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GRAPHIC ABSTRACT

* Cu-C-MSNs are developed via a co-doping
step of Cu with L(+)-ascorbic acid.

¢ Cu-C-MSNs show superb performance in
removing contaminants and purifying waste-
water.

¢ The performance is owing to the polarization
electric field and cation-m structures.

* The biological toxicity of bisphenol A is
considerably weakened after the reaction.
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ABSTRACT

Effective removal of emerging contaminants (ECs) to minimize their impacts on human health and the
natural environment is a global priority. For the removal of ECs in water, we fabricated a seaweed
spherical microsphere catalyst with Cu cation-z structures by in situ doping of Cu species and ascorbic
acid in mesoporous silica (Cu-C-MSNs) via a hydrothermal method. The results indicate that
bisphenol A (BPA) is substantially degraded within 5 min under natural conditions, with its biological
toxicity considerably weakened. Moreover, industrial wastewater could also be effectively purified by
Cu-C-MSNs/H,0, system. The presence of metal sites and the complexation of ECs via cation-nt
interaction and 7m-m stacking on the catalyst surface were directly responsible for the polarization
distribution of electrons, thus activating H,O, and dissolved oxygen (DO). The removal of
contaminants could be attributed primarily to 1) the activation of H,O, into *OH to attack the
contaminants and 2) self-cleavage because of the transfer of electrons from the contaminants to the
catalysts. This study provides an innovative solution for the effective treatment of ECs and has
positive implications for easing global environmental crises.

© The Author(s) 2024. This article is published with open access at link.springer.com and
journal.hep.com.cn

1 Introduction

Water pollution is a serious global environmental issue
(Taheran et al., 2018; Alimba and Faggio, 2019; Rathi
etal., 2021; Tang et al., 2021; Morin-Crini et al., 2022),
exacerbated by the diffusion of emerging contaminants

(ECs), including endocrine disruptors (EDs), persistent
organic pollutants (POPs), and antibiotics, in aquatic
environment worsens this global problem and has
adversely affected the ecosystem and human health
(Sauvé and Desrosiers, 2014; Khan et al., 2022; Wang
and Yu, 2022). Bisphenol A (BPA), a plastic precursor
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used in synthesizing polycarbonate and epoxy resin, is a
typical ED detected in diverse aquatic environments
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(Almeida et al., 2018; Trivedi and Chhaya, 2022; Wang
et al., 2022a; Xing et al., 2022a). Epidemiological surveys
and animal experiments have shown that BPA exposure
damages multiple organ systems, including reproductive,
neurological, immune, and endocrine systems (Hines
etal., 2018; Xiao et al., 2020; vom Saal and Vandenberg,
2021). Despite consuming considerable energy and
chemicals, conventional water treatment technologies
face challenges in effectively degrading these ECs owing
to their structural stability (Tran and Gin, 2017; Khan
et al., 2021). This necessitates the urgent development of
low-energy-consuming and highly efficient water
treatment technologies to ensure rapid degradation and
toxicity reduction of ECs.

Advanced oxidation processes (AOPs) are considered
effective degradation technologies for organic pollutants
in water because of the benefits from the aggressive
nature of the generated reactive oxygen species such as
hydroxyl radicals (*OH), superoxide radicals (O,"”), and
singlet oxygen (10,) (Tran and Gin, 2017; Cuerda-Correa
etal., 2019; Giwa etal., 2021). However, despite using
extensive input of oxidants and driving forces such as
light, electricity, and ultrasound, these technologies
require high-energy inputs to remove stubborn ECs (Do
Minh et al., 2020; Scaria et al., 2021). Fenton reaction is a
widely used technique of AOPs (Yazici Guvenc and
Varank, 2021). The “OH produced by the reaction of Fe*"
and H,0, rapidly attacks the organic pollutants (Gao
et al., 2022). However, this reaction faces considerable
limitations, including a restricted acidity range (pH 2-3),
extensive consumption of unrecyclable iron salts, and the
generation of hazardous iron sludge (Yamaguchi et al.,
2018; Gao et al., 2022). Although heterogeneous Fenton/
Fenton-like reactions have partially alleviated these
problems (Zhao et al., 2022), the huge energy consump-
tion continues to be an inevitable challenge owing to the
identical reaction principles (Lu etal., 2020). In
particular, the invalid decomposition of H,O, commonly
overcomes the rate limitation of high-valence metal
reduction. In these systems, H,O, molecules act as
electron acceptors and are reduced to “OH through O-O
bond cleavage. Simultaneously, they act as electron
donors and are oxidized to O, or the ineffectual O, via
O-H ©bond breakage. Consequently, the H,0,
consumption exceeds the theoretical value by 100 times
in certain systems (Lyu and Hu, 2017). Altering the
degradation process of contaminants and the
decomposition path of H,O, is essential for reducing
H,O, consumption and realizing a low-consumption
Fenton-like water treatment technology.

Previously, we had found that ECs possess a large
number of electrons and chemical energy (Lyu etal.,
2015b; 2016a; 2016b), which can be utilized to reduce
oxidizing substances in wastewater via the construction of
dual-reaction centers (DRCs) with electron-poor/-rich
micro-areas and driving effect of the non-equilibrium

potential difference on the catalyst surface (Lyu etal.,
2020; Zhang et al., 2020b; Cao et al., 2021; Gao etal.,
2021). Thus, ECs can be eliminated rapidly via
synergistic interactions from surface cleavage and free
radical attack, and the consumption of peroxide reduces
substantially. These studies inspire us that pollutant
energy can be utilized to purify wastewater, thereby
saving energy. However, this strategy still faces a
significant scientific challenge as the EC structures are
stable making it difficult to activate the internal energy
and electrons. Cation—m interactions are key intermole-
cular binding forces between cations and electron-rich ©
orbitals, which can drive the electron transfers of the
types of m—cation (¢ donation) and cation—7n* (7 back-
donation) (Gebbie etal., 2017; Lyu etal., 2017; Wang
etal., 2021b). Thus, the activation of stable ECs by
cation-x structures formed by metal-organic complexation
becomes feasible. Furthermore, interfacial confinement
fundamentally alters the energetics of cation—n-mediated
assembly. These fundamental findings on cation-n
interactions hold promise for the development of
pollutant-energy-driven low-consumption water treatment
technologies, which remains a global challenge in the
field of environmental remediation.

Herein, to overcome this challenge, a novel catalyst
(Cu-C-MSNs), with Cu cation-n structures was prepared
by surface modification of SiO, porous microspheres via
a co-doping step of L(+)-ascorbic acid with Cu species.
Cu-C-MSNs, used to degrade ECs in combination with
H,0, as Fenton-like catalysts, exhibited excellent
performance. The degradation rate of BPA exceeded 85%
within 5 min and was accompanied by a significant
reduction in toxicity. Cu-C-MSNs were also resistant to
the interference of natural organic matter (NOM) and
various types of salts while achieving satisfactory
purification effects on actual wastewater samples from
printing and dyeing. The formation of C—O—Cu bonds
(cation—mt structures) and the complexation of ECs
through cation-n interaction and m-m stacking on the
catalyst surface were found crucial for the activation and
utilization of the electrons in the ECs; this ensured
reduced consumption of energy during the reaction and
efficient water purification. A corresponding interface
reaction mechanism involving ECs degradation was also
proposed in this study based on a series of experiments.

2 Experimental section

2.1 Materials

Bisphenol A (BPA, = 98%, Adamas, China), phenytoin
(PHT, = 98%, Adamas, China), diphenhydramine (DP,
= 98%, Adamas, China), tetracycline (TC, = 98%,
Titan, China), 5,5-dimethyl-pyrroline N-oxide (DMPO,
99%, Dojindo, Japan), N, N-diethyl-p-phenylenediamine
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sulfate (DPD, 98%, Adamas, China), copper nitrate
hydrate (Cu(NO,),-3H,0, = 99%, Titan, China), L(+)-
Ascorbic acid (= 99%, Titan, China), ammonium
hydroxide solution (25%-28%, Titan, China), hexadecyl
trimethyl ammonium bromide (CTAB, 99%, Titan,
China), hydrogen peroxide (H,0,, 30%, w/w, Guangzhou
Brand, China), horseradish peroxidase (POD, Adamas,
China), tetraecthyl orthosilicate (TEOS, 99%, Titan,
China). All of the above reagents can be used without
further purification.

2.2 Synthesis of Cu-C-MSNs

Cu-C-MSNs were synthesized using an enhanced
hydrothermal process. Briefly, 0.12 g Cu(NO;),-3H,0
and 0.05 g L(+)-ascorbic acid were dissolved in 50 mL
deionized water, which was stirred using a mechanical
stirrer, followed by stirring into a homogeneous phase.
Similarly, hexadecyl trimethyl ammonium bromide
(CTAB) was dispersed in anhydrous ethanol (70 mL) and
stirred into another homogeneous phase. The two samples
were mixed and stirred at 25 °C for 45 min to which 8
mL tetracthyl orthosilicate (TEOS) and ammonium
hydroxide were added dropwise to form a colloidal
solution. The resulting mixture was then placed in a
Teflonlined steel autoclave and heated to 110 °C for 24 h.
The mixture was cooled naturally, and the product was
filtered and washed several times. Finally, the sample was
placed in an oven at 60 °C for 12 h and calcined in a
muffle furnace at 550 °C for 6 h to obtain Cu-C-MSNs.
The reference standards SiO, NSs and Cu-MSNs were
prepared using the same procedure.

2.3 Characterization

The surface morphology and elemental composition of
the catalysts were obtained by a scanning electron
microscope (Hitachi Regulus8100, Hitachi, Japan) and a
transmission electron microscope (FEI Talos F200X,
Thermo Fisher, USA). The crystallinity of the catalysts
was characterized by Philips X'Pert PRO SUPER
diffractometer (XRD, Philips, China). The functional
groups on the catalyst surface were detected by a Bruker
Vertex 70 FTIR spectrometer (Bruker, USA). X-ray
photoelectron spectroscopy (XPS) (PHI-5000versapro-
belll, ULVAC-PHI, China) was used to collect elemental
information on the catalyst surface. An electron
paramagnetic resonance spectrometer (EPRS, Bruker,
USA) model Bruker A300-10/12 was used for the
detection of reactive oxygen species. The concentration
of metal ions in the solution was detected by ICP-OES
(PerkinElmer Optima 5300 DV, PerkinElmer, USA) to
the stability of the catalysts.

2.4 Procedures and analysis

The endocrine disruptor bisphenol A (BPA), the drug

phenytoin (PHT), diphenhydramine (DP), tetracycline
(TC), and the synthetic dye rhodamine B (RhB) were
selected as target contaminants to evaluate the
performance of the catalyst due to the biodegradability
and other potential toxicity of these materials. According
to the optimum activity of bisphenol A degradation
obtained by experiments, the optimum concentration of
catalyst and H,0, is 1.0 g/L and 0.01 mol/L. In the basic
reaction experiment, under the condition of neutral pH
value, the catalyst powder (0.05 g) was evenly dispersed
into 50 mL contaminants aqueous solution by magnetic
rotor and thermostat water bath, and the temperature of
the thermostat water bath was set to 35 °C. After the
adsorption/desorption equilibrium between the catalyst
and the contaminants was reached, 0.01 mol/L of H,0,
was added to the solution by drop. Samples were taken at
certain time points using a 1 mL sampler and filtered
through a Millipore filter for subsequent analysis. The
contaminants concentrations were measured by high-
performance liquid chromatography (HPLC). The details
of other procedures and analyses are given in the
Supplementary material.

3 Results and discussion
3.1 Structural characterization

A catalyst with seaweed spherical structures (Cu-C-
MSNs) was developed by doping mesoporous silica with
Cu species and ascorbic acid via an enhanced
hydrothermal reaction. Figure 1(a) shows the steps to
prepare the Cu-C-MSNs. Cu(NO,),-3H,0 and ascorbic
acid with a mass ratio of 1.5:1 were dispersed in
deionized water and mixed with an ethanol solution
containing 0.004 mol CTAB. Subsequently, TEOS and
ammonium hydroxide were added in 1:1 ratio and stirred
for 2 h. The mixture was transferred to a Teflonlined
autoclave for the hydrothermal reaction at 110 °C.
Thereafter, the samples were thoroughly washed several
times and dried. Finally, the obtained solid was calcined
in air to form Cu-C-MSNs.

The scanning electron microscopy (SEM) images
(Figs. 1(b) and 1(c)) illustrate that the Cu-C-MSNs are
seaweed spherical structures with a narrow size
distribution range. The crystalline copper species were
not observed in the transmission electron microscopy
(TEM) images (Figs. 1(d) and 1(e)) and the Cu-C-MSNs
showed a porous structure, suggesting the absence of
copper oxide cluster formation and the incorporation of
copper into the silica framework. The elemental
mappings of the Cu-C-MSNs (Fig. 1(f)) indicated good
dispersion of O, Si, Cu, and C.

According to the powder X-ray diffraction (XRD) in
Fig. 2(a), the peaks at 20 = 23° for Cu-C-MSNs and C-
Si0, corresponded to amorphous silica, whereas no peaks
attributed to Cu oxides, indicating that the introduced Cu
species were indeed dispersed into the SiO, framework
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Fig.1 (a) Preparation process of Cu-C-MSNs. (b) and (c¢) SEM images of Cu-C-MSNs. (d) and (¢) TEM images of Cu-C-MSNs.

(f) Element mapping of O, Si, Cu and C from SEM images.

(Lyu et al., 2015a). Figure 2(b) presents the FT-IR spectra
of the prepared samples, providing more information
about the chemical bonds and groups. The two characteri-
stic peaks at 3450.0 and 1635.3 cm™! were attributed to
the stretching vibration of the -OH group on the SiO,
surface [v(OH)] and C=O, respectively (Wang et al.,
2022b). The addition of copper species shifted these two
peaks to lower wave numbers (3430.7 and 1633.4 cm™!),
indicating that the hydroxyl groups on the catalyst surface
contacted with the copper species, and C=0O bonds were
converted to C—O—Cu bonds. After absorbing BPA for
30 min, C—-O—Cu bonds were red-shifted to 1631.4 cm™!
owing to the complexation of copper species and the
benzene rings of BPA to form new Cu-O-C bonds
(cation-mt structures). The peak at 1095.0 cm™! indicates
Si—O—Si asymmetric stretching vibration, and the peaks at
804.2 and 466.7 ¢cm! represent the Si-O symmetric
stretching vibrations. The peak located at 804.2 cm™!
where the Si—-O—Cu bonds were formed on the surface
shifted to 806.1 cm™! after Cu doping. Similarly, the

peaks at 806.1 and 466.7 cm™! moved to 802.2 and
470.6 cm™!, respectively, after absorbing BPA for 30 min,
which could be attributed to the deprotonation of phenolic
hydroxyl groups in BPA or intermediates of BPA and the
microenvironment changing of the first coordination layer
of copper (Miti¢ et al., 2009). These results suggest the
complexation of BPA on copper species by bonding with
the oxygen atoms in the phenolic hydroxyl group.

X-ray  photoelectron  spectroscopy (XPS) was
performed to further analyze and validate the above
phenomena. The binding energy peaks of Cu 2p,, at
932.48 and 934.68 eV were attributed to Cu(I) and Cu (II)
(Fig. 2(c)) (Xing etal., 2022b). The appearance of a
satellite peak at 943.9 eV confirmed the existence of Cu
(IT) (Lépez-Suarez et al., 2009). The binding energies of
Cu(I) and Cu(Il) decreased by 0.02 eV and increased by
0.12 eV compared to those of Cu,O (932.5 eV) and CuO
(933.6 eV), which was attributed to the conversion of
parts of Cu(ll) to Cu(I) (electron-rich centers) by
acquiring excess electrons during the synthesis.
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Fig.2 (a) XRD patterns of C-SiO, NSs and Cu-C-MSNs. (b) FT-IR spectra of Cu-C-MSNs. XPS orbit spectrum of Cu-C-MSNs

and SiO, NSs in (c) Cu 2p,),, (d) Si 2p, (e) O Is.

Compared with copper, the higher electron affinity of
silicon leads to the transfer of electrons from copper to
silico (Zhang et al., 2012). This resulted in a higher Cu
2ps,, binding energy for Cu(Il), which further confirmed
the formation of Si—-O-Cu in the sample (Lyu etal.,
2015a). Cu (II) was converted to Cu (I) as a result of
L(+)-ascorbic acid reduction, which was beneficial to
contaminant degradation. Fig. 2(d) shows a typical Si-O-
Si of Cu-C-MSNs and SiO, NSs (Bing etal., 2017).
Doping Cu species caused a decrease in the Si 2p binding
energy as Si was substituted by Cu to form Cu-O-Si,
which implied an increase of the electron cloud density
around the Si atoms. Figure 2(e) shows the O 1s orbital of
SiO, NSs and Cu-C-MSNs. The O 1s peak (532.58 eV)
of the SiO, NSs was attributed to absorbed oxygen,
including those in the hydroxyl, carboxyl, or other
oxygen-containing groups (Zhang etal., 2020a). The
introduction of Cu led to a skewing of O 1s toward lower
binding energies. According to the split-peak fitting
results, P1 at 532.18 eV and P2 at 532.68 eV correspond
to lattice and surface oxygen, respectively. The above
evidence indicates that electrons gather around the O
atoms via Si—O—Cu (lattice oxygen) after Si is substituted
with Cu. The binding energy of C 1s orbit (Fig. S1) of
Cu-C-MSNs was increased, which is attributed to the
formation of C—O—Cu bonds (cation-z structures). These
characterization results show the successful formation of

a polarization electric field on the Cu-C-MSN surface,
which may be crucial for its excellent performance in
Fenton-like reactions.

3.2 Catalytic performance for ECs removal

The activity of Cu-C-MSNs was evaluated via the
degradation of ECs, including the endocrine disruptor
BPA, carcinogenic dye rhodamine B (RhB), antihista-
mine drug diphenhydramine (DP), carcinogenic drug
phenytoin (PHT), and antibiotic tetracycline (TC) under
natural conditions. In Fig. 3(a), only 20.0% and 32.11%
of BPA were removed in C-SiO, NSs/H,0, and Cu-
MSNs/H,0, systems, respectively. Surprisingly, in Cu-C-
MSNs/H,O, system, 87% BPA was removed within
5 min and nearly 100% was removed in 2 h. This effect
was induced by the unbalanced distribution of electrons
on the catalyst surface and the attack by ROS. Different
typical ECs were also effectively removed similarly by
Cu-C-MSNs/H,O, system Fig. 3(b). The maximum
removal rates of RhB and DP were 85.4% and 80.0%,
respectively, in two hours. Compared to Cu-C-MSNs/
H,O, system, the consumption of H,O, in Cu-C-MSNs/
H,0,/BPA system was only 35% (Fig. S2), indicating
Cu-C-MSNss is an efficient, low-consumption catalyst for
wastewater purification.

The ion leaching rate and recycling performance were
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Fig.3 (a) Degradation of BPA in the Cu-C-MSNs, C-SiO,, Cu-MSNs system with H,0,. (b) The catalytic effect of different
contaminants. (c) Reusability of Cu-C-MSNs for BPA degradation. (d) Excitation-Emission-Matrix Spectra of printing and dyeing
wastewater. (e) Wastewater after 120 min of degradation of Cu-C-MSNs/H,0, system. (f) Wastewater after 180 min of degradation
of Cu-C-MSNs/H,0, system. Reaction conditions: [catalyst] = 1.0 g/L, [H,0,] = 0.01 mol/L, [BPA] =0.01 g/L, t =35 °C.

evaluated to determine the stability of the Cu-C-MSNs.
The concentration of Cu ions in the solution after the
reaction was in the range of 0.05-0.1 mg/L, well below
the limits prescribed by United States regulations. The
solid catalyst was recovered through filtration, washing,
and drying during the recycling performance test for
cycle experiments (Fig. 3(c)). There was no significant
decrease in the performance of Cu-C-MSNs after six
successive cycles of degradation, and the contaminants
removal was stabilized at 85.5%. Thus, Cu-C-MSN was
verified to be an effective and reliable heterogeneous
Fenton catalyst with potential for practical applications.
Printing and dyeing wastewater from an industrial park
was used to investigate the performance of the catalyst. In
Fig. 3(d), two strong peaks were detected at AEX/AEM =
290/353 nm (Peak A) and AEX/AEM = 241/354 nm (Peak
B), representing dissolved microbial metabolites and
contaminant molecules in the untreated sample,
respectively. The region centered at AEX/AEM = 252/463
nm (Peak C), AEX/AEM = 310/460 nm (Peak D), and
AEX/AEM = 360/460 nm (Peak E) represent dissolved
organic matters (DOM), including fulvic acids and humic
acids (HA) (He etal., 2013; Zhang et al., 2015; Wang
et al., 2021a). In Figs. 3(e) and 3(f), the intensity of peak
A was significantly reduced after the reaction in Cu-C-
MSNs/H,0, system, indicating the purification of
printing and dyeing wastewater. The refractory dye
molecules were preferentially removed from wastewater

during the reaction, thus ensuring rapid and efficient
purification. The rapid degradation of contaminants may
be attributed to the cation-m interaction and polar
complexation between the catalyst, contaminants, and
DOM, improving the electron transfer efficiency among
these three substances.

3.3 Impact of environmental factors for Cu-C-MSNs/H,0,
system

The impact of environmental factors, including the initial
pH, effect of different anions, catalyst, H,O, concentra-
tion, contaminants concentration, and HA concentrations,
on the degradation by Cu-C-MSNs/H,O, system was
investigated.

In Fig. 4(a), contaminant degradation was enhanced by
increasing the catalyst concentration from 0.1 to 1.0 g/L.
Once the catalyst concentration exceeded 1.0 g/L, the
performance was weakened, which may be due to a
reduction in the interfacial electron transfer efficiency by
the agglomeration of catalyst particles. Thus, the
optimum catalyst concentration was 1.0 g/L. The activity
of the Cu-C-MSN system was enhanced with increasing
H,0, concentrations, implying that excessive H,O,
increased the supply of *OH to attack the contaminants.
Considering the economic cost and benefit, the optimal
initial H,O, concentration was found to be 0.01 mol/L
(Fig. 4(b)). In Fig. 4(c), the activity of the catalyst
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Fig.4 (a) The catalytic effect of different catalyst dosages for degradation of BPA. (b) The catalytic effect of different H,O,
concentrations for degradation of BPA. (c) The catalytic effect of different BPA concentrations. (d) Degradation of BPA in the range
pH = 5-9. (e) Influence of different anions (10 mmol/L) in degrading BPA. (f) The catalytic effect of different HA concentrations for
degradation of BPA. Reaction conditions: [Catalyst] = 1.0 g/L, [H,0,] = 0.01 mol/L, [BPA] =0.01 g/L, t =35 °C.

decreased with increasing contaminant concentrations.
Nevertheless, 80% of BPA was removed at a contaminant
concentration of 20 mg/L. Initial pH was used to evaluate
the adaptability of Cu-C-MSNs/H,0, system (Fig. 4(d)).
The performance of the catalyst was not significantly
affected when the pH ranged between 5.25 and 9.15.
Initiating the Fenton reaction in non-acidic environments
is typically difficult. However, the degradation of BPA
was enhanced under alkaline conditions, which may be
attributed to the construction of a polarized electric field
that provides additional pathways for contaminant
removal. As various salts are usually present in industrial
wastewater (Li et al., 2022), investigate the effect of the
anions on the activity of the catalyst is necessary (Fig. 4
(e)). In most salt environments, the activity of the Cu-C-
MSNs was not significantly affected and the presence of
chloride and carbonate salts enhanced the -catalyst
activity, which was attributed to the hydrolysis of
carbonate ions in the solution, established a weakly
alkaline environment that promoted contaminant
degradation. The effect of HA, a typical DOM, on the
activity of the Cu-C-MSNs in simulated natural water
was also explored because the complexation of trace ECs
with DOM in natural waters can severely hinder ECs
removal. The degradation rates of BPA were 96.1% and
85.8% when the HA concentrations were 0.2 and 2 mg/L,
respectively  (Fig. 4(f)). Cu-C-MSN activity was
maintained owing to the construction of cation-m on the
catalyst surface, which altered the adsorption sites and

degradation pathways of contaminants. However, the
performance of Cu-C-MSNs/H,O, weakened when the
HA concentrations were 6 and 10 mg/L. Excess HA in
solution tended to adsorb and accumulate on the catalyst
surface, inhibiting the formation of bond bridges and the
electron-donating effect between the Cu sites and
contaminants.

The performance of the Cu-C-MSNs for BPA removal
under complex conditions demonstrates that the catalyst
exhibits excellent activity and strong adaptability in a
variety of environments, which has practical significance
in wastewater treatment.

3.4 Interfacial reaction mechanism for contaminants
degradation

The interfacial electron transfer process and electron
supply mechanism of the contaminants in Cu-C-
MSNs/H,0, system were revealed by EPR techniques.
No °*OH signal was detected in the solutions before
adding H,0,, regardless of the presence of BPA (Fig. 5
(a)). In Cu-C-MSNs/H,0, solution, the signal of "OH was
observed with an intensity of 1:2:2:1, implying that H,O,
was reduced to *OH by trapping free electrons around the
electron-rich Cu sites. The signal intensity of ‘OH
weakened after the addition of BPA to the Cu-C-
MSNs/H,0, solution, indicating that “OH was contin-
uously consumed during BPA degradation. In Fig. 5(b), a
strong signal of O, was observed in pure Cu-C-MSN
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solution, indicating that DO acquired -electrons at
electron-rich Cu sites and formed O,. Nevertheless, the
O, signal did not significantly change after the addition
of BPA, suggesting that the acquisition of electrons by
oxygen simply induced directional transfer of free
electrons. Moreover, BPA acts as a new source of
electrons to ensure increased electron availability to
electron-poor centers through cation-w interaction and n-nt
interaction. This was verified by analyzing the effects of
the anion on the catalyst activity. The dihydrogen-
phosphate ion is extremely electronegative and easily
occupies electron-poor regions. In the absence of
electrons around the Cu center, dihydrogen phosphate is
immediately adsorbed onto the electron-poor Cu sites,
inhibiting the supply of electrons by BPA. Moreover, no
10, was detected in Cu-C-MSNs/H,0, system (Fig. S3).
These results were verified by free radical quenching
experiments (Fig. 5(c)). The degradation rate of the
pollutant decreased by approximately 65% with the
addition of ‘OH quenching agent (TBA), whereas the
degradation rate of the pollutant did not change
significantly after the addition of O, quenching agent
(BQ), suggesting that “OH was the main contributor to the
degradation of contaminants.

In conclusion, these results revealed the mechanism
behind contaminant degradation by Cu-C-MSNs/ H,0O,

system (Fig. 5(d)). H,O, acts as an electron acceptor in
the electron-rich center (Cu(I)), generating <OH for
contaminant degradation. The absence of free electrons
and the reduction of L(+)-ascorbic acid led to decreased
electron cloud density around Cu(I), which in turn
resulted in the conversion of the electron-rich Cu center
(Cu(D)) to an electron-poor center (Cu(Il)). Contaminants
act as electron donors via n—m interactions with graphene-
like nanosheets or cation— interactions (C—O—Cu bond
bridges) for the electron-poor center (Cu(Il)). The
electrons around Si and O are also attracted to and
transferred to Cu(Il) via the Cu—O-Si bridge for
Cu(I)/Cu(Il) redox cycling (Zheng et al., 2023). Thus, the
contaminants were degraded by the attack of *OH and the
surface cleavage in Cu-C-MSNs/H,0, system.

3.5
BPA

Intermediates and possible degradation pathways of

The intermediate products of BPA during the reaction
were detected wusing liquid chromatography-mass
spectrometry (LC-MS). As shown in Fig. 6(a), 15
intermediates (P1-P15, Table S1), including phenolics,
ketones, alcohols, lipids, acids, aldehydes, and quinones,
were detected. Based on previous experiments, two
degradation pathways for BPA were deduced. In path 1, a
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product at m/z = 244 was detected, resulting from the
hydroxylation of BPA by an *OH attack. In path 2, BPA
was cleaved into 4-(2-phenylpropan-2-yl) phenol and 4-
(1-phenylethyl) phenol at m/z 211 and 197,
respectively, after dihydroxylation and demethylation.
The aromatic compounds eventually decomposed into
lower molecular weight compounds as the reaction
continued. Evaluating the toxicity of intermediates during
the degradation of contaminants is essential. The fathead
minnow LC50 (96 h), Daphnia magna LC50 (48 h), and
developmental toxicity of BPA and its intermediates were
assessed using the Toxicity Estimation Software
(T.E.S.T.). The fathead minnow LC50 (96 h) and
Daphnia magna LC50 (48 h) indicated that BPA was
harmful. However, the toxicity of most intermediates was
reduced by Cu-C-MSNs/H,O, system, and the interme-
diates P5 and P7 were also defined as “harmless”
(Figs. 6(b) and 6(c)). In addition, the developmental
toxicity of most intermediates decreased (Fig. 6(d)). A
comprehensive analysis showed that BPA could be
degraded to low-toxicity intermediates and be
mineralized into H,O and CO,

4 Conclusions

Seaweed spherical microsphere catalysts (Cu-C-MSNs)
were successfully fabricated by doping metal species with
ascorbic acid into mesoporous silica using an enhanced
hydrothermal method. The incorporation of metal species
allowed the construction of polarized electric fields, and
the addition of ascorbic acid led to the establishment of
pathways for contaminants to transfer electrons to the
catalysts. These methods allow the catalysts to exhibit
outstanding catalytic performance (BPA was degraded by
87% in 5 min), with a wide pH response range and
excellent adaptability. Cu-C-MSNs show the ability to
purify the actual wastewater, and the biotoxicity of BPA
can be reduced by Cu-C-MSNs/H,0,. This study
revealed different degradation pathways through which
*OH attacks ECs; this electron-donating effect leads to the
surface cleavage of ECs, providing a new concept for
addressing the global environmental crisis.
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