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ABSTRACT

Access to safe and clean water is a challenge especially in developing countries.
Consumption of water contaminated with heavy metals causes health problems such as brain
damage, kidney and liver failure. Point of Use (PoU) ceramic water filters are cheap and
easy to use method of water treatment. In this study, six PoU ceramic water filters were made
by mixing clay powders and rice husk powder in predetermined varying proportions, firing
of the ceramic filters was done and then coated with 300g of iron oxide and 100ml of phytic
acid. The system was used to remove heavy metals such as; zinc, lead, cadmium, manganese,
copper, chromium, iron, nickel from water. The turbidity, total suspended solids,
conductivity and pH levels of the influent and effluent water was determined. The results
showed that; heavy metal removal was high for the coated ceramic membranes as it produced
98.73% when compared to the uncoated ceramic membranes which produced 74.11%. The
study also revealed that uncoated ceramic membrane CM-3U produced the highest turbidity
reduction of 81.08% while coated membranes CM-3C produced the lowest reduction of
22.97%. This was attributed to leaching of the iron oxide during the filtration process. The
measured pH values ranged from 6.65 to 7.34 for the influent water samples for both the
uncoated and coated ceramic membranes. This range is recommended for drinking water by
world health organization. Therefore, the coated ceramic membranes exhibited a high-
performance level of heavy metal removal when compared to the uncoated ceramic
membrane.

XV



CHAPTER ONE: INTRODUCTION

1.1 Background of the Study

Globally, the rate at which natural water resources are contaminated is on the rise. This is
partly due to human activities such as industrialization, urbanization, and agricultural
practices. Contaminants such as insecticides, plastics, pharmaceuticals, cosmetics products,
heavy metals and pathogens have been found in ground water, surface water, and wastewater
resources thereby deeming the water unsafe for human consumption (Kumar et al., 2022).
This has adversely affected the quality of water in the water distribution systems across the
globe. Thus, there is a need to have safe and clean water to mitigate the unhealthy effects
caused by dirty contaminated water. The accumulation of the heavy metals in the natural
water resources is mainly attributed to various factors; 1) discharge of untreated industrial
wastes into water streams, 2) poor disposal of electronic gadgets and batteries, 3) domestic

wastes such as agricultural pesticides and fertilizers (Buckner et al., 2016).

Point of use (PoU) system offer a sustainable solution to households by promoting an
effective way of producing water free from heavy metals and pathogens (Menya et al., 2023).
PoU are easier to install, user friendly and require less maintenance. Therefore, they can be
used by the world’s poor (Yang. et al., 2020). PoU purification techniques like flocculation,
sand filtration, sedimentation, or coagulation have been used to remove pollutants from
water for a long period of time (Nisha et al., 2017). However, these traditional techniques
cannot effectively remove the emerging chemical contaminants and some heavy metals in
waste water due to their comparably hydrophilic properties (Samuel et al., 2022). In recent

technological developments, activated carbons (ACs) which are produced from a variety of



high-density predecessors such as coconut shells, animal bones, coal, apricot stone, peanut
shell, cane bagasse among other wastes have been used as adsorbent materials in water
purification processes to remove heavy metals and emerging contaminants as compared to
traditional techniques (Neme et al., 2022). Additionally, uncoated ceramic membranes have
also demonstrated high efficiency in removing pathogens from waste water (Menya et al.,
2023). The ceramic filters have also reduced diseases such as diarrhoea in communities
within Uganda (Williams, 2020). However, they have not been efficient in removing some

heavy metals (Buonomenna et al., 2022).

Ceramic membranes have also been employed in water purification for a long period of time.
However, the performance of the membranes deteriorates with increased contamination
(Kyriakou et al., 2023). Moreover, when they are poorly maintained, their performance gives
room for the growth of viruses and bacteria (Fu et al., 2023). Rakcho et al. (2023) created an
uncoated ceramic membrane made of clay and tea waste for the treatment of industrial waste
water and tested only for pH and turbidity levels. Study results showed that turbidity removal
efficiencies of 99.76% and 99.16% for seawater and tannery wastewater were achieved.
Psaltou et al. (2021) conducted a study on catalytic membrane ozonation, a technique used
in wastewater treatment that combines membrane filtration (ceramic or polymeric in nature)
and catalytic ozonation in which the membrane is covered with solid metal oxide. The author
reported that different types of metal oxides can be used as a catalytic layer and these include;
ADOs3, TiO2, ZnO2, Mn,03 and Fe>Os. These layers can improve the dissolution of ozone
into liquid phase and the oxidation of organic compounds. The study found that the catalytic

membrane ozonation technique improves the elimination of bacteria and viruses from



wastewater. However, dearth of information was reported on its performance on heavy metal
removal ability. On this note therefore, the goal of this study is to create a point of use water
purification system using a ceramic membrane made from clay and low-density bio-waste
mass such as rice husks, coated with iron oxide with the aim to remove selected heavy metals

from wastewater.

1.2 Statement of the Problem

Water is an important and valuable resource for human life. With increasing population
growth across the globe, the need for clean and safe water for consumption purposes is on a
rapid rise. However, the quality of water available for use is becoming a severe global
challenge. Emerging contaminants including heavy metals are contaminating water
resources at a rapid pace and the increasing contamination of these resources with heavy
metals possess significant health risks to people such as brain damage, and kidney and liver
failure. Although uncoated ceramic water filters have been successful in removing pathogens
from contaminated water, their performance in terms of heavy metal removal has been
ineffective. Coated ceramic filters are inadequate due to their limited effectiveness for certain
contaminants like organic compounds. Therefore, the study aims to develop a PoU ceramic

water filter coated with iron oxide to remove selected heavy metals from waste water.

1.3 Research Objectives
1.3.1 General Objective
To develop a point of use water purification system using a catalytic ceramic membrane

coated with iron oxide.



1.3.2 Specific Objectives
The specific objectives are to:
(i) Analyze the properties of the raw materials used in the ceramic membrane
development process.
(i1) Analyze the water parameters such as turbidity, total suspended solids, conductivity,
and pH levels of the influent and effluent water.
(ii1) Determine the performance of the developed point-of-use system for removing of

heavy metals from wastewater.

1.3.3 Research Questions

The research questions of the study are:
(i) What are the properties of raw materials used to create the catalytic ceramic membrane?
(ii) What is the water’s physical and chemical properties before and after filtration?

(iii) How efficient can the catalytic ceramic membrane be?

1.4 Significance of the Study

The quality of water is becoming a severe global challenge which has led to this study to aim
at developing a PoU system with a high heavy metal removal rate. The PoU system will help
to reduce the potential health concerns that contaminants bring to human life such as high
mortality rate, diseases. This will address the United Nations sustainable development goal
number six and nine of enhancing water quality, public health, sustainability and innovation.
Furthermore, it addresses the goal of the NDP III of increasing average household incomes

as the PoU improves health and skills development.



1.5 Scope of the Study

In this research project, the water samples were collected from Namanve industrial park in
Mukono district, Central Uganda. It is anticipated that industrial wastes are channeled into
the water stream. The clay used was sourced from Ntawo deposits located in Mukono
district. Six membranes are designed in circular form with a thickness of 2 mm and a
diameter of 20 mm. Water parameters such as turbidity, pH levels, presence of total
suspended solids (TSS), apparent color, and conductivity of the influent and effluent water
were tested in this study. Some of the discs were coated with iron oxide and the performance
evaluation of the filters was based on their ability to remove heavy metals such as lead,

manganese, nickel, iron, zinc and cadmium from waste water.

1.6 Conceptual Framework
Figure 1.1 illustrates the conceptual structure of the research investigation. The independent
variable influences the dependent variables and the outputs. The processes involved in the

development of the membrane constitute the moderating variables.
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Figure 1.1: Conceptual Framework for the study




CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
This chapter presents a description of the ceramic membranes as applied to the development
of a point-of-use water filtration system. The characterization of the materials used in the
development of ceramic membranes, water filtration systems, and membranes are all

presented in this section.

2.2 Characterization of Raw Materials

2.2.1 Chemical Composition of Clay

Clay materials are increasingly being used in ceramic membrane manufacture due to their
diverse features and possibilities for natural resource conservation (Mestre et al., 2019). The
utilization of natural materials like clay in the development of ceramic membranes is cost-
effective, environmentally benign, and has a significant potential for improving the water
filtration sector (Rakcho et al., 2023). According to Rakcho et al. (2023) utilization of natural
materials like clay in the development of ceramic membranes is cost-effective,
environmentally friendly, and has a significant potential for improving the water filtration

sector.

According to Zhou et al. (2010), there are various varieties of clay, each defined by chemical,
mechanical, and physical qualities, with kaolinite, illite, and montmorillonite being the most
common clay minerals. Abdullayev et al. (2019) stated that kaolin (kaolinite being the
predominant mineral form) is better suited for membrane construction due to its mechanical
qualities and pore architectures that may be created via thermal procedures. Kaolin has been

examined in terms of its components in inorganic membranes, ultrafiltration, microfiltration,



and ultrafiltration layers (Ben Ali et al., 2018). When compared to most typical oxide
ceramics, kaolin requires lower thermal processing temperatures. However, Mestre et al.
(2019) stated that membranes derived from clay raw materials have some drawbacks, such
as limited porosity, significant sintering shrinkage, and small pore diameter due to high
densification caused by the presence of impurities in their composition. Abdullayev et al.
(2019) stated that particle sizes used in water purification membranes range from 115 um to
1 um and sintering temperatures are between 850 °C and 155 °C. The author further stated
that the heat degradation of kaolin results in the creation of an alumino-silicate, as shown in
equations (2.1) and (2.2). However, the production of the silicate at high temperatures results

in poor porosity and tiny pore size (Saffaj et al., 20006).

ALOs - 2SiO_ 28102+ 2H0 ..eeiie Equation 2. 1
2105 -28i0,) NN <0 - sio

Equation 2. 2

Rakcho et al. (2023) made a ceramic membrane from red clay and tea waste, however,
analytical tests revealed that the clay contained 56.203% silica and 15.109% aluminium,

respectively.

2.2.2 Chemical Composition of Rice Husks

A rice husk is an outermost layer of paddy grain that separates off the grains during milling
(Goodman, 2020) (International Rice Research Institute, 2013). Rice husk’s chemical
composition changes according to paddy type, crop year, climate, and geographical location
(Pode, 2016). Because of its poor nutritious value, it is rarely used as animal food. According

to S. Rani et al. (2021), the raw materials utilized in the manufacture of CM’s are determined



by their local availability, and the production of low-cost ceramic membranes is becoming

an appealing endeavor in the filtering business.

Biomass wastes like rice husks are readily available and less expensive adsorbents. Rice husk
ash, which is formed by burning rice husks at controlled temperatures, includes a significant
quantity of silica, carbon, and other minor minerals, this has the ability to remove heavy
metals during water purification operations (Hossain. et al., 2018). In fact, the rice husk ash
has amorphous silica as its highest composition ranging from 83% — 90% (Pode, 2016).
According to Karnib et al. (2014), silicates can react with heavy metal compounds to form
insoluble complexes and salts, making it easier to remove them through filtration. Hubadillah
et al. (2017) made a hollow fibre membrane from rice husk ash sintered at 1200 °C, and the

results showed that the membrane could remove heavy metals.

2.2.3 Catalytic Ozonation

Catalytic membrane ozonation is a hybrid process that combines membrane filtration and
catalytic ozonation for which the membrane is deposited with an appropriate solid material
that acts as a catalyst (Mansas et al., 2020). The process bases on the production of HO
radicals during an oxidation process. Ozone being a highly reactive gas with low solubility
levels, ozone is formed through dry air or pure oxygen. When dissolved in water, it
undergoes full breakdown, creating hydroxyl radicals as shown in equation (2.3) (Psaltou et
al., 2021).

303+ HO” + H — 2HO + 40; e ete e ee e et eeee e eeene e Equation 2.3

The addition of a suitable metal oxide such as Al,Os3, TiO2, FeoO3 among others, on the

surface of a virgin ceramic membrane that has no particular catalytic activity, can enhance



the generation of hydroxyl radicals (Psaltou et al., 2021). Metal oxides operate as catalysts
for micro-pollutant elimination and help to reduce fouling. Yu et al. (2016) coated a
membrane with MnO; nano-particles and discovered that the presence of MnO> reduced
ozonation fouling. Huang et al. (2023) dispersed metal oxides (CO304, MnO», Fe>O3, and
CuO) on different membrane surface and study results showed that catalytic ceramic

membranes have a good prospect in degradation of organic pollutants.

2.3 Water Filtration

Water filtration offers a wide range of benefits, from safeguarding people’s health to
enhancing the taste and smell of water. Currently, official guidelines limit the maximum
quantities of dangerous contaminants that can be allowed in water around the world
(Herschy, 2012). Because safe water for home or industrial use cannot be determined solely
by its appearance, a variety of procedures; biological, chemical, and physical studies, have
extensively been developed to investigate water contamination levels. According to Qasem
et al. (2021), chemical process involves determining the chemical parameters such as water
hardness, pH, chemical oxygen demand, and total dissolved solids. The biological process
1s based on receptors of contaminants such as ecolli, bacteria, and viruses that are
biologically active substances or organisms to assess the degree of pollution (Szczerbin’ska
& Galczyn’ska, 2015). The physical process involves conducting tests to provide indications
of water quality such as turbidity, color, temperature, odor, and taste. To assess the
contamination levels and the quality of water, different parameters such as, microbial
pathogens, dissolved and suspends solids, organic and inorganic chemicals, conductivity,

odor, color, and water pH should all be analyzed.
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2.3.1 Water Filtration Systems

The implementation of different water treatment systems ensures constant and continuous
supply of safe water for utilization, either industrially or domestically (Muncan et al., 2020).
Filtration of water helps to remove or reduce the concentration of suspended particles, fungi,
bacteria, virus, algae, in addition to the undesirable chemical contaminants. With the current
energy challenges around the world, renewable energy-based water filtration systems could
offer the best solution (Phuangpornpitak & Katejanekarn, 2016). Ishikawa et al. (2023)
claimed that point-of-use water filtration systems are well known for their easy installation
while still providing safe water to communities. With regards to the required application and
what to remove, different types of water filtration are employed in water purification
systems. Mechanical filters are used in water purification systems to remove dirt, silt, and
other particles from water through a barrier. Mechanical filters can either be a simple mesh
filter that removes big particles or a ceramic filter with minute pores that remove
microparticles or organisms. Estim et al. (2019) developed aquaponics subsystems and
employed sponge pads as mechanical filters to remove unwanted particles and solid wastes
from fish excrement, uneaten feed particles, and sludge. Brochot et al. (2020) investigated
the performance of five distinct mechanical filters and test results showed that their particle
sizes ranged from 20 nm to 500 nm, and the experimental results were consistent with

classical filtering theory for mechanical media.

2.3.2 Absorption Filtration
According to Atabaki (2014), absorption filtration involves the trapping of the contaminants

by an absorbent material such as an activated carbon. For the effective capturing of
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waterborne contaminants, carbon is used for absorption purposes in water filters. Most
domestic filters contain activated carbon because of its potential to reduce the unwanted
tastes and odors in water by absorption. Wood, coconut shell, sugarcane bagasse, palm kernel
shell are some of the most commonly used raw materials in the development of activated
carbons (Oladimeji et al., 2021). Soffian et al. (2022) claimed that absorption has proven to
be a more effective method for eliminating a varied range of water pollutants. These are;
organic toxics, heavy metals, dyes, pesticides, inorganic toxics and pharmaceutical wastes.
Boulanger et al. (2024) used a wasted mushroom substrate activated carbon for dye removal,
and the experimental findings showed that 82% of RO-16 dye could be extracted from an

aqueous solution at an initial 200 mg/L concentration.

2.3.3 Reverse Osmosis Filtration

One of the most effective ways of purifying water is reverse osmosis filtration which is
usually a combination with other filters such as mechanical and absorption filters, thereby,
returning water with reduced contaminants. In a study on the assessment of ground water
quality and reverse osmosis water treatment plants by Imbulana et al. (2020), results showed
that reverse osmosis plants can achieve high major ion removal of more than 90% but with
low recoveries of approximately 46%. Reverse osmosis filtering can drastically lower the
bacterial growth potential of ground water compared to conventional water treatment
approaches (Sousi et al., 2020). Other filtrations methods used in the water purification

systems include; sequestration and ion exchange filtration.
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2.4 Membranes

According to Amin et al. (2016), a membrane is a selective barrier that enables only certain
components of matter to pass through while preventing others. The components can be in
liquid, gaseous, or solid state. In membrane separation technology, the influent is referred to
as the feed stream, and the liquid allowed to pass through the membrane is referred to as the
permeate. Membranes are attractive prospects for separation technology and have a wide
range of applications including water treatment, gas purification, production of drinking

water, and acid and alkaline media separation (Padaki et al., 2015).

2.4.1 Geometrical Configuration of Membranes

Membranes are generally fabricated into different shapes which include; tubular/straw
membranes (Figure 2.2), pillow shaped membranes, hollow fiber membranes, and capillary
membranes. Tubular membranes are used in viscous fluids, and the modules do not require
any water pretreatment prior to use. Hollow fiber membranes typically have a diameter of
less than 0.5 mm and are primarily used to clean water with low suspended particles
concentration. On the other hand, capillary membranes usually serve as a selective barrier
that can effectively high filtration pressures (Amin et al., 2016). According to Chen et al.
(2015), most commercialized membranes are in disc, plate or tubular configurations as

shown in Figure 2.1.
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Figure 2.1: Plate ceramic membranes (Amin et al., 2016)

Figure 2.2: Tubular/straw membranes
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2.4.2 Types of Membranes

In the industry of membrane development, membranes are categorized into two different
types; dense and porous membranes. According to Shimizu (1990), porous membranes are
typically characterized by thickness, surface porosity, and pore size whilst in dense
membranes, the separation and permeation principles are a bit more complex. The

membranes’ pore size is the most important component in determining their applicability.

2.4.3 Application of Membranes

Porous membranes find their wide applications in solid-liquid and solid-gas separation while
dense membranes are typically used in gas separation. Furthermore, in water filtering
procedures, membrane technology is widely used, with polymeric membranes commonly
used in reverse osmosis desalination units for the elimination of unwanted minerals in water
(Alsubei et al., 2024). In contrast, in ultrafiltration and nanofiltration, ceramic membranes
are favored because of their features such as superior chemical and thermal stability and less
fouling potential (Chihi et al., 2019). Ceramic membranes are developed by fabricating the
ceramic substrate and di-coating the inner substrate, with the membrane consisting of three
layers with varying porosities and pore diameters (Samadi et al., 2022). The availability of
vast volumes of biomass waste such as rice husks, coco nut shell, palm oil fly ash, and
sugarcane bagasse give a substantial opportunity for the development of low-cost ceramic
membranes (Hossain & Roy, 2020). In comparison with polymeric membranes, ceramic
membranes installed in water filtration systems enable sufficient aggressive permeability
(Jarvis et al., 2022). However, in the membrane market, ceramic membranes have an

estimated market of about 26% as illustrated in Figure 2.3.
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In contrast, membranes are used in refineries and metallurgical industries to separate oil from
oily waste water prior to treatment. High density ceramic membranes are widely utilized in
gas separation. At temperatures higher than 500 °C, Tong et al. (2015) separated carbon

dioxide (COy) from flue gas using a carbonated ceramic membrane.

M Polymeric membranes
M Ceramic membranes
kil Metal membranes

M Others

Figure 2.3: The membrane separation market based on different materials (Samadi et
al., 2022).

2.4.4 Membrane Fouling

Membrane filtration is an effective technique of eliminating particles and organic chemicals
from waste water, however the deposit of organic and inorganic particles on the membrane’s
surface (referred to as fouling) is unavoidable, which decreases the membrane’s filtration
performance (Chen et al., 2015). In study conducted by Hong and Elimelech (1997) on
fouling of nanofiltration membranes, experimental results showed that fouling on membrane
surfaces increased with higher electrolyte concentrations and lower pH. Alresheedi and Basu
(2020) stated that water temperature does not only have an effect on its viscosity but also the
fouling of organic matter, accounting for about fifty percent of the variation in the

membrane’s fouling index.
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2.5 Ceramic Membranes

Ceramic membranes are typically composite in nature, comprising of many layers of distinct
materials. The layers can be; a macro-porous, meso-porous intermediate layers and a
microporous support. The bottom layer normally offers mechanical support, while the
middle layers bridge the pore-size discrepancies between the top layer and bottom layers

(Shimizu, 1990). The true separation process occurs in the uppermost levels.

2.5.1 Catalytic Ceramic Membranes

In filtration operations, catalytic membrane-based oxidation-filtration is a distinct idea that
combines physical separation and chemical oxidation. Currently, the development of
catalytic membranes is based on covering the ceramic membrane with a nano-catalyst, with
or without the usage of energy (e.g., UV radiation, current). The advanced oxidation process
(AOP) is a chemical technique that effectively degrades a large variety of developing organic
pollutants (Fu et al., 2023) through the interaction of common organic pollutants in water
with hydroxyl radicals. Photons can initiate hydroxyl radicals in the presence of oxides
mostly composed of titanium, aluminum, silicon, zirconium, and silicon carbide (Samaei et
al., 2018); (Deng & Zhao, 2015). Depending on the operational conditions and application
needs, different metal oxides have variable performance, chemical, and hydrothermal
stability (Hofs et al., 2011). Rosman et al. (2018) revealed that hybridizing AOPs in a single
membrane layer can have a considerable effect, particularly in the treatment and removal of
pharmaceutical residues from waste water. There are many methods utilized in fabricating
ceramic membranes, and ultrafiltration is a membrane-based separation technology that is

commonly utilized in industrial waste water treatment operations (Ren et al., 2021). Ceramic
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ultrafiltration and nanofiltration membranes are primarily made up of many layers, with the

filtration layer supported by a substrate as illustrated in Figure 2.4 (Davies et al., 2010).

Separation < 2 [Lm el m.a‘?ﬂw - e i -J

Intermediate —- ()

Support w—-

Figure 2. 4: A representation of a catalytic ceramic membrane Davies et al., (2010).

2.6 Challenges and Research Gaps

While significant progress has been made in the development of ceramic filters for water
purification, current research primarily focuses on the use of kaolinite and montmorillonite
clays (Zhou et al., 2010). However, few studies have explored the integration of biomass
waste materials, such as rice husk ash, in the production of these filters (S. L. S. Rani &
Kumar, 2021). This presents a significant gap in the research, as the use of alternative, low-
cost materials could enhance the affordability and accessibility of filtration systems,
particularly in low-income regions. Additionally, challenges such as membrane fouling and
limited porosity remain unresolved. Addressing these issues through innovative material
combinations and improved filter design could significantly enhance the efficiency and

sustainability of ceramic filters in water purification.
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Introduction

This section details the materials and procedures that were utilized in the development and
manufacture of the catalytic ceramic membrane. The synthesis of the catalytic ceramic
membranes involved a series of preparation steps such as collection of raw materials, drying
of the rice husks and ball clay, sieving of the rice husks and ball clay, mixing rice husks and
ball clay, hydraulic pressing of the green body, sintering the ceramic membrane and coating
some of the ceramic disks with iron oxide. All the above steps are precisely followed, Figure
3.1 depicts the flow processes followed in the synthesis of the catalytic membrane. The
influent and effluent samples were subjected to tests such as heavy metal presence, pH, total

suspended solids (TSS), apparent color, turbidity, and conductivity.

Collection of Raw
Materials
h 4 k4
Ball clay . Cleaning of Rice husks
) " Materials

b 4

[ Mixing t Drying Process

J !
¥ Grinding Process
] Iron Oxide
Hydraulic l
pressing —
| S || Sieving Process e

Ceramic
Membrane

¥ i '

Sintering ]—b L r;?jmic: —;l Polishing I
L Membrane )

Figure 3.1: Schematic flow processes for the development of the membrane
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3.2 Materials Collection and Preparation

3.2.1 Collection of the Raw Materials

The raw materials used to prepare and formulate the catalytic ceramic membrane were ball
clay, rice husks, and iron oxide. The rice husks shown in Figure 3.2 (a), a biomass waste,
was collected from a rice supplier outlet in Mukono Market. The clay shown in Figure 3.2
(b) was collected from Ntawo deposits found in Mukono district. Iron oxide which acted as
catalysts in the ozonation filtration process was bought from Shp Sons Uganda Ltd, dealers
in chemicals located in Kampala town. After the collection process, the raw materials were
stored in plastic bags to avoid contamination before being used in the catalytic ceramic

membrane formulation process.

Figure 3. 2: (a) The rice husks used and (b) ball clay sourced from Ntawo deposit.

3.2.2 Preparation of the Raw materials

Ball clay was processed by removing foreign components such as stones and grass manually
using hands, Figure 3.3 (a) shows processed clay. During the processing stage, ball clay was
sun-dried for 7 days before crashed using a hammer and sieving to obtain powder samples
illustrated in Figure 3.3(d). The rice husks were sorted to remove any unwanted materials

such as stone, soil, and paper and then dried for a period of 4 to 5 days under direct sunlight
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as seen in Figure B2. The husks were milled with a YACHAN single phase motor type YCL-
1000L-2 electric grinder as shown in Figure B4 and then sieved using a standard 0.05 mm
opening sieve to form powder as shown in (Figure 3.3 (b)) and Figure B3. Iron oxide powder
of, phytic acid and ethanol were purchased as shown in Figure 3.3 (c¢), a mixture of 300g of
iron oxide and 100ml of phytic acid was employed in the coating of the membrane. Phytic

acid helps stick the layers of iron oxide on the membrane. The ethanol was used to wash off

the unbonded particles of the iron oxide on to the ceramic filters.

- . i : frytigil s o
Figure 3. 3: (a) Preparation of ball clay, (b) sieving of rice husks powder to obtain fine
powder, (¢) colloidal solution of iron oxide, and (d) prepared fine powders of rice

husks and clay.
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3.2.3 Preparation of Influent and Effluent Water

Industrial waste water was collected from Namanve industrial park in a 20 liter jerrycan. On
that day, the waste water underwent tests such as turbidity, pH levels, conductivity, total
suspended solids and the concentration of specific heavy metals. Six fabricated point of use
filtration systems were set up and water was poured into the PVC pipes as illustrated in figure

3.7. The same tests were also done for the collected six samples of effluent water

3.3 Characterization of the Raw Materials

3.3.1 Characterization of Ball Clay

X-ray Fluorescence (XRF) Epsilon 3 series machine was used for chemical analysis of the
powdered ball clay samples as seen in Figure B5. The clay sample was pressed into fused
circular discs to achieve uniform surface for analysis. A certified reference material of known
concentrations of elements present in the clay sample was used to calibrate the XRF
instrument. This ensures that the instrument accurately measures the intensities of X-rays
emitted by the sample and correlates them with the elemental concentrations. The prepared
sample is placed into the XRF instruments sample chamber and the analysis process is
initiated whereby the instrument bombards the sample with X-rays, causing the atoms in the
sample to emit characteristic fluorescent X-rays. The emitted X-rays are captured using a
detector, the energy and intensity of these X-rays are indicative of the elements present in
the sample and their concentrations. The spectrum obtained from the XRF instrument was
analyzed and compared using the measured elemental concentrations with the calibration

curves established during instrument calibration to ensure accuracy. The same procedure was
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used for rice husks characterization. The results of the elemental analysis of the clay sample

were then compiled and reported in chapter Four.

3.4 Fabrication of the Ceramic Membrane
In this work, two types of ceramic membranes were developed that is, the ones coated with
iron oxide and the uncoated disks. The rational was to determine the effect of iron oxide

coating on the removal efficiency of heavy metals in contaminated water.

3.4.1 Mixing of Raw Materials

Powder samples of ball clay and rice husks were mixed in predetermined varying proportions
shown in Table 3.1. The idea was to compare and have the best performance of the point of
use filtration system at different ratios. The raw materials were thoroughly mixed using an
electric mixer, Model 80OLR for about 20 minutes to ensure a homogeneous mixture (Rakcho
et al., 2023). Approximately 300 ml of water was added into 500 g mixture to get a uniform
dump mixture which was then placed in the casted die and compressed using a Benison
Tensile Testing Machine (BTTM). The fabricated ceramic disks were then batched as CM1U,
CM-2U, and CM- 3U for the uncoated disks and CM-1C, CM-2C, and CM- 3C for the

coated ones.

Table 3.1: Mixing ratios of clay and rice husks.

Membrane Code Clay (%) Rice husks (%)
CM-1 60 40
CM-2 70 30
CM-3 80 20
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3.4.2 Molding of the Ceramic Disks

After mixing, 500 g of the mixture was measured using a digital beam balance and
transferred to a cylindrical mold where a force of 125 kN was applied using a BTTM shown
in Figure 3.5 (a). Ceramic disks measuring 2 mm thick and 20 mm in diameter were
formulated as shown in Figure 3.5 (b). The thickness and diameter of the disks was measured
using a vernier caliper. The disks were left to dry in air for 5 days to avoid cracking due to
rapid moisture

escape.

Figure3.4: (a) Prssing machine ued for membrane pressing and (b) the green body of the
prepared disks.
3.4.3 Firing of the Green Body
Firing of the green body was done from the ceramics department of Uganda Industrial
Research Institute located in Nakawa. Firstly, the green body was dried under sunlight
thoroughly before firing to remove any moisture and also prevent defects such as cracking
during firing. The green body was placed in the ceramic furnace and fired at a rate of 3

°C/min to peak temperatures shown in Table 3.2. The samples were soaked at peak
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temperatures for six hours. The atmosphere inside the furnace was controlled using Nitrogen
to prevent oxidation or other chemical reactions that may affect the properties of the ceramic
membrane. After sintering, the furnace and the ceramic membrane were allowed to cool

gradually to room temperature to minimize thermal stresses and cracking.

Table 3.2: Firing temperatures of the ceramic membranes.

Ceramic Membrane Code Firing Temperature ("C)
CM-1 900

CM-2 1000

CM-3 1100

3.5 Ceramic Membrane Coating Using Iron Oxide

After the development of the membranes, they were coated with a synthesized colloidal
solution which was prepared using well well-defined method for which the reagents
included; iron oxide, phytic acid and ethanol. 300g of iron oxide powder was mixed
uniformly with 100 ml of phytic acid and the mixture was smeared to three ceramic
membranes and left to dry for 24 hours. The coated ceramic membranes were polished with
3 litres of ethanol to remove any unwanted particles there after the polished ceramic
membranes were heated to 200 °C to increase on the binding process. The objective of using
ethanol was to allow condensation of molecules on the membrane’s surface, while the phytic
acid acts as a binder for the iron oxide particles. The solution was deposited on to the
membrane through smearing and the coating thickness was 0.25 mm. After the coating
process, the membranes were then washed with ethanol to detach any unbounded particles,

dried under appropriate temperatures for a specified period of 24 hours. The coatings were
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assumed to be relatively uniform to ensure optimum performance of the membrane and this

will possibly enhance the filtration process.

(b)

Figure 3. 5: (a) Uncoated ceramic membrane and (b) membrane coated with iron
oxide.

3.6 Microstructural Analysis

A scanning electron microscope (SIGMA 300 VP) coupled with the Energy dispersive X-ray
spectroscopy (EDX) was used. The sample was first coated with a thin layer of chromium to
minimize charging as it is an insulating material. This is done to avoid charging effects
during SEM imaging. A SEM was utilized to analyze the microstructure of the catalytic
ceramic membranes for both uncoated and coated membranes. The ceramic membrane was
ground using a ball mill to achieve an average particle size of less than 0.075 mm. The
sample was pressed to obtain a suitable crystalline powder and the sample holder was set at
an angle of 40 °. The powder samples were firmly mounted on Al-stubs using C-tape as seen
in Figure 3.6(a) and (b). The stubs were then fixed onto the ZEISS specimen holder whereby

6 stubs were loaded. The specimen holder was loaded into the SEM as illustrated in Figure
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3.6 and the SEM operating conditions were adjusted to suitable conditions such as; voltage
(300V-30kV), working distance of (4-30) mm, display of live sample, magnification,
aperture alignment. The image was captured using magnifications of 0.1 mm. In this work,

SEM was coupled with EDX in order to analyze the elemental composition of the fired

ceramic discs.

Figure 3. 6: (a) Scanning Electron Microscope with samples ready for analysis (SEM)
and (b) sample holder.

3.7 Fabrication of Point of Use Filtration System

3.7.1 Filtration Setup Process

Water was collected from Namanve industrial park in a 20-liter jerrycan. On that day, the
waste water underwent tests such as turbidity, pH levels, conductivity, total suspended solids
and the concentration of specific heavy metals. A simple design of filtration setup shown in
Figure 3.7 was used for the experimentation process. The setup consisted of PVC pipes in
cylindrical form which can allow an open flow process (inlet and outlet openings) in which
the crafted catalytic ceramic membrane was fitted into. The ceramic membrane was made to

sit in between the two vertical pipes of the same diameter. For the membrane to be able to
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sit in the pipe, the end of pipe was widened with a 20 mm metallic object. Leakages of waste
water between the walls of the pipes and the ceramic membrane’s circumference were
prevented using PVC cement and silicon sealant to seal off any tiny spaces. Collected
samples of contaminated water used was pressurized for it to be able to pass through a
ceramic membrane and the influent water was collected as shown in Figure 3.8. Waste water
was passed through all the six ceramic membranes and the six collected influent water
samples underwent laboratory tests such as; turbidity, pH, conductivity, total suspended

solids and the concentration rate of heavy metals.

Figure 3.8: Collection of influent water uéing the PoU filter.
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3.7.2 Determining Water Turbidity

A portable turbidity meter was used to measure the turbidity of influent and effluent water.
Two dry, clean beakers were used, one beaker had 20 mls of distilled water, which calibrates
the turbidity meter to zero. The other beaker contained the sample which was determined by
pouring a volume of 20 ml of the sample water into the beaker. The exterior surface of the
beaker was wiped using a clean cloth to remove any dust particles or even finger prints before
it is placed in the turbidity meter. Turbidity of the influent and effluent water samples were
measured using the turbidity meter method as shown in Figure 3.9. The percentage turbidity

reduction of waste water was then determined using equation (3.1) (Bulta et al.,2019).

Figure 3.9: Determination of water turbidity.

Tu - Tf
— X
Turbidity reduction (%) = T 100%,  ......ceoevee e eee ... Equation 3. 1

u

where: Tu1is the Initial turbidity (in NTU), Tt is the Final turbidity (in NTU).
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3.7.3 Conductivity and pH Tests

The conductivity and pH of the influent and effluent water was measured using a standard
pH test meter. The conductivity levels and pH of the water samples were tested using the
electrode method as shown in Figure 3.10. However, before the tests were conducted, the
performance of the meter was first tested using a working standard whose conductivity
values are already known and this is referred to as calibration. Using the electrode method,
200 ml of the sample water was poured into the beaker and an electrode was placed and
rotated into the beaker, a reading was taken from the conductivity meter screen. All the
samples underwent the same procedures and all results were recorded. pH was also measured

using the electrode method and all the procedures were the same as for testing conductivity.

Figure 3.10: Conductivity and pH testing of the water samples.

3.8 Heavy Metal Removal Tests
The heavy metal removal test was conducted to detect the presence of heavy metals using
the spectrometry method. Plasma mass spectrometry that is capable of detecting most metals

and non-metals present in either waste or treated water at concentrations in milligrams per
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litre (mg/L) was used. In this study, heavy metals were determined using an Atomic
Absorption Spectrometer (AAS). Before the analysis, the samples were acidified to release
the adsorbed metal ions into the water sample. Then, the working standards of 1 ppm, 2 ppm,
and 5 ppm were prepared from a stock solution of 1000 ppm. During the analysis, standards
were aspirated by the AAS and the absorbance of each of the standards were determined. A
calibration curve was generated by plotting the absorbance against concentration. Similarly,
the samples were also aspirated and the absorbance of each sample were determined by
mapping the absorbance of the sample on the calibration curve of the standards, to establish
the concentration of the sample. The percentage removal of the heavy metals was determined
from equation (3.2) (Karnib et al., 2014).
Cu—Cf

Percentage removal (%) = — x100%........... Equation 3. 2
Cu

where: C, 1s the Initial concentration, and Cr is the Final concentration.

3.9 Data Analysis
The data obtained during the testing of the samples of raw materials was recorded and
subjected to analyses. The data sets were then represented using suitable tables and graphs

with the help of Origin Pro data analysis tool.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results obtained from the preparation of raw materials, development
of ceramic membranes and the performance test of the PoU. The raw materials used in the
development of the membranes were subjected to chemical and microstructural
characterization. The influent and effluent water was subjected to laboratory tests including;
turbidity, total suspended solids presence, pH, conductivity, and heavy metal concentration.
The data obtained in form of micrographs and numeral values are all presented in this

chapter.

4.2 Characterization of the Samples

4.2.1 Chemical Composition of Ball Clay

To assess and evaluate the suitability of ball clay used in the preparation of ceramic
membranes, a chemical analysis of ball clay powder was conducted using an X-ray
fluorescence (XRF) technique (Foorginezhad et al., 2022). Table 4.1 provides a breakdown
of the chemical composition of the oxides present in their percentage weight. The data shows
that the ball clay exhibited high contents of SiO: (silica) and Al,O;3 (alumina) and low
composition of the flux oxides (MnO and K>O, and P>Os). However, there was a significant
amount of CaO when fired CaO melts at about (1100 c) and the liquid phase formed reduces
the size of the voids hence improving strength (Atidi et al., 2024); (Rakcho et al., 2023);
(Jaber et al., 2022). Other oxides found present in the ball clay are Cr>0O3, TiO2, and Fe;Os.
There is a significant amount of iron oxide (14.810 wt%) its presence in clay is reported to

affect the color and contributes to the darkness of the fired pieces due to oxidation (Khalil et
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al., 2024; Chihi et al., 2019). As seen in Table 4.1, SiOz is a primary component and its
presence allows the gradual and gentle drying thus preventing crack formation during drying
process (Messaoudi et al., 2021). Additionally, the presence of the alumina and silica has
significant impact on the refractoriness and mechanical strength of the final product, as noted

in previous research by (Rakcho et al., 2023; Serra et al., 2016).

Table 4.1: Chemical composition of ball clay

Oxides Composition (wt%)
Si0, 55.888
Al203 11.973
Cr203 0.219
Fe203 14.810
TiO2 1.774
CaO 14.643
K>0O 0.116
MnO 0.207
P20s 0.211
Total 99.841

4.2.2 Chemical Composition of Rice Husks Powder

The chemical composition of the rice husks powder used in the development of the ceramic
membranes was subjected to XRF analysis. The results obtained are presented in Table 4.2,
chemical composition tests revealed that the main constituent of the rice husks powder is
SiO2 with a percentage weight of about 92%. The high content of the SiO; will have a
significant impact on the mechanical strength of the membranes as mentioned earlier (Serra
et al., 2016). All flux oxides had low percentage including Fe,Os. But the presence of SO3

could not be detected in the rice husks powder using the XRF analysis.
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Table 4. 2: Chemical composition of the rice husks powder

Oxides Composition (Wt%)
SiO2 92.94
Fe203 2.73
CaO 2.15
Al2O3 1.42
K20 1.23
P20s5 0.32
MgO 0.27
Na:0 0.11
SOs 0.00
Total 101.17

4.2.3 Elemental Composition of the Developed Membranes

The elemental compositions of the fired membranes were studied using a scanning electron
microscope (SEM) coupled with Energy Dispersive X-ray (EDX) analysis, the data can be
seen in Table 4.3. This data which shows the percentage weight of each element was used to
calculate the chemical composition of the samples and the results are shown in Table 4.4.
The EDX analysis was applied to understand and define the chemical composition of the
fired membranes, the details are presented in the subsequent paragraphs. Ceramic membrane
one (CM-1) was represented with both coated and uncoated. The coated membrane had
carbon as its main component followed by oxygen while the uncoated membrane one had
oxygen as its main component followed by Iron. All membranes underwent the same process

and elemental composition was recorded as seen.
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Table 4. 3: Chemical composition of ceramic membranes

CM-1 CM-2 CM-3
Element
Coated Uncoated Coated Uncoated Coated Uncoated
C 57.22 0.09 3.83 1.03 0.01 0.26
0] 35.18 82.33 55.19 40.16 71.66 65.61
Na 0.41 0.53 0.01 4.09 2.54 1.88
Mg 2.12 0.38 0.22 1.68 1.24 1.52
Al 0.73 6.98 3.05 44.42 4.67 18.55
Si 1.60 3.65 4.37 2.75 4.93 6.55
K 0.39 0.00 0.46 1.59 0.49 0.59
Ca 2.01 0.00 14.33 2.98 2.38 0.25
Fe 0.33 6.05 0.00 1.30 5.06 4.79

Table 4. 4: Chemical composition of the ceramic membranes

Element Uncoated Membranes Coated Membranes
CM-1U CM-2U CM-3U CM-1C CM-2C CM-3C
SiO2 24.94 5.35 22.24 3.13 18.66 29.27
ALOs3 42.11 76.42 55.66 1.26 11.50 24 .47
Na:0 2.27 5.02 4.02 0.50 0.02 9.49
MgO 2.01 2.54 4.00 3.22 0.72 5.72
Fe203 27.62 1.69 10.88 0.43 0.00 20.06
CaO 0.00 3.80 0.56 2.57 40.01 9.24
K20 0.00 1.75 1.23 0.43 1.10 1.64
CO2 1.05 343 1.51 88.46 28.00 0.11

4.2.4 Uncoated Ceramic Membranes

From at 1100°C Figure 4.1(a), the EDX spectrum shows that the principle element present
in the fired membrane CM-1U is oxygen represented by the highest peak. Other elements
included C, Na, Mg, Al, Si, and Fe with K and Ca not being detected. However, the calculated
chemical composition for the uncoated membranes as seen in Table 4.4 indicates that Al>O3

is the principle oxide followed by SiOz. Also, Na>O and MgO exhibited significant values
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compared to the rest of the flux oxides. This data is comparable to the chemical composition
of the raw materials shown in Tables 4.1 and 4.2. Meaning that firing has no significant effect
on the chemical composition of the raw materials used. The presence of the flux oxides favor
liquid phase formation during the firing process thus promoting the closure of the open pores
and spaces (Atidi et al., 2024). It is known that smaller pores capture contaminants than
bigger ones (Cai et al., 2020). This increases performance of the membranes with regards to
the removal of heavy metals. The EDX spectrum shown in Figure 4.1(b) shows that

aluminum is the principle element present in the fired membrane

CM-2U represented by the highest peak. Other elements present included C, Na, Mg, O, Si,
Fe, K, and Ca. Table 4.4 shows that the principle oxide present in the sample CM-2U is also
AL O3 followed by SiOz and among the flux oxides, Na;O and CaO exhibited significant
values. Figure 4.1(c) illustrates the EDX spectrum for sample CM-3U. The principle element
1s oxygen, the calculated oxide with the highest percentage by weight is Al,O; and then
followed by SiO». Na,O exhibited the highest percentage by weight among the fluxes. In all
the fired membranes, Al,O3 and Si0O exhibited the highest percentages by weight. These
oxides are relevant because of their high adsorption capacity in the removal of heavy metals

from waste water and industrial effluents (Rakcho et al., 2023), (Karnib et al., 2014).
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Figure 4.1: EDX spectrum for uncoated ceramic membrane (a) sample CM-1U with 60
wt% clay and 40 wt% rice husks sintered at 900 °C, (b) sample CM-2U with 70 wt%
clay and 30 wt% rice husks sintered at 1000 °C, and (c) for sample CM-3U with 80 wt%
clay and 20 wt% rice husks sintered at 1100 °C.
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4.2.5 Coated Ceramic Membranes

Figure 4.2, shows the EDX spectrum for the fired coated ceramic membranes. Figure 4.2(a)
shows that the principle element present in the fired membrane CM-1C is carbon represented
by the highest peak. Other elements included O, Na, Mg, Al, Si, Fe, K, and Ca. However,
the calculated chemical composition for the coated membranes as seen in Table 4.4 indicates
that COz is the principle oxide followed by MgO and SiO». CaO also exhibited a significant
value compared to the rest flux oxides. The presence of the flux oxides favor liquid phase
formation during the firing process thus promoting the closure of the open pores and spaces
(Atidi et al., 2024) ;(Ochen et al., 2021). This increases performance of the membranes with
regards to the removal of heavy metals. The EDX spectrum shown in Figure 4.2(b) shows
that oxygen is the principle element present in the fired coated membrane CM-2C
represented by the highest peak. Other elements present included C, Na, Mg, Al, Si, Fe, K,
and Ca. Table 4.4 shows that the principle oxide present in the sample CM-2C is also CO>
followed by CaO and Si0; and among the flux oxides, CaO exhibited a significant value. A
similar observation was reported by (Elgamouz et al., 2019). Figure 4.2(c) illustrates the
EDX spectrum for sample CM-3C. However, the percentage weight of Fe>O3 was low in the
coated ceramic membranes except for CM3-C which had a high percentage weight. The

lesser the rice husks, the more the voids thus larger pores.
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Figure 4.2: EDX spectrum for coated ceramic membrane (a) sample CM-1C with 60
wt% clay and 40 wt% rice husks sintered at 900 °C, (b) sample CM-2C with 70 wt%
clay and 30 wt% rice husks sintered at 1000 °C, and (c¢) sample CM-3C with 80 wt%
clay and 20 wt% rice husks sintered at 1100 °C.

4.3 Microstructural Analysis of the Ceramic Membranes
The surfaces of the sintered ceramic membranes developed in this study were studied using
a scanning electron microscopy. The aim was to understand the particle distribution and pore

structure of the fired membranes.
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4.3.1 Uncoated Ceramic Membranes

The morphology of the uncoated ceramic membranes labelled as CM-1U, CM-2U, and
CM3U containing different proportions of clay and rice husks powder was characterized
using scanning electron microscopy. In Figure 4.3, the membrane surface consists of mullite
and pores, the open pores can be seen as dark spots, and mullite crystals are seen as white
patches as reported by (Atidi et al., 2024). According to Serra et al. (2016) mullite is a white
ware consisting of aluminum silicate formed upon firing of aluminosilicate raw materials
such as clay. Their presence is known to improve the mechanical strength according to the
mullite hypothesis which states that the strength of ceramic membranes increases with an

increase of the mullite population (Aydin et al., 2020).

Figures 4.3 (a) and (c) show higher distribution and dense regions of the mullite on the
surface. Mullite is a stable crystalline phase in Al>03-2Si0; resulting from the thermal
treatment of clay minerals at temperatures exceeding 900 °C as reported by (Rakcho et al.,
2023) ;(Serra et al., 2016). Their presence helps to increase in the adsorption of heavy metals
due to presence of silica content in the mullite (Karnib et al., 2014). Figure 4.3(a) shows that
the membrane sample is non homogenous with noticeable disparities in the pore
morphology. Large and interconnected pores are visible as this is attributed to a high amount
of rice husks. Figures 4.3(b) shows the microstructure morphology of the sample membranes
CM-2U and CM-3U respectively, which contain lower wt% of the rice husks powder.
Furthermore, a decreased content of the rice husks powder results to a decrease in the number
of open pores formed during sintering of the membranes. This is because the combustion of

the rice husks powder leads to the release of carbon dioxide (CO;) gas, which escapes

40



(Rakcho et al., 2023). In the process of escaping, the gas promotes the development of a
more extensive and intricate porous network of micro pores. The size of the pores present in
the ceramic membranes is expected to decrease with a decreased content of the rice husks
powder in the membranes. This can be observed in Figure 4.3 (b) and (c). Additionally, the
removal of the suspended solids and heavy metals from the water depends on the openness

of the micro pores.
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Figure 4. 3: SEM analysis of the sintered uncoated membrane (a) CM-1U with 60 wt%
clay and 40 wt% rice husks sintered at 900 °C, (b) CM-U2 with 70 wt% clay and 30
wt% rice husks sintered at 1000 °C, and (¢) CM-3U with 80 wt% clay and 20 wt% rice
husks sintered at 1100 °C.
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4.3.2 Coated Ceramic Membranes

Figure 4.4 shows the SEM analysis of the sintered-coated membrane. The microstructure of
the coated ceramic membrane sample CM-1C is shown in Figure 4.4(a). It is observed that
the membrane structure is characterized by irregularly distributed pores with a relatively
complex shape. It also shows a rough texture probably due to coating of the membrane using
iron oxide. For the coated membrane CM-2C, a relatively smooth texture with small pores
can be observed from the membrane surface (Figure 4.4(b)). This represents fusion of the
raw materials. This phenomenon happens when clay ceramics are treated under high
temperature, which contributes to the fusion of the clay particles to produce a membrane
with low porosity as reported by (Elgamouz et al., 2019). The decrease in the porosity of the
membrane facilitates the effective removal heavy metals from waste water. In addition, the
Figure shows the homogeneity in the membrane surface and the appearance of the
distribution of pores observed as dark spots. Figure 4.4(c) shows the microstructure of the
coated membrane sample CM-3C which has the least percentage of rice husks powder.
Karnik et al. (2009) reported that the coating of layer yields smaller pores, which facilitates
catalytic performance, thereby, enhancing the removal of heavy metals from the waste water.
There exists a significant distinction between the morphology of the uncoated membranes
and the coated membranes. More open pores can be observed in the microstructure of the
uncoated ceramic membranes (Figure 4.3) compared to those observed in Figure 4.4 for the
coated membranes. The decreased openness can be attributed to the colloidal solution of the

iron oxide, which enhances the removal of heavy metals from waste water.
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Figure 4.4: SEM analysis of the sintered coated membrane (a) CM-1C with 60 wt% clay and
40 wt% rice husks sintered at 900 °C, (b) CM-2C with 70 wt% clay and 30 wt% rice husks
sintered at 1000 °C, and (c) CM-3C with 80 wt% clay and 20 wt% rice husks sintered at 1100

°C.

4.4 Properties of Influent and Effluent Water

Waste water was collected from Namanve Industrial Park as seen in Figure B1. To test the
performance of the developed ceramic membranes, the effluent (unfiltered waste water) was
subjected to laboratory tests before it was passed through the developed ceramic membranes.

After the filtration process, the influent (filtered water) obtained was also subjected to
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laboratory tests. Test conducted include; turbidity, pH, conductivity, alkalinity, total
suspended solids (TSS) presence, and apparent color. The Figures do show that the turbidity
of the water sample collected after filtration processes increased with a reduction in the rice
husks powder content in the ceramic membranes. In agreement with the measured turbidity
values, the Figures do show that the filtered water samples obtained from the uncoated water
membranes were clearer than those collected from the coated membranes. The reason is
given in the next subsection. Table 1 of Appendix A presents the results obtained after

laboratory tests of the water samples.

4.4.1 Turbidity and Color

The turbidity and color of both the influent and effluent was analyzed, the turbidity was
measured using a turbidity meter. The color of the effluent water was light brown as observed
in Figure 4.5(a) and that of the influent water for the coated and uncoated membranes
appeared clearer as seen in Figure 4.5(b) and (c¢). The results in Table 1 of Appendix A show
that the measured apparent color of the waste water was 572 ptco. A significant decrease in
the measured apparent color of the effluents through both the coated and uncoated
membranes was observed. The lowest apparent color of 158 ptco was recorded for influent
through the uncoated membrane CM-3U containing 20wt% of rice husks powder. Influent
through membrane CM-2U containing 30wt% rice husks powder produced the highest
apparent color of 380 ptco among the uncoated membranes. According to OMS (2024) the

acceptance of apparent color is below 15 true color units of safe water.

The measured turbidity of the waste water was 74 NTUs (Table 1 of Appendix A) which

reduced when the water was passed through the uncoated and the uncoated membranes. The
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turbidity tests revealed that water filtered with uncoated ceramic membranes that is CM-1U,
CM-2U, and CM-3U had turbidities of 20, 39, and 14 NTU respectively. The corresponding
percentage reductions of turbidity of the membranes was 72.97%, 47.30%, and 81.08%
respectively, the data can be seen in Table 4 of Appendix A. Membrane CM-3U with 20 wt%
rice husk content exhibited the highest turbidity reduction, followed by membrane CM-1U
with 40 wt%, and lastly membrane CM-2U with 30 wt% rice husk. However, membrane

CM-2U unexpectedly produced a lower turbidity reduction than ceramic membrane CM-1U.

These results confirm that an increase in the percentage composition of the rice husks powder
reduces the turbidity reduction efficiency of the ceramic membranes (Bulta & Micheal,
2019). The turbidity tests further revealed that water filtered with coated ceramic membranes
that is CM-1C, CM-2C, and CM-3C had turbidities of 54, 50, and 57 NTUs respectively. The
corresponding percentage reductions of turbidity of the membranes was 27.03%, 32.43%,
and 22.97% respectively, the data can be seen in Table 4 of Appendix A. Membrane CM-2C
with 30 wt% rice husk content exhibited the highest turbidity reduction, followed by
membrane CM-1C with 40 wt%, and lastly membrane CM-3U with 20 wt% rice husk. Figure
4.6 shows that the uncoated ceramic membrane CM-3U with 80 wt% clay and 20 wt% rice
husks powder produced the highest turbidity reduction of 81.08%. Contrary, its counterpart
CM-3C which was coated with a solution of iron oxide produced the lowest turbidity
reduction rate computed to be 22.97%. This is attributed to the fact that the coated
membranes were coated with a solution of the iron oxide. The iron content in the coating

leached into the water during the filtration process. This was evidenced when the effluent
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through the coated membranes was found to contain concentrations of 0.088, 0.033, and

0.103 mg/L of iron in the membranes CM-1C, CM-2C, and CM-3C respectively.

For the coated membranes, Figure 4.6 shows that CM-2C produced the highest turbidity
reduction efficiency measured at 32.43% followed by membranes CM-1C at a reduction
efficiency of 27.03%. Coated membrane CM-3C produced the lowest turbidity reduction
efficiency of 22.97%. This is because of all the coated membranes, the effluent through CM-
3C had the highest measured apparent color of 385 ptco implying a higher turbidity of the
effluent and hence low turbidity reduction efficiency of the membrane. We can see that the
turbidity removal efficiency of the uncoated ceramic membranes is high compared to the

coated membranes.

Figure 4.5: Samples of (a) Influent, (b) Effluent through Uncoated Membranes, and

(c) Effluent through Coated Membranes.
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Figure 4. 6: Percentage turbidity reduction by the ceramic membranes

4.4.2 pH Levels of the Water

The pH of the effluent waste water was measured using a pH meter and its value was 6.86.
After filtration, the pH of the water was within the acceptable range for safe drinking water
according to World Health Organization (WHO). WHO recommends a pH value of 6.5-8.5
for safe drinking water (OMS, 2024). According to Dewangan et al. (2023) the pH range of
filtered water between 6.65-7.34 signifies lower levels of contaminants. Figure 4.7 shows
the pH levels for the coated and uncoated ceramic membranes, as it can be seen, there was a
slight variation in the pH of the filtered water for the coated and uncoated membranes. The
measured pH values ranged between 6.65 and 7.3, as illustrated in Table 1 of Appendix A.
This range lies within the acceptable standards according to World Health Organization
(WHO). Pure water has a pH of 7 and the World Health Organization (WHO) recommends
pH levels for drinking water to fall between 6.5 and 8.5 (OMS, 2024). This is because

drinking water with a pH value below 6.5 may have a bitter or metallic taste and a pH above
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8.5 may have a soda taste and a slippery feel (OMS, 2024). This therefore implies that the
filtered water in this study exhibited the pH range acceptance by WHO, and also has no

diverse corrosive effects.
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pH of effluent

0 1 ' 1
Uncoated Membranes Coated Membranes

Fabricated ceramic membranes
Figure 4.7: pH levels of the effluent through ceramic membranes.

4.4.3 Conductivity of the Water

To assess the water’s ability to conduct electricity, a conductivity test of the water samples
was carried out using a conductivity meter. To maintain the quality of safe drinking water,
conductivity measurements are always done and these typically act as a measure for the total
dissolved solids in water (Rusydi, 2018). Conductivity measurements showed that the
conductivity of the unfiltered water sample was 204.5 ps/cm. Drinking water with
conductivity levels less or equal to 800 ps/cm is categorized in class A and thus considered
to be very good and safe for drinking (Eric et al., 2017). Figure 4.8 shows the conductivity

levels of the filtered water samples. As seen, there is a decrease in the conductivities of the
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influent samples through from CM-1 to CM-3 for both uncoated and coated membranes. The

highest conductivities recorded were for influents through membrane CM-1U and CM-

1C with corresponding conductivities of 448 ps/cm and 714 ps/cm. Likewise, membranes
CM-3U and CM-3C had their influents with the lowest conductivities. All the conductivity
values obtained for the tested water samples fall within the acceptable of range less than 800
us/cm for drinking water. According to Yang et al. (2021) higher conductivity values indicate
high concentrations of impurities such as dissolved ionic solids like calcium and magnesium
in water that carry electrical charges. High conductivity does not have a direct health impact,
however, dissolved ionizable solids may cause frustrating water hardness or alkalinity and

corrosion in plumbing system (Rusydi, 2018).

800

I
CM-1 (40% rice husks)
CM-2 (30% rice husks))
CM-3 (20% rice husks) =

-‘J

o

o
|

(=7}
o
o
|
|

o
o
o
|
|

o
==}
==}
|
|

[}
o
o
|
|

]
o
o
|
|

Conductivity of effluent (uS/cm)

100 — -

D I : X I
Uncoated Membranes Coated Membranes
Fabricated ceramic membranes

Figure 4.8: Conductivity levels of the water samples.
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4.4.4 Reduction of Total Suspended Solids in Water

The performance of the developed ceramic membranes was further evaluated by conducting
tests on the presence of the total suspended solids in the water samples using the photometric
technique. According to Branigan (2013), total suspended solids (TSS) are solid particles in
water that can be trapped by filters. As a water quality parameter, the TSS test was carried
out to assess the quality of water, since a higher concentration of TSS decreases the water
clarity (Branigan, 2013). The presence of the TSS in water was measured relative to TSS of
the filtered water. The concentrations of the TSS in the unfiltered and filtered water samples
were presented in Table 1 of Appendix A. Figure 4.9 shows the percentage removal

efficiency of the membranes for the total suspended solids from waste water.

The measured TSS of the waste water was 71 mg/L which reduced when the water was
passed through the uncoated and the coated membranes. The TSS tests revealed that water
filtered with uncoated ceramic membranes that is CM-1U, CM-2U, and CM-3U had TSS
concentrations of 23, 29, and 14 mg/L respectively. The corresponding percentage removal
of TSS by the membranes were 67.61%, 59.15%, and 80.28% respectively, the data can be
seen in Table 4 of Appendix A. Membrane CM-3U with 20 wt% rice husk content exhibited
the highest removal efficiency, followed by membrane CM-1U with 40 wt%, and lastly
membrane CM-2U with 30 wt% rice husk. However, membrane CM-2U unexpectedly
produced a lower TSS removal efficiency than ceramic membrane CM-1U. TSS tests further
revealed that water filtered with coated ceramic membranes that is CM-1C, CM-2C, and
CM-3C had TSS concentrations of 39, 33, and 41 mg/L respectively. The corresponding

percentage removal of TSS by the membranes were 45.07%, 53.52%, and 42.25%
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respectively, the data can be seen in Table 4 of Appendix A. Membrane CM-2C with 30 wt%
rice husk content exhibited the highest TSS removal efficiency, followed by membrane CM-
1C with 40 wt%, and lastly membrane CM-3U with 20 wt% rice husk. This indicates that
there is no linear correlation between the amount of rice husks and the TSS removal
efficiency. Figure 4.9 shows that the uncoated ceramic membrane CM-3U with 80 wt% clay
and 20 wt% rice husks powder produced the highest TSS percentage removal of 80.28%. Its
counterpart CM-3C which was coated with a solution of iron oxide produced the lowest
percentage removal of TSS, computed to be 42.25%. For the coated membranes, Figure 4.9
shows that all the discs had low values of TSS removal efficiency compared to the uncoated
ones. The low value could probably be attributed to leaching of the iron oxide during
filtration process. In conclusion, on comparing the membranes, the uncoated ceramic

membranes produced the highest TSS removal efficiencies as seen in Figure 4.9.
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Figure 4.9: Percentage removal efficiency of TSS from water by the membranes.
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4.4.5 Removal of Heavy Metals

The performance of the ceramic membranes developed in this study was further evaluated
by measuring the concentration levels of the heavy metals present in both the influent and
effluent water samples. Using the spectrometry approach, the concentration of the heavy
metals in the water samples were determined using an Atomic Absorption Spectrometer
(ASS) with model Agilent 240FS. The results obtained from the laboratory test are presented
in Table 4 of Appendix A. At limits of detection (LOD) of 0.01 mg/L, heavy metal tests were
carried out on collected samples of the waste water. Results showed that iron (Fe) and
manganese (Mn) were the most dominant heavy metals present in the influent water with
concentrations of 0.9780 mg/L and 0.7140 mg/L respectively. Other heavy metals detected
included cadmium (Cd), zinc (Zn), lead (Pb), nickel (Ni) which had moderate concentrations
(see Figure 4.10). However, the tests further revealed that copper (Cu) and chromium (Cr)
were found below the limits of detection (LOD) for the instrument used. As mentioned

earlier, the detection limit for all the test samples was at 0.01 mg/L.

The influent water obtained using uncoated membranes exhibited heavy metals such as Cd,
Zn, Pb, and Mn. As can be seen in Figure 4.11, the concentration of Mn is high in the influent
water obtained using uncoated membranes. CM2-U exhibited the highest amount of Mn and
CM1-U had the least indicating that the percentage composition of rice husks had no effect
on the removal efficacy of Mn. Also, the concentration of lead (Pb) in the influent water was
significant. Amounts of Zn was present especially in CM1-U and CM2-U. However, in CM3-
U filter its value was negligible. For coated membranes, with the exception of Fe, all other

heavy metals were completely removed from effluent water as illustrated in Figure 4.12.
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However, uncoated filters successfully removed Zn, Cd, Fe and Ni in the effluent water.
Coating of the membrane changes the average pore size from micropores to nanopores within
the surface layer of the material thus improving the removal ability of heavy metals by the
membranes (Karnik et al., 2005). However, iron was present in the effluent water which was
a surprise. The presence of iron was probably due to leaching of the membranes during the
filtration process. It should be noted that the membranes were coated with iron oxide. Only

small amounts of the iron were found present in the effluent as shown in Figure 4.12.
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Figure 4.10: Concentration of detected heavy metals in unfiltered water.
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To ascertain the performance of the developed ceramic membranes with regards to the
removal of heavy metals, the percentage removal of the metals was computed relative to the
concentration of the heavy metals presented in the effluent water samples. The performance
of the membranes measured at percentage (%) levels for the efficient removal of the heavy
metals is presented in Table 3 of Appendix A. The results show that amongst all the detected
heavy metals, iron (Fe) was the least effectively removed heavy metal when compared to
other metals and the reason is given earlier. Figure 4.13 shows that at an average removal
efficiency of 98.73%, the coated ceramic membranes were far better than the uncoated
membranes when it came to the removal of the heavy metals from the waste water. This is

attributed to the reduction of pore size as a result of coating.
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Figure 4.13: Percentage removal of heavy metals by the fabricated ceramic
membranes.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

In this study, ceramic membranes were developed from ball clay and rice husk powder, both
powders underwent XRF process to determine the chemical composition. Six membranes
were developed for which three were uncoated and the other three were coated with a
solution of iron oxide. SEM analysis was done on the six membranes to determine the
microstructure and elemental composition for each membrane. The chemical composition of
the membranes was within the same range as the chemical compositions of the raw materials
used. The SEM micrographs revealed that the membrane surface of the uncoated and coated
fabricated ceramic membranes consisted of mullite and pores. The morphology of the pores
was affected by coating using iron oxide as corroborated by SEM micrographs. The pore
sizes reduced as a result of coating which resulted in an increase in the removal efficiency
of heavy metals. Industrial wastewater was subjected to laboratory test to understand its
parameters before the water was filtrated using the developed six ceramic membranes. The
results obtained from the evaluation of the performance of the membranes based on
parameters of the filtrated water relative to the unfiltered samples are summarized in
conclusions stated below. For the water parameters, uncoated ceramic membranes produced
the highest turbidity reduction when compared to the coated membranes. This was attributed
to the leaching of iron oxide during filtration occurred on the coated ceramic membranes.
Additionally, the membranes showed a positive reduction in the concentrations of the total
suspended solids (TSS) in the effluent tested water samples. The uncoated ceramic
membranes produced the highest removal efficiency when compared to the uncoated

membranes. However, the test results revealed that when it came to the removal of heavy
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metals from the water, the coated ceramic membranes were far better when compared to the
uncoated ones. An overall evaluation on the heavy metal removal efficiency shows that the
coated ceramic membranes produced 98.73% compared to the 74.11% of the uncoated ones.
However, amongst all the heavy metals, iron was the least effectively removed metal from
the tested effluent water samples especially from the coated ceramic membranes due to

leaching of iron into the filtered water as it was from the coated ceramic membrane.

5.2 Recommendations

Basing on the above stated conclusions on the performance of the developed ceramic
membranes, it is recommended that the developed ceramic membranes can be used for the
treatment of industrial waste water though better performances would be obtained if the

following recommendations are undertaken;

(i) Optimizing the coating thickness and composition to enhance filtration performance

without compromising membrane durability.

(ii) Evaluate the cost implications and scalability of production for commercial use in

wastewater treatment plants.

(iii) More detailed structural analysis could provide deeper insights into the mechanisms
behind the enhanced filtration.

(iv) Since the coated membranes showed lower turbidity reduction due to leaching, a model
to predict leaching behavior should be conducted to evaluate the durability of the
coatings under various filtration conditions and this would help in understanding the

lifespan and maintenance requirements of coated membranes.
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Appendix A: Laboratory Data
Tables Showing the test results obtained for the chemical composition of the fabricated ceramic membranes, and the laboratory test
properties of the influent and effluent water samples.

Table 1: Properties of the tested samples of water

Parameter Unit Before Filtration After Filtration
CMIU |CM2U | CM3U | CMIC | CM2C | CM3C

Turbidity - 74 20 39 14 54 50 57

pH - 6.86 7.34 7.10 7.07 6.72 7.13 6.66
Conductivity us/cm | 204.5 448 385 298 714 281 276
Apparent color ptco 572 216 380 158 328 374 385
Total suspended solids mg/L | 71 23 29 14 39 33 41
Total alkalinity mg/L 100 145 135 105 210 190 216

Table 2: Concentrations of heavy metals at the detection limit 0.01 mg/L

After Filtration (mg/L)
Element Before Filtration (mg/L)

CM1U CM2U CM3U CMIC CM2C CM3C
Cd 0.0120 0.0020 0.0010 0.0020 nd nd nd
Zn 0.0149 0.0103 0.0092 0.0016 nd nd nd
Pb 0.0600 0.0424 0.0258 0.0362 nd nd nd
Mn 0.7140 0.0620 0.4940 0.2200 nd nd nd
Ni 0.0290 nd nd nd nd nd nd
Fe 0.9780 nd nd nd 0.088 0.033 0.103
Cu nd nd nd nd nd nd nd
Cr nd nd nd nd nd nd nd
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Table 3: Percentage removal of heavy metals from water by ceramic membranes

Element CM-1U CM-2U CM-3U CM-1C CM-2C CM-3C
Cd 83.33 91.67 83.33 100.00 100.00 100.00
Zn 30.87 38.26 89.26 100.00 100.00 100.00
Pb 29.33 57.00 39.67 100.00 100.00 100.00
Mn 91.32 30.81 69.19 100.00 100.00 100.00
Ni 100.00 100.00 100.00 100.00 100.00 100.00
Fe 100.00 100.00 100.00 91.00 96.63 89.47
Average 72.48% 69.62% 80.24% 98.50% 99.44% 98.24%
Overall Average 74.11% 98.73%
Table 4: Percentage change in parameters after filtration
Percentage Change (%)
Parameter
CM1U CM2U CM3U CMIC CM2C CM3C
Turbidity 72.97 47.30 81.08 27.03 32.43 22.97
Apparent color 62.24 33.57 72.38 42.66 34.62 32.69
Total suspended solids 67.61 59.15 80.28 45.07 53.52 42.25
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Appendix B: Experiment Process and Setup

Figure 2: B2

Figure 3: B3 Figure 4: B4
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Figure 5: BS
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RICE HUSKS SAMPLE TEST REPORT

Address: Plot 6, Block 95, Bunyangabu, Kasagama Road (Kasese-FortPortal Road)

Lab Name: Hima Cement Laboratory Field No: Feb 2024

Sample description: Rice husks Samples Weight of samples:

Issue date: 6" March 2024 Sample receipt date: 215 Feb 2024
Date of testing: 27" Feb 2024 Report ID:

Test methods: US EAS 148-2:2017
Customer Name: NABWIRE VICTORIA

Test Results
Customer Address:

Sample ID Sample LOI 2 Si02 AI20 Fe20 CaO MgO SO3 K20 Na2O P20 GHV MOIS ASH
Name 3 3 5

% MjKg %

27.02.2024 4 i . H : s 0.32|15.36 (8.2

Remarks
The testing was carried out as per the request and from Hima Cement Laboratory at the address above using the test

method indicated above and the results are only valid for these particular sample as received. (HIM24004683)

Analysed by: Reviewed Authorized by:
PAMPAS OBWANGOLE &P A

Pampas Obwangole Mariko Beegira Emmanuel Lutebuuka

Lab Technician Quality Control Engineer Quality Control & Assurance Manager

This test report is only valid if it bears an authorized signature and has been issued without any alterations and therefore may
not be reproduced other than with written approval from the Quality Control and Assurance Manager, Hima Cement Limited
Kasese.
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