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ARTICLE INFO ABSTRACT

Keywords: Antibiotics in swine wastewater could lead to risks to the environment and human health, and it is a competitive
Heterojunction alternative to degrade antibiotics via photocatalysis which is green and eco-friendly. However, charge separation
Photocatalyst efficiency and light absorption capacity have been key factors limiting the technology. In this work, we syn-
Isvillc‘)] l:i phosphate thesized the novel photocatalysts of MOF-545/Ag3P0y4 via solvothermal methods, and examine the performance
Swine wastewater and mechanism for the degradation of oxytetracycline (OTC) in swine wastewater. The results showed that
Oxytetracycline compared with AgsPOy4, the composite catalysts have stronger photoresponse and charge separation ability.

MOF-545/Ag3POy4 could completely degrade OTC within 3.0 min with a rate constant of 3.97 min~' which is
12.9 times that of AgsPO4. OTC removal was still 100% within 3.0 min after 5 cycles, which confirmed that the
composite catalyst was stable. Data from free radical capture tests showed that photogenerated holes (h™) and
superoxide radicals (eO3) played a dominant role in OTC degradation. In-situ X-ray photoelectron spectroscopy
(XPS) spectra and electron spin resonance (ESR) spectra proved the formation of an S-scheme heterojunction in
MOF-545/Ag3P0y4, which greatly improves the carrier separation efficiency of catalysts. This study provides a

novel MOF-based catalyst for improving photocatalytic performance.

1. Introduction

Tetracyclines (TCs) including oxytetracycline (OTC) are often used
to promote the growth of pigs and prevent and treat diseases [1,2]. They
are poorly absorbed by pigs, and the long-term use and the consequent
accumulation will pose a threat to human health [3-5]. Unfortunately,
these antibiotics are recalcitrant in traditional biological treatment
processes for swine wastewater. Photocatalysis is a promising technique
for degrading antibiotics in swine wastewater which is green and eco-
friendly [6,7]. The photogenerated electron-hole pairs have a strong
redox ability to degrade antibiotics [8,9]. Silver phosphate (AgsPO4)
photocatalyst has been widely studied because of its simple preparation
method, low toxicity, and strong oxidation ability [10]. However, the
limited light response range and carrier separation efficiency limits its
application in practice [11-14]. To this end, a variety of methods have
been employed, including particle size regulation [15], carbon material

modification [16], metal deposition [17], element doping [18], and
heterojunction construction [19].

The construction of heterojunction has been proven to be an effective
modification method in AgsPO4. For example, He et al constructed a Z-
scheme heterojunction inside Ag3P0O,4/g-C3Ny, and the CO5 conversion
of the composite was 6.1 and 10.4 times higher than that of g-CsN4 and
P25 under simulated sunlight irradiation, respectively [20]. Cai et al
fabricated an AgsPO4/TisCy Schottky catalyst, and the apparent rate
constant of photodegradation of 2, 4-Dinitrophenol was 10 times that of
AgsPO4 [21]. Lin et al synthesized Z-scheme heterojunction photo-
catalysts AgsPO4@MWCNTs@Cr: SrTiOs, under visible light, ternary
composites can completely remove malachite green in 10 min, while
AgsPO,4 takes 30 min to degrade 99% [22].

However, traditional heterojunctions exist some inherent disadvan-
tages, such as type-II heterojunction cannot retain the strong redox
ability of single catalysts. Z-scheme heterojunction is prone to side
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reactions and it is difficult to achieve the expected charge transfer path.
S-scheme heterojunction overcomes these shortcomings, it not only can
retain the strong redox ability of single-phase catalysts but also can
enhance the ability to charge transfer [23,24]. Therefore, S-scheme
heterojunction was chosen to improve the photocatalytic performance
of AgsPOy in this study.

The key to construct S-scheme heterojunction was to find a catalyst
that is compatible with AgsPO4. Metal Organic Frameworks (MOFs)
have aroused great interest in pollutants treatment because of their high
porosity and specific surface area, as well as the tunability and diversity
of structures [25-27]. At the same time, the use of MOFs to composite
with other photocatalysts has been proven to be effective to improve the
light absorption capacity and the carrier separation efficiency [28,29].
Considering that the low flat band potential of AgsPO4, stable
zirconium-based MOF-545 with high flat band potential was selected in
this work to construct S-scheme heterojunction successfully [30].

To the best of our knowledge, studies of AgsPO4 with MOF-545 have
not been reported. In this work, the novel photocatalysts MOF-545/
AgsPOy4 (M/A) were successfully prepared and used to degrade OTC in
swine wastewater. The morphology, light absorption capacity, carrier
separation efficiency, catalytic performance and mechanism of the cat-
alysts were discussed in detail. The results show that compared with
AgsPO4, the composite catalysts have stronger photoresponse and
charge separation ability. MOF-545/AgsPO4 could completely degrade
OTC within 3.0 min with a pseudo-first-order rate constant of 3.97
min~! which is 12.9 times that of AgsPO4. The composite photocatalyst
was stable which achieved complete removal of OTC even after five
cycles. The excellent photocatalytic performance was ascribed to the S-
scheme heterojunction between MOF-545 and AgsPOy. This study pro-
vides a universal strategy for how to improve the light absorption ca-
pacity and charge separation efficiency of photocatalysts and a novel
MOF-based catalyst for improving photocatalytic performance.

2. Material and methods
2.1. Materials

Isopropanol (IPA, > 99.7%) was obtained from Hunan Huihong
Reagent Co., Ltd. Tetrakis (4-carboxyphenyl) porphyrin (H,TCPP, >
97.0%) was purchased from Shanghai Haohong Biomedical Technology
Co., Ltd. N, N-Diethylformamide (DEF, 99%) was done from Shanghai
Yien Chemical Technology Co., Ltd. Zirconium tetrachloride (ZrCly, >
99.9%) was obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, >
99.0%), benzoquinone (BQ, > 98.0%), N, N-Dimethylformamide (DMF,
99.5%), benzoic acid (BA, > 99.5%), acetone (>99.5%), hydrochloric
acid (36.0%~38.0%), sodium phosphate dibasic dodecahydrate
(NagHPO4-12H50, > 99.0%), silver nitrate (AgNOs3, > 99.8%) were
purchased from Sinopharm Chemical Reagent Co., Itd. Milli-Q water was
applied throughout all experiments.

2.2. Experiments

2.2.1. Synthesis of catalysts

The synthesis method of MOF-545 has been adjusted slightly based
on previous reports [31]. Typically, 0.125 g ZrCl4, 0.125 g H,TCPP,
6.75 g benzoic acid and 20 mL DEF were added to the 50 mL PTFE
reactor lining. After ultrasonic dissolution, the mixture was placed in an
oven at 120 °C for 48 h, followed by at 130 °C for 24 h. Then the pre-
material was obtained by filtration. The next step was to activate it.
The mixed solution was added to DEF (250 mL) solution containing 3.75
mL 4 M HCI and heat in an oil bath at 120 °C for 12 h. After cooling
down, it was filtered and washed with acetone and DMF, then soaked in
acetone for 24 h. Finally, after filtration, it was put into a 120 °C vacuum
drying oven to dry for 12 h to obtain purple solid MOF-545.

3.0 mmol Nay;HPO4-12H,0 aqueous solution was added dropwise to
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9.0 mmol AgNOs aqueous solution. Then the mixture was stirred
continuously in the dark for 6 h, followed by centrifugation and washing
with Milli-Q water. Finally, it was dried in a vacuum drying oven at
60 °C for 12 h to obtain golden yellow solid AgsPO4 particles.

The preparation flow of the MOF-545/Ag3PO4 was shown in Fig. S1.
Specifically, x mL MOF-545 (1000 mg/L) aqueous solution was fixed to
100 mL with Milli-Q water. And then 9.0 mmol AgNO3 aqueous solution
was added drop-by-drop. After stirring for 6 h, 3.0 mmol NayH-
PO4-12H,0 solution was added to it. Subsequently, the pre-solution was
centrifuged and washed several times with Milli-Q water, and then dried
in a 60 °C vacuum drying oven for 12 h to obtain MOF-545/AgsPOy4
composite photocatalysis. Written as xM/A. (x represents the number of
grams of MOF-545).

2.2.2. Photodegradation experiments

OTC was added to Milli-Q water to prepare OTC wastewater with a
concentration of 20 mg/L. The photoreaction system consists of 100 mL
OTC solution and 50.0 mg photocatalysts. Before the photodegradation
experiment began, ultrasonic dispersion was performed to make the
catalysts and OTC solution mixed evenly. In order to excluded the effect
of the material on the adsorption of OTC during the photoreaction, the
system was stirred for 30 min under dark conditions to reach the
adsorption desorption equilibrium. Subsequently, photodegradation
experiments were performed. In order to prevent the solution from
heating up due to light irradiation, the reaction was carried out under
cooling cycle water. The light source was a xenon lamp with an intensity
of 300 W and a wavelength>420 nm (PLS-SXE300/300UV, Beijing
Perfectlight Technology Co.,Ltd.). During illumination, samples were
taken at 0, 10, 20, 30, 40 s and 1, 3, and 5 min under light irradiation.
They were filtered through 0.22 pm aqueous filter head, and then the
content of OTC was detected with HPLC. The photodegradation exper-
imental steps of tetracycline (TC) were consistent with OTC. The
removal rate and corresponding reaction rate constant of TCs could be
calculated by the following formulas:

Removalrate = 1 — C;/Cy x 100%

—In(C,/Co) = kt

Where Cj represents the initial concentration of the TCs before the
adsorption and degradation, C; was the concentration of TCs at a specific
moment, k denotes the apparent reaction rate constant.

In order to simulate the actual situation, the swine wastewater after
anaerobic treatment of a pig farm (Fuchi Farm, Hengyang, Hunan
Province, N26.90°E 112.58°) was also used for photodegradation ex-
periments. The ammonia nitrogen of it was determined to be 1800 mg/
L, and the total phosphorus was 92.6 mg/L. After centrifugation to
remove sediment, the water was diluted 10 times and 20 times with
Milli-Q water. The content of antibiotics in the actual wastewater is
slight generally, so an additional 10 mg/L OTC was added to the
wastewater to make the experimental effect more obvious. The reaction
system was 50.0 mg catalysts and 100 mL OTC (10.0 mg/L) swine
wastewater, and other steps were consistent with the OTC degradation
experiment.

2.2.3. Free radical capture experiments

In order to figure out the main active species for the degradation of
OTC, free radical trapping experiments were performed. Benzoquinone
(BQ), disodium ethylenediaminetetraacetate (EDTA-2Na), isopropanol
(IPA), silver nitrate (AgNO3) was used to scavenge superoxide radicals
(#03), photogenerated holes (h™), hydroxyl radicals (¢OH) and photo-
generated electrons (e), respectively. The content of the trap agents was
0.01 mol/L.

2.2.4. Cycle experiments
The stability of the catalyst was determined by cycle experiments on
OTC. After each photodegradation experiment, the catalytic material
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Fig. 1. SEM images of different catalysts. (a) MOF-545; (b) AgsPOy; (c, d) M/A.

was filtered and washed with Milli-Q water at the same time, and then
placed in a 60 °C vacuum drying chamber for 12 h, the material was used
for the next cycle experiment. 5 cycles were carried out in this work.

2.2.5. Experiments on effects of nitrogen and phosphorus

Due to the high content of nitrogen and phosphorus in swine
wastewater, the effects of nitrogen and phosphorus on the degradation
of OTC in wastewater were also studied. In order to simulate the ni-
trogen and phosphorus content after dilution 10 times of swine waste-
water. 1.29 g of dried ammonium nitrate (NH4NO3) was dissolved in
1000 mL OTC solution (20 mg/L), and the concentration of ammonia
nitrogen in this solution is 180 mg/L; 0.0439 g KH,PO4 was dissolved in
1000 mL OTC solution (20 mg/L), and the content of phosphorus in this
solution is 10.0 mg/L.

2.3. Characterization

Field emission scanning electron microscopy (FESEM, Hitachi
Regulus 8100, Japan) was used to observe the surface morphology of the
catalysts, and the elemental composition was determined by its sup-
porting energy spectrometer (EDAX Octane Elect Super-70 mm2, USA).
The crystal structures were characterized by X-ray diffractometer (XRD,
Bruker D8 Advance, Germany). The BET specific surface of the catalysts
was determined by surface area porosity analyzer (Micromeritics ASAP
2460, USA). The UV-vis diffused reflectance spectra (UV-vis DRS) were
obtained by UV-vis-NIR spectrophotometer (Shimadzu UV-3600,
Japan). Photoluminescence (PL) spectroscopy was studied with a full-
featured steady-state/transient fluorescence spectrometer (Edinburgh
Instruments, EI FLS980 Fluorescence Spectrofluorometer, UK). Electro-
chemical impedance spectroscopy (EIS) and Mott-Schottky plots of the
prepared photocatalysts were measured by a three-electrode cell in 0.50
mol/L NaySO4 aqueous solution and a CHI 760E workstation. The as-
prepared photocatalysts thin-film on fluorine-doped tin oxide (FTO)

was used as the working electrode. The other two electrodes were an Ag/
AgCl electrode and a platinum (Pt) electrode, respectively. The surface
chemical composition and electron transfer were analyzed with X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versaprobe III, Japan). The
electron spin resonance (ESR) signals of radical spin-trapped by spin-
trapped reagent 5, 5-dimethyl-L-pyrroline N-oxide (DMPO) were
examined on an electron paramagnetic resonance spectrometer under
visible light irradiation (A > 420 nm) (JEOL JES FA200, Japan).

2.4. Analytical methods

The concentration of antibiotics was determined by high perfor-
mance liquid chromatography (HPLC), the intermediate products of
OTC degradation process were tested by liquid chromatograph-mass
spectrometer (LC-MS), and the details are in text S1.

3. Results and discussion
3.1. Characterization

The morphology and microstructure of the catalysts were studied by
FESEM. As shown in Fig. 1a, MOF-545 exhibited a rod-like structure
with smooth surface and a certain brittleness, and the diameter was
about 2-10 um. AgsPO4 were polyhedral particles with inhomogeneous
particle size. The large were 10-20 um in diameter approximately, and
there were lots of small spheres of AgsPO4 attached to them (Fig. 1b).
However, after the addition of MOF-545, the particle size of AgsPO4
became small and uniform, most of which were below 0.5 pm in diam-
eter. This facilitated the exposure of more surface-active sites, thereby
enhancing the photocatalytic efficiency of AgsPO4. At the same time,
MOF-545 grown through AgsPOy4 (Fig. 1¢). In addition, there were many
AgsPO4 with a diameter of about 0.1 pm embedded on the surface of
MOF-545 (Fig. 1d). The above phenomena indicated that great
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Fig. 2. SEM-EDS elemental mapping images of M/A.

interfacial contact has formed between MOF-545 and Ag3POy,.

In addition, the BET specific surface area of the photocatalysts was
determined. In order to obtain more accurate particle size information of
the catalysts, the specific surface area of BET was determined. As shown
in Table S1, the BET specific surface area of AgsPO4 was 0.164 rn2~g’1
only, while the MOF-545/Ag3PO, reached 3.79 m?g~! which is 23.1
times that of AgsPO4. Generally, a larger surface area will make more
active species and pollutant molecules adsorb on the surface of the
photocatalyst, thus improving the photocatalytic activity of the catalyst
[32,33]. In addition, SEM-EDS tests were also carried out and the results
was shown in Fig. 2. The elements P, Ag, O, C, N, H, and Zr could all be
observed, proving that AgsPO4 grew well on the surface of MOF-545. To
study the crystal structure of the material, XRD tests were performed. As
shown in Fig. S2, the prepared AgsPO,4 was anastomosed with the
AgsPOy4 of the body-centered cubic crystal form (JCPDS No.06-0505),
the main diffraction peaks at 20.9°, 29.7°, 33.3°, 36.6°, 53.4°, 55.0°,

57.3° and 71.9°, were indexed as the (110), (200), (210), (211),
(222), (320), (321) and (421) crystal planes, respectively. [34]. The
XRD profile of MOF-545 was consistent with previous studies [35]. In
the XRD pattern of the composite catalyst, the characteristic peaks of
AgsPO4 and MOF-545 could be clearly observed. The above conclusions
indicated the successful synthesis of AgsPO4, MOF-545 and MOF-545/
AgsPOg,.

High resolution XPS was used to determine the chemical composition
of the catalyst surface. Fig. 3a showed the spectrum of N 1s of MOF-545,
with peaks at 400.01 eV and 397.80 eV corresponding to pyrrole N and
C = C-N, respectively. The Zr 3d spectrum corresponded to two peaks,
185.30 eV and 182.80 eV, which related to Zr 3ds,; and Zr 3ds,s,
respectively (Fig. 3b). Fig. 3c could be observed that C 1s of MOF-545
included three characteristic peaks located at 284.80 eV, 286.36 eV
and 288.83 eV, which were derived from the C = C bond and amorphous
carbon of the aromatic ring, the carbon-nitrogen bond, carboxylic acid
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Fig. 3. High resolution XPS spectrum. (a) N 1s spectra of MOF-545; (b) Zr 3d spectra of MOF-545; (c) C 1s spectra of MOF-545; (d) Ag 3d spectra of AgsPOy; (e) P 2p

spectra of AgsPOy; (f) O 1s spectra of AgzPOy.

and the carboxyl group of the pyrrole ring, respectively [36]. For
AgsPOy, Ag 3d had two characteristic peaks, 367.98 eV and 374.07 eV,
corresponding to Ag 3ds,2 and 3ds/s, respectively, which indicated the
presence of Ag™" in AgsPOy (Fig. 3d) [37]. The characteristic peak of P 2p
was located at 132.79 eV, which was mainly due to the presence of PO3’
in AgsPOy4 (Fig. 3e) [37]. The O1s spectrum was divided into two distinct
peaks, 530.5 eV and 531.9 eV, corresponding to lattice oxygen and
surface oxygen of AgsPOy, respectively (Fig. 3f) [38].

The optical absorption capacity of the photocatalyst was tested by
UV-vis diffuse reflectance spectrum (DRS) and the band gap of the
materials was calculated. As shown in Fig. 4a, the pure AgsPO4 has good
capture absorption performance at wavelengths less than 530 nm, but
weak above 530 nm. After compounding with MOF-545, the absorption
intensity is greatly enhanced, even above 530 nm. The reason is that
MOF-545 contains an HoTCPP ligand, which acts as a visible light cap-
ture unit, thereby improving the optical absorption performance of the
catalyst [31]. The Tauc plot of AgsPO4 was shown in Fig. 4b, and it is

clear that the band gap of AgsPOy4 is 2.34 eV. The UV-vis DRS of MOF-
545 was shown in Fig. S3a, which has a strong light absorption ability
below 700 nm. Similarly, the band gap of MOF-545 is calculated to be
1.60 eV (Fig. S3b).

In order to study the band structure of photocatalysts, the Mott—
Schottky curves of AgsPO, and MOF-545 were tested under the fre-
quency of 750 Hz and 1000 Hz, respectively. As shown in Fig. 4c, d, the
slope of both straight segments is positive, proving that AgsPO4 and
MOF-545 are both n-type semiconductors. Fig. 4c manifested that the Eg,
of AgsPOy is 0.365 eV vs. Ag/AgCl, which is equivalent to 0.562 eV vs.
NHE. Since the Ecp of n-type semiconductors is 0.2 V higher than that of
Egp, the Ecp of AgsPOy4 is 0.36 eV [39]. Thus, the Eyp of AgsPOy4 is 2.70
eV. Similarly, the Ecp and Eyp of MOF-545 are —0.39 eV and 1.21 eV.
The above calculated values are similar to the previous results [31,40].

To study the separation efficiency of the carriers, the photo-
luminescence (PL) spectrums of the catalysts at an excitation wave-
length of 320 nm were tested. As shown in Fig. 5a, the PL strength of
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AgsPOy is significantly stronger than that of MOF-545/AgsPO4, which
indicates that the doping of MOF-545 improves the separation efficiency
of photogenerated carriers [41,42]. In addition, electrochemical
impedance spectroscopy (EIS) tests were performed on the materials.
The reduced radius of the impedance spectrum means that photo-
generated electron-hole pairs have higher migration and separation ef-
ficiency [43,44]. As shown in Fig. 5b, the radius of the MOF-545/
AgsPOy4 is smaller than that of AgsPOy, indicating that the electron
transfer ability of the MOF-545/AgsPO,4 composite is stronger. The
above conclusions showed that the introduction of MOF-545 signifi-
cantly improved the photogenerated charge separation efficiency of the
AgsPOy, generated more effective photogenerated carriers, and greatly
improved the photocatalytic ability.

3.2. Photocatalytic performance

3.2.1. Photodegradation activity of catalysts on OTC and TC

The degradation of OTC was used to evaluate the performance of the
photocatalysts. Fig. 6a presented the adsorption equilibrium curve for
OTC of AgsPO4 and MOF-545/Ag3P0O4 within 60 min, it could be found
that the adsorption capacity of OTC by photocatalytic materials was
slight, and the adsorption-desorption equilibrium had been reached at
30 min, which indicated that the degradation of OTC under light was all
attributed to photoreaction, and the influence of adsorption was
excluded.

The degradation curve of OTC by photocatalysts was shown in
Fig. 6b. The photocatalytic activity of all MOF-545/AgsPO4 was superior
to the AgsPOy, and they could completely remove OTC in 3 min. How-
ever, the degradation rate of AgsPO4 in 3 min was only about 65%, and it
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Table 1

Comparison with other photocatalysts for degradation.
Photocatalyst Dosage (g/L) OTC concentration (mg/L) Light source Irradiation time (min) Remove rate (%) Refs.
Co-pCN 0.3 20 300 W Xe lamp (A > 420 nm) 40 75.7 [45]
CoFe@NSC 0.2 50 300 W Xe lamp (A > 400 nm) 150 82.7% [46]
Fe, gCe.204/GO 0.8 30 220 W Xe lamp (A > 420 nm) 120 88% [47]
OCN-24-550 1 20 300 W Xe lamp (A > 420 nm) 120 85.76% [48]
FeOOH QDs/CQDs/g-C3N4 0.25 10 300 W Xe lamp (A > 420 nm) 60 85.5% [49]
BiOBr/MoS,/GO 1 20 300 W Xe lamp (A > 380 nm) 40 98% [50]
MnFe 04/8-C3Ny 0.25 30 300 W Xe lamp 10 80.5% [51]
Ag/BiV04/GO 0.4 20 500 W Xe lamp (A > 420 nm) 70 90.43% [52]
AgsPOy4 0.2 20 300 W Xe lamp (A > 420 nm) 8 98.2% This work
MOF-545/Ag3P0y4 0.2 20 300 W Xe lamp (A > 420 nm) 3 100% This work

could not degrade OTC completely even in 8 min. In addition, the
pseudo-first-order kinetic model was used to analyze the degradation
experimental data. As shown in Fig. 6¢, the K value of pure AgsPO4 was
0.306 min~!, and the K value of all composites was larger than that of
AgsPO4, among which 7 M/A reached 3.97 min~!. The photocatalytic
activity was increased by 12.9 times. The influence of the doping content
of MOF-545 on the degradation efficiency was further studied. As shown
in Fig. 6d, with the increase of MOF-545 content, the photocatalytic
activity gradually increased, and the catalytic performance of the cata-
lyst tended to be balanced after 7 mg. The reason may be the combi-
nation of MOF to AgsPO4 has reached saturation, and excess MOF-545
will be washed out by Milli-Q water during synthesis. In addition, the
degradation effect of the catalysts on TC was also carried out, and it is
obvious that the performance of the MOF-545/Ag3P0O4 was also signif-
icantly higher than that of AgsPOy4 (Fig. 6e). The above results showed
that MOF-545/Ag3PO4 has excellent photocatalytic performance. This is
attributed to the increase in the specific surface area of BET, the
enhancement of light absorption capacity, and the improvement of
charge separation efficiency.

3.2.2. Photodegradation activity of catalysts on OTC in simulated swine
water

In order to better evaluate the ability of catalysts to remove antibi-
otics from swine wastewater, the swine wastewater after anaerobic
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I
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OH
m/z=461.1
OTC (wz ) I

nees

OH (¢] OH
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OH
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treatment of a pig farm (Fuchi Farm, Hengyang, Hunan Province,
N26.90°E 112.58°) was also used for photodegradation experiments. As
shown in Fig. 6f. Obviously, whether it was diluted 10 times or 20 times,
the degradation efficiency of MOF-545/Ag3PO4 was better than that of
pure AgsPO4. When diluted 20 times, the difference between the two
catalysts was more evident. This is because many substances in high-
concentration wastewater that affect the efficiency of the catalysts
such as nitrogen and phosphorus etc. In addition, pseudo-first-order rate
constants were used to fit the experimental data. When diluted 10 times,
the k-value of MOF-545/AgsP0O,4 was 2.6 times that of AgsPO4, and
when diluted 20 times, it was 13.8 times (Fig. 6g).

3.2.3. The stability of MOF-545/AgsPO4 and the effect of nitrogen and
phosphorus on the MOF-545/AgsPO4

The result of the cycling experiment was shown in Fig. 6h, the
photoactivity of MOF-545/Ag3PO4 was slightly reduced after five cycles,
but the OTC could still be completely removed within 3 min, indicating
that the materials exist great stability. In summary, MOF-545/AgsPOy4
has the possibility of practical application. The effects of ammonia ni-
trogen and total phosphorus on the degradation efficiency of OTC were
shown in Fig. S4, it can be seen that ammonia nitrogen and total
phosphorus inhibited the activity of the catalyst. Therefore, removing
OTC in swine water by photocatalysts is suitable after nitrogen and
phosphorus removal. Meanwhile, the degradation activity of MOF-545/
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Fig. 7. Proposed degradation pathways of OTC by M/A.
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Fig. 8. Photodegradation curves of OTC over M/A composite with different
active species scavengers under visible light irradiation.

AgsPO4 on OTC is higher than most other photocatalysts reported pre-
viously (Table 1).

3.3. Degradation pathways of OTC

LC-MS was used to determine the intermediate degradation products
of OTC by MOF-545/Ag3P0y4, and the degradation pathway was also
analyzed. The peak at m/z = 461.1 wasn’t detected in the samples that
had been reacted under light for 3 min, indicating that OTC had been
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completely decomposed. In addition, 10 intermediates were detected.
Table S2 summarized the retention times, major mass fragment ions (m/
z), chemical formulas, and possible chemical structures of these in-
termediates. MS spectra of the intermediate products at different reac-
tion times were shown in Fig. S5. By analysis, there may be two
pathways for the degradation of OTC. As shown in Fig. 7, in pathway I,
the amino, hydroxyl, methyl, and carbonyl groups on OTC molecules
could be removed to form P1. P1 removed two hydroxyl groups and one
amino group, resulting in the formation of P2. P2 removed a hydroxyl
group and generated P3 by ring-opening reaction, followed by hydrox-
ylation and ring breaking to form P4 [53]. In pathway II, OTC was
converted to P5 by separation of hydroxyl, dimethylamino, amide
groups and ring-opening reaction. P5 was deacetylated and then the
hydroxyl group was replaced by the ketone group to form P6, which was
further converted to P7 [54,55]. P5 could also be dehydroxylified to
produce P8 or P9, and then underwent a series of dissociative functional
groups and ring-opening reactions to form P10 [56]. Finally, small
molecule organic matter was mineralized into CO2, HoO and NO3 [54].

3.4. Photocatalytic mechanisms

The results of the free radical capture experiment were shown in
Fig. 8. After the addition of EDTA-2Na, OTC was almost non-degraded,
which indicated that photogenerated holes played a crucial role in this
reaction system, mainly because of the deep valence band of AgsPO4. At
the same time, it was observed that the presence of BQ also had a great
negative impact on the degradation of OTC, indicating that eO3 was
another major active substance in the photodegradation process. After
adding AgNOs, the degradation efficiency of the catalyst was also
reduced, indicating that photogenerated electrons also played a role.
However, the presence of IPA had a limited inhibitory effect on OTC
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Fig. 9. ESR spectra of radical adducts trapped by DMPO in the dispersion of the different samples under both the dark and visible light irradiation (A > 420 nm)

condition. (a, ¢) DMPO-e05, (b, d) DMPO-eOH.
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degradation, indicating that the role of ¢OH in the reaction was slight.
The above results show that photogenerated holes and superoxide rad-
icals play a major role in the degradation of OTC.

In order to further study the reactive radicals generated by photo-
catalysts, ESR spectra of radical adducts trapped by DMPO in the
dispersion of different samples were performed under both the dark and
visible light irradiation (A > 420 nm) condition. As shown in Fig. 9a,
MOF-545 could only produce trace amounts of O3 under light

NHE (eV)
2 2

-1

+2 4

After contact

Before contact

Fig. 11.

irradiation mainly because the single-catalyst carrier recombination rate
is too fast. ¢O3 could not be detected in AgsPOy, this is because the
reduction potential of O/e05 (-0.33 eV) is more negative than the Ecg of
AgsPO4 (40.36 eV) [22]. The signal of eO3 in the composite MOF-545/
AgsPO4 was significantly enhanced, indicating that the carrier separa-
tion efficiency had been improved. Similarly, in Fig. 9b, the AgsPO4
produced only slight ¢OH due to a more positive Eyg (+2.70 eV)
compared with the OH/eOH potentials (+2.40 eV). While the signal

OTC

«OH

Light irradiation

Schematic illustration of photocatalytic mechanism for M/A composite under visible light irradiation (BIEF refers to built-in electric field).
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intensity of ¢OH in MOF-545/Ag3P04 was significantly enhanced, which
is consistent with the conclusions obtained by eOj3. In addition, for
composite MOF-545/Ag3P04, ESR detection was performed under dark
conditions, 5 min and 10 min of illumination. As can be seen in Fig. 9c,
d, the peak of e03 and eOH were not detected in the dark, but were
detected strongly under visible light conditions, and the intensity of the
peaks was higher as the light time increased. The above ESR test results
show that under visible light irradiation, MOF-545/Ag3PO,4 composite
photocatalyst can be successfully generated O3 and eOH radicals,
which coincided with the results of free radical capture experiments. At
the same time, it also shows that the composite material has excellent
carrier separation ability.

In addition, ESR proved that the heterojunction inside MOF-545 and
AgsPO4 was not a type-II heterojunction, but S-scheme heterojunction.
Because in the case of a type-II heterojunction, the photogenerated holes
on the VB of AgsPO4 are transferred to MOF-545, and the photo-
generated electrons on the CB of MOF-545 are transferred to the AgsPO4.
However, the CB of the Ag3sPO4 and the VB of MOF-545 do not have the
ability to generate ¢O3 and eOH [57].

In-situ XPS was used to determine the electron transfer at the
interface and further demonstrate that S-scheme heterojunction exists
between MOF-545 and AgsPO4. As shown in Fig. 10a, when the AgsPO4
was compounded with MOF-545, the binding energy of Ag 3ds,»
reduced from 374.07 eV to 374.03 eV, indicating that the AgsPO4 ob-
tained electrons in this process. This is because the Fermi level is
approximately equal to the flat band potential measured by the Mott—-
Schottky test [58], which means that the Fermi level of MOF-545 is
higher than that of the AgsPO4. When the two came into contact, the
electrons on the MOF-545 were transferred to the AgsPO4, which
created a built-in electric field (BIEF) at MOF-545/ AgsPOy4 interfaces
pointing from MOF-545 to AgsPO4 and bent the energy bands of MOF-
545 and AgsPO4 (Fig. 11) [59,60]. When irradiated under visible
light, the binding energy of Ag 3ds,» was significantly increased from
374.03 eV to 374.26 eV. The reason is that under the drive of the built-in
electric field and band bending, the electrons generated at the conduc-
tion band of AgsPO4 were transferred to the valence band of MOF-545,
and connected to the photogenerated hole here (Fig. 11) [61]. Similarly,
the binding energy of P 2p and O 1s decreased after contact with MOF-
545 and increased under illumination, which is consistent with Ag 3d
(Fig. 10b, c). The above conclusions showed that the S-scheme hetero-
junction between MOF-545 and AgsPOj, interfaces has been successfully
constructed. This greatly improved the separation efficiency of photo-
generated electron-hole pairs, thereby improving the photocatalytic
performance of the catalyst.

4. Conclusions

In this work, the novel photocatalysts MOF-545/AgsPO,4 were suc-
cessfully synthesized, which achieved a stronger photoresponse and
charge separation ability compared with AgsPO4. The experimental re-
sults showed that the photocatalyst could completely degrade OTC in
3.0 min at a rate constant of 3.97 min~! which is 12.9 times that of
AgsPO4. The composite catalyst was stable which achieved complete
removal of OTC even after five cycles. For the degradation of OTC in
simulated swine wastewater, the degradation efficiency of MOF-545/
Ag3PO4 was also higher than that of AgsPOy, indicating that the catalyst
has the potential for practical utilization. S-scheme heterojunction was
confirmed which contributed heavily to the excellent photocatalytic
performance. This study provides a promising MOF-based photocatalyst
for the removal of antibiotics from swine wastewater, and provides a
strategy for how to improve the light absorption capacity and charge
separation efficiency of photocatalysts.
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