the effect of ultrasonic frequency, 50 mL of 30.2 µM MET solution was 
sonicated at 40, 80, 120, and 500 kHz in a comparable power range of 
71–87 W with 5 mg MBC-Air at room temperature and pH 7. The results 
are presented in Table S8. As shown, the k1 values of MET degradation 
positively correlate with the ultrasonic frequencies, and the degradation 
follows pseudo-first-order kinetics well (R2: 0.9913–0.9969). Upon 
increasing ultrasonic frequencies from 40 to 120 kHz, the k1 values in
crease by 90.0%, while the k1 value at 500 kHz is 2.8 times higher than 
that at 40 kHz. Similar results regarding the sonocatalytic degradation 
of CIP and atrazine have been reported by Fan et al., and Dehvari et al., 
respectively [75,76]. The promoted degradation of MET may be 
attributed to: i) a higher number of smaller microbubbles being gener
ated at higher ultrasonic frequencies followed by intensified cavitation 
effects and the enhanced formation of •OH radicals; ii) the higher ul
trasonic frequencies promoting the mass transfer of MET and •OH rad
icals, and improving the dispersion of microbubbles and MBC-Air in 
sonocatalysis; iii) the higher ultrasonic frequencies creating higher 
accessibility to active sites by more effectively cleaning the surface of 
MBC-Air [14,75].

Ultrasonic power affects the degradation of ABX by changing the 
intensity of acoustic cavitation [20]. To investigate the effect of ultra
sonic power, 50 mL of 30.2 µM MET solution was sonicated at 500 kHz 
and 73, 113, 129, 207, 259 W with 5 mg MBC-Air at room temperature 
and pH 7. The results are shown in Table S9. As shown, the k1 values of 
MET degradation increase with increasing ultrasonic power. The sono
catalytic degradation of MET at various ultrasonic powers follows 
pseudo-first-order kinetics (R2: 0.9508–0.9937). Upon increasing ultra
sonic power from 73 to 259 W, the k1 values increase by 89.3%. 
Sheikhmohammadi et al., and Hassandoost et al., have reported similar 
results in the sonocatalytic degradation of MET and oxytetracycline, 
respectively [18,73]. The promoted degradation of MET at higher ul
trasonic powers may be the result of the higher input energy, higher 
number of cavitation events, intensified cavitation effects, and the 
enhanced generation of ROS and H2O2. In addition, the stronger 
micro-jets/turbulence triggered by higher powers could also lead to 
better mass transfer and cleaning of the MBC-Air surfaces in sonocata
lytic systems [18,73].

3.5.2. Effect of initial concentration and reaction volume
The investigation of sonocatalytic kinetics at various initial concen

trations is of great practical significance as the residual concentrations of 
ABX in effluents are generally variable. To investigate the effect of initial 
ABX concentration, 50 mL of 7.5, 15.1, and 30.2 µM MET (i.e. 1.29, 
2.59, and 5.17 mg L− 1 MET) solutions were sonicated at 500 kHz and 
259 W with 5 mg MBC-Air at room temperature and pH 7. The results 
are shown in Table S10. The k1 values of pseudo-first-order kinetics 
increased by 45.2% when initial MET concentrations were reduced from 
30.2 to 7.5 µM (Table S10). Similarly, Sheikhmohammadi et al., and 
Afzal et al., have also reported that DEs decrease with increasing initial 
MET and CIP concentrations [18,77]. The limited degradation that oc
curs at higher initial MET concentrations may arise from: i) there being 
adequate ROS for removing smaller amounts of MET at lower initial 
concentrations; ii) the greater consumption of ROS by intermediates; iii) 
the reduced formation of cavities and ROS due to the increasing amounts 
of MET occupying more active sites over the surface of MBC-Air [14,20, 
73].

The investigation of sonocatalytic kinetics at various reaction vol
umes also favors the evaluation of treatment capabilities, allowing 
optimize the ultrasonic systems and identify the ABX removal mecha
nism at work. In order to investigate the effect of reaction volume, 
50–250 mL of 30.2 µM MET solution was sonicated at 500 kHz and 
259 W with 5 mg MBC-Air at room temperature and pH 7. The results 

are shown in Table S10. As shown, the k1 values of pseudo-first-order 
kinetics decrease by 37.7% when reaction volumes are increased from 
50 to 250 mL. The slower degradation of MET when using large reaction 
volumes may be related to the increasing number of dead zones, the 
higher recombination of ROS, e.g. •OH, O2

•-, HO2
•, etc. (Reactions 11–13) 

and e-/h+ pairs, and higher consumption of ROS by H2O2 and •H (Re
actions 14 and 19) in sonocatalytic systems.

3.5.3. Effect of bulk temperature
To investigate the effect of bulk temperature, 50 mL of a 30.2 µM 

MET solution was sonicated at 500 kHz, 259 W, and pH 7 with 5 mg 
MBC-Air at 12, 25, and 38 ◦C. The result is shown in Table S11. As 
shown, the k1 values of pseudo-first-order kinetics increase by 16.7% 
when the bulk temperatures increase from 12 to 38 ◦C. The apparent 
activation energy (Ea, J mol− 1) facilitates the elaboration of the tem
perature dependence of ABX removal, which can be calculated using the 
Arrhenius equation [72,78]. The low Ea value (4.4 kJ mol− 1) suggests 
that the sonocatalytic degradation of MET in aqueous solutions required 
very low activation energy and could be easily achieved, as well as 
indicating that the degradation of MET is diffusion-controlled. Dehvari 
et al., have also reported a low Ea value (11.7 kJ mol− 1) being observed 
during the sonocatalytic degradation of atrazine [75].

3.6. Proposed sonocatalytic mechanism

To further elucidate the sonocatalytic mechanisms at work, the 
removal of MET and CIP were compared. 50 mL of 30.2 µM MET and CIP 
solutions were sonicated at 500 kHz and 259 W with 5 mg MBC-Air at 
room temperature and pH 7. The results are shown in Fig. 7.

As shown in Fig. 7, the sonolytic degradation of MET is faster than 
that of CIP, regardless of the use of MBC-Air, while degradation was 
accelerated for both in the presence of MBC-Air. The k1 values for the 
sonolytic and sonocatalytic degradation of MET and CIP are 0.029 and 
0.053 min− 1, as well as 0.024 and 0.045 min− 1, respectively. The SE 
values were calculated to be 1.83 and 1.88 for MET and CIP, respec
tively, leading to DEs of 96.9% and 93.7% and residual concentrations of 
143.9 and 294.1 µg L− 1, after sonocatalytic degradation. A great amount 
of cavities is generated during sonication and three reaction zones are 
thus created; inside cavities, at the gas/liquid cavity interface, and in the 
bulk liquid [14]. Abundant •OH can be generated at the gas/liquid 
cavity interface during cavity collapse. As shown in Table S1, MET 
possesses a higher LogKOW value (-0.02) than CIP (-0.33), indicating that 
MET has higher hydrophobicity than CIP. Compared with CIP, MET 
possesses a smaller molecule size and higher solubility in water 
(Table S1). These features may result in MET displaying faster degra
dation than CIP in sonolytic and sonocatalytic systems; high 

Fig. 7. Comparison of the sonocatalytic degradation of MET and CIP (condi
tions: initial ABX concentration before treatment, 30.2 μM; reaction volume, 
50 mL; dosage of MBC-Air, 0.1 g L− 1; US frequency, 500 kHz; US power, 
259 W; pH 7; room temperature).
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hydrophobicity, small molecule size, and good solubility favor the mass 
transfer of MET to the gas/liquid cavity interface, where •OH radicals 
are abundant.

To investigate the role of •OH, n-butanol was added to the US/MBC- 
Air systems to act as a radical scavenger. 50 mL of 30.2 µM MET and CIP 
solutions was sonicated at 500 kHz and 259 W with 5 mg MBC-Air and 
50 mM n-butanol at room temperature and pH 7. The k1 values of MET 
and CIP degradation via sonocatalysis with MBC-Air and added n- 
butanol are 0.030 and 0.022 min− 1, respectively. The efficiencies of the 
inhibition of the k1 values by n-butanol are 43.4% for MET and 51.1% 
for CIP, illustrating that •OH-based oxidation is of great importance 
during sonocatalysis with MBC-Air. The reaction rates of n-butanol and 
the model ABX with •OH are ordered as CIP (6.2 ×109 M− 1 s− 1) > MET 
(5.0 ×109 M− 1 s− 1) > n-butanol (5.5 ×108 M− 1 s− 1), which reveals that 
the reaction rates with •OH radicals are not a determining factor for 
removing MET and CIP in sonocatalysis [79,80]. Although the n-butanol 
scavenger can rapidly capture •OH radicals during sonocatalysis, the 
concentration of •OH radicals at the gas/liquid interfacial is much 
higher than that in the bulk liquid [79]. Thus, the more hydrophobic 
MET can react with more •OH radicals than the relatively hydrophilic 
CIP. These results indicate that the hydrophobicity of ABX controls the 
sonocatalytic degradation kinetics of MET and CIP by determining their 
reaction zone.

To better understand the role of •OH radicals, sonocatalytic degra
dation was conducted with the addition of H2O2. 50 mL of 30.2 µM MET 
and CIP solutions was sonicated at 500 kHz and 259 W with 5 mg MBC- 
Air and 0.5–2.0 mM H2O2 at room temperature and pH 7 for 60 min. The 
results are shown in Fig. 8.

As shown in Fig. 8, the addition of H2O2 slightly accelerates the 
sonocatalytic degradation of MET and CIP, with a higher dose of H2O2 
leading to faster degradation. The degradation of MET and CIP follows 
pseudo-first-order kinetics (R2: 0.9664–0.9992). With the addition of 
0.5, 1.0 and 2.0 mM H2O2, the k1 values are 0.054, 0.056, 0.058 min− 1 

for MET and 0.047, 0.049, 0.050 min− 1 for CIP, resulting in DEs and 
residual concentrations of 97.1%, 97.2%, 97.7% and 136.2, 129.4, 
108.2 µg L− 1 for MET, and 94.9%, 95.2%, 95.2% and 237.6, 225.9, 
224.3 µg L− 1 for CIP after 60 min of treatment. Upon increasing the dose 
of H2O2 from 0.5 to 2.0 mM, the k1 value enhancement efficiencies 
increased from 1.9% to 9.4% for MET and 4.4%–11.1% for CIP. These 
results may be caused by the increased generation of •OH radicals via 
the Fenton-like process, and the reduction of H2O2 in the conduction 
band, etc. (Reactions 15–22) [20]. Overall, •OH radicals are crucial to 
the sonocatalytic degradation of the model ABX.

Based on the above discussion, the sonocatalytic mechanisms for the 
removal of the model ABX are proposed in Fig. 9.

3.7. Intermediates and pathways of sonocatalytic degradation of MET 
and CIP

The identification of the intermediates from the model ABX facili
tates the identification of the removal mechanisms and the decon
struction of the degradation pathways. To determine the major by- 
products of the model ABX, the sonocatalytic degradation of MET and 
CIP was performed at a higher initial concentration. 50 mL of 151 µM 
MET and CIP aqueous solutions was sonicated at 500 kHz and 259 W for 
3 h with the addition of 5 mg MBC-Air at room temperature. The by- 
products were analyzed using the UPLC-MS/MS method as shown in 
Section 2.4. The chromatograms obtained from LC-MS/MS in positive- 
ionization mode for the model ABX and their intermediates are shown 
in Fig. S4. The associated k1 values were 0.042 and 0.034 min− 1 for MET 
and CIP, respectively, leading to DEs of 99.8% and 99.9%, and residual 
concentrations of 46.2 and 60.0 µg L− 1.

For MET, the peak of the parent compound, with an RT value of 
9.10 min, was confirmed by the molecular ion of [M + H]+ at m/z 
171.811. The main fragment ions of the protonated molecular ion ([M +
H]+) of MET included m/z 114.499 (RT: 8.28 min), m/z 103.361 (RT: 
2.07 min), m/z 102.416 (RT: 2.28 min), m/z 85.269 (RT: 7.56 min) and 
m/z 82.231 (RT: 3.03 min). MET underwent dehydroxyethylation, 
denitration, and electrophilic additions on the imidazole ring to produce 
m/z 85 (a) and (b) with isomeric structures [81]. The m/z 114 peak may 
be formed via the demethylation and dehydroxyethylation of MET 
molecules [81]. The fragment ions m/z 102, and m/z 103, and their 
isomeric structures may be directly derived from MET molecules via 
various pathways. MET underwent the ring-opening of the imidazole, 
denitration, demethylation, hydroxylation, dehydroxyethylation, and 
the loss of ethanolamine to generate m/z 102 (a) and m/z 103 (b) [81]. 
Intermediates m/z 103 (a) and m/z 102 (b) directly stemmed from the 
MET molhydroxymethylationecule via the ring-opening of imidazole, 
denitration, and/or carbonylation [82]. The smaller fragment ion m/z 
82 may be produced via the complex pyrrolidization, demethylation, 
denitration and dehydroxyethylation of MET molecules. From the 
above-described results, the sonocatalytic degradation pathways of MET 
are proposed in Fig. 10.

For CIP, the peak of the parent compound, with an RT value of 
11.94 min, was confirmed by the molecular ion of [M + H]+ at m/z 
332.063. The principal fragment ions of the protonated molecular ion 
([M + H]+) included m/z 348.061 (RT: 12.12 min), m/z 330.038 (RT: 
11.32 min), m/z 306.075 (RT: 11.63 min), m/z 304.05 (RT: 10.96 min), 
m/z 262.941 (RT: 13.58 min), m/z 86.282 (RT: 1.96 min) and m/z 
57.062 (RT: 2.14 min). CIP underwent the electrophilic substitutions of 
-OH on the N-containing six-membered ring and the benzene ring to 

Fig. 8. Effect of adding H2O2 to the sonocatalytic degradation of MET and CIP 
(conditions: initial ABX concentration before treatment, 30.2 µM; reaction 
volume, 50 mL; reaction time, 60 min; dose of MBC-Air, 0.1 g L− 1; US fre
quency, 500 kHz; US power, 259 W; pH 7; room temperature).

Fig. 9. The proposed sonocatalytic mechanisms for model ABX removal.
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produce m/z 348 and m/z 330 (a) [76], respectively. Afterward, m/z 348 
and m/z 330 (a) underwent decarboxylation, the opening of the 
N-containing six-membered ring, carboxylation, carbonylation, and 
hydroxylation to form m/z 306 (a) [76]. A series of intermediates are 
derived from m/z 348 via, sequentially, hydrogen abstraction (m/z 330 

(b)), the opening of the piperazine ring (m/z 306 (b)), hydrogen 
abstraction (m/z 304 (a) and (b)), and the cleavage of N-containing side 
chain (m/z 263) [83–85]. Furthermore, more violent oxidation directly 
or indirectly led to the generation of smaller-size intermediates m/z 86 
and m/z 57 down to inorganic H2O and CO2 [86,87]. From the 

Fig. 10. The proposed pathways of the sonocatalytic degradation of MET in aqueous solution.

Fig. 11. The proposed pathways of the sonocatalytic degradation of CIP in aqueous solution.
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above-described results, the sonocatalytic degradation pathways of CIP 
are shown in Fig. 11.

Intermediates of MET and CIP with lower molecular weight suggest 
that MET and CIP both were degraded, and the model ABX were possible 
to be decomposed into inorganics H2O and CO2. Nevertheless, the as- 
formed intermediates may affect microbial communities or contribute 
to resistance [88–90]. For instance, the antibacterial activity of CIP so
lutions decreased after sonocatalytic degradation using BiOBr/BiFeO3. 
The average numbers of colonies after culture without adding solutions, 
and adding CIP solutions before and after sonication were 1656, 78, and 
1253, respectively [91]. The toxicity of the CIP solution is reduced after 
sonophotocatalytic degradation, only one case of Daphnia magna dis
appeared after 2 days [92]. The toxicity of CIP solutions was reduced 
after photocatalytic degradation. After 2 days, the half-maximal effec
tive concentration values of CIP solutions before and after treatment 
were 51.3 and 144.2, respectively [93]. 10 mg L− 1 MET has no inhibi
tion effect/acute toxicity towards V. fischeri [94]. The mechanisms of 
MET resistance are complex, which was first described in a clinical 
isolate of B. fragilis in 1978 [95]. The intermediates exhibit lower bio
concentration factors than MET, which are lower than that of MET with 
more than half of them assessed as mutagenic negative, and only five 
intermediates have higher acute toxicity than MET. The toxicity risk of 
the intermediates is remarkably reduced, yet, the majority of in
termediates exhibited a higher potential for developmental toxicity than 
MET. Raw MET solution posed ab. 21.91% inhibition to E. coli., whereas 
the toxicity of the treated solution via the UV/chlorine was insignificant, 
indicating chlorine photolysis does not have a substantial effect on the 
toxicity of the intermediates. The toxicity of the intermediates in 
UV/chlorine/TiO2 rose in the earlier stage while decreasing with further 
treatment [96]. All the intermediates have lower toxicity than the initial 
MET. The Lethal Concentration 50, half-maximal effective concentra
tion, and chronic values of all the intermediates including short-chain 
carboxylic acids were higher than those of MET. All the intermediates 
were free of acute toxicity, whereas only one product was harmful 
regarding chronic toxicity under solar radiation [97]. MET is a typical 
mutagenic contaminant. The mutagenicity of all the intermediates was 
lower than MET. The SnZVI/PS process effectively reduced the ecolog
ical toxicity of MET [98].

4. Conclusions

Herein, BCs and MBCs have been successfully fabricated via the MW- 
assisted hydrothermal treatment of OMWW without/with FeCl2‧4H2O 
and FeCl3‧6H2O under a N2 or air atmosphere for the sonocatalytic 
degradation of MET and CIP in aqueous solutions. After the preparation 
of MBCs, the quality of OMWW improved to a certain degree. The pre
pared BCs and MBCs were characterized by N2 physisorption at low 
temperatures, FESEM combined with EDS, PXRD, TGA, and FT-IR, and 
the results show that MBC-Air possesses better physicochemical prop
erties than the other materials obtained. MBC-Air displays better 
adsorption and degradation performance than the other materials and 
can easily be separated from reaction systems. The main mechanism for 
the sonocatalytic degradation of MET and CIP focuses on their hydro
phobic properties, and hydrophobic MET is more easily degraded than 
hydrophilic CIP. Adding H2O2 and high doses of MBC-Air facilitate the 
degradation of ABX due to the additional •OH formation and more 
abundant activation sites over biochar. Quenching tests revealed that 
•OH radicals are crucial for oxidizing MET and CIP in sonocatalysis. This 
work provides a reference for the preparation of catalysts and the pu
rification of components in water matrices.

The advantages of prepared biochar are the economical synthesis 
and the convenience of separation, while the main drawback is the low 
catalytic efficiency, which is associated with a long treatment time (up 
to 1 h). In order to reduce energy consumption, rapid hydrothermal 
synthesis with MW was used instead of conventional hydrothermal 
synthesis. Thus, the MW-assisted hydrothermal process for biochar 

production in its current form is probably feasible on a large scale. On 
the other hand, it is generally recognised that scaling up the simple ul
trasonic degradation process is quite difficult, while scaling up sonoca
talytic degradation is possible. As for the potential environmental 
impact of using magnetic biochar, not only the environmental burden 
from the OMWW can be reduced, but the environmental risks from the 
spread of ABX can also be eliminated. Overall, the use of magnetic 
biochar has a positive impact on the environment. In terms of the overall 
sustainability of the process, the current study follows the principles of 
circular economy, whereby oil mill wastewater was treated in a MW- 
assisted hydrothermal process and with simultaneously produced mag
netic biochar, which was used as a catalyst for the sonocatalytic 
degradation of MET and CIP in aqueous solutions.

In the future, life cycle analysis (LCA) can be used to assess the po
tential environmental impact of synthetic magnetic biochar. First, the 
system boundaries from raw material acquisition (biomass and magnetic 
material source and transportation) to synthesis processes (pretreat
ment, magnetization, carbonization) to downstream processing are 
clarified. Secondly, an analysis list covering raw materials (biomass and 
magnetic material-related parameters), energy consumption (type and 
quantity of energy in each link), and waste emissions (gas, liquid, solid 
waste) should be presented. In the impact assessment, the environ
mental impact is characterized and quantified after classification, and 
the overall impact is optionally weighted to be assessed. In the analysis 
of the results, the key environmental impact factors such as the use of 
chemical reagents and energy consumption in the synthesis process are 
analyzed. At the same time, some suggestions were put forward to 
optimize the synthesis process to reduce energy consumption, adopt 
environmentally friendly magnetic material sources, and further 
improve wastewater treatment. Finally, the environmental advantages 
and disadvantages compared with other materials or processes can be 
further clarified, which can provide a reference for the sustainable 
development of magnetic biochar.
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