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ARTICLE INFO ABSTRACT

Keywords: The successful preparation of immobilized nitrogen-doped carbon/cobalt @ porous spherical substrate (N-C/
ZIF"67 o Co@PSS) catalyst derived from ZIF-67 was reported in this work. The oxytetracycline (OTC), tetracycline (TTC),
]I)erlvit}iatl?n and chlortetracycline (CTC) in the simulated wastewater were decomposed via the peroxymonosulfate (PMS)
mmobilization

Advanced oxidation processes
Wastewater remediation

activation by N-C/Co@PSS. The degradation of TCs was initially investigated by batch-type experiments, in
which ca. 100% TCs with an initial concentration of 10.0 mg L7 can be degraded over N-C/Co@PSS + PMS

system within 15 min for 30 runs’ operation. In addition, detailed non-radical dominating degradation mech-
anism was explored by active species capture experiments, electron spin resonance (ESR) tests and electro-
chemical technology. Furthermore, continuous degradation of TCs antibiotics for up to 200 h in the packed N-C/
Co@PSS fixed bed reactors could be accomplished. This work provides theoretical and technical support for the
application of MOFs-based catalysts in large-scale wastewater remediation.

1. Introduction

In recent years, many approaches including adsorption [1,2],
membranes separation technology [3] and advanced oxidation process
(AOPs) [4] have been explored for water decontamination. Among all
treatment technologies, persulfate advanced oxidation processes (PS-
AOPs) via activation of peroxodisulfate (Szog’, PDS) or perox-
ymonosulfate (HSOs5, PMS) have received increasing attention [5]. Up
to date, the degradation mechanisms of PS-AOPs could be summarized
into the free radical pathway [6] and nonradical pathway [7]. Typically,
the free radical pathway dominated by sulfate radical (SO7) has the
advantages of (i) higher redox potential (2.5-3.1 V); (ii) longer half-life
(30-40 ps) and (iii) wider suitable range of pH (2.0-9.0) [5]. On the
other part, three primary nonradical pathways like electron-transfer
processes [8], singlet oxygenation [9] and high-valent metal induced

oxidation [10] have been widely explored and reported. Nonradical
oxidation exhibited the merits of resistance to environmental influences,
selection for substances and adjustable redox potential [11]. However,
the current popular catalysts with the form of particles or powder were
almost limited in recyclability and reusability [12]. Therefore, the
development of new composition and specially immobilized catalyst
with high activity and facile recovery for persulfate activation are
important, yet challenging.

In view of the above, many attempts have been made to granulate
and extrude catalysts into large size materials or to synthesize them into
monoliths to overcome the shortcomings of difficult recovery from
aqueous solutions [13,14]. However, these processes involved compli-
cated treatments and instrumentations. On the other hand, the active
site and surface area of the catalysts obtained by these methods are
limited due to the encapsulation of nanoparticles by the additives layer.
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To this end, there is an urgent need for a catalyst that can be used for in-
situ immobilization.

Metal-organic frameworks (MOFs) are typically synthesized via the
coordination bonding interactions between metal ions and organic
linkers [15], displaying the characteristics of huge specific surface area,
abundant nanopores and the ability to be immobilized easily on the
surface of large particle materials [16]. Especially, Co-based MOFs,
represented by ZIF-67 [17], have been used as effective non-
homogeneous catalysts for activation of PMS/PDS because of their
abundance of divalent Co species [18], which exhibit excellent PMS/
PDS activation efficiency attributed to the particular 3d band structure
of Co?* [19]. To date, ZIF-67 has been immobilized on numerous sub-
strates, such as electrospun polyacrylonitrile [20], ion exchange resins
[21] and nickel foam [22] to activate PMS/PDS for the removal of
organic pollutants. The appropriate large-scale supports should be
robust, industrially obtainable, chemically stable, affordable and
surface-functionalized easily to realize in-suit growth. There is also a big
challenge to enhance the catalytic properties.

Given these prerequisites, we propose to use commercially porous
spherical substrate (PSS) as a macroscopic support for the growth of
nanoscale ZIF-67. PSS is a siliceous material which is originally used in
aquarium filter media with the properties of robustness, inexpensive-
ness, large surface area and resistance to high temperature, allowing it to
be used in a wide range of liquid-based processes [23]. The inherent
surface features of PSS and ZIF-67 make them easy to bind with each
other. The high-temperature resistance also allows for further derivati-
zation of ZIF-67 to prepare some derivatives like Co304 [24] and cobalt/
carbon nanocomposites [25] with higher catalytic activity and stability.

Herein, a new immobilized heterogeneous catalyst N—C/Co@PSS
derived from ZIF-67 @PSS was developed to accomplish the activation of
PMS for efficient TCs mixture of tetracycline (TTC), oxytetracycline
(OTC) and chlortetracycline (CTC) degradation (the chemical informa-
tion of the above-mentioned TCs can be found in the Table S1). TCs
removal efficiency in this PS-AOP system was investigated. In addition,
scavenger quenching experiments, electron spin resonance (ESR) tech-
nology and electrochemical techniques were used to explore the
mechanisms. Last but not the least, separation-free use of N—C/Co@PSS
catalysts and flow-through purification of antibiotic-containing waste-
water were achieved over the continuous operation units.

2. Experimental
2.1. Materials and characterizations

All information of the chemicals and reagents (Text S1), character-
ization instruments and methods (Text S2) are provided in the Supple-
mentary Information (SI).

2.2. Preparation of immobilized catalysts

The synthesis procedure includes two steps as shown in Fig. S1.

(i) The synthesis of ZIF-67 /PSS precursor: Co(NO3)2-6H20(2.0814 g)
and 2-methylimidazole(5.7468 g) were dissolved in 150.0 mL of meth-
anol, respectively. After sufficient dissolution, four commercial porous
spherical substrates (PSSs) with a diameter of 20.0 mm were immersed
in the Co(NO3), methanol solution for 20.0 min. After that, these four
PSSs were transferred to the methanol solution of 2-methylimidazole
and immersed for another 20.0 min. The above-mentioned immersion
steps were repeated three times. Finally, the treated PSSs were immersed
in the mixture of Co(NO3); and 2-methylimidazole methanol solution
for 12 h at the room temperature. The as-obtained purple immobilized
material was washed with methanol for three times, and dried in at 333
K for 10 h to obtain ZIF-67/PSS precursors.

(ii) The synthesis of N—C/Co@PSS: The prepared ZIF-67/PSS was
pyrolyzed in Ny atmosphere under the temperature of 500 °C for 3.0 h to
obtain the immobilized catalysts N—C/Co@PSS, which was dried at
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333 K for 24 h after being washed by ethanol and deionized water. It was
calculated that the average N—C/Co load onto each PSS was 20.0 mg.

2.3. Catalytic PMS activation for TCs degradation over N—C/Co@PSS in
batch experiments

During the batch-type experiments, all reactions were conducted
under dark conditions, in which the catalytic properties of N—C/
Co@PSS was assessed by degrading TCs matrix including OTC, TTC and
CTC at an initial concentration of 10.0 mg L™, respectively. The H,SO4
or NaOH solutions with suitable concentrations were adopted to adjust
the solution pH in the range from 3.0 to 10.0. A piece of N—C/Co@PSS
immobilized catalyst (effective catalyst dosage being 400.0 mg L) and
0.15 mM PMS were introduced to the reactor, in which the TCs degra-
dation experiments were initiated by continuous stirring at 200.0 rpm at
room temperature. 1.5 mL solution was filtrated from the reactor at pre-
determined time intervals using a syringe with 0.22 ym PTFE filters to
determine the residual TCs concentrations, which was quenched
immediately with excess methanol for further determination. The high-
performance liquid chromatograph (HPLC, Vanquish Duo) equipped
with a C18 column (2.1 mm x 250 mm, 5.0 pm) was used to determine
the residual concentrations of TCs, in which the detection wavelength of
the UV detector was fixed at 355 nm.

2.4. Catalytic PMS activation for continuous TCs degradation over N—C/
Co@PSS immobilized catalysts in the fixed-bed reactor

As depicted in Scheme. la, 15 pieces of N—C/Co@PSS with
approximately 300 mg of effective N—C/Co catalyst were packed into a
columnar fixed-bed reactor with a reaction volume of 100.0 mL, in
which a peristaltic pump and a high precision syringe pump were used to
feed the targeted solution a flow rate of 10.0 mL min~! and PMS solution
a flow rate of 20.0 pL min™’, respectively.

2.5. Modular-based coupling AOP processes for continuous TCs
degradation in different fixed-bed reactors

As depicted in Scheme. 1b, 15 pieces of N—C/Co@PSS with 300 mg
effective N—C/Co catalyst and 10 pieces of N—C/Co@PSS with 200.0
mg effective N—C/Co catalyst were packed in the 100.0 mL column
fixed-bed reactor (#1 and #2 reactor) and the 60.0 mL column fixed-bed
reactor (#3 reactor), respectively. An ultraviolet (UV) lamp (5 W) was
installed in reactor 3 without any catalyst. A peristaltic pump and a
high-precision syringe pump were adopted to feed targeted solution and
PMS solution to the #1 reactor. The #2 reactor was connected to receive
the effluent from #1 reactor, in which an ozone generator was intro-
duced to provide O3 for accomplishing catalytic ozonation over N—C/
Co@PSS. The #3 reactor received the effluent of #2 reactor, in which a
high-precision syringe pump was used to feed PDS to achieve UV light-
activated peroxydisulfate process (UV/PDS).

3. Results and discussion
3.1. Characterization of catalysts

The scanning electron microscopy (SEM) image shows that the
pristine PSS substrate displayed laminate structure with smooth surface
(Fig. 1a). The original PSS, as siliceous material, consisted mainly of Si,
C and O (Fig. S2). By contrast, the modified PSS by ZIF-67 particles
showed rough surface as the fine particles with the particle size of ca.
500 nm were coated on the surface of PSS (Fig. 1b) [26]. Transmission
electron microscopy (TEM) image of as-obtained N—C/Co@PSS via
pyrolysis at 500 °C under Ny atmosphere (Fig. 1c¢ and 1d) demonstrated
that the wrinkled ortho-polyhedral particles with particle size of ca. 400
nm were adhered to the surface of PSS. The high-resolution TEM image
(Fig. 1e) indicated that N—C/Co particles immobilized on PSS displayed
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Scheme 1. Schematic diagram of (a) fixed-bed continuous flow reactor based on PS-AOPs and (b) the coupling fixed-bed continuous flow reactors (#1 reactor: PMS/

N—C/Co@PSS; #2 reactor: O3 /N—C/Co@PSS; #3 reactor: UV/PDS).

clear lattice diffraction fringes of Co® (orange dotted area) and graphite
carbon (the blue dotted area), in which the lattice distances of 0.204 nm
and 0.343 nm corresponded to the (111) crystalline facet of the co®
element [27] and the (00 2) fringe of graphite carbon [28], respectively.
Besides, the EDS determination of N—C/Co@PSS (Fig. 1f) exhibited that
the elements of C, Co and N with the mass ratio of 6.1:2.9:1 (Table S2)
are uniformly dispersed on the surface of the catalyst, where the N
derived from the 2-methylimidazole ligand was doped to the graphite
carbon [29].

It was difficult to observe the characteristic X-ray diffraction (XRD)
patterns of ZIF-67 and N—C/Co in the ZIF-67@PSS and N—C/Co@PSS
(Fig. S3a), due to the relatively low-load amount. The XRD patterns of
the ZIF-67 and N—C/Co powders synthesized under the identical con-
ditions to the immobilized materials displayed the characteristic XRD
peaks of ZIF-67 and N—C/Co (Fig. S3b), comparable to the reported
patterns in the literature [30,31]. After pyrolysis, characteristic peaks of
2-theta 26° and 44.2° corresponded to the (002) crystal plane of
graphitic carbon [32] and the (111) crystal plane of Co® [33], respec-
tively, which coincided with the results of HRTEM. The presence of
N—C/Co in PSS was further confirmed by X-ray photoelectron spec-
troscopy (XPS) (Fig. S4) and the corresponding results and discussions
were discussed in SI (Text S3).

3.2. Catalytic PMS activation for TCs degradation in batch experiments

The OTC, TTC and CTC degradation efficiencies via PS-AOP over
different catalysts were presented in Fig. 2a, Fig. 2b and Fig. 2c,
respectively. The self- decomposition efficiency of PMS for OTC, TTC
and CTC was up to 75.9 %, 63.5 % and 71.7 % within 15 min, which
could be contributed to the generation of ROSs such as SO7 and 'O,
from the PMS hydrolysis (Egs. 1 and 2) [34]. Without the presence of
PMS, the adsorption capacities of N—C/Co@PSS towards OTC, TTC and
CTC were 31.5%, 19.2% and 37.3% within 15 min, respectively, which
could concentrate the TCs to be attacked by the active species during PS-
AOP reactions [35]. In the PSS + PMS system, the catalytic degradation
performance was slightly enhanced compared to that of individual PMS

due to the possible contribution of metal impurities in the PSS substrate
(Table S3) to the PMS activation. In the presence of both N—C/Co@PSS
catalyst and PMS, 100% removal efficiencies of OTC, TTC and CTC were
achieved within 15 min, demonstrating that the immobilized N—C/
Co@PSS catalyst could effectively activate PMS to yield ROSs to achieve
efficient degradation toward different TCs. In addition, the PS-AOP
degradation rates for TCs over N—C/Co@PSS was further evaluated
using a pseudo-first-order kinetic model (-In(C/Cp) = kt)) [36]. The
removal rate constants k of OTC, TTC and CTC in the N—C/Co@PSS +
PMS system were 0.2687, 0.3519 and 0.2591 min™?, respectively, which
were much higher than those of the other control systems (Fig. 2d,
Fig. 2e and Fig. 2f). The above results demonstrated that the N—C/
Co@PSS was an excellent catalyst to activate PMS for accomplishing
high degradation efficiency and superior degradation rate. To investi-
gate the TCs degradation process, the TOC removal efficiency was
explored. As illustrated in Fig. S5, the TOC removal efficiency increased
as the reaction progressed, and 28.2% of TOC could be removed over
N—C/Co@PBS + PMS system within 60 min, indicating that TCs can be
partially mineralized to CO5 and H;0. The produced ROSs and the
corresponding degradation mechanisms are discussed in the subsequent
sections.

HSO5; — SOZ" + ¢OH (@)

SO% +HSO; — HSO; + SO7F + '0, )

3.3. The influences of operational parameters, universality and reusability

The effect of initial pH on TCs degradation over N—C/Co@PSS +
PMS system was depicted in Fig. S7. The results revealed that N—C/
Co@PSS could effectively activate PMS for TCs degradation in a wide pH
operating window (3.0-9.0). The degradation efficiency was enhanced
as the pH increased, which could be attributed to the various speciation
of PMS at variable pH conditions [37].

Some general anions such as ClI, NO3 and HyPO3 in the aqueous
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Fig. 1. The SEM images of (a) PSS, (b) ZIF-67/PBS and (c) N—C/Co@PSS; (d and e) The HRTEM images of N—C/Co@PSS; (f) The EDS elemental mapping images of

N—C/Co@PSS.

environment may adversely affect the reaction efficiency of PS-AOPs
[38]. The effects of inorganic anions on the removal of TCs were stud-
ied based on the concentrations of inorganic anions in Beijing surface
water [39]. The experimental results showed that the three above-
mentioned anions exhibited slight inhibition effect on the TCs degra-
dation (Fig. S9), due to that the inorganic anions like CI, NO3 and
H,PO3 could serve as quenchers of free radicals in AOPs or SO could
react with inorganic anions to generate free radicals of weakly oxidation
performance [40]. However, the degradation efficiency of the three
tetracycline antibiotics still reached to ca. 100% within 15 min even in
the presence of different inorganic anions, demonstrating that the N—C/
Co@PSS + PMS system was highly adaptable to the environment. It was
also suggested that non-radical degradation pathways may exist in this
catalytic system. The TCs removal efficiencies over N—C/Co@PSS +
PMS system in different water matrixes were also evaluated, in which
tap water and lake water were adopted to formulate the simulated
polluted water containing different TCs (Table S4). As shown in
Fig. S10a, the OTC degradation efficiencies could reach 95.9% and
96.8% in tap water and lake water, and the degradation performances
toward TTC (Fig. S10b) and CTC (Fig. S10c) were also not inhibited.
The excellent removal performance in real water matrix indicated that
the immobilized N—C/Co@PSS catalyst processes the potential to treat
antibiotic wastewater in practical situations.

3.4. The universality and reusability

To further evaluate the application prospects of the N—C/Co@PSS +
PMS system, the degradation performances of N—C/Co@PSS toward
organic pollutants such as sulfamethoxazole (SMX), bisphenol-A (BPA),
atrazine (ATZ) and 2,4-dichlorophenoxyacetic acid (2,4-D) with the
initial concentration of 10.0 mg L'! were investigated under the optimal
reaction conditions. Within 15 min, the SMX, BPA, ATZ and 2,4-D
removal efficiencies could also reach 100%, 100%, 91.5% and 95.9%
(Fig. S8), respectively, suggesting the excellent catalytic property of
N—C/Co@PSS for PMS activation towards various organic pollutants.

The recyclability of catalysts is an important element to evaluate the
catalysis properties [41]. As shown in Fig. 3a, the catalytic degradation
efficiencies of N—C/Co@PSS toward OTC, TTC and CTC could still reach
95.9%, 97.9% and 93.9% within 30 runs’ operation, which exhibited
superior catalytic activity on TCs degradation to the bench counterpart
catalysts (Table S5). The leached Co ions decreased significantly during
the operation, in which 0.20 mg L™! of leached cobalt ion was detected in
the 30th cycle (Fig. S11), far below the specified value (1 mg LY in
Emission standard of pollutants for copper, nickel, cobalt industry” (GB
25467-2010). By comparing the SEM images of N—C/Co@PSS before
and after the PS-AOP reaction, it was found that the original morphology
and loading of N—C/Co@PSS could still be successfully maintained after
30 runs (Fig. 3b), further demonstrating the excellent stability and
reusability of the as-prepared N—C/Co@PSS.
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10.0 mg L'}, CTC = 10.0 mg L}, PMS = 0.15 mM, pH = 4.3. The SEM images of N—C/Co@PBS after (b) 30 cycles reaction of batch experiment.

3.5. The possible mechanisms of PMS activation over N—C/Co@PBS for
TCs degradation

Typically, there are two main degradation pathways for the activa-
tion of PMS: free radical degradation and non-free radical degradation
[42]. To identify the main ROSs in the N—C/Co@PBS + PMS system for
TCs degradation, the scavenger quenching experiments were conducted.
Methanol (MeOH, 150 mM, kso, = 1.2-2.8 x 10° M "' s71) [43], tert-
butanol (TBA, 150 mM, k.og = 3.8-7.6 x 108 M! s hH [44], benzo-
quinone (BQ, 150 mM, ko, = 0.9-1.0 x 10° M~ s7%) [45], and r-his-
tidine (75 mM, 150 mM, k102 =3.2 x 10’ M ! s~ 1) [46] were used as
the capture agents of SOZ’, eOH, ¢O3 and 102, respectively. The OTC
degradation efficiencies were inhibited by 13.3%, 3.7% and 8.7% when
MeOH, TBA and BQ were added to the solution, respectively (Fig. 4a).
The final once r-histidine with concentration of 75 mM was introduced,
the OTC degradation efficiency declined from 100% (no scavenger) to

74.1%. When the concentration of 1-histidine was increased from 75 mM
to 150 mM, the OTC removal efficiency further declined from 74.1% to
61.3%, indicating that o might be the dominant reactive specie for
OTC degradation in this system. Similarly, the magnitude of the role
played by the active substances in the degradation toward TTC and OTC
followed the order of 102 > SO7 > eOH > 03 (Fig. 4b and Fig. 4c¢).
Electron spin resonance (ESR) technology was further performed to
examine the generation of the different ROSs with the coexistence of
2,2,6,6-Tetramethylpiperidone (TEMP) and 5,5-dimethyl-1-pyrroline
(DMPO), It could be observed in Fig. 4d that the obvious 1: 1: 1
triplet-peak signal of 10, were detected in N-—C/Co@PSS -+ PMS sys-
tem [47], and the intensity of signals became stronger as time pro-
gressed (Fig. 4d), indicating the continuous generation of '0,. As shown
in Fig. 4e, The signals of DMPO-SOZ, DMPO-eOH and DMPO-e03- were
observed in N—C/Co@PSS + PMS system [48,49], implying the pres-
ence of SO7, ¢OH and ¢05. Based on the ESR results, both 10,, SO7, «OH
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Fig. 4. Influences of different capturers on TCs (a: OTC; b: TTC and c: CTC) degradation efficiencies over N-C/Co@PBS + PMS system. Conditions: Catalyst = 400.0
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and O3 were generated during the PS-AOPs reaction, which were
consistent with the quenching experiments.

In recent years, as the typically non-radical oxidation mechanism,
electron transfer processes have been widely reported for the degrada-
tion of organic pollutants [8]. In this work, electrochemical techniques
were performed to identify the electron transfer processes in the N—C/
Co@PBS + PMS system. Due to the relatively minor loading, it was
difficult to test N—C/Co@PBS directly, and the N—C/Co powder ma-
terial was selected for electrochemical testing. The linear sweep vol-
tammetry (LSV) results (Fig. 4f) showed that the current density
enhanced notably with the addition of PMS, indicating that PMS inter-
acted with N—C/Co catalyst to form the metastable reactive complex.
The current increased significantly after adding TCs, which suggested
the TCs degradation had occurred and the formation of an electric flow
formed from TCs to N—C/Co + PMS complex [50]. Electrochemical
impedance spectroscopy (EIS) tests were carried out to estimate the
conductivity of the catalyst. As shown in Fig. 4g, the semicircle size of
N—C/Co + PMS + TCs decreased significantly compared to N—C/Co +
PMS and N—C/Co alone, demonstrating the faster electron transfer rate
in the presence of both catalysts, PMS and TCs [51]. In summary, in the
N—C/Co@PBS + PMS + TCs system, electrons were transferred from
TCs to PMS over N—C/Co, which could be contributed to TCs
decomposition.

To further investigate the contributions of Co, C and N in the PS-
AOPs reaction, XPS spectra of fresh and used N—C/Co@PBS were
studied. For the fresh catalyst, the XPS spectrum of Co 2p (Fig. 5a)
revealed the presence of Co® (780.3 eV) and Co?* (781.8 eV) [52,53].
However, after the reaction, 27.0 % of Co®t (782.4 eV) was produced
with the percentage of Co® decreasing from 43.6 % to 35.9 %, suggesting
that the reaction between Co® and PMS resulted in the oxidation of Co®
to Co>" and even Co>" as well as the production of SOZ (Eq. 3 and Eq.
4) [26]. In addition, Co>" could be reduced to Co®" in turn via the re-
action with HSOg (Eq. 5) [54]. In the C 1 s spectra (Fig. 5b), four peaks
centered at 284.2, 285.0, 285.9 and 287.5 eV can be indexed to C—C, C-
OH, C—N and C—O0 bonds, respectively [55]. After the reaction, the C-
OH bond disappeared, and both the relative proportions and positions of
the C—C, C—0O and C—N bonds had been changed, indicating the

engagement of element C in the reaction. According to previous studies,
electrons at the zigzag edges of carbon were highly chemically active to
activate PMS to generate SOz (Eq. 6) or 102 [56]. The N 1 s spectra
(Fig. 5¢) displayed three peaks corresponding to pyridinic N (398.3 eV),
pyrrolic N (399.0 eV) and graphite N (400.5 eV) [26], respectively. It
has been reported that pyrrolic N in B and N co-doped CNT catalysts
processed the ability for the acceleration of electron transfer and the
activation of PMS [57]. In this study, the proportion of pyrrolic N
decreased from 38.9 % to 30.7 % after the reaction, demonstrating that
pyrrolic N was also the main active component in the activation of PMS.

Co° + 2HSO3 — 2807 + 20H™ 4 Co?* 3)
Co*t + HSO5 — SOF 4+ OH™ + Co**t )]
Co*t + HSO5 — SOF + H + Co?* (5)
¢ + HSO3 — SO +OH™ (6)

To sum up, the mechanisms of the N—C/Co@PBS + PMS system for
the degradation of TCs was depicted in Fig. 5d. (i) The Co element in the
material can directly activate the PMS to produce SOZ, which can
further be converted in the system to eOH and O3 and other radicals
(Egs. 7-10) [58] contributing to the degradation of TCs. (ii) The
abundance of graphite C and pyrrolic N in N—C/Co@PBS not only
directly activated PMS to produce active substances, but also acceler-
ated the electron transfer during the PS-AOPs reaction as well as facil-
itated the reaction. (iii) The N—C/Co@PBS catalyst can be used as a
transport mediator to enable the direct oxidation of TCs as electron
donors through a mediated electron transfer process. (iv) 10, generated
via the activation of PMS by N—C/Co@PBS (Eq. 11), self-decomposition
of PMS (Eq. 2 and Eq. 12) [26] and the conversion of ¢O3 (Eq. 13) [59]
played a major role in the system for degradation of TCs. In conjunction
with the PMS activation mechanisms of N—C/Co + PMS system, the
possible degradation pathways of OTC, TTC and CTC were investigated
according to the mass-to-charge ratio (m/z) of the intermediates mea-
surement (Fig. S12, Fig. S13 and Fig. S14, the corresponding dis-
cussions were clarified in Text S4, Text S5 and Text S6).
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205 + 2H,0 - '0, + Hy,0, + 20H™ (13)

To investigate the changes in toxicity of the by-products during the
degradation of TCs over N—C/Co@PSS + PMS system, the biological
toxicity risk of the intermediates was assessed by quantitative struc-
ture-activity relationship (QSAR) based on Daphnia Magna LCsq [60].
As shown in Fig. §15, the acute toxicity of OTC and CTC was classified as
toxic and TTC was harmful. Nevertheless, the LCsq values for most of the
intermediates increased after the PS-AOPs reaction, indicating that the
biotoxicity of OTC, TTC and CTC decreased during the degradation
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process [60]. Therefore, N—C/Co@PSS + PMS system could not only
completely degrade TCs but also reduce the biotoxicity of OTC, TTC and
CTC, which was an efficient and green oxidation system.

3.6. Catalytic PMS activation for TCs degradation in continuous reaction
system

According to the results of recyclable batch experiments, the pre-
pared immobilized N—C/Co@PMS catalysts could effectively activate
PMS for efficient TCs degradation with excellent recoverability and
recyclability. Hence, we prepared a fixed-bed reactor (Fig. 6a) for
continuous purification of simulated wastewater by N—C/Co@PSS +
PMS, where the hydrodynamic residence time (HRT) was set as 10.0
min. As exhibited in Fig. §16, for 10.0 mg L1 OTC, TTC and CTC, the
continuous degradation efficiency of the only PMS did not exceed 50.0
% for the simulated wastewater. By contrast, TCs could be degraded
efficiently over N—C/Co@PSS + PMS continuous system. Even after
200 h, the removal efficiency of OTC, TTC and CTC was still maintained
at more than 97.4%, 96.8% and 85.1%, respectively (Fig. 6b). It was
noteworthy to noting that the treatment of large-scale antibiotics could

(2)
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be achieved with only a small amount of PMS dosage (0.05 mM)
compared to the PMS dosage in batch experiments (0.15 mM), reflecting
the excellent catalytic performance of the immobilized catalyst in
continuous purification. Similarly, for the OTC, TTC and CTC with low
concentration of 1.0 mg L, the ambition of long-term and efficient
operation could also be achieved with relatively low cobalt ion leaching
(Fig. S17). The corresponding discussions (Text 6) and experimental
results (Fig. S18) were shown in SI. In addition, the SEM image
(Fig. S19) of the used N—C/Co@PSS after the continuous process re-
flected its excellent long-term stability. Moreover, it could be calculated
that 1.0 g N—C/Co catalyst in N—C/Co@PSS could accomplish purifi-
cation treatment towards 400.0 L of wastewater containing antibiotics
within 200 h. The above results mean that the greatly efficient utiliza-
tion of catalysts and the reduction of catalyst costs will be achieved.
The operations in real water matrix are importantly to assess the
performance and application prospects of the catalyst. To this end,
mixed solutions containing OTC, TTC and CTC, each initial concentra-
tion of 10.0 mg L! were prepared with tap water and lake water (water
quality parameters being listed in Table S4). As shown in Fig. S20, after
24 h of continuous operation, more than 95% removal efficiencies of TCs

(b) B orc M trc [l CTC PMS + N/C-Co@PSS

1.0

0.9

0.8

0.7

0.6

c/c,

0.5

0.4

0.3

0.2

0.1

0.0
10 20 30 40 50 60 70 80 9

100 110 120 130 140 150 160 170 180 190 200

Time (h)

Fig. 6. (a) The photograph of fixed-bed continuous flow reactor based on PS-AOPs. (b) Continuous degradation of TCs over N—C/Co@PSS immobilization catalyst

based on PS-AOPs. Conditions: Catalyst = 300 mg, Vpms (250 mm) = 20 pL min~?

, OTC = 10.0 mg L'}, TTC = 10.0 mg L'}, CTC = 10.0 mg L%,
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were achieved in simulated polluted water samples formulated with tap
water and lake water, which was attributed to the non-radical-
dominated degradation mechanism with low environmental impact in
the water treatment process. The above-mentioned results demonstrated
that the synthesized immobilized N—C/Co@PSS possessed promising
potential for practical applications.

3.7. The continuous mineralization of TCs in modular-based coupling
process of AOPs

When advanced oxidation processes are used for the end-of-pipe
treatment of wastewater, it is essential to achieve zero discharge [61].
For this purpose, numerous coupling technologies based on AOPs have
been developed [62]. In this research, triple AOPs technologies (N—C/
Co@PSS + PMS, N—C/Co@PSS + O3 and UV + PDS) had been modu-
larly coupled (Fig. 7a). A series of controlled experiments (Fig. S21)
were performed, and the detailed results were discussed in the SI (Text
S7). In the modular continuous systems, the leached Co ions (0.86 mg L!
after 72 h of treatment) along with the underutilized PMS and O3 will all
be further utilized in subsequent modules (Egs. 4, 14-18) [63-66]. As
shown in Fig. 7b, although the TOC removal efficiency in #1 reactor was
only about 2%, the TOC removal efficiency could reach more than 20 %
after passing through #2 reactor, which was mainly attributed to the
transformation of large organic pollutants into small molecules and the
efficient oxidation capacity of N—C/Co@PSS + O3 [67]. Subsequently,

(2)

#1 PMS+N-C/Co@PSS

(b)
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the unmineralized by-products flowed into #3 reactor, where deep
continuous mineralization with the TOC removal efficiency up to 70%
was achieved by the synergistic activation of UV/PDS [68]. After 60 h of
continuous operation, the TOC removal efficiency of #2 reactor
decreased, which was speculated to the attribution of catalyst Og
oxidation confirmed from the SEM image (Fig. S22). Affected by this,
the TOC removal efficiency of #3 reactor also declined to 50%,
approximately. Moreover, the growth inhibition tests of Escherichia coli
(E. coli) were used to determine the toxicity of TCs and their in-
termediates during the AOPs coupling processes [69]. As shown in
Fig. $23, three sets of parallel experiments were performed, in which the
average diameters of inhibition zones for original TCs, #1 effluent, #2
effluent and #3 effluent against E. coli. were 17.0 mm, 10.8 mm, 10.0
mm and 8.8 mm, respectively. The above results indicated that the
biotoxicity of the TCs decreased continuously over the modular AOPs
coupling processes. The modular AOPs coupling process for the
continuous system maximized the utilization of catalyst and achieved
deep mineralization of the targeted pollutants in a continuous flow,
providing technical support for the practical application of immobilized
catalysts.

Co®* + 03 + Hy0 — Co(OH)*™ + eOH + O, a4
SOF + 03 — SOF + 20, (15)
HSO5 + hv — SOF + ¢OH (16)

Fig. 7. (a) The coupling fixed-bed contin-
uous flow reactors (#1 reactor: PMS/N—C/
Co@PSS; #2 reactor: O3/N—C/Co@PSS; #3
reactor: UV/PDS). (b) The TOC removal ef-
ficiency for continuous flow degradation of
TCs over #1 reactor (PMS + N—C/Co@PSS
system), #1 reactor (PMS + N—C/Co@PSS
system) + #2 reactor (O3 + N—C/Co@PSS
system) and #1 reactor (PMS + N—C/
Co@PSS system) + #2 reactor (O3 + N—C/
Co@PSS system) + #3 reactor (UV + PDS
system). Conditions: OTC = 10.0 mg L7,
TTC = 10.0 mg L, CTC = 10.0 mg L.
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O3 + hv - ¢O + O, a7

O + H,O — 2¢0OH (18)

4. Conclusion

In summary, N—C/Co@PSS (PSS, porous spherical substrate)
immobilized catalyst derived from ZIF-67 was successfully prepared by
pyrolysis, which could be confirmed by SEM, TEM, PXRD and XPS. In
batch-type degradation, tetracycline antibiotics (TCs) matrix, contain-
ing oxytetracycline (OTC), tetracycline (TTC) and chlortetracycline
(CTC) could be efficiently degraded via N—C/Co@PSS + PMS system
within 15 min. The degradation mechanism was investigated via scav-
enger quenching experiments, electron spin resonance (ESR) tests,
electrochemical and XPS analysis, revealing that no-radical (*0y) was
the primary active specie, while other radicals (SO7, ¢OH and ¢03)
electron transfer process acted synergistically on the degradation of TC.
N—C/Co@PSS possessed excellent stability and reusability confirmed
from 30 cycles’ consecutive batch-type experiments. In addition, the
influences of operational parameters including PMS dosage, pH values,
co-existing ions and real water matrix toward the removal performance
of N—C/Co@PSS were discussed. Moreover, continuous treatment of
wastewater was realized using a self-developed fixed reactor, and 1.0 g
effective catalyst could achieve the purification of 400 L wastewater
containing antibiotics within 200 h. Furthermore, through a modular-
based coupling process (N—C/Co@PSS + PMS, ozonation, UV + PDS),
continuous mineralization could be achieved effectively. This work
demonstrated the enormous potential immobilized catalyst derived
from MOFs for water remediation.
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