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SUMMARY
Chi Zhilong. Prospects for the application of advanced oxidation technology in the
treatment of pharmaceutical wastewaters.
Master's thesis in the specialty 226 Pharmacy, industrial pharmacy - Kyiv National
University of Technologies and Design, Kyiv, 2021.

Advanced Oxidation Technology based on persulfate activation is an important part
of advanced oxidation technology for water treatment, in which catalyst plays a very
important role. In this master's thesis, LaCoOs/g-C;N, catalyst was prepared by
hydrothermal method and the catalytic degradation efficiency of LaCoO3/g-C;N, catalyst
for pharmaceutical wastewater was investigated, and the relationship between catalyst
structure and degradation efficiency in catalytic activation of PMS was discussed. Based
on the study of catalytic activated PMS oxidative degradation kinetic characteristics,
investigation of reaction influencing factors and analysis of reaction mechanism, the
synergistic enhancement effect and practical application value of various LaCoOs/g-
C;3N, catalysts for PMS oxidation were discussed.

The catalyst was characterized by XRD, XPS, FTIR, Raman and BET. Tetracycline
hydrochloride was used as a typical and targeted contaminant in pharmaceutical
wastewater, and the degradation performance of tetracycline hydrochloride by PMS
activation of different catalysts was investigated. At the same time, the effects of different
reaction conditions (PMS concentration, TC concentration, reaction temperature, pH, etc.)
on the TC degradation performance of LaCoO;/g-C;N, catalyst were studied.

Keywords: PMS activation,  Pharmaceutical — wastewater,  Tetracycline

hydrochloride; LaCoQOj3; g- C3N,



AHOTALIA
Yi Yoxusonr. IlepcrneKTHBH 3aCTOCYBAHHS MePeI0BOI TEXHOJIOTII OKUCJIEHHS IIPH
OYHIEeHHI papMaleBTUYHUX CTIYHUX BOJI.
Maricrepcpka po6oTa 3a crnenianbHicTio 226 dapmariisi, mpoMuciosa dpapmariis —

KuiBchkuil HallioHaIbHUI YHIBEPCUTET TEXHOJIOT1N Ta au3aiiny, Kuis, 2021

VYrnockoHaleHa TEXHOJIOTIS OKHCJICHHS, 3aCHOBaHAa Ha Tepcyiab(darHiid akTuBalii, €
BAXIMBOIO YAaCTHMHOIO TMEPENIOBOI TEXHOJOTIi OKHCIEHHA Al OOpoOKH BOAM, B SIKIH
BXJIMBY pOJIb BiAirpae kartamizatop. Y IIiii MaricTepchKid aucepTallii Karaai3aTrop
LaCoOs5/g-C5N;  Oysio  BUTOTOBJICHO TIIPOTEPMAIbHUM METOAOM Ta  JOCHIIKEHO
epeKTUBHICT,  KartamiTuuHOl  nerpanamii  karamizatopa  LaCoO;/g-CsNy  mns
(dapmalleBTUUHUX CTIYHUX BOJ, @ TaKOXX OOTOBOPEHO B3a€EMO3B’SI30K MIK CTPYKTYpOIO
KaTtajizaTtopa Ta e(eKTUBHICTIO Jerpaaallii mpu kKaTamiThuuHii aktuBaiii PMS. Ha miacTasi
BUBYCHHS KIHETUYHUX XapaKTEPUCTUK OKUCIIOBAJIBHOI  Jerpajaiii  KaTaJiTUIHO
aktuBoBaHoro [IMC, mocmimkeHHs (akTOpiB BIUIMBY Ha PEaKIlilo Ta aHAI3y MEXaHI3MY
peakiiii, oOroBOpeHO CHHEPreTUYHUN e(EeKT MOCUICHHS Ta MPaKTUYHE 3aCTOCYBAHHS
piznux karamizatopiB LaCoOs/g- CsNy4 nns okucnenns [IMC.

Karanizarop OyB oxapakrepuszoBanuii XRD, XPS, FTIR, Raman 1 BET meronamu.
TerpanukiliHy TiIpOXJIOPHA 3aCTOCYBaJIM SK THUIIOBUM Ta I[UIbOBHM 3a0pyqHIOBaY
dbapMaleBTUUHUX CTIYHUX BOA, Ta Oyl0 JOCIDKEHO e(GeKTUBHICTh Jerpaaarii
TETPAIMKIiHy TIAPOXJOpUAY 3a JgomoMororo PMS-akTuBamii pi3HMX Karai3aTopiB.
Boanowac mocnimkeHo BIIIMB pizHMX YMOB peakili (konuentpauis [IMC, koHieHTpaiis
TK, temmneparypa peakuii, pH Ttomo) Ha edekruBHicTh aerpamanii TC karamizatopa

LaCoO5/r-C3N4.

KuarwuoBi cinoBa: axmusayis [IMC; @apwayesmuuni cmiuni 600U, mempayuxiiny

eiopoxnopuo; LaCoQOj; g-CsN,
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Introduction

The relevance of the topic. With the globalization of economic development and
the continuous improvement of people's health requirements, and the variation of
COVID-19 has greatly delayed the controlled time of the global epidemic. At presence,
people have put forward higher requirements for the rapid development of the
pharmaceutical industry, which includes the demand for fast and efficient product
introduction of new pharmaceutical products. It also includes the treatment of three
wastes in the process of pharmaceutical production to meet the environmental needs. In
the treatment of three wastes (wastewater, waste gas and waste residue) in the
pharmaceutical industry, wastewater treatment is an important aspect of environmental
treatment.

The pharmaceutical industry, especially the chemical synthetic pharmaceutical
industry, has the characteristics of many auxiliary materials, complex production
processes, large amount of three wastes and low yield. These characteristics lead to
complex composition and huge discharge of pharmaceutical wastewater. These
wastewater contain toxic and harmful intermediates and by-products produced in the
pharmaceutical process, as well as many pollutants such as biological inhibitors, organic
solvents, sulfides and heavy metal ions. These pollutants are highly toxic and difficult to
be degraded under general conditions. Therefore, this kind of wastewater will cause
serious negative consequences to the ecological environment stability and safety of the
receiving water body.

Research shows that even low concentration wastewater downstream of

pharmaceutical wastewater production source will still have adverse physiological and
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biochemical effects on wildlife in water. Firstly, a large part of the pollutants discharged
into the receiving water body have strong toxicity. And it also makes the endocrine
system of animals and plants in the water disordered. This will lead to the poisoning of
animals and plants in the water, and then reduce the population density and even decline;
Secondly, after the pharmaceutical wastewater is discharged into the water body, the
organic pollutants contained in it will consume a large amount of dissolved oxygen
during decomposition, resulting in the anoxic mass death of aerobic animals, plants and
microorganisms in the water body. At the same time, a large number of anaerobic
microorganisms in the water body will proliferate, making the self purification function
of the water body invalid, resulting in the stench of the water body; Finally, because many
pharmaceutical products and intermediates in the synthesis process have a certain
broad-spectrum bactericidal effect, the wastewater containing these antibacterial
compounds will inhibit the metabolic activities of algae and other microorganisms in the
receiving water body, and then destroy the ecological balance in the water body.

The composition of pharmaceutical wastewater is complex due to the complex
synthetic route of pharmaceutical products and the wide range of raw materials and
auxiliary materials. At the same time, antibiotics have great inhibitory and toxic effects
on microorganisms, which makes the wastewater difficult to be biologically degraded. In
addition, due to the different technical routes in the drug synthesis process, there are
obvious differences in the raw materials and production processes used, the water quality
and quantity of pharmaceutical wastewater are also extremely unstable, and there are
many kinds of organic substances, which aggravates the harm to the environment.

Medical wastewater can be divided into the following categories according to the
9



source of wastewater: 1) Process drainage during production; 2) Common works drainage;
3) Washing water converted from cleaning to production; 4) Domestic sewage in
pharmaceutical production plant.

Pharmaceutical wastewater is different from other wastewater in: (1) complex
composition; (2) Large concentration range; (3) high component toxicity . Therefore, the
research and application of effective treatment technology of pharmaceutical wastewater
has become one of the key and difficult points for environmental workers. Most of the
traditional methods for treating organic matter in pharmaceutical wastewater are
physicochemical precipitation method, chemical oxidation method, biological oxidation
method and other oxidation methods.

To sum up, most of the processes for treating pharmaceutical wastewater have some
problems, such as incomplete treatment, secondary pollution and high treatment cost. It is
urgent to study an efficient and low-cost advanced oxidation technology to treat the
wastewater containing refractory organics in the process of pharmaceutical production.

The purpose of the study is: Development of LaCoO;/g-C3N4 catalyst by
hydrothermal method, study of the efficiency of catalytic decomposition of LaCoO3/
g-C3N4 catalyst for pharmaceutical wastewater, and study of the efficiency of
decomposition of tetracycline hydrochloride as a typical and target pollutant of
pharmaceutical wastewater.

The research objectives of the study:

- to develop a process and prepare a catalyst;

- to evaluate the efficiency of catalytic decomposition of LaCoO,/g-C;N, catalyst for

pharmaceutical wastewater treatment;
10



- to characterize the Catalyst using XRD, XPS, FTIR, Raman and BET methods;

- to investigate the efficiency of decomposition of tetracycline hydrochloride upon
PMS activation of various catalysts.

The object of MTh is LaCoO; / g-C;N, catalyst for pharmaceutical wastewater
treatment.

The subject of MTh is the process of preparing the catalyst, evaluating its
structure and the efficiency of the catalytic decomposition of the LaCoO; / g-C3N4
catalyst for the purification of pharmaceutical wastewater, study of the efficiency of
decomposition of tetracycline hydrochloride upon PMS activation of various catalysts.

Research methods: The catalyst was prepared by a simple hydrothermal method;
The catalyst was characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscope (SEM) and Fourier transform infrared
spectroscopy (Fourier transform infrared spectrometer, FT-IR), nitrogen adsorption
desorption isothermal test, and Raman spectroscopy. The specific surface area, pore
volume and pore diameter of the catalyst were analyzed by nitrogen adsorption
desorption curve. The detection of free radicals is carried out by electron paramagnetic
resonance (EPR) spectrometer method. The surface chemical composition and elemental
chemical states of the samples were analyzed by XPS technique.

Practical value As a new wastewater treatment technology, advanced oxidation
technology based on SO4e- has a good treatment effect on high concentration or
refractory organics and potential application value.

Elements of scientific novelty. Advanced oxidation technology based on SO4e- is a

new wastewater treatment technology that has a good treatment effect on high
11



concentration or refractory organics. Compared with traditional Fenton oxidation
technology, it has the advantages of easy operation, low treatment cost and wide pH

adaptation range.
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Chapter 1 The research progress

1.1 Removal method of pharmaceutical wastewater

With the rapid development of society and economy, the problem of environmental
pollution has become increasingly prominent. In view of the persistence and potential
harm of pharmaceutical wastewater, people pay more and more attention to its
migration, transformation and degradation in the environment [1]. At present, the
treatment methods of organic pollutants include physicochemical method,
biodegradation method and chemical oxidation method [2].

1) Physicochemical methods mainly include adsorption [3], membrane separation
[4], etc. Adsorption method refers to the use of adsorbent to transfer target pollutants to
the surface or channel of adsorbent through chemical or physical action, so as to achieve
the purpose of pollutant transfer. Adsorption has the advantages of simple design,
convenient operation, strong flexibility and wide application range. It can be used for
the removal of heavy metals, dyes, pesticides and other pollutants. Activated carbon, a
common adsorbent, has been widely used because of its excellent adsorption
performance due to its large specific surface area, large micropore volume and high
porosity. However, adsorption can only realize the phase transfer and enrichment of
pollutants, and is not essentially removed. If the adsorbent is not properly treated, it will
cause potential secondary pollution. Membrane separation method is a method of
purifying water quality with non-porous or porous membrane, which is mainly divided
into reverse osmosis, microfiltration, nanofiltration and ultrafiltration. These methods
require specific equipment and films, which are simple to operate and have no

secondary pollution. Reverse osmosis i1s mostly used to remove high concentration salt
13



in water. The research on the removal of antibiotics mostly focuses on nanofiltration and
ultrafiltration. Most studies show that the removal rate of antibiotics by membrane
separation method is more than 90%. However, high concentration of antibiotics is easy
to lead to membrane blockage and membrane pollution, which increases the operation
cost.

2) Biodegradation [5] is the main process of sewage treatment system, which
consumes a certain amount of organic and inorganic substances to remove pollutants in
water by relying on microbial metabolism and reproduction. Biological treatment
technology has good treatment effect for traditional pollutants. Biological treatment
technology is easy to control and less investment. At the same time, it also has the
problems of large floor area, disposal of surplus sludge and low removal rate of
refractory toxic organic pollutants. According to whether oxygen is needed for
microbial decomposition of pollutants, biodegradation can be divided into anaerobic
biodegradation and aerobic biodegradation. Anaerobic method is suitable for sewage
with large organic pollutant load. It can hydrolyze and acidify macromolecules in
sewage into small molecules, increase the biodegradability of pollutants, and is
conducive to series use with aerobic method. Aerobic biodegradation includes activated
sludge process and biofilm process. The aerobic method is applicable to the sewage
with medium and low pollution load. Although the treatment is complete and the
effluent concentration is low, it has the limiting factors such as large floor area, long
operation cycle, aeration and low microbial activity. It cannot completely remove the
organic matter in the medical wastewater, especially the refractory organic pollutants

such as antibiotics.
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3) Chemical method

(D Chemical flocculation [6]

Flocculation method refers to the method of purifying wastewater through mixing,
reaction, sedimentation or floating after adding flocculant to wastewater. Common
flocculants include inorganic flocculant, organic flocculant, composite flocculant, etc.
Synthetic organic polymer flocculant has been widely concerned because of its large
molecular weight, many functional groups, good flocculation effect and wide
application range. With the development of pharmaceutical industry, the drug molecules
are more complex, and the decolorization of flocculation method is more difficult. It is
necessary to develop more efficient flocculants.

(@ Traditional chemical oxidation [7]

The traditional chemical oxidation method uses the oxidizing oxidation of oxidants
to decompose organic matter, so as to achieve the purpose of water purification. The
commonly used oxidants include Os, NaClO, Cl0O,, H,0,, etc. Due to the harmful small
molecular organic halogenates easily produced by NaClO and ClO, in the oxidation
process, such as chloroform and H,0,, the oxidation capacity is weak when used alone.
Therefore, ozone oxidation is the most widely used chemical oxidation technology at
present, but it is difficult to popularize its application on a large scale due to high power
consumption and high treatment cost.

(3 Advanced oxidation process [8, 9]

Advanced oxidation processes (AOPs), also known as deep oxidation, refers to the
oxidation method of oxidizing and decomposing organic matter by generating strong

oxidizing free radicals (*OH and SOge- etc.) through the synergistic action of light,
15



electricity, catalyst and oxidant. Compared with the traditional oxidation method,
advanced oxidation technology has the following advantages: I) strong oxidation ability,
low selectivity and fast reaction rate, in which the reaction rate constant of *OH with
most organic compounds can reach 10°-10° (mes™); II) the reaction conditions are mild,
which can oxidize and decompose most refractory organic pollutants, and even
mineralize into CO, and H,O, with little secondary pollution; III) the technology can be
used alone or in combination with other technologies, especially as the pretreatment
process of biological treatment method, which increases the biodegradability of
wastewater and reduces the treatment cost; IV) simple operation and easy management.
Advanced oxidation technology is more and more widely used in medical wastewater
treatment because of its strong oxidation. Advanced oxidation technologies mainly
include Fenton process, Fenton like process, photocatalytic oxidation, electrocatalytic
oxidation, ultrasonic oxidation, ozone oxidation, microwave oxidation, wet oxidation,
supercritical water oxidation, etc. Among them, Fenton process and Fenton like process
are the earliest and most widely studied advanced oxidation technologies.

The traditional Fenton method has some disadvantages, such as narrow pH suitable
range, producing a large amount of iron sludge, and the iron ion in the effluent cannot
be recovered [10]. In order to overcome the shortcomings of the traditional Fenton
Method, a Fenton like technology with catalyst instead of iron ion was developed. In
order to further enhance the reaction and mass transfer efficiency of Fenton and Fenton
like processes, the Synergistic Technology of light, electricity, ultrasound, microwave
and their coupling was further developed. With the continuous technological innovation,

aiming at the problem of demanding pH conditions in the traditional Fenton system, a
16



new advanced oxidation technology based on SO,*— was developed to degrade organic
pollutants. Compared with «OH, SO4s— has longer service life, stronger selectivity,
higher redox potential [11], wider applicable pH range, and persulfate is more stable and
easy to transport and store. Therefore, advanced oxidation technology based on SO4—
has become one of the research hotspots of emerging organic pollutant control in recent
years.
1.2 Advanced oxidation technology based on sulfate radical
1.2.1 Overview of persulfate advanced oxidation technology

In recent years, AOPs technology based on SO, has developed rapidly and
become another emerging technology for efficient treatment of organic pollutants.
Compared with the strong oxidizing *OH in HR AOPs, SO, has the following
advantages: I) the research shows that SO, has an oxidation potential of 2.5 ~ 3.1 V
(vs. NHE), which is higher than that of *OH 1.8 -2.7 V (vs. NHE). SO4¢ with higher
oxidation potential showed strong reaction activity. II) SO4* 1is more specific and
efficient than *«OH. The specificity of SO, is that it tends to react with organic
pollutants containing unsaturated bonds and aromatic m electrons, and has higher
electron transfer efficiency than *OH. *OH reacts with pollutants of different
components in the environmental background through high-speed hydrogen abstraction
and electrophilic addition. IIT) As the main oxidation species in the reaction, SO4* can
react efficiently in a wide pH range of pH= 2 - 8, which has a wider application range
than *OH and significantly reduces the cost. IV) The half life of SO, (30 ~ 40 ps) is
longer than that of *OH (less than 1 p s). In terms of half-life, the half-life of SO, is 30

~ 40 times that of *OH. SO, can exist more stably in the process of pollutant
17



degradation and fully react with the target degradants.

1.2.2 Activation method of persulfate [11-13]

Due to the low activity of PS itself, it is necessary to break the O-O bond with the
help of external energy or catalyst to produce highly active species. At present, the
research of advanced oxidation technology based on PS mainly focuses on PS activation
method. The common energy activation methods mainly include thermal activation,
microwave radiation activation, ultrasonic activation, ultraviolet radiation activation and
so on. Chemical activation methods mainly include alkali activation, transition metal
jon activation (Ag’, Co”", Mn*", Fe*', Cu®, etc.), heterogeneous catalysts (carbon
materials, metal oxides, zero valent metals, metal complexes, metal organic framework
materials and their derivatives, etc.).

1) Thermal activation

Thermal activation mainly provides sufficient activation energy for the reaction
system by heating up. Under the action of thermal radiation, the breaking of persulfate
O-O bond requires 140.2 kJ/mol activation energy to produce SO, . The specific
formula is shown in formula (1-2). For thermally activated persulfate system,
temperature is an important factor, and increasing the temperature can increase the
activation rate.

S,04"+ heat — 2 SOy~ (1)
HSOs + heat — 2 SO, + *OH )
Heating method is a very effective way of catalytic activation. The research shows

that PMS can be catalytically activated at room temperature (22 °C). The heating

18



method mainly depends on increasing the system temperature to accelerate the oxygen
bond breaking reaction of PMS in aqueous solution. However, if the activation
efficiency of PMS in a larger reaction system is to be significantly improved, the heat
required is relatively high, and the solubility of some organic substances is also
increased when the temperature increases, which is not very suitable for the advanced
treatment of practical pharmaceutical wastewater. In addition, during the heating
process, it is easy to cause SO4*— quenching, which affects the progress of organic

degradation reaction.

Generally, thermal activated persulfate technology [14] has obvious degradation
only when it is higher than 50 °C. In practical engineering, the water temperature will
not exceed 40 °C, and high energy output has become the main factor limiting the

large-scale popularization and application of thermal activated persulfate technology.
2) Ultraviolet radiation activation

Radiation catalysis mainly relies on ultrasonic, ultraviolet and y. X-rays radiate the
reaction system and use the radiation energy to promote the decomposition of PMS
(reaction formula 3-4). Compared with the other two methods, ultraviolet radiation
activation [15] is considered to be a more promising method for safety and economy.
Ultraviolet (UV) refers to the radiation with a wavelength of 10-400 nm in the
electromagnetic spectrum and an energy of 3-124 eV. Generally, it can be divided into
long wave UV-A, medium wave UV-B and short wave UV-C. Water disinfection
mainly uses UV-C. UV mainly destroys nucleic acids by radiation to microorganisms.

The earliest use of UV to disinfect water can be traced back to the early 20th century.

19



Since UV can inactivate Cryptosporidium and Giardia lamblia, UV radiation began to
replace chlorine as the main disinfection technology. In addition to being widely used in
sterilization and disinfection, UV itself has oxidation ability and degradation ability, but
the reaction time is long. It can be used to activate peroxide, open its peroxide bond and
produce highly active free radicals. As shown in reaction formulas (3-4), 1 mol PMS
produces 1 mol SO,+ and 1 mol *OH, and 1 mol PDS produces 2 mol SO4* . The
wavelength range of persulfate photolysis is 248-351 nm. When the wavelength was
254 nm, the free radical production efficiency of activated PDS increased significantly.
S,05° + UV — 2 SO,¢~ (3)

HSOs + UV — SO, (4)

A large number of studies focused on comparing the degradation performance of
UV/PDS and UV/PMS oxidation systems. Sharma [16] and other systems compared the
degradation and mineralization of bisphenol A by UV/H,O, and UV/PDS oxidation
systems. The experimental results showed that when the UV wavelength was 254 nm,
the pH was neutral, the temperature was 29 + 3 °C, the molar ratio of oxidant to
bisphenol A was 5.7:1, and the UV/PDS oxidation system was 240 min, the removal
rate of bisphenol A could reach about 95%, The pollutant removal rate of UV/H,0,
oxidation system is 85%, and the molar ratio of oxidant to bisphenol A is 53.4:1. The
applicable pH range of UV/PDS oxidation system is 3-12, while UV/H,0, oxidation
system can degrade pollutants only under acidic conditions, and the former has strong
resistance to the interference of bicarbonate, chloride ion and humic acid. It is inferred

that «OH is easier to be quenched than SO4°—.
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UV activation does not require additional catalyst, and there is no problem of
catalyst recycling. In addition, UV disinfection equipment and technology have been
mature in the field of water treatment and are widely used in the field of water supply
treatment. UV in sunlight accounts for about 5%. Persulfate can be activated by natural
light to degrade pollutants, which can not only save cost, but also achieve the purpose of

pollutant removal.
3) Ultrasonic activation [17]

PDS and water can be activated by ultrasound to produce SO4*— and *OH (as shown
in formulas (5-6)). Ultrasound is often introduced into heterogeneous catalytic system
as an auxiliary to improve solid-liquid two-phase mass transfer, accelerate reaction rate
and enhance pollutant removal rate. Cavitation caused by ultrasound leads to local high
temperature and high pressure, and the O-O bond of PDS is cracked, resulting in SO4e—.
Ultrasonic (US) activation has attracted much attention because it does not produce
secondary pollution and toxic by-products, simple system and low energy consumption.

S,04” + US — 2 SOy~ (5)
HSOs + US — SO, (6)

In US/PDS activation system, ultrasonic power, frequency and time will affect the
activation and degradation effect. Wang [18] et al. studied the degradation of humic
acid by US/PDS. 90% removal rate can be achieved after 2 h. When the ultrasonic
power is 80 W, the TOC removal rate is 58.6%. With the increase of ultrasonic power to
200 W, the TOC removal rate increases to 83.1%. Increasing the ultrasonic power can

improve the degradation efficiency and degradation rate, because a large number of
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cavitation bubbles are generated, which provide more energy for the generation of free
radicals and improve the generation rate of free radicals. Moreover, the solution
turbulence caused by ultrasound can strengthen the mass transfer rate. In addition,
acidic conditions and high temperature are also conducive to the degradation of humic
acid. He also used the same activation method to degrade carbamoyl nitrogen grass in
water. At 2 h, the pollutant removal rate was 89.4%. The degradation process of
pollutants accorded with the quasi first-order kinetic model. Increasing PDS
concentration and ultrasonic power was conducive to pollutant degradation. The main
active species was SO,*—. Increasing PDS concentration can increase the production of
free radicals, but the proportion of free radicals remains unchanged. The temperature at
the bubble water interface is about 340 K. PDS is activated locally at high temperature,
and SO,*— hydrolysis produces *OH, resulting in an order of magnitude higher yield of
*OH than SO4*—. According to the free radical quenching experiment, SO4*— is the
dominant free radical. Li et al. [19] explored the effect of ultrasonic frequency on the
degradation of trichloroethane in US/PDS oxidation system. The reaction rate increased
with the increase of ultrasonic frequency. When the ultrasonic frequency is 400 kHz, the
reaction rate constant is 0.0014 min™', 280 times higher than that at 50 kHz. When the
ultrasonic frequency is too low, the bubble lasts for a long time, and the free radicals in
the cavitation bubbles have their own quenching effect. Higher ultrasonic frequency is
conducive to the generation of free radicals. Because the bubble life is shorter, the free
radicals can enter the liquid from the bubbles, avoiding the free radical loss caused by
self quenching.

4) Alkali activation [20-22]
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Sodium hydroxide or potassium hydroxide is usually used to adjust the pH to 11 -
12 to realize alkali activation. The base catalyzes the PDS molecule to produce HO,,
which is used as an intermediate to carry out one electron transfer reaction with PDS to
produce SO4—. The research on alkali activation is less than other activation methods.
Alkali activation requires high dose of PDS and strong alkali, while the alkali dose
required to activate PMS is relatively small, but it is challenging to improve the
performance of alkali/PMS activation system. Lou et al [23] reported that
pyrophosphate and tripolyphosphate can enhance the degradation performance of alkali
activated PMS system. According to the experimental results of free radical capture and
quenching, superoxide radical and singlet oxygen are the dominant active species.
Marchesi et al. [24] studied the performance of alkali/PDS oxidation system to degrade
trichloroethane. The degradation rate increased with the increase of the ratio of OH" to
PDS. When the ratio was 8:1, the pollutants were completely removed. Qi et al. proved
that the alkali/PMS system can degrade organic pollutants including lime 7, phenol and
bisphenol A at room temperature. When pH > 9, the pollutant removal efficiency
becomes significantly higher. The dominant active species are not SO,e , but superoxide
free radicals and singlet oxygen.
5) Carbon material activation

The activation of PS based on carbon materials has its own unique characteristics:
large specific surface area, high pore content, high activation rate and cost economy.
The research shows that activated carbon, graphene, carbon nanotubes and biochar can
efficiently activate PS. their activation mode of PS is mainly through the redox reaction

of Sp” hybrid orbit of carbon atom and surface functional groups.
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6) Transition metal ion activation

The catalytic activation of PMS by metal ions is mainly realized by electron
transfer of redox reaction pairs formed by transition metal elements (reaction formula
1-8), which wusually includes homogeneous metal ion catalytic activation and
heterogeneous metal compound catalytic activation. At present, the commonly used
transition metals mainly include iron, manganese, copper, nickel, cobalt and silver.
Bouzayani [25] et al. compared the activation effects of Co, Cu, Ni and Fe plasma on
PMS, and concluded that Co ions showed the best activation effect on PMS. However,
when the transition metal is excessive, it will quench the generated free radicals, as
shown in formula. Because iron is environmentally friendly, economical and efficient, it
is most widely studied in activated PS technology. Wang and Chu used the Fe*"/PMS
homogeneous activation system to oxidize and decompose oxyanthracene dyes. The
experimental results show that when the molar ratio of Fe*’/PMS is 1:1, the pollutants
can be completely removed within 90 min. There are many studies on Fe’" activated
PDS. Wang et al. [26] studied the degradation of acetaminophen in water by Fe*"/PDS
System. The optimal ratio of Fe’" to PDS is 5:4. Chloride ion has a dual effect on the
system. Ji et al. [27] degraded ciprofloxacin and sulfamethoxazole through Fe*”PDS
oxidation system. They found that ciprofloxacin was easier to degrade than
sulfamethoxazole because ciprofloxacin had higher electron density and could form a
complex with Fe*". By comparing sulfamethoxazole and other sulfonamides, they found
that heterocycles had a great impact on the degradation effect of sulfonamides. The
main obstacle of iron ion activating PS is that Fe*" can be converted to Fe’* quickly, but

. 3 24 . . .. .
the conversion rate of Fe’" to Fe*" is very slow. Therefore, maintaining an appropriate
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concentration of Fe*' is very important to improve the degradation effect. At present,
there are three main methods: adding reducing agent, adding chelating agent and adding
Fe*' in sequence batch. These methods can maintain the cyclic regeneration and
continuous activation of Fe’". Chelating agent can avoid the production of iron sludge.
2- 2+ 2- 3+
SzOg +Me — SO4'_+ SO4 + Me (7)
HSO;s + Me”" —SO,+—+ OH + Me’" (8)

1.3 Co/PMS system

As early as 1956, researchers found that Co can catalyze oxone (PMS trade name,
chemical composition 2KHSOs « KHSO, ¢ K,SO,) to produce SO4¢ . The early Co/PMS
system was mainly used in biochemistry and inorganic fields. It was not until 2003 that
Anipsitakis et al. [28] applied this oxidation technology to the degradation of organic
pollutants for the first time. Anipsitakis et al. also systematically studied the activation
performance of a variety of transition metal ions on PMS. The experiment found that
Co’" is the metal ion with the highest activation efficiency. Compared with the widely
used Fenton oxidation system, Co/PMS system effectively overcomes the inhibition
effect of high pH on catalytic reaction, and has excellent oxidation activity in the range
of pH=2-10; In addition, the Co/PMS system showed higher oxidation performance
under the same catalyst and oxidant concentration. Therefore, Co/PMS system has been

widely studied and applied.
1.3.1 Homogeneous Co/PMS system

In the homogeneous Co/PMS system, Co exists in the form of Co”", that is, Co*" is

directly added to the reaction solution, so the application is very convenient. The
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reaction formula of Co® " activating PMS to generate SO,+— is as follows:

HSO5™ + Co™" — SO4+—+ OH + Co’” 9)
HSO;s™ + Co®" — SO+ H" + Co™" (10)
SO;5* + SO5*~ —»SO4—+ SO4—+ O, (11)

Matta et al. [29] studied the oxidation performance of Co/PMS system and
traditional Fenton system for drug ritodrine. It was found that under the condition of
pH= 3, the Co/PMS system with the same concentration was more efficient. The
oxidation removal rate of the former against ritodrine reached 50%, while the latter was
only 7%. Anipsitakis et al. [28] compared the degradation performance of
2,4-dichlorophenol between Co/PMS system and traditional Fenton system. The results
showed that Co/PMS system showed higher degradation activity in a wide pH range of
2-9. Chan et al. [30] used Co/PMS system to oxidize atrazine. The results showed that
the degradation rate of atrazine was as high as 95% within 1 h at room temperature. At
the same time, the researchers compared the effects of different co salts (Co(NOs),,
CoS0y4, CoCl, and Co(CH3COO), on the activation performance of PMS. It was found
that except for the slightly lower degradation efficiency of CoCl,, other co salts showed
higher activity, because SO4* - would react with Cl- to form Cle, Cl,»- with lower
oxidation capacity. Chen Xiaomin et al. [42] investigated the effects of various anions
(H,POy4 -, HCO5™, NO5™ and CI') in pesticides on Co activated PMS. The experiments
showed that high concentrations of HCO; and CI inhibited the reaction, H,PO, - and
low concentrations of HCO; ~ promoted the reaction, while NO;™ had little effect on the

overall reaction.
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Although Co/PMS system can achieve efficient degradation of organic pollutants,
it is often difficult to achieve high inorganic mineralization rate. In view of this defect,
the researchers introduced light (including ultraviolet and visible light) to promote the
complete oxidative degradation and improve the mineralization rate of the reaction. The
simultaneous introduction of UV and Co is actually the combination of UV activated
PMS and co activated PMS, which have a synergistic effect on the activation of PMS.
Bandala et al. [31] studied the degradation of microcystin domoic acid in deionized
water by UV/Co/PMS system. The research showed that the degradation rate of
microcystin domoic acid reached 93% within 5 min; further, the researchers
investigated the oxidation activity of the system under actual seawater conditions and
found that the degradation rate could still be more than 90% within 5 minutes. Huang et
al. [32] investigated the effect of ultraviolet light on the removal of Bisphenol A by Co
activated PMS. The results showed that two different wavelengths of ultraviolet light
(254 nm and 365 nm) promoted the catalytic system, and the inorganic mineralization
rate of the reaction increased from 17% to 45% and 49% respectively. Although the
Co/PMS system promoted by ultraviolet light can improve the mineralization rate of the
reaction, the technology has high energy consumption and high cost of treatment
equipment. Compared with ultraviolet light, visible light accounts for a larger
proportion in natural light. Improving the utilization of visible light is conducive to the
application of photo promoted Co/PMS system. Bandala et al. [33] used sunlight as the
visible light source to investigate the effect of visible light on the degradation of
herbicide 2,4-dichlorophenoxyacetic acid in Co/PMS system. The experiment showed

that the degradation rate of 2,4-dichlorophenoxyacetic acid was up to 100% within 5
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minutes, and the introduction of sunlight could increase the reaction kinetic constant of

the system by 33 times.

Although homogeneous metal catalysts have the advantages of convenient
operation, wide application range and high oxidation efficiency in the field of activating
PMS, the homogeneous catalytic system shows many disadvantages, and the biggest
problem is the leakage of metal ions. After the reaction, it is difficult to recover metal
ions, which need to be added again, and some heavy metal ions are easy to form
secondary pollution to the environment. In particular, cobalt ions have strong biological
toxicity. A small amount of Co will cause lung diseases such as asthma and pneumonia,
which limits the further application of the system. Therefore, developing heterogeneous
Co/PMS system, immobilizing Co, realizing efficient catalysis and overcoming the
shortcomings of homogeneous catalyst has become a breakthrough in the practical

application of Co/PMS system.

1.3.2 Heterogeneous Co/PMS system

So far, heterogeneous Co based catalysts mainly include Co compounds and
supported Co catalysts. Co compounds mainly include cobalt oxide, spinel and
perovskite in different phases. Anipsitakis et al. [28] investigated the degradation of
2,4-dichlorophenol by CoO and Co;0, activated PMS. It was found that only Co;0,
could play a catalytic role and had better activity at neutral pH; at the same time, the
researchers investigated the co overflow in the two catalytic reactions. The results show
that the Co overflow of Cos0, is significantly lower than that of CoO, which may be

due to the bonding between coo and Co,053 in Co;0,4 (composed of CoO and Co,0;),
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which improves the stability of CoO and reduces the co overflow. Compared with
traditional particle catalysts, nano metal oxide catalysts have better catalytic activity
because of the larger specific surface area and more active sites of nano materials. Chen
et al. used nano-sized Co;0; as catalyst to investigate the activity of activating PMS to
degrade dye Acid Orange 7. It was found that Co;0O4 nano catalyst showed efficient
catalytic performance, with mineralization rate as high as 70%, and the degradation rate
of Acid Orange 7 remained almost unchanged after repeated use for 6 times. Although
the nano catalyst has excellent catalytic activity, it is difficult to separate and recover
the catalyst by traditional precipitation filtration. In view of this defect, the researchers
proposed to synthesize Co-Fe composite oxides with ferromagnetic properties as
catalysts to achieve high-efficiency catalysis of Co and solid-liquid separation by using
Fe magnetism. Yang et al. [34] prepared nano-sized Co-Fe oxide, CoFe,O,4 by thermal
oxidation method, and investigated its performance of activating PMS to degrade
2,4-dichlorophenol. The results showed that the catalytic system could degrade 80% of
2,4-dichlorophenol within 2 h.

Compared with Co oxides, supported Co catalysts are more widely studied and used.
The supported Co catalyst is easy for solid-liquid separation to achieve the purpose of
recovery. At the same time, Co can be effectively dispersed on the surface of the
supported material, which is conducive to the increase of catalyst sites. In addition, due
to the chemical bond force between the Co compound and the supporting material, Co
can exist stably on the supporting material, which improves the stability of the catalyst.
Among many materials, inorganic materials such as activated carbon, cationic resin,

zeolite, molecular sieve, graphene, SiO,, TiO, and Al,O; have excellent stability and
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large specific surface area, and are excellent catalyst supports. Therefore, heterogeneous
Co catalysts based on these materials have been widely studied.

Yang et al. used nano-TiO, as the carrier of Co to investigate its catalytic activity
for the degradation of 2,4-dichlorophenol by PMS. It was found that the degradation
rate of 2,4-dichlorophenol was as high as 100% within 2 h, but the overflow of Co in
the reaction was as high as 2.4 mg/L; The researchers further compared the catalytic
activity between the system and Co;0,/PMS system. The results showed that the
catalytic efficiency of Co/Ti0,/PMS was much higher than that of Co;0,/PMS system,
which was caused by the existence of a large number of hydroxyl radicals on the surface
of TiO, and the uneven distribution of small particle size Co;0, (10-15 nm) on the
surface of TiO,. Chu et al. selected zeolite and cationic resin as loading materials and
loaded Co on them to prepare heterogeneous Co catalyst, and investigated its activity of
activating PMS to degrade herbicide Chlorsulfuron. The research showed that when the
loading material was zeolite, the heterogeneous Co catalytic system could degrade 100%
of Chlorsulfuron in 10 minutes, but the reusability of the catalyst was poor; When the
loading material is cationic resin, the catalytic system has excellent catalytic activity
and recycling performance. Shukla et al. [35] immobilized Co”* on molecular sieves
ZSM-5, Zeolite-A and Zeolite-X to prepare three heterogeneous Co/molecular sieve
catalysts. The results show that Co-ZSM-5 has the best stability and a large amount of
Co will overflow during the catalytic reaction; Compared with Co-ZSM-5, Co-zeolite-a
and Co-zeolite-x have higher catalytic efficiency and can completely degrade phenol
within 50 min. Yang et al. prepared heterogeneous Co catalyst with SiO,, TiO, and

AL,O; as carriers, and investigated its activity of activating PMS to degrade
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2,4-dichlorophenol. It was found that Co/Si0, showed the highest catalytic activity and
could degrade nearly 98% of 2,4-dichlorophenol within 10 minutes, but the co overflow
in the reaction process of the catalyst was as high as 1.4 mg/L; The catalytic activity of
Co/Ti0, and Co/Al, O3 is relatively low, but the stability is better. The overflow of Co in
the catalytic process is less than 0.9 mg/L. Yao et al. [36] loaded Co nanoparticles on
graphene to prepare heterogeneous catalyst, investigated its performance of activating
PMS to degrade dye Acid Orange 7 in water, and found that more than 90% of Acid
Orange 7 was degraded within 50 min; Kinetic and thermodynamic studies show that
the catalytic reaction conforms to the pseudo first-order kinetic model, and the
activation energy is 49.5 kJ/mol. Shukla et al. [37] used activated carbon as the carrier
of Co,0; to construct heterogeneous Co catalyst and applied it to the degradation of
phenol. It was found that the TOC removal rate of phenol was as high as 80% within 60
min; In addition, the researchers recovered the catalyst by cleaning and filtration and
applied it to the degradation of phenol again. It was found that the degradation
efficiency of the second time was almost unchanged from that of the first time, while
that of the third and fourth times decreased slightly; further study found that 1.6 mg/L
Co spilled during the reaction.

Although heterogeneous Co catalysts effectively solve the defects of homogeneous
Co catalysts and realize the recycling of catalysts, these catalysts still have the problem
of Co overflow, which limits the further application of Co/PMS system. Appropriate
supports can often bring excellent catalytic performance and practicability. Therefore, it
1s very important to select appropriate supports to build efficient and stable

heterogeneous Co catalysts.
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1.4 C;N,
1.4.1 g-C;N, material introduction

The second periodic elements of the periodic table and their compounds have
attracted extensive attention because of their special properties. Liebig discovered
molecular compounds based on heptazine and triazine in 1834, melamine, melam,
melem and melon. At that time, due to the lack of advanced analytical methods and
technologies, these molecular compounds could not be fully characterized. In 1922,
Franklin reported a method to synthesize amorphous nitrogen carbon compounds by
means of cyanide Hg(CN), and thiocyanide Hg(SCN), pyrolyzed mercury. However,
due to the lack of advanced analysis technology at that time, only the chemical
composition was preliminarily analyzed. The hydrogen content in the compound was
1.1-2.0 wt%. In 1937, Pauling and Sturdivant first proposed that the coplanar
tri-s-triazine unit is the basic structural unit of all polymer derivatives by using X-ray
crystallography. Unfortunately, g-C;N, has not been deeply studied because of its
chemical inertia and poor solubility [38]. After decades of research and theoretical
calculation, it is found that CsN, has several different structures. Among them, a Phase,
B Phase, cubic phase (C phase) and quasi cubic phase (P phase) are superhard materials,
and graphite like phase (g-C;N,) is soft phase [10]. It is generally believed that the
graphite like phase (g-C;N,;) has two basic structural units: triazine (C;N;) and
tri-s-triazine (C4N). Among them, g-C;N, with tri-s-triazine as the basic structural unit
is the most stable. In triazine structure, one N atom can connect three triazine rings as a
basic unit to form a 2D grid structure. The other basic structural unit tri-s-triazine is a

layered grid structure formed by connecting several heptazine rings in the same way as
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the above triazine rings. Similar to graphene, layers are connected by van der Waals
force. Among the two possible isomers, Kroke et al. calculated by density functional
first principle (DFT) that the structure of tri-s-triazine formed by heptazine ring
connection has smaller binding energy and more stable.
1.4.2 Synthesis and basic properties of graphite phase carbon nitride

So far, there are many methods to prepare g-C;N, with different structures and
electronic properties, including thermal polymerization, chemical vapor deposition,
solvothermal synthesis and plasma sputtering reactive deposition. Among them, thermal
polymerization is the most commonly used synthesis method, because it is simple to
operate, low cost, rich in raw materials and easy to obtain. Generally, g-C;Ny is easily
prepared by thermal polymerization of organic monomers such as urea, melamine,
dicyandiamide, cyanamide and thiourea at different temperatures (450-650 C).

Specifically, the formation of g-C;N, is realized through different thermal
condensation pathways of the above precursors [39-41]. The conversion of various
precursors to g-C;N, mainly includes stepwise nucleophilic addition, polycondensation
and polymerization. For example, at about 234 ‘C, cyanamide molecules condense to
form melamine. At about 390 °C, melamine rearranged to form a 3-s-triazine structure
(melem). The structural units undergo further deamination polymerization, and finally
polycondensate into a two-dimensional network polymer, g-C;N,, at about 530 C.
However, g-CsNy4 begins to decompose above 600 ‘C, and the skeleton gradually
collapses. When the temperature is greater than 700 °C, g-C3;N4 completely decomposes
into small molecular substances, such as carbon dioxide and ammonia. Similarly, urea

and thiourea molecules are first converted to melamine through addition and
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condensation to produce g-C;N4, while dicyandiamide molecules can be directly
condensed to melamine. It is well known that the type of precursor and preparation
process will significantly affect the physical, chemical and optical properties of the
product, which determines the photocatalytic performance of g-C;N,.

Similar to graphene, g-C;N, has a two-dimensional layered structure. Its adjacent
layers are stacked by van der Waals force, which comes from the weak n-m interaction
between layers. In the g-C;N,4 framework, carbon atoms and nitrogen atoms form a
conjugated system through SP* hybridization, and then form an aromatic conjugated six
membered ring structure through interphase arrangement of chemical bonds. The
remaining lone pair electrons on the C and N atoms in the ring bond with each other to
form a large © bond, while the six membered ring is connected with each other to form a
n conjugate plane, which makes g-C;N, have a unique electronic structure. In general,
the band gap of g-C;N, prepared by traditional thermal polymerization is about 2.7 eV,
and its VB and CB potentials are +1.4V and -1.3V (vs NHE, pH = 7), respectively. It is
composed of npz and CPZ orbitals, respectively. Compared with TiO,, g-CsN,4 can
absorb visible light and ultraviolet light with a wavelength less than 460 nm in the solar
spectrum, and has a higher utilization rate of solar light. At present, the mainstream
view is that the basic structure of g-CsN, can be divided into triazine and 3-s-triazine
units. According to density functional theory (DFT), the structure based on 3-s-triazine
unit has the highest thermodynamic stability among all allotropic forms of g-C;Ny,
which is about 30 kJ / mol lower than that of g-C;N, composed of s-triazine motif.

Therefore, in most subsequent studies, 3-s-triazine is generally considered to be the
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basic skeleton of g-C;N,. In most charts in this paper, we also use 3-s-triazine as the
basic structural unit of g-C3;N,.

As an environment-friendly heterogeneous photocatalytic material, g-CsNy has the
advantages of simple synthesis, low cost, easy modulation of chemical composition and
electronic structure, and shows good visible photocatalytic performance [42-44]. It has
thermal and chemical stability, biocompatibility, environmental protection, acid
resistance and alkali resistance under environmental conditions. These characteristics
make it favored by researchers in photocatalytic advanced oxidation technology.
However, bulk g-C;N, usually has the disadvantages of small specific surface area,
large band gap, fast photogenerated carrier recombination rate, narrow absorption range
of visible light and high exciton binding rate. There are still many deficiencies in
photocatalytic degradation of environmental pollutants, which greatly limits its
large-scale practical application in the field of environmental purification.

1.4.3 Strategies for improving the catalytic performance of graphite carbon nitride

The core of advanced oxidation technology is to prepare efficient, stable, green and
cost-effective catalysts. The physicochemical structure, photoelectric properties,
morphology, specific surface area, crystallinity, type and quantity of defects, type and
concentration of surface functional groups and other key physicochemical properties of
catalysts affect the catalytic activity and stability. Therefore, in view of the above
factors, the common methods of modifying g-C5N4 mainly include nanostructure design,
heterojunction construction, impurity defect regulation, intrinsic defect regulation,
adding electron capture agent and so on [45-48].

1) Nanostructure design
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The design and construction of g-C;N, with unique nanostructures by controlling
the thermal polymerization conditions has been proved to be an effective strategy to
obtain high-efficiency photocatalysts with various morphologies. Compared with the
original g-C;N4 g-C;N4 with improved nanostructure often has larger specific surface
area, appropriate energy level structure, special photoelectric properties, rapid charge
separation and mass diffusion ability, so as to improve the photocatalytic degradation
activity. In view of this, a lot of research work has been done to modulate g-C;N, with
different structures and sizes through hard template, soft template and template free
methods, including zero dimensional quantum dots, one-dimensional nanorods,
nanowires, nanotubes and nanofibers, two-dimensional nanosheets, three-dimensional
hollow microspheres, nanoflowers and honeycomb porous structures.

Generally, the hard template method can be used to flexibly regulate the
nanostructure of g-C;Ny. In the hard template method, porous solid materials such as
porous alumina, mesoporous silica and zeolite are often filled and heated together to
synthesize porous g-Cs;N, with controllable morphology and structure. Silica
nanoparticles are one of the most common hard templates. In the early years, goettmann
and others could control the specific surface area of g-CsN, at 86 ~ 439 m?/g by
adjusting the mass percentage ratio of silica raw materials. However, the synthesis of
porous g-C;N, using silicon-based hard template will inevitably introduce harmful HF
or NH4HF, corrosive solution, and the synthesis process is relatively cumbersome and
difficult to mass produce. In recent years, Chen et al. [49] obtained mesoporous carbon
nitride (MPG CN) using low-cost and green CaCOj; particles as hard templates. The

obtained mpg CN has a large specific surface area, and its visible absorption band edge
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extends from 460 nm to 800 nm. The results showed that the photocatalytic activity of
mpg-C;N, was 12.3 times higher than that of original g-C;N,.

In addition to the hard template method, the nanostructure of g-C;N, can also be
adjusted by the relatively green soft template method. Soft templates usually refer to
non-metallic, non-ionic or ionic surfactants and amphiphilic block polymers. For
example, Tahir et al. [50] synthesized high-performance multifunctional g-C;Ny
nanofibers (GCNNF) with uniform structure by soft chemical method of pre
acidification process. The results showed that under visible light, gennf could
completely degrade RHB within 45 min, while g-CsN,4 took 150 min. The improved
photocatalytic activity is mainly due to its appropriate band gap, less structural defects,
higher specific surface area and lower photogenerated carrier recombination rate. In
addition, Zhao et al. [51] developed hollow mesoporous g-C;N,; microspheres with
cyanuric acid and melamine as precursors and ionic liquid as soft template. The
prepared hollow mesoporous g-C;N, microspheres have high specific surface area and
porosity, and their photocatalytic activity is 30 times that of the original g-C;N,.
However, using these conventional surfactants as soft templates often requires complex
post-treatment to remove the template.

Although various structures and morphologies can be obtained by hard template
and soft template methods, these methods are very cumbersome and need
post-treatment. As a green and simple alternative method, template free method has
attracted extensive attention of researchers. For example, if the unstable substance in the
precursor releases gas when heated, the autogenous chemical gas will blow out the

condensed layer separately, resulting in a few or single-layer porous nano sheet. Zhang
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et al. [52] synthesized a series of porous g-C;N, through the thermal condensation
reaction of dicyandiamide in air with the bubble template produced by urea pyrolysis as
raw material. The photocatalytic activity of the optimized porous g-C;N4 for methylene
blue and phenol was increased by 2.1 and 2.8 times, respectively. The results show that
the visible light photocatalytic performance of porous g-C;N, increases with the
increase of urea ratio and calcination temperature. At present, researchers are exploring
new non-metallic template or template free methods to regulate the microstructure and
nanostructure of g-C;N, based photocatalysts, which has become a current research
topic.

2) Impurity defect control

Impurity defect regulation refers to introducing additional elements or impurities
other than C and n into the molecular structure of g-C;Ny4, and changing the composition
structure of g-C;N, through displacement doping or gap doping, mainly including metal
element doping and non-metal element doping. Impurity defect regulation can not only
expand the absorption range and absorption capacity of g-C;N, in the visible region and
improve its utilization of visible light, but also greatly improve the separation efficiency
of photogenerated carriers and prolong the carrier life, so as to improve the
photocatalytic activity of g-C;N,.

Due to the strong coupling between cations in g-C;Ny4 nitrogen tank and negatively
charged N atoms considered as lone pair electrons, g-CsN, can easily bind and fix metal
cations. Specifically, the high-density nitrogen based macrocyclic unit in the organic
skeleton of g-C;N, contains six lone pair electrons, which can smoothly form stable

chemical coordination bonds with metal ions. Alkali metal ions (such as potassium and
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sodium) and transition metals (such as iron, cobalt, copper and manganese) are
coordinated into the nitrogen tank of g-C;N4, which can significantly improve the
separation and migration speed of carriers, induce the distribution of space
photogenerated  electrons and holes, and improve their photocatalytic
oxidation-reduction ability. For example, Zhang et al. successfully synthesized
potassium doped g-C;N, (k-CsN4) photocatalyst with dicyandiamide and potassium
iodide as raw materials. Potassium doping leads to the positive shift of VB position of
g-C;Ny4, which enhances the separation and migration ability of photogenerated carriers
under visible light. The photocatalytic activity of optimized k-C;N, for phenol and
methylene blue was significantly improved, which was 3.3 times and 5.8 times higher
than that of bulk g-C;N,, respectively. Xu et al. [53] successfully prepared iron
(Fe)-doped surface alkalized g-C;N; by one-step thermal polymerization. A small
amount of Fe doping (0.05wt%) can accelerate the separation of photogenerated carriers
and increase the generation of active species. The photocatalytic reaction rate of Fe
doped g-C;N, for the degradation of tetracycline under visible light is 3.0 times higher
than that of bulk g-C;Nj,.

Non metallic doping is an economical and feasible method to control impurity
defects, and can maintain the metal free characteristics of g-C;N4. The doped
non-metallic elements can effectively adjust the electrical, optical properties and energy
band structure of g-C;N, by replacing lattice C or N atoms, so as to optimize the
photocatalytic performance. Generally, due to the high ionization energy and different
electronegativity of non-metallic atoms, once introduced, they can react with other

compounds to obtain electrons and form covalent bonds, resulting in charge polarization,
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changing the electron distribution around the doping position and accelerating the
electron transfer rate. At present, various non-metallic dopants, including phosphorus,
sulfur, oxygen, boron and halogen, have been used to control the impurity defects of
g-C;Ny. For example, Zhang et al. [54] prepared double oxygen doped porous g-CsNy
and revealed the changes of its internal electronic structure after oxygen doping in
combination with theoretical calculation. After dioxygen doping, the surface charge
density of g-C;N, increases and the delocalized conjugate system expands, which
accelerates the transfer and separation of carriers from the catalyst to organic pollutants.
The results show that the photocatalytic degradation activity of bisphenol A is 9.0 times
higher than that of original g-C;N,, and has a high removal rate of various phenols,
chlorophenols and dyes. Huang et al. [55] prepared a new phosphorus oxygen Co doped
g-CsNy4 (POCN) from Hexachlorocyclotriphosphazene and polyvinylpyrrolidone. The P
atom replaced the carbon atom in the g-C;N, skeleton and the O atom replaced the
nitrogen atom. Pocn showed significantly improved photocatalytic activity for the
degradation of fluoroquinolones, such as enrofloxacin, ciprofloxacin, lomefloxacin and
ofloxacin. Compared with the original g-C;N,, the degradation rate of enrofloxacin by
pocn was increased by 5.2 times. The improvement of photocatalytic effect was
attributed to its narrow band gap, effective charge separation and increased specific
surface area.
3) Intrinsic defect control

So far, the widely used method for the synthesis of g-C;N, is based on the
solid-phase thermal polymerization of nitrogen rich precursors. The intermediate

reaction in the polymerization process is incomplete, so it inevitably leads to low
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crystallinity and amino defects. In addition, most common modification methods, such
as thermal polymerization process optimization method, template free method, molten
salt method and precursor weight adjustment method, can easily introduce intrinsic
defect stiffness. Therefore, the intrinsic defect regulation strategy has been widely
reported in the field of g-C;N4 based photocatalysis. Although g-C;N, with intrinsic
defects does not contain foreign impurities, its structure is still imperfect. In g-C;Ny,
intrinsic defects are mainly point defects. The research on point defects mainly focuses
on vacancy defects (amino, cyano, C vacancy, n vacancy) and anti position defects (C
doping, N doping). Intrinsic point defects have attracted much attention because of their
simple synthesis and effective modification.

Due to the incomplete reaction of intermediates during the condensation of N-rich
precursors, amino defects are inevitably generated, resulting in poor crystallinity. It is
generally believed that these residual abundant in-layer amino groups lead to the high
localization of radiation carriers and act as charge recombination sites in the
photocatalytic reaction, which is not conducive to the photocatalytic process. The
decrease of amino group is helpful to increase the crystallinity, improve the dissociation
of excitons between layers, accelerate the migration of carriers in layers, expand the Wu
conjugate system and increase the number of nonlocal redundant electrons to improve
the conductivity. However, another view is that the surface basic sites of amino / imino
can be used as chemical reaction active centers in response to the high capture degree of
polluting molecules. The increase of amino group can strengthen the hydrogen bond
interaction between layers and reduce the stacking distance between layers, so as to give

more exposed active edges and cross plane diffusion channels, and greatly accelerate
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the mass diffusion and carrier transport. It can be seen that the mechanism of amino
group in g-C3N,4 photocatalytic process is controversial, which needs to be further
discussed and explained by researchers.

Antipositional defects are generated by the exchange of lattice positions between
two adjacent particles of crystal constituent elements. In g-C;Ny, inversion defects
mainly refer to the defects caused by C doping and N doping. At present, the research
on C doping is the most, and the research on N doping is less. Bao et al. [56]
synthesized carbon doped g-C;N4 (C-CN) porous nanosheets with polyacrylamide as C
source. Compared with g-C;Ny, its band gap is reduced by 0.3eV and the degradation
rate of active red X-3B is increased to 2.0 times, which can be attributed to the joint
action of C-CN band gap reduction, visible light absorption enhancement and effective
carrier separation. In addition, Li et al. [57] found that C atom can replace bridged N
atom and form a large number of delocalized m bonds in the modified g-C;N; (ACCN)
skeleton to enhance its conductivity. C doping sites and the consequent introduction of
carbon species can be used as electron sinks to promote the separation of electron hole
pairs. The results showed that the degradation rate constant of Sulfamethoxazole by
accn was 6.6 times that of g-C;N,. It is worth noting that due to the strong m - =«
interaction, the delocalized big Wu bond is also conducive to increase the adsorption
capacity of C-CN for organic pollutants such as rhodamine B and tetracycline, and
enhance the removal performance of active species on surface adsorbates in the
subsequent photocatalytic process.

The atoms in the lattice leave the lattice due to the fluctuation of thermal vibration

energy, leaving a vacancy in the original lattice. It is reported that the vacancy in
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g-C3;N, can capture photogenerated electrons and transfer them to O, molecules
adsorbed on the surface, so as to establish a favorable transmission path based on
photogenerated electrons. At the same time, the vacancy can also greatly promote the
adsorption of O, by g-CsN,4. Zhou et al. Found that in the time-resolved fluorescence
spectrum, the singlet lifetime of n-vacancy g-C;N, (Nv-CN) is shortened, which means
that the relaxation of excited states in NV-CN is easier to occur through non radiative
inactivation. This may be due to the electron transfer to some favorable defect states,
which enhances exciton dissociation and promotes the yield and transfer efficiency of
hot carriers. In addition, n vacancy provides more positions for adsorbed O,, accelerates
the transfer of electrons from g-C;N,; to surface adsorbed O,, and promotes the
generation of O,¢". The results showed that the degradation rate of sulfamethazine by Nv
CN was 12.3 times that of g-C;N,. The vacancy can also enhance the adsorption effect
of g-C3N, on organic pollutants. Liu et al. Used quantum mechanical simulation for the
first time to reveal the adsorption between sulfadiazine and c-vacancy g-CsNy
nanosheets. The results show that C vacancy can change the planar structure of g-CsNy
and significantly improve the adsorption capacity of sulfadiazine

In conclusion, the introduction of different intrinsic defects changes the electronic
structure of g-C;N,; to varying degrees, and significantly affects the positive and
negative positions of VB top and CB bottom in the energy band structure. In addition to
amino defects and C vacancies, other intrinsic defects will significantly reduce the band
gap of g-C;N, and enhance its absorption capacity of visible light. In addition, they can
also introduce the defect energy level into the intrinsic band gap, so as to expand the

optical absorption range and receive more photogenerated electrons. At the same time,
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the introduction of defects helps to delay the recombination of photogenerated carriers,
because defects play the role of electron or hole traps, and optimize the original
conjugate system of g-C;N,. It can not be ignored that the intrinsic defects of g-C;N,
material can also effectively introduce the coordination unsaturated center, which
provides high active sites for the chemical adsorption and activation of reactant
molecules and promotes the participation of reactant molecules in surface reactions.
1.5 Perovskite catalyst

Perovskite materials are widely used in catalysis, materials and solar cells because
of their special thermal stability, electronic structure, ionic conductivity, electron
mobility, oxygen mobility and redox properties. According to the structure type,
perovskite can be divided into simple perovskite structure, double perovskite structure
and layered perovskite structure. Among them, the simple perovskite structure is the
most widely studied one. In recent years, in the field of catalysis, in addition to
electrochemistry (such as ORR reaction [65] and OER reaction [66]) and gas-solid
heterogeneous catalysis (such as Co oxidation [67] and NO conversion [68]), perovskite
materials have also appeared in persulfate advanced oxidation technology.
1.5.1 Introduction of perovskite catalyst

Perovskite [58, 59] is an ABO; type metal oxide, in which a can be filled with
alkali metals, alkaline earth metals or other cations, and B is usually occupied by
transition metals. It has attracted people's attention because of its advantages such as
high stability, low cost and element substitutability. This structure can introduce various
metal ions into the frame structure, and can replace the cations at sites A and B with

foreign cations without damaging the matrix structure. The specific structure of
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perovskite is shown in Figure 1.1. Therefore, it is possible to control the change of
cation oxidation state or the generation of oxygen vacancy. Perovskite materials have
been widely used in catalysis, solar cells, sensors, etc. Recently, different types of
perovskite catalysts ABO; (A = La, Ba, Sr and Ce; B = Co, Fe, Mn, Cu, Ni) have been
applied to activate PMS to degrade organic pollutants and show high activity and
stability. In order to further improve the performance of perovskite catalysts, researchers
studied perovskite catalysts (such as Sr,CoFeOg, La0.4Sr; sMnO;_;), the oxygen vacancy
is increased by replacing A or B with exogenous cations. In addition, high specific
surface area catalysts can provide more active sites for activated PMS to catalyze the
degradation of pollutants. Therefore, increasing the specific surface area of perovskite
can significantly improve its catalytic activity. The specific surface area of perovskite
catalyst prepared by citric acid method, sol-gel method co precipitation method is too
small, most of which are less than 10 m®/g. Therefore, it is not enough to provide
enough active sites to activate PMS, so how to prepare a high specific surface area

perovskite catalyst is the key to improve the activity of the catalyst.
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Figure 1.1 schematic diagram of perovskite structure

1.5.2 Application of perovskite catalyst in PMS activation

In recent years, perovskite materials have attracted more and more attention in the
field of advanced oxidation due to their unique catalytic properties, especially Fenton
reaction. However, the research on perovskite materials as heterogeneous catalysts for
PMS activation is very limited. Pang et al. [8] introduced cetyltrimethylammonium
bromide into LaCoOj; to activate PMS to degrade sulfazole (PBSA). The results showed
that PBSA was almost completely degraded within 5 minutes, which may be mainly due
to the Co-O bond on the surface of LaCoQO;, but the amount of catalyst used was large
(0.5g « L-1) and the initial concentration of PBSA was low (5 mg * L-1). Su et al. [73]
used PrBaCo,0s.5 with double perovskite structure for PMS activation, the results
showed that PrBaCo0,0s5.5/ PMS system can completely degrade phenol and methylene
blue within 15 minutes, but the dissolution amount of cobalt is as high as 9.8 mg « L™ It
is speculated that the valence conversion of cobalt ions and the existence of oxygen
vacancies in perovskite may be PrBaCo,Os.s, whic is the key to high-efficiency
catalytic degradation. The catalytic effect of perovskite studied above is limited to a
single cobalt, ignoring the advantages and characteristics brought by perovskite
substitution. Duan et al. [74] investigated Ba, 5SrysCo( 8Fe(,05.5 Compared with Co;04
and CoFe,0,4, the results showed that BajsSrysCoy8Fe;,0;55/ The degradation
efficiencies of PMS, Co;04/PMS and CoFe,O4/PMS for phenol were 100%, 60.7% and
19.9%, respectively. In addition, it i1s found that oxygen vacancy and A-site metal ions
with weak electronegativity may provide high charge density for cobalt sites, which is

conducive to the interaction between cobalt and PMS to produce free radicals. Although
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perovskites substituted at a and B sites are used to activate PMS, there is still a lack of
systematic investigation on the substituted elements and amount.

1.6 Research ideas

In recent ten years, advanced oxidation technology based on sulfate radical (SOye-)
has attracted extensive attention. SO4e- has high redox potential (2.5-3.1 V) and long
half-life, which can oxidize and degrade most organic compounds, making it popular in
the field of environmental catalysis. Among many SOy,e- generation technologies,
homogeneous Co/PMS system has been widely studied because of its convenient
operation, wide application range and high oxidation efficiency. However, there are
some defects in the use of the system, such as difficult recovery of Co and secondary
pollution caused by biological toxicity of Co, which limit its further application. There
are two ways to solve this problem: one is to use high stability cobalt based catalysts,
such as perovskite catalysts; the second is to load cobalt based catalyst on high specific
surface area support. However, there are still some problems in activating PMS by the
above methods. For example, the heterogeneous Co catalyst prepared by the previous
method has the problem of Co overflow in the catalytic process, and the stability needs
to be improved; therefore, the research and development of PMS activation technology

with high efficiency and no secondary pollution is still a great challenge.

Appropriate supports can often bring excellent catalytic performance and
practicability. Therefore, it is very important to select appropriate supports to build
efficient and stable heterogeneous Co catalysts. Carbon nitride has many excellent

properties: 1) large specific surface area and excellent adsorption performance; 2) The
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surface contains abundant functional groups, which is easy to be chemically modified,
which is helpful to establish a stable chemical bond between the catalytic center and the
carbon nitride carrier; 3) Excellent physicochemical stability is conducive to the
protection of active sites in the catalytic process. Based on the above analysis, carbon
nitride was selected as the catalyst carrier to construct heterogeneous Co catalyst. The
catalyst not only has excellent catalytic performance, but also improves the stability of
the catalytic center and solves the problem of Co overflow of heterogeneous Co

catalyst.
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Chapter 2 The experimental method

2.1 Preparation process of catalyst
2.1.1 Preparation of LaCo0O;

According to La:Co = 1: 1: stoichiometric metal nitrates La (NO;);-6H,O and
Co(NOs),"6H,0O were dissolved together in an appropriate amount of distilled
water,then the Citric acid was added to this mixture according to molar ratio of citric
acid/total cations of 2.4.

The solution was dried at 80 °C overnight.The obtained sample was calcinedd at
700 °C for 2 h in the muffle .Finally, the perovskite-type oxide LaCoO; sample was
obtained and identified by XRD.

2.1.2 Preparation of g-C;N,

The g-C;N4 powders were synthesized by heating melamine in a muffle furnace.
Specific operations are as follows: A certain amount of of melamine was put into an
alumina crucible with a cover and heated to 550 °C at a heating rate of 2 °C-min ', then
kept at this temperature for 4 h. After the reaction, the alumina crucible was naturally
cooled to room temperature. The resulting yellow product (g-C;N,, identified by XRD)
was collected and grounded into powders for further use.

2.1.3 Preparation of LaCo00O;/g-C;N4 composite catalysts

A certain amount of carbon nitride and lanthanum cobaltate are placed in a muffle
furnace and heated to 500 °‘C for 2 hours according to different loads
(10%,20%,30%,40%,50%), the resulting black powder (LaCoOs/g-CsNy, identified by

XRD) was collected and grounded into powders for characterizing
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2.2 Catalyst characterization

In this paper, the morphology and structure of catalyst LaCoO;, g-C;N, and
LaCo0s/g-C;N4 samples were characterized by the following test techniques, mainly
including X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscope (SEM) and Fourier transform infrared spectroscopy (Fourier
transform infrared spectrometer, FT-IR), nitrogen adsorption desorption isothermal test,
and Raman spectroscopy.

2.2.1 X-ray diffraction (XRD)

The crystal structure and composition of the samples were characterized by a
Bruker D8 advanced X-ray powder diffractometer. The test conditions are as follows:
the X-ray is composed of copper target Ka Provided by ray source, A= 1.54 nm, the tube
voltage is 45 kV, the tube current is 40 Ma, the scanning speed is 0.026 °/s, and the
scanning range is 2 6= 5° ~80°.

2.2.2 X-ray photoelectron spectroscopy (XPS)

XPS can be used to test the surface composition of the sample and the bonding
relationship between elements. The test principle is that by shooting the material surface
with X-rays with specific energy, photogenerated electrons will be generated in the
depth range of 0.5 ~ 3 nm. These photogenerated electrons are formed by certain
specific elements, so the elements contained in the material can be analyzed by
analyzing these photogenerated electrons, At the same time, the content of elements and
their bonding information can be obtained by further analysis of physical parameters
such as peak strength. In this paper, ESCALABXi+ X-ray photoelectron spectrometer

produced by Thermo Fisher company of the United States is used. X-ray from
50



aluminum target Ka The final characterization results were fitted by XPS peak software
and corrected with C 1s peak 284.8 ev.
2.2.3 Fourier transform infrared spectroscopy (FT-IR)

The information of functional groups on the sample surface and the types of
internal chemical bonds can be understood by FT-IR. The test principle is to make some
molecules in the sample transition to the vibrational energy level with higher energy
through the infrared radiation sample, and the functional spectrum with wave number as
variable is calculated by Fourier transform. Analyze the position of the characteristic
absorption band in the spectrum and identify the possible functional groups and
chemical bonds in the molecule. In this paper, the IRAffinity-1 Fourier transform
infrared spectrometer produced by Shimadzu company in Japan was used for testing,
and the scanning range is 400 ~ 4000 cm’.

2.2.4 Nitrogen adsorption desorption isothermal test

Nitrogen adsorption desorption analysis is to analyze the nitrogen adsorption
desorption curve of sample materials by BET and BJH methods to obtain the specific
surface area, pore volume and pore size distribution of porous samples. The test and
analysis principle is to measure the adsorption and desorption capacity of the sample
material for nitrogen under different relative pressures in the liquid nitrogen
environment with a temperature of 77K, so as to obtain the adsorption desorption curve
of the sample material for nitrogen, calculate the specific surface area of the material by
BET method (formula 2-1), and calculate the pore size distribution in combination with
bjh (Barrett Joyner halenda) model. In this paper, the multi station automatic specific

surface area and microporous physical adsorption instrument asap2460 produced in the
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United States is used, and the relative pressure range is 0 ~ 1.

Ve V,.PC
~ (P,~P)[1-(P/P))+C(P/P,)]

2-1

V -- actual adsorption capacity of sample (mL);

V., -- saturated adsorption capacity of nitrogen monolayer (mL);

P -- partial pressure of nitrogen (Pa);

P, -- saturated vapor pressure of nitrogen at liquid nitrogen temperature (Pa);
C -- constant.

2.3 Catalyst activity evaluation

Firstly, 100 mg/L tetracycline hydrochloride solution was prepared in a 500 mL
volumetric flask and transferred to a blue-cap bottle with an outer wall shading
treatment as a reserve solution for low temperature storage. When necessary, the
solution was transferred to a volumetric flask and diluted to 20 mg/L for degradation
experiments. 50 mL tetracycline hydrochloride solution was added into 100ml conical
flask, followed by addition of a certain amount of catalyst. NaOH or H,SO, were used
to adjust the pH of the solution. Then the tube was transferred to a thermostatic water
bath, the temperature was controlled at 25 °C. To eliminate the effects of adsorption of
different catalysts, the reaction was stirred for 0.5-3 hours to ensure that the reaction

reached adsorption equilibrium.

Then a certain amount of fresh PMS solution was added, and the time was
immediately timed and determined to be zero. Samples were taken at 0, 5, 10, 15, 20, 25,
30 min and filtered through 0.22 pum glass fiber membrane. After filtration, 2 mL of the

sample was placed in a 10 mL centrifuge tube, and 2 mL methanol was added to quench
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free radicals. The quenched samples were poured into a colorimetric dish and their
absorbance was measured by by a UV—Vis spectrophotometer (A = 358 nm).. The
pollutant degradation and removal rate is calculated based on Equation (2-2) :

RP=(Cy-Cy)/ Co x 100% 2-2

RP is the degradation removal rate (%), Cy is the initial concentration of ciprofloxacin in

solution (mg/L), and C; is the concentration of ciprofloxacin at time T (mg/L).

In order to ensure the accuracy of the experiment, repeat the experiment comparison for
each group of experiments to analyze whether the data error meets the requirement of
difference

2.4. Detection of active species

The detection of free radicals i1s mainly carried out by electron paramagnetic
resonance (EPR) spectrometer. EPR spectroscopy is used to detect substances with lone
pair electrons. The detection principle is to place the sample containing lone pair
electrons in an external magnetic field and add microwave of specific frequency in the
direction perpendicular to the external magnetic field, so that the electrons at low energy
level will absorb the energy of microwave and jump to the orbit of high energy level,
resulting in electron resonance, Then an obvious microwave absorption signal will be
formed in the spectrum. The instrument used in this paper is EMX10/12 electron
paramagnetic resonance spectrometer produced by Bruker company in Germany. The
magnetic induction intensity is 3380 ~ 3580 g and the magnetic field frequency is about

9.77 GHz.

In order to identify the active species that catalyze the degradation of tetracycline
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hydrochloride, the reaction system was tested by EPR. Firstly, according to the literature,
the mechanism of transition metal cobalt catalytic activation PMS degradation of
pollutants is mainly the role of SO4*” and a small amount of *OH formed in the system.
Therefore, this paper mainly carries out EPR test on the above two free radicals.
(1) Testing of SO4*” and *OH

5,5-dimethyl-1-pyrroline-n-oxide (DMPO) was used as free radical capture agent
by EPR in the reaction system. Firstly, several 1 ml centrifuge tubes with addition of
20pL T mol/L DMPO solution were prepared. The following solution is then prepared.
The initial concentration of PMS is 0.5 mM, the initial concentration of tetracycline
hydrochloride is 10 mg/L, the reaction temperature is 25°C, the pH of the system is
about 7, and the total reaction volume is 50 mL. At this point, 180 uL sample solution
was placed into the centrifugal tube with DMPO solution, and the EPR map of
PMS+DMPO was obtained. Then add LaCoO;/C;N, catalyst and start stirring reaction.
Time reaction 5 min later, at this time, take 180 pL sample solution and put it into the
centrifugal tube which has been added DMPO solution. The EPR map of PMS+DMPO+
LaCoO;/CsN; was obtained. The sampled fluid is quickly transferred from the
centrifuge tube to a capillary and placed into an electron paramagnetic resonance
spectrometer for EPR testing. The magnetic induction intensity is 3380~3580 G, and the
magnetic field frequency is about 9.77 GHz.
(2) Detection of singlet oxygen (102)

For the test of singlet oxygen, EPR was also wused, and
4-amino-2,2,6,6-tetramethylpiperidine (TEMP) was used as the capture agent. The

experimental process is to take 40 p L 0.1M temp and 160 p L mix the above reaction
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sample solution, and the other steps are the same as above; In addition, the reaction
system and test instruments are the same as the above free radical detection, but the

magnetic induction intensity is 3430 ~ 3530 G.
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Chapter 3 The experimental results and discussion

At present, advanced oxidation technology based on SO, is widely used to treat
pharmaceutical wastewater containing refractory organics. Among them, SO4
produced by PMS activated by transition metal ions is the most widely used method at
present. Cobalt ions become the most effective metal ions by virtue of their high redox
potential. However, cobalt ions in homogeneous Co/PMS system will cause harm to
water and human beings, so the research on heterogeneous Co/PMS system has become
a hot spot.

In this chapter, g-C;N, is selected as the carrier of lanthanum cobaltate, and
LaCoO; doped g-C;Ny is prepared by simple hydrothermal method. Compared with
pure LaCoO; material, LaCoOs/C;N4 has higher activity for PMS activation and
degradation of tetracycline hydrochloride, and the system has better research value. The
main research contents are to explore the effect and mechanism of the prepared catalyst
activated PMS for the degradation of tetracycline hydrochloride, including: (1)
structural analysis of LaCoOj3;, CsN4 and LaCoOs/C;Ny; (2) Performance evaluation of
LaCoOs/C3N, activated PMS; (3) The single factor experiment affecting the degradation
of tetracycline hydrochloride includes four parameters: the initial concentration of PMS,
the dosage of LaCoO;/C;Ny, the pH value and temperature of the reaction system; (4)
The mechanism of LaCoOs/C;N, activated PMS degrading tetracycline hydrochloride
was explored by free radical inhibition experiment and free radical detection analysis.
3.1 Characterization results
3.1.1 X-ray diffraction

X-ray diffraction analysis is the main method to study the phase and crystal
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structure of substances. By analyzing the diffraction pattern of X-ray diffraction of the
catalyst, the composition of the material and the structure or morphology of atoms or
molecules in the material could be obtained. When a substance (crystalline or
amorphous) is subjected to diffraction analysis, the substance is irradiated by X-rays to
produce diffraction phenomena in varying degrees. The composition, crystal form,
intramolecular bonding mode, molecular configuration and conformation of the
substance determine the unique diffraction pattern of the substance. X-ray diffraction
method has the advantages of no damage to samples, no pollution, rapidity, high
measurement accuracy and a large amount of information about crystal integrity.
Therefore, as a modern scientific method of material structure and composition analysis,

X-ray diffraction analysis has been widely used in the characterization of catalysts.
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Fig. 3-1. XRD patterns of LaCoOs/ C5Ny4 with different account of C3Ny.
Figure 3-1 shows the XRD spectra of LaCoOs/g-C3N, composites with different
g-C;N, mass content, as well as the XRD spectra of pure LaCoO; and g-C3;N,. It is

57



observed that each XRD diffraction peak of LaCoOj; can be matched with the standard
card of LaCoO; (JCPDS No. 01-084-0848). No other diffraction peaks were observed,
indicating that the prepared sample LaCoOs; has high purity. The characteristic peaks of
g-C3Ny at 13.1 © and 27.4 °© are consistent with the hexagon of g-C;N, (JCPDS No.
01-087-1526) and with the diffraction planes (100) and (002) respectively. The
diffraction peak at 2 6=27.4 ° (D = 0.326 nm) is due to the interlayer stacking of
graphite like structure, while the weak diffraction peak at 2 6=13.1 ° (D =0.676 nm) is
related to the repeated triazine units in the plane [60, 61]. In addition, no characteristic
peak of g-C;N,; was observed in LaCoO3/g-C3N, composites, which may be due to the
low crystallinity of g-C5N, [62]. It is also possible that the interaction between g-C;Ny
and LaCoOj; leads to the partial destruction of the long-range ordered crystal structures
of g-C;N, and the disappearance of the diffraction peak of g-C;N,.[63]

3.1.2 Fourier transform infrared spectroscopy (FT-IR)

Infrared spectroscopy is one of the important methods for qualitative identification
of compounds and their structures. Molecules can selectively absorb the light in the
infrared region of the electromagnetic spectrum, resulting in molecular vibration. This
absorption specificity corresponds to the characteristic chemical bonds in the sample
molecules. In the spectrum measured by the infrared spectrometer, the abscissa is the
wave number (usually 4000-600 cm-1) and the ordinate is the absorption value of the
sample to infrared radiation. Molecular spectroscopy, especially infrared spectroscopy,
can understand the static adsorption of various molecules on the catalyst surface, and
can also study the types, structures and bonding modes of adsorbed species under

reaction conditions (or reaction steady state). It has become the most widely used
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characterization and identification method in catalytic research.
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Fig. 3-2. FTIR of LaCoQO;/ C;N, catalyst.

The composition and structure of LaCoQOs, g-C3N, and LaCoO3/g-C;N, composites
were determined by FT-IR, and the formation of heterostructure was further described.
The results are shown in Fig. 3-2. For pure LaCoOs, the IR bands observed near 562
cm’ and 598 cm™ are the characteristic stretching vibration of CoO bond in coo6
octahedron in LaCoOs. The infrared band in the range of 1374 cm™-1645 cm™ can be
attributed to LaCoO; lattice vibration. In the FT-IR spectrum of pure g-c3n4, the peaks
at 807 cm™' and 1641 cm’ are attributed to the bending vibration mode and C=N
stretching vibration mode of s-triazine ring unit, respectively. The peaks at 1238 cm™,
1322 cm™, 1412 cm™ and 1564 cm™ correspond to the C-N stretching vibration in the
carbon nitrogen heterocycle. The broad absorption peak near 3100 cm™ is related to the

characteristic stretching vibration of -NH and -NH, functional groups, which belongs to
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the broken CN aromatic ring in g-C;N,. (6,7) in the case of FT-IR spectra of
LaCo03/g-C;N4 composites, it can be easily seen that all characteristic peaks of LaCoOs
and g-C;N, are observed, and no new chemical bond or solvent residual absorption
peaks are detected.
3.1.3 Raman spectroscopy

Raman spectroscopy has the characteristics of fast, simple and repeatable, and has
no damage to the sample. The diameter of the laser beam is usually only 0.2-2 mm at its
focusing position, and the sample demand is small, which is a major advantage over
infrared. Therefore, Raman spectroscopy can analyze the micro region of the sample,
which is especially suitable for the identification and research of single fluid inclusions
with the size of lum in the material and various solid mineral inclusions. Raman
detection belongs to micro region detection, it has great advantages for the detection of
filled samples. In addition, Raman can cover the range of 50-4000 wave numbers at one
time, and can analyze organic and inorganic substances at the same time. If the infrared
spectrum covers the same range, the grating, beam splitter, filter and detector must be
changed; the detection of functional group region has no requirements for the light
transmittance of the sample. Because Raman technology has many advantages above, it
has become a widely used characterization and identification method in catalytic

research.
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Fig. 3-3. Raman spectra of LaCoO3/ C3;N; catalyst.

As shown in Fig. 3-3 (a) (b) (¢), the Raman signal of g-CsN4 can be obviously
observed in LaCoO;/C3N,. Compared with the signal strength of the original g-C;N,,
the signal strength of g-C3N, is slightly stronger. This may be attributed to the contact
LaCoO; surface enhanced Raman scattering (SERS) effect. A similar enhancement
effect was previously reported in Ag/g-C;N, heterojunction.

3.14 BET

The principle of physical adsorption technology is to use nitrogen as adsorbent and
helium or hydrogen as carrier gas. The two gases are mixed in a certain proportion to
reach the specified relative pressure, and then flow through solid substances. When the
sample tube is put into liquid nitrogen for insulation, the sample physically adsorbs the

nitrogen in the mixed gas, while the carrier gas is not adsorbed. At this time, the
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adsorption peak appears on the screen. When the liquid nitrogen is removed, the sample
tube is at room temperature again, and the adsorbed nitrogen is desorbed, and the
desorption peak appears on the screen. Finally, a corrected peak is obtained by injecting
a known volume of pure nitrogen into the mixture. According to the peak areas of the
correction peak and desorption peak, the adsorption capacity of the sample under this
relative pressure can be calculated. By changing the mixing ratio of nitrogen and carrier
gas, the adsorption capacity of several nitrogen under relative pressure can be measured,
so the specific surface area can be calculated according to bet formula. A solid has a
certain geometric shape, and its surface area can be obtained by means of common
instruments and calculations. However, it is difficult to determine the surface area of
powder or porous materials. They not only have irregular outer surfaces, but also
complex inner surfaces. The measurement of specific surface area is of great

significance in both scientific research and industrial production.

The-BET-specifific-surface:(Sgrr)-0f*g-CsN4.,'LaCo0Os,-and-LaCoOs/-g-C3Na,

Sample: s s v vt SBET(mZ )
oCalNg- oo 40,3794,
LaCO0 . - oo ......32839
LaC003/--CsNip- oo 5.8048

As shown in Table 1, the specific surface area of LaCoO;/C;Ny is slightly higher
than that of pure LaCoOs. This means that when adding PMS solution, there will be
more active sites to participate in the reaction. At the same time, the rate of SOy, '0,
and OHe will be faster and the degradation rate will be greatly improved. Generally
speaking, increasing the specific surface area, pore volume and pore diameter of the
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catalyst is conducive to improving the catalytic performance of the material.
3.1.5 X-ray photoelectron spectroscopy

XPS, fully known as X-ray photoelectron spectroscopy, was also known as ESCA
(electron spectroscopy for chemical analysis) in the early stage. It is a method to
measure the energy distribution of photoelectrons and Auger electrons emitted from the
sample surface when X-ray photons are irradiated by an electron spectrometer. The
principle of XPS is to radiate the sample with X-rays to excite the inner electrons or
valence electrons of atoms or molecules. Electrons excited by photons are called
photoelectrons. The photoelectron energy can be measured. The photoelectron spectrum
can be made with the photoelectron kinetic energy/binding energy as the abscissa and
the relative intensity as the ordinate. In order to obtain information about the sample,
XPS can be used for qualitative analysis and semi quantitative analysis. Generally, the
information of sample surface element composition, chemical state and molecular
structure can be obtained from the peak position and peak shape of XPS spectrum, and
the content or concentration of sample surface element can be obtained from the
intensity of peak. X-ray photoelectron spectroscopy (XPS) is a conventional surface
composition analysis technology. It can not only characterize the composition of
materials, but also characterize the chemical state of each component, and quantitatively
characterize the relative content of each component; Therefore, XPS is widely used in

various fields of material research.
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Fig. 3-4.(a) XPS survey spectra of LaCoO3/ g-C3N4, High resolution XPS spectraof (b) La 3d, (¢) Co

2p, (d) O 1s, (e) N 1s, (f) C 1s in corresponding sample

The surface chemical composition and elemental chemical states of the samples
were analyzed by XPS technique. Figure 3-4 (a) shows the XPS measurement spectrum
of LaCoO3/g-C;N, composite material. The LaCoOs/g-CsN,4 composite was composed
of La, Co, O, C and N elements, and the typical high-resolution XPS spectra of La 3D
showed satellite peaks. Figure 3-4(b) The peaks of La 3ds, and La 3d;, are split into
two components by about 4 eV, due to the transfer of electrons from the oxygen valence
band to an empty La 4f orbital accompanied by ionization. In addition, the XPS
spectrum of lanthanum confirms that all lanthanum ions exist in the form of La’". The
high resolution XPS spectra of Co 2p in Figure 3-4(c) show two main peaks

corresponding to Co 2ps3, (779.8 €V) and Co 2p;» (795.2 eV) levels respectively, which
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are close to the values reported in the literature indicating that all cobalt ions exist in the
form of Co>". In addition, Ols XPS spectra (Figure 3-4(d)) show two main features at
529.0eV and 531.3 eV. The lower peak (about 529.0 eV) is the attribution of surface
lattice oxygen atoms, the second peak (about 531.2 V) is the attribution of hydroxyl
oxygen, and the third peak (about 533.1¢V) is the attribution of surface adsorbed
oxygen. The presence of hydroxyl oxygen and the adsorbed oxygen will produce a large
number of hydroxyl radicals, which will contribute to increased activity. As shown in
Figure 3-4(e), peak N 1s at 398.6 eV belongs to CN single bond, and peak g at 399.6 eV
belongs to sp> CN double bond. The peak at 400.5¢V belongs to the amorphous CN
network surrounded by three carbons (N-(C);). The weak peak at 404.3 eV may be
caused by & excitation. The peak at 284.6eV belongs to the C-C bond of CN structure in
the turbulent layer, the peak at 286.4eV belongs to the sp® CN bond, and the peak at
288.1eV is attached to the sp’ CN bond. Therefore, XPS results showed that LaCoOs

coexisted with g-C;Nj.
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3.2 Catalytic performance of different catalysts

1.0 —e— LaCoO,
—+—LaCo00,/C,N,
0.8 - — C3N4
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Fig. 3-5. Catalytic degradation of TC using different catalysts.
Reaction conditions: [TC]o=20 mg-L ™", [PMS]y = 0.1 g/L, [catalyst],=0.2 gL', pH= 7.0, and T =
25°C
Figure 3-5 shows the degradation rate of tetracycline hydrochloride at different
times in different catalyst systems. It can be seen from the Figure 1 that the degradation
efficiency of TC by LaCoO;/CsN, activated PMS is higher than that of pure LaCoOs.
There may be two reasons. One is that the specific surface area of LaCoOs/C3Ny is
slightly larger than LaCoO;. When PMS activation occurs, LaCoOs/C3N,4 can provide

more active sites to participate in free radical activation reaction at the same time.

Secondly, LaCoO; and C;N, may have synergistic effect or form Z-shaped
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heterojunction, which improves the PMS activation to degrade TC. C;N4 shows high
degradation effect because the specific surface area of C;N,4 is much larger than LaCoO;
and LaCoO;/C;N,, and the number of PMS activation sites provided by C;N, is much
larger than LaCoO; and LaCoOs/C;N, at the same time. Therefore, pure C;Ny4 has the

best effect on TC degradation.

1.0 - —o—0.05 g/ L
—+—0.1¢g/L
0.8 - —=—(0.2¢g/L
Sé’().6—
@)
0.4 -
0.2 -
0.0 ! ' ! ' I ' I ' I ' ! ' !

0 S 10 15 20 25 30

Time(min)
Fig. 3-6. Effect of PMS concentration on TC degradation in LaCoO3/C3;N4/PMS system: Reaction
conditions: [TCJo= 20 mg-L ™", [catalyst]o = 0.2 g'L ™", pH = 7.0, and T = 25 °C

Fig. 3-6 shows the effects of different PMS concentrations on the degradation of
tetracycline hydrochloride in LaCoO;/C;N4/PMS system. With the increase of PMS
concentration in the reaction system, the degradation rate of tetracycline hydrochloride
increased gradually. When the concentration of PMS in the reaction system increased to

0.2 g/L", 89% of TC could be removed within 30 minutes. The reason for this
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phenomenon may be that more and more active species are activated with the increase
of PMS concentration. When the PMS concentration increased to 0.2 g/L™', the excess
PMS produced SOse” with lower activity, thereby reducing the production of SO4°". At
the same time, when more and more PMS in the reaction system are activated to

[64]

produce excessive SOy, the self quenching reaction will occur ", see formulas 1 and

2.
HSOs +SO,s — HSO, + SOs~ 3-1
SO4 + S0, — S,08% 3-2
1.0 -
0.8 -
o
o
o 0.6-

0.4 -

0.2 1 ' | ' 1 ' 1 ' | ' 1 ' 1
0 S 10 15 20 25 30

Time (min)

Fig. 3-7. Effect of reaction temperature on TC degradation in LaCoO3;/C3N4/PMS system Reaction
conditions: [TCo= 20 mg-L ™", [PMS]o = 0.1 g/L, [catalyst]o = 0.2 g'L™", and pH = 7.0
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Temperature is the key factor affecting the degradation of TC by activated PMS.
Fig. 3-7 is a schematic diagram of the degradation rate of TC with temperature. It can be
seen from the figure that LaCoO;/C;N, catalyst can effectively remove TC in a wide
temperature range, and has a very good catalytic degradation effect even at 0 °C. The
activation of PMS is endothermic reaction. With the increase of temperature from 25 °C
to 40 °C, the reaction rate constant K also increases gradually, which improves the
reaction rate. At the same time, the reaction temperature increased, the internal motion
of the molecule intensified, and the reaction between LaCoO;/C;N, and PMS
accelerated. Moreover, the increase of temperature can also promote cation leaching, so
as to activate more SO4". High temperature can promote the activation of PMS, but
high temperature will also increase the solubility of organic matter, which is not

conducive to the separation of organic matter.
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Fig. 3-8. Effect of radical scavengers addition on TC degradation in LaCoO3/C3N4/PMS system.
Reaction conditions: [TC]o=20 mg-L ™", [PMS]y = 0.1 g/L, [catalyst],=0.2 gL', pH= 7.0, and T =
25°C

LaCoO;/C3Ny catalyst shows good performance in PMS activation and degradation
of tetracycline hydrochloride, hence it is very necessary to study the PMS activation
mechanism of LaCoO;/C;N, catalyst. In order to explore the main active substances in
the reaction process, as shown in Figure 3-8, we carried out free radical quenching
experiment. Ethanol can quench SO, and *OH, and tert butanol and L-histidine can be
used as free radical scavengers of *OH and 'O,, respectively. When 10 mm TBA, 10
mm L-histidine and 10 mM ethanol were added to the reaction system, the TC

degradation rate decreased to 64%, 43% and 54% within 30 min. It is obvious that

ethanol and histidine have more obvious inhibitory effects on TC degradation than the
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effect of TBA, indicating that free radical pathway (SO,*") and non free radical pathway

('0,) play a very important role in the degradation of TC.

1.0 -

0.8 1

0.6 -
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Fig. 3-9. Effect of catalyst concentration on TC degradation in LaCoQO3/C3N4/PMS system: [PMS] =
0.1 g/L, [catalyst]o=0.2 g'L™", pH=7.0, and T = 25 °C

Fig. 3-9 shows the effect of catalyst LaCoO3/C;N, dosage on the degradation rate
of tetracycline hydrochloride. The dosage of LaCoO;/CsN,4 can affect the degradation
rate of TC. When the dosage in the reaction system is 10 mg, after 30 min, the removal
rate of TC reaches more than 69%, while when the dosage in the reaction system is 5
mg, the removal rate of TC reaches more than 78%. However, when the dosage in the

reaction system was 20 mg, it was difficult to drive the degradation of TC after 30 min.
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Therefore, the excess catalyst LaCoO;/C;N, inhibited the activation of PMS and the
degradation of TC. Therefore, we only need a small amount of catalyst to effectively
remove organic pollutants from water. This result is obviously attributed to the increase
of active sites on the surface of LaCoO;/C;N,, which produces more free radicals to

overcome some functional groups of pollutants and degrade pollutants.

1.0- —=—CI' —=—HCO;
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Fig. 3-10. Effect of reaction conditions on TC degradation in LaCoO3/C3;N4/PMS system: at inorganic
anions (10 mm)
Reaction conditions: [TC]y= 20 mg-L_l, [PMS]o = 0.1 g/L, [catalyst]o = 0.2 g-L_l, pH=7.0,and T =
25°C
In order to evaluate the effects of different inorganic anions on the catalytic

degradation of organic pollutants, several inorganic salts were dissolved in

LaCoO;3/C3N4/PMS system. As shown in Figure 3-10, after adding 10 mm Na,SO,, 10
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mM NaCl, 10 mm NaHCO; and 10 mm Na,CO;, the removal rate of TC in
LaCo0O;3/CsN4/PMS system decreased from 68% to 64%, 63%, 59% and 44%. It can be
seen from formulas 3-3 and 3-4 that the presence of Cl” will react with SO4*” to form Cle
and Cl*” (E’ (Cl+/CI) = 2.4 V; E” (CL,*/2Cl') = 2.1 V), resulting in a slight decrease in
catalytic performance. CO;> and HCO5 have a great inhibitory effect on the removal
efficiency of TC. This is because CO;* and HCO; can react with *OH and SO,* to

produce other active substances with low redox potential (see formulas 3-5 to 3-8).

ClI" + SO4” — Cls + SO~ 3-3
Cl' + Cls — Cl,* 3.4
SO + COs” — SO, + CO;* 3-5
‘OH + CO;” — OH + COs* 3-6
SO, + HCO; — SO, + HCOse 3-7

‘OH + HCO; — CO;*+H,0 3-8
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Fig. 3-11. Effect of pH on TC degradation in LaCoO3/C3N4/PMS system: at pHs
Reaction conditions: [TC]y= 20 mg-Lﬁl, [PMS]y=0.1 g/L, [catalyst]o = 0.2 g-Lﬁl, and T=25°C

In the process of catalytic degradation, the pH of the solution plays an important
role in the formation of free radicals and the degradation of pollutants. As shown in
Figure 3-11, the effect of initial pH on TC degradation was explored in the range of pH
= 3 ~ 10. Under the reaction conditions of initial pH 3, 7 and 10, the removal rates of
TC by LaCo0Os/C;5Ny catalyst were 69%, 68% and 48%, respectively. The experimental
results show that LaCoO;/C;N, has the best removal effect on TC under acidic
conditions. In addition, pH value can affect the decomposition of PMS to produce free
radicals. When pH increases, the oxidation ability of Co’" is inhibited, resulting in the

reduction of the kinetic constant of TC degradation. In addition, when the pH value
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increases to 9, the PMS becomes unstable. It can be decomposed into SOs*", which can
react with PMS to produce singlet oxygen. As shown in formula 3-9, the reactivity of
singlet oxygen with TC is low. When pH = 10, the alkalinity of TC solution is strong, so
it can be seen that alkaline conditions have a great influence on the degradation rate of
TC. The reason may be that under alkaline conditions, OH" will be oxidized to *OH by
SO, produced in LaCoO5/C;N, system. However, the lifetime of *OH (< 1 p s) is much
shorter than the lifetime of SO4¢” radical (30 ~ 40 p s). And the redox potential of *OH
(1.8 ~2.7 V vs NHE) is lower than that of SO4* (2.5 ~ 3.1 vs NHE), so the degradation
rate of TC is reduced, as shown in formula 3-10.
SOs* +HSOs5 —'0,+80,* +H" 3-9

SO, + OH'(or H,0) —S0,” + «OH (H") 3-10
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Fig. 3-12. Effect of TC concentration on TC degradation in LaCoO3;/C3N4/PMS system. Reaction
conditions: [TC]y= 20 mg-Lﬁl, [PMS]y=0.1 g/L, [catalyst]o =0.2 g-Lfl, pH=7.0,and T =25 °C

As shown in Figure 3-12, the effect of different concentrations of tetracycline
hydrochloride on the degradation effect was explored. The data show that the
degradation efficiency of LaCoO;/C;N,/PMS is 68% within 30 min of 40 mg/L
tetracycline hydrochloride, that of LaCoO3/CsN4/PMS is 69% within 30 min of 20 mg/L
tetracycline hydrochloride, and that of LaCoO;/C3N4/PMS is 74% within 30 min of 20
mg/L tetracycline hydrochloride, indicating that the degradation efficiency decreases
with the increase of the concentration of tetracycline hydrochloride, The concentration
of pollutants increases because the ability of PMS to activate the catalyst is limited and

the number of active sites provided by the catalyst is certain, that is, the degradation of
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some specific functional groups in organic pollutants is limited at the same time.
Therefore, the higher the concentration of tetracycline hydrochloride, the worse the
PMS activation for TC degradation.
3.3 The reaction mechanism

Electron paramagnetic resonance (EPR) is a magnetic resonance technology
originated from the magnetic moment of unpaired electrons. It can be used to detect the
unpaired electrons contained in material atoms or molecules qualitatively and
quantitatively, and explore the structural characteristics of their surrounding
environment. There are two main detection objects: 1) substances with unpaired
electrons (or single electrons) in molecular orbitals. For example, free radicals
(molecules containing one single electron), double radicals and multi radicals
(molecules containing two or more single electrons), triplet molecules (molecules also
have two single electrons in the molecular orbital, but they are very close to each other
and have strong magnetic interaction, which is different from double radicals). 2)
substances with one electron in the atomic orbital, such as alkali metal atoms Transition
metal ions (including iron group, palladium group and platinum group ions, which
successively have unfilled 3D, 4D and 5D shells) and rare earth metal ions (with
unfilled 4f shells). The vast majority of instruments work in the microwave region,
usually using a fixed microwave frequency and changing the magnetic field strength H
to achieve the resonance condition. In addition, EPR is the only research method that
can directly track unpaired electrons. Therefore, EPR technology is widely used in the

field of catalysis.
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Fig. 3-13. (a)EPR spectra of PMS activation in DMPO solutions by PMS and LaCoO3/C3N4+
PMS

(b)EPR spectra of PMS activation in TEMP solutions by PMS and LaCoQO3/C3;Ns+ PMS

Reaction conditions: [TC]y= 20 mg-L_l, [PMS]o = 0.1 g/L, [catalyst]y = 0.2 g-L_l, pH=7.0,and T
=25°C

In order to further prove the types of reactions involved, we also carried out
electron paramagnetic resonance (EPR) experiments using spin trapping agents DMPO
and temp. EPR signals of DMPO-X and TEMP-'O, adducts can be detected in
LaCo0O5/g-C3;N4/PMS/TC system, indicating that SO4¢". And '0, are the main reaction
species in LaCoOs/g-C;N/PMS system. As shown in Figure 3-13 (a), seven
representative peaks can be observed in LaCoOs/g-Cs;N4/PMS/TC system, which can be
attributed to DMPO-X, indicating that PMS can produce free radical species with strong
oxidation ability (including SO,*" and OHe¢) by activating LaCoO;/g-C;N, catalyst. The
appearance of DMPO-X usually confirms the species of free radicals, resulting in the
rapid oxidation of DMPO. Using TEMP as the spin trapping agent of 'O,, a
representative signal with an intensity ratio of 1:1:1 was observed in the figure. The

presence of 'O, is confirmed in Fig. 3-13(b). In conclusion, SO4*’, 'O, and OHe are

involved in the oxidation of TC, and SO,*", 'O, are the main active species.

83



Chapter 4 Conclusion and Prospect
4.1 Conclusion

In this master's thesis, advanced oxidation technology based on SO4¢" is used to
treat refractory pharmaceutical wastewater. Tetracycline hydrochloride wastewater is
used to simulate pharmaceutical wastewater. LaCoO; doped g-CsN, is prepared to
activate PMS to degrade tetracycline hydrochloride. The study on the catalytic
activation performance of the catalyst, the factors affecting the degradation effect and
the reaction mechanism of activating PMS to degrade tetracycline hydrochloride not
only provides research ideas for the treatment of dye wastewater, but also promotes the
development of heterogeneous advanced oxidation technology based on SO,*, which
has potential application value.

LaCoO; doped g-C;N4 heterogeneous catalyst (LaCoO3/C;N,) was prepared by a
simple hydrothermal method. The catalysts were characterized by XRD, FT-IR, Raman
and BET. The specific surface area, pore volume and pore diameter of the catalyst were
analyzed by nitrogen adsorption desorption curve, which showed that the addition of
C3;N,4 was beneficial to improve the specific surface area of LaCoOs.

In this paper, the catalytic activity, reaction conditions and reaction mechanism of
LaCoOs/C3N, catalyst were deeply explored:

The degradation of tetracycline hydrochloride by LaCoOs/C;N, activated PMS
showed that the degradation rate of LaCoOs/C;N,4 was higher than that of pure LaCoOs.
The optimal experimental parameters for the degradation of tetracycline hydrochloride
by LaCo0O3/C;N,/PMS system are as follows: the initial concentration of PMS 1s 0.2 g/L,

the dosage of LaCoO;/CsN, is 0.3 g/L, the initial concentration of tetracycline
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hydrochloride is 10 mg/L, the pH of the reaction system is about 3, the reaction
temperature is 25 °C, and the removal rate of tetracycline hydrochloride is 89% within
30 minutes. The effect of LaCoO3/CsN4/PMS system on the degradation of tetracycline
hydrochloride was confirmed by inhibition experiment and active radical detection and
analysis, mainly due to the oxidative degradation of pollutants by SO4 and 'O,
produced in the system.
4.2 Expectation

As a new wastewater treatment technology, advanced oxidation technology based
on SO4 has a good treatment effect on high concentration or refractory organics.
Compared with traditional Fenton oxidation technology, it has the advantages of easy
operation, low treatment cost and wide pH adaptation range.
In this master's thesis, the advanced oxidation technology based on SO, is applied to
the treatment of pharmaceutical wastewater, and some results have been achieved,
which provides a certain theoretical basis for the practical application of this technology,
but there are still some deficiencies, and there is still a lot of work to be studied:
(1) The research of this subject is still under the laboratory simulation conditions. In
order to apply the degradation system to practice, a large number of experiments need to
be carried out to find the optimal degradation system parameters in the process of
treating actual industrial wastewater.
(2) It is necessary to evaluate the stability of the catalyst, so as to increase the practical
application of the catalyst.
(3) As an important index affecting advanced oxidation technology, pH value will affect

the effect of wastewater treatment and the mechanism of producing SO,*" degrading
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organic pollutants. Therefore, it is necessary to further study the impact of pH.
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ABSTRACT

Metal-crRanc frameworks (MOFe) have unigue properties and stable structures, which have been widely used as templates/Precursors 1o
mMWmmmmmmﬁmmﬁanmmmMMdmum-
ganization was designed by using MOFs as saarificls] templates 10 prepare a layered double hydroxide (LDM) nano-Layer shoet structure
MuWWMmmMW?MMW“WMMn
ligand of MOFs and reorganized the seucture on the basis of retaining a high specific surface wres end a large number of pores, which
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thus provide more active sites 10 activate peroxymonosulfate (PMS). Due 10 the unique framework structure of MOTS, the MOF-derived
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993% and §9.2% within 20 minutes, respectively. In agdition the two LDH catalysts displiyed excelient degradation performance for bisphe-
not A, ciprofioxacin and 2,4-dichlorophenmyacetic acid (2,4-0). X+ay photoelectron spectroscopy indicated that the valence stae
trarsformation of metal elements participated in PMS activation. Electron parsnagnetic resonance manifested that sulfate radical (S0} )
and singlet oxygen (0} were the main species for degrading pollutants. In addition, after the Hrae-cycls axperdmant, the CoMi-LDH and
CoFe-LOH catalysts also showed long tenm stadility with a sight activity decrease in the thind cycle. The pliytotoxicity sssessment doter-
wwumummmmmmnmwwwmmwmm
phytotoxicity of & 2,40 solmon. This research net only developed high-activity LDH catalysts for PMS activation. but slso expended the
enfronmental applications of MOF gertvants

HIGHLIGHTS.

® LDH derivod from MOFs through & pseudomonphic conversion process.

® LDH showed excellent activity o actvate PMS to degrade 2,.4-DCP and other poliutants.

® Con-LDH and CoFe-LDH exhidited high stability and reusabity.

® High specific surface area snd well developed pore structure of LDH provide more active shies,
* Phytotoxicity assessment displayed the practical apolication value of LDH.
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1. INTRODUCTION

Chlorophenol organics are widely used in oil refining, coking, papermaking. plastics, printing and dyeing industrics (Yu 7 2l
2018; Xic of al 2020). Because of their carcinogenic, terstogenic, mutagenic potential toxicity and refractory properties, they
are listed as priority pollutants. 2 4-Dichloraphenal (2.4-DCP), as a typical chiorophenol pollutant, widely exists in industrial
wustewater (Yuan o 2l 2017; Twan ef af. 2019) and shows significant impact on the water environment and human health.
Therefore, it is urgent 1o solve the problem of water pollution caused by chlurophenols. At present, various methods have
been used to remove 2.4 DCP and multiple organic pollutants, including membrane separation (Yin ef al. 2021), electrochem-
istry (Ma e gl 2021}, sdsorption (Liv of ol 2009), and photodegradation (Hou ef al. 202 1a, 2021b). Howeyer, these methods
often have shortcomings such as low efficiency, secondary poliution, or complicated operation (Olmez-Hascl ¢ al 2013),
Therefore, it is urgent 1o seek the more efficient ways to eliminate the hazards of 2.4-DCP.

In recent years, the advanced oxidation techniques (SR-AOPs) based on sulfute radicals (SO} ) hus attracted extensive
research due (o their higher standard reduction potential (2.5-3.1 V) compared with hydroxyl radicals (*HO) (1.8-2.7 V),
which have been widely used for degradation of various organic substances. SO;™ can be produced by activation of perox-
ymonasulfate (PMS) and peroxydisulfate (PS) through ultraviolet light (Wang «f ol 2017), heat (Pan or ol 2018),
clectrocatalysis (Alsan of al. 2021), transition metal catalysts (Wang & Wasng 2018) and other ways (Ahsan 7 al. 20200,
2020¢). Among different methods, the transilion metal catalysts, such as Ag(l), ColTl), Fe(II/11)), Ce(IV), Mn(IV), etc.,
which were widely used activate PMS for degradation of vrganic compounds, and theorctically most refractory organics
could be degraded through PMS activation (Yang er al 2009; Ji et al. 2014; Huang f al. 2017). Among transition metals,
Cofll)/PMS humogeneous sysicm has reccived extensive uttention from researchers due to the sdvantages of high activity
and low cost (Hu & Long 2016; Xiao of al 2018). In previous studies, it was found that homogeneous transition metal cat-
alysts are difficult to recycle and thus cause secondary pollution. Compared with homogencous Co(ll) catalysts,
heterogencous catalysts have the sdvantages of easy separation and recycling, which shows more potential for PMS acti-
vation. Therefore, to design a stable, low-loss helerogeneous transition metal catalyst with high catalytic performance is
the key to improve catalyst performance and promote industrialization of PMS activation,
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Transition metal catalysts are generally used for PMS activation and other catalytic reaction in the form of oxides (Wang
ef al. 2022), sulfides (L1 et al. 2021), hydroxides (Vang #7 al. 2021 a), supported catalysts (Ahsan ef ol, 20204), perovskite (Geng
of al 2020}, and 50 un. As a typical anion layer material, loyered double hydruxides (LDHs) are olten referred (o as hydro-
talcite-like compounds, consisting of a body laminate with metal hydroxide and an interlayer region containing compensating
anions and solvated molecules (Deud ¢ ol 2016). At present, transition metal-based LDHs are widely used for PMS acri-
vaition becuuse of their unigue structure and relatively simple synthesis method (Chen ef ol 2019; Cao e al 2020a).
Generally, LDH was mainly prepared by hydrothermal methods (Huang of ol 2021), precipitation methods (Niso ef af
2019) and other traditional methods, but the specific surface arca, morphology and structure of the LDH samples obtained
by these methods are difficult o sccurately control. Secking a facile method to prepare LDH with controlled specific surface
area and specific structure is the key to sludy the structure-activity relationship between the catalyst structure and catalytic
performance, thos further improving the activity of the LDH catalyst.

Metal-organic trameworks (MOPFs) are crystalline porous materials with periodic network structure formed by sclf-sssem-
bly of metal jons and organic bridging ligands (Yaghi et @/ 1995; Liu f ol 2017). MOFs have the advantages of large specific
surface arca, metal center variability, organic ligand diversity, large pore volume, high stability, and these special properties
make MOFs an ideal sacrificial template or precursor for preparstion of nanomaterials with specific structure, such as porous
carbon (Zhang of ul 2014; Lol ef al 2016), metal oxides (Yu ef @l 2016; Yuan ¢f ol 2017) and metal sulfides (Li ef al. 2016;
Jin et al 2017). Furthermore, MOFs can also be used as sacrificial precursors (o synthesize LDH samples with goud pore
structure and high spectfic surface arca. Existing rescarch showed that MOP-derived LDH has been widely used as a catalyst
(Yang et al. 2021b; Yusuf ef ai, 2021), supercapacitors (Xiao ez wl. 2019; Liu et al. 2022), sensors (Qin ef al 2021; Shen ot ol
2021) and so on. Xiao and colleagues (Xiao «f al 2019} prepared LDH samples by replacement of the organic ligands in
MOFs with OH~ under alkaline conditions, which obtained a larger surface area and high porosity and exhibited excellent
electrochemical performance, Based on the above rescarch, MOFs can be used as precursors to prepare high-performance
LDH catalysts by etching under alkaline conditions, applicable in the field of PMS activation for pollutants climination.

In this article. CoMn-LDH and CoFe-LDH catalysts with high specific surface area and well developed pore structure were
prepared though a pseudomorphic conversion process by using CoMn-MOF and CoFe-MOF as precursors through replacing
the organic ligands by OH™. The MOFderived LDH cotalysts were used (o activate PMS for degradation of 2,4-DCP and
other pollutants. Different factors (temperature, pressure, PMS and catalyst dosage) affecting PMS activation were systema-
tically studied. In addition, the stability and reusability of two LDH samples were tested. Radical scavenger test, electron
paramagnetic resonance (EPR) experiments and X-ray photoelectron spectroscopy (XPS) characterization were also per-
formed to elucidate the types of reaction species and PMS activation mechanism. Morcover, total orgenic carbon [TOC)
test and phytotoxicity assessment were conducted in order to determine the mineralization of the organic pollutant and
the toxicity of the degraded organic poliutant. This study provides a promising insight for the precise design of PMS activation
catalysts with specific structures, and further broadens the application of MOF derivatives.

2. MATERIALS AND METHODS

2.1. Chemical reagents

All chemical reagents were used without further purification. Ferric nitrate nonahiydrate (Fe{NO3)39H;0, >99.99%%), cobalt
nitrate hexahydrate (Co{NO3)-6H20, =99.99%), manganese nitrate solution (Mn{NOs)s, 50 wi% solution), polyvinylpyrro-
lidone (PVP, K29-32), potussium peroxomonosullate (PMS, >42.8%), Fhistidine (299%), p-benzoguinone (2999%), 2.4-DCP,
>98%), 2.4-dichlorophenoxyacetic acid (2,4-D, >98%), ciprofloxacin (CIP, >98%), bisphenol A (BPA, 2999%), hydrogen per-
oxide solution (HxQ;, 3 wi% in watee), 5 5<limethylpymoline-oxide (DMPO, »97%), $amino-2,2,6 6-ctramethylpiperidine
(TEMP, >98%) and 14-benzencdicarboxylic acid (H:BDC, >99%) were purchased from Aladdin Industrial Corporation.
Sodium hydroxide (NaOH, >98%), NN dimethylformamide (DMF, >99.5%). tert-butyl alcohol (TBA, >99%), ethanol
(299.7%), formic acid (1% w/v), acetic acid (99.8%), high-performance liquid chromatography (HPLC) grade acctonitrile
(299.9%) and HPLC grade methanol (~99.9%) were purchased from Sinopharm Chemical Regent Co, Lid. Mung beans
were purchased from u local store.

2.2 Synthesis of MOF-derived LDH catalysts
CoMn-MOF was prepared by the solvothermal method: 2 mmol Mn(NO;)2-6H20, 4 mmol Co{NOs)x6H:0, 1.2 g PVP (K29-
32) and 0.6645 g H,BDC were added in the sclution containing 530 mL DMF and 20 mL ethanol, and then stirred for 1 hour at
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room temperature. After thet, the mpdure was sealed ina 100 mL Teflon-lined stainless steel autoclave and kept at 120 °C for
24 b After cooling to room temperature, the product was centrifuged, then repeatedly washed with ethanol and then dried ar
Tir*C overnight. The obtained CoMn-MOF precipitate was immersed in S0mL 2 M MaOH agquecus sulution and stired at
room temperature for 3h to prepare CoMn-LDH. After that, the product was washed with deionized water to remove
excess MaO . Finally, the MOF-denived LDH sample was obtamned after drying at 70 *C overmght

The CoFe-LDH catalyst was preparcd using the same methods but by wsing 2 mmol Fe{NO4 )3 9H20 mstead of
Mn{NO), 640,

2.3. Charactarization

The X-ray diffraction {XRD) pattern of the sample was measured on a Bruker D8 advanced X-ray powder diffrctometer with
Cu Ko radintion (4 = 1,548 A), The morphaology and structure of LDHs were ohserved by wsing an Hitachi S-4800 field emis-
sion scanning clectron microscope (SEM). The transmission clectron mickoscopy [TEM) wes (esled by using a JEOL JEM-
21K fnstrument to further observe the nanostructures. The specific surface area was measured by osing Micromeritics
ASAP 2020 equipment to perform nitrogen adsorptinon-desorption measvrements &t 77 K (Micromerithes, USA) and the
sample was determined according to Bruncuer-Emmett-Teller (BET) [Benselka-Hadj Ahdelkader er al} analysiz. Through
Thermo Fisher ESCALABXi+ XPS and ALK {1,486.6 ¢¥) as the X-my source, the surface composition and electronic
state of Co, Fe. Mg, O and other elemernts were recorded then analyzed. The FT-IR spectrum was measured at 4.000-
400 cm~! using & PerkinElmer Froniier FT-IR spectrometer. EPR (Bruker EMX/plus) was used fo detect reaction species gen:
erated by the reaction through DMPO and TEMP as spin-trepping agents. The concentrations of cobalt, manganese s iron
were determined by the solution and used Inductively coupled plasma moss spretroscopy (ICPMS) (Scientific 1ICAT RO,
Thermogravimetric analysis (TGA) and differential scamming calorimerry {DEC) were tested on & Mettler Tuledo TGA-1 ther-
mal analyzer in a dynamic Ny atmosphere and the heating rate was 10 "Crminute.

2.4. Catalytic degradation experiments

In @ typical degradation experiment unless otherwise specifled, 10 mg of catalyst (0.2 g/L) was dispersed inte 30 mL of 2,4-
CP anlution (20 mg /L], and then stirred for 30 minutes to eliminate the effect of adsorption. After reaching adsorption—des-
orplion equilibrium, & 1.0 mL of PMS solution {10 mg/mL) was added into above solution io swrt the PMS activation
reaction, After that, a 1.0 mL sample was taken into a centrifuge tube every 5 minutes, and immediately mixed with
1.0 mL methsnal to stop the catalytic reaction, Then, the collected sample was Altered through o 0.22um Aiter membrane
indo an HPLC vial. Unless othersise stated, the catalytic pedformance of all culalysts was evaluaied in g beaker at room temp-
erature (25 + 1°C), and all tests wers conducted in delonized woter with an initial pH (pH,) of 6.5. The effects of different
influence factors (vatalyst dosage, PMS dusage, tempersture] on the PMS activation and the stability and reusability of the
catabysts were also tested. In order to study the reusability of the catelyst, the catalyst was collected by centrifugation,
wazhed several times with ethonol and deionized water and dried for the next cycle. The concentrations of 2.4-DCP and
other poliuants were measured by HFLC (LC-20A] on an instrument equipped with a Phenoimenex CL8 column under &
UV detector and the specific et conditions for these are shown in Table 1 TOC was messured by using & TOC analyrer
(TOC-L, CIH. Shimadzu).

Tabbe 1 | Tha anatyticsl conditions of multiple organic pollutanes

Haw rae Deemiction
organic pollutsnis Wnhila phsse (VI mLmin} wawisblangit (nmi  Meferances
2 ADichlorophenid {24007 Methanol Muter = F0/50 1 285 Wing et al. -Jl:l?l:-
24-Dichlorophenuxyaceiic acld (24-D]  Acetondtrile/0,2% Foemie acid < 40060 1 284 i i ol [202600)
Ibgseeden (IBF) Methanol/0 1% Acetic acid = B0/M0 1 210 Mawuz of gl [20H)
Ciprofloxacin (CLPF) Arcbonitrile/0.1% Pormic seid = 20080 1 178 Mk lserfeoe & al

{2021}

M‘b;m trom fifip: Mrwaponin Cormes ol s petEoi 0.2 186wl 200 4B ERECH Tiwmisiie 1 4RE pt
o
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2.5, Phytotoxicity assessment

The toxicity test was based on the germination rate and radicle length of mung beans (Peng of @l 2020). At the first, mung
bean seeds were sterilized with 3% H,0;, end rinsed with ultrapure water several times. Then 100 cleaned mung beans
were laken snd placed on the filter paper as a carrier. The seeds were cultured by using the undegraded 24-D solution
{20 mg/L}, the 2.4-DCP solution degraded by CoMn-LDH, the 2,4-DCP solution degraded by CoFe-LDH and ultrapure
water, An appropriate amount of the solution was replenished into a Petri dish twice a day during the culture process.
Mung beans were incubated in the dark (25 = 1°C, 24 h) for 7 days. The germination rate of mung bean sceds was recorded
every 24 hours, and 20 seedlings were randomly selected from each Petri dish after 7 days to count the radicle length,

2.6. Statistical analysis

All the measured experimental results were expressed as the mean + SD (standard deviation) of repeated expeniments. The
physicochemical parameters adopted one-way ANOVA. Tukey's post-hoc and SPSS (version 19.0) were used to compare sig-
nificant differences. When the hypothesis did not satisfy homogeneity of variance and normality, the Kruskal-Wallis tes2
was used for data analysis, and then the Dunn multiple comparison test was sdopled. The R languuge was used to perform
Levene's test o confirm the homogeneity of variance, and Kolmogorov-Smimov test was adopted to confirm normality
(pvalue = 0.05). If the pvalue was <0.05, the experimental dala were considered 1o be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Characterization of MOF-derived LDH catalysts

The samples obtained were initially characterized and analyzed by SEM, TEM XRD and TG The CoMn-LDH and CoFe-
LDH samples were obtained by insitu etching under alkaline conditions, and the hydroxyl groups were used to replace
the organic ligands in MOFs. During the etching process for the ligands, crystal structures with special shapes were
formed, which also created complex and hierarchical structures. As shown in Figure 1{a) and 1(b), the surface of CoMn-
LDH became rough and porous, which inferred that a large number of pores were produced in the process of replacing
organic ligands with hydroxyl proups. The high magnification SEM image of CoMn-LDH (Figure 1(c)) further showed that
there were large numbers of porous structures on the surface and arranged at layered forms. Compared to the CoMn-LDH
sample, the CoFe-LDH exhibited different morphological features. The low magnification SEM images (Figure 1(d)
and 1(¢)) manifested the formation of the porous stacked sheet structures. The high magnification image in Figure 1(e) further
revealed that there were irregular flake nanostructures with a width of about 500 nm on the surface. For comparison, the
SEM images of used CoMn-LDH and CoFe LDH were also taken. As shown in Supplementary Material, Figure S1. the
two used LDH catalysts still maintained stable layered morphology, indicating the high structural stability of two LDH cet-
alysts. TEM (Supplementary Material, Figure S2) pictures also showed that the two fresh LDH catalysts were stacked in
layered forms, which conforms to the traditional structure of LDHs. Combining SEM images with TEM images, it could
be manifested that the LDH structure with layered structure has been successfully prepared.

In the XRD spectrum of CoMn-LDH (Figure 2(n)), it can be seen that the peak of the crystal appeared obvious and the
characteristic peaks can be matched with Co(OH); (JCPDS: 51-1731) and Mn(OH}, (JCPDS: 18-0787). Similarly, the
XRD spectra of CoFe-LDH (Figure 2(b)) peaks were obvious and the characteristic peaks of Co{OH); (JCPDS: 741057)
and Fe(OH); (JCPDS: 13-0089) could be better matched. Combined with the analysis of SEM and XRD patterns, it can be
concluded that the orgenic ligands in MOFs were replaced by hydroxyl groups and the layered amorphous hydrotalcite-
like structures were successfully synthesized, in which the reconstruction and deconstruction of the structure occurred sim-
ultaneously (Zhang ef 2! 2018),

As shown in the FT-IR spectra (Figure (1)), CoMn-LDH had a broad adsorption peak from 2,500 1o 3,600 cm ¥, which was
related to the absorption of the -OH group (Shakec! ¢ al 2019). The characteristic peak of CoMn-LDH appeared at about
1,650 cm ' and was associated with .COO- (He ¢t @/ 2016). The bands between 900 and 1,500 cm™* should be a strong
absorption band of terephthalic acid ligands, but there was almost no absorption in the spectrum, which meant the organic
ligands had been basically removed. Thereby, the band at 1,650 em ™' can be attributed to the COJ ™ ions existing in the LDH
interlayer. For CoFe-LDH, there was a strong absorption peak at 3,631 cm ™', which conld be associared 1o the stretching
vibration of <OH. The absorption of 3,396 cm™* was also due to the absorption of the -OH group. The existence of the absorp-
tion peak from 1,350 to 1,650 cm ! indicated that the terephthalic acid ligand had been basically removed and the existence
ol the -COO- group, This also confirmed the presence of COi jons. For CoMn-LDH and CoFe-LDH, the strong absorption
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around 600 cm™' could be attibuted to the M-O and O-M-O stretching vibrations in LDHs (M = Co & Mn & Fc). The FT-IR
results proved that the hydrotalcite structure had been synthesized and there were inonganic anions that could be exchanged
between layers and externally.

The specific surfave arca and pore structure of CoMn-LDH and CoFe-LDH samples were evaluated by N; adsorption-
desorption isotherm and the results are shown in Figure 3{b). The specific surface area, average pore dismeter und pore
volume of CoMn-LDH were 43.1 m*/g, 33.9 nm and 0.37 cm?/g. respectively. Almost all pores existed in the form of meso-
pores. In comparison, CoFe-LDH had a higher specific surface ares of 169.9 m*/g. a smaller average pore size of 2.9 nm,

o< 6m RIE b [0 s o I 2180 JOJ ANDPE R w2001 40 o

101



watsr Soience & Techiology Vol 00 Mo 0, 7

ia) i)
CoMa-1L1HI CoFe-LDH

= 3

A =

z w £

E = TN, M1 R3-1TH E = Cod(0 ), JOPDS H 741087

'E & Nlmi ORI, JUPERS ¢ AH-0TRT E & FlO0HD, JOPDS & LE-008%

— at & W = £l
| i- i s
Ll mal U Tl
4 X : ! 2 I i | ; .T Le
2 n 40 L] (oL iy M i i 4]

2 theta/degree 1 theta/degree

Figure 2 | ¥RD patterns of CoMn-LOH {3 and CoFa<LDH b

and a pore velume of 0.25 em?/. Tn particular, the BET specific surface area of Colfe-LON with MOFs as the PrECUrsor is
mich higher than that with other traditional synthesie methuds (Table 2). The increased surfice area of CoFe-lDH made
PM3 and organic pollutant molecules easier to diffuse and interact with the reaction sites, thereby increasing the reaction
rale.

TGA&s an elfective way (o assess thermaostabilitg of materiaks, which is shown in Supplementary Material, Figure 53 Due (o
the dihydroxylation af the hydroxide in LDHs (Renselka-Had] Abdelkader ef al. 2011}, the total welght loss of CoMn-LDH
and CoFe-LDH were 15.1% and 21 2% respectively, and seached sisble states al 460 and 710°C. Afer that, the further
increase in temperatune did not cause continued quality luss.

The surface element composition and metal valence of CoMn-LDH and CoFe-LDH were obtained by XPS. As shown in
Figure 3(c), the peaks of CoMn-LDVH were mainly attributed to the © 13, N 15, © 1s, Mn 2p and Co 2p regions. The spectram
uf Co 2p shown in Figore 3(d) was made up of two main peaks, Co 2ps.4 (7794 eV and Co 2p, 2 (794.3 V). The main peak
with a binding energy of 779.4 ¢V can be decomposed inte two peaks, Co’ ' at the peak of 779.2 &V and Co®* at the peak of
TBI0.2 eV, As shown in Figure 3(c), the Mn 2p spectrum was composed of Mn 2py; (6416 €V} and Mn 2p sz 16532 V), and
the two main peaks can be divided into four peaks in tolal. The peaks st 642.8 eV and 653.9 ¢V were attributed to (he Mn**
species, and the peaks al 6410 eV and 6325 ¢V can be attrbuted to the Mo™ /Mn™ species, According to the peak ares of
different species, it can be found that Co™/Co®* was 1.1, indicating that both Co™ und Co* existed and the composition
was basically the same. Furthermore, the proportion of Mn™/Mn?* to Mn* was 2.1, indicating that Mo species was mainly
in the form of Mi®* /Mn* " The atomic ratic of Mn 1o Co was 1:2.6. The XPS results conforimed to the basic characteriatics of
LD and the distribution of ¢lement valence states, and matched well with the XRD result. Figire 50 shows the valence and
composition of the elements in CoPe-LOH, 1L can be seen that the peaks were mainly composed of C 1s, M 15, 0 15, Pe 20 andd
Co 2p. As shown in Figore S(zl, Co 2p mainly consisied of two main peaks and two larger satellite peaks. The main peak of Co
Zpsss at 7802 ¢V can be divided into 779.8 ¢V and 7812 eV. At the same lime, the positions of the two satellite peak bands
appeared at 7854 ¢V and 802.3 eV, These values matched well with the repored ColOH); data, which meant that the Co
species i the compound presented & highspin Co™ state (Ma er af 200 1), which further confirmed the existence of
Co{OH)z, The XPS spectum of Fe 2p is shown in Figine 3(hi, where the Fe 2p orbital peaks were asymmetrical and
there were splits and overlaps, therefore it was difficult to determing the specific compesition of Fe (Biesitper ef ol 2011),
Generally, the appearance of satellite peaks beside the main pewk meant the presence of Fe’ ' in the compound. Peak splitting
could prove that Pe®* existed in the compound at the same time, which was consistent with formed Fe(OH); detect by XRD
resilts. The atomic ratio of Fe to Co is 1:3.4. These results showed that Co®*, Fe® and Fe’ ' are simultaneously preseat in the
prepared CoFe-LDH, which also confurmed the existenes ol hydrotalcite-like structuns, The XP§ graphs of used CoMn-LDH
and CoFe-LDH are shown in Figure S4. after activating PMS to degrade organic pellutants, the valence state of LDHs has
changed significantly, which showed that the transition of element valence states in the reaction process was inseparable
fromy the PMS activation process.
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Table Z | Tha OET specific surface ares of CoMN-LOH and CoFe-LDH dertud froem MOFS and by other traditional methods

Samphes Spaeific surface mres (o Ruberanian
MOPderived CoMn-LDH 452 [This were)
MOFderived CoFe-LDH 165.9 (This work)
CoMn-LIMH 4L6 Fhamg ot al (2021)
En-Co-1.DH= 4.9 Tiehar o al, (2020
MU HSLTVH (3:1) 20.1 Sun el al (21R)
Miy(Ciier LDH 44 Sollat of of 2021
Mg Al-5400 234 Wt ol (2019§
Mp-Fe-OH-LDH 428 Chach gr &f, (200
3.2, Catalytic performancs

The following section describes the 2,4-DCP degradation via PMS activated by CoMn-LIDH and CoRe-LDH catalysts under
different conditions. In order to ensure the accuracy of the experimental results, each experiment was tested three fimes with-
out special requirements and the average vilue has been {aken.

After ixing CoMn-LOH and CoFe-LDH catalysts and 2,4-DCP solution, the 2,4-DCP concentration in the adsorption pre-
cess was monitored. It could noted from Figure 4(a) that the sdsorption equilibrium wes repched within 15 minutes, and the
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Figure 4 | Agsormton-desonplion balance of CoMP-LDH and CoFe-LDH fak catalytic degradation of 24-DCP Lsiry deffierent catalysts i TOC
remawal of 2,4-0CPF of CoMn-L0H énd CoFe-L0H ok The cencentretion of cobalt lons, manganess ions and iran ions in solution id), The
diggram s the averags value of the triplicate and the ermor bars represent S0. Seaction conditions: [2,4-0CFL, = 30 Mg, [PMSL =02 g1,
[catabystl, = 02 B, pHa = 8.5 and Ty =25 °C.
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adsorption rates of 24-DCF by CoMn-LDH and CoFe.l.1H were stable at 24.2% and 19.1%, respectively. 11 arder to clim-
inate the interfersnce of adsorption un the catalylic performance, the misture of LDH catalysts and 2.4-DCP soluticn were
stirred For 30 minutes before PMS addition. Tn addition, oaly 100205 of 2,4-DCP was degraded by PMS sell-activation without
addition of LDH catalysts, which indicated that PMS had a weak self-activation ahility to degrade pollutants,

The ability of CoMn-LDH and CoFe LOH to adsorb dyes was weak in the absence of PMS, s catalyst adsorption effeet can
be excluded. In Figure 4(b), after PMS and catalyst were sdded simultinecusly, 2.4-DCP degradation reached 95.4% and
#o.4% within 10 minutes and reached 99 3% and 99 206 within 20 minutes by CoMn-LDH and CoFe LODH catalysts, respect-
ively. The results showed that CoMn-LDH and CoFe-LDH exhibited excelient porformance v activate PMS e 2.4 0CD
degradation, In addition, MOF-derived LIHs were more prominent in terms of pollutant remeval rate compared with
other LDH catalysts (Table 3),

In order o study the minerslization degree of the reaction, the TOC of the 2. 4-DCP solution was detected afier 30 minutes
uf reaction, The removal rate of TOC reached 77.1% and 62,60 in systems of CoMiLDH/PMS and CoFelDH /PME,
respectively (Figure 4ic)). The results indicated that the PMS activated by LDH catalysts had highe removal rates of TOC,
and 24-DCF was degraded into small molecules and then minendioed.

During the degradation reagtion, transition metals in LDH catalysts may enter the solution in the form of ions, In erder o
determine the degree of loss of metal jons during the catalysis process and the influence of the homogensous catalysis of
metal fung on the experimental results, the concentrations of Co juns, Mn ions and Fe ions in the reaction system were deter-
mined by ICP-MS. As shown in Figuie 4id), anly 0.10 mg/L of Co jons and 0.092 mg/L Mn ions were detected in the CoMn-
LDE/PMS system afler 30 mimules of reaction and enly 0.091 mg/L. Co ions and 0,11 mg L. Pe ions were detected m the
CoFe-LDH catalytic system. Such a low metal ion conzentration had a negligihle effect on the catalytic sctivity. The results
proved that the MOFderived LDH catalysts with stable structure and excellent perfarmance were suceessfully synithesized.

3.3. Influence of 2,4-DCP degradation parameters

In arder to further rescarch PMS activation perdformance of CoMn-LDH and CoFe-LDH, a series of 2,4-DCP degradation
experiments was carvied out under different conditions (PMS concentration, catalyst dosc, reaction lemperature).
2, 4-DCP degradation by CoMn-LDH/PMS and CoFe-LDH/PMS at different PMS concentrabions is shown in Figure Fia)
and Gih. As the PMS concentration inereased from 0.1 g/L to 0.2 p/L {catalyst concerteation: 0.2 g/L), the removal rate
ofl 24-DCP increased gradually, However, when the PMS concentration was further incrensed to 0.4 #L, no significant
improvement in 24-DCT degradation was chserved. Tt ean be concluded that at the PMS conceniration of (.2 #/L, LDHs
achieved the highesl catalytic efficiency. Too high PMS concentreation would produce excess reaction species, which may
underge a self-scavenging renclion. resulting in no significant improvement for 24 DCP degradstion (Oh of af 2016). As
shumm in Eguations (1) and {2):

HS05 + 80§~ — HED; + 505 i1}
50§ +80] — 508 12)
The amount of eatalyst could determine the number of active sites for PMS activation, Figore 5(c) and 5(0) shows the effect

af cutalyst coneentration on the PMS activalion to degeade 2 4-DCP. After addition of the calalyst, the removal rate of 2.4

Table 3 | The FMS acthation perfomance by MOP-derived CoMn-LDH and MOF-derved CoFe-Lo snd otfer LDH catalysts

Catabys catalyit dossgn RS Enmeeen, oganlc pollutani Frumounl effichency et
MO Fdarned Codn LIV 02gL 82 p/L 2A-DCP (20 mg'L) 949,35 (20 min] This work
MOF-derived CoFe-LDM 2L 4.2 gL 24-DCP (20 mpL) 89.3% {10 min) This work
AlCa-LDH 02g/L 4 g/l TC (50 mpsL) 49150 (30 min) Cao et gl (20200)
DOM-LDH 02 gl 02 gL BPA {20mp/L) 34 (60 min) Yo ot nl (2020)
Fe-Mn-LOH 04 g/l 04 BT ODA (10 mgdL) B5.5% [3 rin) Chen et ai, {2019
ACECoFe-LDH 2 gL Log'L LMF {5 mg/L} SE2 0 (B min) M £t al, A0
0 From i f D i PO, 2RBE W 200 1 4RI Tl amihn VAR pft
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DCP increased sequentially. When the amount of LDHs was increased from 0.1 g/L to 0.4 g/L (PMS concentration: 0.2 g/L).
2,4-DCP degradation by CoMn-LDH and CoFe-LDH increased from 66.9% to 77.6% and 56.2% to 78.74%, respectively, within
5 minutes. In fact, more catalyst provided more active sites for PMS activation, thereby further promoting the degradation of
2,4DCP. However, the amount of catalyst only increased the initial degradation rate, but did not significantly affect the final
degradation of 2,4-DCP. The results showed 0.1 g/L catalyst could provide enough active sites to activate PMS for degrading
24-DCP.

It can be seen from Figure 6(¢) and 6(f) that when CoMn-LDH and CoFe-LDH were used as catalysts, increasing the reac-
tion temperature can increase the degradation rate of 2,4-DCP. In the first 10 minutes, the increase of the reaction
temperature had a more obvious increase in the degradation rate, because the PMS activation is an endothermic reaction.
However, after 10 minutes, the degradation rate at different temperatures tended to be the same, indicating that the tempera-
ture was not the rate determining step of the catalytic reaction.

3.4. Degradation test of multiple pollutants

In order to further broaden the actual application value of MOF-derived LDHs, degradation tests of bisphenol A (BPA), cipro-
floxacin (CIP) and 2,4-D were carried out. In the CoMn-LDH/PMS system, the degradation rates of BPA, CIP and 2,4-D
reached 92.7%, 77.7% and 73.1% after 15 minutes of reaction, and 98.4%, 94.5% and 93 9% within 30 minutes, respectively.
It can be seen that the pollutants have been basically removed. In CoFe-LDH/PMS system, the degradation rates of BPA, CIP
and 2,4-D reached 96.8%, 93.7% and 92.3%, respectively, within 30 minutes. The above results indicated that MOF-derived
LDHs manifested excellent catalytic performance for different organic pollutants, indicating that LDHs showed great poten-
tial in environmental fields.

3.5. Stability and reusability of LDHs

The reusability of the catalyst is one of the important factors to measure the stability and activity of the catalyst. Under the
same reaction conditions, repeated experiments were set up to investigate the reusability of CoMn-LDH and CoFe-LDH cat-
alysts. As shown in Figure 7(a) and 7(b), after three cycles, 2,4-DCP degradation by CoMn-LDH and CoFe-LDH was still as
high as 99.5% and 97.2%, respectively. The results showed that the MOF-detived CoMn-LDH and CoFe-LDH catalysts exhib-
ited extremely high activity, stability and practical application value.

3.6. Identification of reaction species and possible mechanism

MOF-derived CoMn-LDH and CoFe-LDH catalysts showed excellent catalytic performance for PMS activation to degrade
24-DCP and multiple pollutants. It is particularly important to understand the PMS activation mechanism by LDH catalysts.
PMS can generate sulfate radical (SO} ), and can also react with H,O or OH™ to generate hydroxyl radicals (*OH)
(Equations (3) and (4)), which can also degrade 2,4-DCP. Furthermore, during the PMS activation process, singlet oxygen
(*05) and superoxide radicals (O2*7) may be generated to degrade 2,4-DCP. In order to determine which kind of reaction

@ jole (b)
Na —=—24-DCP = 24-DCP
0.8 5 ~— BPA > BPA
N “CIp —d-=Cif*
.= 0.6 A —r—24-D = v 24D
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Figure 6 | The degradation of different pollutants by CoMn-LDH (a) and CoFe-LDH (b). The diagram is the average value of the triplicate and
the error bars represent SD. Reaction conditions: [pollutants], = 20 mg/L, [PMS]y = 0.2 g/L, [catalyst], = 0.2 @/L, pHy = 6.5 and Ty = 25 °C.
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Flgure 7 | stability and reusability of CoMn-LDH (a) and CoFe-LDH (b} catalysts to activate PMS for 2,4-DCP degradation. The diagram s the
average value of the triplicate and the error bars represent SD. Reaction conditions: [2,4-DCP}, = 20 mg/L, [PMS), = 0.2 g/L, [catalyst), = 0.2 gL,
pHy=6.5 and Ty = 25°C.

species generated in the PMS/LDH system, active reaction species quenching experiments were carried out. TBA, ethanol,
L-Histidine and p-benzoquinone were used as alternative active species scavengers to detect the existence of *OH, 80;-,'0;
and Oy Ethanol can fast react with *OH and SO}~ to quench free radicals. TBA can react quickly with *OH radical, but
hardly reacts with SO} ™. In addition, the generated singlet oxygen (!0} and superoxide radicals (O, ) can be scavenged by |-
histidine and p-benzoquinone:

S0}~ +H,0 — 803" + "OH + H* (3)
S0;” +OH — SO +"OH (4

As shown in Figure 8(a) and 8(b), addition of ethanol and L-histidine significantly reduced 2,4-DCP degradation by the
CoMn-LDH/PMS system and the CoFe-LDH/PMS system, while the system with TBA and p-benzoquinone had relatively
small reduction in the removal rate of pollutants. In the system with CoMn-LDH as the catalyst, after adding 10 mM TBA,
10mM ethanol, 10 mM Lhistidine and 10 mM p-benzoquinone, the removal rate of 2,4-DCP dropped from 99.9% to
99.1%, 40.2%, 15.9% and 92.5% within 30 minutes, respectively. At the same time, in the system with CoFe-LDH as the cat-
alyst, the removal rate of 24-DCP declined from 99.1% to 97.9%, 42.9%, 34.0% and 94.6% within 30 minutes,
correspondingly. In the CoMn-LDH/PMS system and the CoFe-LDH/PMS system with addition TBA and p-benzoquinone,
2,4-DCP was almost completely degraded within 30 minutes, but the degradation rate decreased significantly. It can be clearly
seen that the inhibitory effect of L-histidine and ethanol on 2,4-DCP removal was significantly greater than TBA and p-ben-
zoquinone, and the inhibitory effect of Lhistidine on 2,4-DCP degradation was most obvious, Therefore, it can be
concluded that *HO, SO}, '0, and O+~ also can be generated by the activation of LDH catalysts, but non-radical pathways
('0,) and free radical pathways (80O} ") played significant roles in 2,4-DCP degradation.

In order to further demonsirate the types of reaction species involved in the degradation reaction, electron paramagnetic
resonance experiments were performed using spin-trapping agents DMPO and TEMP, which are shown in Figure 8(c)-8(f).
When only 2,4-DCP and PMS were added to the system, no signal was observed using TEMP and DMPO, which indicated
that reaction species can only be produced in large quantities after catalyst activation. TEMP can be used as trapping agents
for detecting 'O, (Luo et al. 2020). When CoMn-LDH and CoFe-LDH were added to the system with TEMP as the trapping
agent, a representative signal with a signal intensity ratio of 1:1:1 was detected (Figure 8(c) and &(d)), which showed that the
PMS was activated and produced a large amount of *O,. In the system with DMPO as the trapping agent, when CoMn-LDH
and CoFe-LDH were added, a weak signal was detected in the CoMn-LDH system and no reaction species signal was
detected in the reaction with CoFe-LDH as catalyst (Figure 8(c) and 8(f)). According to the above results, both SO}~ and
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Figure 8 | Scavenger quenching on 2,4-DCP degradation by ethanol, tert-butyl alcohol Fhistidine, p-benzoguinone of CoMn-LDH (a} and

CoFe-LDH (b); EPR spectra of CoMn-LDH catalyst in TEMP solutions (c) and in DMPO solutions (d); EPR spectra of CoFe-LDH catalyst in TEMP

solutions (e) and in DMPO solutions (f). The diagram Is the average value of the triplicates and the error bars represent SD. Reaction con-
ditions: (2,4-DCPly = 20 mg/L, [PMS]y = 0.2 g/L, [catalyst], = 0.2 /L, pHo = 6.5 and T, — 25 °C,
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'O, participated and played more important roles in the PMS activation resctlon, which was consistent with the results
shown in Figere 8(s) and 8k},

In order to explain the production of "0 and the reason why 307 were only detected in small amounts, the production
puthway of 507 and ‘0, was further studied. Under normal circumstances, 'O can be slowly gensrated by the sl
decomposition of PMS. but the production of 'Oz can be significantly promoted in the presence of carban-based PMS acti-
wation catalysts. The C-O bond, as &p2 carbun electronrich oxides, was identified as the active slies for PMS activation
generate non-radical reaction species (Li of ol 20208). In addition, (he presence of N stoms in Cobn.LOH and CoFe-
LDH catalysts con attract the electrons of surrounding C atoms, end the pogitively changed C can Ineresse the production
of 'Oz {Du et el 2027). In addition, the electron-rich N group can elso provide the electons to bregk the 0-0 bond of
PMS 1o generate 10,

Based on the above restarch results, o possible reaction mechanism for the catalytic activition of PMS by MOF-derived
LDH was proposed. The activation of PM$ was mainly completed by the noneradical ('O} pathway and the free radical
(3007} pathway (Geng of ol 2021} For CoFe-LIMH system, PMS reacted with Co®' (o generate sulfate radicals (80}
and hydroxy| radicals {* HO), sceompanied by one electron Toss of Co*! o furm Co™' (Equation (5)), Fe? " alao last an elec-
trom and reacted with PMS to generated 80§ and *HO (Equation (7). The tansformation between Co®" and Co™ can be
realized through Equations (3h and (6) and SOZ ~ can be formed at the same time. Then under the conditions of MOE-derived
LDH, birge smounts of HSO5 and 505 were converted to 'O; (Equatin (). Therefore, because large amounts of 50
were converted into non-radical species 10y through the above-mentioned pathways, the number of 507 radicals decreased
whilch made it more difficult to detect. Finafly, non-radicals ['O5) and free radicals (SO ) sttack the chemical bands of 2, 4
DCP te furm small molecules or other intermediates, which were further mineralized into ©0y, HaO or C1— (Equation (9)).
According to the standard reduction potentials of metals (Equations (10/~{12)), it can be considered that the redox between
Co*' and Fe®! is thermodymamically favorable (Su e al 2013):

Co®* + H30; — Co™™ = 50]" + OH- {5
Co* + HSO0; — Cu™™ + 50¢ 4 H' i6)
Fe* + HE0y — Fe™ < 505 + OH (7
HE0; + 80 — B8O+ H +104 %
808 /'0; + 2, 4DCP - fintermediates] — CO; + Hz0 + C1° @
Fe* 40 P E =077V (10
Co?t e = CotH B = 183V (1)
Fe™ 4 Co™ — P 4 Co™, E' = 1.0 W (12)

3.7. Phytotoxicity assessment

24D is 4 chlurophenoxy herbicide (CPHz), which is widely used to control the growth of vurivus broad-leaved weeds. In
order to study the toxicity of 2,40 and its degradation intermediates, mung bean seeds were culiured n degraded 2.4-D sol-
ution for 7 duys by messuring its germination rate and radicle length, 1 can be seen from Figare 9(u) thet the germination rate
af mung bean seeds cultured in pure water exceeded 90% within 2 days, and the germinetion rute of mung in degraded 2.4-D
solution by CoMn-LDH and CoPe-LDH decreased slightly. However, undegraded 2.4-D had & slgnificant inhibitory effect on
the germination rute of mung. Furthermore, as shown in Figures 906}, 10 and 11, the average radicle length of mung bean
seeds germinated in pure water, degraded 24D solution {CoMn-LDH), degraded 24D solutlon (CobMi-LDH) and unde-
graded 24D solution were 103 em, 7.4 em, 7.Nem and 1.1 cm. After degradation via PMS sctvation by LDH catalysts,
the tuxicily of the 24-D solutivn decreased greatly, bul it stfll had ceralr inhibitory effects on the germination of mung
bean, which may be due to the leakege of 8 small parts of metal ions or the degradation of 2,4-D intermedintes affecting
the growth of radicles (Kumar o ol 2021}
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Figure 10 | Phytotosicity assessment of mung beans cultivated in degraded 2 4-0 solwtion by Coin-LOH, degraded 2, 4-0 salution by CoFs-
LOH, undegraded 24-0 solubicn and Ultragure waier,

4. CONCLUSIONS

In this worl, MOPdenived CoMn-LDH and CoFe-LDH catalyste with high activily and high specific surface area were sue-
cessfully prepared through the pseudomarphic transformation process under alkaline conditions, SEM and TEM mamnifested
that the two LIVH cetalysts have a stable loyered siructure, and the morghology basivally did not change even afler use, BET
results showed that two LDOHs have well developed porois structures and high spevific surface area, which could provide
mare active sites fo activale PMS. As a result. the two LDH sumples demenstrated high catalytic performance o activaie
PME for the degradation of 24-DCP and other organic pollutants. 2,4-DCP degradation by CoMn-LDH/PMS sysiem and
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Figure 11 | The average radicle langth of mung bean culthertod in dagraded 2.4-0 solutlan by Cobin-LoH {#), degraded 2.4-0 solution by
CoFe-LDH (), unhegraded 2,4-0 solution {c) and ulrapure water (d)

CoFe-LDH/PMS system reached 99.3% and 99.2% within 20 minutes, respectively, The moderate increase in PMS concen-
tratio, culalyst dusage and reaction temperature all have & positive effect on the degradution of 2.4-DCP. Afier three cycles,
CoMn-LDH and CoFe-LDH catalysts could still obtain 2,4DCP degradation of 99.5% and 97 2%, indicating (hat MOF
derived LDH catalysts are stable and excellent candidaies for PM$ activation, In addition, these two LDH catmlysts alkso
showed excellent eatalytic performunce for the degradation of other different types of pollutants, such as BPA, CIP, 2,4-D,
The high activity of the two LDH catalysts was atiributed to the large specific surface area, hierarchical structure, and
redox reaction. The scavenger experiments and EPR results showed that 105 and S0 were the main active substance in
24-DCP degradation. Tn addition, phylotoxicity assessment of mung beans confirmed the significart enhancement in minger-
alization degres and reduction toxicity of the depraded 2,4-D solution by two LDH catalysts. In summary, this ressarch
provided a facile method to design transition metal-based LDH samples and expands the scope of MOF derivanis for
PME activation in organic wastewater treatment.
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