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ABSTRACT

The use of advanced hybrid wastewater treatment techniques in the elimination of emerging contaminants
such as pharmaceuticals has recently attracted significant interest as a viable technique for industrial scale
wastewater treatment. Advanced hybrid wastewater treatment techniques are based on the integration of
different advanced wastewater treatment techniques such as membrane technology, advanced oxidation
processes and bioremediation. Each approach addresses different aspects of contaminants removal, resulting
in a robust system that enhances efficiency by minimizing the drawbacks of individual technique and
enhancing their advantages. The aim of this study was to prepare a hybrid wastewater treatment technique
involving photocatalysis and ceramic membrane technology and evaluate their efficiency in the removal of
tetracycline as a model wastewater pollutant by utilising both photocatalysis and filtration processes. The
main technical barriers hindering the application of photocatalysis at industrial scale are: (1) limited
utilization of solar spectrum by most photocatalysts; (2) high electron and hole recombination rate, which
lowers quantum efficiency and photocatalytic activity; (3) poor adsorption towards non-polar organic
pollutants; (4) challenging recovery of the used nanoparticles from the uniform suspension; and (5) low
thermal stability. Therefore, this work focused on the fabrication of surface defective heterojunction
nanocomposites from TiO, and ZnO in order to enhance the photocatalytic activity through improved light
absorption capabilities and charge separation process. High energy requirements for sintering, high cost of
starting materials, and limited effectiveness in pollutant mineralization are identified as significant
drawbacks in the industrial application of ceramic membrane technology. Therefore, this study focussed on
fabrication of affordable and sustainable ceramic membranes from coal fly ash, an industrial solid waste

product, and natural sand, a commonly available and inexpensive natural material.

Firstly, surface defective TiO,-ZnO heterojunction nanocomposite were synthesized using the conventional
sol-gel approach, coupled with aluminium foil-assisted NaBH4 reduction. Titanium tetra-isopropoxide and
zinc acetate were used as precursors at different molar ratios while isopropyl alcohol and water were used as
solvents. Subsequently, ceramic membranes were fabricated by the uniaxial compaction of the starting
material (coal fly ash, natural sand, dextrin (pore former) and carboxymethyl cellulose (binder)) using a
manual hydraulic pressing machine. The coal fly ash and natural sand were mixed in different proportions
and the fabricated ceramic membranes were sintered at different temperatures of 800, 100, and 1200 °C.
Finally, the novel TiO2-ZnO functionalized coal fly ash-based ceramic membrane was fabricated utilizing
co-pressing and co-sintering processes. The photoactive layer was formed by placing the grounded mixture
of pre weighed photocatalyst (TiO2-ZnO) and pre-weighed ceramic membrane precursor material on the
mold's base, and the supporting layer was formed by adding pre-weighed ceramic membrane precursor
material to the mold. The structure, morphology, surface properties, and optical characteristics of the
synthesized materials were studied using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), UV-vis absorption spectra, Scanning electron microscopy (SEM), Energy-dispersive X-ray

spectroscopy (EDS), Thermogravimetric analysis (TGA) and Transmission electron microscopy (TEM). The

vii



properties of the optimized membranes were further studied to ascertain their mechanical strength, chemical

stability, porosity, water absorption, water permeability, and shrinkage behaviour.

The XRD analysis confirmed the successful formation of black BTiO,—-ZnO heterostructure, while SEM
revealed the structural morphology as pseudo-spherical with slight agglomeration. BTiO>—-ZnO was found
to be more efficient than BTiO, and BZnO for the removal of tetracycline with degradation efficiencies of
63, 58, and 56 % respectively. The effects of process parameters such as the amount of photocatalyst,
pollutant's concentration, and the initial solution pH on photocatalytic degradation study were systematically
explored. The results confirm that the formation of the heterostructure from BTiO, and BZnO could offer a
facile route to improving the catalytic degradation of tetracycline. X-ray fluorescence (XRF) analysis of the
starting materials (coal fly ash and natural sand) confirmed the presence of SiO, and Al,O3, two key
inorganic materials required for the fabrication of ceramic membranes. ICP OES analysis revealed that coal
fly ash contains heavy metals, including arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), nickel
(Ni), lead (Pb), and mercury (Hg). The levels of arsenic and chromium exceeded the WHO limits. Therefore,
the heavy metals present in the raw coal fly ash were successfully leached out using acetic acid prior to the
fabrication process. The membrane fabricated with 20 wt% sand content and at 1000 °C sintering
temperature had pore size of 0.64 um and 34.7% porosity, exhibited good mechanical strength (7.71 MPa),
and exceptional chemical stability. The membrane also showed a remarkable water permeability of 32.23
L/m?/h. The ceramic membrane functionalized with 0.5 g of TiO2-ZnO and sintered at 850 °C exhibited
good thermal, chemical stability, and porosity required for ultrafiltration applications. The optimum
photocatalytic efficiency of the functionalized photocatalytic substrate achieved within 100 min under the
visible light was estimated at 77% and removal efficiency by filtration was estimated at 57%. Moreover, the
functionalized membrane was found to be stable with 73% photocatalytic degradation efficiency after 5
consecutive cycles of reusability test, with negligible loss of efficiency. In the filtration studies, tetracycline

was simply adsorbed and filtered without degradation complicating desorption from surface-active areas.

The scale-up of photocatalytic ceramic membranes and their utilization in real industrial applications will
confirm their robustness when used in a hybrid photocatalysis and filtration reactor system that optimize its
synergistic photocatalytic, adsorption, and filtration properties. In general, the use of advanced hybrid
wastewater treatment techniques, specifically through the use of photocatalytic ceramic membranes
fabricated from cost-effective starting materials, presents a promising and sustainable alternative for the

removal of pharmaceuticals from water.

Keywords: Metal oxide; Functionalized membranes; Pharmaceuticals; Photocatalysis; Coal fly ash
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CHAPTER ONE

Introduction and general background

1.0 Problem statement

The continuous increase in production and consumption of pharmaceutical products without proper
disposal procedures as well as the lack of efficient wastewater treatment methods has contributed to the
emergence of new contaminants of concern in portable water. Tetracycline, an antibiotic, is a
representative of widely used pharmaceuticals and is reported to be the world's second most often used
antibiotic (Wang et al., 2024). Its overindulgence and uncontrolled use contaminate the environment
thereby disturbing the food chains, promoting risks of diseases, and depriving society of clean water.
Furthermore, the presence of pharmaceuticals in wastewater has been red flagged as a major barrier for
the attainment of sustainable development goal 6 (SDG6). Tetracycline is regarded as highly emerging
persistent contaminant because of its low environmental degradation rate (Ahmad et al 2021).
Tetracycline is detected at varying concentrations across different environmental matrices, including
soil and aquatic systems. It is released into these environmental matrices through a wide range of
sources which include pharmaceutical plants, wastewater treatment plants, sewage treatment plants,
pharmaceutical improper disposal, human and animal excretion and aquafarming (Xu et al., 2021).
Trace levels of tetracycline in drinking water can cause significant unpleasant effects on human health
and aquatic life over a more extended period (Daghrir & Drogui, 2013). The problem with the presence
of pharmaceutical pollutants in municipal wastewater is that they are not effectively removed by
conventional wastewater treatment techniques such as filtration, adsorption and coagulation-
flocculation processes which are employed by most water treatment plants. These conventional
wastewater treatment techniques have also been reported to transform targeted pollutants to secondary
pollutants. For instance, the addition of chlorine to wastewater containing tetracycline can result in the
transformation of tetracycline to toxic secondary pollutants such as chlorinated organic compounds and
trihalomethanes (THMs) instead of being mineralized. The chlorinated by-products can be carcinogenic

and mutagenic to human health as well as ecotoxic to the environment (Postigo et al., 2021).

Recently, more advanced technologies such as membrane technology, bioremediation and advanced
oxygen processes (ozonation, electrochemical oxidation, fenton process, and photocatalysis) have been
reported to completely mineralize tetracycline from wastewater (Pelosato et al., 2022). However, most
of these techniques have some drawbacks that affects their application at large scale. For instance, using
electrochemical treatment methods in water purification has multiple disadvantages, such as its need of
high energy, high cost of operation and instability towards wide range of organic and inorganic

contaminants (Radjenovic & Sedlak, 2015). Photocatalysis in pollutant degradation is rarely utilized at
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large scale because of the expensive production cost of the photocatalyst and the difficult recovery
process. Additionally, the limited light absorption of most photocatalysts further restricts the
possibilities of photocatalysis. Ceramic membrane technology does not entirely mineralize
contaminants; therefore, its effectiveness and lifespan are affected by its susceptibility to fouling. While
bioremediation can be time-consuming, lead to the production of more toxic and mobile intermediates
than the parent compound, demand high experimental costs, and not very proficient
in pharmaceutical application (Priya et al., 2024). Furthermore, various pharmaceuticals with different
physicochemical properties are mixed in wastewater, which can complicate their removal efficiency.
Consequently, the effort to increase the efficiency of wastewater treatment processes focuses on the
development of new and effective treatment techniques that could provide a cost-effective, sustainable,

and effective approach as part of the water management process.

As a result, this work focused on the removal of tetracycline from water utilizing a hybrid technique
that combines photocatalysis via heterojunction of TiO, and ZnO with the technique of filtration that

uses the ceramic membrane derived from waste coal fly ash and widely available natural sand.

1.1 Motivation and rationale

The large-scale application of pure advanced wastewater treatment techniques such as photocatalysis
and membrane technology is limited due to the technical constraints posed by the different methods.
For instance, in photocatalysis, post-recovery of the used photocatalyst is complex, and most of the
widely explored photocatalysts at laboratory scale have shown poor pollutant adsorption capabilities,
poor light absorption, and high recombination rates, which are critical processes in achieving effective
photocatalysis (Dong et al., 2015). The utilization of multiphase photocatalysts, doping with non-metals
or metals, composite material synthesis, defect engineering, and heterojunction formation with other
low-band gap photocatalyst are some of the methods that have been used to overcome these limitations
(Scarpelli et al., 2018). On the other hand, ceramic membrane technology is hindered by high
fabrication costs resulting from high energy needs for sintering and the high cost of commercial starting
materials (silicon nitride, titanium, alumina, zirconia oxide, silicon oxide and silicon carbide) as well
as limited performance in pollutants mineralization, which give rise to membrane fouling (Molinari et
al., 2019). Fabrication of ceramic membranes from cheap materials like waste materials such as animal
bones, coal fly ash, recycled glass, and paper mill sludge, as well as readily available materials such as
clay, sand, bentonite, and kaoline, has recently been explored to overcome the production cost of
ceramic membranes (Hubadillah et al., 2022). The fabrication of ceramic membranes from such
materials can also lower the sintering temperature of the membranes due to the formation of liquid

phases at lower temperatures. The drawbacks of both photocatalysis and ceramic membrane technology



can be significantly mitigated by developing a hybrid technique with each other or with other
wastewater treatment systems. Fabrication of a hybrid wastewater treatment technique from
heterojunction photocatalyst and ceramic membranes fabricated from waste material coal fly ash and
readily available material (natural sand) can exploit the combined advantages of photocatalysis and
ceramic membrane technology, with the main goal of maximising their benefits while minimising their
drawbacks. This approach seeks to minimize negative economic and environmental impacts while
facilitating potential for commercialization. Moreover, repurposing coal fly ash for membrane

fabrication contributes to sustainable waste management practices, reducing its environmental impact.

1.2 Research aim and objectives

The aim of this research was to develop cost-effective water treatment functionalized ceramic
membrane that could efficiently remove pharmaceuticals (namely tetracycline) from wastewater.

The objectives are to:

«» synthesize TiO»-ZnO heterojunction photocatalyst for the light enhanced degradation process,

+ synthesize coal fly ash-based ceramic membranes and characterize them using Fourier
transform infrared spectroscopy (FTIR), Scanning electron microscope (SEM), X-ray
diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), and Thermogravimetric

analysis (TGA) as well as evaluating its water flux, chemical stability and mechanical stability,

+» functionalise the ceramic membrane with the synthesized TiO.-ZnO nanoparticles and

characterize it,

«» evaluate the photocatalytic degradation and filtration efficiency of the synthesized TiO,-ZnO

functionalized ceramic membrane using tetracycline as model pollutant.
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CHAPTER TWO

Literature review

2.0 Pharmaceuticals as emerging contaminants in wastewater

The increasing world population, coupled with increasing water demand for agricultural, industrial, and
domestic purposes, has led to the scarcity of clean water (Alatalo et al., 2019). Pharmaceuticals and
other emerging pollutants often pollute limited available water sources in many parts of the world.
According to a UN report on world water development in 2020, about 4.2 billion people need access to
adequately managed sanitation, and 2.2 billion people lack access to clean drinking water (Water &
UNESCO: Paris, 2020). (Shi Y et al., 2019), reported that the total amount of wastewater produced
worldwide grew from 1500 km?® in 1995 to 2212 km? in 2010. A worsening of the situation will only
make it more difficult to fulfill Sustainable Development Goal (SDG) 6, which stipulates that everyone
shall have access to clean water and adequate sanitation by 2030 (Griggs et al., 2017). Although the use
of pharmaceuticals in the treatment and prevention of diseases in both humans and animals has saved
millions of lives, they have also caused unintended negative effects on the environment that have
chronic and acute effects (Jeli¢ et al., 2012; Patel et al., 2019). The presence of pharmaceuticals in the
environment remains unregulated despite the significant negative effect on humans and the environment
(Kumar et al., 2022). They are thus categorized as emerging pollutants that require urgent attention.
Emerging contaminants, according to (Dey et al., 2019), are artificial or naturally occurring chemicals
that are not regularly monitored in the environment but have a high risk of causing environmental harm.
In addition, they are also responsible for some suspected adverse effects on human health and the
ecological system. Given the accelerating rates of population expansion and the fast-increasing
economic burden of human diseases, this group of emerging contaminants is anticipated to rise
(Magagula et al., 2022).

Pharmaceutical wastes include discarded health products, out-of-date medications, unused medications,
unnecessary medications, waste produced at pharmacies, hospitals, and other healthcare facilities, and
even medications that are no longer required because patients have either passed away or are no longer
ill (Alnahas et al., 2020). These pharmaceuticals pose a serious risk because the majority of their
environmental and human toxicology has not been thoroughly investigated (Li Y et al., 2020). Their
environmental consequences have just recently been taken into consideration (Alazaiza et al., 2022).
Unfortunately, pharmaceutical pollutants have low biodegradability and high hydrophilicity, which
means that present wastewater treatment technologies are not designed to degrade them (Mansouri et
al., 2021). According to a study conducted by Kooijman et al. (2020) (Kooijman et al., 2020), about 16



pharmaceuticals that were studied could not be removed from wastewater using the traditional
coagulation/flocculation wastewater treatment method. Pharmaceuticals and their metabolites are
regularly dumped into wastewater as a result of how frequently they are used, manufactured and
disposed (Wilkinson et al., 2022). These active substances have been discovered in nearly all
environmental matrices on every continent, according to recent global investigations (Bavumiragira et
al., 2022). Groundwater, drinking water, surface water, wastewater, sediments, and biota as well as
wastewater treatment facilities, soils, and sludges have all been shown to have pharmaceutical
pollutants (Dehkordi et al., 2022). These pollutants include non-steroidal anti-inflammatory drugs
(NSAIDs), blood lipid-lowering agents, beta-blockers (B-blockers), anti-retroviral treatments (ARVS),
antipsychotics and antidepressants. All these are pharmaceuticals whose presence in the environment
are of immense concern (Ahmed & Hameed, 2018; Madikizela et al., 2017). Table 1 shows a wide
variety of pharmaceutically active compounds detected in different environmental matrices in various

countries with their classes and detected concentration.

Due to their availability over the counter and lack of a prescription, NSAIDs are the pharmaceuticals
that are used most frequently among PPs (Manrique-Moreno et al., 2016). Similarly, the consumption
of antibiotics is on the high increase in many countries such as India, China, Brazil, Russia, and South
Africa (Mendez et al., 2017) owing to their effectiveness against harmful microorganisms and
pathogens, as well as their increased use in food preservation (Varma et al., 2020). Antimicrobial
resistance in organisms like Staphylococcus, Pseudomonas, Salmonella, and Escherichia coli is
increased when pharmaceutical compounds such as antibiotics are introduced into the wastewater
system. Furthermore, disrupting the metabolism and biodegradation processes of organic matter in
water bodies occurs when the enzymatic activity of microbiota present in the water is interrupted. In
recent years, deaths due to antibiotic-resistant organisms have been reported to be higher than those due
to diseases, such as HIV (Koch et al., 2021). The death of oriented white-backed vultures has been
linked to the consumption of water contaminated with commonly used pharmaceuticals (Oaks et al.,
2004). Different pharmaceutical pollution sources, routes, and receptors in the environment are shown
in Figure 1. Emerging pollutants such as these PPs have recently sparked worries about water quality
standards due to their rising prevalence in the environment. As a result, water quality has deteriorated,
particularly in surface water (Oluwole & Olatunji, 2022). A large portion of the 1,000 water samples
collected from 258 rivers in 104 countries contained concentrations of medicinal drugs that exceeded
safe levels, according to a report from Global Agenda 2022, SDG 6 on clean water and sanitation
(Broom, 2022).



Table 1: Variety of pharmaceutically active compounds detected in different environmental matrices in

various countries with their classes and detected concentration.

Treatment Plants

effluent at
Gyeongsan Public
Wastewater
Treatment Plants

Influent at
Gyeongsan Public
Wastewater
Treatment Plants

Influent at
Gyeongsan Public
Wastewater
Treatment Plants

Influent at
Gyeongsan Public
Wastewater
Treatment Plants

Anti-inflammatory
analgesic drug

Anti-inflammatory
analgesic drug

antibiotics

antiepileptics

diclofenac

diclofenac

sulfamethoxazole
trimethoprim

Carbamazepine

Study Country Investigated Class of Pharmaceutical Concentration of
source Pharmaceutical active compounds | the detected
active compounds pharmaceuticals
Brazil Itaipu Lake Nonsteroidal anti- nimesulide 101.7 to
reservoir in inflammatory drugs 385.0 pg/L
Brazil. (NSAID)
South Africa Umgeni estuary naproxen, 0.36 pg/L
and seawater
northern Durban | Non-steroidal anti- | ibuprofen 0.28 nug/L
in KwaZulu- inflammatory drugs
Natal Province of
South Africa
Brazil Urban wastewater Ibuprofen
of Rio de Janeiro 6.55-27.4 ug/L
affluent Nonsteroidal anti-
inflammatory drugs
effluent from (NSAID) 4.66- 39.88 pg/L
WWTP Penha
Ilha do
Governador, Rio
de Janeiro, Brazil
Republic of Influent at Anti-inflammatory | Acetaminophen 14.0-67.5 pg/L
Korea Gyeongsan Public | analgesic drug
Wastewater

0.13 pg/L

0.11 pg/L

0.013-0.610 pg/L
0.006-0.101 pg/L

0.056-0.176 pg/L




South Africa River water of Antibiotics erythromycin 11.2t0 11,800
selected rivers in ng/L
the Eastern Cape clarithromycin 4.8 t0 3280.4
Province in South ng/L
Africa sulfamethoxazole | 6.6 to 6968 ng/L

anti-epileptic Carbamazepine 81.8t0 36,576.2
ng/L

Jordan Assamra atenolol beta-blocker; 1723-1952 ng/L
wastewater anti-epileptic Carbamazepine 2365-3020 ng/L
treatment plant
(WWTP) is the (anti-inflammatory | paracetamol 14,891-24,309
largest treatment ng/L
facility in Jordan
water resources in
the ZR basin
Samples of
WWTP influent
and effluent and
river water from
four sites along
ZR were
collected.

Ghana surface water Analgesics Ibuprofen 10.0-319.0 ng/L
used for vegetable Paracetamol 27.8 ng/L
irrigation diclofenac 8.0 ng/L

antibiotics amoxicillin 145.0-659.0
trimethoprim 840.0 ng/L
cefuroxime n.d-68.0 ng/L

USA sediments of an stimulants caffeine 0.2 to 24.4 nglg
urban river in Antibiotic trimethoprim 0.01t0 0.83 ng/g
Florida anticonvulsant and | carbamazepine 0.1to 32.9 ng/g

analgesic

Latvia wastewater central nervous caffeine 12 pg/L
treatment plant in | system stimulator
Riga analgesic acetaminophen 42 pugl/L

antibiotic ciprofloxacin 250-400 ng/L

non-steroidal anti-
inflammatory drug
(NSAID)

ibuprofen

100-325 ng/L




PHARMACEUTICAL
COMPOUNDS
MANUFACTURING HUMAN MEDICAL ‘ VETERINARY MEDICAL
INDUSTRIES COMPOUNDS COMPOUNDS
LANDFILL INDUSTRIAL HOSPITAL DOMESTIC CROP/PEST ANIMAL AERIAL
EFFLUENTS | |[EFFLUENTS EFFLUENTS| [ APPLICATION| | WASTES SOUIl?CES
l 1 1 |
LEACHETE Swerage eptic ! i s smmsa !
Untreated System tanks | SOII zone
| discharge SRR ey . :
o s, : Urban Runoff
Soil zone Wastewater i | surface water : r i ARl S S Emgrgencies,
Treatment . T Accidental leakages
Unsaturated Ground water e
zZone l_ .:
E.Receptors.i ®ansssssndunnnnnns .
Pathway Drinking water
Minor Pathway IWI Treatment

Figure 1. A schematic diagram showing possible pharmaceutical pollution sources, routes, and
receptors in the environment (Patel et al., 2019).

The degradation of pharmaceutical waste has been studied using a variety of techniques. Example of
these techniques includes bioremediation , adsorption, electrocoagulation , membrane, advanced
oxidation processes (Lozano et al., 2022; Pandis et al., 2022), (UV/H;02), Fenton and photo-Fenton,
ozone-based (Os) processes, photocatalysis, and sonolysis), as well as hybrid processes (Eniola et al.,
2022). Conventional wastewater treatment methods employ multiphase treatments such as clarity,
filtration, coagulation, and flocculation. Conventional wastewater treatment methods cannot ensure the
production of high-quality effluents, and even water that appears to be clean can contain pharmaceutical
contaminants. In biodegradation techniques, plants and bacteria are used to treat wastewater (Xiong et
al., 2018). Wastewater from the pharmaceutical industry is completely mineralized as a result of
biological treatment, leaving no waste behind. Moreover, great efficiency and cheap operation cost
prove it to be a useful instrument. The breakdown of pharmaceutical wastewater by bioremediation
currently has issues because a variety of chemical substances and functional groups of pharmaceutical
substances hinder microbial activity (Alam et al., 2021). Among these techniques, adsorption technique
is the simplest, most affordable, and adaptable way for removing contaminants. However, it does not
entirely break down the pollutants (Karimi-Maleh et al., 2021). The employment of integrated
technologies has recently garnered attention on a global scale due to its improved ability to eliminate
contaminants. The use of combined technologies in the pharmaceutical wastewater treatment process

has been reported by Masood et al. (Masood et al., 2022), who investigated the degradation of



antibiotics namely Doxycycline, Tylosin Tartrate, and Timlicosin Phosphate from real veterinary
pharmaceutical wastewater. The suggested method used multi-metal laden Zeolite 5A as a catalyst in a
hybrid reactor system that combines electro flocculation and catalytic ozonation. A 55-99% breakdown
of antibiotics was accomplished as a result of improved catalytic activity of metal-loaded zeolite. Sarkar
et al. (2019), (Sarkar et al., 2019) also studied an integrated treatment strategy for the removal of
pharmaceutical waste. A. faecalis JF339228 and E. aurantiacum were used in the study of biological
treatment after chemical treatment with ozone and adsorption by activated carbon made from the coffee
husk. The combined approach demonstrated a synergistic effect in the breakdown of ondansetron with
the least amount of chemicals and time needed. The observed elimination percentage ranged from 71

to 90%. The integrated treatment system was effective, affordable, and partially eco-friendly.

2.1 Tetracycline as emerging contaminant

Among the common pharmaceuticals found in water are antibiotics, particularly the tetracycline family.
Tetracyclines are the second most widely used antibiotics worldwide due to their potency against
numerous disease-causing bacteria in humans and animals (Adeyemi et al.,, 2021). Moreover,
tetracyclines are known to have specific characteristics not shared by other antibiotics. These
characteristics include the ability to inhibit inflammation, anticancer potential, metabolism of bones,
chelation of metal ions, apoptosis, angiogenesis, and proteolysis (Priya & Radha, 2017).
Oxytetracycline and chlortetracycline are two of ten licensed growth promoters and antimicrobial
agents registered in the United States (Daghrir & Drogui, 2013). Tetracycline is commonly used in
veterinary medicine and aquaculture. Other pharmaceuticals in this category are doxycycling,
demeclocycline, minocycline, methacycline, sancycline and chelocardin. Cyclic and aromatic rings are
present in their structure (Figure 2). Despite their high consumption rate, many of these antibiotics are
reported not to be entirely used by the living organisms’ system. Instead, unutilized antibiotics are
released into the environment as urine and faeces (Heilig et al., 2002). Through these media, by leaching
and surface runoff, antibiotics gain access to the ground and surface water (Zhang et al., 2011). The
continuous presence of these antibiotics in water leads to detrimental effects on both the environment
and the organisms. For instance, the permeability of algae cells in freshwater has been reported to be
negatively impacted by the presence of tetracyclines in water (Xu et al., 2013). Similarly, the population
of organisms such as fish, zooplankton, macrophytes, and microphytes has been negatively impacted
due to the presence of tetracyclines in water (Kovalakova et al., 2020). Due to tetracycline’s low
metabolism, around 60-90%, it is discharged into the environment in its original form or metabolized
(Guo et al., 2017). Several studies have shown that long-term exposure to antibiotics has harmful
consequences, including acute or chronic disease, further endangering the ecosystem and humans (Jang
etal., 2018) .
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Figure 2: Structures of representative members of the tetracycline family.

2.1.2 Toxicity of tetracycline on plants and animals

The presence of tetracycline in various environments leads to different toxic effects on plants, humans,
and the environment (Balakrishnan et al., 2023). The effects of high volume of tetracycline in the
environment on different plants have been investigated. Accumulation of tetracycline was detected in
the root and stems of Ipomoea aquatic and Brassica rapachinensis. The concentration was found to be
higher in the field that was polluted with tetracycline (Chen et al., 2017). There is a risk of transferring
tetracycline into the plants and animals that consume these vegetables. In a different research, it was
discovered that the accumulation of tetracycline in the plant, up to 5 mg/L, negatively impacted the
content of malondialdehyde in the plants. It also affected the frequency of chromosome aberration in
plants (Xie et al., 2011). Other plants that have been investigated for the impact of tetracyclines are

shown in Table 2.
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Table 2: Toxic effects of tetracycline on different plants

Plant Plant part with | Type of tetracycline | Effects of tetracycline on plants Ref.
investigated | tetracycline and concentration
accumulation
Cucumber, | Roots and leaves Tetracycline, Negative impacts on the growth of | (Ahm
tomato, and oxytetracycline, the plants ed et
lettuce chlortetracycline (5-20 al.,
mg kg soil) 2015)
Ryegrass Roots Tetracycline (0-100 mg | Stunted growth and decrease in the | (Han
LY concentration of chlorophyll and | et al.,
carotene with increasing tetracycline | 2019)
concentration. It equally affected
amino  acid  metabolism  and
biosynthesis of
aminoacyl-tRNA
Rice Roots Zwitterionic Maximum Root Concentration | (Boon
tetracyclines Factors of the order of | saner
(50mg L™ 2000 L  kg! (dw) and| &
concentrations in root tissue of | Hawk
greater than 1000 mg kg* (d.w.) er,
2012)
Pea Roots Tetracycline (150 mg | Modification of biochemical | (Marg
seedlings kg of soil) processes connected with protein as et
al.,
2016)
Peanuts Leaves, stems, | Tetracycline Translocation as a result of | (Zhao
kernels, roots and tetracycline accumulation in the | et al.,
shells tissue 2019)
Iberis Leave and shoot Tetracycline Inhibition of photosynthetic activity, | (Di
semperviren oxidative stress in plants as well as | Marc
sL. large reduction in plant growth and | 0 et
development al.,
2014)
Zea mays Roots, stalks, and | Oxy- (15 mg L) and | Inhibit the growth of the plants (Migli
leave Chlor-tetracycline ore et
(5 mg LY while the al.,
residue is 1-50 ng g* 2010)

In terrestrial animals, tetracycline has been found to have negative effects on the traits of the animals.

For instance, in the studies conducted on Cordylochernes scorpioides, the sperm number, female

reproduction, and body sizes of both male and female species were found not to be affected by

tetracycline. However, the sperm viability of the male species exposed to tetracycline was reduced

significantly compared to the male species without tetracycline treatment. This trait was passed to the

male offspring that were not treated with tetracycline, but the effect was not noticed in the F, grandson

of Cordylochernes scorpioides (Zeh et al., 2012). The impact of tetracycline on aquatic animals has

also been observed to be significant. Zhang et. al., discovered that exposure to 20 pug/L tetracycline in

zebrafish resulted in oxidative stress-induced apoptosis and oxidative damage. The effects of these were
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an uninflated swim bladder, increased yolk sac area, shorter body length, and delay in hatching (Zhang
et al., 2015). Gambusia holbrooki, which is a freshwater fish species experienced histological changes
in the liver and gills when exposed to tetracycline. Also, there was observed pro-oxidative activity in

the fish due to tetracycline exposure (Nunes et al., 2015).

2.1.1 Removal methods for tetracycline in water

The toxicity of tetracyclines in water has led to their removal using various conventional methods (Table
3). Apart from these examples, other methods that have been used for removing pharmaceuticals and
other organic pollutants in water are: thermal desorption, air stripping, settling, solvent extraction, solar
destruction, vitrification, zero-valence iron, Fenton oxidation, molten salt oxidation, molten metal
pyrolysis, ultrasonic technology, reduction processes, plasma systems, and bioremediation. All these
methods have their own advantages but also have several limitations (Ajiboye et al., 2021a; Taoufik et
al., 2021). The need to overcome these limitations led to the use of membrane technology. Studies have
been carried out to enhance the properties of the membrane. One of the efforts towards achieving a
more efficient membrane is the use of biocompatible ionic liquid for the synthesis of membranes
(Khalid et al., 2023). The use of membrane technology with photocatalysis has also been reported, thus
leading to the synthesis of photocatalytic membranes. Photocatalysis is advantageous because it is
carried out by using cheaply available light and a photocatalyst. Also, the pollutants are degraded rather
than being transferred from one medium to another. Among the common photocatalyst materials used
are photocatalytic membranes. The advantages of photocatalytic membranes are their reusability, good
separation efficiency, easy recovery, and reduced membrane fouling (Balakrishnan et al., 2022). The
ceramic membranes are thermally stable, resistance to solvents and chemicals, durable, and possess
high mechanical strength (Nabila et al., 2023).The photocatalytic properties of the membranes are also
enhanced when the ceramic membranes are functionalized with other photocatalytic materials (He Z

et al., 2019). As a result, the use of their composite for the removal of pollutants in water is desirable.

13



Table 3: Methods of removing tetracyclines from water

25, 35 and 45 °C, respectively and
maximum adsorption of 93.0%.

Removal method | Tetracycline removed Performance Ref.
Membrane Tetracycline hydrochloride | 98.9% of antibiotic removed (Liu et al.,
filtration 2017)
Hydrolysis 4-epitetracycline 0.3-97.8% of its antibacterial | (Kang et al.,
hydrochloride and | activity was lost after 6 h hydrolysis | 2012; Yi et
anhydrotetracycline at 85 °C al., 2016)
Reverse osmosis Tetracycline and | More than 90% removal efficiencies | (Li et al.,
oxytetracycline 2009)
Electrochemical Oxytetracycline Removal of 87.75% and 93.2% | (Nariyan et
oxidation hydrochloride when aluminium and iron were | al., 2017)
respectively used as the anodes with
optimum  current density of
20 mA/cm? for both anodes
Supercritical Tetracycline hydrochloride | Removal rate of 100% at | (Gong et al.,
oxidation 1000 mg/L, 400 °C and 100 s 2022)
Ozonation Tetracycline 89.1% of the COD removal in the | (Hou et al.,
presence of catalyst 2013)
Electrochemical Tetracycline 90% and 84% degradation was | (Gul et al.,
Incineration achieved after 30 min at 30 and | 2013)
20 mAcm™ respectively
Phytoremediation Hydrochloride salt | 99% and 54% of the total amount of | (Guo et al.,
of tetracycline tetracycline were removed within | 2019)
2 hand 5 days, respectively by using
Myriophyllum aquaticum
Sludge digestion Tetracycline The maximum adsorption capacities | (Li et al.,
were 2.984, 4.108 and 4.618 mg/g at | 2013)

2.2 Membrane technology

Membrane technology has recently become one of the most popular methods for treating wastewater

because of its environmental friendliness, ease of use, simple upscaling and downscaling processes, and

seamless integration into other wastewater treatment methods. In addition to providing effective

treatment of wastewater, membranes can be recycled and used to generate significant economic, social,

and environmental benefits. A membrane is a porous layer that allows fluid to flow through it while

restricting contaminants based on their physicochemical properties (Chadha et al., 2022; Obotey

Ezugbe & Rathilal, 2020). It serves as a barrier in the treatment of wastewater by allowing water to pass

through while trapping undesirable pollutants (Capodaglio, 2021). Membranes are categorized

according to their type, structure, material composition, and charge as illustrated in Figure 3. The

fundamental separation principles employed in the membrane process to remove contaminants from

wastewater are based on their size or charge which includes adsorption, sieving, and electrostatic

phenomena (Arola et al., 2019). As a result, four membrane processes namely microfiltration,
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ultrafiltration, nanofiltration, and reverse osmosis are used in the removal of pollutants (Loganathan et
al., 2022) and they differ based on the size of their pores. The most common pressure-driven membrane
processes used in the removal of dissolved contaminants with very small molecular weight, such as
pharmaceutical compounds and organic dyes are reverse osmosis and nanofiltration. Due to the ease
with which these contaminants pass through the membrane, other filtration techniques like
microfiltration and ultrafiltration hardly ever remove them. The only way these techniques can be
employed in the removal of these contaminants is to act as pre-treatment steps that remove other

pollutants such as organic matter (Ganiyu et al., 2015).

Membranes are primarily categorized into organic (polymeric) and inorganic (ceramic) types
(Kotobuki et al., 2021). Organic membranes are those that are made up of nonporous polymeric
materials, such as cellulose acetate, polyethersulfone, polyimide, polysulfone, polymethylpentene,
polycarbonate, polydimethylsiloxane, and polyphenylene oxide (Binazadeh et al., 2023). Ceramic
membranes are fine artificial porous membranes made from sintering inorganic materials, such as
alumina, zirconia oxide, titanium, silicon oxide, silicon carbide, and silicon nitride or a combination of
these materials under high temperatures (Zhang Y et al., 2023). At the moment, large-scale polymeric
membrane systems are widely used over inorganic membranes due to good selectivity, ease of
controlling pore size during formation, high flexibility, and cost-effectiveness (Sonawane et al., 2021).
Most applications of polymeric membranes are in gas separation and desalination due to high
permeation and selectivity. They are, however, under-utilized in areas such as wastewater treatment due
to low stability towards high temperatures, chemicals and harsh conditions (Ismail et al., 2010).
Consequently, inorganic membranes have rapidly received global attention in being considered as one
of the potential candidates to replace available polymeric membranes (Salleh et al., 2011) due to several
characteristics such as high stability under a variety of operating conditions such as temperature, and

toxic chemicals, high eco-compatibility and scalability (Shehata et al., 2023).
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Figure 3:Types of membrane employed in the wastewater treatment sectors (Bera et al., 2022)

2.2.1 Ceramic membrane technology in wastewater

Ceramic membranes can be classified as either symmetric or asymmetric based on their structural
properties (Figure 4) (Sarp & Hilal, 2018). Symmetrical structured ceramic membranes have pores that
are uniform in size across the membrane's thickness as shown in Figure 4(a). Conversely, asymmetric
ceramic membranes feature three layers with pore patterns that are greatest on one surface and smallest
near the other surface Figure 4(b) (Goh & Ismail, 2018). The membrane relies on a macroporous support
that offers robustness due to its larger pores. Additionally, an intermediate layer with smaller pores
compared to the support layer safeguards against material intrusion during fabrication. Lastly, the
selective active layer, featuring even smaller pores than the intermediate layer, effectively rejects
pollutants (Samadi et al., 2022). The efficiency of separating pollutants in wastewater using ceramic
membranes depends on factors such as the membrane's pore volume, pore size, size distribution, and

surface chemistry (Zhang Z et al., 2023).
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~ Dense film

Figure 4:The typical cross-section of (a) symmetrical ceramic membrane (Drioli et al., 2017) and (b)

an asymmetrical ceramic membrane (Lee et al., 2015).

2.2.2 Advantages and disadvantages of ceramic and polymeric membranes

As shown in Table 4, both ceramic and polymeric membranes are associated with some advantages and
disadvantages. Some of these drawbacks make it challenging for pristine membranes to fully satisfy the
fundamental property requirements for large-scale applications. For instance, the large-scale use of
ceramic membranes has been adversely impacted by reversible membrane fouling and expensive
production costs. On the other hand, the primary disadvantages of polymeric membranes for widespread
applications are irreversible fouling, biodegradation, and instability in harsh conditions.
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Table 2: Advantages and disadvantages of ceramic and polymeric membranes

Ceramic membranes

Polymeric membranes

Advantages

Experience fewer failures in terms of
breaches to the filtration barrier

Easily modifiable and accessible

Tolerance of ceramic membranes to a
wider variety of chemicals and chemical
concentrations

Lower production cost

Endure higher pressures

Ease of fabrication

Water recovery of a ceramic membrane
system exceeds 98%

The rejection layer is thicker

Longer service life

Can be sintered at lower

temperatures

Disadvantages

Higher capital cost

Polymeric membranes have a
defined range of allowable
chemical types and
concentrations for cleaning.

The difficulty of achieving high
selectivities in large-scale microporous
membranes.

Doesn’t endure higher pressures

Difficult membrane to module sealing at
high temperature

Water recoveries in the 93-96%
range

Suffer from biofouling and
biodegradation

Low membrane surface per module
volume

The rejection layer is thinner

2.2.3 Challenges facing ceramic membrane technology and the remedial actions

The large-scale water treatment by ceramic membranes is limited due to high membrane fouling,

concentration polarization, high cost of commercially available porous ceramic membrane raw

materials and relatively high firing temperatures (Chaari et al., 2021). These challenges tend to reduce

the effectiveness of membrane separation in wastewater treatment (Obotey Ezugbe & Rathilal, 2020).
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2.2.3.1 Ceramic membrane cost

Alumina, zirconia, silicon oxide, titanium oxide, and their composites are among the ceramic oxides
that are frequently utilized for commercial ceramic membranes, along with non-oxide ceramics (silicon
carbide and silicon nitride) (Dong Y. et al., 2022). These raw materials are expensive, their cost price
range from $500-3000/m?. The preparation of membranes from these materials requires high firing
temperatures (1300-1500 °C) (Chaari et al., 2021). Hence, the large-scale application of ceramic
membranes in wastewater treatment is very limited due to their high production cost. Many efforts have
been made to reduce the fabrication cost of ceramic membranes to promote their widespread use. The
utilization of commonly available and affordable materials such as ceramic membrane raw materials is
drawing a lot of attention in these initiatives. These materials include natural kaolin, phosphate , coal
fly ash, clay and rice husk (Hubadillah et al., 2020). Clay, kaolin, and coal fly ash shown in Figure 5
are the most often utilized low-cost materials for the fabrication of ceramic membranes, according to a
literature review by Abdullayev et al. (Abdullayev et al., 2019). These materials can replace industrial-
grade materials used in the fabrication of membranes because they have considerable amounts of SiO»
and Al>Os in their mineralogical compositions as shown in Table 5. Insignificant amounts of metal
oxides like Fe,Os, TiO,, and others contribute to the membrane's strength and function as catalytic
modifiers in ceramic membranes.

®m Geopolymer

m Sugarcane bagasse ash
m Rice husk ash

m Portland cement

®m Natural zeolite m Clays

m Apatite

Quartz sand 5%

u Fly ash m Kaolin

Figure 5:Representation of different raw materials in studies of low-cost ceramic membranes
(Abdullayev et al., 2019).
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Table 3: Mineralogical composition of kaolin, bentonite clay and coal fly ash

Material | Country | Percentage mineralogical composition Ref
SiO, | AlLOs | Fe O3 MgO | CaO | KO TiO, | P,Os | Others
Kaolin Malaysia |57.1 |37.8 |09 0.6 0.3 1.8 | 0.6 0.3 0.7 (‘Yahaya et al.,
2017)
Uganda 492 359 |05 0.1 - 1.0 |01 |01 |131 (Nyakairu et
al., 2001)
Egypt 410 [36.1 |53 0.1 - 10 |32 |01 |132 (Saber et al.,
2018)
Coal f|y Canada 547 | 211 |44 1.6 8.0 18 | 0.7 0.3 7.4 (Goodarzi,
ash 2006)
Poland 504 |26.3 |54 2.6 3.5 28 |11 0.5 7.4 (Strzatkowska,
2021)
South 51.43|30.93 | 2.3 2.0 68 (08 |17 |11 2.9 (Ayanda et al.,
Africa 2012)
Bentonite | Morocco |56.6 |179 |20 0.1 1.2 15 |0.3 0.1 20.3 (Ddani et al.,
China 48.7 |29.1 |23 1.7 0.2 33 |44 0.1 10.2 (Hong et al.,,
2019)
Portugal 67.7 | 16 2.3 4.5 21 (01 |01 |- 7.2 (da Silva
Favero et al.,
2019)

2.2.3.2 Fouling and concentration polarization

Increased concentration of the rejected suspended or dispersed materials close to the membrane surface
leads to concentration polarization. Membrane fouling occurs when suspended or dissolved materials
are irreversibly deposited on the exterior membrane surface or membrane pores, impairing the
membrane's overall functionality (Kuvarega & Mamba, 2016). Membrane fouling causes the holes of
the membrane to keep contracting, which lowers the water quality and flow. It may be necessary to
replace the membrane to prevent this kind of extreme fouling, in addition to using intensive chemical
cleaning techniques (Ahmed et al., 2022). If a strong casting of the fouling stratum is generated with
the solution during the filtration operation, contradictory fouling could transform into an irreversible
fouling layer (Liu et al., 2019). When a membrane filter becomes fouled, it affects the performance of
the membrane and frequently requires expensive cleaning processes that interfere with the membrane
filtration process, such as back permeation, flushing, backwashing and air scouring (Gul et al., 2021).
To improve the reduction of membrane fouling, which is a significant problem for membrane processes,
membrane modules and membrane elements are continuously modified. In several wastewater
treatment plants, the potential for merging two or more membrane processes or with different
technologies like coagulation or adsorption is also continuously being studied, developed, and
implemented (Obotey Ezugbe & Rathilal, 2020).
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Coagulation is one of the best pre-treatment methods for reducing membrane pore blockage and cake
layer resistance because of its excellent performance, low cost, and capacity to remove naturally
occurring organic waste (Zhang et al., 2022). Due to their high coagulation efficacy and economical
nature, Al- and Fe-based salts are the most widely used coagulants (Chekli et al., 2017). Liu et al. (Liu
et al., 2022), studied the influence of titanium-based coagulant (poly titanium chloride) on controlling
membrane fouling on the ceramic membrane. According to the results, 78.0% of organic particles were
removed. The permeate flow through the ceramic membrane was higher than that of the traditional poly
aluminium chloride case. For poly titanium chloride, the formation of a cake layer caused fouling of
the ceramic membrane, whereas for poly aluminium chloride, clogging of the membrane pores was the

major cause of fouling.

2.2.4 Coal fly ash as a sustainable alternative to commercial materials in membrane
fabrication

Application of ceramic membranes is mainly at the laboratory scale due to the high cost of raw
materials, multi-manufacturing steps and high sintering temperatures (Drioli et al.; Lorente-Ayza et al.,
2016). The estimated cost price of ceramic membranes ranges from $500 to $1000 per square meter,
with the price of polymeric membranes accounting for 25% of that price (Li C et al., 2020). In order to
enhance the price competitiveness of ceramic membranes for large-scale applications, it is imperative
to lower the fabrication costs associated with them (He Z et al., 2019). The use of improved ceramic
membranes for wastewater treatment appears to hold a significant prospect for future advancement in
water treatment and sanitation. Several studies have employed ceramic membranes in wastewater
treatment and the search for low-cost and environmentally friendly starting materials has continued to
engender research interests. Therefore, solid wastes and readily available materials rich in Al,O3; and
SiO2 such as coal fly ash can be used as starting material for ceramic. It has been demonstrated in
numerous studies that it is possible to fabricate ceramic membranes from coal fly ash. The utilization
of these affordable starting materials in large-scale membrane processes presents sustainability,
environmental benefits and potential high removal efficiencies for pollutants (Samadi et al., 2022; Zhou
etal., 2022). In addition to resolving the problem of poor water quality, the use of coal fly ash in ceramic
membranes in wastewater treatment represents a milestone in waste management because coal fly ash

has detrimental environmental consequences (Mushtaqg et al., 2019).

2.2.4.1 Coal fly ash

Coal fly ash is a residue that is generated through the combustion of pulverized coal in thermal power

plants (Ghazali et al., 2019). It is an extremely fine, heterogeneous powder mixture of crystalline and
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amorphous phases with spherical geometry, and particle sizes between 10 and 100 microns (Dwivedi
& Jain, 2014). Oxides of silicon, aluminium, calcium, iron, and calcium are the main components of
coal fly ash. There are also little amounts of magnesium, calcium, potassium, sodium, titanium, and
sulphur as shown in Figure 5. Significant levels of hazardous metals such As, Ba, Hg, Cr, Ni, V, Pb,
Zn, and Se are also present in the coal fly ash (Labidi et al., 2023). These toxic substances may seep
out of it and pollute the environment. Additionally, they may cause cancer, skin and lung infections,
nausea, vomiting, and organ dysfunction in people(Jaishankar et al., 2014). Coal fly ash can be further
divided into two classes: Class C and Class F, depending on where the coal came from. Class F is from
bituminous and anthracite coals, which have a lower calcium concentration than Class C's high calcium
content (above 20%) lignite and sub-bituminous coals (Wang et al., 2021). Compared to Class C, Class
F contains a higher percentage of alumina, silica, and iron (around 70%) (Adewuyi, 2021). High calcium
content in class C results in the production of a greater amount of calcium-aluminate-silicate hydrate,
whereas Class F's higher silicon content produces a greater amount of sodium-aluminate-silicate-
hydrate (Gollakota et al., 2019; Vassilev & Vassileva, 2007). The source of the coal, the amount of ash
in the coal, the degree of coal mining and preparation, the conditions during combustion and mining,
the current climate, and other pertinent aspects all affect the properties (physical and chemical) and

composition of coal fly ash (Openshaw, 1992).
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@ Network modifier (Na*, K*, etc.)

“ Network former (SiO,4)
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Al(V) or Fe(V)

Fly Ash Particle

Figure 6:Schematic Illustration of the structure of coal fly ash (Jin et al., 2020).
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Around 8,025 Mt of coal were used worldwide in 2022 (Fig 7a) by several industries, including cement
manufacturing, iron and steel production, and power generation. As a result, a lot of coal fly ash is being
produced, but less than 30% of them are being recycled. Consequently, disposal takes up a lot of space,
which is a significant problem. Transporting the coal fly ash for disposal also comes at a considerable
expense. Coal fly ash is also harmful to the environment since it can contaminate the air, water, and soil
and leach hazardous compounds (Feuerborn et al., 2019; Jayaranjan et al., 2014). Because of this,
experts are now concerned about how to properly manage, dispose of, and use coal fly ash. Even though
there has been a lot of research done on the global usage of coal fly ash (Fig (7a)), the building industry
as shown in Fig (7b) is currently where it is most frequently used. These applications are ascribed to
shape, surface area, high strength, lightweight, and non-toxic and porosity, among other physical
characteristics (Nsiah-Gyambibi et al., 2023). The most lucrative application of coal fly ash in terms of

volume is as a raw material for ceramic membranes, yet little study has been done in this field.
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Figure 7: (a) Changes in global coal consumption (b) various uses of coal fly ash (IEA, 2020;
Shearer, 2014).

2.2.4.2 Synthesis of coal fly ash-based ceramic membranes

The fundamental components required for the manufacture of ceramic membranes include inorganic
precursors, and additives such as solvents, dispersants, pore formers, binders, and plasticizers. The
fabrication process involves three primary steps which are: (1) preparation of suspension or paste from
precursor material and additives, (2) shaping the suspension/paste into a desired geometry such as
tubular, plate or disc configuration and (3) drying, and sintering of the resultant ceramic membrane
(Ajiboye et al., 2023). An optional step, which involves the leaching of undesired elements in the coal

fly ash before the mixing of raw materials and additives is determined by the analysis of the elemental
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composition of the coal fly ash. The allowable concentrations of these elements are guided by the
thresholds indicated in the national guidelines for heavy metal release. This is due to the possible
presence of large levels of toxic metals such as Ba, As, Hg, Cr, Ni, V, Pb, Zn, and Se in coal fly ash
(Dan et al., 2021; Peng et al., 2022). The most common manufacturing techniques for ceramic
membranes are freeze casting, slip casting, tape casting, pressing and extrusion. The choice of a ceramic
membrane fabrication technique depends on application requirements, the desired membrane geometry,
and the specific starting materials (Issaoui & Limousy, 2019). In the fabrication of ceramic membranes,
the additives have a variety of important functions. The viscosity of the slurry is controlled using
solvents like water and those with organic bases, such as acetone, to make it easier to spread over the
carrier film and to increase the uniformity of the additives in the ceramic powder. Ceramic particles can
be held together using binders such as polyvinyl alcohol, sodium metasilicate, carboxymethyl cellulose
(CMC), and others. The settling of the powder particles is prevented by the use of dispersants like
sodium hexametaphosphate (Zhang Z et al., 2023), sodium carbonate, and boric acid (Singh & Bulasara,
2015). In order to make synthetic membranes more flexible, glycerine is mostly utilized as a plasticizer.
The porous ceramic membrane's porosity is increased using pore-forming materials including
dextrin(Huang et al., 2022), calcium carbonate(Jiang et al., 2018; Singh & Bulasara, 2015; Wei et al.,
2016), and spherical graphite (Cui et al., 2023; Das & Kayal, 2023) which decompose completely
during the sintering process. Table 6 gives the properties, configurations, and fabrication techniques of

some coal fly ash based ceramic membranes.

2.2.4.3 Synthesis of coal fly ash ceramic membranes by pressing method

Axial pressing and isostatic pressing are the two pressing techniques used in the fabrication of ceramic
membrane supports. Axial pressing is classified as dry or wet, with dry pressing involving dry powders
without water and wet pressing involving the addition of water to ceramic raw materials. The two types
of isostatic pressing are cold pressing and hot pressing. Cold isostatic pressing creates membrane
support using external pressure, but hot isostatic pressing creates the desired shape using heating. While
isostatic pressing applies pressure from various directions to boost shape capabilities, axial pressing is
more affordable and appropriate for high volume manufacture of simple geometrical ceramic
membranes (Monash et al., 2013). Apriyanti et al (Apriyanti et al., 2021) used the dry pressing method
to fabricate flat ceramic membrane from coal fly ash. When a pressure of 1 bar and calcination
temperature of 1100 °C for 7 h was applied, the resulting membrane was more durable and had a
homogeneous surface free of any cracks. The coal ash membrane's major crystal structure morphology
was Al;Os, according to XRD analysis. Due to the formation of a robust and porous ceramic membrane,
the findings from the study demonstrated that coal fly ash can be used as a raw material for ceramic
membranes. Liuetal (Liu et al., 2016) fabricated a cylindrical-shaped porous ceramic membrane using

wet ball milling and uniaxial pressing. Dolomite was employed as a pore-forming agent, sintering
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inhibitor, and reactant in addition to coal fly ash as the starting material. The findings demonstrated that
the addition of dolomite effectively modified the support pore structure by increasing pores through the
release of CO, and preventing coal fly ash from sintering while supplying sufficient mechanical strength
and good thermal characteristics in the finished porous ceramic membrane. In a similar study,
Chathurappan et al reported the suitability and effectiveness of dry pressing method in the fabrication
of coal fly ash based ceramic membranes. The main raw materials used in the synthesis process were
coal fly ash and fuller clay. The procedure involved in the fabrication is shown in Figure 8
(Chathurappan & Jayapal, 2022).
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Figure 8:Schematic illustration for the preparation of coal fly ash based ceramic fabrication by dry

Mixing of flyash with
other ingredients

Fabrication of circular disk
by Uniaxial compaction

Ceramic Membrane

pressing method (Chathurappan & Jayapal, 2022).

2.2.4.4 Synthesis of coal fly ash ceramic membranes by extrusion method

One of the often-employed conventional methods for fabricating multi-channel ceramic membranes
that may be produced on an industrial scale is extrusion. The homogeneous, high-viscosity paste created
by combining aggregate powder with additives is vacuum melted and aged. The additives form the
required plastic properties for effective shape-forming without losing cohesiveness. The uniform high
viscosity paste is then extruded into tubular supports by a nozzle after entering the vacuum extruder.
To preserve the synthetic membrane’s final structure, the remaining chemicals are evaporated. The most
significant factors for process control are the applied pressure in extrusion and the rate of extrusion.
The diameter of the raw material, the amount of binder, and the sintering temperature on the support
affect the qualities and performance of the synthesized membrane (Agtas et al., 2021; Fan et al., 2016).

Huang et al synthesized coal fly ash based ceramic membrane with high efficiency for water and heat
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recovery. Dextrin was utilised as a binder, while carboxymethyl cellulose was used as a pore-forming
agent. The procedure involved in the fabrication is shown in Figure 9 (Huang et al., 2022). In another
study, Jedidi et al. (2011) reported the fabrication of porous tubular coal fly ash based ceramic
membrane using extrusion method. At a constant sintering temperature of 1125 °C, it was demonstrated

that the ceramic membrane synthesized exhibited favourable mechanical and chemical resistances.

Additionally, it possessed a significant average porosity of 51% and a mean pore diameter of 4.5 pum.

The membrane's permeability was measured at 475 L h™* m~2bar.
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Figure 9:Fabrication of coal fly ash based ceramic membrane via extrusion method (Huang et al.,
2022).

2.2.4.5 Synthesis of coal fly ash ceramic membranes by slip casting method

Slip casting is an easy, affordable, and adaptable technique. It is used to fabricate ceramic membranes
with complicated shapes that are non-concentric and uneven. In slip casting technique high solid content
suspensions are poured into porous cast molds, allowing the solvents to seep through the pores and
precipitate the particles into a layer as illustrated in Figure 10. The resultant material is sintered after

de-moulding, which is the final step in producing the desired ceramic membrane. The fabrication of
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ceramic membranes from coal fly ash using the slip casting method was first reported by Jedidi et al.
(2009). The primary chemical components of the coal fly ash employed in the study are mainly
comprised of SiO,, Al,O3, and Fe;O3. The minor components were made up of a variety of alkali metals.
Fly ash powder, distilled water, and polyvinyl alcohol (PVVA) were mixed to create the slurry. The final
membrane was subjected to a thermal process that involves 24 hours of room temperature drying
followed by 800 °C sintering. SEM images showed that the membrane surface was uniform and free of
cracks. The results showed that the active layer's average pore diameter was 0.25 um and its thickness
was close to 20 um. The fabricated ceramic membrane had a 475 L/h/m? bar permeability. A number
of factors, such as sintering temperature, casting time, suspension pH, particle size, etc., have an impact
on the properties of slip casted ceramic membranes (Kim et al., 2015). Fang et al. (2011) investigated
the effect of slip concentration, withdrawal speed and casting time on the preparation of coal fly ash
ceramic membrane fabricated using the slip casting technique. The findings showed that an increase in
slip concentration causes a significant increase in membrane thickness as well as an increase in porosity
because more particles adhere to one another. Additionally, it was reported that the optimum slip
concentration should be utilized to prevent the development of surface flaws like cracks. The average
pore size distribution and pore diameters were observed to be unaffected by casting time and pull-out

speed, while the thickness of the membrane was found to be affected.
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Heat treatment

Mould

Demoulding

Figure 10:Schematic illustrations of the slip casting technique for fabricating ceramic membranes
(Goswami et al., 2022).

2.2.4.6 Synthesis of coal fly ash ceramic membranes by Tape casting method

Thin, flat dense ceramic membranes made of ceramic slurry are fabricated using tape casting technique.

The steps in the tape casting method are as follows: A slurry made of inorganic powder and additives
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such as binders, dispersants, and plasticizers are continually dispensed onto a moving substrate while a
doctor blade could be adjusting the thickness (Figure 11). Then, the cast film is dried and sintered to
form the resultant ceramic membrane. The benefit of tape casting is that ceramic sheets can be
configured into any desired shapes, including circular, square, and rectangular shapes and also allows
adjustment of the thickness of the ceramic membrane (Nishihora et al., 2018). However, the main
problem with tape casting is the loss of shape accuracy caused by the deterioration of the plaster mould.
Tape casting also takes a very long time when a slurry of small granules is cast (Hubadillah et al., 2018).
Several factors, including the viscosity of the slip, the distance between the knife blade and the moving
carrier, the depth of the reservoir, and the speed of the carrier, can affect the tape casting process used

to fabricate the ceramic membranes (Mistler & Twiname, 2000).
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Figure 11:Schematic illustrations of the tape casting technique for fabricating ceramic membranes
(Cheng et al., 2018).

Table 4: Techniques used in the manufacturing of coal fly ash-based ceramics and the properties of the

resulting membranes

Ceramic Fabrication Additives Characteristic of the | Ref.
membrane method synthesized material

Hydrophobic Extrusion sodium Increased pore size from (Zhang
Coal-Fly-Ash- hexametaphosphate | 0.15 pm to 1.57 pm, the | Z et al,
Based Ceramic of the suspension | water flux rose 2023)
Membrane served as a

dispersant and the
PVA acted as a

binder
Highly porous | Uniaxial MoO; as a single | Open porosity showed a (Fu et
whisker- pressing sintering additive significant increase from | al., 2019)
structured 41.65+0.13% to
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mullite ceramic Organic binder | 58.14+0.15% as the MoO3
membranes polyvinyl alcohol content increased from 0 to
20 wt.%, accompanied by a
decrease in shrinkage and
pore size in the absence of
any pore-forming agent
Coal fly ash | Uniaxial - The membrane porosity-
based pressing 39.8% hydraulic pore radius | (Chathurap
multipurpose -41 nm. pan &
ultrafiltration The membrane pure water | Jayapal,
membrane flux increased from 2.09 to | 2022)
11.31 m¥m? sec as the
applied pressure increased
from 69 to 483 kPa.
Low-cost Paste-casting | Sodium carbonate | The membranes, which were
microfiltration and boric acid act as | defect-free, possessed an | (Singh &
membranes dispersant average pore size ranging | Bulasara,
from fly ash from 1.2 to 2.3 um and | 2015).
Sodium metasilicate | displayed excellent chemical
acts as binder stability in both acidic and
basic solutions.
Calcium carbonate | Furthermore, they had a
act as pore forming | porosity level of 35-40%.
agent
Porous mullite | Dry pressing | Spherical graphite | Whose apparent porosity | (Cui et al.,
ceramic method as pore-forming | 55.7%, 2023)
supports  from agent.
high  alumina Polyvinyl alcohol | Flexural strength 8.5 MPa
fly ash (PVA) as a binder and
Kaolin-fly ash- | Paste-casting | HsBOs and nascos | Porosity (~34.36-39.0%),
based method were used  to | poresize (~0.65-1.81 um) | (Agarwal
membranes provide flexural strength (~10- | et al.,
homogeneity 30 mpa) 2020)
Calcium carbonate
defines the pore
morphology
Sodium metasilicate
(nazsios.9n20)  acts
as a binder.
SiC-Coal fly | dry pressing | Polyvinyl alcohol Porosity 54.46 % (Das
ash ceramic | method exhibited good, mechanical | & Kayal,
membranes properties 2023)
Graphite- pore
former
Coal fly ash | extrusion Dolomite used as a | Large particles reduced
ceramic method pore-forming mechanical strength of fly | (HuangCh
membrane ash based membranes while | enYang et
Carboxymethyl increasing porosity. al., 2023)
cellulose (cmc) used
as a binder
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Glycerin used as

a plasticizer,
Lumina based | Centrifugalca | - Increased  porosity  and (de la
tubular sting enhanced water permeability | Rocha et
asymmetric technique coincide  with  reduced | al., 2021)
membranes mechanical strength and
incorporated diminished linear shrinkage
with coal fly
ash
High- Uniaxial cold- | PVA solution as | Mechanical strengths 34 - | (Wei et al.,
aluminum coal | pressing organic binder 90 MPa 2016)
fly ash ceramic
membrane CaCoOs pore
supports forming agent
Coal fly ash- | Extrusion Dextrin as pore- | Porosity 38.9-45.9%
based tubular forming agent (Liang et
ceramic al., 2021)
membrane CMC, as organic | Mechanical strength
binder 14.8—36.0 MPa
Glycerin, to
improve the
plasticity
Fly ash | uniaxial organic binder | Porosity 59.25% (Jiang et
cenosphere pressing PVA- al., 2018)
ceramic Mechanical strength
membrane CaCOs- pore | 70 +2.58 MPa
forming agent
Tubular Slip- casting | Dispersant lomar-d | Average pore diameter (Fang
supported 0.77 pm. et al.,
ceramic Binder dsx 3290 2011)
microfiltration
membranes Pure water permeability-
from fly ash 156 x 10* | m2 h? bar?,
respectively,
Transmembrane- 0.1 MPa at
room temperature.
Mullite- Uniaxial Binder- PVA-1750 | A porosity of 45.4 + 0.9% | (Zhu et al.,
whisker- pressing was obtained. 2015)
structured AlF3 as
porous ceramic crystallization
membrane catalyst
MoOs as
mineralizer
Fly ash ceramic | Slip  casting | Polyvinyl alcohol Pore size- 1.47 (um
membrane method (Suresh,
Porosity- 39(%) 2021)
Mechanical strength 1.98
(MPa)
Tubular  coal | Extrusion Dextrin as pore- | Porosity- 44.76-47.30 %
fly ash based | method forming agent (Huang et
al., 2022)
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https://www.sciencedirect.com/topics/materials-science/plasticizer

ceramic
membranes.

CMC, as organic

binder 29.11 (MPa)
Glycerin, to

improve the

plasticity

Mechanical strength 15.16-

As shown in Table 7, each technique has distinct benefits and drawbacks. The process chosen for

fabrication affects the structure and characteristics of produced membranes. A study by (Lorente-Ayza

et al., 2015) compared the microstructure and properties of ceramic membranes of the same

composition obtained by pressing and extrusion. It was observed that the extruded supports displayed

lower porosity and smaller pore size than the pressed supports. The higher the clay content in the starting

composition, the clearer this tendency became.

Table 5: Advantages and disadvantages of ceramic membrane synthesis methods

Ceramic membranes
derived from
inexpensive raw
material fuller's earth
clay.

Zirconia and alumina
based UF and MF

simplest method
for

the fabrication of
ceramic
membranes,

diameter ratio.

Mainly used for
laboratory scale
Results into
defects and cracks
formation

Ceramic Examples of Advantage of the Disadvantage of Ref.
membrane Synthesized ceramic synthesis method the synthesis
synthesis method | membranes method.
1 | Slip casting Tubular ultrafiltration Simple method Long casting time. | (Ounetal.,
ceramic membrane 2017)
based on titania Cost effective Controlling the (Khemakhem
nanoparticles method. wall thickness is et al., 2004).
immobilized on difficult.
macroporous clay- Produce high
alumina support. stable membrane Produced walls are
usually thick.
weak ceramic
Microfiltration and membrane
ultrafiltration ceramic strength
membranes prepared
with Tunisian silty
marls.
2 | Pressing Flat ceramic membrane | Inexpensive Difficulty to fine- | (Tahirietal.,
supports prepared from | technique. tune the 2021) (Rani
Moroccan Rif clay. microstructures et al., 2022)
Applied for large and control the (Del Colle et
production membrane al., 2011)
volumes. thickness to
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porous ceramic
membrane.

3 | Tap casting SisN4 ceramic planar Enables adjusting | Membrane prone | (Tao et al.,
membrane. the thickness of the | to cracking. 2018) (Jana
product. etal., 2011)
Production of
Chitosan based ceramic | The process of tap | irregular shaped
ultrafiltration casting can be membranes.
membrane. automated at cheap
price.
low production
cost and high
production
efficiency.

4 | Extrusion Tubular ceramic high production Size variances and | (Kumar et
microfiltration efficiency configuration al., 2015)
membrane prepared limitations (Abbasi &
from inexpensive clay | wide application Mowla,
mixtures namely. range 2014)

Costly
Mullite and mullite— higher mechanical
alumina ceramic strength Time consuming
membranes.
good product
uniformity

5 | Freeze casting Reticulated skeleton Simple and Have low (Zhou et al.,
ceramic (RSC) inexpensive mechanical 2021) (Liu et
membrane. process. properties. al., 2018)

Alumina ultra-filtration

ceramic membrane.

Less shrinkage on
manufactured
material.

Conditions for
nucleation is
difficult to
modulate and
control.

2.2.5 Coal fly ash based ceramic membrane cost analysis

Ceramic membrane fabrication by commercial starting materials such as silicon carbide, stainless steel,

aluminium, zirconium oxide and silicon nitride are very expensive. Their cost price ranges from $500—

3000/m? with the price of polymeric membranes ranging from $20-200/m? (Vasanth et al., 2011). The

preparation of ceramic membranes from these materials also requires high sintering temperatures

(1300-1700 °C) which also makes the production process costly (Sarkar et al., 2012). Ceramic




membranes offer lower operating costs than polymeric membranes due to their longer lifespan,
simplicity of cleaning by high-temperature steam sterilization, and capacity to restore initial
permeability and water flux by reverse flushing and proper cleaning (Samaei et al., 2018). One of the
main factors that have made the use of coal fly ash in the production of ceramic membranes popular is
their low production cost as shown in Table 8. The inexpensive production costs of coal fly ash based
ceramic membranes is one of the paramount reasons why it is so common to use it in the fabrication of
ceramic membranes. Therefore, the use of coal fly ash as a ceramic membrane starting material is
considered a viable solution. Coal fly ash cost price ranges from $25 to $250/m?. The six ceramic
membranes shown in Table 8 have significantly variable production cost prices because various
expenses during the fabrication of the coal fly ash-based ceramic membrane were taken into account.
The most complete production cost pricing should include the cost of starting materials, processing
costs, maintenance expenses, labour costs, and electricity expenses (Dong Yingchao et al., 2022). The
estimated production cost of a coal fly ash-based ceramic membrane fabricated by Suresh et al (Suresh
et al., 2016) was USD225 /m?. In their cost analysis studies, they factored in various parameters
associated with the cost of coal fly ash, cost of additives, manpower, electricity and equipment. In
another similar study, Goswami et al (Goswami & Pugazhenthi, 2022b) fabricated a coal fly ash ceramic
membrane and the cost price of a unit membrane was estimated by considering several expenses as
shown in Figure 12. The estimated unit cost price established was USD 250/m?. Lower sintering
temperatures and coal fly ash pricing are the two main factors that dramatically lower production costs
(Chen et al., 2019).
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Figure 12:(a) Fabrication cost of coal fly ash based ceramic membrane as percentages of manufacturing

cost and equipment cost and (b) factored in manufacturing expenses (Goswami & Pugazhenthi, 2022b).
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Table 6: Cost of different coal fly ash based ceramic membranes

Coal fly based ceramic membrane Production  cost  price | Reference
(USD/m?)

Novel fly ash blended ceramic membrane in MFC 35.76 (Rao et al.,
2023)

Coal fly ash ceramic membrane 25 (Samaei et
al., 2018)

Defective analcime/geopolymer composite membrane | 31.8 (Shao et al.,

derived from fly ash 2020)

Fly ash-based low-cost tubular ceramic membrane 250 (Goswami &
Pugazhenthi,
2022b)

Low-cost microfiltration membranes from fly ash 17 (Singh &
Bulasara,
2015)

Fly ash based ceramic microfiltration membranes for oil- | 225 (Suresh et

water emulsion treatment al., 2016)

2.2.6 Application of coal fly ash in ceramic membrane for wastewater treatment

The increasing demand for environmental protection and the reuse of waste materials, implies that the
utilization of CFA in different aspects of membrane development is being continually sought. The
presence of heavy metals such as chromium, vanadium and antimony in CFA is a factor that has limited
its application due to the possibility of long-term leaching. This has necessitated the pre-treatment of
the CFA prior to its use in ceramic membranes. Nugteren et al. (2002) reported a forced leaching process
using water, citrate, EDTA, oxalate and carbonate solutions. The use of cation exchange membrane
assisted electro kinetic method for the removal of heavy metals from CFA has been reported by Peng
et al. (2011). After the removal of heavy metals, CFA can serve the following five major purposes in

the development of membranes for wastewater treatment:

2.2.6.1 Membrane precursor

The large amount of CFA being generated as waste in coal-fired electrical power stations, means it can
be a readily available raw material for several industrial processes. Due to its high composition of SiO;
and Al;Os;, CFA can serve as an economical precursor for the synthesis of ceramic membranes for

wastewater purification.

CFA has been significantly explored as raw material for the synthesis of mullite-based ceramics. Mullite
is a solid solution with several unique properties, such as, low thermal conductivity, high chemical

resistance and temperature stability, low thermal expansion coefficient and high flexural strength (Guo
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et al., 2016). CFA pickling could be an important pre-treatment process in enhancing the flexural
strength of mullite ceramics Li Chaoxin et al. (2019). Also, the sintering temperature and the addition
of AlF; as a whisker promoter could influence the final property of the obtained ceramic. AlF; was
observed to influence properties such as phase composition, porosity, bulk density, and aspect ratio of
the obtained whiskers. Mullite obtained from CFA was employed together with multiwalled carbon
nanotubes (MWCNT) to form a hierarchically structured membrane, the membrane achieved complete
retention of E. coli and S. Aureus (Zhu et al., 2019). Interestingly, no pore blockage was reported for

the material and fouling only occurred due to the bacterial cell deposition of the surface.

Tobermorite, a crystalline calcium silicate hydrate, is another ceramic material that has been obtained
using CFA as a raw material(Luo et al., 2017). The excellent mechanical properties and durability of
tobermorite, makes it a potential material in various structural application. The high reaction activity of
tobermorite has been reported to allow for a lower sintering temperature compared to traditional
ceramics Luo et al. (2017),. Aluminum substitution and morphology were also observed to be two
factors that influenced the mechanical property of the membrane. Tobermorite from waste materials
such as newsprint recycling residue and, paper recycling ash have been reported as efficient adsorbent
and cation exchanger in a few studies (Hurt et al., 2022).

In another study, the synthesis of Al,Os-NaA zeolite hollow fibre membranes from CFA with high
efficiency for Pb(ll) ions removal in low concentration has been reported Zhu et al. (2018) reported.
The membrane displayed a pore diameter of 0.41 nm, permeation flux of 670 + 20.6 L/h/m? and Pb(ll)
ion removal reached 99.9% at 0.1 MPa. The high membrane area per volume and thin thickness of the

Al;Os support was important in enhancing the permeation flux of the composite membrane.

2.2.6.2 Sintering additive

The presence of additives often influences shrinkage, dimensional changes, grain growth and
homogenization during sintering of ceramics. With the aid of appropriate additives, the sintering
temperature of ceramics can be reduced through the formation of eutectic composition (Janani et al.,
2014; Li et al., 2023). The sintering additive should enhance densification without decomposing the
base materials, while also introducing a weak interface. Das et al. (2021) reported the use of CFA as
sintering additive in the synthesis of a mullite bonded porous SiC ceramic membrane. The obtained
membrane exhibited high water flux of 5261 L/m/h bar, mean pore size of 3. 7 um open porosity of
44.4%. The membrane was able to achieve 91% removal of oil from a kitchen wastewater with initial
oil concentration of 1657 mg/L. The presence of CFA as a sintering additive, allowed for the processing
of the membrane at a lower temperature, without comprising its mechanical and permeability

characteristics.
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2.2.6.3 Membrane filler

To improve the hydrophilicity and stability of polymeric membranes, inorganic fillers have become
very important in forming mixed matrix membranes. These membranes possess numerous advantages
arising from the synergy between the organic and inorganic phases (Saranya et al., 2017). Several
studies have explored the incorporation of ceramic metal oxides such as cerium oxide (CeOy), zirconium
dioxide (ZrO;) and aluminium oxide (Al.O3) as nano-fillers for ceramic membranes in wastewater
treatment because of their potential to enhance the selectivity, surface area, hydrophilicity and stability
of polymeric membranes (Lavanya et al., 2021). Because of the large amounts of fly ash being produced
by power stations and the similarity between the chemical composition of fly ash and traditional raw
materials, the use of fly ash in membrane fillers as high economic and environmental value(Jha et al.,
2008). The mechanical properties of ceramics obtained using fly ash fillers, generally depends on the
guantity of the reinforcing materials, component of ceramic, porosity, shape, interfacial interaction
between filler and composite matrix and the presence of other reinforcements(Manocha et al., 2012).
As observed by Manocha et al. (2012), the porosity of a carbon-fly ash-ceramic composite was observed
to increase with higher fly ash composition. This improved porosity, however, implies that the
membrane suffers from reduced coefficient of friction. This limitation could be mitigated by adding
silicon carbide into the mixture, which led to an improvement in the coefficient of friction of the

membrane.

The use of CFA-modified ceramics has been explored in various wastewater treatment processes
because of their unique advantages. Recently, Rao et al. (2023), reported the application of a novel fly
ash blended/potter clay ceramic membrane in microbial fuel cell (MFC) technology for COD removal
from wastewater. The hydration property of the membrane showed CFA concentration dependency,
resulting from the variation in the concentration of SiO, and Al>Os in the composite as the quantity of
CFA is varied. This is significant for the ceramic membrane’s proton conduction efficiency and their
optimal composition is highly important for improved membrane performance. The introduction of
CFA as fillers for the membrane reportedly improved the thermal stability, optimized the pore size
distribution and heterogeneity, enhanced water uptake, improved proton conductivity, and decreased
oxygen mass transport coefficient. This improved property of the CFA-modified membranes was
important in the wastewater treatment efficiency of the ceramic membrane. CFA-filled ceramic
membranes were also reported as micro-electrolysis ceramic media for the pre-treatment of tetracycline
wastewater. Two novel ceramics: sintering ferric-carbon (SFC) and sintering-free ferric-carbon
ceramics (SFFC) based on coal ash, and scrap iron were used in tetracycline wastewater pre-treatment
to improve biodegradability, removal efficiency and inhibit antibiotic-resistant bacteria growth(Yang
etal., 2017).
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2.2.6.4 Membrane filters

Microfiltration membranes comprising of CFA active layer is another well explored application of CFA

in wastewater treatment. Most fly ash membranes developed till date have been focused on the treatment

of oily wastewater. However, the numerous advantages of the materials mean it is being explored also

in the removal of other organic and inorganic pollutants from water. Recently, CFA-based membranes

have been utilized in the treatment of effluents from textile and tin industries, domestic households, and

poultry slaughterhouses. Table 9, shows the application of CFA-based membranes in the treatment of

different industry generated effluents. CFA-based membranes have also been found to be effective for

the removal of bacteria, phenol, and humic acid from wastewater.

Table 7: Application of CFA-based membranes in the treatment of different effluent

Description | Fabrication | Composition | Membrane Wastewater | Efficiency Refer
technique characteristic | type ence
Tubular Extrusion | 75% CFA, | Pore size: | Poultry COD removal: | (Gos
microfiltrati 20% quartz; | 0.133 um slaughterhou | 100%; wami
on 5% calcium | Porosity: se TSS: 100% &
membrane carbonate 40.17%; wastewater Pugaz
Water henth
permeabilityl i,
7.75 x10%(Lmr 2020)
Zh1bar?)
Tubular Extrusion 75% CFA, | Pore Starch-rich COD: 100% (Gos
membrane 20% quartz; | size:0.133 wastewater wami
5% calcium | um; TOC:100% &
carbonate Water Pugaz
permeability:4 Turbidity:100% | henth
.93x10" Lmr i,
2h1par? 2022a
Tortuosity:1.6 )
8
Fly Thermal Mullite Pore size: 0.1 | Oily TOC: 99% (Zou
ash/alumina | spraying whiskers/fly | um emulsion and et al.,
composite ash/polyviny stannic acid | Tin  rejection: | 2019)
membrane rejection 99.9
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I alcohol | Permeability:
/glycerol 445  Lm*h-
1bar
TiO-fly ash | Hydraulic | Fly ash:80%; | Porosity:35% | QOil-in-water | Oil  rejection: | (Sure
membrane press and | Quartz:10%: | Pore size: 1.32 | emulsion 98.7% sh et
hydrother | Calcium um; al.,
mal carbonate:10 | Permeability: 2017)
synthesis | % 6.135 Lm2h
har?
Kaolin/fly Sintering AFA/kaolin/ | Pore diameter: | Distillery Oil  rejection: | (Zou
ash fly ash 0.32 um; wastewater 98.05% et al.,
composite Permeability: 2021)
membrane 3650 Lm?h
Yhar!

The synthesis of microfiltration membranes with CFA as both microporous support and active layer has
been reported Jedidi et al. (2011). The active layer obtained by slip-casting and sintering yielded a pore
size of 0.25 um and possess a water permeability of 475 L/h m? bar. The membrane showed high
efficiency in the treatment of dyeing effluents from the textile industry. The stabilised permeate flux
was 100 L/h/m?, the COD and color removal were 75 and 90% respectively, with the permeate turbidity
reduced to 0.5 NTU from the initial 45.5 NTU.

Modification of CFA membranes with nanostructured materials is a potential route to obtaining highly
efficient filters for wastewater treatment. The incorporation of nanoparticles could influence the
properties of CFA-membranes such as hydrophilicity, permeation flux, and their adsorption property
(ZhangJetal., 2021a). Zhang J et al. (2021a) synthesized Fes0,@CFAS with high efficiency for Cu(ll)
ion removal. The incorporation of FesO. resulted in an enhancement of the hydrophilicity of the
membrane, with no significant alteration in the permeation flux of the composite membrane observed.
The improved hydrophilicity played a significant role in enhancing the adsorption property of the

composite as it promotes contact and chelation of active sites with Cu(ll) ion.

The use of CFA as membrane support have also reported in literatures. The synthesis of a porous
mullite-whisker-structured ceramic membrane supported with CFA and bauxite as starting materials
has been reported Zhu et al. (2015) reported , while AlF; and MoO; acted as crystallization catalyst and
mineralizer, respectively. The introduction of MoO3; was observed to lead to a reduction of the high
temperature viscosity of liquid melts which promoted the growth of elongated mullite crystallites. The

open porosity of the membrane was observed to be enhanced by the introduction of AlFs. At the optimal
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weight composition of MoO; and AIF3 (5 and 4 wt% respectively), the open porosity of the membrane
was 47.3 + 0.6%. The study further affirmed that despite the enhancement of the membrane’s porosity,
the mechanical strength was not compromised even though the membrane was prepared at a relatively
low temperature of 1200 °C. The membrane achieved a total organic carbon removal of over 90% at
0.2 MPa for oil-in-water emulsion.

Recently, the synthesis of TiO, nanofiber membrane loaded on porous fly ash ceramic support was
reported by Zhang J et al. (2021b). The novel composite membrane obtained from fly ash, graphite and
industrial rutile was fabricated using a semi-dry press and hydrothermal process. The composite
membrane showed excellent activity for the simultaneous removal of heavy metal ions and rhodamine
B. The capacity of the membrane for dual functionality as both adsorbent and photocatalyst makes it a
potential cost effective material for wastewater treatment.

The solute rejection efficiency at a constant flux of a choline chloride blended cellulose acetate
membrane, used in CFA support, demonstrated dependence on pH. When the pH was basic, both the
membrane and solute had negative charges, resulting in an increased ability to retain phenol. On the
other hand, when the support membrane was coated with formaldehyde-cross-linked polyvinyl alcohol,
the correlation of the rejection pattern changed considerably, leading to high rejection rates at acidic pH
levels (Gupta & Anandkumar, 2019; Gupta et al., 2020)

2.2.7 Factors affecting the physical properties and performance of coal fly ash based ceramic
membranes

The mean pore size, porosity, flexural strength, and permeability of coal fly ash based ceramic
membrane can be affected significantly by several factors such as sintering temperature, dosage of the
pore-forming agent, particle size of coal fly ash, and dosage of binding additives, as indicated by several
studies. In contrast, numerous experiments have shown that when operating conditions change, ceramic
membranes made of coal fly ash does not crack. However, the precise trend of variation of these factors
with properties and performance could not be established, as a result of the involvement of other factors
that influence both the performance and properties of coal fly ash based ceramic membrane (Goswami
et al., 2022). Therefore, major factors that need optimization in the fabrication of coal fly ash ceramic

membrane are highlighted in this section.
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2.2.7.1 Effect of sintering temperature on the properties of coal fly ash ceramic membranes

The properties of coal fly ash ceramic membranes are affected by the sintering temperature. Singh and
Bulasara (2015) examined how the sintering temperature affects the properties of a ceramic membrane
made from coal fly ash. The membranes were sintered at 800, 850, 900, and 1,000 °C. The physical
characteristics of the coal fly ash ceramic membrane, including color, tensile strength, crystal phase,
pore size, and porosity, were observed to be impacted by changes in the sintering temperature. The
results showed that the average pore size only increased for the membrane sintered at 1,000 °C whereas
it decreased for sintering temperatures up to 900 °C (Fig. 13a). Except for those sintered at 1,000 °C, as
shown in Fig. 13b, the sintered membranes all had similar colors. Fig. 13c shows that when sintering
temperature increased, mechanical strength also increased. Continuous phase transitions occur during
the sintering process, as shown by a comparison of the XRD patterns of various samples (Fig. 13d).
The membrane sintered at 1,000 °C lost anorthite, which was a significant component in the other four
samples. Throughout the sintering process, other phases underwent changes and their contents changed
as well. The membranes' porosity dropped from 38.1 to 34.8% when the sintering temperature rose from
800 to 900 °C. However, the porosity of the membranes increased significantly to 39.7% when sintered
at 1,000 °C Fig. 13e. As the sintering temperature rises, the material's thermal properties cause the
membrane structure to alter significantly in terms of porosity and mechanical strength. Up to a certain
point, high sintering temperatures improve structural integrity, but they may also cause thermal stress-
induced cracking in the long run. Further increase in sintering temperature may cause porosity to

decrease as particles fuse, resulting in a denser structure and less permeability.
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Figure 13:(a)Variation of average pore size with sintering temperature, (b) picture of membranes
sintered at four different temperatures, (c) variation of flexural strength with sintering temperature (d)
XRD spectra at different sintering temperatures, XRD spectra of membranes sintered at different
temperatures. A: Anorthite; D: Dickite; D1: Dmisteinbergite; G: Gehlenite; M: Mullite; and N: Nacrite

and (e) variation of porosity with sintering temperature (Singh & Bulasara, 2015).

2.2.7.2 Effect of pore forming agent dosage on the properties of coal fly ash ceramic membrane

Pore-forming agents are essential in improving the permeability of ceramic membranes by changing
the morphology and porosity of the pores. These pore-forming agents can be either inorganic or organic
compounds that decompose at high temperatures. Cui et al. (2023) studied the effect of pore-forming
agent dosage on the characteristics of coal fly ash ceramic membrane. Spherical graphite was used as a
pore-forming agent in their investigation, and the dosage was altered as wt%. The results demonstrated
that as the dosage increased, many pores developed and were linked together to generate holes. As a
result, water absorption and permeability flow improved. Liang et al. (2021) also investigated the effect
of pore forming agent dosage on the properties of coal fly ash ceramic membrane. They used dextrin as
the pore-forming agent, with compositions of 0, 3, 6 and 9 wt% (Dso = 7 pm, CenH10nOs5:XH20, and p=
1.8 g/cm?®). The experimental results indicated that the pore-forming agent content and mechanical
strength of the samples are essentially inversely correlated (Fig. 14a). Additionally, the results

demonstrated that when the dextrin concentration increases, more pores appear in the ceramic
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membranes made of tubular coal fly ash, resulting in a more porous structure, as seen in the SEM
micrograph in Fig. 14b. The average pore size showed a trend of initially increasing and then decreasing
with increasing pore-forming agent content, reaching its maximum value when the quantity is 6 wt%.
The decrease of average pore size when the pore-forming agent level reaches 9 wt% was attributed to
the strong binding action of dextrin. All the aforementioned studies revealed that altering the dosage of
the pore-forming agent does not affect the development of cracks in the ceramic membrane made of
coal fly ash. Suresh et al (Suresh et al., 2016) also investigated the effect of pore-forming agents on
mechanical strength and porosity of the fabricated membrane. In their study, coal fly ash was used as
the main precursor and a mixture of corn oil, waste cooking oil and starch solution as the pore forming
agent. The results showed that porosity increased with increasing dosage of the pore-forming agent
which corresponded to a decrease in mechanical strength.
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Figure 14:(a) Relationship between the mechanical strength of the membrane and the content of the
pore-forming agent as well as the temperature of sintering. (b) SEM images of Coal fly ash ceramic
membrane with Wt% of dextrin (i) 0, (ii) 3, (iii) 6, and (iv) 9 sintered at 1150 °C (Liang et al., 2021).

2.2.7.3 Effect of particle size of coal fly ash on the properties of coal fly ash ceramic membrane

Particle size optimization of starting materials is key in the manufacturing of ceramic membrane as it
helps maintain material consistency. Particle size has a significant influence on the mechanical and
physical properties of ceramic membrane such as pore size, post-sintering shrinkage, bending strength,
microstructural morphology, and porosity (Qian et al., 2022; Xu et al., 2022). The effect of coal fly ash
particle size on the porosity, pore size, microstructure and mechanical strength of synthesized coal fly
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ash based ceramic membrane has been investigated (HuangChenYang et al., 2023). The experimental
results showed that, a membrane with a denser structure and less porosity is produced when coal fly ash
has a wider particle size distribution. As particle size increases, the membrane's pores get bigger while
mechanical strength gets weaker. Large particles in the fly ash play a significant role in the mechanical

strength of the ceramic membrane because they produce cracks in the membrane.

2.2.7.4 Effect of binder dosage on the properties of coal fly ash ceramic membrane

Binders are used to hold ceramic particles together. Goswami et al (Goswami & Pugazhenthi, 2021)
investigated how the amount of binder affected the characteristics of a ceramic membrane made from
coal fly ash by extrusion technique. Fly ash was used as the basic material (75%), together with the
necessary amounts of quartz (20%), calcium carbonate (5%), and sodium salts of carboxymethyl
cellulose acting as binders, to create tubular ceramic membranes. The results revelled that, a higher
binder concentration causes agglomeration in the membrane matrix, which results in the creation of big,
irregular holes. With a rise in binder concentration, the membranes' mechanical strength considerably
decreased. In addition, the results showed that an increase in binder concentration had a detrimental

effect on the membrane's chemical stability.

2.2.8 Factors that affect separation efficiency of coal fly ash-based ceramic membranes

The surface characteristics of the ceramic membrane (surface wettability and surface charge), the
solution properties (pH, temperature, viscosity), and the operation parameters (pressure difference, flow
rate, and time) are key variables that determine the separation effectiveness of ceramic membranes
(Katibi et al., 2023). Surface charge of coal fly ash based ceramic membranes have an impact on how
pollutants interact with the membrane surface, which has an influence on the ceramic membrane's
permeability and rejection capabilities (Arumugham et al., 2021; Radeva et al., 2021). Higher
membrane flux and improved antifouling properties occur when membrane surface charge is similar to
contaminants charge due to the repulsive effect of similar charge (Du et al., 2020). Contrarily, opposing
charges cause electrostatic interactions between contaminants and membranes, which have a major
negative impact on the effectiveness of separation and on membrane anti-fouling properties (Ahmad et

al., 2022). The pH of the filtration feed has a significant impact on the surface charge of the membranes.

The separation effectiveness of coal fly ash based ceramic membrane is also impacted by the presence
of inorganic ions in the contaminants matrices. This results from these ions' ability to alter the surface
charge of membrane surfaces and contaminants (Tufail et al., 2020). (Alventosa-delLara et al., 2014)

studied the effects of the feed salt concentration on the removal of organic dyes by ultrafiltration
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ceramic membranes. The results showed increased overall resistance and decreased dye rejection by the
ceramic membrane in the presence of NaCl. This occurred as a result of the Na* ion neutralization of

the membrane surface charge and allowing more dye particles to pass through.

Hydrophobicity and hydrophilicity of coal fly ash based ceramic membrane surfaces affect separation
effectiveness of the membrane (Zou et al., 2021). This is due to the correlation between contact angle
values and ceramic membrane morphology and pore size (Melo et al., 2021). Surface wettability has an
impact on how membranes are utilised, with hydrophilic membranes frequently employed in water
filtration and hydrophobic membranes excellent for membrane distillation (Chang et al., 2020). For
instance, Zhang et al (Zhang Z et al., 2023) fabricated hydrophobic coal fly ash based ceramic
membrane for desalination. The membrane showed excellent water flux and higher salt rejection
compared to aluminium based ceramic membranes. Surface geometrical structure or surface free energy
can be modified to alter the wettability of membrane surfaces (Usman et al., 2021; Zhang Z et al., 2023).
Zhang et al (Fu et al., 2022) studied the effect of changing wettability of the surface of a coal fly ash
based ceramic membrane. In their study the ceramic membrane was modified from hydrophilic to
hydrophobic through immersion of 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FC8) on the surface
of the membrane. The results demonstrated that the final super hydrophobic membrane outperformed
hydrophilic ones in terms of self-cleaning. The physical and chemical characteristics of the materials
being separated, such as viscosity, charge, stability, and solubility, can be influenced by temperature
and pH (Simoni¢, 2019). This could impact on the diffusion rate across the membrane pores. The fouling

behaviour of the contaminants was also influenced by temperature (Alresheedi & Basu, 2020).

2.2.9 Management of fouling on coal fly ash based ceramic membranes

There have been numerous investigations on the physical and chemical deposition or adsorption of
microbiological, organic, and inorganic compounds onto membrane pores or onto the membrane
surface. This causes the membrane pores to contract or clog thereby reducing permeability and raising
the flow resistance, which has an impact on the quantity and quality of treated effluent (Warsinger et
al., 2015). This dramatically lowers the lifespan and separation effectiveness of these membranes (Cai
etal., 2023; Luo & Deng, 2018).

Reversible fouling, which often forms on the membrane surface, and irreversible fouling, which refers
to internal fouling in the membrane pores, are the two subgroups of membrane fouling (Basile et al.,
2015). Ceramic membrane fouling is primarily a function of the properties and performance of ceramic
membranes, operational conditions as well as the characteristics and nature of the filtering feed. These
membrane properties include roughness, wettability, surface charge, and membrane pore size (Bai et

al., 2021). Foulant type (inorganic salts, metal oxides, natural organic matter, manufactured organic
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matter, and microbiological contaminants), concentration, pH, charge, and ionic strength are some of
the properties of the feed. Fouling of ceramic membranes is influenced by a number of operating factors,
including flow rate, temperature, and pressure. Coal fly ash is less likely to get irreversible fouling than
organic membranes because it is predominantly composed of metallic oxides, which have strong
hydrophilicity and chemical stability (Bai et al., 2021; HuangChenQi et al., 2023). However, reversible
fouling of coal fly ash or other ceramic based membranes are major obstacles to their use in wastewater

treatment.

Fouling raises operational costs because it necessitates higher pressures to maintain permeate flux, uses
more energy, requires more time to clean, and costs more to replace the membrane (Gruskevica &
Mezule, 2021; Nthunya et al., 2022). Therefore, specific steps must be taken to either prevent fouling
or clean the fouled membrane in order to restore and maintain membrane flux, extend the cleaning
cycle, and prolong the lifespan of ceramic membranes (Sakamoto et al., 2022). Pre-treating influents
with sacrificial membranes or another type of treatment method before ceramic membrane filtration,
optimizing operational parameters, controlling the feed solution's properties, and using a pre-coat layer
on the membrane are all actions that reduce fouling (Baker, 2002; Basile et al., 2015). Combining
different processes, such as advanced oxidation with ceramic membrane technology can also lessen
fouling through changing properties of ceramic membranes and enhancing separation efficiency.
Ceramic membrane surfaces that have been dip-coated with nanoparticles are an example of how the
surfaces are modified (Li C etal., 2020). Bao Y et al. (2019) studied how to get rid of fouling by coating
the ceramic membrane with cobalt oxide. The cobalt oxide was ensured not to leak into the pores of the
ceramic membrane by the development of the Co-O-Al bond on its surface. The results of the study
showed that ceramic membrane functionalized with cobalt oxide have antifouling properties. The
pollutant's intrinsic catalytic decomposition by the metal oxide may be the cause of the antifouling

gualities since it keeps the pollutant from passing untreated through the ceramic barrier.

Ceramic membrane fouling can be eliminated through cleaning procedures such as chemical, physical,
electrical, and vibration. All these methods do not guarantee the complete regeneration of ceramic
membranes. Chemical cleaning uses chemicals such as acids, surfactants, oxidizing agents, chelating
agents, and alkali to clean ceramic membrane pores and surfaces (Ahmed et al., 2023; Cai et al., 2023).
This approach can be used to independently or in conjunction with physical cleaning techniques.
Although chemical cleaning is a common cleaning approach, it has a number of negative aspects,
including harm to the environment, membrane degradation, cost due to the high cost of cleaning
chemicals, and the tendency to alter the nature of the foulants (Basile et al., 2015; Johns, 2000). Back
washing and mechanical scraping of contaminants on the membrane surface and pores are examples of

physical cleaning methods. The most common of these techniques is back washing. It entails washing
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the membrane against the direction of the typical flux of membrane penetrates. However, according to
Zielinska (2018), this method can harm the ceramic membrane structure. The ideal strategy for cleaning
ceramic membranes is combining cleaning techniques that work in conjunction. This is due to the fact
that different ceramic membranes foulants, such as inorganic salts, metal oxides, naturally occurring
organic matter, synthetically produced organic matter, and microbiological contaminants have distinct

properties (Zuo et al., 2020).

2.3. Metal oxide functionalized ceramic membranes

Surface modification, a novel and evolving technique, can be used to change the hydrophilicity, surface
roughness, and pore size of ceramic membranes. This improves the membranes' capacity to resist
fouling while also enhancing their filtering efficiency, robustness, anti-abrasion, and self-cleaning
properties (Asif & Zhang, 2021). Numerous surface modification methods, such as integrating materials
or chemicals with the ceramic support layer could be used to reconfigure and modify the surface of the
membrane (Ewis et al., 2021). Global attention is being drawn to the use of metal oxide functionalized

membranes in energy-efficient wastewater treatment and water purification.

The mechanism combines photocatalysis by semiconductors and the membrane separation process in a
single component (Leong et al., 2014). Semiconductors, specifically metal oxide nanoparticles such as
Zn0, ZrO,, TiO,, WOs3, and Fe,03, are frequently used in the photocatalysis process (Park et al., 2022).
Since the valence band of the semiconductors is rich in electrons, the electrons are excited to the vacant
conduction band in the presence whose energy is equal to or greater than the bandgap energy of the
semiconductors. This excitation results in the formation of positively charged holes in the valence band.
Hence, electron-hole pairs are formed. The holes (positively charged) attack the water molecules to
generate highly oxidizing hydroxyl radicals. Both the holes and hydroxyl ions in the system attack the
tetracyclines and convert them into non-toxic or less toxic products. At the conduction band, the
photogenerated electrons attack the molecular oxygen that dissolves in the water and give superoxide
anion radicals. These superoxide radicals also cause the degradation of tetracyclines and other organic
pollutants (Ajiboye et al., 2021a; Fauzi et al., 2022). The whole photocatalytic process is summarized

in Figure 15 and Equations (1-8)
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Figure 15:Mechanism of photocatalysis (Ajiboye et al., 2021b).
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The rate of photocatalysis is dependent on the effectiveness of the adsorption process. This is because
the organic pollutants to be degraded first adsorb to the surface of the photocatalyst before the
photocatalytic degradation takes place. The adsorption process involves the movement and
accumulation of substances at the junction of two phases (liquid/liquid, solid/gas, or liquid/solid). The
properties of the adsorbent/photocatalyst and that of the pollutants being adsorbed (adsorbate) in water
significantly influence the process of pollutants removal (Ajiboye et al., 2021c). In particular, the
presence of a ceramic membrane in the nanocomposite increases the rate at which the composite adsorbs
the tetracycline. This is because ceramic membranes have sharply distributed nanosized pores, which
make it easy for water to penetrate at low pressure. Apart from this, the relatively long service life, good
mechanical strength, good corrosion resistance, high thermal resistance, and inert character of the
ceramic membrane contribute to their usage as adsorbent under extreme environmental conditions
(Pagana et al., 2008). The functionalization of ceramic membranes by these nanomaterials has the
potential to improve water treatment processes by enhancing the membrane's hydrophilicity, stability,
and porosity. In addition, the incorporation of metal oxide nanoparticles into a membrane has the
potential to improve membrane performance by boosting the photoactivity functionality as well as

reducing foulants under oxidizing conditions (Ewis et al., 2021). While metal oxide nanomaterials
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destroy pollutants and have antibacterial characteristics, membranes play a role in the physical
separation of contaminants (Shi Y et al., 2019).

The catalytic components are either integrated into the membrane matrix or on the membrane surface,
and light illumination can be inside the reactor, outside the reactor, or vertical to the reactor as shown
in Figure 16. When photocatalysts are immobilized on a membrane surface, the photoactive layer must
be exposed to radiation while in contact with the feed solution (Gu et al., 2022). The distinctiveness of
these oxide materials lies in their biological immunity, the relative simplicity of synthesis, ability to
harness energy in the UV/Vis range, environmental friendliness, low cost, ease of handling, resistance

to photo-corrosion, and general high surface ratio to mass, among other things (Singh et al., 2022;

Velempini et al., 2021).
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Figure 16: Illustration of the integrated photocatalyst on the surface and embedded membrane.
Orientation of light source: (a) inside the reactor, (b) outside the reactor, and (c) vertical inside the
reactor (Zakria et al., 2021).

For maximizing photocatalytic activity, metal oxides are typically used in their modified form rather
than their naive structure (Saravanan et al., 2022). The amount of metal oxide nanomaterial must be
carefully chosen, as a deficit of nanomaterial won't be enough to noticeably alter the performance of
the membrane (Desa et al., 2019). Due to their inherent hydrophilicity, metal oxides attracts water
molecules to membrane pores by their surface hydroxyls, which is useful for water and wastewater
treatment because it increases water flux (Xu et al., 2019). These metal oxides can be employed
independently, as heterojunctions, or as part of composites with other components. It has been
demonstrated that some heterojunction structures, such as TiO2/Al,Os/WOs, can store photogenerated

electrons for a long time (Djurisic¢ et al., 2014).
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2.3.1 Synthesis of metal oxide functionalized ceramic membranes

Ceramic membrane surfaces are typically modified by depositing or grafting specific elements or
chemically desired groups onto the membrane surface. Inorganic and organic surface modifications are
the two different types of surface modification. Catalytic membranes have been prepared using one of
two major methods: either covering the membrane surface with catalysts or integrating the catalysts
into the membrane matrix (Gu et al., 2022). Despite the simplicity of the second technique, its
membranes' overall catalytic activity is limited since the embedded catalysts are only partially
accessible (Qing et al., 2019). As a result, surface coating for catalysts is frequently a preferred method
for creating catalytic membranes since it not only allows for direct catalyst exposure to the reactants

but also can increase mass transfer and reaction rates through forced convection (Qing et al., 2020).

The functionalization of ceramic membranes with metal oxide nanomaterials is a method of inorganic
surface modification. Numerous methods, including dip-coating, phase inversion, sol-gel,
electrospinning, hydrothermal reaction inversion, physical deposition, atomic layer deposition, simple
spray-deposition, and others, can be used to accomplish this (Deepracha et al., 2021). One of the
preparation processes (spin coating) is illustrated in Fig. 17. The most well-known technique for
depositing a photocatalyst layer onto the membrane is the dip-coating method. Inorganic and polymer
membranes can both be modified using this technique (Molinari et al., 2017). This method creates
microporous top layers using polymeric sols and mesoporous intermediate layers with colloidal sols.
Metal salts or metal organic precursors are used to create the sols. By dip coating, the layers are applied
to the membrane structure. The supports' or the prior multilayer structure's porosity is what causes the
sols to gel. The final membrane layers are created by further drying and thermally treating these gel
layers. The crystallographic and morphological structure of the dried material is stabilized by a final

heating process known as "calcination” or "sintering" (Buekenhoudt & technology, 2008).

Using titanium dioxide (TiO2) nanocomposites that were made using a sol-gel process, Mohamed and
Co-workers (Mohamad Esham et al., 2021) successfully functionalize the bentonite membrane. The
performance of the pure water flux of the functionalized bentonite membranes increased from that of
pristine bentonite membranes. In another study, the dip-coating method was used to synthesize TiO;
functionalized ceramic hollow fiber membrane. The prepared photocatalytic ceramic membrane
exhibited a strong penetration flux and excellent porosity of around 80% as compared to the non-
functionalized membrane (Zhang et al., 2016). Wu and co-workers (Wu et al., 2019) functionalized a
ceramic membrane with manganese oxide using a one-step ball-milling procedure. The results showed
that MnO; nanocatalysts were equally dispersed around the Al,O3 particles, which consequently

supplied a significant number of active sites for the activation of peroxymonosulphate to produce
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sulphate radicals. A study by Marzouk and co-workers (Marzouk et al., 2021) evaluated the effects of
inhomogeneity of metal oxide functionalized ceramic membrane. TiO2/SiO, functionalized ceramic
membrane's water flux and photocatalytic degradation of organic contaminants were unaffected by the
coatings' inhomogeneity.
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Figure 17: Scheme of the preparation of TiO; functionalized Al.O; porous ceramic membrane (Ashley
etal., 2022)

2.3.2 Application of metal oxide functionalized ceramic membranes in the degradation of
pharmaceuticals in wastewater

The use of metal oxide functionalized membranes demonstrates a synergistic impact of the coupled
catalytic membrane-AOPs, which increases pollutants’ breakdown and provides efficient fouling
management and disinfection (Asif & Zhang, 2021). Pollutants are concurrently broken down by
photocatalysis, and the by-products of that degradation are separated and filtered out by photocatalytic
membranes. The key to the breakdown of organics is the generation of reactive oxygen species with
high oxidizing power, such as "O~ and "OH, by photocatalysts under visible light (Zhang ML et al.,
2021). Table 10 shows metal oxide functionalized ceramic membranes that have been investigated for
their possible use in the breakdown of pharmaceuticals. The rate at which pharmaceutical contaminants
degrade using a metal oxide factionalized membrane varies according to several operational factors and
the efficiency of the metal oxide and membrane that are being employed. In most reported studies, the

first 60 min of the investigation demonstrated 99% pharmaceutical degradation. Most of the research
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showed that several reaction factors, including pH and temperature, have a significant impact on the
degradation rate, according to the presented data. For instance, the metal oxide functionalized
membranes reported in different studies (Anucha et al., 2022; Li M et al., 2022) have demonstrated
good efficiency in the removal of pharmaceuticals in a neutral environment. This parameter is crucial
because it affects how catalysts aggregate and how charged their surfaces are, which in turn regulates
how effectively pollutants are removed (Sakarkar et al., 2020). Optimization of pH improves flow rate
which subsequently reduces membrane fouling. The rate of the photocatalytic reaction is affected by
the presence of ions (Borthakur et al., 2018). According to a study by Luster et al. (Luster et al., 2017),
the addition of Ca®* had a detrimental effect on the degradation of Carbamazepine (CBZ)
photocatalysts, which was only observed when phosphate buffer was utilized. This effect was most
likely brought by the deposition of CaHPO, or CaHPO4+2H>0 on the catalyst surface. Inorganic ions
present in water scavenge holes in the valence band and hydroxyl radicals (*OH), which consequently

reduces the photocatalytic activity.

2.3.3 Photodegradation mechanism and products

The complete mineralization of pharmaceuticals is one of the main obstacles to photocatalytic
breakdown. Under ideal conditions, a high and rapid degradation of the target pollutants can be
achieved, while the mineralization rate can be lower than the removal rate, which results in the presence
of degradation intermediates and/or products whose toxicity may be higher than that of the parent
compound (Mestre & Carvalho, 2019). It is crucial to comprehend the various degradation products
from the system, the routes by which they are produced, and the toxicity of the products relative to the

target pollutant to build a safe and efficient photodegradation system.

The ultimate goal of any photodegradation process is to degrade pollutants without producing any
hazardous by-products. It is thought that the mineralization of contaminants throughout the degradation
process will improve the waste water's ability to biodegrade after photodegradation treatment (Olatunde
et al., 2020). In monitoring photodegradation investigations, hyphenated techniques are the most
effective analytical method (Nagajyothi et al., 2017). UPLC-Q-TOF/MS analysis, HPLC MS Q-TOF,
Q-TOF LC/MS, HPLC-MS, and LC-MS are a few of these methods. An ultra-high-performance
chromatography, a diode array detector, and a high-resolution mass spectrometer are the three major
tools that are utilized to identify the key transformation products of the photodegradation pathway
(Trawinski & Skibinski, 2017).

Li and co-workers (Li QL et al., 2019) investigated and proposed mechanisms for the mineralization
and degradation of amoxicillin (AMX) using TiO, functionalized porous ceramic membranes.
Degradation intermediates were studied using Q-TOF LC/MS. It was reported that the UV
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photocatalytic degradation of the AMX process used hydroxyl radicals as the active species. Five
degradation intermediates were produced by the two AMX degradation pathways suggested in Figure
7. The hydroxylation process produces the intermediates B1 and B2. The release of NH4" species in
conjunction with oxidation processes resulted in the formation of further intermediaries. Another
method of degradation involved the creation of intermediate A, which was broken down at the
secondary amine and carbonyl groups after hydroxyl radicals attacked the primary amino group. Wang
and co-workers (Wang et al., 2020) also studied the degradation pattern of ibuprofen by CoFe,O.
functionalized o-AlOs ceramic membranes. By using LC-MS, the permeation solutions were
examined. The m/z values attributed to the various compounds are shown in Figure 8 and they were
discussed in relation to the ESI-MS spectra that were produced. Sulphate radicles were the most
prevalent radical during the catalytic degradation process. According to the suggested mechanism,

organic intermediates, carbon dioxide, and water were produced.
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Figure 18: Photodegradation mechanism and products for amoxicillin using TiO, nanoparticles coupled
with a novel submerged porous ceramic membrane reactor (Li QL et al., 2019).
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Figure 19: Photodegradation mechanism and products for ibuprofen via a-Al.O3/CoFe,O4 catalytic

membrane (Wang et al., 2020)

Table 8: Photocatalytic degradation of pharmaceuticals by metal oxide functionalized membranes

Metal oxide Fabricatio | Pharmaceutical Optimization of metal Performanc | Ref.
functionalized n method | pollutants and oxide functionalized e of metal
ceramic membrane their concentration | membrane/reaction oxide

conditions functionaliz

ed
membrane
Graphene oxide- hydrotherm | naproxen (NAP) - 100% (LiCet
titanium dioxide (GO- | al method al.,
TiO,) photocatalytic diclofenac (DCF) 100% 2022)
ceramic membranes
carbamazepine 90%
(CB2)

Molybdenum Doped | Sonochemi | lbuprofen (IBU)-50 | 1 g/L 98% (Anuch
TiO on a-Al;O3 cal method | mg/L Mo/HRTiO, photocatalyst aetal,
Ceramic membrane , 365 nm UV light 2022)

irradiation and under

natural pH conditions
Tubular ceramic dip-coating | Amoxicillin (AMX) | UVC/H.0,/TiO system 72.2+£0.5% | (Diorio
membrane coated 2.0 mg/L with radial addition of etal.,,
with TiO,-P25 H.0, (20 mg/L) and with 2022)

a UV fluence of 45 mJ

cm?
N-doped TiO-coated | sol-gel carbamazepine highest degradation rate efficiently (Luster
Al,O3 photocatalytic | method (CB2)- 1 mg/L of CBZ was observed at a | degraded etal.,
membrane neutral pH 2017)
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Pore-functionalized in-situ self- | Sulfamethoxazole 59% (Bao
ceramic membrane sacrificed (SMX)-0.08mM YP et
with isotropically template al.,
impregnated cobalt 2019)
oxide (CoCM)
Mn-Fe binary oxides | wet Trimethoprim- 0.5 mg/L, membrane flux | 98.6% (Liu et
(Mn/FeOx)-modified | impregnati | 5.0 mg/L was controlled to be al.,
ceramic membrane on 10 L/m?, temperature was 2022)
about 25 + 0.5 °C and the
initial pH was about
7.1+£0.1
CoFe;0O4-decorated hydrotherm | Ofloxacin (OFX)- OFX was completely 100% (Fan et
flat-sheet Al>O3 al method | 40 uM decomposed under al.,
ceramic membrane optimal conditions (pH 2020)
6.0, [PMS] =2 mM and
TMP =100 kPa)
ceramic membranes simple Ibuprofen (IBU)- Membrane operating 73% (LiC.
functionalized with vacuum 100 ppb condition was at a pH etal.,
titanium dioxide filtration range of 6-7 2019)
(TiO2) graphene oxide Diclofenac (DCF)- 78%
(GO) 100 ppb
Carbamazepine 20%
(CBZ)- 100 ppb
Naproxen (NAP)- 73%
100 ppb
TiO2 nanoparticle Amoxicillin high removal capacity and | 83.3% (LiQL
coupling with a novel (AMX)- 10 mg/L stability for amoxicillin etal.,
submerged porous (AMX) degradation over 2019)
ceramic membrane a wide pH range, i.e., 6.5
t0 9.0.
Tubular porous Diclofenac (DCF)- | pH 3 and 42.9 mg/L H,O, | 65% (Plakas
alumina (a-Al,O3) 1000 pg/L feed volumetric rate etal.,
membrane, as support 0.5 L/min, TMP 0.5 bar 2019)
material, with
embedded iron oxide
CuO/TiO; ceramic dip coating | Ciprofloxacin 2.0 bar TMP and 2 Lmin? | 99% (Bhatta
ultrafiltration 500 pgL™ of CFV charya
membrane etal.,
2019)
a-Al203/CoFe;04 Dip Ibuprofen (IBU)- T =22 °C, water column | 99.5% (Wang
catalytic ceramic coating 20mg/L height = 30.0 cm, etal,
membrane membrane 2020)
length =8.0 £ 0.1 cm,
without adjustment of pH
Nano-MgO/diatomite | Facile Tetracycline (TC) flow rate= 120.5 L m?h? | 99.7% (Meng
ceramic membrane method 10 mg/L et al.,
2016)
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N-doped TiO; coated | a sol-gel Carbamazepine (Horovi
photocatalytic technique | (CBZ)- 1 mg/L tzetal.,
membrane 2016)

2.3.4 Strategies for improving the efficiency of metal oxides in functionalized ceramic membranes

The maximum light absorption and charge transfer at the surface can theoretically increase
photocatalytic activity. Recombination can be decreased by achieving effective charge separation and
maximizing surface redox processes aiding in increased photocatalytic activity (Homocianu & Pascariu,
2022). Heterojunction fabrications, sensitization with various sensitizers, defect engineering, doping
with various elements, etc. are a few alternative methods for improving photocatalytic activity (Djurisi¢
etal., 2014). Semiconductor-based modified composite materials with high photocatalyst performance
efficiency were produced by utilizing one of these modification strategies, or even more than one in a
combination a of mixed-methods approach, for environmental remediation and other related energy

sustainable applications (Anucha et al., 2022).

2.3.4.1 Doping

Doping is the injection of extra energy levels into the band structure of a semiconductor. Non-metals
and metals (as shown in Figure 20), rare earth metals, and many other forms of dopants are among the
various types that are frequently utilized (Nasirian et al., 2018; Raj et al., 2018; Tang et al., 2022).
Doping alters the band gap energy, electrical structure, and crystal structure of the semiconductor. As a
result, optical properties are improved for maximum light absorption, surface properties are improved,
and the rate at which photogenerated carriers recombine is drastically decreased and subsequently
improves the photocatalytic performance. Doping can impair photocatalytic performance by
aggregating photocatalysts, altering their structural characteristics, and enlarging the bandgap energy
via Moss-Burstein transfer. Optimizing the amount of the dopant is, therefore, crucial (Huang et al.,
2016; Yang et al., 2022). Horovitz and co-workers (Horovitz et al., 2016) studied the degradation of
carbamazepine using doped and undoped TiO; functionalized Al.Os microfiltration membranes. The
investigation results revealed rate constants of 0.0085 +0.0004 min* and 0.0040 +0.0007 min* for
doped and undoped membranes respectively. The results also showed that the N-doped TiO,-coated
membranes generated a much higher (by > 100%) degradation rate than the undoped TiO»-coated. The
enhanced photocatalytic activity of the doped photocatalytic membrane was a result of the introduced
narrow isolated N band that formed above the TiO; valence band which served as an important level
for excited electrons thereby promoting visible light absorption. Elhalil et al., (Elhalil et al., 2018),

examined the photocatalytic degradation of caffeine using a Mg-doped ZnO-Al,Os heterostructure.
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Results showed that 1% Mg-ZnO-Al,O3 catalyst had a greater photocatalytic degradation of caffeine
than pure ZnO, ZnO-Al;O3, and Degussa P-25 TiO; catalysts. It was anticipated that 1% Mg-ZnO-
Al,O3 would have outstanding photocatalytic activity because two metal oxides create novel interfacial
active sites that boost catalytic activity. Particle size, adsorption process, and crystallinity also improved

the catalytic activity.
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Figure 20: The mechanism of non-metal and metal ion doping on metal oxide semiconductor.

2.3.4.1 Heterojunction fabrications

Coupling of two different semiconductors results in the formation of heterojunctions. Differentiation of
heterojunctions is centred on type 1, type 2, and type 3 photocatalysts as shown in Figure 21. The fermi
energy level of the coupled semiconductor should be different so that electrons can move from a region
of high fermi energy level to a lower fermi energy level. The importance of heterojunction is to enhance
photocatalytic efficiency through achieving partial separation of electron-hole pairs and broadening the
absorption wavelength. Charge carriers by hetero junction type 1 and type 3 are not favourable due to
the gathering of electrons and holes within single semiconductors and the inability of semiconductor
bands to overlap respectively. Type 2 or the Z-scheme exhibit efficient electron-hole separation because
of the staggered band structure of semiconductor 1 and 2, which results in electron and hole sinks (Arora
et al., 2022; Yang, 2021). Li et al. (Li et al., 2021), investigated the effectiveness of heterogeneous
catalytic oxidation of pollutants in wastewater treatment using bi-metallic oxide-modified flat-sheet
ceramic membranes. In this study, Mg, Ce, and Mn oxides were coated onto a flat-sheet ceramic
membrane by co-precipitation. Membrane catalytic ozonation resulted in the effective removal of
organic pollutants as well as effective membrane fouling control. The efficiency of bi-metallic oxide-
modified flat-sheet ceramic membranes could be attributed to one of the metal oxides acting as an active

site and reacting with the other metal oxides to affect the intermediate state of the reactions.
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Figure 21: Classification of semiconductor heterostructures, their configurations, and electron

migration: type | heterojunction, type Il heterojunction, and type 111 heterojunction.

2.3.4.2 Defect engineering

Defects in photocatalysts (Figure 22) arise due to the inclusion of disorder inside the lattice pattern of
the photocatalyst. Of these disorders, oxygen vacancies are the most widely investigated type of
photocatalyst defect. These defects can cause distorted bond lengths and bond angles, increase surface
area as well as induce donor levels on the structure of the photocatalyst thereby enhancing
photocatalysis and suppressing the recombination rate of photo-excited carriers (Shi R et al., 2019; Su
et al., 2022). Tetracycline (TC) was photodegraded by black-TiO,, nitrogen-doped-TiO,, and white-
TiO2 (Wu et al., 2021). The results showed that, under visible light illumination, black TiO; (66.2%)
had the best TC removal efficiency, followed by n-doped TiO; (59.6%), and white TiO, (43.3%). The
increased photocatalytic degradation by black TiO, was a result of improved optical visible light
absorption, decreased photogenerated charge carrier recombination, and the development of mid-gap
energy levels between the valence and conduction bands (Andronic et al., 2021). The main defect
capable of modifying band structure, optical, electrical, and surface properties is recognized as the

controlled insertion of oxygen vacancies (VO) (Wang et al., 2018).
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Figure 22: Schematic illustration of the different types of photocatalyst defects (He J et al., 2019).

2.3.5 Factors that affect pharmaceutical removal by metal oxide functionalized membranes

Operating and process parameters determine whether a hybrid method using photocatalysis and
membrane technology for contaminants’ degradation is successful. These variables include pH,
pharmaceutical characteristics, membrane characteristics, loaded catalyst concentration, light source
and intensity, and temperature. Therefore, to prevent a decrease in process efficiency, an optimal set of

these operational parameters should be employed.

2.3.5.1 Loaded catalyst concentration

The increase of loaded catalyst on the membrane surface increases the surface area for adsorption and
photocatalysis and subsequently increases the number of reactive radical species. An increase of the
catalyst beyond certain concentration levels results in decreased removal efficiency because of
increased agglomeration of surface particles as well as reduced light penetration to the target
contaminants (Riaz & Park, 2020). Berger et al. (Berger et al., 2020), reported that the removal of
methyl blue by TiO; functionalized ceramic membrane increased up to 50% when catalyst coating
thickness was increased up to 6 nm. This provides further evidence that the catalyst had penetrated the

pore structure and indeed yielded strong absorption of UV light.
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2.3.5.2 Membrane properties

Membrane characteristics that affect pollutant degradation include thickness, shape, porosity, roughness
and zeta potential. These membrane properties are also critical in determining cleaning efficiency and
clogging susceptibility (Marcucci et al., 2003). Membranes with widely distributed large pores show
enhanced pollutants removal due to increased access to active sites that allow more pollutants to be
adsorbed on the pores since the adsorption of pollutants are not restricted to the membrane surface (Rani
et al., 2021). Li and co-workers (Li C et al., 2022) reported the enhancement in the removal of
naproxen, diclofenac and carbamazepine when membrane separation was used simultaneously with
graphene oxide-titanium dioxide photocatalyst as a single unit. Results showed that membrane filtration
increased the mass transfer effect in membrane pores, which in turn increases the efficiency of

pharmaceutical contaminants degradation by a factor of four.

2.3.5.3 Pharmaceutical pollutant characteristics

Pharmaceutical pollutants’ concentration and charge are critical in their removal efficiency and kinetics
by photocatalytic membranes. At low pharmaceutical concentrations, the rate of degradation is
increased with increasing the photocatalyst. This is because of sufficient active sites for adsorption and
photocatalysis (Mirzaei et al., 2016). Whereas at higher pollutant concentrations, degradation
efficiency is reduced because more pollutants are adsorbed on the surface of the membrane thereby
reducing the generation of radicles as well as absorbing light. According to Song (Song et al., 2019),
the kinetic constant dropped with the rising humic acid constant, whereas the rate of humic acid

degradation by TiO,-functionalized ceramic membrane rose with decreasing humic acid concentration.

2.3.5.4 pH

The effect of pH is well-reported to play an integral role in the processes that leads to the degradation
of pollutants. One of its critical effects is its ability to control the surface charge properties of the
photocatalytic membrane therefore it must be optimized accordingly. The effect of pH on the removal
of contaminants in water by photocatalytic membranes depends on: surface particle agglomeration, the
position of the valence band and conduction band on the photocatalyst and many others. At a pH value
equal to the point of zero charge (pHp.c) of the catalyst, the surface charge is usually zero, while pH
values lower or higher than the pH,.c leave a net positive or negative charge on the catalyst. Neutral
contaminants dissociate to charged species so that they can be adsorbed (Kaur et al., 2020; Olatunde et

al., 2020). Urase et al., (Urase et al., 2005) observed higher degradation of acid pharmaceuticals when
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the operation pH was lowered. The increase in degradation was attributed to the increased tendency of

adsorption to the sludge particles.
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CHAPTER 3

Photocatalytic degradation of tetracycline using surface defective
black TiO2-ZnO heterojunction photocatalyst under visible light

3.0 Introduction

The rising global population, increasing outbreaks of diseases, and high demand for food production
have resulted in the increased usage of pharmaceutical products (Rohr et al., 2019). These products
include antibiotics, and among them, tetracycline is one of the most used. Its wide consumption
compared to other antibiotics used by humans and animals is attributed to its benefit, for example,
tetracycline improves the growth rate in aquaculture and poultry industries (Andronic & Enesca, 2020;
Daghrir & Drogui, 2013; Lyu et al., 2020). Despite its huge benefits, the discharge of tetracycline-
contaminated effluents into the aquatic environment has given rise to persistent ecological
contamination, antibiotic resistance, and eco-toxicological effects on plants and aquatic life (Bilal et
al., 2020; Polianciuc et al., 2020). The consequence of these is the upsetting of the food chain. In
humans, the effects of excess consumption of tetracycline include teeth staining, skin side effects,
oesophagus damage, and gastrointestinal disturbances (Amangelsin et al., 2023; Faus-Matoses et al.,
2017).

Generally, pharmaceutical contaminants in the environment are a challenge to manage because (1)
conventional wastewater remediation methods are unable to remove them completely, (2) they have
detrimental effects even at low concentrations, and (3) their rate of discharge into the environment
exceeds their rates of degradation. This is because they are poorly absorbed by humans, livestock, and
poultry; thus discharged as unmetabolized active substances, (4) most pharmaceutical pollutants such
as unused drugs, expired drugs, agricultural and aquaculture pharmaceuticals can easily enter water
bodies directly (Ajiboye et al., 2023; OECD, 2019; Phoon et al., 2020). Therefore, it is important to
come up with feasible, very effective, environmental-friendly, and affordable methods that can
mineralize tetracycline from wastewater to conserve water resources and achieve the sustainable

development goal 6.

Several methods such as membrane technology (Heberer et al., 2008),(Li et al., 2009), bioremediation
(Nguyen et al., 2019), advanced oxidation processes (AOPs), electrocoagulation (Paredes et al., 2019),
adsorption (Ouyang et al., 2020), and hybrid techniques (Sawunyama et al., 2023) have been used for
the removal of pharmaceuticals from wastewaters. However, they all have different drawbacks and

advantages. One of the most convenient methods for the complete removal of these pharmaceuticals is
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the advanced oxidation process, due to its high oxidation effectiveness and no generation of secondary
pollutants. The advanced oxidation process is applicable in different processes including photocatalysis,
photolysis, fenton oxidation, electrochemical, ozone, sonolysis, etc (Saravanan et al., 2022).
Photocatalysis by metal oxide nanoparticles, zeolites, metal-organic frameworks and nanorods has since
attracted much interest due to their great potential to utilize the complete solar spectrum in
photocatalytic reactions. Among them, metal oxide nanoparticles are one of the most efficient and
effective AOP that is effective for the removal of tetracycline from wastewater. Examples of metal
oxide nanoparticles that have been reported include ZnO, Fe,Os, TiO,, CuO, MgO, SiO,, and SnO..
Out of the several metal oxides nanoparticles, ZnO and TiO, have been mostly reported due to their
ease of synthesis, chemical stability, cost-effectiveness, long-standing photostability, non-corrosive
property, and non-toxicity (Goncalves et al., 2021). However, these nanomaterials utilize visible light
inefficiently because of their wide band gap energies and fast recombination process of the
photogenerated electron/hole pairs, which subsequently affects photocatalytic efficiency(Cao et al.,
2023). Therefore, several studies have been carried out to improve the photocatalytic efficiency of metal
oxide nanoparticles such as ZnO and TiO; through the reduction of recombination rate and shifting of
the optical response from UV to the visible spectral range because visible light accounts for 45% of the
solar energy (Han et al., 2019). These strategies include (1) heterojunction fabrications, (2) defect
engineering, (3) doping with various elements and (4) co-catalyst loading (Apostolescu et al., 2023;
Arora et al., 2022). Most published research papers on ZnO and TiO; technologies in recent years,
focused on single photocatalytic enhancement technique. For example, Apostolescu et al.(Apostolescu
et al.,, 2023) studied the degradation of chlortetracycline and ceftriaxone using heterojunction of
Ce0./Zn0. The results showed an increase in the degradation efficiency of the antibiotics by the
heterojunction system compared to the CeO, and ZnO tested separately. Andronic et al.(Andronic &
Enesca, 2020) reported the synthesis of black TiO, with Ti** defects and oxygen vacancies via defect
engineering. The synthesized nanomaterial exhibited very good photocatalytic degradation of organic
pollutants compared to pristine TiO, However, very few studies reported the combination of
photocatalytic enhancement techniques of both materials in single system. Therefore, in this current
study, the formation of heterojunction of TiO, and ZnO nanoparticles together with the engineering of
their surface defects have been synergistically employed to enhance the photocatalytic degradation of
tetracycline (TC).

The surface defected heterostructure was obtained by the conventional sol-gel approach coupled with
aluminium foil assisted NaBH. reduction. The performance of the Black ZnO, Black TiO,, and Black
TiO,-ZnO samples was studied under direct light. The process variables such as the initial
concentration of tetracycline and the catalyst loading were explored to establish the performance of the
nanocomposite in the TC degradation process. The surface defected heterojunction photocatalytic

nanomaterial is expected to have low bandgap energy and thus high degradation rate in direct sunlight.
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This study is relevant with respect to the development of enhanced novel photocatalysts for the
degradation of antibiotics.

3.1 Experimental

3.1.1 Materials

Titanium tetra-isopropoxide [Ti(OCH(CHs3)2)s, 98%], zinc acetate [Zn(CH3COQ),-2H,0, >98%,],
sodium hydroxide [NaOH, 98%], absolute ethanol [CH3CH,OH, >99%], sodium borohydride, [NaBHa,
>98%], and hydrochloric acid [HCI, 28%] were purchased from Merck, South Africa. All the chemicals
were of analytical grade. The nanomaterials were prepared by following already reported procedures
(Ali et al., 2021; Rajaraman et al., 2022).

3.1.2 Synthesis of ZnO nanoparticles

A conventional sol-gel approach was used to synthesize ZnO nanoparticles from zinc acetate dihydrate
and sodium hydroxide. Briefly, about 10 g of Zn(CHsCOO),-2H,0 was mixed with 200 mL of distilled
water and stirred continuously for 20 min at 35°C. Thereafter, 0.8 M NaOH was added in dropwise to
the mixture to adjust the pH. The resultant mixture was then stirred for 2 h, giving rise to a white sol.
After that the sol was aged for 24 h to convert it to a white gel, which was centrifuged, and then washed
several times with distilled water. The obtained powder was dried for 12 h at 150 °C and finally

calcinated at 400 °C in the muffle furnace for 3 h.

3.1.3 Synthesis of TiO2 nanopatrticles

A conventional sol-gel approach was used to synthesize TiO, nanoparticles from titanium tetra-
isopropoxide and absolute ethanol. About 30 mL of [Ti(OCH(CHs).)s, 98%] was mixed with 75 mL of
CH3CH>OH and stirred well for 45 min. Then, 30 mL of distilled water was introduced in dropwise to
initiate the ionization process. The resultant mixture was stirred for 45 min, to afford a white sol, which
was aged for 24 h to form a white gel. The gel product was centrifuged and washed several times with
distilled water. The obtained powder was dried for 12 h at 150 °C and finally calcinated at 500 °C in
the muffle furnace for 3 h.
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3.1.4 Synthesis of TiO2-ZnO heterojunction nanoparticles

The synthesized ZnO and TiO; sol were mixed and thoroughly stirred on a magnetic stirrer plate for 4
h at 25 °C. The formed TiO2-ZnO precipitate was aged for 24 h, then centrifuged and washed with
distilled water. The obtained powder was dried for 12 h at 150 °C and followed by calcination at 500
°C for 3 h.

3.1.5 Synthesis of BTiO2, BZnO and BTiO,-ZnO nanoparticles

Firstly, 2 g of each as-prepared material (pristine ZnO, pristine TiO, and TiO2-ZnO nanoparticles) was
mixed with about 0.4 g of NaBH,4 powder, and the mixture was tightly wrapped in an aluminium foil.
The resultant aluminium foils were calcinated in a muffle furnace at three different temperatures of 300,
350 and 400 °C for 1 h. The enclosed samples were cooled down to room temperature, washed with
methanol, and several times with deionized water to remove any sodium and borate impurities. The

washed samples were then dried at 100 °C overnight.

3.1.6 Characterization of synthesized nanocomposites

Functional groups of the synthesized materials were analysed on a Bruker alpha-P FTIR
spectrophotometer. The XRD analysis was carried out on a Bruker D8 Advance X-ray diffractometer
(Karlsruhe, Germany). The diffractometer has single-wavelength Cu Ko radiation (A = 1.546060 A).
JEOL 2100 JEM Transmission electron microscopy (TEM) was used to evaluate the surface
morphology of the synthesized materials. Surface morphology, composition and sizes of the
nanoparticles were evaluated using a Quanta FEG 250 Environmental scanning electron microscope
(ESEM) coupled with EDX. PerkinElmer A20 UV-vis spectrophotometer was used to obtain the
absorption spectra, and Malvern Zetasizer Nanoseries was used for the measurement of the Zeta

potential.

3.1.7 Photocatalytic degradation of tetracycline in water

The photocatalytic performance of the synthesized materials was evaluated on the degradation of
tetracycline in water. The photocatalyst was first submerged in a photocatalytic reactor system kept at
a constant temperature of 25 °C. A 250 mL tetracycline solution with a starting concentration of 50 mg/

L was placed in the reactor system. The system was agitated for 30 min in complete darkness, to achieve
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steady-state adsorption-desorption equilibrium. The suspension was continuously stirred while exposed
to 300W of Xe lamp light. At intervals of 20 min, 5 mL of aliquots were taken from the suspension and
immediately filtered through a 0.22 um microporous membrane to obtain the solutions. TC degradation
was measured at 200-900 nm wavelength using a UV-visible spectrophotometer. The effect of process
variables such photocatalyst loading, tetracycline concentration, and pH were assessed. The percentage

of tetracycline that has been photocatalytically degraded was obtained by using Equation 1.
Percentage removal of Tetracycline = %x 100 (D)

Where C, is the concentration of tetracycline before photocatalysis and C is the concentration of

tetracycline after the photocatalytic process.

3.2 Results and discussion

3.2.1 Fourier transforms infra-Red (FT-IR) spectroscopy

FTIR spectra is of the pristine TiOz, BTiO,, pristine ZnO, BZnO, TiO2-ZnO and BTiO,-ZnO are
presented in Figure 1 (a -f) respectively. The spectrum of pristine TiO, and BTiO, showed all the
characteristic bands of TiO,, with the vibrational bands of Ti-O observed around 470 and 590 cm
(Rajakumar et al., 2012; Sunaryono et al., 2021). The peak observed at 1630 cm™ corresponds to the
deformative vibration of Ti-OH stretching mode(Al-Taweel & Saud, 2016; Chougala et al., 2017). The
peak at 760 cm™ is related to Ti-O stretching band, which is the characteristic peak of TiO, (Ba-Abbad
et al., 2012; Praveen et al., 2014). FTIR spectra of the pristine ZnO and BZnO nanoparticles display
vibrational band attributed to the Zn—O vibrations of ZnO around 400-600 cm™ (Sharwani et al., 2022).
A band at 860 cm™ could be ascribed to the stretching vibration of the Zn-O bond (Valerio et al., 2019).
A band at 860 cm could be ascribed to the stretching vibration of the Zn-O bond (Valerio et al., 2019).
The bands at 1440 cm™ could be assigned to the asymmetric stretching modes of oxygen molecules
present in the sample (Menazea & Awwad, 2020; Rajendran & Sengodan, 2017). The spectra of TiO,-
ZnO and BTiO2-ZnO composites showed bands that are consistent with pristine TiO. and ZnO
nanoparticles. The absorption peak at 675 cm™ is due to the vibrational mode of —Zn-O-Ti group
(Mousa H. M. et al., 2021). During the compositing reaction, the interaction between these two metal
oxides (TiOzand ZnO) broke the metal-oxygen bonds, facilitating the compositing of the complex metal
oxides system that resulted in the desired TiO»-ZnO and black TiO»-ZnO. In the composite, the
disappearance of peaks at 1630 cm™ and 1440 cm* due to Ti-OH and symmetric stretching modes of
the oxygen (O2) molecules that were initially present in the pristine TiO, and ZnO respectively further

supports the successful formation of the heterojunction materials.
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Figure 1: FTIR spectra of (a) pristine TiO,, (b) BTiO,, (c) pristine ZnO, (d) BZnO, (e) TiO2-Zn0O, and
(f) BTiO2-ZnO.

3.2.2 X-ray diffraction (XRD) analysis

XRD analysis was used to investigate the crystal structure and phase purity of the synthesized materials.
Fig. 2 presents the X-ray diffraction spectra of pristine ZnO together with BZnO synthesized at 300 °C,
350 °C and 400 °C (Fig. 2a), pristine TiO2 and BTiO-, synthesized at 300 °C, 350 °C and 400 °C (Fig.
2b), and TiO.-ZnO and BTiO,-ZnO synthesized at 300 °C, 350 °C and 400 °C (Fig. 2c). The diffraction
patterns of the pristine ZnO and BZnO at different temperatures displayed six characteristics peaks of
hexagonal wurtzite phase (JCPDS no 036-1451) at 2 theta values of 31.5, 34.1, 36.1, 56.6 and 64.0°
which can be indexed to the (100), (002), (101), (102), (110) and (200) planes respectively (Menazea
& Awwad, 2020). This, thus, indicates that the pristine ZnO has the same crystal structure as BZnO,
which suggest that the surface defective engineering does not affect the crystal structure but only altered
the colour of pristine ZnO to black. The diffraction peaks for major anatase phase peaks are reported to
appear at 25.4, 37.7, 47.8, and 54.8°, while the weaker rutile phases are located at 27.4 and 36°. The
diffraction pattern of the pristine TiO2 and BTiO: synthesized at different temperatures confirmed the
presence of only the anatase phase with (JCPDS Card no. 21-1272) (Fig 2b). The reflection at 26 angle
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of 25.6, 37.9,48, 53.9, and 55.2° correspond to the (1 0 1), (00 4), (200), (L 05), and (2 1 1) planes
respectively (Li et al., 2014; Zhang et al., 2016). The XRD patterns of the heterojunctions system are
composed of TiO; (anatase) and ZnO (hexagonal) peaks at (25.6, 37.9,48, 53.9, and 55.2°) and (31.5,
34.1, 36.1, 56.6 and 64°) respectively, indicating that the introduction of surface defects did not alter
the crystallographic structure. The most common possible defects that might have developed when TiO;
and ZnO were reduced by NaBH. for 1 h at 350 °C are oxygen vacancies. There is also a noticeable
slight increase in the peak intensities as reaction temperature increased, which proved that the induced

oxygen vacancies and Ti®* resulted to increased crystallinity in the synthesized composites.

Debye-Scherrer (equation 2) and Lattice micro strain (equation 3) were used to calculate the crystalline
size and lattice micro strain (Al-Khalgi et al., 2021) of each of the synthesized catalysts and the values
are presented in Table 1. As the temperature increased, the crystallite size of each synthesized material
marginally increased. Compared to other synthesized materials, BTiO»-ZnO has the largest lattice micro
strain, which could enhance the photocatalytic performance of the composite relative to the individual
metal oxide since more hydroxyl radicals would be generated due to higher possibility of photocarrier
transition and hole trapping (Cao et al., 2022; Hu et al., 2020). The dislocation density (8) of the
synthesized materials was calculated from the average particle size values, (equation 4) (Siregar et al.,
2021). The sample with the lowest dislocation density was BTiO2-ZnO produced at 350 °C (Table 1).
The lowest dislocation density value indicates that the BTiO2-ZnO produced at 350 °C possess a high
degree of crystallinity compared to other synthesized materials (Sutapa et al., 2018).

Debye-Scherrer formulae: D =KA/BCos 6 2

Where D = Crystallites size (nm), K = Scherrer’s constant (Shape factor) (Here, taken as 0.94), A =
Wavelength of X-rays (A), p=F. W. H. M (Full Width at Half Maxima in degrees), 6 = Peak position
in XRD graph (that is 26 in degrees).

Lattice strain (¢) = BC‘LLSG 3)
Dislocation density 0= % 4
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Table 1: Crystallite size and lattice microstrain of synthesized materials

Synthesized Crystallite Lattice Dislocation density
Nanomaterial size (nm) strain (6) (m?)
Pristine ZnO 26.15 6.64 x10° 1.46 x10°
BZnO@300°C 28.61 5.59 x107? 1.22 x10°®
BZnO@350°C 31.47 5.08 x107? 1.01 x10°®
BZnO@400°C 34.61 6.72 x10® 8.34 x10*
Pristine TiO; 13.86 1.68 x10°3 5.21 x10°
BTiO2@300°C 13.41 1.73x10® 5.56 x10°®
BTiO2@350°C 20.46 7.27 x10°® 2.39 x10°®
BTiO.@400°C 21.20 8.12 x10°® 2.22 x10°®
TiO2-ZnO 28.29 5.79 x10°® 1.25x10°®
TiO2-ZnO@300°C 31.55 1.521 x10%? 1.00 x10°®
TiO2-ZnO@350°C 32.68 1.503 x107? 9.36 x10*
TiO2-ZnO@400°C 37.81 1.32 x10°® 6.99 x10*
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Figure 2: X-ray diffraction patterns of (a) overlaid pristine ZnO and BZnO synthesized at 300 °C, 350
°C and 400 °C, (b) overlaid pristine TiO2 and BTiO> synthesized at 300 °C, 350 °C and 400 °C, and (c)
Ti0O2-ZnO and BTiO,-ZnO synthesized at 300 °C, 350 °C and 400 °C.
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3.2.3 Optical properties of the binary metal oxides and composite oxides

UV-vis spectrometer was used to determine the optical properties of the synthesized materials by
measuring absorbance. Figure 3a-c presented the UV-absorption spectra of (a) pristine ZnO together
with BZnO, (b) pristine TiO, and BTiO,, and (c) TiO.-ZnO and BTiO.-ZnO synthesized at 300, 350.
and 400 °C respectively. The absorption spectra of the pristine ZnO and BZnO synthesized at 300 and
350 °C exhibited a narrow peak in the UV region around 380 nm (Fig 3a). BZnO synthesized at 400 °C
showed a peak near the band edge region (at about 400 nm) with a dramatic increase in the absorption
intensity. Pristine TiOzand BTiO; (Fig 3b) also showed in the near-UV region with absorption edge at
around 400 and 425 nm respectively. BTiO, synthesized at 350 and 400 °C absorbed in the near-UV
to the visible region. The significant absorption of UV light was caused by the charge transfer from the
2p orbital of TiO, to 3d orbital of the Ti*" which acts as the valence band and conduction band
respectively (Momeni et al., 2019). The spectrum of the heterojunction materials in Fig 3c showed that
the absorption edge was red-shifted relevant to the position of absorption in the pristine ZnO and pristine
TiO2; hence, confirmed that the absorption edge of both ZnO and TiO; can be changed through the
formation of a heterojunction. The absorption intensities significantly increased as the reduction
temperature increased during the defective engineering, and a slight shift in the optical absorption edge
towards the longer wavelength region occurred. This may be ascribed to an increase in particle size and
the nano-confinement effect of oxygen vacancies, which changed the local electronic states (Abdissa et
al., 2018; Wang et al., 2023) (Hidalgo-Jimenez et al., 2020). The optical bandgap energies- of the
materials were obtained using Tauc plots of (hv)? against Eg and are shown in Fig 3d-f. The optical
bandgap energy became narrowed with the formation of oxygen vacancy in the heterojunction systems
at different synthesis temperatures. The differences in band gap energy for the samples could be
attributed to the formation of new electronic levels in the heterojunction. Therefore, more charge
separation and increased lifetime of charge carriers in the material can be achieved (Hidalgo-Jimenez
etal., 2020; Mousa Hamouda M et al., 2021). Additionally, Equations (5) and (6) were used to calculate

the conduction band potential (Ecg) and valence band potential (Evg) of the composite nanomaterials.

EVB = X‘Ee - 05Eg (5)
Ece=Eve- Ey (6)

where Eg denotes the semiconductor’s band gap energy, Evs denotes the VB edge, Ecg denotes the CB
edge, y denotes the electronegativity of the semiconductor nanoparticles, and E. denotes the energy of
free electrons as measured on the hydrogen scale (4.5 eV). The values are 5.78 and 5.82 eV,

respectively, for ZnO and TiO,. Table 2 displays the calculated band alignments.
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Figure 3: Optical spectra of overlapped (a) ZnO and BZnO synthesized at 300 °C, 350 °C and 400 °C,
(b) pristine TiO2 and BTiO,, synthesized at 300 °C, 350 °C and 400 °C, and (c) TiO2-ZnO and BTiO--
ZnO synthesized at 300 °C, 350 °C and 400 °C while d, e and f are the tauc plots respectively.

Table 2: Mulliken’s electronegativity (y), band gap energy (Eg), valence band (Evs) and
conduction band (Ecg) for the pristine nanoparticles and the nanocomposite.

Semiconductors utilized | x (eV) Eg (eV) Ecs (eV) Evs (eV)
in photocatalytic studies.

BTiO: 5.82 1.8 0.42 +1.38
BZnO 5.78 3.8 -0.62 +4.42
BTiO2-ZnO 5.82 2.5 0.07 -0.47
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3.2.4 Morphological study

3.4.1 Scanning electron microscope (SEM) analysis

The surface morphologies of the synthesized materials were investigated and presented in Figs. 4a-f.
The SEM micrographs of BZnO nanoparticles displayed small crystals with pseudo-spherical
morphology aggregated on the surface. The micrograph of BTiO, nanoparticles, synthesized at 350 °C
(presented in Fig. 3b) shows small spherical particles that formed into larger agglomerates. However,
the BTiO,-ZnO nanocomposite at different temperatures exhibited minimal agglomeration with a
spherical shape. An increase in the synthesis temperature influenced both the size and shape of the
nanocomposite (Fig. 3f). This increased the surface area of the nanocomposite, which could enhance

the photocatalytic activities of these materials.

Figure 4: SEM micrographs of (a) BTiO,, (b) BZnO, (¢) TiO»-Zn0O, (d) BtiO,-ZnO synthesized at 300
°C, (e) BTi0,-ZnO synthesized at 350 °C, and (f) BTiO2-ZnO synthesized at 400 °C.

3.4.2 Transmission electron microscope (TEM), elemental mapping, and Energy Dispersive X-
ray (EDX) analysis

Figs. 5 (aand b) show the TEM images and particle size histogram of BZnO nanoparticles respectively.
The TEM images confirm that the nanomaterials are of spherical morphology which are visibly

arranged in a chain-like configuration. The average particle size of the synthesized material was about
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44.6 nm, which was close to the value obtained from the XRD pattern. The EDX spectrum of BZnO
(Fig. 5¢) shows the presence of only zinc and oxygen, and the even distribution of both elements (zinc
and oxygen) within the modified binary metal oxide was confirmed by the elemental mapping images
of Fig 5 (d-f).

30 35 40 45
Particle size (nm)

mm OKa1 mm ZnKa1

Figure 5 : (a) TEM image, (b) particle size distribution histogram, (c) EDX spectrum, and (d) elemental
mapping showing (e) O, and (f) Zn elements of black ZnO.

The TEM images of BTiO- nanoparticles and the particle size distribution histogram are presented in
(Figs. 6 a and b) respectively. The nanoparticles were of spherical morphology with slight
agglomeration, and the average particle size was about 15.0 nm and agrees with the crystalline size
obtained from the XRD pattern. The representative EDX spectrum presented in Figure 6¢ shows the
distinct peaks corresponding to titanium and oxygen. The elemental mapping images in Fig. 6 e and
f show that titanium and oxygen were homogeneously distributed across the BTiO. particles, suggesting

a good dispersion of the elemental composition of the nanostructures.
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Figure 6: TEM image, (b) particle size distribution histogram, (c) EDX spectra, and (d) elemental
mapping showing (e) O, and (f) Zn elements of black TiOs..

A heterojunction of two binary components prepared via calcination process often have a high tendency
to agglomerate. Figs (7a and 8a) and Figs (9a and 10a) show the TEM, EDX and elemental mapping
images for the heterojunction compounds TiO,-ZnO, BTiO,-ZnO (300 °C), BTiO,-ZnO (350 °C), and
BTiO»-ZnO (400 °C) respectively. All the TEM images show highly agglomerated spherical
nanograins. TEM images for BTiO,-ZnO synthesized at 350 °C showed the least agglomeration
indicating that it could be the best catalyst since agglomeration influences the optical properties of
materials and therefore their ability to absorb and scatter the incoming radiation thereby influencing the
photocatalytic activity (Pellegrino et al., 2017). The elemental composition of the nanocomposite is
shown in the EDX spectrum presented in Figs (7b and 8b) and Figs (9b and 10b) confirms
heterojunctions are primarily composed of titanium, zinc and oxygen with no impurity. The elemental
mapping images of the composite prepared at 350 °C (Figures 9c - f) and at 400 °C (Figures 10c-f)
confirmed the uniform distribution of the titanium, zinc, and oxygen across the synthesized

heterojunctions.
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Figure 7: TEM image, (b) EDX spectrum, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O

elements of the pristine TiO,-ZnO.

Figure 8: TEM image, (b) EDX spectrum, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O
elements of Black TiO,-ZnO prepared at 300 °C for 1 h.
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Figure 9:(a) TEM image, (b) EDX spectra, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O
elements of Black TiO,-ZnO prepared at 350 °C for 1 h.

Figure 10: TEM image, (b) EDX spectra, (c) elemental mapping showing (d) Zn, (e)Ti, and (f) O
elements of Black TiO,-ZnO prepared at 400 °C for 1 h.
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3.2.5 Photoluminescence (PL) study

The PL spectra of BTiO2, BZnO, TiO,-ZnO, and BTiO»-ZnO with excitation wavelength of 325 nm are
shown in Figure 11. The observed peak, exhibited by all samples around 360 nm, is due to photoinduced
charges naturally recombining from the conduction band to the valence band (Liao et al., 2012). The
observed lower PL emission intensity of the BTiO>-ZnO heterojunction composite is related to the
improvement of the charge separation rate, which in turn reduces the radiative recombination of
electron-hole pairs. Efficient charge separation, therefore, increases the lifetime of the charge carriers
and subsequently enhances the photocatalytic activity of the synthesized nanomaterial.
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Figure 11: Photoluminescence spectra of BTiO, BZnO, TiO.-ZnO and BTiO,-ZnO.

3.2.6 Photodegradation of tetracycline

The photocatalytic efficiency of the nanocomposites prepared at different temperatures (300, 350, and
400 °C) was evaluated on a 50 mg/L tetracycline concentration, 100 mg of each catalyst, and a pH of
5.6. The degradation patterns at various reduction temperatures, presented in Fig. 12 a-c, were slightly
different. Results of the preliminary study showed that the photocatalytic degradation efficiency of
BTiO»-ZnO at 350 °C was higher than in other nanocomposites. The smaller band gap energy of BTiO»-
ZnO (350 °C) might be responsible for the enhanced performance achieved. Therefore, the BTiO,-ZnO
at 350 °C was chosen for the subsequent evaluation of the photocatalytic degradation of TC in this

study.
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Figure 12: UV-vis absorption spectra of photocatalytic degradation of TC using BTiO,-ZnO
synthesized at (a) 300°C), (b) 350°C and (c) 400°C (d) percentage degradation of TC under visible light
(50 mg/L dye concentration and catalysts dosage 100 mg/L.

3.2.7 Influence of TC Solution pH on the degradation efficiency

Solution pH is an important factor in the evaluation of photocatalytic degradation of tetracycline
because pH affects the electrical charge properties of the photocatalyst's surface. The pH determines
the ionization state of the photocatalyst surface, and then affects the adsorption and photocatalytic
performance of any photocatalyst (Divakaran et al., 2021; Saadati et al., 2016). The photocatalytic
degradation efficiencies of TC in the pH range of 4, 7 and 10 were evaluated using 50 mg/L tetracycline
concentration and 100 mg of each catalyst and presented in Figures 13a, b, and ¢ respectively. The
photocatalytic degradation efficiencies of TC at different pH values followed the order of pH10 > pH7
> pH4. The results showed a similar trend with previously reported results (Zhu et al., 2013), whereby

the degradation of tetracycline in aqueous solution by nanosized TiO, was studied. The slow
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degradation of TC under acidic conditions may be because ZnO, which is one of the component
compounds, is not acid resistant. It can also be attributed to the repulsive force between protonated TC
and the positively charged catalyst. Aggregation of nanoparticles under acidic conditions is reported to
contribute to poor photocatalytic activity of some metal oxide nanoparticles due to the reduced surface
area of the photocatalysts (Safari et al., 2015). The faster degradation of TC at pH 10 may be due to the
alkaline pH, and hydroxyl radicals were easier to form by the oxidization of more hydroxide ions
available on the photocatalyst surface. Fig. 13c shows that as the photocatalytic degradation of TC
progresses under alkaline pH, the maximum absorption peak at 350 nm gradually decreased, while the
minimum absorption peak at 276 nm slightly increased. Hence, confirms the increase in the
concentration of absorbing species at 276 nm. A new absorption peak appears at 550 nm which reveals
the formation of by-products. Similar results on the emergence of new absorption peak under alkaline
pH were previously reported (Jia et al., 2022). The existence of by-products may be caused by the
electrophilic attack on the TC ring structures that possess high electronic densities, such as aromatic
rings and the keto-enol groups. Additionally, electronic density would alter the bond orbital energy of
molecules, resulting in various rates of light absorption (Song et al., 2020). Figures 13d and e show the

rate of decomposition and the kinetics graph of the decomposition process respectively.
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Figure 13: Absorption spectra of TC (50 mg/L) at different time using 100 mg/L of BTiO,-ZnO at pH
values of (a) pH 4, (b) pH 7 and (c) pH 10, (d) rate of decomposition, and (e) the kinetics graph of the

decomposition process.
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The zeta potential of the synthesized materials was found to be +26.1, -45.1, and -39.5 + 5.64 mV for
BZnO, BTiO, and BTiO2-ZnO Figs 14a-c. The nanomaterials (BTiO2-ZnO and BTiO;) have negative
zeta potential, which indicates strong stability and low agglomeration of the nanoparticles in solution
because of stronger repelling forces (Chand et al., 2021; Mbenga et al., 2023; Raja et al., 2017). Since
both BTiO; and BTiO,-ZnO have significantly charged surfaces, as shown by zeta potential studies,
electrostatic interaction is unlikely to have an impact on tetracycline sorption on either material. This is
because TC is an amphoteric molecule due to the presence of dimethylammonium, phenolic diketone
moiety and the tricarbonyl system. As a result, at pH values of >3, 3.3-7.7, and <7.7, TC occurs as

cationic, zwitterionic, and anionic species, respectively (Li et al., 2010).

The zeta potential was also established for pH values of 4, 7, and 10 (Fig. 14) to assess the surface
charges of BTiO»-ZnO related to changes in pH. According to reported studies, neutral nanoparticles
are those with a zeta potential between -10 and +10 mV, whereas strongly cationic and strongly anionic
nanoparticles are those with a zeta potential of greater than +30 mV and less than -30 mV, respectively
(Clogston & Patri, 2011). Thus, net surface charge of the BTiO2-ZnO nanocomposite is highly negative
under pH 10 and pH 7 and was expected to repel the anionic form of the TC molecule and form strong
electrostatic interactions with the cationic form of TC (William IV et al., 2008).
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Figure 14: Zeta potential of (a) BZnO, (b) BTiOx, (c) BTiO,-ZnO (all under natural pH) and (d) BTiO-

ZnO under acidic, neutral, and alkaline conditions

The photolysis of TC at different pH values of 4, 7 and 10 are shown in Figures 15a, b and c respectively.
The results show a favourable photolysis of tetracycline at pH 10, which may contribute to the increased
photocatalytic degradation of the TC by BTiO,-ZnO at pH 10. Lower photolysis of TC at pH 4 and pH
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7 indicates poor degradation of TC* and TC®, respectively. The attraction between TC- and hydroxyl
radicles caused by the high electronic density of the TC ring system could be responsible for the high
photolysis rate at pH 10 (Jiao et al., 2008). Since the bond orbital energy changes at high pH, TC tends
to absorb more photons thereby enhancing photolysis (Song et al., 2020). Other studies has reported
that tetracycline shows a favourable photolysis at alkaline pH (Lopez-Pefialver et al., 2010). A kinetics
graph at different pH values, and percentage degradation of TC under visible light using an initial

concentration of 50 mg/L and 100 mg/L catalyst dosage are shown in Figures 15d and e respectively.
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Figure 15: Absorption spectra of TC showing its photolysis at different pH (a) 4, (b) 7, (c) 10, (d)
Kinetic graphs at different pH values, and (e) percentage degradation of TC under visible light (TC
initial concentration: 50 mg/L, catalyst dosage 100 mg/L).

3.2.8 Influence of photocatalysts dose

The influence of photocatalyst dosage on the degradation of TC was evaluated in the absence of the
photocatalyst (Fig 16a) and using 75, 100 and 125 mg/L of BTiO»-ZnO at a constant TC concentration
of 50 mg/L, while a constant pH of 7 was maintained and the reaction was monitored for120 min

(Figs.16 b, c and d respectively). Photocatalytic degradation efficiency of TC was observed to increase
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as the catalyst dosage increases (Fig. 16€). The kinetics graphs of the decomposition process at initial
TC concentration of 50 mg/L and solution pH 7 is presented in Fig. 16 f. This could be attributed to an
increase in the number of active sites on the surface of the photocatalysts, which subsequently increased
the production of hydroxyl radicals responsible for photocatalysis process (Hunge et al., 2022). Studies
have shown that increase in the concentrations of catalyst has a direct effect on the photocatalytic
activity, but only up to a certain level. This is because at a high catalyst loading, most of the catalysts
may experience deactivation due to agglomeration and precipitation. This might reduce the amount of
catalyst surface that is available for light absorption and, as a result, decreases the rate of pollutant
degradation (Ravele et al., 2021). The marginal degradation of TC in the absence of the photocatalyst
could be attributed to photolysis.
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Figure 16: Absorption spectra of TC showing its photodegradation by BTiO.-ZnO nanocomposite at
catalyst loading concentrations of (a) 0, (b) 75, (c) 100, and (d) 125 mg/L, and (e) percentage
degradation of TC under visible light (TC initial concentration: 50 mg/L, pH: 7), and (f) kinetics of

graphs of the decomposition process.
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3.2.9 Influence of initial concentration of tetracycline on the degradation process

The influence of TC concentration on the degradation process was evaluated by using 100 mg of BTiO--
ZnO to 1 L of 25-75 mg/L TC solution while maintaining a constant pH of 7 and the duration of the
reaction was 120 min. The result of the degradation process is presented in Figs. 17 (a-c). The
photocatalytic degradation efficiency of TC decreased with an increase in the concentration of TC.
Previous studies have reported that at higher concentrations of pollutants, more intermediates are
produced, which enhances the adsorption competition between the pollutant and its degradation
products (intermediates) on the catalyst surface (Chen et al., 2016). Fig 17d shows the pseudo-first
order rate constant of 0.0112 min* at a dose of 25 mg/L, which however decreased to 0.0075 min™ and
0.0052 min* at 50 mg/L and 75 mg/L, respectively. This could be attributed to the increase in the path
length of photons entering the reaction system, thereby reducing the photons on the surface of the
catalyst (Wang et al., 2021). In addition, as tetracycline ions dominate the photocatalyst's active site, it
causes a reduction in the number of hydroxyl radicals formed on the surface of the catalyst thereby
decreasing the photocatalytic activity.
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Figure 17: Absorption spectra of TC showing its photodegradation by BTiO2-ZnO nanocomposite at
initial TC concentrations of (a) 25, (b) 50, and (c) 75 mg/L. (d) the kinetics graph of the decomposition

process.
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3.2.10 Degradation efficiency and kinetics of the degradation process by BTiO»-ZnO, BTiO; and
BZnO

To fully evaluate the photocatalytic degradation efficiency of TC by the studied photocatalysts, the
adsorptive ability of each catalyst was assessed by first equilibrating the suspension in the dark for 30
min without light irradiation. Figs 18 (a-c) show the photocatalytic degradation graphs of TC by BZnO,
BTiO, and BTiO2-ZnO nanoparticles respectively under visible light illumination. The graphs are
presented for the sake of comparison at the same experimental conditions of 50 mg/L concentration of
TC at pH 7 and 100 mg/L of each catalyst was used. After 120 min of irradiation, 56, 58, and 63% of
TC was degraded with BZnO, BTiO; and BTiO,-ZnO nanoparticles respectively (Fig 18d). The rate of
photocatalytic degradation of TC by BZnO, BTiO, and BTiO2-ZnO nanoparticles are 0.0050 min?,
0.0056 min* and 0.0077 min~* respectively Fig. 18(e-g). Photocatalytic degradation efficiency of the
synthesized photocatalysts on TC obtained in this current study and other related studies have been
compared in Table 3. Variable amounts of the catalyst and TC concentration were used, which led to a
considerable difference in the degradation efficiency. The improved photocatalytic activity of
heterojunction composite of BTiO, and BZnO compared to the individual materials can be attributed to
the transfer of electrons and holes, which takes place in BTiO; and BZnO as they possess different
redox energy levels for their corresponding conduction and valence bands. Efficient charge separation
increases the lifetime of the charge carriers and enhances the efficiency of the interfacial charge transfer
to adsorbed substrates (Liao et al., 2008; Qin et al., 2019; Tian et al., 2015). Increased oxygen vacancies
on the surface of both BZnO and BTiO; in the heterostructure could have also contributed in the
effective degradation efficiency of TC by acting as electron acceptors, thereby decreasing the surface
recombination centers. Oxygen vacancies can also facilitate the adsorbed O- to capture photo-induced
electrons, synchronously generating superoxide radical anions, thereby greatly enhancing the
photocatalytic properties (Ullattil et al., 2018; Wang et al., 2015).
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Figure 18:(a-c) Absorption profile, (d) percentage degradation, and (e-g) kinetics graphs of BZnO,
BTiO,, and BTiO,-ZnO, respectively and (100 mg/L photocatalyst, 50 mg/L TC and pH =7

Table 3: Comparison of TC degradation using the prepared BTiO»—ZnO with other different TiO; or

Zn0 based advanced oxidation process catalysts earlier reported

Nanomaterial Catalyst | TC pH K Time Efficiency | Ref.
(mg/L) | (mg/L) (min™Y) (min) (%)
TiO@ZnO 2500 10 11 0.0296 180 99.11 (Heris
etal.)
TiO~ZnO/CS-Gr 500 20 4 - 180 97.2 (Asadz
adeh
Patehk
hor et

al.,
2021)
ZnO/TiO2 NBT 10 10 - 0.314 20 100 (Jiang

et al,
2022)
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Black anatase-TiO; 200 10 7.2 0.0045 270 66.2 (Wu et
al.,
2021)

ZnO/y-Fe;03 10 30 - 0.01321 | 160 83 (Semer
aro et
al.,
2020)

TiO» 1000 40 9.0 - 60 95 (Zhu et
al.,
2013)

Ag/ZnO@Biochar 10 50 6.0 - 60 70.3 (Hosny
et al,
2022)

TiO2 200 10 - - 120 56.7 (Wu et
al.,
2021)

MWCNT/TIiO, 200 10 5.2 - 300 83 (Wang
et al,
2011)

SDS/Zn0O 20 40 7 - 150 49.0 (Jia et
al.,
2022)

TiOx/activated 1000 50 - 0.0029 75 100 (Martin
carbon s et al.,
2017)

100 50 7.0 0.0077 120 63 Present
BTiO,-ZnO 125 50 7.0 - 120 74 study

3.2.11 Photocatalytic Mechanism

Figure 13 illustrates the photocatalytic mechanism leading to the degradation of tetracycline using
BTiO»-ZnO heterojunction photocatalyst under visible light. The TiO,-ZnO heterojunction
photocatalyst formed electron-hole pairs upon irradiation by UV light with energy exceeding its band
gap energy. The photoactive centre BTiO; and the electron trapping BZnO process contributed to the
lowering of the rate of recombination of the electron-hole pairs that have strong reducing and oxidizing

powers, respectively (Haghighizadeh et al., 2023). The efficient separation of photo-generated electrons
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is facilitated by the transfer of electrons from TiO, to ZnO and holes from ZnO to TiO,. This minimizes
charge carrier recombination during the electron transfer process, thereby improving the photocatalytic
reaction. By generating a second electron trap site and facilitating electron transport from TiO; to ZnO,
oxygen vacancies in the photocatalyst further increase the photocatalytic activity and lower the rate of
electron-hole recombination. The oxygen vacancies also serve as a source of reactive species, such as
hydroxyl and superoxide radicals, which aid the breakdown of tetracycline. Due to electrostatic
attraction and Van der Waals forces, the active antibiotic Tetracycline gets adsorbed onto the surface
of the photocatalyst. The adsorbed antibiotics are attacked by the hydroxyl radicals (*OH) produced
when water molecules on the surface of the photocatalyst react with photogenerated holes (h+). The
*OH radicals attack the C-N-C fragment of TC, leading to the detachment of the N-methyl group (Wu
et al., 2021). The photocatalytic breakdown intermediates are further oxidized by hydroxyl radicals,

which causes the tetracycline to completely mineralize into carbon dioxide, water, and inorganic ions

by ring-opening processes.
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Figure 19: Proposed mechanism for the photocatalytic degradation of Tetracycline with BTiO2-ZnO.

3.3 Conclusion

The fabrication of a highly photocatalytically active surface defective heterojunction semiconductor
system composed of TiO, and ZnO was successfully achieved through a two-step method. The method
of synthesis facilitated the formation of oxygen vacancies through surface engineering. The BTiO2-ZnO
heterostructure was able to degrade 64% of tetracycline, and it performed better as a photocatalyst than
BTiO, and BZnO. The enhanced light absorption properties and improved charge separation of the
photocatalyst due to the formation of heterojunction and oxygen vacancies might be attributed to the

enhanced photocatalytic activity of BTiO»-ZnO. The percentage degradation improved with increase in
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photocatalyst dosage, a decrease in the concentration of tetracycline concentration and a neutral
condition. The study also confirmed that the solution pH plays a critical role in the degradation process.
The outcomes of the study showed that the use of BTiO,-ZnO heterostructure in the photocatalytic
degradation of tetracycline in water may guide the development of novel future semiconductor
photocatalysts in water treatment that utilizes cheap and effective multi-photocatalytic enhancement

techniques.
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CHAPTER 4

Fabrication and Characterization of Low-Cost Ceramic
Membranes from Coal Fly Ash and Natural Sand

4.0 Introduction

The interest on ceramic membranes has recently increased due to their versatility and effectiveness in
addressing the expanding demands for cutting-edge separation technologies (Issaoui & Limousy, 2019;
SawunyamaOlatunde et al., 2024). Application in water treatment, gas separation, pervaporation,
membrane reactors, and medicinal fields are some of the industrial relevance of ceramic membranes.
The overall cost of ceramic membranes is mostly influenced by the price of their raw materials, the
production time, and the amount of energy used during the sintering process All these make the wide
deployment of ceramic membrane technology costly (Zou et al., 2021). The price is further hiked by
the incorporation of pore-forming substances, plasticizers, lubricants, and binding chemicals into the
membrane (Rani & Kumar, 2021). The reported current cost price of commercially available ceramic
membranes composed of alumina, silica, titania, zirconia, and their composites is above $500 per m?
(Sawunyama et al., 2023). In addition, the fabrication process of ceramic membranes lasts for two to
three days, requiring an inert environment, and high energy above 1500 °C (Liang et al., 2021). The
shift in environmental legislation on the use of chemicals, and the quest to drastically reduce the
manufacturing costs of ceramic membranes have attracted research interest. It has inspired the
fabrication of ceramic membranes from waste and low-cost natural raw materials. These natural
resources and waste products are cheap, abundant, and readily available locally (Khedidja et al., 2024;
Xue et al., 2024).

Natural materials used in the fabrication of ceramic membranes includes clay (Foorginezhad et al.,
2022), sand (Alftessi et al., 2022), and bentonite (Satyannarayana et al., 2022), while waste materials
include coal fly ash (Chathurappan & Anandkumar, 2022; Huang et al., 2022), volcanic ash, and rice
husk ash (Raychaudhuri & Behera, 2020), among others. The functional characteristics of various raw
materials used as precursors for ceramic membrane fabrication vary. The best starting material should
yield a ceramic membrane with an ideal surface charge and hydrophilic-hydrophobic characteristics,
superior mechanical strength, improved thermal and chemical stability, good pore size distribution, less
energy use, and less environmental contamination (Arumugham et al., 2021; SawunyamaAjiboye et al.,

2024; Zou et al., 2021). Different waste materials can also be combined in the fabrication of ceramic

118



membranes. This approach has proven to be effective in impacting a range of desirable properties on
the ceramic membranes such as enhanced mechanical strength, improved thermal stability, and greater
permeability (Wang et al., 2021). Furthermore, the ability to blend various waste materials enables the
tailoring of membrane functionality to fulfil certain application requirements. For example, Kouotou et
al. (2024) successfully fabricated ceramic membrane by combining kaolinitic clay with waste from
palm and mango fruits. The waste materials from the palm and mango acted as pore formers, adding to
the porosity nature of the membrane. The resultant ceramic membrane showed very good

physicochemical qualities.

The disposal of waste materials like coal fly ash is a huge environmental problem, particularly in
developing countries. It results in significant human respiratory health issues and soil acidification. For
instance, Zimbabwe produces about 136.6 t of fly ash from coal every day and they are not utilized in
any way (Bobo et al.). In other parts of the world, several studies have been reported on the potential
large-scale use of coal fly ash in ceramic membranes. Gradients in pressure, chemical concentration,
temperature, and electric potential could all act as the driving forces of these membranes. Chathurappan
and Anandkumar (2022) prepared a coal fly ash-based ceramic membrane with 39.8% membrane
porosity and a hydraulic pore radius of 41nm. The prepared multipurpose ultrafiltration membrane was
used to treat Rhodamine B, Bovine Serum Albumin and Vanillin, showing removal efficiency of 95.2%,
92.8% and 39.4% respectively. Zhang et al. (2023) fabricated a ceramic hydrophobic microfiltration
membrane (0.18 um pore size) from coal fly ash. It was utilized in water desalination with a water flux
of 9.54 L-m2-h and a salt rejection of higher than 98.36%. Using coal fly ash as a raw material for
ceramic membranes, as part of a waste-to-resource strategy, can not only reduce the improper disposal
of large amounts of coal fly ash to the environment but also lower the cost of membrane production. In
addition to serving as a main material, the presence of metal oxides with low melting points can cause
coal fly ash to also act as a sintering agent. This lowers the sintering temperature and, consequently,
lowers the cost of fabrication (Zou et al., 2019). Additionally, due to its synergistic effect of filtration,
adsorption, and catalytic properties, ceramic membranes have excellent pollutant removal performance
(He et al., 2022).

Ceramic membranes made from coal fly ash still face significant limitations, such as lower mechanical
strengths caused by the presence of volatile and degradable materials in coal fly ash (Huang et al.,
2023; Samadi et al., 2022). To improve the mechanical strength and stability of coal fly ash ceramic
membranes, different inorganic compounds have been incorporated into the ceramic membrane (Liang
et al., 2021). However, to reduce the production cost of ceramic membranes to a greater extend, such
inorganic additives should be derived from locally available cheap natural materials that are rich in
aluminium and silicon such as bauxite and natural sand respectively. Silica sand is a natural white
ceramic material with a high melting point and high purity of silica. It is made up of silicon and oxygen,

the two most abundant naturally occurring elements (Alftessi et al., 2021). In addition to increasing the
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mechanical strength of ceramic membranes, silica sand can also increase their stiffness, chemical
resistance, and adsorption capabilities (Addich et al., 2022). The silanol (Si-OH) and siloxane (Si-O-
Si) groups in silica sand can make these properties easier to achieve (Meldha et al., 2023). Other
challenges associated with the fabrication of ceramic membranes from waste materials include
inconsistent quality and properties of the fabricated ceramic membranes. This is due to the considerable
regional variations in the elemental and phase composition of the waste materials. The existence of
contaminants in the solid wastes such as heavy metals and radioactive elements also makes it difficult
to manage the structure and properties of the membranes, since these can cause variability and
complicate the processes of fabrication and application. Furthermore, most membranes made from these
materials usually have pore diameters between 0.1 and 5 pm, making them ideal for microfiltration
applications. Finally, membrane fouling continues to be a major problem that affects the membranes'
long-term effectiveness and performance (Abdullayev, 2022; Al-Shaeli et al., 2022).

Therefore, this work aims to prepare inexpensive and eco-friendly porous ceramic membranes using
natural sand and heavy metal leached coal fly ash. This is to achieve a waste-to-resource strategy, use
local natural resources, and lower the cost of the ceramic membrane. The effects of the amount of
natural sand and sintering temperature on the properties of the prepared coal fly ash-based flat ceramic
membrane were studied. Different characterization techniques including X-ray diffraction (XRD), X-
ray fluorescence (XRF), Fourier transform infrared (FTIR) spectroscopy, Thermogravimetric analysis
(TGA), and scanning electron microscopy (SEM) were utilized to study properties of the prepared

ceramic membrane.

4.1 Experimental

4.1.1. Materials

The main starting materials used in the fabrication of the flat ceramic membranes were natural sand
from Masvingo, Zimbabwe, and coal fly ash from Harare Thermal Power Station in Zimbabwe. Table
1 presents the specific chemical compositions of the coal fly ash and natural sand utilized in the study.
Natural sand was used to increase the mechanical strength and thermal stability of the membrane, while
dextrin and carboxymethyl cellulose (CMC) were used as pore former and binder respectively. These

additives were purchased from Merck, South Africa.
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4.1.2. Leaching of heavy metals present in coal fly ash

Leaching experiments were evaluated using a modified method reported by Fedje et al. (2010). The
experiments were carried out in a 1000 mL round bottom flask placed on a magnetic stirrer at 25 °C.
The coal fly ash (10 g) was mixed with 500 mL of 1 mol/ L of acetic acid solution for 4 h under
continuous moderate stirring (200 rpm). After the stirring process, the mixture was filtered. The filtrate
was discarded while the residue was washed with distilled water to remove any unspent acetic acid and

dried at 110 °C for 10 h. Finally, the leaching product was analyzed using ICP-OES.

4.1.3. Ceramic membrane fabrication

The ceramic membranes were fabricated using the pressing method, which is widely used in fabricating
flat ceramic membranes (Latwal et al., 2023; Ma et al., 2023). Firstly, the acetic acid-leached coal fly
ash, pulverized sand, additives and appropriate amount of water were mixed and stirred uniformly. The
formed suspension was thoroughly dried at 110 °C for 10 h. The dried mixture was ground with a mortar
and pestle followed by sieving to 75 um. The flat ceramic membranes were then prepared by shaping a
pre-weighed, mixed precursor powder into a disk with a defined diameter of 40 mm using a uniaxial
press under a pressure of 40 MPa for 3 min. The fabricated ceramic membranes were dried in a hot air
oven at 110 °C for 10 h for the complete removal of loose moisture. To avoid thermal shocks and cracks,
the membrane was then sintered in a furnace at a rate of 5 °C min up to a range of temperatures
between 800 °C and 1200 °C for 2 h. The composition of the precursor mixture is given in Table 1 and
the detailed steps for the fabrication of coal fly ash/sand ceramic membranes is schematically illustrated

in Fig. 1.
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Figure 1: Schematic diagram of the fabrication process of the ceramic membranes by the pressing
technique.

Table 1: Formulation of the raw materials and fabrication parameters.

Ceramic Coal fly | Natural Dextrin Sodium Distilled Sintering
membrane | ash (Q) sand (g) (9) carboxymethyl | water temperature
(CM) cellulose (g) (mL) (°O)

Ao 90 0 3 7 150 -

AL 90 0 3 7 150 800

Az 90 0 3 7 150 1000

As 90 0 3 7 150 1200

Bo 80 10 3 7 150 -

B:1 80 10 3 7 150 800

B2 80 10 3 7 150 1000

Bs 80 10 3 7 150 1200

Co 70 20 3 7 150 -

Ci 70 20 3 7 150 800

C 70 20 3 7 150 1000

Cs 70 20 3 7 150 1200

Do 60 30 3 7 150 -

D: 60 30 3 7 150 800

D2 60 30 3 7 150 1000

122



Ds 60 30 3 7 150 1200

4.1.4 Water uptake

The water uptake of the fabricated ceramic membranes was determined using a method reported by Rao
et al. (2023). The prepared membranes were firstly immersed in distilled water at room temperature
and left for 24 h. Thereafter, the immersed ceramic membranes were wiped with paper towel and
weighed to give wet weight (wW). After that the membranes were dried in a hot air oven at 100 °C for
12 h and the dry weight (dW) of the ceramic membranes was noted. Water uptake % was determined

using equation 1.

Percentage Water uptake = % * 100% (1)

4.1.5 Chemical stability

The chemical stability of the fabricated ceramic membranes was evaluated using hydrochloric acid and
sodium hydroxide at the pH of 1.5 and 13 respectively. The as-prepared ceramic membranes were
soaked individually into HCI and NaOH for 1 week at room temperature. The chemical resistance of

the ceramic membrane was evaluated in terms of weight loss of the ceramic membrane after seven days.

4.1.6 Water absorption and Porosity

The open porosity of the fabricated ceramic membrane was determined by the Archimedes technique
(Obada et al., 2023). The dried ceramic membrane was first weighed to give dry weight (dW), then
immersed in distilled water at 25 °C. After 24 h, the immersed ceramic membrane was removed from
the water, wiped with a paper towel, and weighed to give wet weight (WW). The open porosity was
calculated using the expressions in equations 2 and 3.

Percentange Membrane Porosity(s) = # * 100 (2)
W*YV'memb

Vinemp = mr’h 3)

Where Vmems (M?) is the volume of the fabricated ceramic membrane, h (m) is the membrane thickness,

r (m) radius of the membrane, pw (kg/m?) is the density of water.
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4.1.7 Pure water permeation and mean pore radius

Water permeation of the fabricated ceramic membranes was determined using a method reported by Ni
et al. (2022). The pure water permeation test was evaluated using a dead-end filtration set-up and the
filtration process was driven by pressure from N; gas. Firstly, a known volume of water was poured
into the dead-end column, which was then compressed with nitrogen gas. The time taken to collect all
the water permeate was recorded. The water flux was determined using the formula in Equation 4, and

the water permeability was calculated using Equation 5.

T (4)
v
J =P (5)

Where J= pure water flux (L/m?h), V= Volume of permeate in (L), A= the fabricated membrane’s
effective surface membrane area (m?), AT= time taken to collect the permeate (h), J'= water

permeability (L/m?/h/kPa) and P = transmembrane pressure (kPa).

The mean pore radius of the fabricated ceramic membranes was determined using the filtration velocity
method and applying Guerout—Elford—Ferry equation (6) (Mishra & Mukhopadhyay, 2017). The pore
size (diameter) of the fabricated ceramic membranes was determined by multiplying the mean pore
radius (rm) by two.

,2.9—1.7s*smq
Tm= ExAP*A ©)

Where rn= mean pore radius (Um), #= water viscosity (8.9 x 10 Pa s), €= porosity of the fabricated
ceramic membrane (%), 2= membrane thickness (m), Q= volume of permeate water (m%/s), A= the

fabricated membrane’s effective surface membrane area (m?) and AP= is operational pressure (Pa)

4.1.8 Linear firing shrinkage and loss on ignition

Linear firing shrinkage and loss on ignition of the fabricated ceramic membrane were evaluated after
the sintering process. The ceramic membrane’s thickness and diameter were measured before and after
sintering to give the resultant total linear shrinkage in terms of volume using the expression in Equation
7. Loss on ignition was evaluated as the loss of weight of the ceramic membrane after sintering using

the expression given in Equation 8.

Linear firing shrinkage = V’;_Vf * 100 (7)

4
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Where Viis the initial volume of the ceramic membrane before sintering and Vs is the final volume of

the ceramic membrane after sintering

w;-w
L %100 (8)

Loss oniginition =

L

Where Wiis the initial weight of the ceramic membrane before sintering and W is the final weight of

the ceramic membrane after sintering

4.1.9 Average crystallite size

The average crystallite sizes in the fabricated ceramic membranes were determined using Scherrer's
formula (Equation 9).

K2
pCos6 (9)

Crystallite size (D) =

Where K is the Scherrer's constant (Here, taken as 0.94), / is the wavelength of X-rays (A), p = F. W.
H. M (Full Width at Half Maxima in degrees), 8 = Peak position in XRD graph (that is 20 in degrees).

4.1.10 Ceramic membrane characterization

The composition of coal fly ash and natural sand was evaluated using X-ray fluorescence
spectroscopy (Zetium, PANalytical Corporation, Netherlands). Inductively coupled plasma - optical
emission spectrometry (PerkinElmer’s NexION 2000 ICP-OES) was used to determine the elemental
composition of the coal fly ash. Functional groups of the main precursor materials and ceramic
membranes were analyzed using an FT-IR  spectrophotometer  (Bruker alpha-P
FTIR spectrophotometer). Phase composition of coal fly ash, natural sand and synthesized ceramic
membranes was analyzed using X-ray diffraction (Bruker D8 Advance X-ray diffractometer (Karlsruhe,
Germany). The surface morphology and texture of the fabricated ceramic membrane were analyzed
using scanning electron microscopy (Quanta FEG 250 Environmental scanning electron
microscope (ESEM) coupled with EDX.). Thermal stability properties and weight loss of precursor
powder of different compositions were evaluated using a Thermogravimetric Analyzer (SDTQ 600
thermal instrument). The mechanical strength of the ceramic membranes was evaluated using the three-
point bending load method reported by Mazel et al. (2014). This test involved applying compressive
stress to the upper portion of the circular ceramic membrane, which resulted in tensile stress to the lower
portion. The membrane breaks due to the highest tensile stress, which was present on the lower face of
the sample. The flexural strength (MPa) of the circular flat ceramic membrane was calculated using
(Equation 10).
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3FL

Flexural strength (MPa) = DI

(10)

Where F= applied force (N) resulting in the breaking of the membrane, D= the circular ceramic
membrane diameter (mm), h= is the ceramic membrane thickness (mm) L= is the distance between the

supports (mm)

4.2 Results and Discussion

4.2.1 X-ray fluorescence (XRF) analysis and Leaching studies

X-ray fluorescence analysis was used to analyze the chemical composition of coal fly ash and natural
sand. The chemical composition in weight% is displayed in Table 2. It is observed that coal fly ash is
generally composed of alumina (33.67%) and silica (48.3%) with traces of alkali and alkaline—earth
metal oxides and transition metal oxides. The loss on ignition (LOI) of CFA was 10.2 wt.% and is
mainly attributed to the residual carbon content and volatile organic matter in coal fly ash. The
formation of pores in ceramic membranes can be considerably aided by the presence of this volatile
organic matter and residual carbon content (Zou et al., 2019). Natural sand is mostly composed of silica
(86%) and traces of metal oxides. ICP OES analysis revealed that the coal fly ash also contains heavy
metals, some of which exceeded WHO limits as shown in Table 3. The leaching profile of heavy metals
is shown in Table. 3 indicates that acetic acid has a strong leaching ability for As, Cr, Cu, Ni, and Pb at
pH 5. This could be attributed to the sublime hydrolysis of metal cations in weak acidic conditions
(Geng et al., 2020). The leaching ability of acetic acid can also be due to its coordinative ability with
metal ions which results in the formation of a stable ligand that makes the leaching of metals much
easier. This occurs when carboxyl functional groups are used to generate soluble organic combinations,
which inhibits the adsorption of heavy metals on coal fly ash's surface (Ke et al., 2020; Leelarungroj et
al., 2018). Studies by Yan et al. (2014) also showed the strong leaching ability of acetic acid toward

heavy metals. In their studies, acetic acid proved to be a better option than inorganic acids.

Table 2: Chemical composition of coal fly ash and natural sand expressed as percent by weight.

Materials | Oxides and their percentage composition

SiOz A|203 F6203 CaO MgO 803 Na,O | KO | M nzog TiOz PzOs LOI
CFA; 45.30 | 32.67 | 4.71 11191104 |143|1.20 |0.92 | 0.08 1.32 | 0.70 | 10.20
NS 86.20 | 2.50 1.30 6.69 |0.23 | 010|014 |0.44 |0.01 0.11 | 0.02 | 2.20

LOI mean loss on ignition.
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Table 3: Heavy metal concentrations in coal fly ash both before and after leaching studies (unit: ppb).

Heavy metals and their concentration in (ppb)

As Cd Cr Cu Ni Pb Hg
WHO 50.00 5.00 50.00 1500.00 100.00 50.00 1.00
limits
CFAA 112.70 0.08 273.1 91.00 87.00 6.09 0.04
CFAg 38.79 0.07 55.8 24.9 30.57 3.60 0.11

CFAA— coal fly ash before the leaching process and CFAg - coal fly ash after the leaching process.

4.2.2 Material composition and appearance of the fabricated ceramic membrane.

Fig. 2 shows the images of the flat ceramic membranes fabricated in this study. The brown colour of
the fabricated ceramic membranes changed to chocolate brown when the sintering temperature
increased to 1200 °C. It is also very clear that the diameter of the fabricated membranes reduces as the
sintering temperature increases. All these could be a result of overheating of the ceramic membranes

and their resultant densification.

oy " L
e
e

Figure 2: Images of the fabricated ceramic membranes illustrating the typical differences in the visual

aspects of different sintering temperatures. (A, B, C and D represents ceramic membranes fabricated
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from CFA: NS ratios of 90/0, 80:10, 70:20 and 60:30 respectively while subscripts 1, 2 and 3 represent
sintering temperatures of 800, 1000, 1200 °C respectively).

4.2.3 Shrinkage and Loss on ignition

Table 4 shows that all samples exhibited an increase in shrinkage behaviour when the sintering
temperature was increased from 800 to 1200 °C. This shows the direct effect of a high sintering
temperature on the enhancement of densification of the membrane. Increasing the amount of natural
sand content leads to a decrease in the percentage shrinkage from 3.72 to 2.13%. This indicates that
natural sand can enhance the densification of ceramic membranes. Table 4 also shows an increase in
loss on ignition (LOI) when the sintering temperature increased from 800 - 1000 °C in all the starting
material compositions. The LOI at 800 °C could be attributed to the decomposition of volatile
substances in the starting materials, such as organic binders, pore formers, moisture, or carbonates.
Above 800 °C, phase changes in the materials can occur, which may include extensive loss of certain
phases and transformation of phases into less stable forms which can release gases or other volatile

substances. The results showed a similar trend with previously reported studies (Cipriano et al., 2020).

4.2.4 Water absorption, open porosity and water permeability

The porosity of the fabricated ceramic membranes was measured by Archimedes’ principle using water
as a wetting liquid. This technique is based on the penetration of water into a membrane's pores under
atmospheric pressure. As shown in Table 4, open porosity decreased with increasing sintering
temperature. This was due to the melting and fusion of mineral grains, which resulted in the blocking
of membrane pores. These values are consistent with other ceramic specimens obtained by the pressing
method (Zou et al., 2019). Membranes sintered at 1200 °C had porosities less than 30%, thereby
rendering them not fit for filtration purposes. This result is consistent with that deduced from the percent
of linear shrinkage and water absorption. As water absorption is directly related to porosity (%), the
same trend was also observed in increasing the firing temperature. At higher temperatures, the particles
tend to agglomerate with each other which leads to a more consolidated ceramic body. Figure 3 shows
the permeate flux profiles for double distilled water through four distinct membranes: (Az) CFA (90%);
NS (0%), (B2) CFA (80%); NS (10%), (Cz) CFA (70%); NS (20%), and (D2) CFA (60%); NS (30%) at
transmembrane pressures of 100, 150, and 200 kPa. The results showed a linear, pressure-dependent
regime. Membrane B, has the largest water permeability at 200 kPa, 35.32 L/m?/h, whereas membrane
A; has the lowest at 100 kPa, 9.02 L/m?/h. The variation in water flux between membranes could be

attributed to the difference in membrane porosities, which are altered by the interactions of individual
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particles (Arsuaga et al., 2013; Lalia et al., 2013). The hydraulic pore size of ceramic membranes A,
B,, C,, and D, were 0.48, 0.68, 0.64, and 0.58 um, as determined by Equation 6.

Table 4: Properties of the fabricated ceramic membranes

Ceramic _Los:s_ on Lin_ear firing | Water Open_ Crystallite size | Chemical
(I:ggrenbrane |(g/r(1);tlon ?cr)w/:)’)mkage ;J(got)ake E)Oo/or)osny (nm) stability (%)
(Acid/ Base)

A 9.92 2,28 23,1 38,5 11.39 4.21\1,22
A 10.3 3,72 20,0 33,7 32.21 2.98\0,82
Az 941 24.44 5,9 12,6 3.50 2.35/0,61
B: 9.56 1,16 22,5 37,1 30.66 3.24/1,32
B> 12.40 3,43 20,7 35,2 39.18 3.2/0,76

Bs 10.10 23,80 3,7 7,9 11.40 2.76/0,7

C: 9.52 1,03 22,8 37,2 38.35 4.01/0,9

C 12.41 2,77 20,4 34,7 67.25 3.1/0,69

Cs 11.11 22.52 6,3 13,5 31.85 2.67/0,59
D, 8.92 0,80 21,9 36,4 40.30 3.3/0,98

D2 11.43 2,13 20,2 34,3 43.76 2.78/0,63
Ds 10.92 20,93 5,6 11,7 33.29 1.98/0,6
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Figure 3: Pure water flux of different fabricated ceramic membranes sintered at 1000 °C for 2 h: (A2)
CFA (90%); NS (0%), (B2) CFA (80%); NS (10%), (Cz) CFA (70%); NS (20%) and (D.) CFA (60%);
NS (30%).

4.2.5 Chemical and mechanical stability

4.2.5.1 Chemical stability

Table 4 shows the weight loss of 12 different ceramic membranes when evaluated for their chemical
stability by immersing them in HCI and NaOH solutions of pH of 1.5 and 13 respectively. Each ceramic
membrane exhibited exceptional chemical stability, as evidenced by an average weight loss of less than
3% in the test medium. The results also showed that the fabricated ceramic membranes are more stable
in an alkaline environment than acidic environment. The weight loss observed during acidic corrosion
tests could be attributed to the presence of calcium oxide, magnesium oxide, and sodium oxide in the
membrane morphology, as these oxides are highly reactive with acids (Suresh et al., 2016). Sand’s
composition and sintering temperature greatly influenced the chemical stability of these membranes,
Chemical stability increased when the sand composition, as well as the sintering temperature, increased.
This is because the increase in sand composition directly induces silica within the membrane structure,
thereby reinforcing the structure of the membrane (Alftessi et al., 2021). High sintering temperatures
could have also improved the chemical stability through internal rearrangement of the ceramic
membrane by increasing the interlocking of the particles (densification process) (Yang et al., 2024; Zoli
etal., 2024).

4.2.5.2 Mechanical stability

Three-point bend tests and flexural strength results of the fabricated ceramic membranes are given in
Figure 4. The mechanical properties of the ceramic membranes were evaluated to determine how the
composition of coal fly ash and natural sand, as well as the sintering temperature, affected the strength
of the ceramic membranes. As shown in Figure 4b, flexural strength increased as sand composition
increased. This was due to the increased weakened Si-O-Si bonds in [SiO4]* tetrahedrons, thereby
enhancing the membrane densification through the formation of strong interactions with different
inorganic materials present in coal fly ash. Densification of the ceramic membrane causes a reduction
in membrane porosity, which raises the load-bearing area and lowers the stress concentration
(Tkaczewska, 2021; Zhang et al., 2024). The mechanical strength of the fabricated ceramic membranes
increases as the sintering temperature increases as shown in Figure 4c. This could be ascribed to
improved membrane densification via increased particle connectivity and sinter neck development. The

presence of liquid phases formed from inorganic oxides such as K,0, CaO, and MgO at 1200 °C may
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have contributed to the increased sintering process that resulted in exhibiting the highest mechanical
strength (Zou et al., 2021).
High sintering temperatures can also result in reduced membrane porosity, hence reducing defects that
act as stress concentration spots (Levanen & Méntyld, 2002; Li et al., 2016; Wu et al., 2013). Figure 4
(a and c) shows that when the sintering temperature and sand composition increased, the flexural strain
values decreased, indicating that the ceramic membranes experienced less bending or deformation when
subjected to stress or force (Askarinejad, 2017; Nieto, 2016). Therefore, the optimal sintering
temperature for coal fly ash-natural sand ceramic membranes was determined to be 1000 °C. At 1200
°C, the porosity decreased excessively, leading to the formation of cracks. Conversely, at a sintering
temperature of 800 °C, the mechanical properties were lower than those observed at the other sintering

temperatures.
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Figure 4: (a) Flexure strain vs. flexure load and (b) Flexural strength of different fabricated ceramic
membranes sintered at 1000 °C for 2 h (A2) CFA (90%); NS (0%), (B2) CFA (80%); NS (10%), (C>)
CFA (70%); NS (20%) and (D2) CFA (60%); NS (30%). (c) Flexure strain vs. flexure load and (d)
Flexural strength of ceramic membranes fabricated from CFA (70%); NS (20%) and sintered at (C1)
800 °C, (C2) 1000 °C and (C3) 1200 °C for 2 h.
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4.2.6 Fourier transform infrared (FTIR) spectroscopic studies

Infra-red spectra of the ceramic membrane samples fabricated from different ratios of coal fly ash (CFA)
and natural sand (NS) including CFA (90%), NS (0%); CFA (80%), NS (10%); CFA (70%), NS (20%);
and CFA (60%), NS (30%); all sintered at 800, 1000 and 1200 °C are presented in Figure 5 (a -d)
respectively. The spectrum of natural sand and coal fly ash showed all the characteristic bands of quartz
mineral, with the asymmetric stretching vibration bands of Si-O-Si which appeared around 1060 cm™
and the asymmetric bending vibrations bands of Si-O-Si observed around 450 cm™ (Amran et al., 2022).
The presence of symmetrical bending vibration of the Si—O group at 680 cm™ displayed by the FTIR
spectra of natural sand indicates that the quartz is in crystalline form (Anbalagan et al., 2010). The
vibrational band at 600 cm™ in both natural sand and coal fly ash corresponds to the stretching vibration
of Si-O-Al (Khan et al., 2014). The peak at 600 cm™* can also confirm the presence of a mullite structure
in the mixture (Chathurappan & Anandkumar, 2022). FTIR spectrum of the natural sand also displayed
stretching vibrational bands attributed to the Si—O around 777 cm™ (Alsubei et al., 2024). The spectra
of the ceramic membranes from all the different compositions before and after sintering showed
characteristic bands that are consistent with natural sand and coal fly ash in the range of 450 - 1100 cmr
!, Additional peaks at 1608 cm™ for unsintered ceramic membranes may be attributed to the H-O-H
bending vibration. Figure 5 (a-c) displays additional peaks in the 1500 - 3000 cm™ range following
calcination at 1200 °C. These could be due to O-H stretching vibrations induced by moisture absorption
or surface hydration (Abdulgader et al., 2024). The peaks may also be attributed to metal-oxygen
vibrations or interactions due to the existence of complex oxide in both coal fly ash and natural sand
(Shilar et al., 2022).

132



CM A; @1200 °C
CM B, @1200°,
(a) CM A, @1000 °C (b)
CM B, @1000°C
S S
< CM A, 800 °C < \//\/\/
] W 3 CM B, @800°C
c c
s g \//\/\’
E £
E) CM A, (unsintered) g CM B, (unsintered)
53 <
1S S
Coal fly ash Coal fly ash
1060 680560459 Natural sand w
680
790
1060 460

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000

500

Wavenumber (cm™) Wavenumber (cm™)
CM, @ 1200°C CM D, @1200°C
(©) . (d)
CM, @ 1000 °C CM D, @1000 °C
< <
s o e CM D, @800°C
@ cM, @ 800 °c @© |
o o
c  tat c
S s
: : M
CM D, (unsintered
g CMO (unsintered) w §> A N aant )
2 c
g |8
o S
= Coal fly ash = w\/\p\’
_w Coal fly ash
Natural sand Natural sand w
\/Vf\, 1060 g0\ |
798

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™) Wavenumber (cm™)
Figure 5: FTIR spectra of ceramic membrane samples fabricated from different ratios of coal fly ash
and natural sand, (a) CFA (90%); (b) CFA (80%), NS (10%); (c) CFA (70%), NS (20%); and (d) CFA
(60%), NS (30%) all sintered at 800 °C, 1000 °C, and 1200 °C for 2 h.

4.2.7 X-ray diffraction (XRD) analysis

XRD analysis was used to identify the phase transformation behaviour of the fabricated ceramic
membranes to comprehend the structural changes that resulted from the incorporation of different sand
compositions and sintering processes. The diffraction patterns of the coal fly ash displayed
characteristic peaks of (1) a-quartz (SiO) at 26° values of 21.85, 26.5, 39.6, 49.5, 54.5 and 60.8°,
(JCPDS no 46-1045); (2) mullite (3Al203-2Si0;) at 26° values of 16.6, 25.9, 30.8, 33.7 35.5, 37.4, 39.2,
52.5,62.8 and 64.5°, (JCPDS no 84-1205); (3) Hematite (Fe,O3) at 26° values of 33.8° (JCPDS card no.
84-0311); and (4) corundum (a-Al;O3) at 26° values of 27 and 36, (JCPDS no 46-1212). The major
crystalline phases identified in natural sand were a-quartz, anorthite (JCPDS no 76-0832) and albite.
The studied sand and coal fly ash samples had a high crystalline character, which is shown by the sharp
peaks of the diffraction pattern. The XRD pattern of ceramic membrane fabricated from prestine coal

fly ash and additives sintered at a temperature range of 800— 1200 °C, presented in Fig. 6a, showed
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characteristic peaks exhibited in coal fly ash with reduced intensities. The peaks corresponding to quartz
and mullite displayed similar intensities from those of the raw materials for all ceramic membranes
sintered at 800 °C, indicating the thermal stability of these phases at this sintering temperature. The
emergence of a new peak at 20° value of 28.3° corresponding to anorthite (CaO.Al,O3-2Si0O,) after
sintering at 1200 °C was because of the reaction between CaO with alumina and quartz SiO- present in
the raw material. This shows that a fabricated membrane can easily be transformed when high sintering
temperatures are used. The results showed a similar trend with previously reported studies (Shi et al.,
2023).

Figs. 6 (b-d) shows the XRD patterns of the ceramic membrane samples fabricated from the coal fly
ash and different proportions of natural sand sintered in the temperature range of 800-1200 °C. An
increase in the composition of natural sand in the sintered ceramic membranes resulted in the subsequent
disappearance of peaks that were present in both sand and coal fly ash. The intensity of the peaks also
decreased. The peaks corresponding to quartz did not change much, indicating the thermal stability of
the phase at various sintering temperatures. The disappearance of some of the peaks gave rise to new
peaks. The quartz and mullite phases in the initial fly ash and natural sand were slightly reduced for
quartz and significantly reduced for mullite in ceramic membranes produced at sintering temperatures
above 1000 °C. This could be ascribed to their transformation into cristobalite (tetragonal SiO-) phase,
with peaks at 20 values of 22, 28, and 36° ) and anorthite phase (CaO.Al;03-2Si0O,) with peaks at 260
values of 21.3° (Ahmed & Mir, 2021; Meftah et al., 2023). It is reported that the mullitization reaction
of ceramic membranes appears between 1000 and 1200 °C (Dong et al., 2009).

The effect of sintering temperature and natural sand composition on the crystal size of the fabricated
ceramic membranes was evaluated using Scherrer’s equation (Equation 6). Results presented in Table
3 show that the sintering temperature above 1000 °C gave rise to a decrease in crystal size, while natural
sand composition resulted in increased crystallite size. A decrease in crystal size results in increased
interlocking of particles that results in effective densification of the membranes (Vasanth et al., 2011).
This improves the mechanical and chemical properties of ceramic membranes. However, the ceramic

membrane's porosity and water absorption are reduced.
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4.2.8 Thermogravimetric analysis (TGA)

TGA analysis was used to evaluate the thermal stability of the prepared ceramic membranes by
monitoring the weight change that occurred as the raw materials mixture was heated between 25-1000
°C at a rate of 10 °C/min under nitrogen purge. The TGA-DTG graph in Fig 7 displays three different
weight loss zones, with an observed 12% overall weight loss for the sample. A weight loss of about
0.5% at below 100 °C may be attributed to the loss due to adsorbed volatiles. About 5% weight loss
occurred between 200 and 300 °C, which can be related to the dihydroxylation process and pre-
dehydration process of coal fly ash and natural sand that could cause their layers to reorganize. The
weight loss between 400 and 700 °C could be attributed to the thermal decomposition of dextrin and
sodium carboxyl methylcellulose, thereby producing CO.. The DTG curve (Fig. 7) shows two
exothermic peaks at 275 and 500 °C, which can be ascribed to the decomposition of the binder and pore
former (Bensalah et al., 2023). The formation of CO; increases the porosity of the membrane because
it leaves behind long, linked pores in the membrane structure. There was no weight loss after 750 °C,

and this temperature may be assumed as the lowest temperature at which the ceramic membrane can be

sintered.
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Figure 7: TGA-DTG curve for the ceramic membrane starting material (60%CFA;20% NS)
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4.2.9 Morphological study

4.2.9.1 SEM and EDX analysis of ceramic membranes sintered at different temperatures.

The effect of sintering temperature on the morphology of the synthesized ceramic membranes was
investigated and presented in Fig. 8(a—f). The elemental composition of the fabricated ceramic
membranes is also shown in Figs. 8(g-i). The SEM micrographs of the ceramic membranes sintered at
800 °C are shown in Figs. 8 (a and d) and are dominated by loosely held spherical particles. The presence
of these loose particles results in a high membrane porosity because of the many channels that are
present between the layers of the particles. However, due to the restricted particle interactions, the
mechanical strength of the membrane would be low. There were no visible cracks on the cross-sectional
or surface areas. The spherical particles began to agglomerate at a temperature of 1000 °C, as shown in
Figs. 8 (b and e), thereby forming a dominating dense structure with pores. This indicates that at 1000
°C, the membranes were sufficiently sintered. Most of the particles transformed into sintering necks
when the temperature was raised to 1200 °C due to an increase in the densification process. This caused
the ceramic membrane to shrink, thereby increasing its mechanical strength. The membrane's porosity
consequently decreases as the sintering temperature increases. Furthermore, as shown by the yellow
arrows in Fig. 8c, cracks could be observed on the membrane's surface. Aluminium and silicon were
identified as the main elements of the ceramic membranes as shown in the EDX spectra of Fig. 8(g-i),

indicating that coal fly ash and natural sand are suitable starting materials for the ceramic membranes.
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Figure 8: SEM surface micrographs (a-c), SEM cross-sectional micrographs (d-f), EDX spectra (g-i)
Table of elements present (j-1) in ceramic membranes fabricated from 30% natural sand and 60% coal

fly ash and sintered for 2 h at different temperatures of 800, 100 and 1200 °C respectively.

138



4.2.9.2 SEM and EDX analysis of ceramic membranes fabricated from different natural sand
compositions.

The effect of natural sand composition on the morphology of the synthesized ceramic membranes was
investigated and presented in Figs. 9(a-h). The elemental composition of the fabricated ceramic
membranes is also shown in Figs 9(i-k). The SEM micrographs of ceramic membranes composed of
100% coal fly ash and additives (Figs 9a and €) revealed a morphology mostly dominated by spherical
particles, while particle aggregation was observed when the percentage of natural sand was increased.
Agglomeration of particles increases the flexural strength by decreasing the membrane porosity.
Aluminum and silicon were identified as the main elements in the EDX spectrum Figs. 9(i-k) of the
ceramic membranes that were fabricated at different compositions of natural sand. The results also

showed that the composition of Si increased as the amount of natural sand increased.
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Figure 9: SEM surface micrographs (a-d), SEM cross-sectional micrographs (e-h), EDX spectra (i-k)

and Table of elements (i-0) of ceramic membranes fabricated from 0%, 10%, 20%, and 30% natural
sand and sintered at 1000 °C for 2 h.
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Table 5: Comparative study of the properties of the fabricated ceramic membrane utilizing coal fly ash
and natural sand against sustainable ceramic membranes reported in earlier studies

Main Configuration | Sintering Pore size (um) & | Mechanica | Pure Ref.
sustainable temperature porosity (%) | strength | water
starting (°C) (MPa) flux(L/m?
materials /h)
Potters’ flat 900 0.49 - - (Tai et
clay & Tea 52.51 al., 2019)
waste
Palm  oil | hallow 700 0.5 60 28.4 (Tai et
fuel ash 33.2 al., 2019)
Bauxite hallow 1450 15 308.1 87 (Ismail et
46.5 al., 2020)
Cow bone | hallow 1200 0.01 20.2 80.3 (Hubadil
35.4 lah et al.,
2020)
sugarcane | hallow 1000 1.85 60 466 (Jamallu
bagasse 42 din et al.,
ash 2018)
Coal fly ash | flat 700 - 6 57.8 (Ahmad
40 et al.,
2022)
Metakaolin | hallow 1200 3.26 41.61 82.4 (Kamaru
and corn 194 din et al.,
cob ash 2020)
Silicasand | hallow 1300 0.85 210 14 (Alftessi
17.2 et al.,
2021)
Linz Dona | flat 950 8 6 800 (Deepti
witz slag 60 et al,
2020)
Coal fly ash | flat 1000 0.64 7.7 32.23 Present
and  natural 34.3 study
sand
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4.3 Conclusion

In this study, a sustainable ceramic membrane was successfully fabricated from coal fly ash and natural
sand by the uniaxial compaction method. The sintering temperature and composition of natural sand
significantly influenced the properties of the fabricated ceramic membranes. The ceramic membrane
exhibited greater phase changes, shrinkage, porosity loss, increased mechanical and chemical stability,
and decreased water absorption behavior as the sintering temperature increased. Additionally, as shown
in Table 5, the optimized coal fly ash-based ceramic membrane displayed comparable properties to the
other ceramic membranes fabricated from low-cost materials. A reduction in the shrinking behavior
occurred, while an enhancement in the mechanical and chemical stability was observed with the
increase in the amount of natural sand content. The ceramic membrane, synthesized from 20% natural
sand composition and sintered at 1000 °C, demonstrated optimal properties. These included a mean
pore size of 0.64 pm, an open porosity of 34.7%, and exceptional chemical stability under harsh
environmental conditions, coupled with robust mechanical properties. Notably, the membrane exhibited
a remarkable water permeability rate of 32.23 L/m?h. The study shows that coal fly ash and natural
sand can be used to successfully establish a multipurpose ultrafiltration membrane that can be used for
various water purification applications.
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CHAPTER 5

TiO2-ZnO functionalized low-cost ceramic membranes from coal
fly ash for the removal of tetracycline from water under visible
light

5.0. Introduction

The use of ceramic membranes in filtration technology for wastewater treatment applications has
evolved rapidly on a global scale due to its excellent filtration effectiveness, longer service life, lower
susceptibility to fouling, and chemical and thermal stability (Samaei, Gato-Trinidad et al. 2018, Bottino,
Capannelli et al. 2020). However, high energy requirements for sintering, high operational cost and
limited performance in the mineralization of contaminants are identified as major drawbacks in real
industrial utilization (Ajiboye, Sawunyama et al. 2023, Sawunyama, Oyewo et al. 2023, Xie, Wang et
al. 2024). This has, thus, directed research to focus on the fabrication of ceramic membranes using
inexpensive and easily accessible materials. For example, studies revealed that clay, bentonite, kaolin,
sand, and other materials were successfully used for the fabrication of ceramic membranes (Issaoui and
Limousy 2019, Zou, Fan et al. 2021, Samadi, Gao et al. 2022, Sawunyama, Olatunde et al. 2024). These
materials contain substantial amounts of SiO,, CaO, and Al,Os;, making them an ideal precursor for
ceramic membrane fabrication (Alsubei, Reid et al. 2024). In our previous study, fabrication of a
ceramic membrane from coal fly ash and natural sand at a sintering temperature that was lower than
that of commercial starting materials was reported. The membrane demonstrated good water absorption

capabilities in addition to good thermal and chemical durability (Sawunyama, Oyewo et al. 2024).

To overcome the inefficiency of ceramic membranes in degrading contaminants in wastewater, the
functionalization of ceramic membranes with photocatalysts has recently been explored. This hybrid
method is based on exploring the combined advantages of photocatalysis and ceramic membrane
technologies in order to maximize their benefits and minimize their drawbacks, hence reducing adverse
effects on the economy and environment (Li, Sun et al. 2020). Metal oxide semiconductors are the
major photocatalysts used to functionalize ceramic membranes (Al-Abri, Al-Ghafri et al. 2024), due to
the generation of reactive species such as superoxide and hydroxyl radicals, which possess strong
oxidizing capabilities and can effectively degrade organic pollutants (Zaleska-Medynska 2018,
Prakruthi, Ujwal et al. 2022, Chiromo and Chiromo 2023). Metal oxides such as ZnO and TiO: are
widely regarded as safe and environmentally friendly materials. These give them advantage over

advanced materials such as MXenes, Layered Double Hydroxides and covalent organic frameworks
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(COFs), whose environmental implications of synthesis procedure are still under investigation. These
advanced materials often involve more complex synthesis and handling processes, which can hinder
their scalability and practical applications(Janjhi, Ihsanullah et al. 2023, Farhan, Khalid et al. 2024).
Another key advantage of metal oxide photocatalysts is their ease of fabrication compared to other
photocatalytic options. This simplicity makes them a viable choice for large-scale applications.
Additionally, their straightforward production facilitates their integration into existing technologies,
such as coatings and composite materials. However, the limited absorption of solar light, poor
adsorption characteristics, and high recombination rates impede photocatalytic activity of these metal
oxide semiconductors. Consequently, semiconductor hybridization to form heterojunctions and
elemental doping have been extensively and effectively studied to meet the necessary properties for
industrial applicability (Ghosh, Sahu et al. 2020, Sawunyama, Oyewo et al. 2023) (Karthikeyan,
Arunachalam et al. 2020, Danish, Estrella et al. 2021). However, only relatively few studies exist on
the removal of contaminants such as pharmaceuticals from wastewater by utilizing metal oxide
functionalized ceramic membranes. For example, Li, Lu et al. (2022) reported the degradation of
diclofenac, naproxen, and carbamazepine utilizing graphene oxide-titanium dioxide photocatalytic
ceramic membranes. In a similar study, Ghaderi, Lahafchi et al. (2023) successfully decomposed
diphenhydramine (DPH) with a CuO-TiO, functionalized ceramic membrane. Studies involving
antibiotics degradation by employing a functionalized ceramic membrane is not well explored, hence

the focus of this study.

Antibiotics are a class of pharmaceutical products that are widely used in aquaculture, agriculture, and
human and animal therapy due to their effectiveness and affordable price (Zhao, Yang et al. 2021).
However, excessive use of these antibiotics combined with improper environmental discharge can lead
to very serious consequences for the environment. Tetracycline as a model antibiotic, which could cause
harm to humans’, microorganisms’, and animals’ health when misused (Done, Venkatesan et al. 2015,
Liu, Steele et al. 2017). Trace levels of tetracycline in drinking water can lead to significant adverse
effects on humans’ health and aquatic lives over extended periods. In humans, exposure can result in
permanent discoloration of teeth in foetuses and children under eight years old, as well as impairments
in foetal long bone growth (Shutter and Akhondi 2019). In plants, tetracycline has been shown to restrict
growth, affect oxidative responses, and alter phytochemical composition (Margas, Piotrowicz-Cieslak
et al. 2019). In terrestrial and aquatic systems, it significantly impacts growth and reproduction (Zhang,
Cheng et al. 2015). With tetracycline consumption projected to increase by 30% by 2030 (Balakrishnan,
Chinthala et al. 2023), and given that it is the second most consumed pharmaceutical drug, its residues
in wastewater are not effectively removed by conventional treatment methods employed in most
wastewater treatment plants. The challenge of removing tetracycline from wastewater is compounded
by its coexistence with other pharmaceutical contaminants, heavy metals, and organic pollutants, such

as dyes. The presence of electron-donor groups in tetracycline allows it to form stable compounds with
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various ions, making removal more difficult (Jezowska-Bojczuk, Lambs et al. 1993). Additionally, its
complex chemical structures and their low concentrations in wastewater also make it difficult to remove
it from wastewater (Liao, Rong et al. 2021). This highlights the urgent need for the development of
cost-effective and efficient wastewater treatment techniques capable of degrading tetracycline.

Therefore, this study focuses on the fabrication of novel sustainable photocatalytic ceramic membranes
using TiO.-ZnO heterojunction, natural sand, and coal fly ash for the removal of tetracycline. The
photocatalytic ceramic membrane was fabricated through the co-pressing and co-sintering methods.
The operating parameters including pH, tetracycline concentration, pressure and catalyst concentration
were also investigated to evaluate the filtration and photocatalytic processes of the functionalized
ceramic membrane on the removal of tetracycline. The feasibility studies on the industrial applicability

of this synthesized functionalized membrane were also evaluated.

5.1. Experimental

5.1.1 Materials

TiO2-ZnO heterojunction was prepared using zinc acetate [Zn(CH3COO),-2H,0, >98%], titanium tetra-
isopropoxide [Ti(OCH(CHz3)2)4, 98 %], acetic acid [C2H4O2, > 99%], and sodium hydroxide [NaOH,
98%], that were procured from Merck, South Africa. The primary starting materials for ceramic
membrane production were coal fly ash (CFA) and natural sand (NS) from Zimbabwe's Harare Thermal
Power Station. Carboxymethylcellulose sodium salt and dextrin (C¢H1206)x were acquired from Merck
in South Africa and used as additions to bind raw ingredients and produce pores respectively. Merck,
South Africa supplied tetracycline (TC), which served as the pharmacological model for the

photocatalytic degradation test.

5.1.2. Synthesis of TiO2-ZnO heterojunction

TiO2-ZnO heterojunction was prepared according to our previous work (Sawunyama, Oyewo et al.
2023) with some modifications. The heterojunction photocatalyst was synthesized using titanium tetra-
isopropoxide and zinc acetate solutions. Firstly, ZnO sol was prepared by dissolving pre-weighed zinc
acetate in 100 mL of distilled water. About 100 mL of 0.5 M NaOH was added to the mixture under
vigorous stirring for 2 h. TiO, sol was prepared by adding (in drops) the measured volume of titanium
tetra-isopropoxide into 100 mL of distilled water with continuous stirring for 30 min at 80 °C. Then, 50
mL of ethanol was added in drops to the white precipitate solution. The resultant mixed solution was

further stirred for 2 h at 25 °C. After 24 h of continuous stirring with a magnetic stirrer, the produced
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ZnO and TiO; sol were transformed into a gel-like solution. The resultant TiO2-ZnO gel was centrifuged
and rinsed with distilled water, followed by drying at 120 °C for 8 h. Thereafter, the crumps were
crushed into a fine powder with a pestle and mortar before calcining for 2 h at 850 °C in a muffle

furnace.

5.1.3 Thermal Treatment of Coal Fly Ash and Leaching of Heavy Metals from Coal Fly
Ash

Pre-weighed coal fly ash was thermally treated in a muffle furnace set at 1000 °C for 1 h to remove any
unburnt carbon and volatile matters. The leaching experiments were conducted according to the
procedure reported in our previous work (Sawunyama, Oyewo et al. 2024). Specifically, 1 g of
thermally treated coal fly ash was added to 50 mL of 1 mol/L acetic acid solution and stirred
continuously at a moderate speed for 6 h. Following this, the mixture was allowed to stand at room
temperature for 24 h and then filtered. The resulting residue was washed with distilled water to eliminate
any residual acetic acid and subsequently dried at 110 °C for 10 h.

5.1.4. Preparation of TiO2-ZnO functionalized CFA/NS ceramic membrane

The compositional ratios of the starting materials used in the fabrication of pristine coal fly ash-based
ceramic membranes (PM) and functionalized coal fly ash based ceramic membranes (PCM) A, B and
C are presented in Table 1. The photocatalytic ceramic membranes were fabricated using the co-
pressing and co-sintering method, which has not been extensively used in fabricating functionalized
ceramic membranes (Fig. 1). About 1 g of the precursor material was mixed with a pre-weighed, un-
calcinated TiO,-ZnO photocatalyst, and the mixture was pulverized. The photoactive layer was formed
by placing the grounded mixture on the mold's base, and the supporting layer was formed by adding
pre-weighed ceramic membrane precursor material to the mold. The resultant mixture was uniaxially
pressed for 3 min at a pressure of 40 MPa, resulting in a flat ceramic membrane with a defined diameter
of 40 mm. The fabricated photocatalytic ceramic membranes were dried in a hot air oven at 110 °C for
10 h for complete removal of loose moisture. To avoid thermal shocks and cracks, the membrane was
then sintered in a furnace at a rate of 5 °C min™ up to 850 °C and maintained for 2 h. Thereafter, the
membranes were cleaned in an aqueous ultrasonic bath to eliminate of any loose particles that had stuck
to the surface of the membrane.
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Table. 1. The compositional ratios of the Materials used to fabricate the photocatalytic ceramic
membranes

Raw materials Weight of different raw materials used for various
fabricated membranes
PM PCM A PCMB PCMC
Ceramic membrane precursor material (g) 9 8.75 8.50 8.25
(Mixture of coal fly ash (70g), natural sand (20g),
dextrin (3g) and sodium carboxymethyl cellulose
(79))
TiO2-ZnO () - 0.25 0.50 0.75
Coalfly ash Natural sand
& o
Leaching l l
of heavy Pulverizing

metals Ceramic membrane starting material

Mixture of TiO,-ZnO and ceramic

Mixing coal fly ash, membrane material
natural sand , pore former
and binder l

,—1 TiO,-ZnO == ,
,\'S\,| e} _— iy =

TiO,-ZnO Functionalized coal fly ash

Drying @ 100 based ceramic membrane

°C and sintering
o @ 850 °C of the

Co-pressing of the photocatalyst and ~ membrane
mixture of membrane starting
materials @ 40 MPa

Figure 1: Schematic diagram of the fabrication process of TiO»-ZnO functionalized coal fly ash based

ceramic membranes by the co-pressing and co-sintering technique
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5.1.5. Characterization of the photocatalytic ceramic membranes

Quanta FEG 250 Environmental scanning electron microscope (ESEM) coupled with EDX was utilized
to characterize the morphology and elemental composition of the fabricated membranes. TG-DTA
(TG/DTA 6300, Seiko Co., Ltd.) was used to evaluate the thermal stability of the ceramic membrane.
X-ray diffraction (Bruker D8 Advance X-ray diffractometer (Karlsruhe, Germany) was used to
determine the phase composition of the membranes. Fourier transform infrared spectroscopy (Bruker
alpha-P FTIR spectrophotometer) was used to determine the functional groups present in the membrane
and the photocatalyst. The three-point bending load method was used to assess the mechanical strength

of the ceramic membranes.

5.1.6 Water absorption, Porosity and Pore size

The water absorption and porosity of the fabricated functionalized ceramic membranes were determined
using the gravimetric method. First, the ceramic membranes were weighed to obtain their dry weight
(dw). The membranes were then submerged in distilled water at room temperature for 24 h. After this
process, they were removed, wiped to remove excess water, and reweighed to obtain the wet weight
(ww). Water absorption and porosity were calculated using the Archimedes principle. Average
membrane pore size was determined using the filtration velocity method and calculated using the

Guerout—Elford—Ferry equation 3.

Water absorption (%) = %;}dw * 100 1)

ww—dw (2)

Membrane porosity (€) = * 100

AxpxL

, 2.9—1.7&x8nu
Membrane mean pore radius ()= /E*T*AHQ 3)

Where ww= wet weight of the membrane sample (g), dw= dry weight of the membrane sample (g),
A= the fabricated membrane’s effective surface membrane area (m?), p-is the density of water (kg/mq),
1= membrane thickness (m), rm= mean pore radius (Um), y= water viscosity (8.9 x 10 Pa s), Q=

volume of permeate water (m?/s), and AP= is operational pressure (Pa)
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5.1.7 Chemical and Mechanical stabilities

Chemical stability of the fabricated ceramic membrane was evaluated using hydrochloric acid
and sodium hydroxide at pH of 1.5 and 13 respectively. First, the ceramic membranes were
weighed to obtain their initial weight (iw). The membranes were then submerged in test
medium (HCI and NaOH) at room temperature for 1 week. After this period, they were
removed, wiped to remove excess test medium, and dried at 100 °C for 12 h followed by
reweighed to obtain the final weight (fw). The chemical resistance of the ceramic membrane
was evaluated in terms of weight loss using equation 4. The mechanical strength of the
fabricated functionalized ceramic membranes was evaluated using three-point bending test, as
shown in Fig. 1. The flexural strength (MPa) of the circular flat ceramic membrane was

calculated using equation 5.

Chemical stability (%) = iwi;fw * 100 4)
3FL
Flexural strength (MPa) = o 5)

The chemical stability of the fabricated ceramic membrane was evaluated using hydrochloric acid and
sodium hydroxide at pH of 1.5 and 13 respectively (Obada, Salami et al. 2023). First, the ceramic
membranes were weighed to obtain their initial weight (iw). They were then submerged in a test medium
(HCI and NaOH) at room temperature for 1 week. After this period, they were removed, wiped to
remove excess test medium, and dried at 100 °C for 12 h, and then reweighed to obtain the final weight
(fw). The chemical resistance of the ceramic membrane was evaluated in terms of weight loss using
Equation 4. The mechanical strength of the fabricated functionalized ceramic membranes was evaluated
using a three-point bending test, as shown in Fig. 2. The flexural strength (MPa) of the circular flat

ceramic membrane was calculated using equation 5.

iw—fw

Chemical stability (%) =

«100 @)

w

Flexural strength (MPa) = % (5)
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F= applied force resulting in the
breaking of the membrane (N)

S—— h=is the ceramic
membrane
thickness (mm)

L= is the distance
between the supports
(mm)

Figure. 2. Schematic representation of the three-point bending test

5.1.8 Pure water permeability and Tetracycline removal by filtration studies

A laboratory dead-end filtration setup was employed to evaluate the pure water permeation and
tetracycline removal efficiency of the fabricated membranes (Fig 3). The filtration process was driven
by pressure generated from nitrogen gas. Pure water flux (L/m?/h) and water permeability (L/m?/h/kPa)
were calculated using Equations 6 and 7 respectively. The removal efficiency of tetracycline by both
the pristine and functionalized ceramic membranes was assessed under uniform pressure conditions.
The permeate was subsequently analyzed using a UV spectrophotometer, and the percent rejection (%R)

was calculated using equation 8.

Pure water flux (J) = ﬁ (6)
Water permeability (J1) = # (7

Where V is the volume of permeate in (L), A is the fabricated membrane’s effective surface membrane

area (m?), AT is the time taken to collect the permeate (h), and P is the transmembrane pressure (kPa).

R(%) = % %100 8)

Where Co and C; are the initial concentrations of Tetracycline and the concentration at time t,

respectively.
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5.1.9 Procedure for photocatalytic degradation of tetracycline

Evaluation of the photocatalytic degradation of tetracycline by TiO2-ZnO functionalized coal fly ash-
based ceramic membrane was performed in a photocatalytic reactor system by irradiating with light
source from a 300 W of Xe lamp (Fig 3). To attain equilibrium before the reaction, the fabricated
ceramic membrane was immersed in a solution of tetracycline and kept in the dark for 30 min. The
suspension was constantly agitated while exposed to light. Analyte solutions were collected in 5 mL
aliquots at 30-min intervals, instantly filtered through a microporous membrane, and the concentration
of the permeate solutions was evaluated using a UV-vis spectrophotometer in the range of 200-900 hm

wavelength. Equation 9 was used to calculate the percentage of tetracycline eliminated.
Degradation ef ficiency (%) = (1 — %) * 100 9)
f

Where Cjand Cs are tetracycline concentrations before and after photocatalysis respectively.

Filtration studies Photocatalysis studies
Pressureregulator Nitrogengassupply ~ Ceramic membrane dise A R
% L“Q‘Jq . O®
DVQ

=

20 mins will be allowed before exposure to Light

]
116003

20
min

40 100
min min

White tile swface  Collec tion Point Magnetic Stirrer Plate

.4._ _,_._.:_‘..
- ———————————————————— ———— ——— - ———— - — —

Figure. 3. Schematic representation of the filtration and photocatalytic set-up.
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5.2 Results and discussion

5.2.1 Physical observations

Fig. 4 shows a picture of pristine coal fly ash-based ceramic membrane (a & e) and TiO2-ZnO
functionalized coal fly ash-based ceramic membranes at different photocatalyst loading of (b & f) 0.25
g, (c & @) 0.50 g, and (d & h) 0.75 g. A slight but observable structural difference exist between the
pristine and functionalized ceramic membranes. The pristine membrane is expected to exhibit a single-
layered structure, whereas the functionalized membranes display a two-layered structure. The thickness
of the surface-active layer of the functionalized ceramic membranes also increased proportionally with
higher photocatalyst loading as shown in Table 2. The surface of the photocatalyst-functionalized
ceramic membrane may be less coarse compared to the pristine membranes. This is due to the TiO--

ZnO incorporating into the matrices and chemically interacting with the ceramic membrane material,

hence contributed to a more uniform surface.

Figure. 4. Pristine and functionalized ceramic membrane before and after sintering. Pristine coal fly
ash-based ceramic membrane (a & e) and TiO.-ZnO functionalized coal fly ash-based ceramic
membranes at different photocatalyst loading of (b & f) 0.25 g, (¢ & g) 0.50 g, and (d & h) 0.75 g.

5.2.2 Water absorption, Porosity and Pore size

The porosity and water absorption characteristics of the fabricated ceramic membranes were evaluated
using Archimedes’ principle with water as the wetting liquid. As shown in Table 2, pristine coal fly
ash-based ceramic membranes exhibited higher water absorption and porosity levels as compared to the
functionalized ceramic membranes. As the loading of the TiO,-ZnO photocatalyst increased on the
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functionalized membranes, both porosity and water absorption decreased. This trend could be attributed
to the increased occupation of available voids by the photocatalyst, thereby reducing the overall pore
radius of the functionalized ceramic membranes (Li, Zhang et al. 2021). The functionalization of the
ceramic membranes can alter the membrane's selectivity and permeability, thereby impacting its
filtration efficiency or separation applications (Ewis, Ismail et al. 2021). Conversely, functionalizing
ceramic membranes with nanoscale materials can facilitate the production of membranes with smoother
surfaces. This has the potential to mitigate fouling and enhances the cleaning ability of the membrane,
thereby improves the overall membrane performance. A study conducted by Alias et al., (Alias, Harun
et al. 2018), revealed a consistent findings regarding the influence of functionalizing ceramic
membranes on pore radius, porosity, water absorption, and density. Table 2 also shows the water flux
of pristine coal fly ash-based ceramic membrane and TiO>-ZnO at different catalyst loading of 0.25,
0.50 and 0.75 g. The water flux of these fabricated membranes evaluated at the transmembrane pressure
of 100 KPa followed the order of PM > PCM 0.25> PCM 0.50> PCM 0.75. The decrease in water flux
occurred as the catalyst loading increased from 0.25 g to 0.75 g, and could be attributed to the significant
reduction in pore size. This might be caused by the deposition of nanoparticles which occupied the
membrane pores, thereby reduced their effective diameter and the membrane's overall permeability.
This blockage also reduces the available space for contaminants to interact with the catalyst.
Furthermore, a higher concentration of the catalyst could cause an increase in aggregation, lowering
pore diameters and impeding water flow (Wang, Zhao et al. 2013). The reduction in porosity has a more
substantial impact on water flux than the expected increase in hydrophilicity from the functionalization
of the ceramic membrane with TiO2-ZnO nanoparticles. Marzouk, Naddeo et al. (2021), reported similar
findings, highlighting the influence of photocatalyst concentration on the water flux of functionalized

ceramic membranes.

Table 2. A summary of pristine and functionalized ceramic membrane properties.

Membrane | Thickness | Thickness | Water Open Crystallite | Pore Water-

code of surface | of ceramic | absorption | porosity | size (nm) diameter | Flux
active layer | support (%) (%) (nm) (L/m?/h)
(mm) layer (mm)

PM - 3.90 24.16 39.45 30.68 720 40.6

PCM0.25 |0.02 3.88 22.09 36.20 33.17 169 18.6

PCM 050 |0.04 3.86 21.96 34.94 36.17 140 14.2

PCM0.75 | 0.06 3.84 21.32 34.26 37.60 108 9.3
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5.2.3 Chemical and mechanical Properties

The result of the acid-base stability of the fabricated ceramic membranes is shown in Fig. 5a. Both the
pristine and functionalized coal fly ash-based ceramic membranes exhibited high chemical stability in
both test media. This could be attributed to the high sintering temperature that promotes the shrinking
of grains and decomposition of acid and base leachable compounds. It is also related to its ability to
drive off impurities or residual organic compounds that are present in the ceramic material (Li and Ye
2005, Chaim, Levin et al. 2008). The lower porosity limits the pathways through which chemicals can
penetrate and react with the ceramic matrices. Results in Fig 5 (a) also show that the stability towards
the acidic condition is lower as compared to the basic condition. Functionalized coal fly ash-based
ceramic membranes showed higher weight loss in acidic environments compared to pristine ceramic
membranes due to the presence of ZnO, MgO, CaO, and Na,O which are reactive with concentrated
acids (Abo-Naf, El Batal et al. 2003). Fig 5 (b) shows that pristine coal fly ash-based ceramic
membranes had lower mechanical strength compared to functionalized ceramic membranes. Flexural
strength increased from 4.30 MPa to 5.21 MPa when the number of TiO,-ZnO nanoparticles loaded
increased from 0.25 g to 0.75 g. The observed trend could be attributed to the rise in crosslinking points
between the uniformly distributed smaller TiO»-ZnO photocatalyst particles and the ceramic matrices
(Alkahtany 2016). The enhancement in crosslinking resulted to an increase in the rigidity of the surface
of the functionalized ceramic membrane. The increase in mechanical strength could also be ascribed to
the reduction of voids within the functionalized membranes, which led to a denser and more cohesive
structure. However, there are not much difference between the mechanical strength of the pristine and
the functionalized ceramic membranes. This could be due to their supporting layer being made from
the same material composition.
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3,0 1
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5
2,5 =
s

_— 4 -

d

< 2,0 L =
g > B
=] =

= S 34
= E
Eh5 -
S B

2
%]
1,0 =

/. 14

0,5 ____________._._-o
____________.—-—.
‘ v L} v L v L] (} -
PM PCM 0.25 PCM 0.50 PCM 0.75 PM PCM 0.25 PCM 0.50 PCM 0.75
Fabricated ceramic membrane Fabricated ceramic membranes

Figure 5: (a) Chemical stability and (b) Flexural strength of coal fly ash based ceramic membrane (PM)
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and functionalized ceramic membranes at different photocatalyst loading of 0.25g (PCM 0.25), 0.50g
(PCM 0.50) and 0.75g (PCM 0.75) sintered at 850 °C for 2 h

5.2.4 Fourier transform infrared spectra

Fig 6 presents the infra-red spectra of TiO»-ZnO (black), pristine coal fly ash ceramic membrane (red),
and functionalized ceramic membranes at different photocatalyst loading of 0.25 g, 0.50 g, and 0.75 g.
The spectrum of TiO.-ZnO showed characteristic peaks around 850, 627, and 502 cm™* which could be
ascribed to the vibrational mode of Zn—O-Ti, vibration of Ti—O-Ti, and vibration of M—O linkages
(where M represents Zn or Ti) respectively (Moradi, Aberoomand-Azar et al. 2016, Kurniawan and
Yuliati 2021). The pristine ceramic membrane's FTIR spectrum displays asymmetric stretching
vibration bands attributed to Si-O-Si around 1082 and 452 cm™. Further, the pristine ceramic
membranes also showed peaks at 612 and 778 cm™, due to the stretching vibration of AI-O-Si (Ahmad,
Dilshad et al. 2022). The functionalized ceramic membranes' spectra showed peaks consistent with
pristine coal fly ash-based ceramic membrane and TiO2-ZnO nanoparticles, indicating the successful
fabrication of photocatalytic ceramic membranes.

Photocatalytic membrane @0,75g

Photocatalytic membrane @0,50 g

s
s
= Photocatalytic membrane @0,25 g
g -
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< Pristine membrane
s
o
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Figure 6: The FTIR spectra of TiO,-ZnO (black), pristine coal fly ash ceramic membrane (red) and
functionalized ceramic membranes at different photocatalyst loading of 0.25 g (blue), 0.50 g (green)
and 0.75 g (pink)
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5.2.5 Structural studies

The X-ray diffraction patterns of TiO2-ZnO (black), pristine coal fly ash ceramic membrane (green),
and photocatalytic ceramic membranes at different photocatalyst loading of 0.25g (red), 0.50g (blue),
and 0.75g (purple) are presented in Fig. 7. The diffraction patterns of the TiO,-ZnO heterojunction
system confirmed the presence of rutile TiO,, hexagonal ZnTiOs, and Zincite ZnO. The peaks for
hexagonal ZnTiO3 appeared at 25, 34, 36, 43, 50, 54, 58, 63, and 64 ° and are in good agreement with
JCPDS No. 26-1500 (Faisal, Jalalah et al. 2021). The characteristic peaks of rutile TiO, were observed
at 20 = 27, 36, and 54 ° (JCPDS Card No. 21-1276) (Jia, Dong et al. 2018), while the characteristic
peaks of Zincite ZnO were observed at 20 = 33, 36, and 38 ° (JCPDS No. 65-3411) (Danwittayakul,
Jaisai et al. 2013). The sharp peaks confirm that the heterojunction photocatalyst contains crystalline
components. The XRD patterns of the pristine coal fly ash-based ceramic membrane is composed of
three major crystalline phases which are a-quartz (SiO), cristobalite (tetragonal SiO2), and mullite
(3Al203:2Si0,). The peaks for a-quartz (SiO2) are observed at 20 values of 21.85, 26.85, 39.6, 49.5,
54.5, and 60.8 °. The peaks due to the mullite and cristobalite were observed at 20 values of (25.9, 33.7,
37.4, and 52.5 °) and (22 and 36 °) respectively. The presence of quartz and mullite phases confirmed
the high thermal stability of the fabricated ceramic membrane. All the TiO,-ZnO peaks and those of
pristine coal fly ash-based ceramic membranes were evident in the as-synthesized photocatalytic
ceramic membranes demonstrating the success in functionalizing coal fly ash-based ceramic
membranes with TiO.-ZnO photocatalyst. The crystallite size of the functionalized ceramic membranes
estimated from the Scherrer equation (Equation 10) was higher than that of the pristine ceramic
membrane.

KA
LCosb

D (Crystallite size (nm)) = 10

Where K is the Scherrer's constant (Shape factor) (0.94), A is the Wavelength of X-rays (A), B =F. W.
H. M (Full Width at Half Maxima in degrees), 6 = Peak position in XRD graph (that is 26 in degrees)

162



_—

=

=

o)

=

w

s PCM@0.25
~=

.E l hl.‘ ALL Ao A

»

20 25 30 35 40 45 S50 55 60 65 70 75
2 Theta (Degrees)

Figure 7: X-ray diffraction spectra of TiO»-ZnO (black), pristine coal fly ash ceramic membrane (green)
and functionalized ceramic membranes at different photocatalyst loading of 0.25¢g (red), 0.50g (blue)
and 0.75g (purple). (TiO2 rutile (¥), ZnTiO3 (¢), Zincite ZnO (%), mullite (@), cristobalite (©) and a-
quartz (#)

5.2.6 Thermal analysis

The thermal stability properties of the materials were studied using Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), and the results are shown in Fig. 8. The precursor
material's TGA graph (Fig. 8) reveals a significant weight loss in two phases, with a total weight loss
of almost 18%. The first loss observed below 450 °C was due to the removal of the adsorbed water and
the decomposition of volatile organic matter, dextrin (pore former) and sodium carboxyl methyl
cellulose (binder). This process was accompanied by a weak endothermic peak noted around 336 °C in
the DSC thermogram (Fig. 8b). The increase in temperature from 450 to 1000°C resulted in a weight
loss of around 7%. A weak exothermic peak noted at 659 °C in the DSC curve is likely attributed to the

incineration of unburnt carbon and mineral degradation. When the temperature was further increased to
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1200 °C, a narrow endothermic peak appeared in the DSC curve, which could be due to the phase

transformation of quartz (Rakcho, Mouiya et al. 2023, Gao, Yan et al. 2024).
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Figure 8: Thermogravimetric (TG) and (b) Differential scanning calometry (DSC) graphs of ceramic

membrane raw material mixture

5.2.7 Morphological studies

The morphological changes of the synthesized membranes with varying loads of TiO»-ZnO and their
respective elemental composition are presented in Fig. 9a-h. The micrograph of the pristine ceramic
membranes reveals a distinct and well-distributed pore structure. In contrast, upon functionalization,
there is a noticeable reduction in pore size and distribution as the TiO.-ZnO load was gradually
increased from 0.25 to 0.75 g. This pattern, thus, indicates that a larger surface coverage with densely
packed spherical particles was obtained due to the increase of TiO»-ZnO on the surface, thereby
decreasing the overall pore density. The transition in surface morphology from the pristine ceramic
membranes' darker appearance to the lighter appearance of the functionalized membranes further
corroborates the successful functionalization process (Fig 9 (a-d). The observed colour change indicates
the effective deposition of the TiO,-ZnO particles on the membrane surface. Cross-sectional
micrographs reveal additional insights into the structural changes induced by functionalization. Since
the pristine ceramic membranes are characterized by a single-layered structure, functionalized
membranes exhibit a distinct two-layered structure. Notably, the thickness of the photocatalytic active
layer increases with the TiO,-ZnO particles, demonstrating a successful integration of the photocatalyst
into the matrices of the ceramic membrane. Furthermore, the surface micrographs of the base of both
pristine and functionalized ceramic membranes show uniformity in colour and pore distribution,

indicating that the functionalization process primarily affected the top surface morphology. The EDX
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spectra of the fabricated membranes are displayed in Figs 9 (e-h). Si, Al, Fe, and Ca are the major
elements found in the pristine coal fly ash-based ceramic membranes. The additional Ti and Zn that
appeared on the surface of functionalized coal fly ash-based ceramic membranes are due to the

functionalization. This further confirms the successful incorporation of TiO2-ZnO heterojunction

incorporation into the ceramic matrix.
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Figure 9: SEM surface micrographs of (a) pristine coal fly ash ceramic membrane and functionalized
ceramic membranes at different photocatalyst loading of (b) 0.25g (¢) 0.50g and (d) 0.75g, EDX spectra
(e) of pristine coal fly ash ceramic membrane and functionalized ceramic membranes at different
photocatalyst loading of (f) 0.25¢g (g) 0.50g and (h) 0.75g and Table of elements present in (i) of pristine
coal fly ash ceramic membrane and functionalized ceramic membranes at different photocatalyst
loading of (j) 0.25g (k) 0.50g and () 0.75g
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5.2.8 Photocatalytic activity of the functionalized ceramic membranes

5.2.8.1 Effect of solution pH

Solution pH is an important factor in photocatalytic degradation study. This is because it influences the
surface electrical charge that is characteristic of the catalyst and dictates the ionization state of the
catalyst's surface (Hanafi and Sapawe 2020). Fig. 10 shows the effect of pH on the degradation of
tetracycline using a TiO2-ZnO functionalized coal fly ash-based ceramic membrane. A model solution
of tetracycline with a concentration of 25 mg/L and a coal fly ash-based ceramic membrane
functionalized with 0.5g of TiO,-ZnO heterojunction were used. The study was conducted over 100
min. The initial 20 min was for a steady-state adsorption-desorption equilibrium to be established, while
the remaining 80 min were used to facilitate the photocatalytic degradation process. It is evident from
the results that pH significantly affects the degradation of TC by the functionalized ceramic membranes
as pH of 4,7 and 9 resulted in degradation efficiency of 25, 29 and 77.6% respectively (Fig 10 (d)). The
results corroborate well with previously reported studies that used black TiO.-ZnO (Sawunyama,
Oyewo et al. 2023) and nanosized TiO; (Zhu, Wang et al. 2013). The pH of the solution changes the
surface charges of tetracycline and influences the adsorption process, so an increase in adsorption and
photocatalytic activity at pH 9 could be attributed to the electrostatic interaction between the charges of
TC species and the functionalized ceramic membrane (Qiao, Li et al. 2020). This could also be attributed
to tetracycline deprotonation, which increases its adsorption onto the photocatalytic surface.
Furthermore, the increased availability of hydroxyl radicals at alkaline pH enhances the degradation
process (Liu, Zhou et al. 2023). Tetracycline is an amphoteric molecule with pKa values of 3.32, 7.78,
and 9.58, and it exists in three forms depending on the pH. At pH < 3.32, it is primarily cationic, between
pH 3.32 and 7.78 it is zwitterionic and above pH 7.78, it becomes anionic (Nezamzadeh-Ejhieh and
Shirzadi 2014). Tetracycline molecules with negative charge generate reactive species such as OH* due
to high electrical density on the ring system, thereby enhancing the degradation efficiency of
tetracycline. The optimization of pH in real wastewater treatment applications is important since
changes in pH can affect both the ionization state of pollutants and the surface charge of the
photocatalyst, which may lead to reduced adsorption and, consequently, decreased degradation
efficiency. The pH of 10 was therefore chosen for the subsequent evaluation of the photocatalytic

degradation of TC in this study.
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Figure 10: Photocatalytic degradation profile of Tetracycline by TiO2-ZnO functionalized coal fly ash
based ceramic membranes at different pH (a) 4, (b) 7, (c) 9, (d) Percentage degradation of TC under
visible light (TC initial concentration: 25 mg/L)

5.2.8.2. Effect of Tetracycline concentration

Fig 11 shows the effect of initial TC concentration on the degradation efficiency of the process. TiO--
ZnO functionalized coal fly ash-based ceramic membranes demonstrated effective TC degradation
across the entire concentration range examined. However, degradation efficiencies decreased as TC
concentration increased reaching 82%, 77.6%, and 68.8% at 10, 25, and 50 mg/L, respectively. The
reaction rate constants also decreased as the initial concentration of tetracycline increased, and at 10,
25, and 50 mg/L, they were 0.016, 0.014, and 0.013 min%, respectively. The observed decline in
degradation efficiency and reaction rates at higher concentrations may be attributed to several factors.
At high tetracycline (TC) concentrations, TC ions dominate the photocatalyst's active sites, which
hinders photons from reaching the functionalized ceramic membrane surface. This reduces the

photocatalytic activity due to a decrease in the amount of hydroxyl radicals produced. Since the
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photocatalytic ceramic membrane and the tetracycline (TC) model wastewater exists in different phases,
the rate of photocatalytic degradation is significantly influenced by mass transfer and diffusion between
these phases. Therefore, the system also changes from a kinetic control domain, where reaction rates
are driven by intrinsic kinetics at low concentrations, to a mass transfer-limited regime at high
concentrations, where the reaction rate is limited by the efficiency of reactant delivery to the reaction
site (Safari, Hoseini et al. 2015). As the concentration of TC increases, mass transfer limitations may
become more pronounced, potentially reducing the availability of TC at the active surface of the
photocatalytic membrane (Li, Wang et al. 2023). High TC concentrations can create thicker
concentration gradients near the membrane, which can limit the effective mass transfer and hinder their
interaction with the photocatalyst. The effectiveness of the degradation process may be impacted by the
intermediates that tetracycline molecules may generate during photocatalytic activities. These
intermediates may compete with the catalyst's surface for photocatalytic and adsorption sites (Shi, Yang
et al. 2024). These results are similar to those reported by Pourshaban-Mazandarani and Nasiri (2024)
and Deng, Li et al. (2023).
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photocatalytic degradation of Tetracycline by TiO.-ZnO functionalized coal fly ash based ceramic
membranes and (d) the kinetic plots for the effect of antibiotic concentration on the photocatalytic

degradation of Tetracycline.

5.2.8.3 Effect of photocatalyst loading

The effect of varied photocatalyst loadings on the breakdown of 25 mg/L tetracycline was investigated
using a functionalized coal fly ash-based ceramic membrane. Fig. 13a depicts an increase in the rate of
tetracycline degradation as the photocatalyst loading increased from 0.25 to 0.75 g. The enhanced rate
of photocatalytic degradation was caused by a rise in the number of surface-active sites, which resulted
in the increased creation of photoactive species (Ajiboye, Imade et al. 2022). However, the increase in
photocatalyst loading resulted in reduced adsorption of tetracycline during the initial 20-min adsorption-
desorption equilibrium. This reduction may be attributed to the saturation of available adsorption sites
on the photocatalyst or possible steric hindrance that limits the access of tetracycline molecules to the
ceramic membrane surface (Ahmed, Ahmed et al. 2023). Additionally, a higher photocatalyst
concentration may lead to more competitive interactions, hindering effective adsorption of the
tetracycline onto the catalyst surface (Minale, Gu et al. 2020). Similar results were reported during the
photocatalytic degradation of tetracycline hydrochloride over AgBr nanoparticles decorated
GO/Bi,WOg photocatalyst (Guan, Li et al. 2021).

5.2.8.4 Synergistic effect of adsorption and photocatalysis

Figures 12 a and b show Tetracycline removal efficiency by the pristine coal fly ash-based ceramic
membrane and TiO,-ZnO functionalized ceramic membrane. During the first 20 min of the adsorption
studies, the pristine coal fly ash-based ceramic membrane showed a higher tetracycline removal
efficiency of 49% compared to the functionalized ceramic membrane, which achieved only 35%. This
suggests that the pristine membrane may have a greater affinity for tetracycline in the initial stages,
possibly due to its surface properties or pore structure that favors adsorption (Doran 1995, Jiang, Tan
et al. 2022). The Si-O-Si and AI-O-Si groups found in pristine ceramic membranes can generate a
surface with polar characteristics. Since tetracycline is a polar organic molecule, it can interact more
favorably with these functional groups, resulting in enhanced adsorption through dipole-dipole
interactions (Massaro, Colletti et al. 2018). After exposure to visible light, the functionalized ceramic
membrane exhibited a marked improvement in tetracycline removal efficiency, reaching 77.6% after
100 min of irradiation. This indicates that the TiO.-ZnO functionalization significantly enhances the
photocatalytic activity of the ceramic membrane, facilitating the degradation of tetracycline under

visible light exposure. In contrast, the pristine coal fly ash ceramic membrane's degradation efficiency
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declined after the initial adsorption phase, with its removal efficiency after 100 min being lower than

the initial 49%. This suggests a paucity of photocatalytic activity and demonstrates that the pristine

membrane is predominantly functional through adsorption. The subsequent increase in tetracycline

concentration following adsorption reflects a desorption process in which tetracycline is released back

into the solution rather than mineralized or further degraded. The results corroborate the hypothesis that

ceramic membranes do not mineralize pollutants; rather, pollutants appear to shift from one phase

(adsorbed) to another (dissolved). The effect of photolysis was also evaluated in Fig. 12 c. The results

showed an insignificant impact of direct photolysis of tetracycline at pH of 9 as evidenced by

degradation efficiency of less than 12%.
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Figure 12: Degradation profile of (a) Pristine coal fly ash based ceramic membrane, (b) TiO2-ZnO

functionalized coal fly ash based ceramic membrane, (c) Photolysis of Tetracycline and (d) Percentage

degradation of TC under visible light
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5.2.8.5 Reusability of the functionalized ceramic membrane

The reusability of the membrane was assessed by 5-cycle runs and Fig 13b shows the results obtained
from the functionalized coal fly ash-based ceramic membrane using 25 mg/L TC concentration. After
each cycle, the functionalized ceramic membrane was washed with water and then dried at 150 °C for
10 h. The membrane showed high stability and reusability by achieving 73% degradation efficiency
after the 5" photocatalytic cycle. This effective reusability can be attributed to the limited loss of the

photocatalyst since it is not directly recovered from the solution (Wu, Xu et al. 2019).
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Figure 13. (a) Rate of TC removal with varying TiO2-ZnO loadings on coal fly ceramic membranes, (b)
Reusability of TiO,-ZnO functionalized coal fly ash-based ceramic membrane for tetracycline
degradation, (c) Tetracycline removal efficiency by pristine coal fly ash-based ceramic membrane and
TiO2-ZnO (0.5g) functionalized coal fly ash-based ceramic membrane through adsorption and filtration
(TC concentration 25 mg/L, solution pH= 9, time 100 min)

5.2.9 Synergistic effect of adsorption and filtration performance

In Fig 13c, the Tetracycline removal efficiency by pristine coal fly ash-based ceramic membrane and
TiO,-ZnO functionalized coal fly ash-based ceramic membrane (through adsorption and filtration) are
shown. During the first 20 min, both membranes showed excellent removal effectiveness, with the
functionalized ceramic membrane outperforming the pure coal fly ash-based ceramic membrane. This
was due to the presence of nano-sized pores, which provide a larger surface area and more active sites
for filtration, allowing for more effective contaminants removal, whereas the pristine coal fly ash-based
membrane has pores in the micrometer range, resulting in fewer and less effective filtration sites,
causing a lower initial removal efficiency compared to the functionalized ceramic membrane. The
decrease in removal efficiency after 20 min by both membranes can be attributed to the saturation of

the adsorption sites on the membrane surfaces and the passage of the trapped elements in the pores into
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the permeate (Saikia, Sarmah et al. 2019, Lagdali, Miyah et al. 2023). The deposition of particles on

the membrane surface and the pores leads to the fouling of the membrane (Jang, Kang et al. 2024).

5.2.10 Photocatalytic mechanism

A photocatalytic degradation mechanism of the tetracycline by TiO»-ZnO functionalized ceramic
membrane has been proposed and presented in Fig. 14. Firstly, the tetracycline molecules are attracted
to and adhere to the surface of the photocatalytic membrane. Upon exposure to visible light, the
photocatalysts TiO, and ZnO absorb some photons, generating electrons and holes. The energy from
the light excites electrons from the valence band to the conduction band, and the generated electrons
react with dissolved oxygen to form superoxide anion radicals. Simultaneously, holes can oxidize water
or hydroxyl ions to form hydroxyl radicals. These superoxide anions and hydroxyl radicals then attack
the adsorbed tetracycline molecules, breaking down their structures into less harmful compounds. The
intermediate products are further oxidized, ultimately leading to the complete mineralization of
tetracycline into carbon dioxide and water (H-0). After the degradation process, some of the remaining
by-products may still be adsorbed on the membrane surface after filtration (Ajiboye, Kuvarega et al.
2020, Chiromo, Nyakuchena et al. 2023).
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Figure 14. Photocatalytic degradation mechanism of Tetracycline by TiO,-ZnO functionalized coal fly

ash-based ceramic membrane.
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5.3 Conclusion

A sustainable and cost-effective ceramic membrane functionalized with TiO>-ZnO heterojunction
photocatalyst was fabricated using co-pressing and co-sintering methods. Coal fly ash and natural sand
were used as the main starting materials. The functionalized coal fly ash-based ceramic membrane
exhibited nanoscale pore sizes on its photocatalytic surface and excellent thermal, chemical, and
mechanical stability. The functionalized ceramic membrane showed 77.6% removal efficiency by
photocatalysis and 57% removal efficiency by filtration for model wastewater containing 25 mg/L
concentration of tetracycline. In filtration studies, tetracycline was simply adsorbed and filtered without
the degradation complicating desorption from surface-active areas. This requires special desorption
techniques to regenerate the membrane is expensive and involves high re-sintering temperatures to
break down the retained tetracycline.  This has the potential to cause environmental problems.
Therefore, the fabricated functionalized ceramic membrane could be used in a hybrid photocatalysis
and filtration reactor system to optimize its synergistic photocatalytic, adsorption, and filtration
properties. Future studies could also investigate the photocatalytic degradation of a broader range of
emerging contaminants, including pharmaceuticals (e.g., antibiotics other than TC), personal care
products, organic dyes, and endocrine-disrupting compounds. This would provide a more

comprehensive understanding of the efficiency of this hybrid wastewater treatment.
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Chapter 6

Conclusion and recommendation

6.0 Conclusion

The photocatalytic and filtration properties of the TiO»-ZnO functionalized coal fly ash-based ceramic
membrane fabricated through co-pressing and co-sintering method is reported in this thesis. The
intrinsic properties of the fabricated materials were characterized by chemical and physical properties
such as chemical stability, mechanical stability, water absorption, and porosity. The shape, crystallinity,
thermal characteristics, and functional groups were also determined using SEM, XRD, TGA, and FTIR
studies. The effects of reaction parameters, including sintering temperature, and precursor ratios, on the
properties of the fabricated materials were examined across various chapters. Additionally, the impact

of process parameters such as catalyst dosage, pH, and contaminant concentration was also discussed.

In chapter 3, visible light-driven photocatalytic degradation of tetracycline using surface defective black
TiO2-ZnO heterojunction photocatalyst was investigated. The studies revealed that the TiO,-ZnO
heterojunction photocatalyst effectively degraded tetracycline under visible light. The optimal
conditions for the photocatalytic degradation process were found to be a pH of 7, a tetracycline
concentration of 50 mg/L, and a photocatalyst dosage of 100 mg. The study also confirmed that solution
pH plays a critical role in the degradation process. A pH of > 10 resulted in enhanced photocatalytic
degradation, while a new absorption peak at 550 nm indicated the formation of by-products.

In chapter 4, low cost and sustainable ceramic membranes were successfully fabricated from coal fly
ash, an industrial solid waste product, and natural sand, a commonly available and inexpensive natural
material. Dextrin and carboxymethyl cellulose (CMC) were used as pore former and binder
respectively. These ceramic membranes were fabricated by the uniaxial compaction technique using a
manual hydraulic pressing machine. X-ray fluorescence (XRF) analysis of the starting materials
confirmed the presence of SiO; and Al,Os, two key inorganic materials required for the fabrication of
ceramic membranes. Heavy metals present in the raw coal fly ash were leached out before the
fabrication process. The membrane, fabricated with 20 wt% sand content and sintered at 1000 °C, had
a pore size of 0.64 um and a porosity of 34.7%. It demonstrated good mechanical strength (7.71 MPa)
and exceptional chemical stability. Additionally, the membrane exhibited a remarkable water
permeability of 32.23 L/m#/h.

In chapter 5, the prepared TiO,-ZnO functionalized coal fly ash-based ceramic membrane and pristine

coal fly ash-based ceramic membrane were evaluated on the removal efficiency of tetracycline in
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synthetic wastewater by photocatalysis and filtration. The study's results demonstrated that the
asymmetric functionalized coal fly ash-based ceramic membranes demonstrated remarkable efficacy in
the tetracycline degradation process, indicating a significant advancement in the field of environmental
remediation. The TiO»-ZnO heterojunction nanocomposite facilitates efficient visible light absorption
and charge separation, leading to effective tetracycline degradation. Additionally, the coal fly ash-based
ceramic membrane offers a high surface area, enhancing tetracycline adsorption and improving
photocatalytic degradation. The functionalized coal fly ash-based ceramic membrane also demonstrated
commendable stability and reusability, making it a promising candidate for practical applications in
wastewater treatment. Reusability studies of TiO,-ZnO functionalized coal fly ash-based ceramic
membranes showed that they retained over 73% of their efficiency after five cycles. This study
contributes to the development of advanced materials for remediating antibiotic-contaminated water

sources, addressing environmental concerns related to pharmaceutical pollutants.

6.1 Recommendation

Although the specific objectives of the study were achieved, additional issues that require further
examination for the scale-up of photocatalytic ceramic membranes and their utilization in real industrial

applications are:

1. The removal efficiency of tetracycline by the functionalized coal fly ash-based ceramic
membranes was assessed through independent photocatalysis and filtration processes. It is
therefore recommended that further studies explore the use of the fabricated photocatalytic
ceramic membrane in a hybrid photocatalysis and filtration reactor system, to optimize its
synergistic photocatalytic, adsorption, and filtration properties, rather than evaluating these
processes separately.

2. To fully assess the effectiveness of the fabricated photocatalytic ceramic membrane, it is
recommended that evaluation be extended to a diverse range of water contaminants. This should
include not only pharmaceuticals but also organic dyes, metals, and microbial organisms.

3. Further studies are recommended to investigate the mechanism of degradation, the nature of
degradation products, and the toxicity of these degradation products resulting from the
photocatalytic degradation of tetracycline using a TiO»-ZnO functionalized coal fly ash-based

ceramic membrane.
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