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Sustainable removals of antibiotics et

via biochar-enhanced ultrasound cavitation
effect: synergy of carbon nanotube bonded
biochar@Fe;C composite and low frequency
energy efficiency
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Abstract

The recalcitrant antibiotics of enrofloxacin (ENT) and amoxicillin (AMT) were difficult to remove by conventional
sonication. To address this challenge, a new type of carbon nanotube covalently bonded biochar@Fe;C composite
(BCM@Fe) was first designed by calcination and employed as a solid cavitation material (SCM) under low-frequency
ultrasound (US) conditions to accelerate the removals of ENT and AMT. Compared to conventional carbon nanotube@
Fe;C composites, BCM@Fe demonstrated significantly improved removal performance, achieving 15.5-fold and 3.50-
fold higher removal rates for ENT and AMT, respectively. The removal efficiencies increased by 32.1-32.3% compared
with a conventional shake system. Mechanistic studies revealed a dual removal mechanism involving simultaneous
adsorption and degradation. The coupling of low-frequency ultrasound with BCM@Fe had synergistic effects; the US
promoted the dispersion of the composites and inhibited H,0-induced oxidation by generating surface-localized
cavitation bubbles. Notably, BC in BCM@Fe was found to amplify cavitation effect with performance strongly corre-
lated with material characteristics such as pH, carbonization degree, aromaticity, hydrophobicity, and graphitization.
Degradation differed between antibiotics: the degradation of ENT predominantly occurred at the material surface,
while that of AMT took place in the liquid phase. Overall, the successful access to low-cost SCM integrating with low-
frequency ultrasound made the possible for potential application in antibiotic wastewater.

Highlights

Biochar increased hydrophobicity, aromatization, graphitization and pH of BCM@Fe.
Biochar enhanced cavitation effect for removals of enrofloxacin and amoxicillin.

US enhances the dispersion of solid cavitation material and prevents oxidation.
Ethanol washing quantifies the contribution of cavitation effect.
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Graphical Abstract
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- ENT degrades on the surface of SCM, while AMT degrades in the liquid phase.

Keywords Biochar, Solid cavitation material, Antibiotics degradation, Low-frequency ultrasound, Cavitation effect

100{ ENT 91.4

Removal efficiency (%)

M@Fe BC@Fe BCM@Fe

100{ AMT 92.7

efficiency (%)

1 Introduction

Antibiotics are essential in the treatment of bacterial
infections in both humans and animals. However, their
extensive use and low utilization efficiency have led to
their accumulation in the environment (Lu et al. 2025;
Singh and Kim 2025; Yi et al. 2025). Enrofloxacin (ENT)
and amoxicillin (AMT) are broad-spectrum antibiotics
that have been widely applied and identified in waste-
water (Li et al. 2020; Wada and Olawade 2025). The
pharmaceutical wastewater contains elevated concen-
trations of antibiotics, with the concentration of ENT
reaching up to 1.0 mmol L™, and that of AMT has been
documented at 100-140 mg L™ (Luan et al. 2022; Wang
et al. 2024a, b). Nevertheless, their hydrophobic prop-
erties and low numbers of hydrogen-bond acceptors
or donors, as indicated in Table S1, render them par-
ticularly resistant to degradation compared with other
antibiotics (Bergamonti et al. 2019; Kowalska et al.
2021; Peng et al. 2019). Additionally, internal exposure
of ENT brings the obesity risk in children, and AMT
exposure can cause hepatotoxicity (Fontana et al. 2005;
Shan et al. 2022). Consequently, it is imperative to

develop effective strategies for the elimination of these
antibiotic pollutants from the environment.
Conventional sonication is a green technology for
degrading organic pollutants because ultrasonic waves
in water induce chemical reactions through the forma-
tion and collapse of cavitation bubbles, resulting in the
generation of localized hot spots and ROS of free radi-
cals or singlet oxygen (10,) to destroy antibiotics (Flint
and Suslick 1991; Gutiérrez et al. 1986). However, a
consecutive input of high-frequency ultrasound is nec-
essary to produce more competent internal cavitation
bubbles for sufficient production of reactive oxygen
species (ROS), due to the slow and spatiotemporally
random bubble nucleation (Liu et al. 2023a, b; Thomas
et al. 2019). Meanwhile, high-frequency ultrasound is
energy-intensive but exhibits low removal efficiency
for antibiotics; for example, ultrasound at 120-130 kHz
degrades only 5-30% of antibiotics but requires 500—
750 W of power (Gholami et al. 2016; Rahmani et al.
2014). Sonication-catalysis has been demonstrated as
a promising alternative to accelerate the degradation of
antibiotics (Cui et al. 2023). Solid catalysts such as Fe®
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and Fe;O, can induce Fenton-like process to enhance
antibiotic degradation under ultrasound by generating
additional oxidizing radicals (Cui et al. 2023; Dehghan
et al. 2018). However, the dispersion of Fe particles in
water may be challenging because of their high density
and hydrophilic surface (Peng et al. 2018). Furthermore,
significant release of Fe ions leads to the production
of Fe sludge, which might cause secondary pollution
(Zhao et al. 2020).

Dealing with these problems, nano-confined Fe parti-
cles covered by hydrophobic carbon nanotubes (CNTs)
have been developed to mediate the Fenton reaction with
H,0, (Yang et al. 2019). Yet, using only CNTs as an Fe
support seemed not particularly desirable, with 27% anti-
biotics removal efficiency in 40 min treatment (Zhang
et al. 2022). To suppress the agglomeration and accelerate
the dispersion, functionalized CNTs such as hydrophilic
hybrid material of oxidized CNTs@quaternized hyper-
branched polyethyleneimine was synthesized (Sapalidis
et al. 2018). However, it should be noted that the synthe-
sized material may cause the loss of hydrophobicity (Wu
et al. 2022), and greater hydrophilicity of the surface dis-
favors cavitation formation (Thomas et al. 2019). Biochar
(BC), a kind of macromolecular carbon material with
hydrophobicity, was obtained by pyrolyzing the biomass
precursor. It has been used to combine with CNTs for
enhancing antibiotic adsorption (Inyang et al. 2015), but
the specific interaction mechanisms between CNTs and
BC remain unexplored. A previous study has suggested
that graphitic carbon nitride-based material could be
formed by melamine self-assembly with macromolecu-
lar graphene through covalent C-N bonds to maintain
structural integrity (Zhang et al. 2019). Thus, it is hypoth-
esized that a composite with higher hydrophobicity, serv-
ing as a support for Fe particles to promote cavitation
and maintaining structural stability, could be synthesized
by covalently combining BC and melamine under pyroly-
sis conditions.

To validate this hypothesis, a novel CNT-covalently
bonded BC@Fe;C (BCM@Fe) composite was first fabri-
cated and applied as a solid cavitation material (SCM) to
remove ENT and AMT under sonocatalysis conditions.
Thereafter, the morphology, structures and chemical
compositions of the BC@Fe;C composites were com-
prehensively investigated. The as-synthesized BCM@Fe
composite had the highest hydrophobicity and graphiti-
zation degree compared with the carbon nanotube@
Fe;,C (M@Fe) and biochar@Fe’ (BC@Fe) composites.
Moreover, BCM@Fe showed excellent adsorption and
degradation capacities in treating antibiotic wastewa-
ter, especially in a wide pH window. The adsorption and
degradation mechanisms for antibiotic elimination over
the composites were studied by X-ray photoelectron
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spectroscopy (XPS), quenching tests, and electron para-
magnetic resonance (EPR). Finally, the degradation
products were analyzed by ultra-performance liquid
chromatography-quadrupole time-of-flight-mass spec-
trometry (UPLC-QTOF-MS/MS), and the degradation
pathways were proposed.

2 Materials and methods

2.1 Ultrasonic degradation tests

Batch kinetic tests were initiated by mixing 10 mg of a
composite with 15 mL of 0.08 mM ENT or AMT with
natural pH in 50 mL brown glass bottles. Then, the mix-
ture was sonicated in a KQ-5200/KQ-2200 ultrasound
washer (Kunshan Ultrasound Instruments Co., Ltd,
Jiangsu, China) for 10, 20, 30, 40, 60, 120, 180, 240, and
360 min at 200 W/40 kHz and 100W/20 kHz low fre-
quencies. The temperature was kept at~30 °C by adding
ice packs. Subsequently, the mixture was centrifuged and
the supernatant was filtered through a 0.22 um polyte-
trafluoroethylene filter. Batch adsorption tests were also
conducted using a shaker (Zhichu Instruments, ZQZY-
AGEF8E) as the control. The other procedures were the
same as the ultrasonic tests. The concentrations of ENT
and AMT were monitored by a high-performance liquid
chromatography (HPLC, Dionex Ultimate 3000) system
with a variable wavelength detector at 278 and 254 nm,
respectively. Chromatographic separation was performed
on an Agilent InfinityLab Poroshell 120 EC-C18 column
(4.6x50 mm, 2.7 um). The mobile phase consisted of
82.5% phosphate and 17.5% acetonitrile for ENT analysis,
while that was 92.0% phosphate and 8.0% acetonitrile for
AMT, at an isocratic flow rate of 1 mLmin™". The reten-
tion time was 3.8 and 1.6 min for ENT and AMT, respec-
tively. Total organic carbon (TOC) was determined by a
TOC analyzer (Vario TOC, Germany), and the solution
pH was measured by a multi-parameter analyzer (FE22-
standard, Mettler Toledo). The energy density (ED) is
defined as the ultrasonic energy delivered per unit vol-
ume of the treated suspension, calculated according to
the following equation (Serna-Galvis et al. 2025):

_th
Y

ED

where P is the ultrasonic power (W), t is the sonication
time (h), and V is the sample volume (mL).

2.2 Desorption experiment

To detect the degradation intermediate products of
ENT adsorbed on the materials, the reacted BCM@Fe
composite was mixed with eluents consisting of metha-
nol and various proportions of ammonia (0%, 5%, 10%,
15%, and 20%) at a ratio of 1 mg to 1.5 mL and shaken
at 180 rpm min~!. As illustrated in Fig. S1, methanol
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containing 15% aqueous ammonia exhibited the high-
est ability to desorb ENT and more ENT was obtained
when the desorption time was 12 h. Hence, 12 h and 15%
ammonia in methanol were selected for further experi-
ments. Methanol, ethanol, ethanol/ammonia mixture
solution, 0.1 M HCl, and 0.15 M NaOH were used as the
desorption agents for desorbing AMT that was adsorbed
by BCM@Fe, respectively. However, no AMT in the elu-
ent was detected because little AMT was adsorbed on
the material.
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3 Results and discussion

3.1 Structural characterization of BCM@Fe

The SEM image in Fig. 1a displayed that BCM@Fe had
the dual structures of BC and CNTs. CNTs were rooted
to BC matrixes and grew along a direction perpendicu-
lar to the surface of BC, with a diameter of ~ 100 nm. The
white particles wrapped on the top of CNTs were Fe par-
ticles, and they acted as a catalyst to promote the growth
of CNTs during the material synthesis process (Zhao
et al. 2023). The Fe particles of BC@Fe were irregularly

T [ -

Fig. 1 SEM, high resolution TME images, and TEM-elemental mappings of BCM@Fe (a, d, g), BC@Fe (b, e, h), and M@Fe (c, f, i)
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distributed on the surface of BC or embedded in the BC
matrix (Fig. 1b). The CNTs of M@Fe were 70-200 nm
in diameter and the Fe particles were filled in the tubes
(Fig. 1c). Figure 1d shows a high-resolution image of an
Fe particle. The lattice width of the gray part was 0.34 nm,
corresponding to the graphite crystal (002). The edge lat-
tice width of the black Fe sphere was 0.21 nm, indicating
the formation of the Fe;C (110) crystal plane. The TEM
image of BCM@Fe (Fig. 1d) confirmed that its micro-
structure mainly contained two kinds of carbon struc-
tures. One was a thin sheet of graphene-phase biochar
structure, and the other was a short CNT structure. For
BC@Fe, the Fe spheres with diameters of 50-60 nm were
wrapped in the graphite layer (Fig. le). Figure 1f shows
the architecture of M@Fe, in which the Fe particles with
the diameters of 80 nm were filled in multi-walled CNTs
with outer and inner diameters of about 150 and 90 nm.
TEM-mapping images of the composites (Figs. 1g—i)
showed that N and O elements were homogeneously
distributed on the carbon layers. In BCM@Fe and BC@
Fe, the distribution of Si element predominantly cen-
tered around regions containing Fe particles, signifying
a strong interaction between Fe and Si (Francisco et al.
2020). The tubular structure in BCM@Fe was uniformly
distributed with Si element which was derived from BC,
implying that BC provided feedstocks for supporting
CNTs growth.

Figure 2a shows the XRD patterns of the composites.
BCM@Fe and M@Fe had similar peaks at 37.75°, 42.89°,
45.87°, 51.83°, 70.84°, and 83.05°, which were assigned to
Fe;C. The peaks at 44.72°, 65.20° and 83.03° represented
the diffraction peaks of Fe? for BC@Fe (Zhao et al. 2019).
The diffraction peak of graphite carbon (002) was only
formed in BCM@Fe, indicating that the combination of
BC and melamine promoted the formation of a graph-
ite carbon structure. The N, adsorption—desorption
isotherms of the composites shown in Fig. 2b were all
typical VI isotherm curve with a H1 hysteresis hoop, and
the specific surface area for BCM@Fe, BC@Fe and M@
Fe were 191, 457, and 100 mZg_l, respectively (Table S2).
Compared to M@Fe, the introduction of BC guaranteed
a bigger specific surface area and a larger micropore vol-
ume for BCM@Fe.

The C contents of BCM@Fe (49.8%) and BC@Fe
(49.5%) were larger than that of M@Fe (37.8%, Table S3),
suggesting that the introduction of BC increased the car-
bonization degree. Due to the dehydrogenation oxida-
tion and condensation reactions between melamine and
BC (Rangraz and Heravi 2021), the H content of BCM@
Fe (0.35%) was significantly (»p<0.001) lower than those
of BC@Fe (0.85%) and M@Fe (0.71%). The obviously
reduced O content (p<0.01), O/C value (p<0.01), and
(O+N)/C value (p<0.05) for BCM@Fe suggested that
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the stability and hydrophobicity of the material were
improved due to the decline of oxygen containing groups
(Zhao et al. 2021, 2024a, b). Meanwhile, the reduction
of acidic oxygen containing groups also caused a higher
pH of BCM@Fe. The C/N value in BCM@Fe was smaller
than that of BC@Fe, indicating that the existence of mel-
amine increased the content of N functional groups. The
H/C value of BCM@Fe was 0.08, which was much lower
than 0.21 and 0.24 of BC@Fe and M@Fe, suggesting a
higher degree of aromatization (Zhao et al. 2022). XPS
results showed that the C, N and O contents on the sur-
face of BCM@Fe were similar to those of M@Fe (Fig. 2d),
but different from those of BC@Fe. These results agreed
well with the bulk elemental analysis. The Fe content on
the surface of M@Fe was the lowest (0.56%); however,
that in the bulk was the highest (20.8%). This explained
that most of the Fe particles were wrapped with graph-
ite structures. Figure 2e shows the Fourier transform
infrared (FT-IR) spectra of the composites, and the com-
bination of CNTs with BC had profound effects on the
surface functional groups. The bands at 1630-1637, 1452,
and 882 cm™! represented C=C, C—H bonds in alkane
and aromatic phenyl, respectively. The peak at 882 cm™
occurred only in BCM@Fe, showing that BCM@Fe was
the most aromatic and had the maximum hydrophobic
adsorption sites (Hontoria-Lucas et al. 1995). The peaks
at 427-478 cm™ represented the Fe—O functional group
on BCM@Fe and BC@Fe (Liu et al. 2023a, b), and no
peak appeared in M@Fe, indicating that more Fe parti-
cles in BCM@Fe and BC@Fe were exposed on the sur-
face, and those in M@Fe were confined inside the CNT
structures. This was consistent with the XPS results in
Fig. 2.

Figure 2f shows the Raman spectra of BCM@Fe, BC@
Fe and M@Fe, which all had D and G peaks (1350-
1370 cm™! and 1580-1600 cm™) within the test range.
The I/I; values of BCM@Fe, BC@Fe and M@Fe were
0.93, 0.97 and 0.99, respectively, indicating that the gra-
phitization degree of BCM@Fe was the largest. A 2D
peak (~2702 cm™) was associated with BCM@Fe and
M@°Fe composites, which was not shown in BC@Fe. This
suggested the formation of CNTs structure in BCM@Fe
and M@Fe (Cakmakgi et al. 2024). Nucleus-Independ-
ent Chemical Shifts (NICS) were used as an aromatic-
ity probe and were further determined for the changes
of aromaticity (Chen et al. 2005). The negative value of
NICS represented the aromaticity of the aromatic ring,
that was, the larger the absolute value of NICS, the
greater the aromaticity of the selective aromatic ring.
In this study, the aromaticity of multiple benzene rings
was calculated by simulating BC, CNTs, and their com-
posite materials in the same region, and the average
value of NICS was used for comparison of aromaticity.
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Fig.2 XRD (a), BET (b), pore size distribution (c), XPS (d), FT-IR (e) and Raman (f) images of BCM@Fe, BC@Fe, and M@Fe

For saving computational time and cost, CNTs and BC
in this study were represented by graphene layers and
naphthol, respectively. The carbon carrier of BCM@Fe
was a complex of naphthol and graphene. Two H atoms
in naphthol were removed and the connected C atoms
were combined with the C atoms in CNTs through the
formation of two C—C covalent bonds (Fig. 3a, b). Based
on this structure, the NICS values of the same region in
the single graphene layer, naphthol, as well as their com-
plex material, were calculated separately. As shown in
Fig. 3¢, there was no significant change in the aromaticity

of the CNTs portion in the composite material, while the
aromaticity of the BC portion was significantly enhanced.
This revealed that the increased aromaticity of BCM@
Fe was caused by the enhancement of aromaticity of BC.
Thus, the introduction of BC increased the hydrophobic-
ity, aromatization, graphitization and pH of BCM@Fe.

3.2 Removal behaviors of ENT and AMT by SCM

As shown in Fig. S2, reducing the US frequency and
power from 40 kHz/200 W to 20 kHz/100 W led to
a noticeable decline in removal efficiency, from 91.4
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Fig.3 The CNT and BC structures displayed in BCM@Fe (a, b); NICS values of CNT and BC before and after covalent combination (c)

to 72.0% for ENT, and from 92.9 to 66.3% for AMT by
BCM@Fe. These results highlight the critical role of ade-
quate US parameters in sustaining cavitation activity and
achieving high degradation efficiency. Therefore, the US
condition of 40 kHz/200 W was employed in all subse-
quent experiments.

Figure 4a and b displayed the removal kinetics of
ENT and AMT by three materials in US and shake sys-
tems. The removal efficiency of the materials for both
antibiotics was significantly enhanced by US compared
to shaking. The removal efficiencies of ENT and AMT
were 91.4% and 92.7% by BCM@Fe at 6 h, respectively.
The removal kinetics were fitted with zero-order, pseudo
first-order and pseudo second-order kinetic models
(Table S4). BCM@Fe showed the best removal perfor-
mances for ENT and AMT with pseudo-second-order
kinetic rate constant (k,) of 17.2 and 25.9 mM™ h™},
which were 2.24-2.52 and 3.50-15.5 times higher than
those of BC@Fe and M@Fe, respectively (Fig. 4c, d). The
coupling of BCM@Fe with low frequency ultrasound
showed a better removal performance than the coupling
of Fe-N-C@ZnO with photocatalysis, and N-TiO, with
sonophotocatalysis (Tabel S5) (Geng et al. 2023; Karim
and Shriwastav 2021). The TOC removal efficiencies for

ENT and AMT by each material ranged from 48.7-76.9%
and 33.1-57.1% in the US system at 6 h, respectively,
which were significantly higher than those in the shake
system (Fig. 4e, f). Meanwhile, BCM@Fe treatment also
exhibited notably higher TOC removal efficiencies than
the other two materials, which was in accordance with
the results of removal kinetics experiments. The higher
removal efficiencies and lower TOC removal efficien-
cies of AMT than those of ENT suggested that most of
the degradation for AMT might occur in the solution.
Further, ED was used to normalize the ultrasonic treat-
ment conditions and to allow comparison between differ-
ent materials. At the point where the removal efficiency
of ENT reached 50%, the corresponding ED values for
BCM@Fe, BC@Fe, and M@Fe were approximately 16.7,
33.4 and 300 W h L', respectively. For AMT, the cor-
responding ED values for BCM@Fe, BC@Fe and M@Fe
were approximately 33.4, 66.8 and 100 W h L™}, respec-
tively. This significantly lower energy requirement high-
lights the potential of BCM@Fe for more sustainable
water treatment applications.

The effects of pH on the removal behaviors of antibi-
otics are shown in Fig. S3a-b. BCM@Fe achieved sig-
nificantly removals of ENT and AMT in a wide pH rang
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Fig. 4 The removal efficiencies, removal kinetics, and TOC removal efficiencies of ENT (a, ¢, ) and AMT (b, d, f) on the samples

of 4-10 in US condition and the removal efficiencies
were >77.9%. The highest removal efficiency of ENT on
BCM@Fe was obtained at pH 7. This was because ENT
had two pK, values of 6.27 and 8.30 (Peng et al. 2019) and
it was in its zwitterionic form (ENT?*) with low solubil-
ity and high hydrophobicity at pH 7 (Li et al. 2014). The
hydrophobic interaction between ENT and BCM@Fe
might play a major role in the adsorption process, which
was the first step for removal. The pH at the point of zero
charge (Pszc) for BCM@Fe, BC@Fe and M@Fe was 6.15,
6.15 and 5.40, respectively (Fig. S3c). During the reac-
tion with ENT at pH 4 and 10, the surfaces of BCM@

Fe composites were positively and negatively charged,
respectively. The same charge between ENT and BCM@
Fe composite resulted in electrostatic repulsion, which
reduced the removal of ENT, thus, electrostatic attrac-
tion was not the reason for ENT adsorption. AMT pos-
sessed three proton-binding sites (carboxyl, amine and
phenolic hydroxyl) with pK, values of 2.40, 7.40 and 9.60
(Dou et al. 2020) and it also existed in its zwitterionic
form at pH 4 and 7. But the removal efficiency of AMT
on BCM@Fe at pH 7 was significantly lower than that at
pH 4 (Fig. S3b), which suggested the potential occurrence
of Fenton-like degradation.
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3.3 SCM dispersion and stability as affected by US
The hydrodynamic diameter (D) refers to the appar-
ent diameter of a particle in suspension as determined
by dynamic light scattering, which reflects not only the
core particle size but also the associated solvation layer
and any surface-bound molecules (Maguire et al. 2018).
Furthermore, the dispersion of materials in the medium
significantly influenced mass transfer in the liquid (Grilla
et al. 2020), which could be quantified by the D;. As
demonstrated in Fig. 5a—c, the D;s values of BCM@Fe,
BC@Fe, and M@Fe were decreased by 71%, 71%, and
61.1% after US for 0.5 h, respectively. Conversely, those
were increased in the shake system, indicating that shak-
ing restricted the dispersion because of the presence of
hydrogen bonding and van der Waals forces among the
materials (Tan et al. 2021). Additionally, the correla-
tion analysis unveiled a significant negative correlation
between Dys values and the removal efficiencies of ENT
and AMT by the materials after 0.5 h of reaction (p <0.01,
r=-1.00). Therefore, US promoted the dispersion of the
materials through exposing more active sites to enhance
the removal of ENT and AMT by the materials.

Figure 6 shows the XRD patterns of the materials
after reaction with 0.08 mM ENT and AMT in the
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US system. During the reaction with antibiotics, Fe,C
in BCM@Fe kept its original state and the oxidation
peaks of Fe;O, (PDF 97-002-0596) appeared at 6 and
4 h for ENT and AMT, respectively. There were barely
released Fe concentrations (0.1 mgL™') in the liquid
by BCM@Fe during US treatment at equilibrium (Fig.
S4a-b). By comparing the XRD patterns of three mate-
rials after reactions for 0.5 h in US and shake systems
(Fig. S5a—f), it was found that the Fe crystal phase was
significantly and rapidly corroded in the shake system.
The hydrolysis of Fe** led to a more noticeable reduc-
tion in the pH of ENT solution in shake system (Eq. 1,
Fig. S5a) as compared to that of US treatment. More
importantly, US could prevent acidification and con-
serve the materials’ pH (Farshbaf Aghajani et al. 2023).
Thus, US stimulation not only reinforced the removal
efficiencies of antibiotics but also prevented the oxidi-
zation of materials by H,O because the contact of the
materials with H,O were effectively inhibited by the
cavitation bubbles created on the materials’ surfaces.
The stability of BC@Fe was significantly lower than
that of BCM@Fe and M@Fe because the existence of
CNT structures could cover Fe particles to increase
the stability (Fig. 7).
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Fig. 5 Hydrodynamic diameter and contact angles of BCM@Fe (a), BC@Fe (b), and M@Fe (c) before and after ethanol treated under shake and US

systems
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3Fe’T + 4H,0 — Fe304 + Hy + 6HT 1)

3.4 Removal mechanisms of antibiotics by SCM under US
system

3.4.1 Adsorption mechanisms

In order to explore the adsorption mechanisms of ENT/

AMT, XPS spectra of the composites before and after

the reaction was analyzed (Fig. 7). The percentage of

C-C/C=C in the Cls spectra of BCM@Fe was 58.0%,

and increased to 72.4% and 73.6% after the reactions with
ENT and AMT, respectively. The enhancement explained
the presence of m-m interaction (Li et al. 2024), which
did not occur in BC@Fe and M@Fe composites. Thus,
the increased aromaticity of CNT covalently bonded BC
mediated the improved adsorption capacity. After the
removal of ENT, the peak positions of C=0 and C-O in
BCM@Fe as well as C-O in M@Fe were shifted to lower
binding energies. This was due to the formation of H
bonds (Zhao et al. 2024a, b). AMT also formed H bonds
with the oxygen containing groups of three materials.
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Fig. 7 The C1s XPS spectra of BCM@Fe, BC@Fe, and M@Fe before and after removals of ENT and AMT

Further, density functional theory (DFT) calculation indi-
cated that the O atoms in the carboxylic group of ENT
and AMT or the O atom in the hydroxyl group of AMT
formed H bonds with the H atoms in the hydroxyl group
of graphene (AG=—40.1 and -60.2 kcalmol ., Fig. $6).

3.4.2 Degradation mechanisms

Ultrasound alone could not remove ENT and AMT in
this study (Fig. 4a, b), due to the low probability of cavi-
tation events at very low ultrasound frequency (Meroni
et al. 2022). But the removal occurred effectively when
SCM was present because they decreased the threshold
for the occurrence of cavitation. The cavitation effect
caused by US played a key role in the process of sonoca-
talysis, but few studies quantified its contribution to the
degradation of pollutants.

When solid particles were introduced to the sonica-
tion medium, the hydrophobic interface and gas bubble
stability provided by the materials were beneficial for the
removal of organic pollutants (Stride and Coussios 2019).

Ethanol washing treatment could reduce the hydropho-
bicity of materials as indicated by the decreased contact
angle (Fig. S7) and it also “neutralized” the bubble stabil-
ity through removing the gas bubble from the surface, so
that it could effectively limit the probability of cavitation
between the SCM and liquid in the US system (Jonnala-
gadda et al. 2022). As shown in Fig. 8a, b, the ethanol-
washed materials had barely any effect on the removals
of ENT and AMT in the shake condition, indicating eth-
anol washing would not affect the adsorption of antibi-
otics. Meanwhile, ethanol treatment did not change the
hydrodynamic diameter of materials in the US system
(Fig. 5), suggesting that mass transfer was not influenced.
The Fe crystalline phase was also not changed (Fig. S8).
On the contrary, the removal efficiencies of ENT and
AMT decreased by 11.4-38.9% and 19.7-29.1% for the
SCM samples under the US condition, respectively.
Cavitation played a crucial role in degrading antibiot-
ics by SCM. The quantitative correlation between the
structural characteristics and the reduced percentages of
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Fig. 8 Removals of ENT (a) and AMT (b) by BCM@Fe, BC@Fe, and M@Fe before and after ethanol treatment under shake and US systems; Effect

of radical scavengers on ENT (c) and AMT (d) removal

ENT and AMT removals caused by cavitation was fur-
ther analyzed (Fig. S9). Statistically, both the reduced
removal percentages of ENT and AMT were significantly
positively correlated with the bulk C content, pH, aro-
maticity, hydrophobicity and graphitization of the SCM
(R?=1.000, p <0.01). Meanwhile, they also had a signifi-
cantly negative correlation with the content of O con-
taining groups (R?>=-1.000, p <0.01). Hence, SCM could
tune and optimize the cavitation performance through
structural modulation of covalently combined CNT and
BC. Previous studies displayed that the mesoporous sil-
ica nanoparticles (Chen et al. 2017), TiO, (Jonnalagadda
et al. 2022) and polymer nanocups (Kwan et al. 2018)
could enhance the likelihood of cavitation because their
porous structures endowed stable external nuclei for cav-
itation. However, no relationship with surface area was
found in this study, suggesting that the role of porosity in
the SCM on cavitation could be neglected.

It has been reported that ultrasound-derived ROS gen-
erated by inertial cavitation dominated the degradation
of non-volatile organic compounds when the ultrasound
frequency was 500 kHz (Joseph et al. 2000). Hence, EPR
measurements were performed to detect the ROS dur-
ing antibiotics removal. Hydroxyl radicals («OH) and 'O,
from SCM were not detected in the shake system (Fig.

$10), but they were detected in US condition. Thus, SCM
were activated by US and then enhanced the generation
of +OH and 'O,. On the one hand, Fe’ reacted with O,
to form H,0, (Eq. 2). Further, Fe’ and Fe** catalyzed
H,0, to produce +«OH (Egs. 3—4). On the other hand,
the extremely high temperatures and pressures produced
from collapsing cavitation bubbles in aqueous solution
caused the water splitting to produce «OH (De Visscher
et al. 1996) (Eq. 5). Then a small part of «OH migrated
into the solution and some of them reacted with each
other to generate H,O, (Merouani et al. 2010). BCM@
Fe possessed the highest hydrophobicity among the three
materials (Fig. S7), and the hydrophobicity of ENT was
higher than that of AMT, attributing to the larger LogP
(Table S1), which resulted in the maximum distribution
of ENT at the gas-liquid interface and then ENT was
degraded by +«OH (Goel et al. 2004). In contrast, AMT
was inclined to dissolve and disperse in solution rather
than remain at the gas—liquid interface (Karim and
Shriwastav 2021). This meant that AMT tended to be
degraded by +OH dissolved into solution which led to the
lower TOC removal efficiencies than those of ENT.

Fe® + Oy + 2HY — Fe’t + Hy0, )
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Fe + 2H,0y — Fe** +2.0OH + 20H" (3)
Fe’t + HyOy — Fe®T + -OH + OH~ (4)
H,0 -2 .OH + -H (5)
2 -OH — H;0 (6)

The generation of 'O, included free radical and non-
free radical pathways (Wang et al. 2024a, b; Xie et al.
2023). In the non-free radical pathway, O, could be
excited by sufficient energy which was supplied by US
cavitation and transformed from ground state to excited
state to form 'O,. Besides, the graphitization degree of
carbon-based materials was also important for the gener-
ation of 1O2, because it enabled the prominent enhance-
ment of electronic transfer between catalyst and O, (Ma
et al. 2018; Wang et al. 2016; Yun et al. 2018). The gra-
phitization degree of BCM@Fe was the highest as indi-
cated by Ip/I; values in Raman spectra (Fig. 2f), which
led to the strongest signal intensities of 'O,. Thus, the
combination of CNT and BC as the support for Fe par-
ticles was beneficial to adsorb O, for the production of
'0,. For the radical pathway, Fe®* served as an effective
catalyst to catalyze H,O, for generating 'O, (Chong et al.
2017) (Eqgs. 7-8).

Fe** + HyO, — Fe*' 4+ HO, + HF (7)

2HO; — 'Oy + Hy0 8)

To further elucidate ENT and AMT degradation
mechanisms, the contributions of ROS were analyzed
by quenching tests. Tert-butanol (TBA) and beta-caro-
tene (B-C) were used as the scavengers for «OH and 'O,,
respectively. The results showed that the removal efficien-
cies of ENT by SCM reduced from 91.4-68.7% to 67.6—
61.5% and 62.1-63.4% with the addition of 0.01 mM TBA
and 0.05 mM pB-C, respectively (Fig. 8c). Meanwhile, the
AMT removal efficiencies declined by 22.5-28.7% and
13.7-25.9% for the three materials, respectively (Fig. 8d).
Remarkably, the degradation efficiencies of ENT and
AMT by BCM@Fe surpassed those of BC@Fe and M@
Fe. BCM@Fe achieved a stronger cavitation effect under
low frequency US irradiation, thus generating a higher
concentration of ROS. The total contributions of «OH
and 'O, to the degradation of ENT and AMT were 14.2%
and 15.8% higher than those of cavitation by BCM@Fe,
respectively, demonstrating that heat and mechanical
effects from the collapsing bubble enhanced the catalytic
activation of SCM and promoted ROS generation.
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Thus, the removal pathways and mechanisms of ENT
and AMT on BCM@°Fe are shown in Fig. 9. ENT removal
involved two pathways and these pathways operated con-
currently: (1) Adsorption was a prerequisite step for ENT
degradation. At first, ENT was adsorbed onto the mate-
rial via -1 interaction, H bond, and hydrophobic inter-
action. Then, it was degraded by ROS generated on the
material’s surface due to cavitation and electron transfer.
Adsorption occurred by enriching ENT molecules onto
the material surface, shortening their mass transfer dis-
tance with cavitation bubbles/ROS, thereby accelerating
degradation; (2) ENT in solution was directly degraded
by «OH, 'O, and cavitation. The degradation processes
primarily proceeded via ring-opening oxidation and
reaction of degradation intermediates. AMT underwent
similar degradation pathways to ENT, primarily involv-
ing ring-opening and subsequent oxidation of intermedi-
ate products. However, AMT was degraded in the liquid
phase rather than on the material’s surface. The desorp-
tion experiment indicated that few AMT molecules were
adsorbed on the material, thus it was the degradation
products that were adsorbed onto the material through
ni-1t interaction, H bond, and hydrophobic interaction.

3.5 Possible degradation pathways of ENT and AMT

The antibiotic intermediates after the removals using
BCM@Fe under US conditions were determined by
UPLC-QTOF-MS/MS analysis (Figs. 10, 11, Figs. S11-20,
Tables S6-7). The molecular weights of proposed struc-
tures closely match the detected values. Based on the
reaction mechanism, characteristic fragment ions, and
neutral losses, the possible degradation pathways were
proposed. The typical chromatogram of ENT degrada-
tion is shown in Fig. S13. ENT in the positive ion mode
with m/z=360.2 was detected in the initial solution at
retention time (RT)=4.05 min and few intermediates
were detected in liquid during the US degradation. Thus
a mixture of methanol and aqueous ammonia (15% aque-
ous ammonia) was used to desorb the degradation inter-
mediate products of ENT that had adsorbed on BCM@
Fe at 6 h (Tang et al. 2019). According to the intermediate
products in Table S6, the degradation pathways of ENT
are proposed in Fig. 10.

In Pathway I, the C-F bond of ENT was cracked and
F was replaced by hydroxyl due to the presence of «OH.
Thus, a typical fluoroquinolone oxidation intermedi-
ate of ENT 1 was produced by nucleophilic substitution.
Then, an oxidative ring-opening reaction and decar-
boxylation occurred to produce ENT 2-4. In fact, the
defluorination efficiency of ENT by BCM@Fe was only
5.22% at 6 h. BCM@Fe also exhibited high removal effi-
ciencies for ciprofloxacin, ofloxacin and norfloxacin
under US irradiation, but the defluorination efficiencies
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Fig. 9 Schematic representation of ENT and AMT removal mechanism by BCM@Fe

were only 7.99-9.90% (Fig. S21). The lower values sug-
gested that defluorination might not be the major path-
way because of the extremely high bond dissociation
energy of the C—F bond (~ 485 k] mol™) (Evich et al.
2022), which made the cleavage of fluorine atoms from
the molecular backbone thermodynamically unfavora-
ble under low-frequency US (40 kHz). Pathway II mainly
involved the dehydrogenation oxidation of a piperazinyl
group. The collapsing cavitation bubbles with extremely
high temperatures led to the dehydrogenation reaction
and ring-opening of the piperazine ring in ENT to form
ENT 1’ and ENT 2! Pathway III described the oxidation
destruction of the piperazinyl group to form ENT 5.
Meanwhile, a potential nucleophilic substitution reac-
tion was inferred, wherein the carboxylic group in the
mother molecule might react with ammonia to form an
amide. Subsequently, the loss of an ethyl group (-C,H;)
from ENT 5, plausibly via a dealkylation process, yielded
ENT 6. Further, hydroxyl replacement and deamination
led to the formation of ENT 7. In Pathway IV-VI, the
parent molecule might react with its degradation prod-
ucts — 1-ethyl-4-methylpiperazine, 4-fluoroaniline, and
1-N-cyclopropylbenzene-1,3-diamine— to form ENT 8,
ENT 8] and ENT 12, respectively (Fig. S11). Then, dehy-
drogenation oxidation and demethylation reaction were
further induced to produce ENT 9-11. Both Pathways
IV and VI involved the nucleophilic replacement of F by
an amino group.

The liquid chromatogram in Fig. S18 displayed that
the positive mode of AMT with m/z = 366 was detected
at RT = 2.62 min and some degradation products were
produced at 10 min. Table S7 listed the possible inter-
mediate products of AMT and the degradation path-
ways are shown in Fig. 11. In Pathway I, the hydrolysis
of AMT primarily involved a nucleophilic attack on the
carbonyl carbon of the four-membered f3-lactam ring,
leading to ring opening and formation of AMT 1, con-
comitant with oxidation of the ketone moiety to a car-
boxylic acid. Subsequently, decarboxylation (the loss of
—COOH) and further ring opening reactions occurred,
leading to the transformation of AMT 1 into AMT 5 or
AMT 5. AMT 1 degraded to AMT 2 through a series of
chemical reactions including dehydrogenation oxidation
and deamination. After successive decarboxylation and
dehydrogenation reactions, AMT 3 and AMT 4 were
obtained, respectively. Finally, AMT 6 was produced by
C-N bond breaking. In Pathway II, deamidation and
dehydrogenation oxidation caused the production of
AMT 7. Then, AMT 7 could be further degraded to form
AMT 2, 3, 4, and 6. Meanwhile, the amide bond hydroly-
sis and further oxidation could also result in the direct
formation of AMT 8 (Pathway III). The US degradation
also resulted in the formation of the oxidation product of
AMT 9 (Pathway IV).
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3.6 Practical application and reuse performance
evaluation

The treatment of ENT and AMT in tap water was con-
ducted to assess the practical application of BCM@Fe in
the US system and the water quality information is shown
in Table S9. As shown in Fig. S22, the removal efficiencies
of antibiotics were slightly reduced and they were 80%
and 72.7% for ENT and AMT, respectively. This might
be because Ca’*, Na*, Mg?" and K" in tap water could
be adsorbed by BCM@Fe, competing for the adsorption
sites (Sun et al. 2019). But US could clean the surface,
allowing the system to maintain high removal efficien-
cies. The TOC removal efficiency for ENT and AMT
decreased by 15.3% and 11.3%, respectively. The decline
might be because the dissolved organic matters (DOM)
present in tap water competed with pollutants for «OH
(Yu et al. 2022). Within the 1 h, the removal efficiency
of ENT decreased slightly by 0.89%, while that of AMT
declined more significantly by 9.60%, suggesting that

AMT is more susceptible to cation interference at the ini-
tial reaction stage (Fig. S22c—d). After 6 h of reaction, the
removal efficiencies of ENT and AMT decreased by 6.0%
and 14.8%, respectively. Notably, the BCM@Fe/US sys-
tem demonstrates robust practical applicability for anti-
biotic removal in real tap water.

The reusability of BCM@Fe was evaluated over five
cycles in US systems (Fig. 12). As shown in Fig. 12a, the
removal efficiency of ENT on BCM@Fe increased com-
pared with the first reaction. Meanwhile, the removal
efficiencies of AMT remained higher than 90% after 5
cycles. This was because high temperature desorption
realized the reactivation of the C/Fe composite, thereby
improving its performance. The XRD results showed
that the Fe,C phase was still observed after 6 cycles of
reactions in US systems and the leaching Fe concentra-
tion of BCM@Fe (0.10-0.29 mg L™") was far below the
USEPA’s secondary drinking water standard (0.3 mg L™").
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These results demonstrated that BCM@Fe is a promising
catalyst for the removal of antibiotics in US systems.

4 Conclusions

In an effort to enhance the removal ability of recalci-
trant antibiotics by the M@Fe composite, a new solid
cavitation materia, BCM@Fe composite, was first
developed for the removal of ENT and AMT under
low frequency ultrasound. Based on the experimental
results and DFT calculation, the underlying mecha-
nisms for the formation of BCM@Fe composite were
deeply elucidated and CNT was covalently bonded with
BC. The introduction of BC gave the BCM@Fe compos-
ite significant advantages for ENT and AMT removal
over M@Fe and BC@Fe in both US and shake systems.
Moreover, it exhibited the best ENT and AMT removal
capacities under pH-universal conditions (acidic, neu-
tral, and alkaline), and demonstrated excellent recycling
performance. There were hydrophobic, -t interactions
and H bonds between ENT/AMT and BCM@Fe for the
adsorption process. The presence of BC in BCM@Fe
significantly enhanced US-triggered cavitation, and the
activation of BCM@Fe by heat and mechanical effects
led to amplified generation of ROS for the degrada-
tion of ENT and AMT. Such a study would advance the
understanding about the formation mechanism of Fe
based combined carbonaceous materials and more con-
cretely link the cavitation effect to ROS generation and
the intrinsic nature of the materials.
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