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ARTICLE INFO ABSTRACT

Editor: Luigi Rizzo Triclosan (TCS), as a typical toxic and harmful micro-pollutant, has been frequently detected in various water

bodies, and its threat to the aquatic environment has raised significant concerns. In this study, aluminium

Keywords: acetylacetonate doped polymeric carbon nitride photocatalysts (PCN-AA) were synthesized to investigate the
Ehf’;“ataly“c degradation degradation properties of TCS under simulated visible light. The results showed that the best ratio material PCN-
riclosan

AA30 (k = 0.0529 min 1) can degrade 99.29 % of TCS in 90 min, which is 2.45 times the degradation of the
original polymeric carbon nitride material PCN-AAO (k = 0.0216 min~1). The degradation process of TCS pre-
sented different rules under the changing conditions of catalyst dosage, initial concentration of TCS, pH, common
inorganic anions and natural organic matter in water. The results of radicals quencher experiment showed that
-O3 played the most important role in the photocatalytic degradation in the reaction system. This study also
identified 10 degradation products of TCS using UPLC-Q-TOF technology and proposed the possible degradation
pathways. In addition, the acute biotoxicity of PCN-AA materials were tested by luminescent bacteria method,
indicating that the safety of PCN-AA was relatively high. These results demonstrated that the polymeric carbon
nitride material doped with aluminium acetylacetonate is a promising catalyst for the degradation of micro-

Visible light

Polymeric carbon nitride
Aluminium acetylacetonate
Degradation pathway

pollutants in water under visible light.

1. Introduction

With the excessive use of various chemicals and the rapid develop-
ment of water environment analysis and detection technology, micro-
pollutants represented by pharmaceuticals and personal care products
(PPCPs), endocrine disruptors (EDCs), persistent organic pollutants
(POPs) and disinfection byproducts (DBPs) are frequently detected in
the aquatic environment [1]. Although concentrations of these pollut-
ants are in the lower range (ug L ! or even ng L 1), their persistence and
toxicity could not be ignored [2]. TCS is one of the typical PPCPs which
is widely used as a broad-spectrum antibacterial agent in personal care
products such as household cleaners, shower gels, soaps and toothpastes
[3,4]. More than 96 % of TCS enters the sewer systems and ends up in
the environment under normal use [5]. In recent years, many studies
have reported the detection of TCS in surface water and water reuse
systems. For example, the concentration of TCS in surface water was

* Corresponding author.
E-mail address: 1.campos@ucl.ac.uk (L.C. Campos).

https://doi.org/10.1016/j.jece.2022.109186

found to be 10.9-241 ng L™! [6], the average concentration in natural
watershed was 7.5 ng L1 [7], and the concentration in receiving river
replenished with reclaimed water was 61-660 ng L~! [8]. Even if the
concentration level of TCS is very low, it may still exhibit relatively high
acute or chronic toxicity to aquatic organisms, or even threaten the
human health, such as endocrine disruption and reproductive problems
[9-11]. Therefore, it is necessary to take certain measures to effectively
prevent the release of these micro-pollutants in the water environment
and reduce their potential ecological and health risks.

The conventional sewage treatment processes are usually only aimed
at the further removal of general pollutants, but lack of efficient and
targeted removal of micro-pollutants. As a result, a large number of
micro-pollutants that are difficult to degrade will be released into
environmental water bodies through wastewater treatment plants.
Currently, many scholars have carried out researches on the degradation
of micro-pollutants in water using advanced oxidation processes (AOP)
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such as Fenton oxidation, photocatalysis and electrochemical oxidation
[12-15]. Compared with traditional treatment technologies such as
adsorption and membrane treatment, AOP has a better effect on
micro-pollutants degradation, and has the advantages of low selectivity
and no secondary pollution [16]. It showed great application potential
for the removal of micro-pollutants from water. And photocatalytic
oxidation technology is widely used due to its obvious advantages in
energy consumption, economy and high efficiency [17]. Photocatalytic
materials can generate photogenerated electron-hole pairs when excited
by ultraviolet (UV) light or visible light. Such electron-hole pairs will
form a series of active species ( -OH, -O3, etc.) during the reaction pro-
cess, and then degrade the target pollutants by destroying the bond
energy structure [18]. At present, the photocatalysts that are more
researched include WO3 [19], BiVO4 [20], TiOg [21], polymeric carbon
nitride (PCN) [22] and graphene (rGO) [23], and the polymeric carbon
nitride has become one of the most commonly used ideal photocatalytic
materials due to its good band gap, low cost and environmental
friendliness, such as the degradation of organic pollutants and hydrogen
production [24,25]. However, unmodified PCN has poor photocatalytic
performance due to the insufficient visible light absorption and high
recombination rate of photogenerated charge carriers [26]. Therefore,
many studies have taken various approaches to prepare modified PCN
materials to improve the photocatalytic efficiency, including the con-
struction of heterogeneous structures [27], element doping [28], mo-
lecular copolymerization [29] and noble metal deposition [30].

Most of the current researches on the photocatalytic degradation of
TCS are under UV light irradiation [31-33], and there are relatively few
experimental studies using the visible light reaction system. And the
improved polymeric carbon nitride materials could show a larger visible
light response range and excellent photocatalytic activity. For example,
Yang et al. (2020) controlled the electronic structure of PCN by in situ
keto-enol cyclization of urea and acetylacetone, which effectively
enhanced the visible light absorption and photocatalytic efficiency [34].
On this basis, Choi et al. (2018) introduced the bidentate metal coor-
dination site of Al element in acetylacetonate doped polymeric carbon
nitride, which further changed the photocatalytic performance,
improved the activity of photocatalytic degradation and had the ad-
vantages of relatively simple preparation process and low cost [35].
However, most of the researches related to modified PCN only focused
on the synthesis and properties of materials, rather than the specific and
applied analysis of the micro-pollutant degradation using photocatalytic
materials. Therefore, the aim of this work was to investigate the
degradation of TCS by modified PCN materials in detail. This is the first
time aluminium acetylacetonate (Al(aa)s) doped PCN photocatalytic
material is applied to degrade TCS under visible light conditions. First,
the morphology, structure and optical properties of the material samples
were analysed by characterization methods, and then the photocatalytic
degradation rules of TCS under different reaction conditions or influ-
encing factors were analysed specifically. Through the radicals quencher
experiment, electron paramagnetic resonance and UPLC-Q-TOF tech-
niques, the degradation mechanisms and pathways of TCS were
explored. Finally, the safety and applicability of the photocatalytic
materials were investigated by the luminescent bacteria acute toxicity
test. This work systematically studied the degradation behaviour of TCS
by PCN based photocatalysts, which may provide valuable insights for
the engineering application of efficient micro-pollutants degradation by
improved polymeric carbon nitride materials under visible light.

2. Materials and methods
2.1. Materials and reagents
All chemicals were used directly without further purification, and

ultrapure water was used in all experiments. The details can be seen in
Table S1 (Supplementary Material).
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2.2. Preparation of photocatalytic materials

The preparation of photocatalytic materials was referred to Choi
et al. and Zhou et al. [35,36]. 10 g of urea and aluminium acetylacet-
onate (0.005 g, 0.01 g, 0.02 g and 0.03 g) were ground for 5 min to
achieve complete uniformity and then placed in the alumina crucible
with a cover. The mixed solids were heated at 3.6 °C min ™" to 550 °Cina
muffle furnace (150 min) and maintained for 2 h in air. After the re-
actions were completed and cooled to the ambient temperature, the
obtained products were taken out of the furnace and exfoliated in an
ultrasonic bath (200 W) for 10 min, and filtered with the 0.22 um pore
size microporous membrane (aqueous). Finally, after washing repeat-
edly with deionized water, the products were dried under vacuum at
60 °C for 6 h. The final form of the PCN-AA materials was powder.

The material samples were labelled as PCN-AA5, PCN-AA10, PCN-
AA20 and PCN-AA30, containing 0.005 g, 0.01 g, 0.02 g and 0.03 g of
Al(aa)s, respectively. For comparison, original PCN-AAO material was
prepared without the addition of Al(aa)s, only obtained by the thermal
decomposition and polymerization of urea.

2.3. Characterization

Powder X-ray diffraction (XRD) was done by using X-ray diffrac-
tometer (Bruker D8 Advance) with Cu-Ka radiation (A = 1.5406 [o\) at 40
kV and 40 mA in the scan range of 20 = 10-80°. Fourier transformed
infrared (FT-IR) spectra were recorded by Thermo Scientific Nicolet iS5
in the range of 400-4000 cm™' and were carried out by KBr tablet
method. Scanning electron microscope (SEM, ZEISS Gemini 300) and
transmission electron microscope (TEM, JEOL JEM 2100F) were used to
analyse the surface microstructure and morphology, and the element
mapping was carried out by energy dispersive x-ray spectrometer (EDX,
OXFORD Xplore) equipped with SEM. Brunauer-Emmett-Teller (BET)
specific surface area was measured by automatic specific surface area
analyser (Mack ASAP2460) and the adsorbate gas was N,. The quanti-
tative determination of Al element was analysed on inductively coupled
plasma mass spectrometer (ICP-MS, Aglient 780). The chemical states
such as surface valence was investigated by X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha) with Al Ka X-ray, and the
binding energy was calibrated with C 1s = 284.80 eV as standard. Light
absorption properties were analysed by Ultraviolet-visible diffuse
reflectance spectra (UV-Vis, Shimadzu UV-3600) with standard BaSO4
powder as the reference standard, the test range was 300-700 nm.
Photoluminescence spectra (PL, Edinburgh FLS1000) were reflected in
the range of 300-800 nm with an excitation wavelength of 365 nm. The
reactive free radicals were measured by electron paramagnetic reso-
nance spectrometer (EPR, Bruker EMXPLUS).

2.4. Degradation experiment of TCS under visible light

The photocatalytic degradation experiments used a xenon lamp (500
W) and 400 nm filters to simulate visible light irradiation conditions in
the photochemical reactor (Fig. S1). 10 mg of the photocatalytic mate-
rials were uniformly dispersed in 50 mL of TCS solution with the initial
concentration of 2 mg L™} (except in the experiments on the influence of
catalyst dosages and initial concentrations of TCS). In order to reach the
adsorption-desorption balance of TCS on the surface of the photo-
catalytic material, the reaction system was placed in the dark for 30 min
under magnetic stirring at 500 rpm before turning on the xenon lamp
and the photochemical reactor device. The photocatalytic degradation
process took 120 min, and 1 mL of samples were taken at 0, 10, 20, 30,
50, 70, 90, and 120 min respectively (0 min means that the dark
adsorption was over and the photocatalytic reaction began), and then
filtered with a 0.22 um filter for subsequent analysis. Parallel experi-
ments and blank control were set up in each group.
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2.5. Analysis of TCS

The concentration of TCS was determined by high performance
liquid chromatography-diode array detector (HPLC-DAD, Angilent
1200), using a GL Science Inertsil ODS-SP column (250 mm x 4.6 mm, 5
um). The test conditions were: isocratic elution, the ratio of mobile
phase A (ultrapure water with 0.1 % formic acid) to mobile phase B
(acetonitrile) was 20:80, mobile phase flow rate was 1.0 mL min’l,
column temperature maintained at 30 °C, detection wavelength was
282 nm, injection volume was 50 pL, and test time was 7 min. The
calibration range was from 50 to 5000 pg L1, These conditions resulted
in a linear response, with R? (correlation coefficient) of 0.99, limits of
detection (LOD) of 50 pg L' and limits of quantification (LOQ) of 500
ug L L

The degradation products of TCS were analysed by ultra-
performance liquid chromatography-quadrupole time-of-flight mass
spectrometer (UPLC-Q-TOF), and using a Waters HSS T3 column (3.0 x
100 mm, 1.7 um). The test conditions were: mobile phases were 0.05 %
formic acid (phase A) and acetonitrile (phase B), flow rate was 0.3 mL
min~}, injection volume was 5.0 pL. The negative ion scanning mode
(ESI-) was used to collect signals from 50 to 1200 m z’l, and the liquid
phase gradient elution settings during the analysis were shown in
Table S2. External calibration of UPLC-Q-TOF with the sodium formate
solution was performed before each injection.

2.6. Luminescent bacteria toxicity test

The safety assessment of the PCN-AA in water was determined by the
luminescent bacteria method. The relative luminosity of luminescent
bacteria was shown to have a significantly negative correlation with the
total concentration of toxic components in the water sample (p < 0.05).
At the same time, the luminescent inhibition ratio was significantly
positively correlated with the total concentration of toxic components
[37]. So, the acute toxicity level can be expressed by measuring the
relative luminosity, and luminescent inhibition ratio can be calculated
by the following equation:

Luminescent inhibition ratio (%) = 100 % - relative luminosity (%) (@D)]

The test method of luminescent inhibition ratio referred to Water
Quality-Determination of the acute toxicity-Luminescent bacteria test
(GB/T 15441-1995) [38], and the test instrument is the biological
toxicity tester (DXY-3). The acute toxicity grade divided by the lumi-
nescent inhibition ratio referred to the percentage grade score standard
which was recommended by Nanjing Institute of Soil Science, Chinese
Academy of Sciences (Table S3).

@
! : PCN-AA30
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>
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3. Results and discussion
3.1. Characterization of PCN-AA

3.1.1. Structure and morphology

The XRD patterns of PCN-AA photocatalytic materials with different
ratios are shown in Fig. 1(a). There were two diffraction peaks at 20 =
12.9° and 26 = 27.5° in the diffractogram, compared with the standard
card of PCN (JCPDS87-1526); and these two characteristic peaks cor-
responded to the (100) and (002) crystal plane, respectively. The
diffraction peak at 12.9° was ascribed to the in-plane packing of tri-s-
triazine units (100), and the peak at 27.5° was ascribed to the stack-
ing of conjugated aromatic planes (002) [39]. With the increase of Al
(aa)s addition during the material preparation, two characteristic peaks
were gradually weakened and broadened, indicating that the planar
structure of carbon nitride was distorted to varying degrees at the Al
coordination centre [35]. Meanwhile, no obvious peak shift could be
observed in Fig. 1(a), so there was no change in the basic structure of the
PCN.

The FT-IR spectra results of the PCN-AA with different ratios are
shown in Fig. 1(b). The broad band at 3000-3300 cm~! in the FT-IR
spectra was corresponded to the stretching vibration of the N-H bond;
the characteristic peaks in the range from 1100 to1800 cm™! were
attributed to the stretching vibration mode of CN heterocycles; the peak
at 810 cm ! was related to the bending vibration of triazine units in the
structure of PCN [26,27,36]. In addition, since the doping of Al(aa)s
during the preparation of PCN photocatalytic materials, the character-
istic peaks of each material gradually became less sharp, but were still
similar to the original PCN-AAQ, again indicating that the typical
structure of polymeric carbon nitride in PCN-AA did not change
significantly.

The PCN-AA materials were analysed by ICP-MS to determine the
content of Al element. Results showed that the proportion of Al in PCN-
AA5, PCN-AA10, PCN-AA20 and PCN-AA30 was 0.16 %, 0.27 %, 0.39 %
and 0.52 %, respectively. This indicated that with the increased amount
of Al(aa); added during the material preparation process, Al element
was successfully doped into the PCN structure, which could provide new
metal coordination sites for the reaction system. The microstructure of
PCN-AA was observed by SEM and TEM (Fig. 2). Taking PCN-AAOQ and
PCN-AA30 as examples, the photocatalytic materials exhibited a typical
sheet-like stacked curl structure of carbon nitride. Due to the small
addition of aluminium acetylacetonate, there was no significant differ-
ence in the microstructure of these two materials. However, compared
with PCN-AAOQ, PCN-AA30 had some obvious pores, which may provide
more active sites for the photocatalytic reaction. It can also be seen from
the element mapping results of PCN-AA30 that Al has been effectively

(b)
PCN-AA30

E PCN-AA20

2 PCN-AALQ

g PCN-AAS
PCN-AAQ

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. XRD patterns (a) and FT-IR spectra (b) of PCN-AA materials.
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Fig. 2. SEM images of PCN-AAO (a) and PCN-AA30 (b), the element mapping images of PCN-AA30 (c), TEM images of PCN-AAO (d) and PCN-AA30 (e).

dispersed on the material sample. In addition, parameters such as the
specific surface area, total pore volume and adsorption average pore
diameter of PCN-AA were measured by BET-nitrogen adsorption method
in this study, and the isotherm adsorption-desorption curves can be seen
in Fig. S2. The results (Table S4) showed that the BET surface area of
PCN-AA10 and PCN-AA20 was smaller than the original PCN, but the
total pore volume and average pore diameter were increased. When the
addition of Al(aa)s increased to a certain extent, the BET parameters of
the material become significantly larger. The specific surface area and
total pore volume of PCN-AA30 were 108.66 m? g ! and 0.3023 cm®
g1, respectively, which were larger than 61.74 m? g ! and 0.1597 cm®
g~ ! of PCN-AAO. Combined with the SEM images, the increase of specific
surface area and pore volume of PCN-AA30 could highly improve the
efficiency of photocatalysis.

This study also used XPS to analyse the surface chemical composition
and state of PCN-AA photocatalytic materials. The XPS survey spectrum
of PCN-AAOQ, PCN-AA10 and PCN-AA30 are shown in Fig. S3, and the
high-resolution XPS spectra of C 1s, O 1s, N1s and Al 2p are shown in
Fig. 3. PCN-AAQ was only composed of C, N and O elements, while PCN-
AA10 and PCN-AA30 contained characteristic peaks of C, N, O and Al
elements, which also indicated that Al has been successfully doped in the
PCN structure. In the C 1s spectrum, the peaks at 288.1 eV, 286.6 eV and
284.6 eV of PCN-AA10 and PCN-AA30 were corresponded to sp® hy-
bridized carbon (N-C=N), C-O or C-OH of hydroxylated carbon and
alkyl carbons (C—=C-C or C-H), respectively [34, 40-42]. The peak in-
tensity at the binding energy of 286.6 eV has increased, which should be
caused by the hydroxylated carbon in the structure formed by in situ
keto-enol cyclization of urea and acetylacetone. There was only one
main peak for the three material samples in the O 1s spectrum, and the
peak moved from 531.9 eV of PCN-AAO to 531.7 eV of PCN-AA30,
which was attributed to N-C-O [35], and the peak intensity increased

with the doping of Al(aa)s. In the N 1s spectrum, the binding energies of
the samples all changed slightly. The peaks at 401.0 eV, 400.0 eV and
398.6 eV in PCN-AA30 material were corresponded to the amino group
(C-NHy), tertiary nitrogen (N-C3) and sl:o2 hybridized nitrogen (C=N-C)
[43]. In addition, although the doping amount of Al(aa); was relatively
small, the tiny peaks could still be observed in the Al 2p spectra of
PCN-AA10 and PCN-AA30.

3.1.2. Optical absorption properties

The optical absorption properties of photocatalytic materials were
analysed by UV-Vis. Taking PCN-AA0Q, PCN-AA10, PCN-AA20 and PAN-
A30 as examples (Fig. 4(a)), with increasing Al(aa); doping amount, the
response value of the materials in visible light region has been signifi-
cantly improved, and the wavelength of light absorption has also un-
dergone a significant red shift. It showed that the introduction of
aluminium acetylacetonate effectively improved the light absorption
efficiency of the PCN, and making it exhibit the enhanced absorption in
visible light range, which was similar to the results described in the
literature [44,45]. In addition, combined with the analysis of Fig. 4(b),
the colour of the samples deepens continuously from the creamy yellow
of PCN-AAQ to the dark yellow of PCN-AA30, which was also consistent
with the results of UV-Vis.

It could be seen from the PL spectra in Fig. 4(c) that the PL intensity
of PCN-AA was significantly lower than the original PCN-AAOQ, and the
intensity of characteristic peaks gradually decreased with the increase of
Al(aa); doping amount. This indicated that after the composite of
aluminium acetylacetonate, the photo-generated electron and hole
recombination rate of the material was reduced, then the photocatalytic
property was improved. At the same time, the characteristic peak of the
material was red shifted from 462 nm of PCN-AAQO to 508 nm of PCN-
AA30, which was mainly due to the expansion of the z-conjugated
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Fig. 3. High-resolution XPS spectra of C 1s (a), O 1s (b), N 1s (c) and Al 2p (d) for PCN-AAQ, PCN-AA10 and PCN-AA30.

system [46].
3.2. Photocatalytic degradation and kinetics of different material ratios

It can be seen from the characterization results that there were
certain differences in the microstructure and chemical properties of the
PCN-AA materials with different ratios. In order to study the effect of
material ratio on the photocatalytic effect, the TCS degradation effi-
ciency of PCN-AA was compared under the simulated visible light irra-
diation conditions. The variation curves of TCS residual ratio (C/Cgp)
with the reaction time are shown in Fig. 5(a). With the increase doping
amount of Al(aa)s, the photocatalytic degradation kept increasing, and
the TCS percentage removals of five materials were all greater than 90 %
after 120 min. And under the action of PCN-AA30, only 0.71 % of TCS
remained at 90 min. In addition, although the detection results of TCS
had some fluctuations in the blank control group without adding any
material, it could still be considered that there was almost no visible
light degradation of TCS under the experimental conditions.

By fitting the reaction kinetics of the photocatalytic degradation of
PCN-AA, it can be found that the reaction conformed to the pseudo-first-

order kinetic characteristics (Fig. 5(b)), and the reaction rate constant k
value is shown in Table 1. The fastest reaction rate was PCN-AA30
(k = 0.0529 min’l), which was 2.45 times that of PCN-AAO
(k =0.0216 minfl), indicating that the interaction between PCN and
Al(aa)s could effectively improve the photocatalytic performance of the
materials under visible light, which was also consistent with the results
of characterization. Therefore, PCN-AA30 was selected as the optimal
material for degrading TCS in the subsequent experiments.

3.3. Effects of different factors on photocatalytic degradation of TCS

In order to study the effects of different reaction parameters in the
photocatalytic degradation of TCS, five influencing factors including
catalyst dosage, initial TCS concentration, pH, common inorganic an-
ions and natural organic matter (NOM) in water were investigated. The
variation curves of TCS residual ratio (C/Cy) with the reaction time
under each factor are shown in Fig. 6(a—e), and the degradation kinetic
curves (Fig. S4) and their reaction rate constant k values (Table S5) are
shown in the Supplementary Material.

When the concentration of PCN-AA30 in the reaction system ranged
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Table 1

Photocatalytic degradation reaction rate constant k of different material ratios.
Materials PCN-AAO PCN-A5 PCN-AA10 PCN-AA20 PCN-AA30
k (min™") 0.0216 0.0311 0.0386 0.0454 0.0529

from 100 mg L1 to 400 mg L™}, the degradation effects of TCS were
significantly improved (Fig. 6(a)), and the reaction rate constant
increased from 0.0382 min~! to 0.0631 min~!, indicating that the
catalyst dosage was proportional to the reactive sites in the system.
However, when the material concentration reached a certain amount
(300 mg L™1), the growth of photocatalytic reaction rate was obviously
slowed down, which due to the light transmittance of the solution might
be affected when the dosage was too large, so that the reaction rate
could not continue to increase significantly [47].

As the initial concentration of TCS increased from 1 mgL~! to
5mg Lt (Fig. 6(b)), the photocatalytic degradation efficiency dropped
and the reaction rate constant decreased from 0.0912min~! to
0.0233 min~. In this case, a certain amount of photocatalytic active
sites in the reaction system were easily occupied by higher concentration

of pollutants, resulting in the blocking of the photocatalytic reaction
[48]. At the same time, in the process of degrading higher concentration
of TCS, more intermediate products may be produced and these sub-
stances will also compete with TCS for the active species, causing a
decrease in the degradation rate.

The effect of pH on the TCS degradation of is shown in Fig. 6(c). In
the experimental group with pH = 6, dilute hydrochloric acid or NaOH
was not added for adjustment, and it could be used as the control group.
When the reaction system was acidic (pH = 4), the degradation rate of
photocatalysis increased, while the alkaline conditions (pH = 8 and pH
= 10) reduced the reaction rate, and the alkalinity of solution was
inversely proportional to the degradation efficiency. This was mainly
due to the fact that TCS will be converted into TCS anion under alkaline
conditions, and the surface of materials was negatively charged at this
time, so the electrostatic repulsion between them may reduce their
mutual contact, thus affecting the effect of photocatalytic degradation
[49]. However, un-dissociated species of TCS was ubiquitous and easily
oxidized in the case of lower pH, which was more conducive to the
photocatalytic degradation [50].

The effects of common inorganic anions in water were simulated by
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Fig. 6. Effects of catalyst dosage (a), initial concentration of TCS (b), pH (c), common inorganic anions (d) and NOM simulated by humic acid (e) on photocatalytic
degradation (All the beginning of time was after reaching the adsorption-desorption equilibrium under dark conditions for 30 min).

adding NaNOs, NaySO4, NapCO3 and NaCl to the reaction system, and
the initial concentration of each anion was 5 mmol L™?. SO?{, Cl" and
CO% had certain inhibitory effects on the photocatalytic reaction, and
the inhibition rates were 19.3 %, 16.7 % and 25.0 %, respectively (Fig. 6
(d)). Only NOs3 slightly promoted the photodegradation of TCS, and k
value changed from 0.0545 min ! in the blank control to 0.0576 min!.

This may be attributed to the fact that NO3 was an efficient electron
acceptor, which inhibited the recombination of photogenerated elec-
trons and holes in the reaction system, thereby increasing the reaction
rate. SO may be easily adsorbed on the surface of materials and cause
their inactivation, thereby inhibiting the photocatalytic reaction. The
presence of Cl" may compete with pollutants for active species (such as
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h™), resulting in the photocatalytic reaction rate to decrease [51]. The
inhibitory effect of CO% may be due to its hydrolysis leading to an in-
crease in pH of the solution. However, alkaline conditions were not
conducive to the degradation of TCS [51].

The effect of NOM in water was simulated by humic acid on the
photocatalytic degradation, and the concentration of humic acid in each
experimental group was 1 mg L™, 2 mg L™! and 5 mg L™, respectively.
With the increase of humic acid concentration, the degradation rate of
TCS decreased continuously, and the inhibition rate of photocatalytic
reaction reached a maximum of 40.4 % (Fig. 6(e)). The presence of NOM
in the reaction system may compete with pollutants for photons, and had
a certain quenching effect on active species, thus inhibiting the photo-
catalytic degradation [52]. It can be inferred that if the photocatalytic
technologies are implemented to remove multiple pollutants in the
actual water body, the degradation effect on specific pollutants may be
affected.

3.4. The photocatalytic degradation mechanism of TCS by PCN-AA

The radicals quencher experiments were carried out to identify the
active species that played a major role in the degradation of TCS by PCN-
AA30 photocatalytic material. The principle of applying quenchers is
that they can specifically bind to the radicals and generate stable or
persistent intermediates, acting as scavengers to inhibit the reactions
between active species and target pollutants significantly [53]. Based on
published studies, 1,4-benzoquinone was chosen as the quencher for
-0, isopropanol (IPA) was the quencher for -OH and ethyl-
enediaminetetraacetic acid disodium (EDTA-2Na) was the quencher for
photogenerated holes h* [19]. The concentrations of these three
quenchers in the reaction system were 5 mmol L1, The residual ratios
(C/Cp) of TCS at the end of the photocatalytic reaction are shown in
Fig. 7(a). The degradation rate of TCS was only 8.00 % in the experi-
mental group containing 1,4-Benzoquinone, and the photocatalytic
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activity of PCN-AA30 was almost completely inhibited, indicating that
the main oxidative ability of this photocatalyst was closely related to the
effect of superoxide radicals in the reaction system. This is probably
because the Al element doped in PCN transferred the conduction band
(CB) electron to O,, thereby generating more superoxide radicals [54].
h" played a secondary role in the reaction system, and 50.14 % of TCS
remained under the action of EDTA-2Na. However, the addition of IPA
hardly affects the photocatalytic degradation process of TCS, indicating
that -OH has little effect.

Furthermore, in order to confirm the existence of active species,
electron paramagnetic resonance (EPR) was used to measure free radi-
cals in the photocatalytic reaction system. Using 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) as a spin trap to measure the EPR signals of
DMPO- -0 and DMPO- -OH, and the generation of h™ was detected
using 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) as a marker. Fig. 7
(b-d) shows the EPR spectra of PCN-AA30 material under the visible
light. The EPR signals of -O3 and -OH could not be observed under the
dark condition, indicating that these two active species were not
generated during the dark reaction. But under the light condition, the
characteristic signals of DMPO- -O3 adduct and DMPO- -OH adduct
appeared obviously at 5 min and 10 min, and the signal of -Oz was
slightly irregular but relatively stable. Although the results of radicals
quencher experiment showed that -OH had no effect on the photo-
catalytic degradation of TCS, this did not affect its existence in the re-
action system. For h™, since TEMPO was an oxide of 2,2,6,6-
Tetramethylpiperidine (TEMP), and a significant signal of h™ can be
detected under dark conditions. When the light was turned on, h*
generated by the reaction system would react with TEMPO, and the
detection results showed that the signal would be gradually weakened
with the prolongation of illumination time. This also indicated that the
photogenerated holes were persistent, which contributed to the
improvement of photocatalytic activity [55].

Combined with the above analysis and related literature [53,54], the
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Fig. 7. Radicals quencher experiment results (a); EPR spectra of DMPO- -O3 adduct (b), DMPO- -OH adduct (c) and TEMPO-h" adduct (d).
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basic mechanism of TCS degradation by PCN-AA photocatalytic mate-
rials in the reaction system is shown in formulas (2)-(6). Under the
irradiation of visible light, the material absorbed visible light to generate
the photogenerated electron-hole pairs, and they were rapidly sepa-
rated. Photogenerated electrons can react with O, in the reaction system
to form -O3, and some -O3 can further react with H' and e to form Hy02
and -OH. Subsequently, the generated -O3, h* and -OH resulted in the
degradation of TCS.

Table 2
Degradation products from the photocatalytic degradation of TCS.

Journal of Environmental Chemical Engineering 11 (2023) 109186

PCN-AA30 + hv —» ¢ + ht 2
e + 0y, =03 3
.03 4+ 2H' 4+ ¢ = Hy0, ©)]
H,0, + ¢ — -OH + OH" 5)
TCS + -O5/ k't / -OH —» degradation products 6)

No. Abbreviation m/z [M-H] Retention time Formula Proposed structure
1 TCS 286.94 14.15 min C12H,Cl50, Cl OH
Cl Cl
2 DP316 316.92 15.30 min C12HsCl304 Cl OH
/@EO:@OH
Cl (0] Cl
3 DP251 251.01 15.30 min C12HoClO4 OH OH
HO Cl
4 DP250 250.96 15.30 min C12HgCl205 (e}
Cl : O : Cl
5 DP160 160.96 7.65 min CeH4CLO OH
I \©
Cl
6 DP144 144.96 7.65 min CeH4Cl, Cl ;
Cl
7 DP142-1 142.99 7.65 min CgHsClO, OH
OH
8 DP142-2 142.99 7.65 min CgH5ClO, OH
" \©\
Cl
9 DP126 126.99 14.15 min CgHsClO OH
10 DP109 109.03 7.65 min CeHgO2 OH
HO\©
11 DP93 93.03 7.65 min CeHeO OH
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3.5. The degradation pathway of TCS and its degradation products

The degradation products formed during the photocatalytic degra-
dation of TCS by PCN-AA30 were investigated by UPLC-Q-TOF. Com-
bined with the HPLC detection results, the samples corresponding to the
six time points of the TCS residual percentages, about 100 %, 70 %, 50
%, 30 %, 10 % and 0 %, in the reaction process were selected for analysis
(the example mass spectra are shown in Fig. S5). According to the results
of Q-TOF data and related studies [32,56-58], the mass-to-charge ratio,
retention time and structure analysis of possible degradation in-
termediates in the process of photocatalytic degradation are shown in
Table 2, and the inferred TCS degradation pathway is shown in Fig. 8.
Moreover, the main pathways for the photocatalytic degradation of TCS
are described as follows.

The active species (such as -O2) caused the splitting of the carbon-
oxygen bond to form DP160 (2,4-dichlorophenol), and then gener-
ating DP142-2 (4-chlorocatechol) [59], DP142-2 may further dechlo-
rination generated DP109. DP160 had two degradation methods, one
was to form DP126 (chlorophenol) through dechlorination reaction, the
continuous dechlorination reactions of DP126 may form DP93 (phenol);
and the other one was to generate DP144 (1,3-dichlorbenzene) by free
radicals attack and cleavage of aromatic ring [60].

3.6. The safety assessment of PCN-AA

The original purpose of studying photocatalytic technology to
degrade micro-pollutants in water was to reduce the potential ecological
risks and possible health risks to the human body, and exploring the
application feasibility of photocatalysis at the same time. In this process,
the safety of the photocatalytic material itself was also worth investi-
gating. Therefore, the luminescent bacteria method was used to test the
acute biological toxicity of PCN-AA materials with different concentra-
tions in this study.

According to the acute toxicity grade, the highest luminescent inhi-
bition ratio was 29.56 % when the concentration of PCN-AA30 material
reached 300 mg L™}, and all the test results were in the low toxicity

OH OH
HO Cl

DP251

B @z@

DP250
OH OH
O HO
<"1
Cl
DP109 DP142-2
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range. Considering that the PCN-AA materials themselves were yellow
to varying degrees, their mixed suspensions will also appear yellow.
With the increase of the material concentrations, the light transmittance
of suspensions gradually decreased, so it would have a certain influence
on the experimental results. Therefore, according to the luminescent
inhibition ratio in Table 3, it could be inferred that the acute biological
toxicity of the photocatalytic materials in the reaction system was low,
and their safety was relatively high if the practical engineering appli-
cation would be considered in the future.

4. Conclusions

In this work, aluminium acetylacetonate was doped into the PCN
structure by a facile method. The photocatalytic performance of the
material could be efficiently improved under visible light, and the
reactive sites also be increased. Therefore, a higher degradation effi-
ciency for TCS could be achieved. PCN-AA materials with different ratios
could degrade more than 90 % of TCS at 120 min, especially the removal
rate of PCN-AA30 was 99.29 %. The degradation of TCS under visible
light was promoted when the catalyst dosage was increased, pH was
decreased or NO3 was present. And the inhibitory effect would occur
when the concentration of TCS or pH was increased, SO?{, Cl, CO% or
NOM was present. This indicated that the removal effect of micro-
pollutants in water would be affected by various factors in the photo-
catalytic reaction system. The mechanism analysis of photocatalysis
showed that -O3 was the main active radical in the photocatalytic pro-
cess, while h™ and -OH played the secondary role in the reaction system.
In addition, the possible 10 degradation products of TCS and their
degradation pathways were determined by UPLC-Q-TOF. The PCN-AA

Table 3

Luminescent inhibition ratio of photocatalytic materials (%).
Catalyst PCN- PCN- PCN- PCN- PCN-
dosage AAOQ AA5 AA10 AA20 AA30
300 mg Lt 21.65 22.59 27.13 16.34 29.56
200 mg L! 8.08 7.69 12.06 4.10 18.34
100 mg L! -2.34 1.30 3.72 1.94 5.34

Cl OH
Cl 0 Cl Cl

DP316

DP144

OH
DP160 cl

OH OH
Cl
— OH
DP142-1

DP126 DP93

Fig. 8. Possible pathways for the photocatalytic degradation of TCS.
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materials could not only effectively degrade TCS, but also had relatively
high safety to biology, which may provide a feasible approach and
reference for the practical application of photocatalytic removal of
micro-pollutants in the future.
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