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Abstract

The severe environmental pollution in modern society urgently calls for efficient
protocols for environmental remediation. Sulfate radical based advanced oxidation
processes (SR-AOPs) are proved a promising eco-friendly technology for in situ
treatment of refractory organics or persistent organic pollutants (POPs), with
advantages including mild degradation conditions, high efficiency, wide application
range and little secondary pollution. Peroxymonosulfate (PMS)-based advanced
oxidation processes (AOPs) have emerged as a novel wastewater treatment strategy due
to production of reactive oxygen species (ROSs) with high redox potential. PMS could
be activated by various synthetic catalysts containing transition metals such as Co, Fe,
Ni, Ag, Cuand Mn. However, the application of this remediation technology is largely
constrained by the high material cost due to the complex synthetic processes of these
transitional or precious metals or non-metal catalysts used for PMS activation. Whereas
the high cost of persulfate activation is a "bottleneck" restricting the promotion of SR-
AOQOPs. This remediation technology will be greatly advanced if the widely available
natural minerals can be used directly as the catalyst. In this PhD project, natural
minerals consisting of transition metal elements were employed as the substitute for
conventional synthetic metal catalysts and proven to be effective for PMS activation in
organic degradation in aqueous and soil environment, which may enable large scale
applications to markedly reduce the processing cost and have great development
potential and broad prospects. Manganese ore and bauxite were investigated for their
catalytic performance in PMS activation for the oxidative degradation of organic
pollutants including phenol, methylene blue (MB), rhodamine B (RB) and
tetrabromobisphenol A (TBBPA). Experimental results indicate that these ores show
an excellent catalytic activity during the oxidation processes, manifesting the wide
applicability towards the removal of different types of pollutants. The degradation rate
using the tested manganese ore/PMS system increased with the reaction temperature
and pH value of the initial solution. These ore particles were characterized by X-ray
diffraction (XRD), Brunauer—Emmett—Teller (BET), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscope (SEM) techniques. Iron oxides, manganese
oxide and cobalt oxides have been identified as excellent catalysts for PMS activation.

Furthermore, electron paramagnetic resonance (EPR) spectra reveal that ore/PMS is a
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radical-based system where sulfate and hydroxyl radicals with strong oxidative
potentials contribute to the degradation of organic pollutants. In addition, the
concentration of metals in treated water meets the WHO and EU standards for drinking
water, verifying this catalytic system is environmentally safe. Catalyst/A1203 hollow
fibre composites were prepared in the research as a synthetic catalyst, and was used to
compare the efficiency and cost with the natural catalysts. In the comparison of
efficiency and financial viability, natural ores show great advantages This work also
investigated manganese ore (MO) /peroxymonosulfate-based advanced oxidation
processes (AOPs) as in-situ remediation technology to degrade organic pollutants in
soil. The experiments were conducted in a home-made liquid-solid reactor. The
tetrabromobisphenol A (TBBPA) removal efficiency was systematically studied with
varying pollutant amount, sand volume, natural ore catalyst loading dosage and water
washing flow rate. Results show that TBBPA in the sand wash water could be
effectively degraded by this MO/PMS system with extremely low cost in comparison
with synthetic catalysts containing transition metals. This study advances the
fundamental understanding of metal ore catalysts and promotes their application in

practical environment remediation.
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Chapter 1. Introduction

1.1 Background of persistent organic pollutants

The rapid development of industrialization and urbanization in modern society has
greatly improved the quality of human life, whereas it meanwhile has increased the
emission of man-made pollutants from booming human activities to an unprecedented
level,[8, 9] which far exceeds the self-purification capacity of natural ecosystems.|[3, 4]
Then the consequent serious pollution of air, soil and water across the world has become
a leading risk factor for human survival. The resulting humanitarian disasters are
numerous. In term of water environment, water pollution has made billions of people
unable to obtain safe water worldwide,[5] which may bring about infectious diseases
(cholera, malaria, dysentery, diarrhoea, hepatitis A, etc.) and exacerbate malnutrition
especially childhood stunting.[10] As a result, over one million deaths are caused by
unsafe water sources each year.[11, 12] Therefore, the United Nations (UN) has
included access to safe water in the Millennium Development Goals.[6, 7] As shown in
Figure 2.1, low-income countries have become the worst-hit area of unsafe water.
Furthermore, around one in four people worldwide lack access to safe drinking water
at present.[13] In view of the ever-increasing water demand and ever-deteriorating
water system, there is still a long way to achieve the Sustainable Development Goals
(SDGs) Target 6 to ‘Ensure availability and sustainable management of water and
sanitation for all by 2030°. The ever-deteriorating environmental pollution poses
serious threats to human survival. Hence, the development of advanced environment

remediation and recovery technologies is of great necessity.
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Figure 1.1. (a) Death rates from unsafe water sources (measured as the number of
deaths per 100,000 individuals).[12] (b) Number of people without access to safe
drinking water.[13]

Among a variety of contaminants, persistent organic pollutants (POPs), a type of
substances normally used for industrial or pesticide purposes such as aldrin, chlordane,
hexachlorobenzene (HCB) and polychlorinated biphenyls (PCBs), have attracted
growing public attention since the second half of the last century.[14, 15] POPs first

aroused widespread concern as Rachel Carson described the problem of reducing birds
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and other animal species ascribed to pesticides use in her book Silent Spring in 1962.
In response to the ever-increasing food demand caused by the population explosion
since the Industrial Revolution, a large number of pesticides and fertilizers were used
in the agricultural production process due to the limitations of people's recognition at
that time, which consist of certain kinds of POPs like dichlorodiphenyltrichloroethane
(DDT).[16, 17] Most POPs are highly toxic or even carcinogenic and difficult to
decompose in the natural environment. They can exist in the environment for a long
time, migrate to all corners of the earth, and accumulate through the food chain, leading
to harmful effects on the environment and human health. Noteworthy that for human
beings at the top of the biological chain, the accumulated toxicity inside the body is
more than 70,000 times larger than the original, leading to premature aging, deformity
or even death. [18-20] Therefore, POPs have been widely concerned by environmental
and health departments. Specially, under the auspices of the United Nations
Environment Programme (UNEP), the Stockholm Convention on Persistent Organic

Pollutants has entered into force since 2004 to urge the elimination of POPs.[16, 17]

Therefore, researchers are struggling to solve the problem of POPs pollution through
physical, chemical and biological methods. In recent decades, advanced oxidation
processes (AOPs) have drawn extensive interest and been proved a promising
technology for in-situ environment remediation. Several oxidants such as ozone (O3),
hydrogen peroxide (H202), peroxomonosulfate (PMS) and peroxydisulfate (PDS) can
be employed in AOPs to produce reactive species like superoxide, hydroxyl and sulfate
radicals, which are of strong oxidative potentials and capable of discomposing organic
contaminants.[31, 32] Specially, sulfate radical based AOPs (SR-AOPs) systems can

achieve a higher oxidative potential and a broad applicable pH value range.|33]

Based on the literature, metal oxides play an important role in SR-AOPs as the catalysts
for the activation of persulfates to generate sulfate radicals.[34, 35] Transition metals
and their compounds, containing metals such as Co, Fe, Ni, Ag, Cu and Mn, well known
for the superior homogeneous and heterogeneous catalytic activity, have been proven
to be highly effective catalysts to activate PMS.[36, 37] However, these metal catalysts
do not exist in nature but need complex synthetic processes and hence are too expensive

to be employed in a large-scale application.

Therefore, the search for other more economical and accessible catalysts is of great

necessity. A feasible alternative to conventional metal catalysts is natural ores. Previous

3
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research demonstrated that minerals contain transition metals and their compounds for
instance iron, cobalt and manganese ores have great potential for the degradation of
organic pollutants via advanced oxidation reactions.[38, 39| In addition, Western
Australia is the main mining area in Australia and abundant in mineral deposits such as
magnetite, bauxite and ferromanganese, most of which contain various transition metal
elements.[40] Moreover, the low cost and abundance provide these natural ores with
incomparable advantages against synthetic catalysts. Therefore, the locally produced
cheap natural minerals, which contain transitional elements, could be used as the
substitutes for expensive synthetic metal catalysts to explore the feasibility of large-

scale in situ processing of PMS has become a possible research direction.
1.2 Research objectives

The purpose of this research is to investigate the feasibility of using natural metal ore
catalysts instead of synthetic ones for the heterogeneous activation of
peroxomonosulfate (PMS) to degrade persistent organic pollutants in aqueous and soil
environment, and to discover the prospects of this catalytic system for large-scale
application in in-situ remediation projects. At the same time, this research also aims to
explore the mechanisms involved in natural metal ore/persulfate catalytic system. The

specific objectives of this research are as follows.

1. Collecting and preparing several natural metal ore and synthetic catalysts for
research.
2. Utilizing the selected natural ore samples as a heterogeneous catalyst for the

activation of PMS to decompose organic pollutants such as rhodamine B (RB),

tetrabromobisphenol A (TBBPA), quinclorac, etc.

3. Determining the active sites of natural ore catalyst for PMS activation and the

reaction mechanism in catalytic oxidation process.

4. Evaluating the performance of natural ore and synthetic metal catalysts in

organics degradation and comparing their advantages and disadvantages.

5. Studying the feasibility of natural ore catalyst with superior catalytic activity

and stability for in situ remediation of contaminated soil and water.
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1.3 Thesis organization

This thesis is composed of seven chapters, including introduction, literature review,

results and discussions (four chapters), conclusions and perspectives for future studies.

Chapter 1 — Introduction — provides a concise description about the background and
treatment methods of POPs. In addition, the research objectives and organization

structure of this thesis are present in this chapter as well.

Chapter 2 — Literature review — gives a comprehensive summary of the main
research history and progress on POPs and AOPs. Besides, the current research status

of synthetic catalysts and natural minerals in persulfates activation are also described.

Chapter 3 — Natural manganese ore catalyst for effective removal of organic
pollutants via peroxymonosulfate based advanced oxidation. — investigates the
performance of manganese ore catalysts in PMS activation for the oxidative
degradation of POPs as well as the effect of reaction conditions and catalytic

mechanisms involved.

Chapter 4 — Reactive oxygen species-induced degradation of organic contaminants
by peroxymonosulfate activation over natural bauxite ore. — investigates the catalytic
activity, impact factors and reaction mechanisms of bauxite/PMS system during the

oxidative degradation of organic pollutants.

Chapter 5 — Efficient removal of organic pollutants by ceramic hollow fibre
supported composite catalyst. (Sustainable Materials and Technologies. 2019; 20,
e00108.) — evaluates the catalytic performance of the synthetic TiO2/Al203 composite

hollow fiber in PMS based advanced oxidation of organic pollutants.

Chapter 6 — Catalytic performance of natural metal ore in peroxymonosulfate
activation for soil remediation and its financial feasibility. — studies the applicability
of natural metal ore/PMS catalytic system towards the removal of organic pollutants in

soil environment and discuss the financial feasibility of this system.

Chapter 7 — Conclusions and perspectives — summarizes the main findings of this

work and provides suggestions for follow-up research in related fields.
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Chapter 2. Literature review

2.1 Introduction

Environmental pollution issues have raised a global concern. Noteworthy that with the
rapid development of human society, the amount of harmful substances released by
human activities into the environment since the industrial revolution has far exceeded
the sum of the previous thousands of years of human history. The pollution of the
environment has reached an unprecedented level, which poses serious risk to the
ecosystem and human health.[1-4] Among a variety of contaminants, persistent organic
pollutants (POPs) have aroused great concern all over the world. POPs pollution, along
with the ozone hole and the greenhouse effect, are regarded as the three major
environmental issues that affect human survival and health in the 21st century. POPs
have the characteristics of persistence, long-distance migration, bioaccumulation and
high toxicity.[5] Especially in modern society, large quantities of POPs pollutants are
discharged with the rapid pace of industrialization and urbanization, which has caused

serious pollution to the atmosphere, water and soil.

In order to safeguard human health and ecological safety from POPs, several treatment
methods have been investigated to remove them from the environment or convert them
into low-toxic or even non-toxic matter, including bioremediation, physical aggregation,
and chemical reaction. [6-8] Bioremediation methods like activated sludge method and
biofilm method are low cost options, whereas the biological treatment cycle takes long
and the ability to eliminate highly toxic and refractory pollutants is limited.[9-11]
Physical methods such as air flotation, coagulation, adsorption and membrane filtration
can easily enrich the harmful substances from one phase to another, but further
treatment processes are required and the applicability is fairly restricted by equipment
and other conditions.[12-14] Meanwhile, chemical methods for instance oxidation and
reduction can effectively decompose the pollutants, and present high efficiency as well
as superior applicability towards diverse pollutants.[15, 16] Especially advanced
oxidation processes (AOPs), which utilize superoxides to generate reactive species of
high oxidative potentials and can totally break down most organic pollutants, have been

proved a promising strategy for in-situ environment remediation.

10
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In this study, several representative organic pollutants were selected for further
investigation. Methylene blue (MB) is a blue dye that has a wide range of applications
in textile printing and other industries. As an aniline substance, its amino group 1s
connected to the aromatic ring. Because of its high melting point and structural stability,
methylene blue is difficult to degrade in the natural environment.[17] Studies show that
MB would exert certain harmful effects on the human body, including but not limited
to vomiting, skin irritation, and respiratory diseases.|[18] Rhodamine B (RB) is also a
kind of dye, mainly used in scientific research or as a herbicide marker in industrial
production.[19] It is classified as a carcinogen, and the contact with skin or eyes may
also cause neurotoxic damage. Similarly, due to the high stability and non-
biodegradability, rhodamine B exists widely as a xenobiotic in the biological world.[20,
21] Phenol has been gradually widely used in petrochemical and medicine industry
since being discovered in the 19th century, and it is commonly employed as a
representative of aromatic organic compounds in the field of organics degradation
research.[22-24] Tetrabromobisphenol A (TBBPA) is normally used as a flame
retardant in circuit boards. Although a small amount of exposure would not cause
serious diseases, studies have shown that it may result in some cell dysfunctions, so it

has been tracked by the EU environmental protection agency.[25-28]
2.2 Advanced oxidation processes

Advanced oxidation technology, also known as deep oxidation technology, is a highly
efficient environmental remediation method characterized by the generation of
hydroxyl radicals ("OH) with high redox potential (1.8-2.7 V).[29, 30] During the
oxidation process, a large number of hydroxyl radicals are produced as an intermediate
product, which can induce the continuation of subsequent chain reactions.[31] AOPs
can tackle most organic pollutants including intractable organics like macromolecules
with poor biodegradability, and oxidize them into low-toxic or non-toxic small
molecular substances, without producing secondary pollution.[32, 33] Especially,
AOPs have great advantages in the treatment of environmental hormone pollutants and
other trace harmful chemical substances.[34-36] Besides, as a kind of physical-
chemical treatment process, AOPs could be easily controllable. In summary, AOPs can
completely mineralize or decompose most organic matter and have broad application
prospects in environment remediation.[33, 37] By utilizing various superoxides for

instance air, oxygen (O2), ozone (O3) and hydrogen peroxide (H20,), active hydroxyl

11



Chapter 2. Literature review 19044961

radicals can be produced in physical and chemical processes such as high temperature
and high pressure, electricity, sound, light irradiation and catalysts.|38-41] According
to the manners of generating free radicals and the different reaction conditions, AOPs
can be mainly classified into ozone oxidation, catalytic wet air oxidation (CWAO),
photochemical oxidation, sonochemical oxidation, electrochemical oxidation, Fenton

and Fenton-like oxidation and so on.[30, 42, 43]
2.2.1 Ozone oxidation

The ozone oxidation method achieves the degradation of organic pollutants through
two ways: direct reaction and indirect reaction.[44] The former refers to the direct
reaction between pollutants and ozone, which has strong selectivity and generally
attacks organics with double bonds such as unsaturated aliphatic hydrocarbons and
aromatic hydrocarbon compounds.[45] The latter, with a broader applicable range,
undergoes oxidation reaction between pollutants and hydroxyl radicals derived from
ozone.[46] Although the ozone oxidation method has a strong ability to decolorize and
remove organic pollutants, this method still has great restrictions in wastewater
treatment. It has a high operating cost and cannot rapidly achieve a complete
degradation in a low dose.[47] Moreover, the intermediate products formed may

prevent the oxidation process of ozone.[46]
2.2.2 Catalytic wet air oxidation

The catalytic wet air oxidation method is developed on the basis of the wet air oxidation
(WAOQ) method since the mid-1980s.[48] The CWAO method uses oxygen or air as the
oxidizing agent to achieve the oxidative decomposition of the organic pollutants and
ammonia through hydroxyl radicals generated under the condition of high temperature,
high pressure and catalyst in the liquid phase.[49] Compared with the WAO method,
the CWAO method can markedly reduce the oxidation temperature and pressure as well
as increase the oxidative degradation capacity via the utilization of catalytic agents.[50]
However, its industrial application is still restricted by the complex reacting conditions
and the large investment of equipment system.|51] Researchers have found that suitable
catalysts can greatly reduce the reaction requirements. In recent years, the study on
catalysts especially heterogeneous catalysts has become a hot spot in the field of
CWAQO research.[49, 50, 52]
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2.2.3 Photochemical oxidation

The photochemical oxidation method produces hydroxyl free radicals under ultraviolet
(UV) light irradiation, including photo-excited oxidation and photocatalytic
oxidation.[53] The photo-excited oxidation method mainly employs H,0,, O3, O, or air
as the oxidant to generate hydroxyl radicals under the action of light radiation; the
photocatalytic oxidation method generates hydroxyl radicals by the oxidant under the
excitation of light and the catalytic action of the catalysts represented by Ti0.[54, 55]
However, due to the limitation of the reaction conditions, the photochemical method
will produce a variety of aromatic organic intermediates during treating process,
resulting in incomplete degradation of the organic substances.[56] Besides, the
utilization rate of light energy is relatively low, and the expensive catalyst used is easy
to deactivate and difficult to recycle, which may restrict the practical application of this
technology to a certain extent.[57, 58] Currently, the immobilization of TiO; has
become the focus of photocatalysis research, and scholars have studied the replacement
of TiO2 powder with TiOz film or composite catalyst film.[59, 60] In addition, the
photocatalytic membrane reactor that couples the photocatalytic technology with the
membrane separation technology can effectively trap the suspended catalyst, and hence

improve the separation and recovery of the catalyst.[61]
2.2.4 Sonochemical oxidation

The sonochemical oxidation method mainly utilizes ultrasonic with a frequency range
of 16 kHz-1 MHz to produce ultrasonic cavitation in the solution, forming high-
concentration hydroxyl radicals under instantaneous local high temperature and high
pressure in a small area to achieve rapid degradation of organic pollutants.[62, 63]
Ultrasonic processing alone has a poor treatment effect towards organics with high
hydrophilicity and low volatility, and cannot realize a complete removal of total organic
carbon (TOC) content.[64] Besides, its cost is fairly high. Therefore, ultrasonic
oxidation technology is often combined with other oxidation technologies to reduce the

processing costs and improve the purification capacity.[65, 66]
2.2.5 Electrochemical oxidation

The electrochemical oxidation method mainly relies on the oxidative effect of hydroxyl
radicals produced using electrochemically active anode materials and direct current.[67]

Typically, the solution or suspension of organic substances is placed in an electrolytic
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cell, and hydroxyl radicals are generated by the discharge of water molecules on the
anode surface to break down the organic matter adsorbed on the anode.[68] Noteworthy
that the electroactive anode surface can play a variety of conversion functions including
adsorption, catalysis and oxidation during the treatment process. Hence, the selection
of appropriate electrode material is the key to ensure the smooth oxidative degradation
of pollutants.[69] In the process of electrochemical oxidation, the main competitive side
reaction 1s the water splitting (i.e. oxygen escape) that occurs on the anode surface and
its vicinity. Therefore, in order to promote the electrochemical oxidation reaction and
improve the efficiency, a high oxygen escape overpotential of the anode is required.[70]
Besides, the stability and corrosion resistance in wastewater is required as well.[71]
Applicable anode materials found by researchers include graphite, Ti/Pt, Ti/PbO2 and
Ti/Sn02-Sb composite electrodes.[72] This electrolytic oxidation approach does not
involve chemical oxidants and can minimize the emission of wastes, whereas the

electricity consumption cost is quite high.[73, 74]
2.2.6 Fenton and Fenton-like oxidation method

Broadly speaking, the Fenton oxidation method is a technology that uses catalysts, light
radiation or electrochemistry to generate hydroxyl radicals from H>O»> to treat organic
contaminants.[75] The conventional Fenton method is generally carried out under the
condition of pH 2-3, utilizing the chain reaction between Fe*" and H,O, to generate
hydroxyl radicals to further oxidize organics removal. At the same time, Fe’" being
oxidized into Fe** would bring about coagulation precipitation, which may jointly
contribute to the removal of contaminants.[76] This method can rapidly degrade
organic matter on account of the fast decomposition rate of H>O,, whereas it cannot
fully mineralize organics and might produce intermediate products, which may form
complexes with Fe** or compete with the generation route of hydroxyl radicals.[77, 78]
Meanwhile, the application of conventional Fenton reagent is also restricted by the low
utilization rate of H>O» and the pH limit, and the treated water may be colored due to
the high concentration of Fe’" in the system.[79, 80] Further, researchers have
introduced photoelectric and electrochemical effects into the Fenton reaction system as
well as studied the replacement of Fe?™ using homogeneous catalysts (e.g. Fe*™ and
Mn?*) and heterogeneous catalysts (e.g. graphite, iron powder, iron and manganese
oxide minerals).[81-84] These methods can significantly enhance the oxidative

degradation ability of Fenton system towards organic pollutants, and are called Fenton-
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like oxidation. Besides, it has been found that adding complexing agents for instance
ethylene diamine tetraacetic acid (EDTA) and oxalate (C204%) to the Fenton system
could increase the removal rate of organic matter.[85, 86] As an improvement to the
conventional Fenton reagent, the Fenton-like oxidation method has greater

development potential.

Researchers have continued to make progress on advanced oxidation technology.
Noteworthy that sulfate radical-based advanced oxidation processes (SR-AOPs) using
persulfates such as peroxymonosulfate (PMS, or oxone) and peroxydisulfate (PDS) are
recently developed for the oxidation treatment of refractory organic pollutants.[87, 88]
Besides hydroxyl radicals (redox potential: 1.8-2.7 V), SR-AOPs can also generate
sulfate radicals (SO4™", redox potential: 2.5-3.1 V) with a stronger oxidizing ability as
another reactive species to degrade pollutants. Meanwhile, the lifetime of sulfate
radicals (ti2 = 30—40 ps) is longer than that of hydroxyl radicals (ti2 < 1.0 ps), which
affords an excellent mass transfer to pollutants and free radical utilization efficiency.[87,

89, 90] Hence, SR-AOPs have attracted intensive attention.
2.3 Peroxymonosulfate based oxidation technology

Peroxymonosulfate is a white non-toxic solid powder with good solubility in water. On
account of its solid form and low volatility, PMS is easier to transport and store than
liquid H>O2. Actually, PMS can be regarded as a derivative of H>O,, in which a
hydrogen atom is replaced by a sulfonic acid group (-SO37) to form HSOs™. It has an
asymmetric structure (H-O-O-SO37), with the distance of O-O bond of 1.497 A and the
bond energy of 377 kJ/mol. Compared with PDS and H2O,, PMS is more susceptible
to being stimulated by external factors due to the structural asymmetry, generating
sulfate radicals and hydroxyl radicals via electron transfer. Moreover, unlike the
traditional Fenton reaction that requires acidic conditions, PMS based oxidation
technology can effectively work in a wide pH range. At present, the commonly used
PMS agent in experimental study is oxone (KHSOs-0.5KHSO4:0.5K2804), of which
the solubility is larger than 250 g/L and the aqueous solution is acidic.[91] As a triple

salt, oxone is more stable and safer in operation process.
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HSOf

Figure 2.1. The structure of PMS. Yellow color is the sulfur atom, and the red color is
the oxygen atom. Dashed line represents the fission position of O-O bond for the

formation of sulfate radicals.|92]
2.3.1 Physical activation of peroxymonosulfate

The activation of PMS can be achieved through physical and chemical approaches.
Physical activation methods, mostly used as an auxiliary means, utilize external energy
such as heat, ultrasonic and light irradiation to break the O-O bond in the PMS to

promote the generation of sulfate radicals and hydroxyl radicals.

Heating activation is the main method used in early PMS research.[93] Asif et al. found
that up to 60% of algogenic organic matter could be removed via the thermal activating
PMS system.[94] Heating activation is a simple method, whereas it is not realistic for
normal temperature wastewater and natural water environment treated in situ, so
heating activation generally appears as an auxiliary means to activate PMS.
Considering the goal of reaching carbon neutrality, this activation mode requiring high
energy consumption and high carbon emissions is contrary to the core concept of

environmental protection.

Ultraviolet light can also activate PMS to a certain extent, achieving the degradation of
organic pollutants with a simultaneous disinfection effect. Ultraviolet light activation
of PMS is rarely investigated in experiments and generally studied in combination with
photocatalysis.[95] Yang et al. found that although UV itself can degrade azo dye acid
orange 7, the degradation efficiency was increased by nearly half once introducing PMS,
indicating that UV light can effectively activate PMS to degrade organic pollutants in
water. [96]
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Ultrasound can be used as an auxiliary means to promote the activation of PMS and
produce more free radicals. The main parameters include the sound intensity and the
sound frequency. In the study of Yin et al., the ultrasonic activating PMS system was
used to conduct the catalytic degradation of sulfamethazine. After introducing
ultrasound, the efficiency of the ultrasound/PMS system was increased to nearly nine
times that of PMS alone and ninety times that of ultrasound alone, with over 99% of
contaminants removed within 30 mins. This system could operate effectively in the pH
range of 3 to 11. They found that the removal efficiency continues to increase with the
ultrasonic power, and the increase gradually slows down, which might be limited by
the concentration of hydroxyl radicals in the system.[97] Research by Liu et al. shows
that ultrasound can significantly increase the degradation efficiency in PMS system

without obvious negative effects.[98]
2.3.2 Chemical activation of peroxymonosulfate

Chemical activation methods mainly utilize transition metal oxides and other inorganic
substances like carbon materials for PMS activation to produce sulfate radicals and

hydroxyl radicals.

A variety of oxides that includes transition metals such as Mn, Co, and Fe, are reported
to have an excellent ability for PMS activation.[99-101] The activation is accomplished
by the electron transfer between PMS and metals via the redox cycle as below.[102-
104]

HSOs -e” — SOs™ + H'

HSOs + e~ — S04~ + OH

SO +e ™= S04~

SOs™ +S0s™ — 2S04 + 10,

S04~ + H20 — H" + "OH + SO+~

Besides, carbon materials such as graphene, activated carbon and carbon nanotubes can
effectively activate PMS. Due to the different carbon structure, these materials exhibit
different catalytic properties in persulfate activation.[105] Duan et al. found that
reduced graphene oxide/PMS system could oxidatively degrade phenol completely
within 150 min. [106, 107] Carbon nanotubes (CNTs) can be regarded as graphene coils,

while their catalytic performance is much better than graphene. Both single-walled
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carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs) can
activate persulfate to oxidize and degrade organic pollutants (especially phenolic
compounds), but it is difficult to oxidize and degrade organic substances with electron-
withdrawing groups such as nitrobenzene and benzoic acid.[108] In addition, the
catalytic activity of CNTs is related to their types. For example, SWCNTs has a higher
phenol degradation reaction activity than MWCNTSs, which is due to the difference in
the specific surface area and active sites.[ 109] Activated carbon, a simple industrial
product with high porosity and specific surface area, is regarded as a cheap substitute
for graphene and carbon nanotubes.[108, 110] Although activated carbon has shown
acceptable catalytic performance, its degradation efficiency is still too low compared
with graphene and carbon nanotubes, so it is often used as a sustainable substrate

material in practice.[111, 112]
2.4 Metal catalysts for peroxymonosulfate activation

2.4.1 Conventional metal catalysts

Transition metals and their compounds, well known for the superior homogeneous and
heterogeneous catalytic activity, have been proven to be highly effective catalysts to
activate PMS.[113, 114] Transition metals generally refer to metal elements in the d-
block of the periodic table, which have a partially filled d sub-shell and can form oxides
of multiple valence states.[115, 116]

In previous studies, PMS activation was achieved by various synthetic catalysts
containing transition metals such as Co, Fe, Ni, Ag, Cuand Mn.[114, 117, 118] Among
these metals, cobalt is considered to have the highest catalytic activity against PMS
activation, while silver has a relatively low activity.[100, 119] CoO, CoO3 ; C020s3,
CoO(OH) and Co304 have all been verified effective to activate PMS and degrade
organics.[99] Among them, cobalt oxide and cobalt tetroxide have been studied more
broadly due to their good stability, solubility and activation efficiency, exhibiting a
good degradation effect on phenolic substances like bisphenol A and parachlorophenol
as well as commercial dyes.[120-123] The research on cobalt tetroxide is more
advanced. Besides traditional dyes, it can also effectively degrade sulfisoxazole,
antibiotics amoxicillin, chloramphenicols and other antibiotics in PMS system.[124-
126] Additionally, Co3Os shows a good activity for phenol photodegradation with
PMS.[127, 128]
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Besides cobalt catalysts, iron catalysts are another hotspot in the field of PMS research
due to their relatively low price, which mainly relies on the effect of ferrous and ferric
ions that derived from various iron oxide.[89] The catalytic degradation system of
cobalt and PMS has a removal rate of nearly 90% for 2,4-dichlorophenoxyacetic acid
(2,4-D) within one hour, while the same study shows that ferrous ions can also reach
similar capability but with their concentration about one hundred times higher than
cobalt 1ons.[129] Bisphenol A, phenol and rhodamine B are the most common
pollutants in the study of iron oxides/PMS system. It was also discovered that phthalate
esters (PAEs) could be degraded by Fe;04/S:0s* [130, 131] Although their
performance is lower than that of cobalt catalysts, the cost-effectiveness of iron
catalysts is much higher due to the low price. Mixed oxides composed of iron and other

metals have demonstrated more efficient degradation ability.[132-134]

Meanwhile, manganese catalysts have been developed for PMS activation. The
catalytic activity of the divalent manganese-based materials exhibits excellent stability
in a wide temperature range, which basically remains the original state under PMS
oxidation after calcination at 600 °C.[135-138] The performance of magnetic
MnO»/ZnFe>04 hybrid materials were also employed for catalytic oxidation of organic
pollutants.[139-143]

2.4.2 Natural metal ore catalysts

Conventional synthetic metal catalysts are limited by the high cost for a large scale
application.[144] In recent years, natural minerals containing transition metal elements
such as cobalt ore, iron ore and manganese ore have been studied as the substitutes for
synthetic catalysts, demonstrating great potential for organics degradation with PMS
system.[145] The low price and abundance of natural ores provides them with

incomparable advantages against to these synthetic catalysts.[146]

Iron ranks the fourth most abundant element on the earth and constitutes 5.6 wt% of the
crust.[147] As the most economically exploitable ore, commercial iron ore can be
mainly categorized into hematite (Fe3O4) and hematite (Fe203).[148, 149] Generally,
natural iron ore contains an iron content of 20-30 wt%, and the direct shipping ore
(DSO) contains an iron content of 5662 wt%.[150] Other substandard ore will go
through mineral processing to meet the standard of export.[151] Australia especially

Western Australia is rich in iron ore. Australia owes the world's largest Economic
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Demonstrated Resources (EDR) iron ore at 51, 545 Mt, which accounts for around 28%
of worldwide EDR iron ore.[148, 152] A study shows that vanadium-titanium
magnetite could effectively degrade bisphenol A via PMS system, while the mineral
used is of high grade, which contains iron content of over 30% with the silicon content

of merely 4%.[153]

Manganese is the twelfth most abundant element in the Earth's crust and the fourth most
widely used metal in commercial products.[128, 154] Almost 300 minerals contains
manganese and it is often found with iron, for example, iron ore and bauxite.[155] In
other words, manganese 1s not a free element that exists on its own. Although many
minerals containing manganese have been discovered in various geological settings,
only several are economically significant.[156] In total, there are three mines in
operation and one tailings re-treatment plant in Australia, which produce around 7

million tons manganese ore each year and ranks second in the world.[157, 158]

Besides, approximately thirty cobalt-bearing minerals have been found while a small
amount of cobalt can be found in over one hundred kinds of other minerals.[159] China
is the dominant producer of cobalt while Australia is ranked number nine in worldwide
cobalt production. Cobalt element occurs naturally in two main forms that are Arsenide
Co(As2) and cobalt sulfarsenide (CoAsS).[160]

2.5 Conclusions

PMS based advanced oxidation technology is an environmentally friendly treatment
method developed in recent years for refractory organics like POPs, which can
mineralize organic pollutants into harmless substances. It has advantages including
mild degradation conditions, high efficiency, wide application range, and little
secondary pollution. Whereas the high processing cost of PMS activation using
synthetic catalysts is a "bottleneck” restricting its promotion to a large scale. More
recently, natural minerals constituted by transition metal elements have been studied as
the substitutes for conventional synthetic metal catalysts and proved effective for PMS
activation in organics degradation, which may enable manufactories to markedly
reduce the cost. Currently, there is still very limited research on the application of
natural metal ore catalysts in PMS system. Considering the great development potential
and prospects, related investigation is of great importance to accelerate the industrial

application of natural minerals in environment remediation.
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Chapter 3. Natural manganese ore for efficient
removal of organic pollutants via catalytic

peroxymonosulfate advanced oxidation

Abstract

Sulfate radical-based advanced oxidation processes (SR-AOPs) using persulfates like
peroxymonosulfate (PMS) are a superior strategy for in situ degradation of persistent
organic pollutants (POPs) in water environment. However, the application of this
remediation technology is largely constrained by the high material cost due to the
complex synthetic processes of these precious metal or non-metal catalysts used for
PMS activation. This remediation technology will be greatly advanced if the widely
available natural minerals can be used as the catalyst. In this work, manganese ore
was investigated for its catalytic performance in PMS activation for the oxidative
degradation of organic pollutants including phenol, methylene blue (MB), rhodamine
B (RB) and tetrabromobisphenol A (TBBPA). Experimental vesults indicate that
manganese ore shows an excellent catalytic activity during the oxidation processes,
manifesting its wide applicability towards the removal of different types of pollutants.
The degradation rate using this manganese ore/P MS system increased with the reaction
temperature and pH value of the initial solution. Furthermore, electron paramagnetic
resonance (EPR) spectra reveal that manganese ore/PMS is a radical-based system
where sulfate and hydroxyl radicals with strong oxidative potentials contribute to the
degradation of organic pollutants. In addition, the concentration of metals in treated
water meets the WHO and EU standards for drinking water, verifyving this catalytic
system is environmentally safe. This study advances the practical application of natural

manganese ore for in-situ wastewater remediation.
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3.1 Introduction

Rapid global industrializati on and population growth is leading to an extensive
environmental pollution and water scarcity is becoming a serious global issue[1, 2] To
solve these issues, water treatment or remediation seems the most practical method.
Persistent organic pollutants (POPs), a kind of contaminants notoriously known for
their long-lasting and toxicity existence in the environment, require urgent treatment. | 3-
5] Among the various biochemical and physicochemical methods developed for POPs
treatment, advanced oxidation processes (AOPs) have drawn a particular attention due
to their high efficiency and broad applicability.|6, 7] Noteworthy that sulfate radical-
based advanced oxidation processes (SR-AOPs) wusing persulfates like
peroxymonosulfate (PMS) are a superior strategy for in situ degradation of POPs in
water environment.[8] In previous studies, metal oxides were mainly utilized as the
catalysts for the activation of PMS to generate sulfate radicals (SO4™, 2.5-3.1 V).[9,
10] However, these metal catalysts do not naturally exist and have to be prepared via
complex synthetic processes thus are expensive for industrial applications.|11] Hence,

it is necessary to search other more economical and accessible catalysts. [12-15]

Many natural materials like minerals contain transition metals and their compounds
such as iron, cobalt and manganese ores demonstrate great potential for the degradation
of organic pollutants via advanced oxidation reactions [15-17]. The low price and
abundance provide these natural ores with incomparable advantages against synthetic
catalysts.[18] Manganese is the twelfth most abundant element in the earth. [19, 20] In
previous studies, various manganese oxides, including manganese monoxide,
manganese dioxide and manganese trioxide, have been exhibited extremely high
activity in the degradation of POPs in the PMS system.[21, 22] Natural manganese ore
(MO) consists of various manganese compounds and therefore may display good
catalytic performance. Specifically, there are four operating mines and one tailings re-
treatment plant in Australia, producing millions of tons of manganese ore per year that
worth more than one billion Australian dollars. [20, 23] Two of the four manganese
mining areas are located in Western Australia, which entitles us a unique geographical

advantage in this study.

In this work, a series of natural manganese ore samples were employed as the catalyst
for the degradation of organic pollutants in water environment under the Fenton

reaction via PMS system. The pollutants were chosen from phenol, methylene blue
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(MB), rhodamine B (RB) and tetrabromobisphenol A (TBBPA). The influence of PMS
concentration on pollutant degradation was explored. The impacts of temperature and
initial pH value of the solution on removal efficiency were also studied, which may
provide some useful information on that the catalytic activity variation of manganese
ore for PMS activation under different environmental conditions. Furthermore, electron
paramagnetic resonance (EPR) and selective radical quenching experiments were

conducted to demonstrate the catalytic mechanism in manganese ore/PMS system.
3.2 Experimental Section

Chemicals and Materials. The manganese ore (MO) was supplied by Karara Mining
Ltd., Australia and OM Manganese Pty. Ltd., Australia. The composition of the
received ore was provided by mining companies as shown in Table 3.1. Two batches
of commercial testing ore samples were obtained from the same mine, while each batch
contains four samples, successively labeled as Mn-1 to Mn-8. Prior to the experiments,
the ore samples were washed with an ultrasonic cleaner, filtered and then dried
overnight. Afterwards, the samples were ground into powder and sieved with a particle

size of 50—60 pum for subsequent tests.

Table 3.1. The composition of manganese ore (MO) as received.

Composition Formula Content (wt%)
Braunite 4MnO3-3Mn0O2-Si0:2 30%
Psilomelane Ba-Mn-MnsO16(OH) 30%
Pyrolusite MnO» 30%
Quartz S10; 10%

Phenol (299.0%), methylene blue (299.0%), rhodamine B (=97.0%),

tetrabromobisphenol A (>97.0%), 5,5 dimethyl-1-pyrroline (DMPO, >99.0%) and
2.2.6,6-tetramethyl-4-piperidinol (TMP, >99.0%) were purchased from Sigma-Aldrich,
Australia. Ultrapure water was manufactured via an Agilent water purification system.
For further use, the targeted contaminants were diluted by a certain amount of ultrapure
water to reach the designed concentration. Specifically, due to the low solubility of
TBBPA under standard pH condition, sodium hydroxide was added into the solution to

adjust the pH value to 11.
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Characterization of Materials. The crystal structure of selected manganese ore was
characterized by powder X-ray diffraction (XRD, Bruker D8 Advance) using Cu Ka
radiation at 40 kV and 30 mA with the step size and time of 0.02° (20) and 0.01 s,
respectively. The surface morphology of ore sample was probed using a scanning
electron microscope (SEM, FEI Sirion 200) coupled with energy disperse spectroscopy
(EDS). The textural properties of sample were measured by N2 adsorption at 77 K with
a surface area analyzer (Micromeritics TriStar I Plus), and the specific surface area and
pore size distribution were estimated via the Brunauer—-Emmett—Teller (BET) method
and Barrett—Joyner—Halenda (BJH) method, respectively. Besides, the surface chemical
composition of manganese ore was determined through X-ray photoelectron
spectroscopy (XPS, Thermo Escalab 250) under Al Ko X-ray. The deconvolution of
obtained XPS spectra was carried out via Voigt functions with a 30% Lorentzian

component after baseline subtraction using Shirley method.

Catalytic Activity Tests. The catalytic performance of manganese ore samples was
evaluated for catalytic oxidation of organics with PMS, and phenol, methylene blue,
rhodamine B and tetrabromobisphenol A were selected as the targeted contaminants.
The adsorption and catalytically oxidative degradation tests were conducted in a
thermostatic water bath with mechanical stirring throughout the reaction to maintain
homogeneous solution condition. To initialize the oxidation, a certain amount of PMS
and ore catalyst were simultaneously added to the solution of targeted pollutant
(20 ppm). During the reaction, 1 mL of solution was periodically withdrawn, filtered
by 0.45 um PEFT membrane, and then immediately mixed with 0.5 mL of methanol to
quench the oxidation. In the case of phenol, the mixture was analyzed with an ultrahigh
performance liquid chromatograph (UHPLC, Thermo Fisher Scientific UltiMate 3000)
with a UV detector set at 270 nm. While the concentration of MB, TBBPA and RB was
measured by a JASCO UV-visible spectrophotometer at 664, 464 and 554 nm,
respectively.[24] Besides, EPR was applied to detect the free radicals during the
activation of PMS, which was performed on a Bruker EMX-E spectrometer using
DMPO and TMP as spin-trapping agents. The test conditions were as follows:
centerfield, 3510 G; sweep width, 100 G; modulation frequency, 100 GHz. Moreover,
the concentration of trace metal elements was detected by an inductively coupled

plasma-mass spectrometry (ICP-MS, PerkinElmer, Elan DRC-e) equipment.

34



Chapter 3 19044961

3.3 Results and Discussion

The catalytic performance of MO on phenol degradation is exhibited in Figure 3.1.
Given that adsorption often occurs during AOPs processes, the adsorption ability of

MO samples was estimated as well.
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Figure 3.1. Degradation of phenol over manganese ore catalysts.

As shown in Figure 3.1, an obvious adsorption desorption process appeared in first 15
mins. However, the equilibrium adsorption capacity of MO is constrained by the limited
specific surface area (12.6 m?/g), with the highest adsorptive removal achieved by
sample Mn-5 was around 10%. In the case of PMS involved, phenol removal became
much more significant. Specially, phenol degradation reached above 95% in 90 mins
with Mn-5 and PMS in the solution. As PMS was alone, little phenol removal was
achieved [14, 25-27]; therefore it can be deduced that the significant decline of phenol
concentration was resulted from MO-PMS collaborative catalytic degradation. To
further investigate the effects of reaction conditions, sample Mn-5 was selected as the
representative in the following study. The results of RB and TBBPA degradation at

different PMS concentrations are presented in Figure 3.2.
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Figure 3.2. Degradation of RB and TBBPA at different PMS concentrations: (a) (¢)

Concentration of pollutants; (b) (d) Reaction rate constant of the first-order kinetics.

As shown in Figure 3.2 a&b, more than 50% of TBBPA and RB could be degraded
through the manganese ore/PMS system within 60 mins, whereas ore or PMS
individually produced insignificant effect on the degradation of pollutants .[25-27]
Besides, the influence of PMS concentration (0.1, 0.2 and 0.3 g/L) on TBBPA
degradation was investigated with the manganese ore of 0.5 g/L as shown in Figure
3.2c. Apparently, the reaction efficiency displays a positive correlation with the
concentration of PMS, and the degradation of TBBPA ranging from 60% to 90% could
be achieved within one hour. Although the curves based on 0.3 g/L and 0.2 g/L display
a gap between 20 and 40 mins, the two curves intersect at 60 mins in the end of the
reaction, demonstrating that a further increase of PMS concentration would not exert a
significant effect on degradation when it reached a certain level. Additionally, the
reaction rate constant (k, min~') of the first-order kinetics, which is generally used to
indicate the speed of a chemical reaction within a period of time,[28] was calculated

according to the following equation:
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In(C,/C, )=kt (1)

where C; is the current concentration of pollutants (mg/L), Cy is the initial concentration
of pollutants (mg/L), and ¢ is the reaction time (min). As shown in Figure 3.2d, when
the PMS concentration 1s 0.1, 0.2 and 0.3 g/L, the corresponding & value is 0.0251,
0.0305 and 0.0449 min™!, respectively. Obviously, the reaction rate tends to increase

significantly with the PMS concentration at the beginning of TBBPA degradation.

Meanwhile, to further understand the effect of pH value on the catalytic activity of
manganese ore, MB degradation tests were conducted at different initial solution pH
values (pH =7, 9 and 10) by adding 0. IM H>SO4 and/or 0. 1M NaOH aqueous solutions,
with the concentration of PMS maintained at 0.1 g/L.. As shown in Figure 3.3a, the
degradation rate in this manganese ore/PMS system increased with the pH values of the
initial solution. Accordingly, Figure 3.3b shows the reaction rate constant under
different pH values, which increased from 0.0056 to 0.0311 min™" with the pH value
increasing from 7 to 10. This may be because a higher acidity means more hydrogen
ions that could consume sulfate and hydroxyl radicals, and then reduce the degradation

capacity for pollutants.
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Figure 3.3. The effect of initial pH value on MB degradation: (a) Concentration of

pollutants; (b) Reaction rate constant of the first-order kinetics.

Besides, the influence of reaction temperature on MB degradation was investigated as
well. Since the temperature of practical sewage treatment process is generally higher
than 10 °C due to exothermic reactions.[29] temperatures being examined herein are
15, 25, 35 and 45 °C, respectively. As shown in Figure 3.4a, MB decolorization rate
and extent increased with the reaction temperature. The removal ratio of MB reached

37,42 and 62 % at 15, 25 and 35 °C, respectively, and a removal rate of 83% was
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achieved when the temperature was increased to 45 °C. From Figure 3.4b, the catalytic
activity of this manganese ore/PMS system increased from 0.0045 to 0.0056 min~" with
the temperature rising from 15 to 25 °C, indicating that the ore/PMS system has a wide
temperature adaptability. The significant efficiency presented at 45 °C could be
explained by the fact that high temperature would give rise to the increase of energy

absorption for the O-O break-up, which would finally facilitate PMS activation.
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Figure 3.4. Degradation of MB at different temperatures (a) Concentration of

pollutants; (b) Reaction rate constant of the first-order kinetics.

As mentioned above, the total content of manganese in ore sample was nearly 30%
(Table 3.1), which consists of various manganese-containing compounds. Considering
different manganese species may result in diverse catalytic efficiency, several
characterization methods were adopted to explore the chemical compositions of the ore
sample. The XRD patterns of Mn-5 sample are provided in Figure 3.5a, with peaks
attributed to quartz (Si0z), pyrolusite (MnO2) and hematite (Fe203). This result verifies
the fact as indicated in Table 3.1 that divalent manganese plays a dominate role in the
ore. According to XPS analysis, a variety of metal elements including cobalt, iron,
manganese and aluminium were found on ore surface as shown in Figure 3.5b. From
Mn 2p spectrum (Figure 3.5¢), two peaks located at 643.0 and 654.2 eV demonstrate
the existence of MnQ2.[30-32] Fe 2p spectrum (Figure 3.5d) shows two peaks at 711.3
and 724.6 eV, indicating the composition of Fe;Os3 [33-35] Co 2p spectrum (Figure 3.5¢)
exhibits three peaks at 779.3, 781.1 and 794.7 eV, which means that cobalt on ore
surface mainly exists in the form of Co304 and CoO.[36-38]
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Figure 3.5. (a) XRD patterns, (b) XPS survey, (c) Mn 2p, (d) Fe 2p and (e) Co 2p

spectra.

The BET specific surface area of Mn-5 sample was measured to be 12.6 m?/g, with an
average pore size of 7.4 nm. Figure 3.6 displays the SEM-EDS graphs of Mn-5 sample.
As shown in Figure 3.6a—c, some fine particles could be observed, which might be
attributed to the magnetism of ore. From Figure 3.6d-1, it can be clearly seen that
manganese 1s the most abundant element in the ore, while a certain amount of oxygen
and silicon also exist sourced from metallic oxides and silicon dioxide. Besides, a small
amount of iron was also detected. It is understandable as iron ore is the largest ore
resource in Australia and hence often detected together with other ore compositions.[39]
In addition, a minor quantity of cobalt was detected, which may play a significant role
in catalytic system as well.[40, 41] Based on these characterization results, it can be
concluded that the main active ingredients of the manganese ore samples are identified

as MnQ,, Fe203, CoO and Co30s4.
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100 pm

100 pm ll.ll.li

Figure 3.6. SEM-EDS images of manganese ore. SEM image: (a) 100 pm (b) 20 um
(c) 2 um; (e)-(j) SEM-EDS elemental mapping of selected area in (a).

In order to determine the involved reaction mechanism, in situ EPR experiments were
performed to detect the radicals generated during PMS activation, and the reaction
conditions are as follows: catalyst loading = 0.5 g/L, PMS loading = 0.3 g/L, pH = 7.0,
DMPO =8 mM, TMP = 0.08 mM. The results of EPR tests are provided in Figure 3.7.
As shown, both DMPO-SO4"~ and DMPO-"OH signals (consisting of a quartet with an
intensity ratio of 1:2:2:1) were observed in Mn ore/PMS composite catalyst system at
the beginning of the reaction.[14] as well as TMP-'0O2 were observed in this bauxite
ore/PMS composite system at the beginning of the reaction, indicating the generation
of sulfate radical, hydroxyl radical and singlet oxygen during PMS activation, which
may play a participant role in the catalytic oxidation process of organic pollutants.
Combined with pervious study, the activation of PMS by manganese ore catalyst might

follow the equations or steps as below:[42-44]
HSOs + =Fe*" — =Fe?" +S0s5" + H*

HSOs +=Fe*" — 8Os + OH + =Fe’”
HSOs +=Mn’" — =Mn*" +SOs" + H'

HSOs + =Mn*" — SO4" + OH + =Mn?*"
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Figure 3.7. EPR spectra of PMS activation with manganese ore.

On the other hand, in order to ensure the metal content of treated water due to ore
leaching meet the standard for drinking water, the residual solution was sent to ICP-
MS analysis to determine the concentration of metals precipitated in the reaction. As a
single standard system does not contain all these four metal elements, this study adopted
two drinking water standards for comparison, i.e. WHO standard and EU standard, and
the lower value was employed if the limits towards one element exist in both standards.
As shown in Table 3.1, all these four indicators satisfied the requirements of the WHO
and EU drinking water standards. The concentration of iron in treated solution was
characterized as 0.1 mg/L, which is one-third of the standard limit value of 0.3 mg/L.

The concentration of manganese ions is 0.01 mg/L, and the standard limit is five times

41



Chapter 3 19044961

as that. The detected concentration of calcium ions is only 1.1 mg/L, far below the limit
of 61 mg/L. And the concentration of magnesium ions is 4.2 mg/L, less than 20% of
the limit value. Apparently, metal leaching in Mn ore/PMS system is quite slight,

verifying this technology is environmentally safe.

Table 3.1. ICP-MS results compared with drinking water standard.

Element (mg/L) Fe Mg Mn Ca
Mn ore/PMS system with 20 ppm phenol 0.1 42 0.01 1.1
Drinking water standard[45, 46| 0.3 25 0.05 61

3.4 Conclusions

This study proposes an in-situ wastewater remediation strategy by directly utilizing
natural manganese ore as the catalyst in PMS activation for organic pollutants removal
via advanced oxidation processes. The results show that the manganese ore/PMS
catalytic system performed well during the oxidative degradation of different types of
contaminants including phenol, MB, RB and TBBPA. The degradation efficiency has
a positive correlation with PMS concentration, whereas a further increase in PMS
concentration would not exert a significant effect on degradation efficiency when it
reaches a maximum level. Besides, MB degradation rate was promoted by the improved
reaction temperature, and the catalytic activity of this manganese ore/PMS system is
increased with the initial pH values. Based on characterization results, the main active
ingredients of the manganese ore are MnO2, Fe203, CoO and Co304. EPR spectrareveal
that SO4"~, "OH and 'O, were generated during PMS activation process, and sulfate and
hydroxyl radicals with strong oxidative potentials contribute to the catalytic
degradation of organic pollutants. Moreover, ICP-MS analysis results demonstrate that
the concentration of metals precipitated in the reaction is far below the limit of drinking
water standard, verifying the manganese ore/PMS catalytic system is environmentally
safe. This work promotes the application of cost-efficient natural manganese ore
catalyst in sulfate radical-based advanced oxidation processes for environment

remediation.
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Chapter 4 Reactive oxygen species-induced
degradation of organic contaminants by
peroxymonosulfate activation over natural bauxite

ore

Abstract

Peroxymonosulfate (PMS)-based advanced oxidation processes (AOPs) have emerged
as a novel wastewater treatment strategy due to production of reactive oxygen species
(ROSs) with high redox potential. PMS could be activated by various synthetic catalysts
containing transition metals such as Co, Fe, Ni, Ag, Cu and Mn. However, the high cost
greatly limits their practical application. Bauxite is the principal ore for aluminium. It
is a heterogeneous material that normally consists of Al>Os, iron oxides and other
impurities. This study demonstrates the capability of bauxite rock to effectively activate
PMS and destroy organic pollutants in water environment. The degradation of three
substrates (methylene blue, rhodamine B, and tetrabromobisphenol 4) was affected by
solution pH and reaction temperature. The ore particles were characterized by XRD,
BET, XPS, and SEM techniques. Iron oxides have been identified as excellent catalysts
for PMS activation. Electron paramagnetic resonance (EPR) experiments confirm the
involvement of sulfate radical, hydroxyl radical and singlet oxygen. This research
promotes the application of natural bauxite ore and sulfate radical-based advanced

oxidation processes in environment remediation.
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4.1 Introduction

In recent decades, public concern on environmental pollution issues has reached an
unprecedented level due to the environmental crisis caused by booming human
activities.[1] Among various kinds of pollutants, persistent organic pollutants (POPs)
are notoriously intractable as they are normally high toxic and quite difficult to be
broken down, and their bio-accumulative effects pose serious risks to the safety of the
ecosystem and human beings.|2, 3] The ever-deteriorating environment is in urgent
need of advanced proposals for pollution control and environment recovery.|4]
Advanced oxidation processes (AOPs) are a category of green technologies that have
been developed to decompose organic contaminants using superoxides to evolve
various reactive oxygen species like hydroxyl radicals ("OH) and sulfate radicals
(SO47). [5-7] Employing the conjugation of the transition metal elements (Co, Fe, Ag
and Mn) and peroxymonosulfate (PMS) to generate sulfate radicals (SO4™) for
pollutants oxidation is a new hotspot in the field of AOP.[8, 9] In previous studies, the
degradation of organic pollutants mainly utilized man-made metal oxides as the catalyst
for AOPs, whereas these metal containing catalysts are constrained by their high prices
and complex synthetic processes for industrial application.[10] Herein, natural bauxite
ore would be applied as a cost-efficient and environmental-friendly catalyst alternative
for wastewater treatment. Bauxite is the principal ore for aluminium products. It is a
heterogeneous material that contains multiple oxides including Al2O3 (normally 40—
60%), iron oxides (normally 10-30%) like goethite (FeO(OH)) and haematite (Fe203),
and other impurities.[11-13] As iron oxides has demonstrated great potential in AOP
technology for water purification and recovery,| 14] the plentiful iron oxides in bauxite

indicate that natural bauxite ore is a promising catalyst candidate.

On the other hand, Australia is the world's largest exporter of bauxite, accounting for
more than 30% of the world market supply withmore than 80% of
production exported. [ 11] Bauxite has many commercial application, e.g., metallurgical,
cement, fertiliser, abrasive, and refractory. Although the vast majority of the bauxite
has been extracted for the production of aluminium metal, the metallurgical market
demand for bauxite is unstable due to the impact of the economic cycle. As an
institution in Australia, conducting this research is conducive to the diversified

development of local products.
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In this study, natural bauxite ore was employed as the catalyst for the degradation of
organic pollutants under Fenton reaction via PMS system. Tetrabromobisphenol A
(TBBPA), methylene blue (MB) and rhodamine B (RB) were chosen as the pollutants.
The influence of reaction temperature and initial pH value on pollutants degradation
process was studied, which could show the variation of the catalytic activity of bauxite
ore for PMS activation under different conditions. Furthermore, electron paramagnetic
resonance (EPR) and selective radical quenching experiments were conducted to

determine the catalytic mechanism in bauxite ore/PMS system.

4.2 Experimental Sections

Chemicals and Materials. The bauxite ore was provided by one local mining company.
The composition of the received ore was obtained from the mining company as shown
in Table 4.1. Considering iron is the fourth most abundant element in the earth's crust,
the rich iron content (mainly exists in the form of various iron oxides) in bauxite ore
products is quite normal in the mining industry. Prior to experiments, the bauxite ore
was washed by ultrapure water with an ultrasonic cleaner and then collected by
filtration. Subsequently, the product was crushed and sieved to a particle size of 50-60

um for further tests.

Table 4.1 The composition of bauxite ore as received (wt%).

Al 4-5 Ca 0.5-1.0 Mg 0.5-1.5
Fe 15-25 S102 16-20 Ni 1.0-1.5
Cr 0.8-1.2 Mn 1.0-1.5 Zn 0.04-0.05

Peroxymonosulfate (OXONE) (> 42.8%), methylene blue (> 99.0%), rhodamine B (>
97.0%), tetrabromobisphenol A (=97.0%), 5,5 dimethyl-1-pyrroline 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, >99.0%) and 2.2.6,6-tetramethyl-4-piperidinol (TMP,
>99.0%) were purchased from Sigma-Aldrich, Australia. Ultrapure water was
manufactured via an Agilent water purification system. For further use, the targeted

contaminants were diluted by a certain amount of ultrapure water to reach the designed
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concentration. Specifically, due to the low solubility of TBBPA under standard pH

condition, sodium hydroxide was added into the solution to adjust the pH value to 11.

Characterization of Materials. The crystal structure of selected bauxite ore was
characterized by powder X-ray diffraction (XRD, Bruker D8 Advance) using Cu Ka
radiation at 40 kV and 30 mA with the step size and time of 0.02° (20) and 0.01 s,
respectively. The surface morphology of ore sample was probed using a scanning
electron microscope (SEM, FEI Sirion 200) coupled with energy disperse spectroscopy
(EDS). The textural properties of sample were measured by N, adsorption at 77 K with
asurface area analyzer (Micromeritics TriStar II Plus), and the specific surface area and
pore size distribution were estimated via the Brunauer—Emmett—Teller (BET) method
and Barrett—Joyner—Halenda (BJH) method, respectively. Besides, the surface chemical
composition of bauxite ore was determined using X-ray photoelectron spectroscopy
(XPS, Thermo Escalab 250) under Al Ka X-ray. The deconvolution of obtained XPS
spectra was carried out via Voigt functions with a 30% Lorentzian component after
baseline subtraction using Shirley method. Thermogravimetric-differential thermal

analysis (TG-DTA) was recorded on a Perkin-Elmer Diamond thermal analyzer with a

heating rate of 10 °C/min in air.

Catalytic Activity Tests. The catalytic performance of bauxite ore samples was
evaluated for catalytic oxidation of organics with PMS. Methylene blue, rhodamine B
and tetrabromobisphenol A were selected as the targeted contaminants. The adsorption
and catalytically oxidative degradation tests were conducted in a thermostatic water
bath with mechanical stirring throughout the reaction to maintain homogeneous
solution condition. To initialize the oxidation, a certain amount of PMS and ore catalyst
were simultaneously added to the solution of targeted pollutants (20 ppm). During the
reaction, 1 mL of solution was periodically withdrawn, filtered by 0.45 um PEFT
membrane, and then immediately mixed with 0.5 mL of methanol to quench the
oxidation. While the concentration of MB, TBBPA and RB was measured by a JASCO
UV-visible spectrophotometer at 664, 464 and 554 nm, respectively.[15] Besides, EPR
was applied to detect the free radicals during the activation of PMS, which was
performed on a Bruker EMX-E spectrometer using DMPO and TMP as spin-trapping
agents. The test conditions were as follows: centerfield, 3510 G; sweep width, 100 G;

modulation frequency, 100 GHz. Moreover, the concentration of trace metal elements
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was detected by an inductively coupled plasma-mass spectrometry (ICP-MS,

PerkinElmer, Elan DRC-e) equipment.

4.3 Results and Discussions

The catalytic activity tests of bauxite ore were carried out for catalytic oxidation of
organic pollutants with PMS. As shown in Figure 4.1, the adsorption capacity of bauxite
ore 1s limited. In the case of TBBPA removal, the adsorption process reached
equilibrium within 30 mins and about 10% adsorption was achieved on bauxite ore
(Figure 4.1a). With regard to RB, the adsorption effect is more negligible with RB
concentration decline less than 5% after 210 mins (Figure 4.1b). The limited adsorption
capacity of bauxite ore could be easily understood in view of its low specific surface
area (characterized as 59.6 m?/g). Whereas, the introduction of PMS largely improves
the removal efficiency, and ore/PMS composite system is apparently more efficient
than PMS only, with nearly 65% of TBBPA and 50% of RB removed respectively after
210 mins, verifying the significant role of bauxite ore in the catalytic degradation

process of organic pollutants.
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Figure 4.1 Degradation of tetrabromobisphenol A and rhodamine B over bauxite ore

catalyst.

To understand the effect of pH on the catalytic activity of bauxite ore, MB degradation
tests were performed at different nitial pH values (pH =7, 9 and 10) by adding 0.1M
H>S04 and/or 0.1M NaOH aqueous solution, and the concentration of PMS was set as

0.1 g/L. As shown in Figure 4.2a, the MB degradation rate of this bauxite/PMS system
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increases with increasing pH values of initial solution. The curve of pH=10 drops much
more rapidly than the others, with more than 70% MB removal achieved in 30 mins.
Besides, the reaction rate constant (k, min™") of the first-order kinetics under different
pH values was calculated according to Eq. 4.1. As shown in Figure 4.2b, the reaction
rate constant of this bauxite/PMS system increased from 0.0057 to 0.0365 min~' with
the pH value rising from 7 to 10. This could be explained by that higher pH values
would inhibit hydrogen ions in solution that may consume sulfate and hydroxyl radicals,

and then facilitate organics degradation process.
In(C,/C,) =kt Eq. (4.1)

where C; is the current concentration of pollutants (mg/L), Cy is the initial concentration

of pollutants (mg/L), and ¢ is the reaction time (min).
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Figure 4.2 The effect of initial pH value on MB degradation: (a) Concentration of

pollutants as a function of time; (b) Reaction rate constant of the first-order kinetics.

The influence of reaction temperature on MB degradation was studied as well. As
shown in Figure 4.3a, MB degradation extent increased with increasing reaction
temperature. The difference in removal rate between 35 °C and 45 °C is smaller than
that between 25 °C and 35 °C, indicating that the enhancement in catalytic activity of
this bauxite/PMS system resulting from reaction temperature increase becomes minor
when the temperature reaches a certain level. The reaction rate constant of the first-
order kinetics under different reaction temperatures was calculated according to Eq. 4.1.

As shown in Figure 4.3b, the reaction rate constant increased from 0.0057 to 0.1293
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min~! with the reaction temperature rising from 25 °C to 45 °C, indicating that this

bauxite/PMS system has a good applicability in normal temperature environment.
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Figure 4.3 The effect of reaction temperature on MB degradation: (a) Concentration

of the pollutant as a function of reaction time; (b) Reaction rate constant of the first-

order kinetics.

The surface morphology of bauxite ore was detected by SEM-EDS as shown in Figure

4.4, The sieved ore particles show irregular shapes with different sizes of the same order

of magnitude. According to elemental mapping results, iron and aluminium are two of

the most abundant metal elements in the ore, which also contains plentiful oxygen and

silicon as the result of metal oxides and silicon dioxide. Additionally, a small amount

of Mn was discovered in the sample, which may also act as an effective element in the

catalytic degradation of organics.[16] Based on surface area analysis, the specific

surface area of bauxite ore is 59.6 m?/g, and the average pore size is 4.4 nm.
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Figure 4.4 (a)—(c) SEM images and (d)—(1) SEM-EDS elemental mapping of bauxite

ore.

As shown in Figure 4.5a, the XRD patterns of bauxite ore sample match with

maghemite (Fe20Os3), cacoxenite (Fe21Al1s(PO4)1706(OH)12(H20)24) and silicon oxide
(S102). The XRD results together with SEM-EDS images further verify the complicated

composition of this bauxite ore as previously mentioned in Figure 4.5. According to
the thermogravimetric curve as plotted in Figure 4.5b, bauxite ore exhibits a good
thermal stability at the operating temperature range required for catalytic oxidation in
water environment. Based on XPS survey as shown in Figure 4.5c¢, a variety of elements
were detected such as oxygen, silicon, iron, aluminium, etc. However, the manganese
element previously found via SEM-EDS mapping (Figure 4.4h) was not detected in
XPS survey. This disagreement might result from the inherent heterogeneity of the ore.
As shown in Figure 4.5d, Fe;O3 could be clearly identified from the Fe 2p spectrum.
Therefore, it can be deduced that the main effective component of this bauxite ore

catalyst is iron oxide.
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Figure 4.5 (a) XRD patterns, (b) TGA curves, (¢) XPS survey and (d) Fe 2p spectra

of bauxite ore.

In order to explore the reaction mechanism, in situ EPR experiments were carried out
to detect the active radicals generated during PMS activation over bauxite ore. The
reaction conditions were set as follows: bauxite ore catalyst loading = 0.5 g/L, PMS
loading = 0.3 g/L, pH = 7.0, DMPO = 8 mM, TMP = 0.08 mM.[17] The results are
shown in Figure 4.6. DMPO-SO4~and DMPO-"OH signals (consisting of a quartet with
an intensity ratio of 1:2:2:1)[18] as well as TMP-'0O2 were observed in this bauxite
ore/PMS composite system at the beginning of the reaction, indicating the generation
of sulfate radical, hydroxyl radical and singlet oxygen during PMS activation, which
may play a participant role in the catalytic oxidation process of organic pollutants.
Based on pervious study, the activation of PMS by bauxite ore catalyst might follow

the equations as below.[19-21]
HSOs +=Fe’" — =Fe’" + SOs" + H'
HSOs + =Fe?" — S04+ OH + =Fe?*

SOs" +S0s" — 2S04 + 'O,
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S04 + HoO — H" + "OH + SO4*
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Figure 4.6 EPR spectra of PMS activation with bauxite ore.

Moreover, the residual solution was sent to ICP-MS analysis to determine the

concentration of metals precipitated in the reaction. The metal content of treated water

due to ore leaching meet the standard for drinking water. As shows in Table 3.1, the
metal leaking in this bauxite ore/PMS system is quite slight. Except for the iron content,
most indicators of treated water meet the WHO and EU standard for drinking water.
Although the precipitation of iron is higher than the drinking water standard, it is still
low with regard to the industrial standard. The low metal content of treated water proves
that this bauxite ore/PMS catalytic system is environmentally safe and has great

potential for large scale industrial application.
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Table 4.2 ICP-MS results compared with drinking water standard.

Element (mg/L) Fe Mg Mn Ca
Bauxite ore/PMS system with 20 ppm MB 08 75 001 31
Drinking water standard[22, 23] 03 25 005 61

4.4 Conclusions

The bauxite catalyst used in this study is non-refined ore powder directly provided
by a mining company, which is extremely cheap in the international commodity
market. In the catalytic system of bauxite ore/PMS composite, this mineral
catalyst exhibits a good performance during the oxidative degradation of organic
pollutants including methylene blue, rhodamine B, and tetrabromobisphenol A.
The degradation efficiency has a positive correlation with the reaction
temperature and solution pH. According to characterization results, the main
active component of the bauxite ore is Fe2Os. Sulfate radical, hydroxyl radical
and singlet oxygen are generated during PMS activation process, and sulfate and
hydroxyl radicals with strong oxidative potentials contribute to the catalytic
degradation of organic pollutants. Besides, the low content of leaching metals in
treated water verifies the bauxite ore/PMS catalytic system is environmentally
safe. Although the efficiency is not as satisfactory as synthetic catalysts, the cheap
price of natural bauxite ore makes it a cost-efficient catalyst alternative to
synthetic catalysts. As the leading mining export country in the world, Australia

has a unique advantage and great potential in this research field.
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Chapter S. Efficient removal of organic pollutants by

ceramic hollow fibre supported composite catalyst

Abstract

Various metal-based heterogeneous catalysts for the activation of peroxymonosulfate
have been explored to be highly efficient in the degradation of organic pollutants.
However, the secondary contamination hindered their steps for practical application
and is the key-problem to be urgently addressed. In this work, catalyst/Al,O3 hollow
fibre composites have been developed, which enables the elimination of the secondary
contamination by immobilization of catalyst on robust supports instead of powdered
catalysts. Ag-LaosCao2Fe9503.5/A1:0; composite hollow fibres were synthesized and
showed excellent catalytic effect on methylene blue degradation by advanced oxidation
process. TiOx/Al-0z composite hollow fibres were also fabricated to decompose the
pollutant via photocatalysis. This study provides a potential strategy enabling ceramic
hollow fibre-supported catalysts to remove organic pollutants in aqueous phase
effectively, opening a new window of membrane-based catalyst for advanced oxidation

in the practical application.
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5.1 Introduction

Worldwide environmental deterioration has become an inevitable issue with the
development of contemporary society. This reinforces the importance of developing
novel and efficient strategies for water treatment. Traditional water treatment methods
include sediment filtration, water softeners, activated charcoal, deionization, reverse-
osmosis process, ultrafiltration, distillation, biochemical method, and ultraviolet
disinfection. Recently, advanced oxidation processes (AOPs) have been explored for
chemical and microbial decontamination utilizing the in site generated active radical
species (e.g., "'OH and SO4™) for oxidation.[1] Chemical oxidants such as ozone,
hydrogen peroxide, peroxymonosulfate, and persulfate are involved in the AOP system
to produce radicals with high redox potentials.[2-4] Peroxymonosulfate (PMS), the
precursor of SO4™, is well-known as a non-toxic and cost-effective oxidant, which has
been widely applied in AOPs. In order to improve the reaction rate, catalysts like metal

oxides are necessary for the activation of PMS.

Perovskite oxides (ABOs3), which have been widely studied as oxygen permeation
membranes, solid oxide fuel cells (SOFCs) and electrocatalysts,[5-9] have
demonstrated their great potential in environmental catalysis because of their special
physicochemical properties.[10-16] Very recently, perovskite oxides have been
explored for AOPs,[2-4, 10, 17] however the issue of low reaction rate and narrow pH
ranges are addressed.[18-19] Meanwhile, the inevitable metal leaching may be the main
obstacle for further applications.[2-3] To solve this problem, catalyst support will be an

effective way to fix the metal-based catalyst for aqueous-phase advanced oxidation.

Ceramic membranes have received significant attention due to their stable structure and
flexible composition tailoring for various catalytic applications. Specifically, hollow
fibre membranes, which possesses sub-micron pores with enhanced specific surface
areas and excellent mechanical properties, are becoming the promising micro-reactors
for industrial applications, such as oxygen separation,|[20-22] solid oxide electrolysis
cell (SOEC),[23] SOFCs,[24] clean solar panel production,[25] and methane
coupling.[26] Because of the good thermal and mechanical stability, excellent chemical
stability (in acidic and alkaline solutions), and high repeatability compared with other

ceramic oxides, Al2O3 has widely used to prepare hollow fibre support.
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In this work, two different methods were applied to prepare nano-catalyst/Al20s3
composite hollow fibre. Firstly, perovskite oxide/Al2O3 composite hollow fibre was
developed via dip-coating method for aqueous-phase advanced oxidation. As Fe-
mediated PMS decomposition was promising, we synthesized Lap sCag2Feq 9503.5 with
A-site calcium doping and B-site cation deficiency. Nano-sized silver particles can
deliver the promotion of radical formation, and thus are doped in the Lao sCao2Feo.9503-
5 here. To further verify the broad applicability of this combination (nano-
catalyst/Al,O3; composite hollow fibre), photo-degradation was also investigated. The
typical photocatalyst TiO, was chosen and the in situ growing method was applied to
prepare TiO2/Al>03 composite hollow fibre catalyst for aqueous-phase photocatalytic

reaction.
5.2 Experimental Section

Preparation of Catalyst/A1203 Composite Hollow Fibres
(a) Ag-Lao gCao2Fe09503.5/Al203 composite hollow fibre

Ag-LaosCao2Feo950s.5 (LCFA) was prepared via a classic sol—gel method followed by
calcination as reported in our previous study.[2, 27] Dip coating method was used to
deposit LCFA decoration layer (from the 800 °C-calcined LCFA powder) on the
surface of the Al2Os3 hollow fibre.[14, 28-29] The thickness of the decoration layer was
adjusted by varying the weight loading of the LCFA powder in the coating slurry or by
adding extra dipping step(s).[14]

(b) TiO2/Al203 composite hollow fibre

Metal oxide films, such as Si02, [30] SnO2, [31] FeOOH, [32] V205 [33] and TiO2[34-
35] can be prepared by direct chemical deposition in supersaturated solutions.
Specifically, anatase TiO; particles can be easily generated in titanium tetrafluoride
(TiFs4) aqueous solutions at relatively low temperatures. The chemical reactions of TiF4
hydrolysis to form TiO: particles take place in the following steps, given in equation
(1):[35]

TiF4 - Ti(OH), F, - TiO, (1)

Upon this reaction, TiO> deposition can be realized on various substrates with complex
shapes through heterogeneous nucleation.[36] Low pH will slow down the hydrolysis

of TiF4 and thus ensuring a smooth TiO2 coating.[37]
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Here, TiO2/Al203 composite hollow fibres have been prepared via in-situ growth.
Home-made Al203 hollow fibres (outer diameter 1.5 mm, inner diameter 1.0 mm) were
used as substrate supports. Hydrochloric acid (HCI), aqueous ammonia (NH4OH),
deionized water (DI water) and titanium tetrafluoride (TiFs, Aldrich) were used as
coating solution for Ti02/Al203 composite hollow fibre. HCl and NH4OH were used to
adjust the pH of deionized water from 1.01 to 2.1. TiF4 was then dissolved in this
solution to reach a concentration of 0.04 M, during which pH was changed to 1.6. A1,03
hollow fibres were immersed in the solution and maintained at 60 °C for 48, 72, and 96
h. After being washed with deionized water and dried at 60 °C for 24 h, the composite
hollow fibres were then annealed at 250, 450, 650 °C in air for 1.5 h at a heating rate
of 2 °C/min.

Characterization

Crystal structure of the hollow fibres and the powders were characterized by powder
X-ray diffraction (XRD, Bruker D8 Advance) using a Cu-K radiation. Continuous scan
mode was used to collect patterns from 10° to 90° using a 0.02° step size and a 0.01 s
step time. The X-ray tube potential and current were set at 40 kV and 30 mA,
respectively. The morphologies of the composite hollow fibres were probed using
scanning electron microscope (SEM, FEI Sirion 200). The sub-micron structure of
LCFA powder was also probed using transmission electron microscope (TEM, Tecnai
G2TF20 S-Twin). X-ray photoelectron spectra (XPS) were recorded using a PHI 5000
Versa Probe spectrometer with an Al-Ka X-ray gun. All of the binding energies were
calibrated using carbon (C 1s) at 284.6 eV as a reference. Electron paramagnetic
resonance (EPR) was applied to detect the free radicals during the activation of PMS,
which was performed on a Bruker EMX-E spectrometer using 5,5 dimethyl-1-pyrroline
(DMPO, >99.0%) and 2,2,6,6-tetramethyl-4-piperidinol (TMP, >99.0%) as spin-
trapping agents.
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Evaluation of Catalyst/A1203 Composite Hollow Fibres

In this study, methylene blue (MB) was used as the target pollutant for the evaluation
of catalyst/Al,O3 composite hollow fibres.
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Figure 5.1. Schematic diagrams, (a) Flow diagram; (b) The home-made device;

(c)Photocatalytic reactor.

The permeability of prepared fibres was evaluated by measuring the fibre flux in DI
water and MB solution in a home-made device with configuration schematically shown
in Figure 5.1. Samples were collected from water tank, and peristaltic pumps provide

the driving force for the water cycle (Figure 5.1a). The home-made device was designed
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based on hollow fibre support for aqueous-phase advanced oxidation (Figure 5.1b). The
hollow fibre with the length of 30 cm was connected successively to the glass tube and
silicone tube using silicone sealant (Tonsan New Materials and Technology Co.,
Beijing). A larger quartz tube (18 mm in diameter and 400 mm in length) was used to
accommodate the hollow fibre, connected on both sides with small-diameter quartz
tubes and sealed with epoxy glue. Pollutant-contained solution was fed into the
shell/core side of the test module. [14, 29] the fibre flux is calculated based on the

following equation:

_ VW

J === 2)

AXt

Where J 1s the fibre flux, Vg is the volume of feed solution before filtration, V, is the

volume of the feed solution at time t (1 h in this study) and A is the fibre surface area.

The adsorption capacity of the TiO2/Al;O3 composite hollow fibres was tested by
immersing the samples into MB solutions for 24 h. The concentration of MB solution

was analysed by a JASCO UV-vis spectrophotometer at a wavelength of 664 nm.

Catalytic degradation of methylene blue through perovskites/PMS oxidation was
evaluated in a batch reactor. The mixture of pollutant solution and perovskite oxide was
kept in dark for 30 min to achieve adsorption equilibrium before adding the required
amount of PMS to start the reaction. A magnetic stirrer was used to ensure a
homogeneous solution throughout the reaction. At given time intervals, 2 mL of MB

solution was taken out and analysed by the spectrophotometer.

The photocatalytic activities of composite hollow fibres were investigated ina 1 L
Pyrex double-jacket reactor containing MB solution. The reaction temperature was
maintained at 25 °C using a thermostat connected to the reactor. The photoreaction
vessel was placed 30 cm away from the radiation source, which is a UV lamp with
intensity 848.3 uW/cm? (A=315-400 nm). The photocatalytic reaction was started by
turning on the lamp after 30 min dark adsorption. The MB samples were examined by

the method as above.
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5.3 Results and Discussions
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Figure 5.2. (a) Powder X-ray diffraction (XRD) patterns of LaFeOs5 (LF),
Lao.sCao2Feo.9s03.5 (LCF) and Ag-Lao.sCao2Feo.9503.56 (LCFA) powders; (b) Crystal

structure of orthorhombic perovskite; (¢) and (d) The magnified characteristic peaks

of metallic Ag and perovskite.

XRD patterns of sintered LaFeOs.s (LF), LaosCao2Fe09s03.s (LCF) and Ag-
Lap.sCao2Fe0.9503-5 (LCFA) powders were given in Figure 5.2a. The characteristic
peaks of LF calcined at 800 °C agree well with the standard XRD patterns of
orthorhombic perovskite phase (JCPDS PDF# 88-0641), the crystal structure of which
is displayed in Figure 5.2b. Ca-doping on A-site and Fe-defecting on B-site bring little
changes on crystal structure except a slight high angle migration, as shown in Figure
5.2cand d. The coordination number of A-site and B-site in ABOs perovskite oxide are
12 and 6, which determines the ionic radii of La**, Fe** (LS=low spin) and Fe*"
(HS=high spin) are 1.36, 0.55 and 0.645 A, respectively.? Beside Fe-defecting, Ca-
doping on A-site would weaken the positive electrical property, resulting in the partially

valence increase of Fe on B-site to Fe*". Moreover, it also brings cations with small

68



Chapter 5 19044961

radius in both Fe*" and Ca®", which may lead to the shrinkage of crystal cell, thus a
slight right shift could be observed comparing with XRD patterns of LF. Details of

radius of various ionic states were listed in Table 5.1.

Table 5.1 The radius of various ionic states

lonic Coordination No. Spin state Radius (A)
La3+ XII 1.36
Fe3+ VI low spin 0.55

VI high spin 0.645
Fe4+ VI 0.585
Ca2+ XII 1.34

The characteristic peaks of in situ grown nanoparticles (Ag) were marked as ¥ in Figure
5.2. It 1s well known that the perovskite structure is closely related to the tolerance

factor (t) as follows:
ra+10 = tV2(r5 +10) (3)

Where 1, and 1y are the average radii of metal ions in A and B-site of perovskite, and
7y is the ionic radius of oxygen. The t value of LCFA could be calculated as 0.95793<
t <0.99645, which greatly proved that the perovskite structure could maintain well as
it was in the range 0.75<t <1. Meanwhile, in terms of the planes (121), (202), (112)
and (220), the blue line of LCFA demonstrated the same patterns with those of LCF
under room temperature, which further excluded the possibility of doping/ substituting

potential of metallic Ag nanoparticles into LCF system.
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Figure 5.3. TEM 1mages and XPS of LCFA powder sintered at 900 °C. (a) STEM and

corresponding elemental maps: O, La, Ca, Fe, Ag; (b) and (c) HRTEM 1mages with

(202) plane and FFT of orthorhombic system as insets; (d) SAED pattern; (e¢) EDS of

two particles given as insets; (f) XPS full survey spectra and magnified Ag 3d XPS

spectra (inset).

LCFA powder was investigated through transmission electron microscope (TEM) and
X-ray photoelectron spectroscopy (XPS). Figure 5.3a shows the scanning transmission
electron microscope (STEM) and the corresponding elemental maps. It could be
observed that the elements of La, Ca, Fe, and O are uniformly distributed in the sample.
Nano-sized silver particles were successfully mixed into LCF system. Figure 5.3b&c
show the high-resolution transmission electron microscopy (HRTEM) images with
(202) plane and corresponding fast fourier transform (FFT) of orthorhombic system as
insets, which indicate the orthorhombic structure of LCFA. To further identify the
crystal structure, selected area electron diffraction (SAED) patterns for LCFA are
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displayed in Figure 5.3d. A single-zone axis pattern could be obtained, and the
formation of polycrystalline rings can be indexed as (123), (121), and (220) reflections
of orthorhombic lattice marked as red circles. Furthermore, Figure 5.3e displays energy
dispersive X-ray spectroscopy (EDS) of two particles given as insets, which could
prove that the Ag nanoparticles are successful mixed into LCF system. The overall X-
ray photoelectron spectroscopy (XPS) survey spectra verify the coexistence of La, Ca,
Fe, Ag and O elements, shown in Figure 5.3f Moreover, the magnified Ag 3d spectrum
exhibits double-peak structure, 3d 3/2 and 3d 5/2, at 374.1 eV and 3683 eV,

respectively, which could further confirm the existence of metallic Ag" >

s
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Figure 5.4. SEM micrographs of Al,O3 (a-c), and LCFA/AL,O3 (d-g) composite hollow
fibres. (a) Cross section of hollow fibre; (b) Inner, and (c) Outer circumference surfaces
of AlO;3 hollow fibre; (d and e) Outer circumference surfaces of LCFA/ALO3
composite hollow fibre; (f) SEM-EDS of selected area in (e), and (g) Elemental
mapping of (e).

Figure 5.4 displays the scanning electron microscopy (SEM) images of Al,O3 and
LCFA/AI1,03 composite hollow fibres. Our home-made Al.O3 hollow fibre has 4.5 and
3.0 mm of outer and inner diameters, respectively, as shown in Figure 5.4a. Inner and
outer circumference surfaces of Al2O3 hollow fibre were given in Figure 5.4b and c,

where we can clearly see the polycrystalline grains. After dip-coating, LCFA was
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deposited on both inner and outer Al2O3 surfaces, the porous perovskite layer could be
observed in Figure 5.4d. The selected area SEM-Energy dispersive X-ray spectroscopy
(EDS) and mapping of the coating layer (Figure 5.4e-g) showed the coexistence of La,
Ca, Fe and Ag with Al from the fibre support, which ensured that the perovskite LCFA

was successfully anchored on the surface of Al2O3 hollow fibre.

PMS only LCFA/ALO3 + PMS
1.0 1.0
0.8 4 0.8 4
0.6 4 0.6 4
Q= U= —a—0.1 g/L.
iy = ——02g/L
0.4 - 0.4 —A—03gL
| —&—0.1g/L
0.2 02 gL 0.2 -
—h— 0.3 g/l
0.0 L T T S e R TS N 0.0 T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) Time (min) (b) Time (min)
1.0
0.8 1
0.6 y
7 53
S )
0.4 1 .
—a&—pH7
0.2 1 —&—pHS8
—a—pH9
0.0 T T T T T 0.0 4
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(C) Time (min) (d) Time (min)
1.0 1.0
—a—125°C
—e—35°C
0.8 4 0.8+ 45°C
—y—65°C
2064 2 0.6-
9 Y
3 o
0.4 - 0.44
—-—25°C
——35°C
0.2 —A—45°C 0.24
—tp=—65 °C
0.0 T T T T T 0.0 paa a T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(e) Time (min) (f) Time (min)

Figure 5.5. Decolourization of methylene blue at different PMS concentrations, (a)

PMS only; (b) PMS and LCFA/AI2O3 composite hollow fibre: Initial pH effect on MB
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degradation, (c) PMS only; (d) PMS and LCFA/Al2Os composite hollow fibre
(Conditions: PMS 0.3 g/L., MB 20 ppm, and testing temperature 25 °C) ; Decolorization
of MB at different temperatures, (¢) PMS only; (f) PMS and LCFA/AL,O3; composite
hollow fibre (Conditions: PMS 0.3 g/L, MB 20 ppm, and pH=7).

The effect of PMS on the LCFA/A1>O3 composite hollow fibre for MB degradation was
investigated under different concentration of PMS (Figure 5.5a and b). The degradation
efficiency displays positive correlation with concentration of PMS both with and
without the catalyst, due to more contact areas between PMS, MB and catalyst with
high PMS dosage. Therefore, the reaction could be initiated on more active sites to
boost the reaction rate. It could only achieve 40 % degradation of MB in 1 h with PMS
only at the dosage of 0.3 g/L. When the LCFA/AL2O3 composite hollow fibre
participated in the reaction, the methylene blue could be degraded completely within
45 min using 0.3 g/L PMS. The reactions above conformed to the first-order kinetics
and the reaction rate constant increased from 0.0012 to 0.0086 min~! with PMS only
and from 0.0063 to 0.0490 min~" in the PMS/LCFA/AL,O3 composite hollow fibre
system with PMS concentration rising from 0.1 to 0.3 g/L (Figure 5.6). With the
existence of composite catalyst, the degradation efficiency of methylene blue was
greatly improved, indicating the promising effect of the composite hollow fibre in the

activation of PMS.

-0.04

-0.08 4

-0.12 4

In(C,/C)

-0.16 -

-0.204

-0.24 o

l\—l\r\.
k =0.0012

k,=0.0077

= PMS0.1gL
® PMS0.2gL
A PMS03gL

Time (min)

0.4+

In(C,/C,)

-0.8

-1.0

0.0

0.2 4

0.6 =

LFCA PMS 0.1 g/LL
® LFCAPMS0.2gL
4 LFCAPMSO0.3g/lL

—T T T
4 6 8 10 12 14 16 18 20

Time (min)

Figure 5.6. The first-order kinetics of decolourization of methylene blue at different
PMS concentrations (a) PMS only; (b) PMS and LCFA/Al>O3 composite hollow fibre.

To understand the possible effect of pH values on organic degradation, we performed
the catalytic reactions at different initial solution pH values (pH= 7, 8, and 9) by adding
0.1 M H2SO4 and/or 0.1 M KOH aqueous solutions. No buffered solutions were used
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here in order to avoid the radical-scavenger effect of the buffer agents. It can be seen in
Figure 5.5¢c-d that the decolourization efficiency displays positive correlation with the
pH value. In the presence of LCFA, the MB could be degraded completely within 45
mins at pH=7 and 8, while within 30 mins at pH=9. The reaction rate constant rose from
0.0490 min~" at pH=7 to 0.1729 min " at pH=9 (Figure 5.7a). There are two reasons for
the improved catalytic performances at higher pH values: one is that the stronger
alkaline condition facilitated the self-decomposition of PMS and induced more active
species to attack the pollutant. The reaction rate constant with PMS only increased from
0.0086 min~" at pH=7 to 0.0278 min~" at pH =9 (Figure 5.7b). The other reason is that
the basic environment is beneficial to the redox cycle of Fe**/Fe?*, and thus accelerate
the catalytic reaction here. [10, 38] Noteworthily, the basic condition can not only
improve the reaction rate, but also maintain the surficial chemistry of the perovskite
and suppress the metal leaching into the reaction solution. It suggested that the
LCFA/AL O3 composite hollow fibre-PMS system is expected to avoid second

contamination due to the fixation of LCFA on the support and the basic solution.
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Figure 5.7. The first-order kinetics of decolourization of methylene blue under different
initial pH. (a) PMS and LCFA/AI1,03 composite hollow fibre; (b) PMS only. Conditions:
PMS 0.3 g/L., MB 20 ppm, and testing temperature 25 °C.

The influence of reaction temperature on MB degradation was studied (Figure 5.5e&f),
showing that the increasing reaction temperature exerted positive influence on the
decomposition rate of the pollutant. Although the reaction rate was improved by PMS
only at higher temperature, MB decolourization was still not completed even at 65 °C
(Figure 5.5¢). After the addition of composite catalyst, the complete degradation of MB
could be achieved only in 10 min over 35 °C (Figure 5.5f). This could be explained by
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that the high temperature gave rise to the increased energy absorption of O-O break-up,
which would finally facilitate PMS activation.[39]

Table 5.2. Leaching effect of LCFA/A1,Os; composite catalyst vs time
(temperature=25°C, pH=7, PMS=0.3 g/L, catalyst loading = 0.5 g/L).

Time (pH7 25°C) Ag Fe Al Ca La
(mg/L) (mg/L) (mg/L) (mgl) (mgL)
0 min 0.00 0.19 0.00 0.27 0.08
10 min 0.00 0.20 0.01 0.34 0.08
20 min 0.00 0.21 0.03 0.56 0.08
30 min 0.01 0.30 0.11 0.56 0.10

Table 5.3. Leaching effect of LCFA/A1:O3 composite catalyst vs pH
(temperature=25°C, PMS=0.3 g/L., catalyst loading = 0.5 g/L.).

Ag Fe Al Ca La

(mg/l) (mg/L) (mg/L) (mgL) (mgL)
pHY Original 0.00 0.19 0.13 0.00 0.08
pH9 30 min 0.00 0.19 0.26 0.08 0.08
pH8 Original 0.01 0.18 0.12 0.29 0.08
pH8 30 min 0.01 0.21 0.23 0.97 0.09
pH7 Original 0.00 0.19 0.00 0.27 0.08

pH7 30 min 0.01 0.30 0.11 0.56 0.10
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Table 5.4. Leaching effect of LCFA/ALO3 composite catalyst vs temperature (pH=7,
PMS=0.3 g/L, catalyst loading = 0.5 g/L).

Ag Fe Al Ca La

(mg/L) (mg/L) (mg/L) (mglL) (mgL)
65°C Original 0.09 0.00 1.18 1.74 0.02
65°C 30 min 0.12 0.22 1.60 2.04 0.05
45°C Original 0.02 0.18 0.10 1.53 0.07
45°C 30 min 0.16 0.32 1.17 3.18 0.32
25°C Original 0.00 0.19 0.00 0.27 0.08
25°C 30 min 0.01 0.30 0.11 0.56 0.10

In order to verify the elimination of secondary contamination, the leaching rate of this
composite catalyst as function of temperature, pH values and temperatures was tested
and summarized in Table 5.2-4. The results showed that the concentration of metal ions
in the water was generally satisfied for the US-EPA environmental standards (USEPA.
1996, Fe: 0.3 mg/L; Al: 0.2 mg/L; Ca: 61 mg/L; Ag 0.1 mg/L) except for some harsh

conditions such as high reaction temperature.
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Figure 5.8. Reusability tests of LCFA/Al O3 composite hollow fibre catalyst on MB
degradation. (a) Degradation; (b) Mass-lose of the LCFA/A1,O3 composite hollow fibre.
Conditions: MB solution (20 ppm), 0.1 g/L. PMS, pH=7 and test temperature 25 °C.

The reusability of LCFA/A1bO3 composite hollow fibre catalyst on MB degradation was
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also studied. After three times tests, the degradation percentage in 1 h decreased from
92.6 % to 55.7 % (Figure 5.8a), while negligible mass-lose of LCFA/ALI2O3 composite
hollow fibre could be observed (Figure 5.8b). Thus, the decrease of degradation
percentage may not be caused by mass-lose of catalyst, but be induced by the surface
contamination and coverage of active sites by the intermediate products. Note that the
negligible mass-loss of the composite catalyst here could directly prove that this hollow
fibre-based composite catalyst would greatly enable the elimination of secondary

contamination, opening a new window of membrane-based catalyst for advanced

oxidation.
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(Centerfield: 3510 G; sweep width: 100 G; modulation frequency: 100 GHz. Reaction
conditions: catalyst loading = 0.5 g/L., PMS loading =0.3 g/L., pH = 7.0, MB= 20 ppm,
TMP = 1 mM, DMPO = 0.08 M); (c) Proposed mechanism of PMS activation and
pollutants oxidation on a LCFA/AI,O3 composite hollow fibre catalyst.

Besides methylene blue, LCFA/AL2O3 composite hollow fibre also showed catalytic
effect on some other organic pollutants such as rhodamine B (RB) and
tetrabromobisphenol A (TBBPA) (Figure 5.9a). Approximately 100 % of RB and 40 %
of TBBPA were degraded within one hour. It suggested that LCF A/Al,O3 was a highly
efficient and versatile catalyst with the ability to degrade various pollutants under the
catalyst/PMS system. The effective catalysis of LCFA/Al>O3 composite hollow fibre
can be attributed to the following reasons: firstly, the redox reaction of Fe*"/Fe*" in the
system (especially under the basic condition) contributed to the pollutant degradation;
secondly, the doping of nano-sized silver particles improved the conductivity of the
composite catalyst, and thus boost the electron transfer between the catalyst and PMS;
thirdly, the substitution of Ca brought the oxygen vacancy, which would act as the

defective site to absorb PMS molecules and facilitate the redox reaction of Fe>'/Fe?*.
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Figure 5.10. EPR test, free radicals in catalytic oxidation vs time. (a) DMPO-SO4 ~and
DMPO-"0OH; (b) sulfate radical evolution; (c) hydroxyl radical evolution. Centerfield:
3510 G; sweep width: 100 G; modulation frequency: 100 GHz. Reaction conditions:
catalyst loading = 0.5 g/L, PMS loading = 0.3 g/L., pH = 7.0, TMP = 1 mM, MB= 20
ppm, DMPO =0.08 M.
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In order to determine reaction mechanism, in situ electron paramagnetic resonance
(EPR) experiments were performed to detect the radicals generated during PMS
activation. Both DMPO-SO;"~ and DMPO-"OH signals (consisting of a quartet with an
intensity ratio of 1:2:2:1) could be observed with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a radical spin tapping agent (Figure 5.9b), indicating that hydroxyl and
sulfate radicals were produced during PMS activation. Besides, the signals of hydroxyl
radicals were much stronger than those of sulfate radicals, and the intensities of
hydroxyl radicals and sulfate radicals was the highest in the first 13 min during the
reaction and then decreased which was conformed to the degradation rate of methylene
blue (Figure 5.10a-c). It can be deduced that hydroxyl radicals and sulfate radicals
played a great role in the MB degradation. Besides the free radicals above, singlet
oxygen can be generated during the decomposition of PMS (HSOs + SOs*> — HSOs
+ SO4% + '0,).[40-42] Herein, three typical peaks assigned to singlet oxygen were
found with 2,2.6,6-tetramethyl-4-piperidinol (TMP) as trapping agent of singlet oxygen
and (Figure 5.9b, 10b and c¢), indicating that LCFA/AL2O3-PMS system also gave rise
to the generation of '02. [43-44] The intensity of singlet oxygen increased sharply in
the first 6 min and then decreased, which accorded with the decomposition rate of

methylene blue, suggesting that singlet oxygen also acted on the organic pollutant

degradation.
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Figure 5.11. EPR test, (a) and (b) singlet oxygen in catalytic oxidation vs time.
Centerfield: 3510 G; sweep width: 100 G; modulation frequency: 100 GHz. Reaction
conditions: temperature = 25 °C, catalyst loading = 0.5 g/L, PMS loading = 0.3 g/L,
MB= 20 ppm, pH = 7.0, TMP = 1 mM, DMPO = 0.08 M.

The mechanism of PMS activation by LCFA/A1,0O3 composite hollow fibre catalyst was
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illustrated in Figure 5.9¢c and may follow the equations (4-9) as below:

HSOs™+ =Fe*" — =Fe** +805"~+ H* 4)
HSOs +=Fe*" — SO4" ™+ OH™ + =Fe*' (5)
HSOs + Ag" — Ag?* +SO," ~+ OH~ (6)
SOs"~+ 805~ — 2804 "+ '02 (7)
SOs" ™+ HoO — H' + "OH + SO4* (8)

Organic pollutants + (SO4” ~/ "OH) — degraded products (CO? + H,O + SO4%) 9)
* Organic pollutants are MB, RB, and TBBPA (in this work).

The degradation of organic pollutant via photocatalytic reaction by the composite
hollow fibre was also investigated in this study. Figure 5.15a shows XRD patterns of
Al20Os hollow fibre and as-synthesized TiO2/Al203 composite hollow fibres without
calcination. The crystalline phase of the substrate hollow fibre is confirmed to be a-
Al>O3 and after deposition, the particles growing on the outside surface of hollow fibres
are identified as anatase TiO,. Due to the hydrophilic property of Al,O3 hollow fibres,

the in situ growing TiO2 coating adhered to the substrates surface excellently.[36]

2 umy

Figure 5.12. SEM surface views of the TiO2/Al;0O3 composite hollow fibres with
different deposition time: (c) 48 h, (d) 72 h, and (e) 96 h.

From Figure 5.15b, we can see a thick layer consisted of fine grains distributing
uniformly which were identified as TiO2. As the deposition time increased, the TiO2
layer became denser (Figure 5.12) as more TiO, nanoparticles were grown on the
support. After calcination in air at 250 °C, 450 °C and 650 °C, the coating layer was
still anatase TiO2 confirmed by XRD data in Figure 5.13 and the broad diffraction peaks
indicated the small crystal size. The X-ray diffraction peaks locating at 25.4°, 37.8°,
48.0°, 54.3° and 62.7° were found corresponding to the crystal planes of (101), (004),
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(200), (105), and (204), respectively. The higher intensity of TiO2 calcinated at 450 °C
in comparison with others suggested the better crystalline degree. The sub-micron
crystal size of synthesized TiO; at different temperatures (25 °C, 250 °C, 450 °C, and
650 °C) were calculated based on Scherrer equation as 50.57 nm, 46.04 nm, 46.32 nm,
and 38.95 nm, respectively (Figure 5.13).

\\_J 38.9473 nm  650°C
‘-"‘"‘""“‘ww"

46. 3176 nm  450°C
~‘L——-.—.—J¢ s o

M
"\\JL 46. 0384 nm 250 C
M

Relative Intensity

50. 5674 nm
l 25°C

A A o

10 20 30 40 50 60 70 80
20 (degree)
Figure 5.13. XRD patterns of as-synthesized TiO2 and TiO: after heating at 250 °C,
450 °C and 650 °C.

The TiOz coating layer after annealing at 250 °C and 450 °C was still compact with
millions of particles while some cracks occurred on the layer of TiO; annealed at 650 °C,
probably due to the high tension during heating (Figure 5.14). The hollow fibres
annealed at 450 °C were initially exposed to DI water to evaluate the permeation ability
of composite hollow fibres. The calculated fibre flux was 56.6 L-m?-h-bar! and
dropped to 31.4 L-m2-h"!-bar! while the fibres were exposed to methylene blue, with a
44.5% reduction compared to that of DI water. This indicates that MB in the solution
formed a blocked layer on the fibre surface and thus may block the pores. However, the
reduction was much less than nanostructured TiO2 hollow fibre,[45] because the TiO2
particles grew initially on the surface of the substrate and then filled up the pores
between the Al>O; grains in the hollow fibre surface gradually during the continuous
deposition.|35] Denser surface and less surface area accounted for the slower reduction,
which could also explain why the MB adsorption capacity of composite hollow fibre

after coating decreased sharply compared with the fibres without coating (Figure 5.15¢).
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3 2 ym 2 iy

Figure 5.14. SEM images of the TiO»/Alo03 composite hollow fibres calcinated at
different temperature (a) 250 °C, (b) 450 °C and (c) 650 °C.

The photocatalytic efficiencies of various fibres after coating in degradation of MB
solutions were shown in Figure 5.15d. It was found that the fibres without calcination
exhibited the worst photocatalytic effect compared with the calcinated ones, only 55.2 %
degradation in 24 h. Approximately, 96.0 % of MB was degraded in 24 h by fibres
annealed at 450 °C, showing the best photocatalytic efficiency among the samples. It
could be explained as below: (1) Higher anatase TiOz crystalline phase formed after
high temperature calcination (450 and 650 °C), comparing with TiO2 calcinated at low
temperature (25 and 250 °C). (2) High calcination temperature at 650 °C would induce
the cracks on the coating layer and affect the density of surface layer of TiO: as
confirmed above in Figure 5.14. The photodegradation efficiency was not satisfactory
because the intensity of lamp we used in this study was small, only 848.3 uW/cm?. But
it was still inspired that the TiO2/Al203 composite hollow fibre owned the ability to
decompose organic pollutants via photocatalysis, and the photocatalytic effect could be

adjusted by calcination at various temperatures.
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Figure 5.15. (a) XRD patterns for AlOs hollow fibre and TiO2/ALO3 composite
hollow fibre ((*) anatase TiO2); (b) SEM images of cross-section and TiO> coating layer
(insets) on the outside surface of the TiO2/Al203 composite hollow fibres; (¢) MB
adsorption by hollow fibre before and after coating (1: without calcination; 2:
calcination temperature at 250 °C; 3: calcination temperature at 450 °C; 4: calcination
temperature 650 °C; 5: Al2Os support); (d) Photo-degradation of MB using TiO2/Al2O;
composite hollow fibres. ([MB] = 10 ppm; reaction temperature = 25 °C).

Reaction rate constant, k (min') of the first-order kinetics in the following equation

5.4 Conclusions

Catalyst/A1,03 composite hollow fibres were obtained via in-site growth and dip
coating methods. For Ag-LapsCao2Fe9503.5/A1,05 composite hollow fibre, the
complete degradation of MB (20 ppm) could be achieved in 10 min over 35 °C with
PMS (0.3 g/L), due to the hydroxyl and sulfate radicals as well as singlet oxygen. The
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redox cycle of Fe?"/Fe**, oxygen vacancy and good conductivity of the composite
hollow fibre facilitated the excellent catalytic effect. The pH value and reaction
temperature exerted great influence on the catalytic effect of perovskite/Al2O3
composite hollow fibre. For TiO2/Al,0Os3, the compact anatase TiO2 layer was
successfully coated on the outer surface of the Al2Os hollow fibre. The photocatalytic
effect of TiO2/Al203 composite hollow fibres could be adjusted by calcination at
various temperatures. Catalyst/AlO3; composite hollow fibre enables the elimination of
the secondary contamination effectively, compared to powder catalysts, which is of

great significance to the industry applications.
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Chapter 6 Catalytic performance of natural metal ore
in peroxymonosulfate activation for soil remediation

and its financial feasibility

Abstract

With the immense development of the human society, the accumulation of hazardous
xenobiotic chemicals in soil has caused significant deleterious consequences for human
health and ecosystems. Due to the characteristic low mobility, soil pollution and
sediment contamination need to be paid special attention. This study investigates
manganese ore (MO) /peroxymonosulfate-based advanced oxidation processes (AOPs)
as in-situ remediation technology to degrade organic pollutants in soil. The
experiments were conducted in a home-made liquid-solid reactor. The
tetrabromobisphenol A (TBBPA) removal efficiency was systematically studied with
varying pollutant amount, sand volume, natural ore catalyst loading dosage and water
washing flow rate. Results show that TBBPA in the sand wash water could be effectively
degraded by this MO/PMS system with extremely low cost in comparison with synthetic

transition metal containing catalysts.
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6.1 Introduction

With the continuous development of agriculture and chemical industry, the
accumulation of human-made chemical pollutants in soil has become a global
concern.[1] There are several categories of harmful chemicals involved in the land
degradation such as petroleum hydrocarbons, pesticides and heavy metals.[2] Among
these pollutants, hydrophobic organic compounds are extremely persistent over time,
since they have low water solubility thus tend to fuse with soil matrix, leading to little
mass transfer and low biodegradability.[3] Apparently, these contaminants will alter
plant metabolism and reduce crop yields. More concerns over soil contamination arise
fundamentally from the consequent health risks.[4] These permanent organic pollutants
(POPs) have potential mutagenicity and carcinogenicity properties. And they become
even more concentrated from life forms in the lower pyramid levels of the food chain
to the top.[5] Exposure to POPs may cause congenital disorders and many other chronic

health conditions.[6]

Various techniques have been developed for the remediation of POPs-contaminated soil
and sediments. They can basically be divided into in-sifu and ex-situ technologies. In-
situ technologies include chemical reduction/oxidation, flushing and thermal treatment
that allow the contaminated soil to be restored in place.[7] While ex-situ technologies
require soil excavation, typically followed by soil washing, solidification, vapor
extraction, or simple disposal into landfill.[8] To avoid the disturbance of soil texture,
in-situ remediation approaches towards contaminated land are constantly
evolving. Recently, advanced oxidation processes (AOPs) have attracted intensive
attention for POPs degradation, which utilize oxidants like hydrogen peroxide, ozone
and peroxymonosulfate (PMS) to generate reactive species such as hydroxyl radicals
("OH), sulfate radicals (SO4+™) or other highly active species.[9] In principal, PMS can
be reduced by thermal activation, UV irradiation, ultra-sonication, and catalytic
activation with transition metal oxides.[10] However, the high price of catalysts and
strict reaction requirements challenge the practical application of PMS based AOPs in
environment remediation. Therefore, the natural mineral catalysts used in previous

chapters have obvious advantages and broad prospects in this field.

As a part of sustainable development, the carbon footprint of catalysts should also be
taken into consideration. The raw materials for synthetic catalysts, i.e. commercial
grade transition metals, require extremely high energy consumption. For example, one
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ton of iron particles consumes an average energy of 793.4 MJ/t, which is equivalent to
the emission of 58.5 kg CO2.[11] Take Germany as an example, which is a pioneer in
environmental protection, this country releases 408 grams of carbon dioxide with
producing per kilowatt of electricity on average.[12] In a normal production process,
every ten grams of synthetic catalyst need to consume tens of kilowatts of electricity
due to the high temperature and high pressure preparation environment. Therefore,
natural ore catalysts without complicated processing requirements are much more eco-

friendly in terms of sustainable development.

On the other hand, Western Australia is the main mining area in Australia and abundant
in mineral deposits such as magnetite, bauxite and ferromanganese, most of which
contain various transition metal elements.[13] Actually, mining is a pillar industry in
Western Australia, accounting for more than half of exports and providing with
quantities of jobs.[14, 15] However, since COVID-19 and China-US trade war, the
price of ore especially iron ore has been fluctuating greatly, with the highest price being
more than three times of the bottom.[ 16, 17] Moreover, as the per capita share of metal
in emerging markets such as China continues to increase and gradually approaches the
level of developed countries, recycled metals will account for an increasing
consumption proportion, and the demand for incremental metal ore will gradually
decrease.[18] Meanwhile, driving by the goal of carbon neutrality, smelting industry
has gradually reduced its production capacity due to the high energy consumption.[19]
Therefore, in the medium and long term, the prospects of Western Australia's mining
industry are not optimistic. For this reason, the development of new possible scenarios

for ore utilization has become a significant forward-looking subject.

In order to explore the possibility of in-situ catalytic degradation of organic pollutants
via metal ore/PMS composite, a soil reaction simulation system was constructed in this
study. The system mimics the basic process of soil reaction in principle, which is similar
to soil washing method. The influence of various environmental factors on the
degradation rate was investigated. Besides using tetrabromobisphenol A (TPPBA) as a
model pollutant, industrial herbicide quinclorac was chosen to test the feasibility of this
metal ore/PMS catalytic system as well. Moreover, the financial feasibility study was
conducted to highlight the huge advantages of natural metal ore compared with

synthetic metal catalysts.
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6.2 Experimental Section

Materials and Chemicals. The manganese ore (MO) was provided by Karara Mining
Ltd., Australia and OM Manganese Pty. Ltd., Australia. The composition of received
ore was provided by mining companies as shown in Table 6.1. The manganese oreused
in this study is the sample No. 5 (labelled as MO-5) in Chapter 3. Prior to the experiment,
the chosen materials were washed with ultrasonic cleaner, filtered and then dried
overnight. Subsequently, the ore samples were crushed to powder and sieved to a

particle size of 50-60 um for further use.

Table 6.1 The composition of manganese ore (MO) as received.

Composition Formula Content (wt%)
Braunite 4MnO3-3Mn0O2-S102 30%
Psilomelane Ba-Mn-MngO16(OH) 30%
Pyrolusite MnO, 30%
Quartz Si02 10%

The sand was purchased from Burnings Group (Australia), which was clean playground
sand. After soaking in 1% hydrochloric acid for 10 min, the sand was rinsed with
deionized water until the pH was neutral. Dry in an oven at 200°C for 8 h to ensure that

the weighed density is the original density of 1.5 g/ml for further use.

All chemicals including methanol, Peroxymonosulfate (OXONE) (>42.8%) and
tetrabromobisphenol A (TBBPA, >97.0%) were purchased from Sigma-Aldrich,
Australia. Contaminants were diluted by deionized water to the designed concentration.
Due to the low solubility of TBBPA under standard pH condition, sodium hydroxide

solution was added into the solution to adjust the pH to 11.

The industrial herbicide, quinclorac, was purchased from BASF through Living Turf in
Western Australia. The commercial name of this herbicide is Drive XL. according to
the safety data sheet, its content 15.93% quinclorac, 75% ethyleneglycol and 5%

dimethylamine.

Soil contaminant degradation in liquid-solid reactor. As shown in Figure 6.1, the
main body of the reactor was made of a 40 mm diameter round PVC pipe with a length

of about 80 cm. There was a filter support device at the bottom of the reactor pipe to
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fix the filter paper during the experiment. The ore catalyst and PMS were placed in the
middle centre above the sand to simulate the rain infiltration effect under natural
conditions. The targeted pollutants to be degraded were placed at the bottom of beaker.
Contaminated solution was continuously circulated by a peristaltic pump to the top of
the reactor, and then returned to the beaker after being catalytically degraded. 1 mL of
solution was periodically withdrawn, while the concentration of TBBPA was measured

by a JASCO UV-visible spectrophotometer at 464 nm.

Peristaltic

pump

Figure 6.1 Schematic diagrams of the home-made pollutant degradation liquid-solid

reactor.

Long-term degradation reactor: In order to study the catalytic degradation in the

actual environment, another form of experiment was conducted.

The sand was soaked in the industrial herbicide quinclorac solution for 24 h.15 g of the
soaked solid particles were placed in a 20 ml glass vial and mixed with different
quantity of PMS and natural metal ore. The vials were sealed and placed in an outdoor

environment under direct sunlight for four weeks in order to explore the feasibility of
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quinclorac degradation. A blank control group was also made to determine the
photolysis of the herbicide. After four-week degradation procedure, 10 ml deionized
water was mixed with the solid in glass vial. Then 1 mL of solution was withdrawn,
filtered by 0.45 um PEFT membrane, and then immediately mixed with 0.5 mL of
methanol to quench the oxidation. The residual concentration of quinclorac was
measured with an ultrahigh performance liquid chromatograph (UHPLC, Thermo
Fisher Scientific UltiMate 3000) with a UV detector set at 240 nm.

6.3 Results and Discussion

As shown in the Figure 6.2 the natural metal mineral catalyst has an obvious catalytic
degradation effect on organic pollutant TBBPA. At 30 minutes, the adsorption and PMS
only curves hardly changed, meanwhile the ore/PMS curve has achieved a pollutant
removal rate of more than 20%. The pollutants are almost completely degraded after
120 minutes of catalytic reaction. At the same time, PMS and MO act separately on the
soil reactor has no obvious degradation results for the TBBPA pollutant. Which is
basically point out that the PMS-natural ore system has the possibility apply in the in-
situ solid remediation. The solid reactor was mimicking a rain-solid circle system in the

lab. Even it was not fully considered about the soil dynamics.

1.0
0.8
Reaction Condition:
Seil =500 g
o 0.6 - Flow rate = 10 mL/min
3 TBBPA = 500 mL (20 ppm)
C PMS=0.01g
0.4 - Mn Ore=0.05¢
| —=— TBBPA
0.2 {—e—PMS
| —&— Mn Ore+PMS
0.0 . , , , . , . : : , :
0 20 40 60 80 100 120

Time (min)

Figure 6.2 The AOP degradation of TBBPA by Mo/PMS system in a solid

reactor.
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The pollutant volume has an observable effect on the pollutant degradation rate in first
hour, as shown in Figure 6.3. However, after 90 min, more than 90% pollutants were
degraded. It can be seen from the degradation curve that the amount of pollutant has a
negligible effect on the degradation effect. This negligible effect is advantageous for
large-scale in-situ soil remediation, which means that the system has acceptable

adaptability to different concentrations of pollutants.

1.0 H
—=— 200 mL
—e— 500 mL
0.8 - —4— 800 mL
0.6 1 Reaction Condition:
O Soil =500 g
< Flow rate = 10 mL/min
0.4 TBBPA (20 ppm)
PMS =0.01g
MnOre=0.05¢g
0.2 -
0.0 T T T T T T T T T T T 1
0 20 40 60 80 100 120
Time (min)

Figure 6.3 The effect of the volume of pollutants in solid reactor

As Figure 6.4 shows, the mass of the sand has no significant effect on the reaction rate.
Although there was a ten-fold mass difference, the maximum concentration difference
after degradation was less than 20% in the first half an hour. The pollutant concentration
curve crosses at about 40 min and reaches a minimum at 60 min. The reason for this
phenomenon may be that the initial small sand volume is beneficial to the diffusion of
catalyst and PMS in the system. However, when the diffusion was complete, the less
soil volume causes the reaction contact surface to become smaller, which leads to a
lower degradation rate than the larger volume group. In the end, different volumes of
soil can degrade more than 90% of the pollutants, indicating that the degradation
efficiency of the reaction system in in-situ soil remediation is slightly affected by the

volume of the sand, but it did not affect the final degradation results.
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Figure 6.4 The effect of the volume of solid in liquid-solid reactor.

The degradation efficiency shows a significant difference in Figure 6.5 when the weight
of the catalyst changes. At 30 min, the residual concentration of 0.1 g catalyst was
nearly 50% higher than that of 0.025 g, and the concentration of pollutants in the 0.05
g experimental group was roughly in the middle of the two, indicating that the catalyst
has a direct and relatively linear influences of degradation rate. As the concentration of
pollutants decreases, the three sets of degradation curves tend to be consistent. This can
be regarded as a decrease in the concentration of pollutants leading to a decrease in the
degradation rate. Similar trends have appeared in the previous groups of this studies.
Although the number of catalysts has a significant effect on the degradation rate, most
of the pollutants are eventually removed from the system. This shows that even a small

amount of catalyst can achieve feasible effects in large-scale in-situ soil remediation.
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Figure 6.5 The dosage effect of the catalyst on TBBPA degradation.

The influence of flow rate on pollutant degradation was studied Figure 6.6. In the first
20 min, the difference in reaction rate basically obeys the difference in flow rate.
However, as the concentration of pollutants decreases, the difference in reaction rate
gradually becomes close. The response curves of the 20 ml/min group and the 10
ml/min group tended to be the same after 60 min. At the same time, the response curve
of 1 ml/min group continued to decrease. We believe the reason of that is the pollutant
concentration plays a leading role in the degradation rate at this stage. Although the
small flow group only removed about 80% of the pollutants in 2 h, its degradation curve
still had a significant downward trend, so it is reasonable to speculate that eventually
more than 90% of the pollutant would be removed like the large flow group. From this
experiment, it can be concluded that although the rainwater flow has a significant
influence in this system. However, the rate in the late stage of the reaction is mainly
determined by the concentration of pollutants. Therefore, even in a drier area, as long
as a certain degree of basic rainfall or artificial labour can be guaranteed, the system
could play a role in in-situ soil remediation, and it will have a better effect in humid

climate areas.
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Figure 6.6 The effect of flow rate on TBBPA degradation in the liquid-solid reactor.

According to Figure 6.2, the PMS-natural metal ore system shows a potential possibility
for in-situ soil remediation. This system has extremely low demand for PMS and ore
catalysts and has excellent adaptability to pollutant concentrations. There is no obvious
requirement for the volume of the soil of the plot and it can be applied in a semi-arid
climate with low rainfall. Therefore, we believe that this is a very promising research

direction in the field of soil in-situ remediation.

In order to further explore the potential of this technology in the field of soil remediation,
the herbicide Drive XL, with active constituent of 180 g/L. quinclorac, was used for
long-term degradation studies. According to the user instruction, 4.6 L Drive XL was
diluted with 400 L water, which produced around 10000 ppm of Drive XL. The
concentration of active quinclorac would be 1593 ppm. Considering the dilution caused
by subsequent experiments and extraction, we thought that the stock concentration of
10000 ppm was enough. The sand was soaked in Drive XL diluted to 10000, 5000,
2500, and 1000 ppm for 24 h to use in further research. The concentration of the soaking
solution in the control group was further diluted to 10 ppm. 15 g of soaked sand was
sealed in a 20 ml glass vial and placed in direct sunlight for 4 weeks. In the experimental
group, the soil was mixed with various amounts of PMS and natural ore catalysts to
explore the effect of degradation. However, when the glass vials extracted by 10 ml
water to analysis by HPLC after four weeks, there was no quinclorac detected, even in

the control group. We believe that there are several possible reasons may cause this
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situation. The first possibility is that the herbicide was over-diluted and out of the
detectable range during the soaking and extraction process. The amount of pollutants
that the sand can adsorb during the soaking process was unable to predict. Secondly, it
is possible that other components of the herbicide, the ethanol that quenched the
reaction, and the mobile phase caused the HPLC detection to fail. The third reason may
be that industrial herbicides are used instead of pure pollutants. There may be a
degradable mechanism in the design, which makes the main components unable to be

detected in long-term experiments.

To demonstrate the comparative advantages of natural ore and synthetic transition-
metal catalysts in large-scale soil in-situ remediation, a financial feasibility study was
carried out and results are shown in Table 6.2. The price of chemical products mainly
derives from the price of metal elements provided by Sigma to represent the
approximate cost of the basic raw materials required for the laboratory synthetic
catalyst. Metal prices refer to the time-sharing average price of the spot trading market
in China, which is the largest producer of steel and metal finished products. Metal
smelting products are generally used as industrial raw materials. In this study, it
represents the lowest raw material price of laboratory-grade synthetic catalysts after the
completion of industrialized large-scale production conversion. The price of ore was
taken from the approximate price of the international ore futures trading market. Due
to the classification of ore with different purity, we used the highest purity refined ore
as the price index. This action can ensure that our ore price is higher than the actual
situation. As shown in Table 6.2, the price of chemicals is two orders of magnitude
higher than that of industrial metal smelting products. Even cobalt, which is a rare
element, has a chemical price four times higher than that of metal. The price of common
metals 1s five times that of bulk refined ore. And the price of the rare metal cobalt ore
is only 3% of its metal price. In the process of making synthetic metal catalysts, many
additional chemical products are required. Therefore, the actual catalyst raw material
price difference must be greater than data shown in Table 6.2 because most of the
industrial or laboratory chemicals used in this process are more expensive than ordinary
metal products. For example, the raw material cost of the synthetic catalyst used in
Chapter 5 exceeds 2,000 Australian dollars, while the finished product we synthesized
was less than 500 g. In addition, synthetic catalysts require a lot of chemical experiment

equipment including but not limited to muffle furnace, high pressure reactor, fume hood,
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etc. Considering the cost of various consumables and equipment in the process, the
current price of transition-metal catalysts is about thousands of Australian dollars per
kilogram. Even if industrialized production can greatly reduce its manufacturing costs,
its price will still be hundreds of times that of natural metal ore catalysts. Therefore,
natural metal ore catalysts have incomparable financial advantages in activating PMS

to degrade organic pollutants in large-scale soil remediation.

Table 6.2 The price of the main components of the transition-metal catalyst.

Price (AUD/kg) Fe Mn Co
Analytical
71 238 1088
reagents
Metal 0.60 2 267.5
Ore 0.15 0.41 7.94

To achieve an environmentally sustainable society, a significantly reduced carbon
footprint needs to be achieved. As we all know, whether it is industrial product of metals
or chemicals, the source of raw materials 1s metal ore. In the process of purifying metal
ore, high temperature is indispensable therefore metal smelting is an industry with high
energy consumption and high pollution. These industries have shifted from developed
countries to developing countries in the past few decades due to high pollution. In the
past ten years, 1.8 tons of carbon dioxide were emitted for every ton of steel produced.
Even without considering the carbon emission in the purification of metal raw materials,
only the high temperature and high pressure conditions required in the synthetic catalyst
process creates a large amount of carbon footprint. In the process of synthesis of
Chapter 5 synthetic catalyst, only the power consumption in drying process emits
several kilograms carbon dioxide. Taking into account the various materials and
equipment required for the production of synthetic catalysts, the full cycle carbon
footprint may be as high as tens of kilograms, or even hundreds of kilograms per
kilogram of catalyst depends on the synthesis method. In-situ soil remediation is an
important part of environmental protection, and the environmental impact in the process

needs to be fully considered. Therefore, considering the level of global carbon
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neutrality, natural metal ore catalysts have a non-negligible advantage over synthetic

catalysts.

6.4 Conclusions

Manganese natural metal ore catalyst was used in the simulation study of in-situ soil
remediation and achieved good results. The catalyst and PMS content required to
achieve effective remediation 1s extremely low, which can be as low as one hundredth
or even one thousandth of the weight of the soil. The system has excellent adaptability
to the concentration of pollutants. Although the application of in-situ soil remediation
requires the participation of water, rainfall only affects the degradation rate and does
not affect the final desirable degradation effect, so the system can be adapted to
different climatic environments. At the same time, research on financial feasibility and
carbon footprint shows that natural metal ore catalysts have unparalleled significant
advantages over synthetic catalysts in terms of finance and environmental protection.
This study fully illustrates the great potential of natural transition-metal ore catalysts in
replacing synthetic transition-metal catalysts for large-scale in-situ soil remediation.
However, soil dynamics is an extremely complex field, and further research is needed
to conduct in order to accomplish the PMS-transition metal ore catalyst system in large-

scale in-situ soil remediation.
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Chapter 7 Conclusions and recommendations

7.1 Conclusions

To summarise, many remediation technologies have been developed for wastewater
and soil contaminants removal. Advanced oxidation processes (AOPs) are able to
oxidise basically any organic pollutants present in the water matrix through in-situ
production of highly reactive oxygen species. All previous studies focus on
synthesizing catalysts via multistep and complicated fabrication procedures therefore
limit the adaption of AOPs on a large scale. Finding economic catalyst for AOPs, this
PhD tends to employ natural ores to deliver environmentally responsible solution for
effective contaminants degradation. From the experimental results presented in the

thesis, conclusions can be drawn as follows.

Firstly, the catalytic performance of manganese ore has been investigated to reduce
peroxomonosulfate (PMS) for hydroxyl radicals (-OH) and sulfate radicals (SO4™)
production. One of the major compounds of manganese ore is manganese dioxide
(MnQO»). The combination of commercial-grade ore and PMS effectively oxidized
tetrabromobisphenol A (TBBPA) and rhodamine B (RB) without discrimination. This
shows the great potential of transition metal containing ores in the field of

environmental protection.

Secondly, we observed effective activation of PMS by bauxite ore, largely composed
of a mixture of hydrous aluminium oxides and two iron oxides goethite (FeO(OH))
and haematite (Fe>Os3). The results of the EPR demonstrate that -OH and SO4™ are the

main active radicals for persistent organic pollutants degradation.

Thirdly, we evaluated the catalytic performance of the synthetic TiO2/Al203 composite
hollow fiber in PMS based advanced oxidation of organic pollutants. It is found that
the catalytic efficiency of natural metal minerals in the AOP process is within an
acceptable range compared with synthetic Ti02/Al,O3 composite hollow fibres. The
study of catalytic influencing factors also performed that the natural ore/PMS system
has strong adaptability under most temperature and pH environments, which shows
reasonable catalytic efficiency under different conditions. At the same time, the
secondary contamination study also shows that the potential pollution caused by the

system was within the law limit.
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Fourthly, we attempted to investigate the possibility of large-scale application of natural
ore/PMS system for in-situ soil remediation and explored some factors such as flow

rare, soil value, catalyst that may influence its efficiency.

Finally, the financial feasibility study demonstrates the huge cost advantage of natural
metal ore catalysts compared to synthetic catalysts. Carbon footprint research illustrates
the potential environmental advantages of natural ore catalysts compared to biomass

carbon-based catalysts produced after high temperature burning.

In this PhD thesis, natural ores were extensively studied to present their advantages
over other synthetic catalysts. The overall results proves that natural transition metal
ore 1s an efficient and low-cost alternative to metal catalysts. The strategy developed in
this thesis can pave the road for further adaption of AOPs which is still in the early
stage and need more investigation to reduce the cost. The following recommendations

can help to mature this novel chemical treatment procedure.
7.2 Perspectives and suggestions for future research

Regarding the applications of natural ores for AOPs, more studies need to be carried
out to deeply investigate their shortcomings and potentials. Here are some

recommendations for future works:

1. Because of the heterogeneity of the ore, the degradation efficiencies showed
fluctuation even when the ore samples came from the same batch. Although this
study tried to accurately determine the composition of ore and find a feasible
way to predict the catalytic effectiveness, this goal was not achieved due to
constrained sample size. Pilot scale test should be carried out to improve the
assessment accuracy.

2. Except for PMS, other primary oxidants such as hydrogen peroxide (H202) and
peroxydisulfate (PDS) can be conjugated with natural ores for more
economic in situ chemical oxidation.

3. -OH and SO4™ can kill waterborne pathogens like bacteria and viruses, which
makes primary oxidant/ore system a constructive solution to microorganism

contamination problems.

All in all, natural ores need more development before competing with the synthetic

catalysts. With the experiences of manganese and bauxite ores, it is believed that

106



Chapter 7 19044961

AOPs might show great potential in terms of degradation performance and

economics.
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