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The present study reported fabrication of novel carbon quantum dots-MnFe,04@ZIF-8 (CQDs-MFO@ZIF-
8) by using co-precipitation hydrothermal method for activation of peroxydisulfate (PDS) to degrade
bisphenol A (BPA), one of important emerging organic pollutants in water environment. CQDs-MFO@ZIF-
8 served as a highly efficient thermal activated PDS catalyst with high catalytic degradation efficiency,
reusability and stability. The catalyst achieved almost completely removal of 20.0mg/L BPA within
5.0 min, and the degradation efficiency remained higher than 83% after 5 consecutive cycles. Free radicals
("OH, S04~ and "0,~) and non-free radicals ('0,) were generated in the thermal PDS-activation system,
in which singlet oxygen ('0,) played a dominant role in the degradation of BPA. The potential toxicity of
BPA degradation intermediates was analyzed upon the culture of E. coli and Chlorella sorokiniana by using
Ecological Structure-Activity Relationship Model (ECOSAR) program. The catalytic performances of BPA
degradation by CQDs-MFO@ZIF-8 were evaluated for treatment of different practical water samples to
further verify the feasibility of practical applications. This study provides proof-in-concept demonstration

of new nanomaterials for enhanced catalytic water decontamination.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bisphenol A (BPA) has been used widely as raw material in
the production of epoxy resin, polycarbonate and polyoxyphenol.
As one type of important emerging organic pollutants, BPA and its
degradation intermediates pose a great threat to ecology and hu-
man health [1], due to the effect on carcinogen, malformation and
mutation even at low concentration [2]. BPA and relevant interme-
diates have been detected widely in both natural and engineered
water systems, soil environment, mammals and food [3,4]. Within
this context, developing efficient methods for BPA removal and in-
termediates will be essential for securing water quality and pro-
tecting the environment and human health.

Advanced oxidation processes (AOPs) such as photocatalysis [5],
Fenton oxidation [6,7] and electrochemical oxidation [8] based on
hydroxyl radical ("OH) have been accepted widely for removal of
recalcitrant organic pollutants. However, the photocatalytic process
is limited by narrow absorption range of ultraviolet light and low
utilization efficiency of visible light. Fenton process is subject to
the shortage of production of ferric sludge and need for low pH.
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High energy consumption and operational cost limit the applica-
tion of electrocatalytic technology. Compared with “OH-based pro-
cesses, sulfate radical (SO4"~) (E®=2.6V) is more advantageous by
virtue of higher chemical stability, lower cost and longer half-life of
reactive species in solution [9]. Nonetheless, PDS is needed to be
activated by heating, ultraviolet, microwave and transition metal to
produce highly active SO4"~. To enhance the practical applications
of PDS, it will be desirable to develop the catalysts with high ef-
ficiency, non-toxicity and good stability for effective activation of
PDS.

Zeolitic imidazolate frame work-8 (ZIF-8) represents a kind of
unique organic-inorganic crystalline porous material with good
chemical stability, large surface area, and high thermal stability.
It has been used for photocatalysis, Fenton reaction as well as
persulfate-based oxidation system [10]. In order to further improve
the performance of catalytic activation of persulfate, CQDs with
surface affinity of metal-carbon composites [11] were developed
to increase the chemical stability of the catalyst and the number
of exposed active sites [12]. In the photocatalytic system, for ex-
ample, the excellent up-conversion photoluminescence character-
istics of CQDs are revealed capable of promoting the transfer of
photo-generated electrons for improved light utilization [13]. Be-
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sides that, Liu et al. prepared carbon quantum dot oxygen-rich ti-
tanium dioxide nanosheets (CQD-OTNs) composites for degrada-
tion of tetracycline (TC) under visible-light irradiation [14]. Dop-
ing of carbon dots could effectively separate the photo-generated
electron-hole pairs in TiO,, thus further improved the photocat-
alytic activity. Likewise, the CQDs can also provide more active
sites and electron transfer pathways for activation of PDS.

In this study, ZIF-8 carrier, CQDs, iron and manganese ions co-
doped composite catalyst were synthesized for activation of PDS to
remove emerging organic pollutant (BPA). The morphology, struc-
ture and properties of modified ZIF-8 via CQDs doping were in-
vestigated. The catalytic performances of CQDs doping ZIF-8 were
examined. The main catalytic oxidation active species were an-
alyzed via quenching test and electron paramagnetic resonance
(EPR). In addition, the ecological environment security of this sys-
tem was evaluated through analyzation the intermediate products
of BPA via ECOSAR software and actual toxicity experiments (E.
coli and Chlorella sorokiniana). The aim is estimate whether CQDs-
MFO@ZIF-8/PDS process has enough safe in water environmental
for application.

ZIF-8 was obtained by dissolving a mixture of 0.461g
Zn(NOs3),°6H,0 and 5.5g 2-methylimidazole in 20 mL deionized
water (DI-wanter), stirring for 6h, and drying at 60 °C for 12 h
To prepare CQDs-MFO@ZIF-8, 0.1 g ZIF-8, 10mL CQDs [15], 5.40¢g
MnCl,+4H,0 and 1.98 g FeCl3-6H,0 were dissolved in 20 mL wa-
ter to obtain solution a. 0.1 g of sodium dodecyl sulfate (SDS) was
dissolved in 10 mL of water to obtain solution B. Solutions A and
B were mixed and stirred for 10 min to obtain a mixed solution.
10mL NaOH (8 mol/L) solution was added dropwise in the mix-
ture (A and B) to obtain the suspension with stirrer for 30 min.
Finally, the obtained suspension was transferred to a Teflon-lined
stainless-steel autoclave and heated at 180 °C for 10 h The product
was repeated wash six times using deionized water and absolute
ethanol and dried overnight in an oven at 60 °C. Subsequently, the
solid mixture was grinded, and heated in a tube furnace at 400 °C
for 2 h with a heating rate of 10 °C/min in N, atmosphere to obtain
the used catalyst.

The crystalline phase was examined by an X-ray diffraction an-
alyzer (XRD, Rigaku, RXIII) on a D/MAX-2500 unit with Cu Ko
radiation (A =1.54056A). A scanning electron microscope (SEM)
(S-4800, Hitachi, Japan) with energy dispersive spectrum analy-
sis (EDS) at 5.0kV was used to observe the surface morphology
of the samples. The surface functional groups were detected via
Fourier Transform Infrared (FT-IR) spectrometer, which were ob-
tained from a GX spectrophotometer (PerkinElmer, USA). The elec-
trochemical performance of catalyst was tested by CHIGG60E elec-
trochemical station in Na,SO4 solution (0.2 mol/L). 5.0 mg catalyst
and 50 pL 5 wt% Nafion solution were added to 5mL ethanol so-
lution and sonicated for 120 min to prepare homogeneous suspen-
sion. The catalyst was used as the working electrode, Pt sheet as
the counter electrode and Ag/AgCl as the reference electrode. Sur-
face chemical states of the elements and functional groups of fresh
and used composite materials were identified with X-ray pho-
toelectron spectroscopy (XPS) (Kratos, Japan) with Al K« source
(hv=1486.6eV).

The catalytic performances of CQDs-MFO@ZIF-8 nanocompos-
ites were investigated through PDS activation for BPA degradation.
In order to reach the adsorption desorption equilibrium, 1.0 g/L cat-
alyst (i.e., ZIF-8, MFO, MFO@ZIF-8, CQDs@ZIF-8, CQDs-MFO, CQDs-
MFO@ZIF-8) was dispersed into 100 mL BPA solution (20 mg/L)
to stir for 30min. Subsequently, the solution was heated to 60
°C through a water bath and PDS at an initial concentration of
4 mmol/L was added to start the reaction. Samples were collected
at predetermined time intervals and filtered through a 0.22um
membrane for further analysis. To assess the reusability of the cat-
alyst, it was collected by centrifugation at the end of the reaction,
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washed three times with deionized water, and dried in vacuum
for the next cycle BPA degradation experiment. For the degrada-
tion experiments in different water bodies, tap water and river wa-
ter from water company and Nenjiang in Qigihar, China were used
to dispose BPA solutions. The pH of the system was adjusted by
0.5mol/L NaOH and HCI. The analytical methods and toxicity as-
sessment are provided in Text S1 and Text S2 (Supporting infor-
mation) respectively.

Fig. 1a shows that the magnetic CQDs-MFO@ZIF-8 nanocompos-
ite presents an approximately spherical nanostructure with uni-
form size and regular shape. Fig. 1b shows the EDS results of
CQDs-MFO@ZIF-8 containing manganese, iron, zinc, oxygen, car-
bon and nitrogen, accounting for 56.60%, 20.76%, 12.61%, 5.27%,
3.18% and 1.63% respectively. Fig. 1c is a high-resolution trans-
mission diagram of the composite catalyst, and the image in the
box is enlarged to obtain Fig. 1d. It can be observed that the lat-
tice stripe line spacing of 0.33 nm corresponds to the (002) crys-
tal plane of CQDs [16], indicating that CQDs has been completely
compounded on the catalyst. The element distribution diagram
(Figs. 1e-j) proved that the elements were uniformly distributed
on CQDs-MFO@ZIF-8.

The crystal structure of CQDs-MFO@ZIF-8 was characterized by
using X-ray diffraction (XRD) technique. As shown in Fig. 2a, for
synthetic CQDs-MFO@ZIF-8, based on JCPDS No. 74-2403 in the In-
organic Crystal Structure Data Base, the diffraction peaks at 18.2°,
29.98°, 35.5° and 62.42° corresponded to the (111), (220), (311) and
(400) crystal plane of MFO [17], whereas the diffraction peaks at
25.9° respectively corresponded to the (002) crystal plane of CQDs
[18]. The diffraction peaks at 7.5° should be ascribed the (220)
planes of ZIF-8 [19]. Therefore, the CQDs-MFO@ZIF-8 nanocompos-
ites were successfully prepared.

The FT-IR spectra of ZIF-8, MFO@ZIF-8 and CQDs-MFO@ZIF-
8 (Fig. 2b) reveal the characteristic peaks of imidazole including
the saturated hydrocarbon C-H (CH3) antisymmetric stretching vi-
bration, C-H (CH,) antisymmetric stretching vibration and C=N
stretching vibration at 1571.26 cm~!, 3021.54 cm~! and 2924.42
cm~!, respectively [20]. When MFO and CQDs were doped into ZIF-
8, the absorption peaks at 1627.80 cm~! and 3430.57 cm~! were
assigned to -OH vibration of oxygen and carbon bonds [21]. No-
tably, CQDs enhanced the O-H vibration of MFO@ZIF-8 and showed
C-C and C-0-C stretching vibrations at 1467.88 cm~! and 1331.68
cm~! [22,23]. Moreover, the absorption peaks at 421.20 cm~! and
500.57 cm~! should be attributed to Mn-O and Fe-O stretching, re-
spectively [24].

In this paper, the contribution of electron transfer pathway to
BPA degradation in CQDs-MFO@ZIF-8/PDS system was also dis-
cussed by linear voltammetric scanning (LSV). As shown in Fig. 2c,
under the same voltage, compared with pure ZIF-8 and MFO@ZIF-
8, CQDs-MFO@ZIF-8 has higher current response and more elec-
tron transfer, and the current increases with the rapid and continu-
ous increase of voltage in the positive voltage range. More electron
transfer can directly affect the reaction rate on the catalyst surface,
especially enhance the transformation between Mn?+/Mn3+/Mn*+
and Fe2t[Fe3*for generation more reactive oxygen species [25,26].

To further investigate the chemical composition and electronic
state of CQDs-MFO@ZIF-8 nanocomposite, XPS measurements were
performed. As shown in Fig. 2d, the measured spectra of CQDs-
MFO@ZIF-8 revealed the coexistence of C 1s, O 1s, Fe 2p, Mn 2p,
N 1s and Zn 2p characteristic peaks. As shown in Fig. S1 (Sup-
porting information), both surface chemistry and electronic state
demonstrated a prominent change after CQDs were doped. Com-
pared with MFO@ZIF-8 (surface oxygen content =33.01%; absorbed
oxygen content = 8.04%), the surface oxygen content (38.32%) and
absorbed oxygen content (10.11%) of CQDs-MFO@ZIF-8 are signifi-
cantly increased. There are three characteristic peaks at 283.98 eV,
285.71eV and 287.93 eV, which correspond to C-C, C-0 and C=0
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Fig. 1. (a) SEM image, (b) EDS spectra, (c, d) HRTEM images and (e-j) elemental mapping of CQDs-MFO@ZIF-8 nanocomposites.
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Fig. 2. (a) XRD pattern, (b) FTIR pattern, (c) LSV curves and (d) XPS survey spectra of ZIF-8, MFO@ZIF-8 and CQDs-MFO@ZIF-8 nanocomposite.

respectively, which proves the existence of CQDs. In addition, the
Fe3* content was increased to 52.7% along with decrease in Fe2*
content to 47.3% at the state of 2psj, at binding energy of 710.18
eV. Likewise, the intensity of three separate characteristic peaks at
640.17 eV, 641.49 eV and 643.84eV were attributed to Mn?+, Mn3+
and Mn**+ [27]. This indicated the improved photoelectrochemical
property of MFO@ZIF-8 by doping CQDs in the favor of ROS pro-
duction for pollutant removal.

To further investigate the improved catalytic activity by CQDs
to activate PDS (4 mmol/L) for degradation BPA (20 mg/L), ZIF-8,
CQDs, CQDs@ZIF-8, MFO@ZIF-8 and CQDs-MFO@ZIF-8 were stud-
ied and compared. As shown in Fig. 3a, the adsorption-desorption
equilibrium (15%) could be established between BPA and the cat-
alyst within a period of time for 30 min. In the absence of cat-

alyst, the removal of BPA by PDS alone is only 10% in the first
5 min, which can be ignored. Loading MFO and CQDs onto ZIF-8
led to increase in removal of BPA from 28.85% to 96.50%. The re-
action kinetics was in good accordance with the removal efficiency
of BPA following the order of CQDs-MFO@ZIF-8 (0.613 min~!) >
MFO@ZIF-8 (0.334 min~!) > CQDs@ZIF-8 (0.217 min~!) > ZIF-8
(0.026 min~!) > CQDs (0.020 min~!) as shown in Fig. 3b. Obvi-
ously, CQDs made an enhanced contribution to improved catalytic
activity of MFO@ZIF-8 for PDS activation and BPA removal.

Fig. 3c illustrates the impact of catalyst dosage (0.3, 0.5, 0.7, 1.0
and 1.2 g/L) on degradation of BPA. The BPA removal was increased
from 74.10% to 98.45% with the increase in CQDs-MFO@ZIF-8
dosage from 0.3 g/L to 1.2 g/L, accounting for the highest oxidation
rate constant kg, of 0.67 min~! obtained at the catalyst dosage
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Fig. 3. (a) Removal of BPA in aqueous solution by different as-fabricated samples; (b) fitting curve; effect of reaction parameters on the degradation of BPA: (c) catalyst
dosage; (d) persulfate concentration; (e) initial pH value; (f) reaction temperature and Arrhenius plot for different temperatures (inset). [Reaction conditions: BPA concentra-
tion =20 mg/L, persulfate concentration =4 mmol/L, catalyst dosage = 1.0 g/L, reaction temperature =60 °C and initial pH value=7.04+ 0.2].

of 1.0g/L. This could be explained in the context of the structure-
activity relationship that higher-dosage catalyst provided more ac-
tive sites for PDS activation. On the basis of the dosage of 1.0g/L
for CQDs-MFO@ZIF-8 nanocomposite, the maximum BPA removal
of 96.5% could be reached.

We next investigated the impact of PDS concentration on gen-
eration of ROS by catalytic activation and removing efficiency. As
shown in Fig. 3d, when PDS concentration was increased in the
range of 0-5mmol/L, BPA degradation efficiency was increased first
from 34.74% to 96.50%, followed by observation of being inhibited
to 87.45%. The most likely reason might be scavenging effect of
S04~ radicals caused by higher-concentration PDS (Egs. 1 and 2)
[28]. The ks value for BPA degradation was increased significantly
with the increase in PDS concentration, until excessive PDS pre-
sented inhibition on the reaction and then decreased, which was
consistent with the results of BPA removal. In the CQDs-MFO@ZIF-
8/PDS system, the PDS concentration of 4 mmol/L was adopted for
subsequent tests.

S04~ +S04~ — 520827 (1)

SO4 ™ + 520827 —S$,08" + 50427 (2)

We also examined the impact of initial pH (3-11) to degrada-
tion of BPA. Fig. 3e shows that the pH in the range of 3-7 was pos-
itively correlated with the degradation of BPA, indicated by the in-
crease of BPA removal efficiency from 40.8% to 90.2% within 5 min.
The kinetic constants at different pH values were also different,
and the degradation rate constant k,,s at pH 7 was the highest
(0.46 min~!). With regard to the impact of pH, the H* can re-
act with both *OH and SO4"~ under acidic conditions, which slows
down BPA degradation rate according Eqs. 3 and 4. However, both
degradation efficiency and kinetic constant were decreased slightly,
when the pollutant is alkaline. On the one hand, because the reac-
tive activity of SO4 '~ is higher than that of “OH, SO4"~ can react
with OH~ to form 'OH under weak alkaline conditions indicated
by Eq. 5, leading to decline in BPA removal efficiency [29]. On the
other hand, it is necessary to determine the point of zero charge
(pHpyzc) of catalyst to study the behavior of catalyst and pollutants

at different pH values. As shown in Fig. S2 (Supporting informa-
tion), the prepared CQDs-MFO@ZIF-8 nanocomposites have a pHpzc
of 8.33. It is reported that the pK,; value and pK,, value of BPA are
9.6 and 10.2 respectively [30]. However, when the pH is greater
than 9.6, the surface of CQDs-MFO@ZIF-8 nano-material is nega-
tively charged, and BPA forms an anionic form, which is difficult to
be adsorbed on the surface of CQDs-MFO@ZIF-8 nano-material due
to electrostatic repulsion, thus inhibiting the reaction.

H* +S04~ + e~ — HSO4~ (3)
H* +'OH+e~ — H,0 (4)
S04~ + OH~ — "OH + S0,42~ (5)

Temperature is an important factor that affects thermodynamic
and kinetic feature of BPA degradation under the synergistic action
among CQDs-MFO@ZIF-8/PDS. When temperature was increased
from 30 °C to 70 °C, BPA removal efficiency was increased from
48.9% to almost 100% within 5min (Fig. 3f), indicating accelerated
PDS activation and BPA degradation promoted by elevated temper-
ature. This is due to the fact that higher temperature increased
the frequency of intermolecular collisions to accelerate the reaction
rate [31]. The degradation efficiency of BPA degradation remained
almost unchanged when the initial reaction temperature was var-
ied from 60 °C to 70 °C. Therefore, 60 °C was chosen as the opti-
mum reaction temperature for the degradation of BPA. In addition,
the relationship between reaction rate constant and temperature
was established, and the activation energy of BPA degradation was
calculated by Arrhenius equation (Eq. 6).

Ink = InA — E;/RT (6)

where A is the frequency factor, T (K) is the thermodynamic tem-
perature and R (8.314 ] mol~! K-1) is the ideal molar gas constant.
With Ink,ys as the ordinate and 1/T as the abscissa, the results are
shown in the inset of Fig. 3f, with the 53.24 kJ/mol E; value in the
CQDs-MFO@ZIF-8/PDS system [32]. The low E; value could influ-
ence molecular structure of the contaminant and the reaction con-
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Fig. 4. BPA removal with different scavengers in the CQDs-MFO@ZIF-8/PDS system: (a) BQ, EtOH, FFA and TBA (b) TEMP for '0,, DMPO for ‘0, and DMPO for SO4*~ and
*OH; XPS spectra of CQDs-MFO@ZIF-8 nanocomposites before and after the reaction: (c) Mn 2p, (d) Fe 2p, (e) C 1s and (f) O 1s.

ditions on improvement activation PDS and oxidation contaminant
[33].

The above results confirmed the enhanced performance of PDS
activation and BPA removal by CQDs-MFO@ZIF-8 nanocomposite.
Then, we performed quenching tests by using furfuryl alcohol (FFA,
scavenger of 10,), ethanol (EtOH, scavenger of ‘OH and SO,"~),
benzoquinone (BQ, scavenger of *0,~) and tertiary butyl alcohol
(TBA, scavenger of *OH) [34]. As shown in Fig. 4a, BPA degra-
dation efficiency was 41.89%, 79.19%, 84.95% and 94% when FFA
(0.1 mol/L), EtOH (0.4mol/L), BQ (0.1 mol/L) and TBA (0.4mol/L)
was added into the system, respectively. This result suggested the
CQDs-MFO@ZIF-8/PDS system to be more likely dominated by non-
radical 105, and the radicals such as "OH, SO,"~ and "0, might
play a secondary role. Moreover, adding FFA resulted in a signifi-
cant inhibition on BPA degradation indicated by removal efficiency
as low as 41.89%. The illustration in Fig. 4a also shows that the
degradation rate of BPA decreases after adding FFA (0.109 min~1),
which is far less than that of adding other quenchers (0.314 min~1,
0.379 min~! and 0.563 min~!). All these indicate that 10, is the
main ROS responsible for BPA degradation.

To further confirm this result, we investigated the ROS forma-
tion by carrying out EPR measurement with DMPO serving as spin-
trapping agent for "OH, SO4*~ and "0, and TEMP serving as spin-
trapping agent for 10,. Clearly visible is in Fig. 4b that the charac-
teristic three-peak signals of TEMP-10, were observed, indicating
the formation of 10, in the system. In addition, obvious signals of
‘0,7, "OH and S04~ were also found. However, no obvious signals
were found in sole PDS system as shown in Fig. S3 (Supporting
information). That is, CQDs-MFO@ZIF-8 could facilitate PDS acti-
vation for generation of both free radical and non-radical ROS to
dominate degradation of BPA.

In order to further determine the dominant role of 105, D,0
was used as solvent to replace H,O in the experiment. The removal
ratio of BPA was reached almost 100% within 4 min in Fig. S4 (Sup-
porting information). The main reason was the lifetime of 10, in
D,0 (20-32 ps) system was ten times longer than that in H,0 (2
ps) system. In addition, the utilization rate of PDS was investigated
as shown in Fig. S5 (Supporting information). The degradation rate
of BPA reached 96.5% in 5min, while the PDS removal efficiency
was 72.54%. The contribution rate of each reactive oxygen species

were as follows: 10, (44.8%) > "0, (24.83%) > S04~ (21.22%) >
‘OH (9.15%) (Table S1 and Text S3 in Supporting information). It
further indicated that 0, had occupied the dominant position in
the CQDs-MFO@ZIF-8/PDS system.

The samples of CQDs-MFO@ZIF-8 before and after the reaction
were characterized by XPS analysis, and the catalytic process was
further clarified. In Fig. 4c, for Mn 2p3, in fresh CQDs-MFO@ZIF-8,
the spectrum can be divided into three separate peaks at 640.17 eV,
641.49eV and 643.84eV, attributed to Mn2*, Mn3+ and Mn*+ with
relative intensities of 31.7%, 45.3% and 24.0%, respectively [27]. The
relative composition of Mn2t decreased to 27.8% after the reac-
tion, while the relative composition of Mn3* and Mn** increased
to 47.6% and 25.5%, respectively. This indicates that the valence
state of Mn has changed obviously during the catalytic process, and
Mn2* is transformed into Mn3+ and Mn** on the catalyst surface
[35,36].

As shown in Fig. 4d, the pre-reaction Fe 2p spectrum had two
peaks at 710.18eV and 724.06eV, belonging to Fe 2p3;, and Fe
2py, respectively, thus demonstrating that the Fe species on the
surface of CQDs-MFO@ZIF-8 were Fe3*+ and Fe2+ with relative con-
tents of 38.2% and 61.8%, respectively. After the degradation reac-
tion, the relative content of Fe3+ on the surface of CQDs-MFO@ZIF-
8 increased to 52.7%, while the relative content of Fe?t decreased
to 47.3% [37]. This indicated that the transformation from Fe?* to
Fe3+ occurred on the surface of the composite catalyst.

Fig. 4e shows the high-resolution XPS spectrum of C 1s be-
fore and after the reaction, which shows that the change of the
relative content of oxygen-containing functional groups such as
C-C, C-0 and C=C has a positive effect on the generation of re-
active oxygen species [22,38]. As shown in Fig. 4f, the O 1s peaks
was deconvoluted into three spectral bands at 528.95eV, 530.20 eV
and 531.98eV in fresh CQDs-MFO@ZIF-8, indicating lattice oxy-
gen (Oyy), the hydroxide in surface hydroxyl groups (Og,f) and
physically adsorbed H,;0 (O,4s) on the catalyst surface, respec-
tively [27,39]. Before reaction, the corresponding relative contents
were calculated to be 51.4%, 28.8% and 19.8%, respectively. After
degradation, the relative content of lattice oxygen decreased to
49.9%, the relative content of surface oxygen decreased to 28.3%
and the relative content of adsorbed oxygen increased from 19.8%
to 21.8%, respectively, indicating that all oxygen species were in-
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volved in the catalytic reaction [27]. Considering that the absorbed
oxygen may play a vital role in the oxidation process, it means that
CQDs-MFO@ZIF-8 can activate PDS more effectively. The oxygen-
containing functional groups such as C-C, C-O and C=C con-
tributed positively to the generation of reactive oxygen species
[22,38]. The increase in adsorbed oxygen suggest that lattice oxy-
gen is involved in the redox conversion between Mn*t/Mn3+/Mn?+
and Fe3+t/Fe2* [40]. The reduction in lattice oxygen may be due to
oxidation involving higher valent manganese and its reduction to
lower valent manganese [36].

Based on the above results, we proposed the mechanism of BPA
degradation by CQDs-MFO@ZIF-8/PDS in PDS activation. Firstly,
S,0g2~ is adsorbed on the active site of the CQDs-MFO@ZIF-8
nanocomplex and then reacts with Mn2*/Mn3+/Fe’* to undergo
an electron transfer process, which in turn converts to the active
species SO4°~ (Eq. 7). At the same time, Mn3*/Mn*t[Fe3* will re-
act with S,052~ to be reduced to the low-valence state and con-
tinue to participate in the formation of SO4"~ (Eq. 8). SO4'~ reacted
with H,0 to generate ‘OH (Eq. 9), and the excess S,0g2~ will react
with OH~ to form HO,~ and then to form *O,~ (Egs. 10 and 11).
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S,052 +40H™ — 10, + 25042 + 2H,0 (13)

S04~ +'OH +°0,~ + 10, + contaminants — products (14)

To further investigate the water decontamination of CQDs-
MFO@ZIF-8 under practically relevant conditions, various inorganic
anions (NaCl, NaNO3, NaHCOs3, Na,SO4 and HA) were added into
DI-water to evaluate the performance of PDS activation and BPA
removal. As illustrated in Fig. 5a, when SO42~ and HA were added,
the BPA removal efficiency was slightly decreased by 11.00% and
7.85%, because SO42~ and HA competed with BPA for active free
radicals. This led to unnecessary reaction to consume free radicals
[41]. Compared with the blank test, CI~ and NO3~ had insignificant
impact to degradation rate of BPA, possibly due to strong oxidation
performance of the system. On the contrary, HCO3~ can act as a
radical quencher for during removal of BPA via consuming SO4'~
and "OH (Eqs. 15-19) [42], leading BPA removal efficiency to de-
cline to 57%.

There are two sources of '0, generation, one is the further dispro- HCO3- — H* 4+ C032- (15)
portionation of *0,~ formation, and the other is the direct forma-
tion of S,0g2~ reaction with OH~ (Egs. 12 and 13). These reactive
species are involved in the degradation of BPA (Eq. 14). SO4~+ HCO3~ — "HCO3 + S04~ (16)
Mn?*/Mn3*[Fe2t 4+ 5,0g%~ — Mn3*/Mn**[Fe3+ 4 S04~ + S0,4%~
(7) S04~ + CO327 —'CO3™ + 50427 (17)
Mn3+/Mn#*/Fe3+ +S,042~ — Mn2+/Mn3+ [Fe2* + S,0g"~ (8)  "OH+ HCO3~ — "CO3~ 4S04~ (18)
S04~ +H,0— SO42~ +H* +'OH (9)  'OH+(C03*" —*C0O3~ +OH- (19)
The above results demonstrated that different inorganic anions
S,0g2~ +20H~ — 25042~ + HO,~ + H* (10) had different effect on BPA degradation. Next, the catalytic activa-
tion of PDS and BPA removal were assessed under practically rel-
evant conditions in terms of tap water and river water. The water
HO,~ + 5,082~ — SO4" ~ +S042~ 4+°0,~ + H* (11) quality parameters are shown in Table 1. As shown in Fig. 5b, BPA
removal efficiency of 89.50% and 88% was obtained for tap water
and river water, respectively, within the reaction time of 10 min,
‘05~ +2H,0 —» 10, + H,0, 4+ 2H* (12) which represented a slight decrease in BPA removal for DI-water.
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Fig. 5. Effect of (a) different anions (anion concentration: 5mmol/L); (b) different water matrices (deionized water, river water and tap water) on the degradation of BPA
in CQDs-MFO@ZIF-8/PDS systems; (c) practicability of CQDs-MFO@ZIF-8 in degradation of BPA and metal ion concentration in cyclic experiments; (d) FTIR analysis; (e) XPS
survey spectra and (f) XRD pattern of CQDs-MFO@ZIF-8 before and after reaction [Reaction conditions: BPA concentration =20 mg/L, persulfate concentration =4 mmol/L,

catalyst dosage = 1.0 g/L, reaction temperature =60 °C and initial pH value=7.0+ 0.2].
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Table 1
Water quality parameters of tap water and river water.

Water matrix pH value TOC (mg/L) Electrical conductivity (ps/cm)
Tap water 7.9 0.9 212
River water 8.2 8.9 263

The degraded performance appeared to be likely due to dissolved
organic matter (DOM) in the aqueous matrix, which might con-
sume ROS as a consequence of competition for active sites be-
tween DOM and target contaminants [43]. These results demon-
strated the practical feasibility of CQDs-MFO@ZIF-8 serving as cat-
alysts for practical PDS activation and water decontamination.

One of the most critical factors for practical application is the
stability and reusability of the CQDs-MFO@ZIF-8 nanocomposite
materials. As shown in Fig. 5c¢, after fifth consecutive tests, the BPA
removal efficiency underwent only a slight decrease from 96.5% to
83.90%, which was kept at the level of approximately 84%. Among
them, the decrease of activity may be due to the slight overflow

(a)
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of metal ions on the catalyst. It is also possible that the catalyst
absorbs some intermediate products, which hinders the degrada-
tion efficiency of organic matter [44]. In addition, Fig. 5¢c shows
that the leaching concentrations of manganese, iron and zinc in
the first cycle were 0.65mg/L, 0.42mg/L and 0.085mg/L, respec-
tively, and decreased to 0.38 mg/L, 0.27 mg/L and 0.043 mg/L with
the progress of the cycle. According to the Discharge Standard of
Pollutants for Municipal Wastewater Treatment Plant (GB18918-
2002), the maximum leaching concentration of manganese and
zinc is lower than the maximum allowable discharge concentration
of total manganese (2.0 mg/L) and total zinc (1.0 mg/L). The results
show that CQDs-MFO@ZIF-8 can activate PDS to degrade BPA stably
without causing secondary pollution. The stability of catalytic ma-
terials was further investigated by using FTIR, XRD, XPS technique
before and after reaction to detect whether the structure and/or
composition were changed for CQDs-MFO@ZIF-8. As shown in Fig.
5d, the XPS spectrum of CQDs-MFO@ZIF-8 shows that the positions
of characteristic peaks were basically the same before and after
the reactions, and the change of intensity of characteristic peaks
should be due to mutual conversion of metal ions with different
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Fig. 6. (a) Degradation pathways of BPA in the CQDs-MFO@ZIF-8/PDS system. (b) Toxicity evaluation of BPA and its intermediates via ECOSAR program and actual toxicity
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valence states before and after the reaction, resulting in the reduc-
tion of their contents. The relative changes of characteristic peaks
in the FTIR and XRD patterns of CQDs-MFO@ZIF-8 in Fig. 5e and
Fig. 5f might be caused by the oxidation process that could not
be ignored during the reaction. This provided evidence for stability
and reusability of the CQDs-MFO@ZIF-8 under practically relevant
conditions.

To further investigate whether the degraded products were
toxic to ecology, it was necessary to evaluate the factors that had
impact on water security upon a quantitative basis. The intermedi-
ate products of BPA in degradation process were analyzed by using
UPLC-MS/MS technique (Fig. S6 and Table S2 in Supporting infor-
mation). Based on the measured data, the pathways involved in
BPA degradation mainly included hydroxylation, B-breakage and
C-C bond cleavage, and the data were presented in Fig. 6a. First,
‘0, attacked BPA molecule to achieve cleavage of C-C by oxi-
dation reaction. Meanwhile, 10, was responsible for B-cleavage
of the isopropyl group between the two phenyl groups to form
P1 (4-(2-hydroxypropan-2-yl)phenol, m/z = 168) and P2 (2,4-di-
tert-butylphenol, m/z = 206), and further being oxidized to P3 (4-
isopropenyl phenol, m/z = 133) [39]. Then, P3 transformed into P5
(hydroquinone, m/z = 109) via the transitional product of P4 (1-(4-
methyl phenyl) ethanone, m/z = 135). In particular, hydroquinone
was a notoriously unstable chemical to fast degrade to P6 (p-
benzoquinone, m/z = 108) [45]. Secondly, the benzene ring or hy-
droxyl group in the parent BPA was attacked via generation of ‘OH
to form P7 (bisphenol A catechol, m/z = 243) [46]. P7 was decom-
posed to product P8 (4-isopropylenecatechol, m/z = 149) via hy-
droxylation and breakage of the C-C bond, respectively. Third, BPA
could also be directly C-C broken to form P9 (4-isopropylphenol,
m/z = 135) and P10 (2-phenylpropan-2-ol, m/z = 135). The in-
termediate products were then attacked to form P11 (lactic acid,
m/z = 118), P12 (2-hydroxypropionic acid, m/z = 89) and P13 (2-
hydroxyacetic acid, m/z = 75) [47]. These low molecular weight
compounds were eventually mineralized to CO, and H,O.

According to the intermediate products obtained from UPLC-
MS/MS analysis, ECOSAR program is used to calculate the possible
environmental impact and evaluate the environmental toxicity of
BPA and its intermediates. As shown in Fig. 6b, ECOSAR is used to
predict the acute (short-term) and chronic (long-term or delayed)
toxicity of chemicals to aquatic organisms, which can be divided
into four levels, including highly toxic, toxic, harmful and harmless.
In CQDs-MFO@ZIF-8/PDS system, the acute toxicity of products P2
and P9 was higher than that of BPA, and the chronic toxicity of
products P3, P7, P9 and P10 was higher than that of BPA. Followed
with the catalytic oxidation reaction, P11, P12 and P13 became
harmless via open-loop. In the CQDs-MFO@ZIF-8/PDS system, the
toxicity of BPA degradation process was first increased and then
decreased, and finally generated nontoxic products [48,49]. There-
fore, CQDs-MFO@ZIF-8/PDS system has low ecological risk to de-
grade BPA wastewater through calculation.

In the light of calculation results, E. coli and Chlorella sorokini-
ana used as detection indexes to further prove the safety of CQDs-
MFO@ZIF-8/PDS system. In Fig. 6¢ and Fig. 6d, the acute toxicity
of BPA degradation intermediates to E. coli and Chlorella sorokini-
ana increase obviously, and the inhibition ratios reach 39.59% and
46.52% respectively in 1 min. The results were consistent with cal-
culation which indicated that the degradation intermediates had
high toxicity. Then the inhibition ratio of the intermediate product
began to decrease nearly to noneffective after a series of reactions,
indicating that BPA was finally degraded into a less toxic substance.
Combine with experiment and calculation, CQDs-MFO@ZIF-8/PDS
system was safe and environmentally friendly for degradation BPA.

In this study, CQDs-MnFe,0,4@ZIF-8 catalyst was prepared for
BPA degradation by thermal activation of PDS. Based on optimal
catalyst content of 0.1g/L, PDS of 4mmol/L, pH 7.0 and reac-

Chinese Chemical Letters 35 (2024) 108971

tion temperature of 60 °C, the overall BPA degradation efficiency
could reach 96.5%. The addition of CQDs improved the catalytic
performance, which was favorable for promoting electron trans-
fer to produce active species during PDS activation and BPA re-
moval. Quenching tests and EPR measurement proved the °"OH,
S04, ‘0,~ and '0, be the significant active species involved
in the PDS-activation system, and CQDs-MnFe,04@ZIF-8/PDS de-
graded BPA by complementary free radical and non-free radical
pathways, in which 10, played a dominant role. In the cyclic test,
the degradation efficiency of BPA remained above 83% after five
consecutive reactions, demonstrating good stability and reusabil-
ity of the catalyst. Tests performed on the basis of different wa-
ter quality conditions show the strong anti-interference capability
and practicability under practically relevant conditions. The toxic-
ity of BPA degradation intermediates was evaluated and analyzed
by using ECOSAR, suggesting successful detoxification. This study
provides proof-in-concept demonstration of new nanomaterials for
enhanced catalytic water decontamination.
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