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Sodium percarbonate (Na,COs3-1.5H,0,, SPC) has been extensively employed as a solid substitute of H,0,
for Fenton process in water treatment, because of its high stability during the production, transport, stor-
age and usage. In addition, SPC can be applied in a wider range of work pH, it is also applied as a buffer
in Fenton reaction for preventing a drop in pH. Herein, we have synthesized basic copper molybdate
(BCM) nanoblocks with the molecular formula of Cu3(MoO4),(OH), as an efficient and heterogeneous
catalyst for antibiotics degradation via percarbonate activation. First, fully physical characterizations con-
firmed BCM nanocomposite exhibited a structure of nanoblocks. We also found that BCM/SPC system
could work in a much wider pH range, compared with H,0,. Then, BCM/SPC system presented a good
anti-interference ability for natural organic matter in OTC degradation. EPR results and Quenching tests
confirmed that the co-presence of ‘CO3~, ‘0,7, '0, and "OH in BCM/SPC system.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, medicine residues (peculiarly antibiotics) has aroused
wide concern because of their omnipresent emergence and poten-
tial harmful impact on the water eco-environment [1-4]. The pre-
dictability of future results show the world consumption of antibi-
otics will grow rapidly to 110,000 tons in 2030 [5-9]. These abused
antibiotics are widely found in a variety of water environment, in-
cluding rivers, lakes, groundwater and effluent from sewage treat-
ment plant, even our drinking water [10-16]. Among antibiotics,
oxytetracycline (OTC), a type of tetracycline antibiotics, is compre-
hensively applied for veterinary and human medicine [17-24]. In
fact, the OTC concentration in groundwater and surface water was
detected to be ng/L to pg/L level, which could pose a significant
threat to the public health and ecosystem even at trace concen-
tration [25-27]. As a result, it is of high importance to exploit the
efficient and green methods for achieving effective antibiotics re-
moval [28-32].

The Fenton process via H,O, activation is deemed as the most
promising process for degrading antibiotics by reason of its high-
efficiency [33-37]. However, its full-scale and practical application
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was restricted by some unavoidable detriments, such as the high
transportation cost and explosibility of H,0,, iron sludge problem
and narrow pH ranges (2.5-3.0) of Fenton process [38-41]. Recent,
sodium percarbonate (Na,COs3-1.5H,0,, SPC) has been extensively
employed as a solid substitute of H,0, for Fenton process in wa-
ter treatment, because of its high stability during the production,
transport, storage and usage [42-48]. In addition, SPC can be ap-
plied in a wider range of work pH, it is also applied as a buffer
in Fenton reaction for preventing a drop in pH [49-53]. As part
of our group’s current interest on the sewage remediation [54],
herein, we have first synthesized basic copper molybdate (BCM)
nanoblocks with the molecular formula of Cu3(MoO4),(OH), as
an efficient and heterogeneous catalyst for antibiotics degradation
via percarbonate activation. First, the structure and morphology of
BCM nanoblocks was investigated by fully physical characteriza-
tions. Then, the performance, degradation pathways and mecha-
nism of OTC degradation catalyzed by BCM nanoblocks via percar-
bonate activation were investigated.

As demonstrated in Fig. S1 (Supporting information), BCM
nanoblocks was synthesized by hydrothermal reaction of Na;MoOg4
and Cu(NOs3),-xH,0 at 150 °C for 6 h. The nature crystalline
phase of BCM nanoblocks was evaluated by XRD. The charac-
teristic diffraction peaks of Cus(MoO,),(OH), (020), (021), (101),
(130) and (200) lattice planes clearly appeared in Fig. S2a (Sup-
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Fig. 1. (a-d) SEM, (e) TEM and (f) HRTEM of BCM nanoblocks.

porting information), illustrating the synthesis of Cu3(Mo00Q4),(OH),
[55]. In Fig. S2b (Supporting information), texture structure of
BCM nanoblocks was checked by BET. BCM nanoblocks exhibited
a mean pore diameter of 0.697 nm, total pore volume of 0.048
cm3/g and BET surface area of 6.683 m?/g, suggesting a microp-
ore structure [56]. As shown in Fig. S2c (Supporting information),
the sum XPS of BCM nanoblocks exhibited that the co-existence
of Cu, Mo and O. The pair peaks of 934.70eV and 954.53 eV ap-
peared in Fig. S2d (Supporting information), illustrating the pres-
ence of Cu(Il) [57]. In Fig. S2e (Supporting information), the Mo 3d
was divided into two peaks of 232.31eV (Mo 3dsp;) and 235.45eV
(Mo 3dj,), which was assigned to Mo"! [58-60]. As presented
in Fig. S2f (Supporting information), the O 1s was divided into
two peaks of lattice oxygen (O, 530.36 eV) and adsorbed oxygen
(044, 531.56eV) [55]. Furthermore, the morphology and nanos-
tructure of BCM nanoblocks was also determined by scanning elec-
tron microscope (SEM), transmission electron microscope (TEM),
and high resolution TEM (HRTEM). As shown in Figs. 1a-e, BCM
nanocomposite exhibited a structure of nanoblocks. As demon-
strated in Fig. 1f, Cu3(MoQ,),(OH), (101) and (130), whose lat-
tice distances were 0.41 nm resp. 0.36 nm, were recorded in BCM
nanoblocks, further confirming the formation of Cu3(Mo00Q4),(OH),
[61]. In addition, the precise localization of Cu, Mo and O elements
in BCM nanoblocks was also measured by EDX elements mapping.
In Figs. 2a-e and Fig. S3 (Supporting information), it is clear that
BCM nanoblocks was composed of Cu, Mo and O elements, sug-
gesting the formation of Cu3(Mo0Q,4),(0OH),.

For studying the catalytic activity of BCM nanoblocks in OTC
degradation by percarbonate activation, OTC degradation over
Fe,(Mo0O,4)3, NiMoO4 and BCM nanoblocks were tested in Fig.
S4 (Supporting information). First, NiMoO,4 and Fe,(MoQ4); were
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Fig. 2. (a) STEM, (b) combined Cu, Mo and O, (c) Cu, (d) Mo, (e) O compositional
mapping.
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synthesized under the same process as BCM nanoblocks. Then,
Fe,(Mo0O,4); and NiMoO4 were measured by XRD and SEM. Figs.
S5 and S6 (Supporting information) exhibited that the successful
formation of Fe;(MoO,4); and NiMoO,4 in XRD. The SEM result ex-
hibited that Fe;(MoO4); and NiMoO,4 possessed a nanoblock (Fig.
S7 in Supporting information) and nanorod (Fig. S8 in Supporting
information) structure, respectively. The OTC degradation was con-
ducted by 20 mg/L of OTC, 0.2 g/L of sodium percarbonate, 0.25g/L
of catalyst and 50mL of deionized water at 30 °C. The order of
OTC degradation efficiency as follow: BCM nanoblocks (80.01%) >
Fe;(Mo00Q4)3 (59.99%) > NiMoO4 (12.12%), highlighting the key role
of BCM nanoblocks in activating SPC to degrade OTC.

As BCM nanoblocks presented the superior catalytic activity
in OTC degradation, its kinetic study, including BCM nanoblocks
concentration, SPC concentration, initial OTC concentration and
degradation temperature, had been further investigated. First, OTC
degradation was carried out with various BCM nanoblocks concen-
trations from 0.1 g/L to 0.49 g/L. Fig. 3a elucidated that OTC degra-
dation rate was positive correlation, where the slope is 0.3, with
BCM nanoblocks concentrations. Next, the impression of SPC con-
centration on OTC degradation was also tested in Fig. 3b, OTC re-
moval efficiency was heightened, with slope of 0.27, as the in-
crease of SPC concentration. Then, OTC degradation was carried out
with different initial OTC concentrations from 10 mg/L to 50 mg/L.
Fig. 3c illustrated that OTC removal efficiency decreased with the
increase of initial OTC concentrations. In Fig. 3d, it is clear that
OTC degradation efficiency rose as the enhancement of degrada-
tion temperature. Based on the Arrhenius law, the E; was found to
be 55.79 k]J/mol, Moreover, tetracycline (TC) and chlorotetracycline
(CTC) had been also degraded by BCM/SPC system in 40 min (Fig.
S9 in Supporting information).

The stability of BCM nanoblocks in OTC degradation via percar-
bonate activization was also tested for further practical applica-
tion [62]. When OTC degradation was over, BCM nanoblocks was
re-obtained and recycled by filtration for the next degradation.
As demonstrated in Fig. 3e, BCM nanoblocks had been success-
fully reused 5 times in OTC degradation without any efficiency de-
crease. Then, 5 reused BCM nanoblocks was measured by XRD
and SEM, the result exhibited that 5™ reused BCM nanoblocks re-
mained the same crystalline state (Fig. S10 in Supporting informa-
tion) and morphology (Fig. S11 in Supporting information) as the
fresh one. In addition, the Cu concentration in the solution, after
completion of OTC degradation, was less than 1 ppm upon by ICP,
confirming BCM was a true heterogeneous catalyst on OTC degra-
dation.

As pH played a key parameter on the OTC degradation, OTC re-
moval over BCM/SPC system was further conducted at various ini-
tial pH from 3 to 11. Fig. 3f described that BCM/SPC system played
the highly catalytic performance in OTC removal at pH 3-11. This
result confirmed that BCM/SPC system could work in a much wider
pH range, compared with H,0, [63]. The effect of humic acids
(HA), as the common natural organic matter, on OTC degradation
catalyzed by BCM/SPC system was also measured in Fig. 3g [64]. It
is clear that HA played a negligible role on OTC degradation, even
at 50mg/L of HA, indicating that the BCM/SPC system owned an
excellent anti-interference ability for natural organic matter in OTC
degradation.

For revealing the mechanism of OTC degradation via percar-
bonate activation, the reactive oxygen species (ROS) in BCM/SPC
system had been identified by quenching experiments. Explicitly
PhOH, benzoquinone (BQ), NaN3 and EtOH were used for quench-
ing "CO3~, "0,, 10, and "OH, respectively [65]. As presented in
Fig. 3h, it is clear that all of PhOH (3.98 mmol/L), BQ (0.2 mmol/L),
NaN3 (0.2 mmol/L) and EtOH (1.6 mol/L) exhibited an inhibitory ef-
fect on OTC degradation. This result indicated the co-presence of
"C053~, ‘0,7, 10, and "OH in BCM/SPC system, which was also con-
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Fig. 3. Influences of (a) BCM nanoblocks, (b) SPC concentration, (c) initial OTC concentration, (d) degradation temperature, (e) stability of BCM nanoblocks, (f) pH, (g) humic
acid on OTC degradation. (h) Effect of BQ (0.2 mmol/L), NaN3 (0.2 mmol/L), EtOH (1.6 mol/L) and PhOH (3.98 mmol/L) on OTC degradation over BCM/SPC. (i) EPR spectra of
BCM]/SPC system. Reaction Condition: 20 mg/L of OTC, 0.25 g/L of BCM, 0.2 g/L of SPC at 30 °C.

firmed by EPR analysis (Fig. 3i). Then, the dosage of PhOH, BQ,
NaN3, or EtOH was reduced to 0.2 mmol/L. As shown in Fig. S12
(Supporting information), the result indicated that only BQ played
a inhibitory effect on OTC degradation, suggesting ‘O, was the
major ROS in BCM/SPC system. For investigating the possible OTC
degradation pathways, the total content of organic carbon (TOC)
and high resolution mass spectrum (HR-MS) were employed to
measure the degraded OTC solution for determining its mineral-
ization rate and degradation intermediates. The TOC analysis in-
dicated 15.62% of OTC were completely mineralized into CO, and
H,0. As it can been seen in Fig. S13 (Supporting information),
OTC molecule peak of m/z 461 disappeared in HR-MS, suggesting
that OTC molecules were degraded into small intermediates. In Fig.
S14 (Supporting information), fourteen kinds of intermediates had
been confirmed by Mass library [66,67]. Based on quenching tests,
EPR result, HR-MS analysis and relevant literature [68,69], a plausi-
ble mechanism of OTC degradation over BCM/SPC system was pro-
posed in Fig. 4. First, OTC and SPC molecules wereanchored at the
surface of BCM nanoblocks. Immediately, SPC molecules were de-
composed into 'CO3~, "0,~, 10, and "OH by BCM nanoblocks. Then,
OTC molecules, after the attack of multiple reactive oxygen species,

g o-0-0
o = \ e, oA
= [ 2

BCM Na,CO,4-1.5H,0, - H,0

Oxytetracycline
SPC

Fig. 4. Mechanism of SPC activation and OTC degradation on BCM.

were degraded into short-chain intermediates, which were further
mineralized into CO, and H,O.

In addition, this BCM/SPC system’s catalytic performance with
other catalytic systems for OTC degradation was also compared
in Table S1 (Supporting information) [66,70-76]. The result shown
that BCM exhibited the superior catalytic performance in activating
SPC for OTC degradation.

In summary, basic copper molybdate (BCM) nanoblock with the
molecular formula of Cu3(Mo0Q4),(0OH), has been synthesized as an
efficient and heterogeneous catalyst for antibiotics degradation via
percarbonate activation. First, fully physical characterizations con-
firmed BCM nanocomposite exhibited a structure of nanoblocks.
Compared with other molybdates, the order of OTC degradation ef-
ficiency as follow: BCM nanoblocks (80.01%)> Fe;(Mo0Q,)3 (59.99%)
> NiMoO4 (12.12%), highlighting the key role of BCM nanoblocks in
activating SPC to degrade OTC. We also found that BCM/SPC sys-
tem could work in a much wider pH range, compared with H,0,.
Then, BCM/SPC presented a high anti-interference ability for natu-
ral organic matter in OTC removal. EPR results and Quenching tests
demonstrated that the co-presence of ‘CO3~, ‘0™, 10, and "OH in
BCM/SPC system. This study provides an excellent Mo-based cata-
lyst for activating percarbonate in antibiotics removal.
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