
 

 

 

CERAMIC WATER FILTERS FOR THE FILTRATION OF BACTERIA 

 AND CHEMICAL CONTAMINANTS  

   

By 

Oluwole Akinjide Omoniyi 

(70124) 

Submitted to 

 

Department of Materials Science and Engineering in partial fulfilment of the award of 

Doctor of Philosophy (PhD) Degree 

at the 

African University of Science and Technology (AUST) - Abuja, Nigeria. 

 

 

August, 2022 

 

 

 

Principal Advisor: Professor Winston. O. Soboyejo 

 

 

http://www.aust.edu.ng/


 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

ii 

 

 

CERAMIC WATER FILTERS FOR THE FILTRATION OF BACTERIA 

AND CHEMICAL CONTAMINANTS 

By 

Oluwole Akinjide Omoniyi 

(70124) 

Submitted to 

Department of Materials Science and Engineering in partial fulfilment of the award of 

Doctor of Philosophy Degree at the 

African University of Science and Technology (AUST) - Abuja, Nigeria. 

PhD Committee Members: 

Recommended by: 

 

 

Professor Wole Soboyejo (Principal Advisor) 

 

Dr. Omololu Akin-Ojo (Co - Supervisor) 

 

Dr. Ali A. Salifu WPI, (Member) 

 

Dr. John D. Obayemi WPI, (Member)     

 

Accepted and Approved by: 

 

Professor Azikiwe Onwualu, Acting President, Research and Academics - African 

University of Science and Technology, Abuja-Nigeria 

Copyright: August, 2022 AUST, Abuja-Nigeria.  All rights reserved 

 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

iii 

 

ABSTRACT 

Of recent, individuals, community and government across the globe are embracing the 

ceramic water filters technology as a means of screening out chemicals and pathogens from 

water. This is to help reduce water related diseases to a great level. Ceramic Water Filter 

(CWF) is gaining prominence because its major raw material is clay which is readily 

available. 

Doping materials used and the filter‘s flow rate are of great importance in the production. 

This work gives account of empirical studies on fluoride removal ability of HA - doped 

ceramic water filter and that of bovine (cow) Bone - doped ceramic water filter. The   

sintering temperatures used are 850oC, 900oC and 950oC for making the ceramic water 

filters. Equally, a study on the effect of sintering temperature on the flow rate and bacteria 

removal of disc-shaped ceramic water filter was conducted. Also study was done on 

mechanical properties of the CWFs.  

The purpose of the first study was to maximize fluoride and bacteria removal from 

contaminated water from groundwater sources with very high fluoride contents, such as 

boreholes and wells, to make them safe for drinking. The CWFs were manufactured from 

clay, sieved sawdust and either HA or Bone in a 30:50:20 volume proportion. Firing of the 

mixtures at temperature of 850oC and 900oC resulted in the pyrolysis of the sawdust and 

sintering of the clay matrix and HA or Bone particles to produce micro - and nano-porous 

structures. The CWFs doped with HA and Bone has similar flow rates, which were 

dependent on sintering temperature. Fluoride removal efficiency decreased with increasing 

temperature but was higher for the Bone - doped than for the HA - doped CWFs. Fluoride 

adsorption was modeled using the Freundlich isotherm equation, which revealed that 

adsorption was spontaneous but heterogeneous. E. coli removal efficiency was also higher 

for the Bone - doped than for the HA - doped CWFs. 
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Taken together, Bone - doped CWFs sintered at 850oC maximized both the fluoride and 

bacteria removal efficiencies. The implications of these outcomes are discussed for the 

design of point-of-use CWFs for the filtration of fluoride and microbial pathogens from 

groundwater sources.                                          

The second study was designed to optimize the bacteria removal efficiency of the CWFs for 

potential application as point-of-use filters to produce potable water from contaminated 

water. The CWFs were made from a mixture of clay (ceramic matrix) and sieved sawdust 

(porogen) in a 50:50 volume proportion. The mixtures were heated at temperatures of 

850oC, 900oC and 950oC resulting in the pyrolysis of the mixture. 

The porosities and pore sizes of the CWFs depended on their sintering temperatures. The 

flow rates were influenced by the porosity and pore sizes of the CWFs and were large for 

high sintering temperatures. The E. coli removal efficiency was inversely related to the 

sintering temperature, through the porosity and flow rate, as manifested in the log removal 

values (LRV) of 4.89, 4.59 and 4.46 obtained for CWFs sintered at 850oC, 900oC and 950oC, 

respectively. 
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CHAPTER ONE 

1.0 BACKGROUND AND INTRODUCTION 

Water is life because it is the most abundant compound in the universe. The brain and 

lungs are 80% water and human body is 65% water. [1] Hence, access to safe water is 

no less a necessity. Unfortunately, natural water is not pure. It may contain pathogens 

(protozoa, bacteria and viruses) and chemicals contaminants. These may result in 

deadly water-related diseases like typhoid, dysentery, diarrhoea, meningitis, hepatitis A 

and E, cholera, and myocarditis [2, 3, 4].  Each year, about 3.6 million people die of 

water related diseases emanating from poor hygiene, and contaminated water. If such 

affected households have access to safe drinking water, about 2 million lives could 

have been spared. It is equally maintained that 1.6 million children die yearly from 

diarrheal diseases traceable to unsafe water drinking.  

Nearly all the water borne diseases arise from lack of supply of safe and potable water. 

It is estimated that over 780 million people still lack access to safe drinking water. Most 

of the surface water found in the developing countries are characterised with 

contaminations from human activities such as washing clothes, bathing and animal 

watering. Consequently, more than half of such population suffer from water related 

diseases. This burdens such countries with huge financial and social costs to cater for 

the large number of people suffering from the deadly diseases. Low scale water 

treatment techniques such as boiling, chlorination, solar water disinfection, natural 

coagulation and bio-sand filter among others have been used to remove water borne 

disease causing organisms in water.  Ceramic water filtration is the process of passing 

water through a porous ceramic material that has been doped or mixed with other 

materials so as to be effective in removal of a desired contaminant from water. It is an 

established means of reducing the burden of water related diseases, affordable in 

terms of cost and operation.  Thus, filters that can remove bacteria, viruses and 

chemical contaminants from water are necessary to render the water potable. 
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Due to high chances of water contamination in the supply systems, the U.S. 

Environmental Protection Agency (EPA) is evaluating the use of a number of 

centralised water treatment concepts as ‗small system compliance technology‘. Among 

the treatment methods employed are package treatment plants such as factory 

assembled compact and ready to use water treatment systems, point-of-entry (POE), 

point-of-use (POU) treatment units designed to process small amounts of water 

entering a utility unit. The choice of the filter build up materials was made by 

considering accessibility, simplicity, low cost and blending ability of the locally sourced 

materials [5, 2]. Taking these factors into account, ceramic water filters (CWFs) have 

been widely produced by various groups and tested for their ability to remove bacteria 

and chemicals from contaminated water [6,7].  The CWFs were manufactured to 

combine effective water flow rate and bacteria removal. There are various methods for 

point-of-use water treatment technologies or household water treatment (HWTS) [8]. 

The treatment methods provide chemical, microbiological and physical treatments 

depending on the type of contaminants present in water. Whenever there are multiple 

contaminants present, combined or multi barrier treatment approach is recommended. 

Highly turbid water samples require prior filtration to reduce its turbidity before further 

treatment is employed. 

 Dr Fernando Mazariego of KCAITI, a Guatemalan chemist, developed the first ceramic 

water filter which combines the filtration capability of ceramic material with the anti-

bacteriological qualities of colloidal silver. The frustum - shaped silver overlaid ceramic 

water filter which he made had a flow rate of about 1.2 L/h and bacteria removal 

efficiency of 99%, LRV of 4.65 [9]. 

Later, Ron Rivera, a sociologist and a potter of the Potters for Peace (PFP) redesigned 

the filter to standardise mass production in sixteen small scale facilities in fourteen 

different countries. 
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In 1998, Potter for Peace (PFP) improved upon the Mazariego‘s blueprint into a new 

filter termed filtron made from clay and sawdust. This filter improved flow rates to 2L/h 

and also improved bacterial E. coli removal efficiency [10,11,12]. The success of this 

CWF led to the establishment of factories in several countries including Haiti, 

Guatemala, El Salvador, Nepal, Pakistan, Uzbekistan, Sudan, Ghana and Nigeria [13]. 

This helped millions of people across the developing world to access safe and potable 

water through the use of CWFs. [8, 14] 

There is always a trade-off between water flow rates and the bacteria removal 

efficiency of the CWFs. It is desirable to achieve very high bacteria removal efficiencies 

while guaranteeing reasonable water flow rates. The porosity and pore sizes of the 

CWFs   have a direct effect on the flow rates and their ability to trap bacteria. When a 

mixture of clay and sawdust is fired at a very high temperature, the clay matrix is 

sintered and the pyrolysis of the sawdust particles leave behind pores in the sintered 

matrix. Therefore, the firing temperature could affect the pore size and the porosity of 

the resulting CWF if it does not lead to the complete pyrolysis of the sawdust particles. 

[15,16,17] 

 

1.2 WATER, SANITATION AND HEALTH 

The importance of the trio cannot be over-emphasised. Any government that wants the 

favour of its populace must make this area a prominence or priority.  There is 

partnership between WHO and UNICEF in the areas of monitoring and evaluation in 

this regard. In 2014, a report of the Joint Monitoring Program on the ‗progress made on 

drinking water and sanitation‘, it was relayed that the target of reducing the global 

population without access to improved sanitation to 25% may be unrealistic in 2015. 

[18] 

The challenge has been that improved water points are steadily being contaminated 

with faecal related bacteria. Consequently, water related diseases are gaining 
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prominence. In Nicaragua, a report of PAHO, 1999 had it that of the three regions of 

Pacific, Atlantic, and Central regions. The highest percentage of the population live on 

the pacific coast and the lowest percentage live on the Atlantic coast.  Although most 

people living in urban areas have access to safe water and sanitation, a significant 

percentage of people in rural areas do not. This in fact resulted in high infant mortality. 

Over half of the population live in poverty, and illiteracy is around 40%. 

Many of the well installed for water supply are Nicaraguan rope pump wells. A number of 

different international and national development organisations have worked in Nicaragua to 

increase access to safe water and sanitation. [8] 

 They are appropriate technology designed for utilising a rope pulley to lift ground water up 

to 6meters. The systems are easy to use, low cost, simple to maintain and made of locally 

available parts. The rope pump wells show a 62% reduction in faecal coliform when 

compared with bucket wells. 

There are interactions among interventions, and therefore the effect of a particular 

intervention will not only depend on its own merit, but also on those of the other interventions 

with which it interacts. Theoretical models propose that such interactions exist between 

water supply, sanitation and hygiene interventions [19]. The impact of improvements in water 

supply, sanitation and hygiene together are greater than the sum effects of the interventions 

alone. Furthermore, if interactions are strong, the health impact from an improved water 

supply may depend critically on the fact that sanitations and hygiene are either good or poor. 

No doubt, personal, domestic and community hygiene have direct influence on transmission 

of pathogens.  

It is therefore not surprising that joint monitoring programme (JMP) between WHO and 

UNICEF consistently evaluate issues in these areas and how they relate.   In WHO/UNICEF 

2014 JMP edition report on ‗progress made on drinking water and sanitation‘, MGD target for 
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improved water sources has been surpassed.   However, according to same report, the 

world is unlikely to achieve its MGD sanitation target of 75%; this target aims to reduce the 

proportion of the global population without access to improved sanitation from 51% in 1990 

to 25% in 2015. The concern has been raised about the possibility of even the improved 

water sources to be contaminated.   Improved water sources achieved are frequently 

contaminated with faecal indicator bacteria and this will result in increasing infection rate of 

water-borne diseases [7,19]. 

Other key findings of the report are enumerated below: 

 

I. By the end of 2012, 89% of the global population used improved drinking water sources, a 

rise of 13 percentage points in 22 years or 2.3 billion people. 

 

II. By the end of 2012, 64% of the global population used improved sanitation facilities, a rise 

of 15 percentage points since 1990.  Some 2.5 billion people – two-thirds of whom live 

in Asia, and a quarter in sub-Saharan Africa – still use unimproved sanitation facilities. There 

are 46 countries where at least half the population is not using an improved sanitation 

facility. [1] 

 

 

 

1.3   THE PROBLEM OF CONTAMINATED WATER 

Water is naturally not found pure. The safety of a water source depends on the 

elemental components of the source. Water is almost never pure in its natural state 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

6 

because of its properties as solvent. It picks materials from air as it falls as rain, or 

from stream beds as it flows from its source or from rocks which surrounds it when in 

the ground. [20] 

 Untreated surface or ground water is often contaminated with pathogenic organisms 

of local origin. If not, it can be contaminated during transport and storage. Treated 

water also gets contaminated when collecting it from a public stand pipe. [21]   

1.3.1 Surface borne – E-Coli / Viral contamination 

They are mostly called microbes or microbiological organisms in water 

namely: protozoa, bacteria and viruses in order of decreasing size. 

Collectively, they are referred to as pathogens whose presence in drinking 

water can cause diseases. Pathogens are spread in water through 

contaminated foods, excreted faeces, swimming, washing and bathing in 

contaminated water. 

Bacteria occur in surface water naturally or in excreted faeces. It is a single 

celled or non-cellular spherical, spiral or rod shaped organism lacking 

chlorophyll that reproduce by fission. Their size ranges from 0.5-2.0 µm, 

examples include Escherichia coli, Salmonella sp, Shigella sp, Cholera and 

Staphylococcus aureus. They are mostly responsible for water caused gastro- 

intestinal illness with symptoms such as diarrhoea, nausea, vomiting, 

abdominal pain, fever among others. 

Viruses exists in various shapes and sizes.  They are smallest known 

pathogens. Their size ranges from 0.03-0.1 µm. they have a good number of 

water transmissible virus which include rotavirus, enterovirus, norovirus and 

hepatitis A [22,23] 

1.3.2 Ground water – Chemical contamination 

Presence of chemicals in levels higher than their permissible limits in drinking 

water may be harmful to human health. This could be a result of human 
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activities or natural occurrence. Human activities such as domestic wastes 

discharge, industrial wastes discharge and agricultural activities like use of 

pesticides, fertilizer, together with wastes discharge increase the level of 

chemicals in water. Examples of chemical contaminants are fluoride, lead, 

arsenic, cadmium, mercury, Poly Aromatic Hydrocarbon, Poly Hydro Biphenyl 

to mention but few.  

Fluoride occur in minerals, geochemical deposits and natural water. It enters 

the food chain through eating of plants, cereals or drinking water. As 

minerals, it is found in sellaite (MgF2), fluorspar (CaF2), cryolite (Na3AlF6), and 

fluoroapatite [3Ca3(PO4)Ca(F,Cl2)]. WHO Limit for fluoride in water is 1.5mg/L 

[19]. Fluoride concentrations between 1.5 - 4.0 mg/L causes dental fluorosis. 

Higher levels between 4 -10mg/L results in skeletal fluorosis. Fluoride which 

is almost insoluble in water were found in several ground water bodies up to 

about 30mg/L especially in USA, Asia. [17,20] 

Defluoridation techniques for aqueous solution include membrane and 

adsorption techniques using adsorbents like alumina, clay, carbon, zeolites 

and double layered hydroxides. 

Findings show that it is the most effective technique and widely used is the 

adsorption technique because of its low maintenance cost and notable 

fluoride removal at minimum concentrations. 

Arsenic is another element whose higher than permissible level in drinking 

water may pose a significant risk of cancer and skin lesions. It may occur 

naturally, and may arise from industrial or agricultural activities. Arsenic levels 

in drinking water could be reduced by use of ceramic filter doped with high 

iron content.  
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Other heavy metals like lead, cadmium, zinc, chromium and mercury when 

present in levels higher than permissible level cause various ill health so 

should be removed by appropriate method  

 

 

1.3.3 Pipe borne water  

This water is supposed to be safe because it has been treated with 

disinfectant, but is not fully safe because it gets contaminated when collected 

from a community stand pipe. Also during the storage, contaminants also 

enter the water. Heavy metals like lead, arsenic gain entry into drinking water 

through this means. Established method could be used for the treatment. 

[24,25]   

 

1.4 TREATMENT TECHNIQUES FOR CONTAMINATED WATER 

Several methods have been researched and proved to be effective for removing 

different contaminants from water. The following are the methods used for 

purification of water: 

Physical process: filtration, sedimentation and distillation. 

Biological process:  slow sand fitration, and biologically active carbon.  

Chemical process: flocculation, chlorination and ultraviolet light.                                              

1.4.1   Point of Use Filtration Solution/Treatment 

This is a filtration system that treats the water at a single tap. These types of 

filters are most commonly installed under a kitchen sink to deliver high 

quality, potable, clean and safe drinking water. It treats water just before it is 

collected for use. 

                 1.4.2     Point of Entry Filtration Solution/Treatment 
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 The POE are capable of using advance filtration methods like reverse 

osmosis and carbon filtration that provide not only great taste but safe water 

that is free of common tap water contaminants. It has a single faucet 

(delivery point) which ensures that safe or healthy water comes from a tap 

to the whole house. Clogs in the pipe networking of the whole house does 

not influence the quality of the water at POE tap. 

 

1.5 POTENTIAL ROLE OF CERAMIC WATER FILTER AND UNRESOLVED ISSUES 

 Clay is known to be ancient material, very ubiquitous and used for building bricks, 

mud houses, making water pots, flower pots among others, mostly in the 

developing countries.   It is readily available in most communities.   Those who 

reside in the rural areas of developing countries are able to identify clays with 

properties like strength, plasticity and others. They can tell different locations where 

these can be mined, and the historical importance of different clays in their 

communities.  One important criteria for selecting a household water treatment 

scheme (HWTS) for a community is it social acceptance.  Ceramic water filters are 

mainly made from clays. They are already used by most communities in the 

developing countries for easy acceptance. Ceramic water filter is made from a 

mixture of clay, sawdust and water. This is moulded, air dried and later fired. 

Sawdust material in the mixture burns off at temperatures range of 400 - 500oC, 

creating pores.   The performance of ceramic water filters is assessed in 

dimensions to be discussed later. 

 

 

 

The effectiveness of the ceramic water filter in production of safe drinking water 

has been proven by many research works [26,27].  This proven performance 
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together with social and cultural acceptability may heighten its marketability thereby 

reducing the over 700 million people who are still not having access to safe 

drinking water thereby reducing diarrhoea and other water related disease to a very 

low extent. [13,14] 

 

 

1.5.1 Processing Parameters (thermal shock   ) 

 

    Thermal Shock Response 

This is the process in which a component experiences sudden change in 

thermal stresses and strain of large magnitude when the heat flux and 

component temperature gradient change abruptly. This causes different 

parts of an object to expand by different amount. The differential expansion 

can be understood in terms of stress or strain equivalently. Consequently, at 

some point a crack begin to form when the stress has exceeded the 

strength of the material. 

This variation in temperature (from hot to cold or vice versa) of the material 

causes tension and eventual breakage as we commonly have in brittle 

materials like ceramics. 

Thermal shock produces cracks as a response to component temperature 

change. [thermal shock resistance is the ability of a solid to withstand 

sudden changes in temperature either during heating or cooling] 

When there is sudden or rapid change in temperature for materials, it has 

the potency of inducing drastic changes in local stress/strains stages.  

Downward quench (cold shock) and upward quench (hot shock) conditions 

are often used in assessing materials resistance to rapid thermal changes.   
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The rapid changes in temperature can cause crack initiation, and crack 

nucleation/growth. 

Different thermal shock equations are given: 

F/A = E   T 

This is obtained from  

Elastic modulus = stress/strain 

 

 

When h, heat temperature co-efficient is so large such that the materials 

change immediately to surrounding temperature, then the temperature 

difference to initiate fracture is given as: 

 Tc   S 
     

    
  

Where S is shape factor,   – fracture stress, E – Elastic modulus,   – 

coefficient of thermal expansion,  - Poisson ratio and R – fracture 

resistance parameter = (1-    / E    Increasing R increases resistance to 

fracture initiation due to thermal shock. For smaller h, the equation becomes 

R = K   
     

  
 

 K = emissivity 

OR 

Rs =    )/   E) where R is thermal shock resistance,   is thermal 

conductivity 

                                                                                                                                   

The above equations were developed for a homogeneous, isotropic body 

with physical properties that are independent of temperature.  From 

equations (51) and (52), high values of thermal conductivity and strength, 

along with low values of the elastic modulus, Poisson‘s ratio, and thermal 

expansion, will lead to the best thermal shock resistance. It could also be 

demonstrated that placing compressive surface stresses in spherical 

samples of zirconia leads to improved thermal stress resistance 

 

A theoretical framework for the temperature is given by:                    

A is geometry constant, b is size constant, ρ – density, k is the emissivity. 

 

 Tc  [
 

  
 ]1/4 [
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This means that low emissivity will improve thermal shock resistance 

parameter.  Adopting the Griffith‘s theory that crack will propagate as long 

as elastic energy released is equal to or greater than effective surface 

energy, he determined the following two damage resistance parameters, R* 

and R**. 

                                                                                                                                                                                        

γeff is the effective surface energy. Therefore, materials designed to have a 

high fracture resistance would have low damage resistance.  The equations 

are applicable to only the first thermal shock cycle.  Increasing the porosity 

has a negative effect on the fracture resistance parameter R*, because 

increasing the porosity decreases the thermal conductivity. [17] However, it 

increases the damage resistance because it decreases the elastic energy 

stored  in  the material. Increasing the surface energy increases R** and can 

be accomplished by including a second phase. 

 

  

1.5.2 Chemical Removal e.g. fluoride 

Ground water is main source of water supply in most rural communities in 

Africa. It has good microbiological and biological properties in general as 

such requires minimal treatment. Unfortunately, groundwater is sometimes 

contaminated with naturally occurring chemicals. One such naturally 

occurring toxicant is fluoride. In some parts of Africa ground water contains 

high fluoride levels beyond the recommended World Health Organisation 

upper limit of 1.5 mg/l. It is reported that the East African Rift Valley is a high 

fluoride area. This region extends from Jordan valley down through Sudan, 

Ethiopia, Uganda, Kenya and Tanzania. High fluoride levels have also been 

reported in Malawi and The Republic of South Africa. In Kenya high fluoride 

levels in ground water beyond 5 mg/l and beyond 8 mg/l were reported in 

20% and 30% respectively of 1000 samples taken nationally. A survey of 

fluoride in ground water in Tanzania showed that 30% of the waters used for 

drinking exceeded 1.5 mg/l fluoride. In Malawi and the Republic of South 
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Africa fluoride levels beyond 1.5 mg/l and occurrence of dental fluorosis 

have also been reported. Proxy indicators of high fluoride levels in ground 

water are high pH, pH beyond 7, and high sodium and bicarbonate 

concentrations in the water. High fluoride waters often have low calcium and 

magnesium concentrations as such are fairly soft. There are some 

exceptions of fluoride occurrence that may not adhere to these proxy 

indicators. 

 

The beneficial effects of ingesting fluoride to human health are limited to 

fluoride levels approaching 1.0 mg/l in potable water. It is reported that 

drinking of water with such levels of fluoride improves skeletal and dental 

health. Ingestion of water with fluoride levels beyond 

1.5 mg/l has negative health impacts. Amounts in potable water between 1.5 

and 3.0 mg/l will cause browning and mottling of teeth referred to as dental 

fluorosis. [20]  

    Perspectives in Water Pollution 

This is the onset of fluorosis that makes the teeth very hard and brittle. 

Concentrations between 4 to 8 mg/l result in skeletal fluorosis and crippling 

fluorosis ensues when water of greater than 10 mg/l fluoride is ingested for 

a prolonged period of time. Skeletal fluorosis is characterized by bone 

malformation resulting in movement difficulties while crippling fluorosis is 

characterized by weakening of the bones, and bone junctions growing 

together causing immobility. Excessive fluoride ingestion has other health 

effects reported in literature, among which are muscle fibre degeneration, 

low haemoglobin levels, red blood cell deformities, excessive thirst, 

headache, skin rashes, depression, gastrointestinal problems, urinary tract 

malfunction, nausea, abdominal pains, tingling sensation in fingers and toes, 
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reduced immunity and neurological manifestations similar to pathological 

changes that occur in Alzheimer‘s disease patients. These effects have 

received less attention compared to dental and skeletal fluorosis that are 

typical in high fluoride areas. 

Ingestion of fluoride through food and air is relatively small compared to 

fluoride ingestion through water. Attention has thus been drawn to 

controlling fluoride concentrations in water supplied for drinking. The World 

Health Organisation recommends that in mitigating for fluorosis in endemic 

areas the approach should be hierarchical in the following order;  

1. identify alternative source of potable water with low fluoride content, 

2. dilute high fluoride water with low fluoride water to attain a mass balance 

of within 1.5 mg/l,  

3. use high calcium, magnesium and vitamin c diets to treat water. 

4. when all these may not be feasible; to remove fluoride from water to meet 

the required level of 1.5 mg/l.  

Water defluoridation, the removal of fluoride from water, has been studied 

widely in time, space and materials. This is because the other lines of 

interventions are often not plausible in high fluoride rural areas where 

natural sources of water are used and income levels are humble. Wide 

research has resulted in a lot of data and information on water defluoridation 

that may be employed in deciding for fluoride removal techniques at 

household, communal, municipal or regional level. 

 However, this information is oftentimes in different source materials and in 

different formats. 

The science behind the beneficial and harmful effects of fluoride on the 

skeletal structure is based on the possible ion exchange reactions between 
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hydroxide and fluoride ions in the calcium hydroxy-phosphate, the main 

skeletal structure compositional material.  

The replacement of hydroxide ions with fluoride ions, Equation 1, results in a 

more acid-resistant structure, fluoroapatite. 

 

 

Ca5(PO4)3 OH + F-                    Ca5 (PO4)3 F + OH -            (1) 

 

 

Fluoroapatite being more resistant to acid attack compared to 

hydroxyapatite offers a protective layer to the tooth enamel against acids 

from foods. This prevents dental caries. Excessive fluoride intake however 

may enhance the reaction to go beyond replacement of hydroxide, Equation 

2. 

Ca5 (PO4)3 F
- + 9F-                            Ca5 F10 + 3PO4

3-                   (2) 

 

 

In Equation 2 ion exchange occurs between phosphate and fluoride ions. 

The resultant compound, calcium decafluoride, is a very hard and brittle 

material not appropriately suited for the functions of the skeletal structure 

[2,20] 

 

1.6 RESEARCH OBJECTIVES 

The research objectives can be stated as follows: 

Much work has been done on the characteristics and the flow rate of ceramic water 

filters, however; no work has been reported on the influence of the sintering 

temperature on the flow rate and the bacteria removal ability of the ceramic water 

filter.   
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This work therefore seeks to study the relationship between the sintering temperature 

and flow rates. Disc ceramic water filters are made at different sintering temperatures 

and are used to study their flow rates with the purpose of determining their 

dependence or relationship. 

This work also seeks to study the relationship between the sintering temperature and 

the bacteria removal potentials of CWF and its efficiency of performance after a long 

period of time. 

 Equally, this study seeks to understand the performances of ceramic water filters 

doped with apatite from different sources [HA and bovine (cow) bone] for the efficient 

removal of fluoride and bacteria from contaminated water. 

 

1.7 SCOPE OF WORK AND STRUCTURE OF THESIS 

Chapter one treats the background information on potable drinking water. Need for 

making drinking water safe, scarcity of potable water, need for appropriate treatment 

technologies for household water and use of ceramic water filter for the purpose of 

removal of bacteria and chemicals from water to make it safe for drinking and other 

domestic purposes. 

Chapter two deals with review on related work on CWF, properties and performance. 

Chapter three describes how CWF doped with differently sourced apatites are used 

in removing fluoride from water. 

Chapter four explains the work done on the effect of sintering temperature on the 

flow rate and bacteria removal efficiency. Darcy equation and other established 

analytical equations are applied for data verification.  

Chapter five deals with conclusions and suggestion for future work 
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FIGURES AND TABLES 

TABLE 1.1: General Properties of Household Water Treatment System 

Treatment Availability & 

Practicality 

Technical 

Difficulty 

Cost Microbial 

Efficacy 

Boiling at 100oC Varies Low-moderate Varies High 

solar 

disinfection 

High to 

moderate 

Low-moderate Moderate High 

Chemical 

treatment 

High Low-moderate Low Moderate 

U.V. lamp 

treatment 

Varies Low-moderate Moderate-

High 

High 

Coagulation, 

Sedimentation/ 

Filtration 

Varies Low-moderate Varies Varies 

 

Source: [16] 
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Categories for annual household cost estimates in US dollars are less than US$10 for 

low, >US$10-100 for moderate and >US$100 for high. Categories for microbial efficacy 

are based on estimated order-of-magnitude or log10 reductions of waterborne microbes 

by the treatment technology.   The categories are <1 log10 (<90%) is low, 1 to 2 log10 

(90-99%) is moderate and >2 log10 (>99% is high). 

Depends on heating method at a certain location as well as availability and cost of 

fuels, which range from high to low. 

Depends on availability and types of lamps at a certain location, housings, availability 

and cost of electricity, as well as operation and maintenance needs (pumps and system 

cleaning methods). 

Different types of coagulation, flocculation and filtration are available. For filtration 

process, practicability, availability, and cost depend on the filter medium and its 

availability: granular, ceramic, fabric, etc.  For FC processes, practicability, availability, 

and cost depend on the FC prices and availability (alum vs. natural plant extracts). For 

Filtration: depends on pore size and other properties of the filter medium, which may 

vary widely. For FC  depends on types of FC effectiveness (alum vs. natural materials).  

 

 

Table 1.2:  Scarcity of potable water in 2002 

Populations in millions across earth without access to portable water as of 
2002 [WHO/UNICEF 2004] 

Latin America and Carribean 60 

Sub – Saharan Africa 288 

Northern Africa 15 

Developed Regions 15 

Eurasia 20 

Western Asia 23 

South Eastern Asia 115 

South Asia 234 

Eastern Asia 303 

 

Source:  WHO/UNICEF 2004  
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TABLE 1.3; Global Populations (In Millions) Under Different Kinds of Water Scarcity During 

The 20th Century 

Water 
stress 
[-] 

Water 
shortage 
[m3 cap-
1 yr-1] 

Description  
 
 

Population in millions (% of  total) 

1900s 1920s 1940s 1960s 1908s 2000s 

Global 
population 

1711 1996 2418 3366 4869 6512 

0.2-0.4  1700 M Wstr 45 
(2.6%) 

75 
(3.8%) 

58 
(2.4%) 

81 
(2.4%) 

59 
(1.2%) 

104 
(1.6%) 

 0.4  1700 H Wstr 3 
(0.2%) 

9 
(0.4%) 

49 
(2.0%) 

59 
(1.7%) 

72 
(1.5%) 

19 
(0.3%) 

 0.2 1000- 
1700 

M Wsh 48 
(2.8%) 

117 
(5.9%) 

207 
(8.6%) 

262 
(7.8%) 

871 
(18%) 

1569 
(24.1%) 

 0.2  1000 H Wsh 77 
(45%) 

58 
(2.9%) 

10 
(0.4%) 

58 
(1.7%) 

99 
(2.0%) 

468 
(7.2%) 

0.2-0.4 1000- 
1700 

M Wstr + M 
Wsh 

5 
(0.3%) 

4 
(0.2%) 

7 
(0.3%) 

33 
(1.0%) 

32 
(0.7%) 

204 
(3.1%) 

 0.4 1000- 
1700 

H Wstr + M 
Wsh 

31 
(1.86%) 

23 
(1.1%) 

26 
(1.1%) 

38 
(1.1%) 

192 
(3,9%) 

103 
(1.6%) 

0.2-04  1000 M Wstr + H 
Wsh 

0 
(0.0%) 

36 
(1.8%) 

96 
(4.0%) 

59 
(1.7%) 
 

249 
(5.1%) 

191 
(2.9%) 

 0.4  1000 H Wstr + H 
Wsh 

29 
(1.7%) 

51 
(2.6%) 

80 
(3.3%) 

231 
(6.9%) 

477 
()9.8% 

1133 
(17.4%) 

 0.2  Or 
 1700 

TOTAL 238 
(13.9%) 

373 
(18.7%) 

533 
(22.1%) 

822 
(24.4%) 

2053 
(42%) 

3791 
(58.2%) 

M Wstr – moderate water stress, H Wstr – high water stress,  

M Wsh – moderate water shortage, H Wsh – high water shortage 

Water scarcity matrix adapted from Falkenmark et al, 2013. 

 

TABLE 1.4: THE POLLUTION DEGREE OF MAJOR RIVERS AND LAKES IN CHINA  

River or 
Lake 

Pollution 
degree 

SECTIONS 

II III IV V  V 

Yangtze 
river 

Little 103 81.5 3.9 7.8 6.8 

Zhujang 
river 

little 33 81.8 15.2 5.7 3.0 

Songhua 
river 

slight 42 23.8 52.4 4.8 19.0 

Yellow river Medium 44 63.7 9.1 4.5 22.7 

Huaihe 
river 

Medium 86 25.6 39.5 9.3 25.6 

Haihe river Severe 62 25.9 9.7 11.3 53.1 

Liaohe river Severe 37 43.2 10.8 5.5 40.5 
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Tai Lake Severe 21 2.3 22.7 22.7 34.1 

Dianchi 
Lake 

Severe 8 21.5 12.5 12.5 62.5 

Chao Lake Severe 12 8.3 41.7 42.6 50.0 

 

Adapted from: Statistical Data of The Ministry of Environmental Protection of The 

People‘s Republic Of China 

 

 

 

Figure 1.1: (a) Trends in global sanitation coverage (%) from 1990-2012. (b) Trends in global 

drinking water coverage (%) from 1990-2012;  
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Source: Bain R., Cronk R., Hossain R. et al. Global assessment of exposure to faecal 
contamination through drinking water. Tropical Medicine & International Health, 2014 

Figure 1.2 - Faecal contamination of drinking water (CFU] of E.Coli/100ml), by source type 
and MDG region 

 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

25 

 

 

Figure 1.3: contamination of water during collection 
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Fig 1.4: Contamination of water from the source 
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Figure 1.5: contamination of water from transportation. 
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Figure 1.6: Main parameters influencing performance of ceramic water filter  
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     CHAPTER TWO  

       2.0 LITERATURE REVIEW AND FUNDAMENTALS 

       2.1   CERAMIC WATER FILTERS 

Ceramic Water Filters is gaining prominence as a means of purification of water mostly in 

countries where access to safe, pure and palatable water is a challenge. CWF was originally 

designed by Dr. Fernando Mazareigos, a Guatemalan Chemist. The CWF combines the 

filtration capacity of ceramic material with the anti-bacteriological qualities of colloidal silver. 

The filter has basic, and notable impact on the lives of the rural, poverty stricken people by 

going a long way to reduce diarrhoea, absence from school due to illness and the medical 

treatment expenses.  

Another important contributor, a potter and sociologist named Ron Rivera of Potters for 

Peace redesigned the filter, standardise mass production in sixteen small production 

facilities in fourteen different countries. At least 500,000 people have used the filter. (WHO/ 

UNICEF 2000 / 2004, Potter for Peace). The impact and performance of CWFs has been 

studied widely by many teams of researchers. Reports has it that CWF ranks among the five 

leading purification means for bacteria and turbidity in drinking water. (Sobsey 2002, Sobsey 

et al 2007). Reasonably, CWFs and bio-sand filter proved to be highly effective method of 

water treatment in developing countries. In Nicaragua for example, the PFP water filters are 

produced under the supervision of Ron Rivera. The filter produced there is 31cm in 

diameter, 24cm high and holds 7.1 Litres of water. It sits inside 20Litre plastic bucket 

receptacle which has a spigot at its bottom. (PFP, 2001). Factors determining the flow rate, 

bacteria and chemical removing tendency of the filter will be considered in this chapter.      

 2.1.1 Porosity and Flow characteristics 

The pore size within the filter is determined by the size and the quantity of burnouts 

(sawdust, rice husks, etc.) that is added to the clay during the production. The combustible 
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burns out during the firing process thereby create pores within the filter. Water flows through 

these pores with a higher filtration rate for large pores and lower filtration rates for smaller 

pores. Researches in past have employed the use of colloidal silver solution for painting both 

inner and outer parts of the filter. Clay and sawdust mixtures are measured in ratio 50:50. 

They are mixed homogeneously before water is added intermittently and rolled into a lump. 

This is pressed inside a mould into the expected shape. They are air dried for about three 

days before they are fired in a kiln. Some to 850oC, others to 900oC and 950oC. the sawdust 

is burnt off between 400oC and 500oC, leaving micro or Nano pores in the now reddish 

ceramic pot. (Dies 2003, Davies et al 2010). The preference for CWF is there for obvious 

reasons like: ease of operation and maintenance, local accessibility, affordability, main 

component is widely acceptable for use. The different shapes of CWF are fit for use be it 

disk, candle or pot. 

The increase in the number of people having access to safe drinking water is undoubtedly, 

partly due to increase number of people using ceramic water filters.  Factors such as ease of 

use, accessibility locally, low cost, and sustainability of available component have the 

primary aim of targeting people in the rural/urban areas access to safe drinking water.  The 

base material, clay being ubiquitous is known and accepted by many. Three main 

geometrical shapes are often reported and adopted in literature: disk, candle and pot / 

frustum geometrical shapes (Dies 2003).  Figure 1 shows the well-known schemes shapes 

of ceramic water filters. (Dies 2003). The pore size ranges from A to B microns. 
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Figure 2.1: Geometrical Classification of ceramic water filters 

Total porosity =    the volume of voids  

                             Total volume of solid 

 To avoid a defective mechanical screening phenomenon at filtration an acceptable size for 

sawdust is around 1mm. The pore diameter for most CWF as obtained from literatures was 

in the range of 0.2 – 2.5 microns. Filters manufactured using a larger screen size to sieve 

the sawdust has been shown to display no sharp difference in flow rates. In some research 

factories, ratio of combustible is varied to observe the effect on the flow rate. In other 

studies, the type of combustible used may be varied with the same sieve size and the effect 

on bacteria removal efficiency.  

Porosity can be determined either by direct method (Van Halem, 2006) or by Mercury 

Intrusion porosimetry (Yakubu, 2012) 
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Table 2.1: Porosity (%) of ceramic water filters from different geographical locations via 

direct method and Mercury intrusion porosimetry (Van Halem, 2006) 

Country of 

origin 

Direct method 

 

Mercury Intrusion 

Porosimetry 

Porosity[%] Density[g/mL] Porosity[%] Density[g/mL] 

Cambodia 36 1.28 43 1.35 

Ghana 38 1.22 39 1.27 

Nicaragua 30 1.34 34 1.30 

Nicaragua 

(no silver) 

35 1.30 44 1.30 

 

2.1.2   Permeability and Tortuosity  

Permeability is the penetration of a permeate (such as liquid, gas or vapour through a solid.). 

it is directly related to the concentration gradient of the permeate, a materials intrinsic 

permeability and the materials mass diffusivity. Permeability has a strong direct relation to 

the total porosity which gives the explanation on the pores whether they are isolated, inter 

connected or closed. Permeability value is estimated by fitting the flow rate data to the Darcy 

equation at high R-square value. 

Tortuosity is one of the key parameters describing the geometry and transport properties of 

the porous media. It can also be defined as an average elongation of fluid paths or as a 

retardation factor that measures the resistance of a porous medium to the flow. 

Tortuosity is also the probability for trapping contaminants like bacteria as they are carried 

along their path in water by any of processes like adsorption, sedimentation or geometrical 

occlusion. Tortuosity for a material ranges from 10 to 60. Which means the particle in water 

molecules travels 10 times the actual length or thickness of the CWF. 
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2.1.3   Turbidity and its effect on flow 

Turbidity is the cloudiness or haziness of a fluid caused by presence of large solid particles 

that are invisible to the naked eye. Turbidity of water is the degree to which the water loses 

its transparency due to the presence of suspended particulates. The more the total 

suspended solids in the water, the murkier it is and the higher the turbidity. 

Turbidity is an important indicator of the amount of sediment in water which may pose 

negative effects on the aquatic life. This they do by blocking light to aquatic plants, carry 

contaminants like fluoride, arsenic, lead and pathogens such as protozoa, bacteria to 

mention but few. The more turbid a water sample, the slower the flow rate, consequently the 

permeability arising from clogging of pores by particles during filtration. This can be avoided 

by first using white cloth or recommended pre-filtration cloth to filter the water sample before 

pouring into the CWF. Heavily turbid water requires frequent cleaning of the CWF to ensure 

its lasting performance. The quantity of water discharged for a heavily turbid water will be 

smaller than that of less turbid water.  Although scrubbing temporarily increased flow rates, 

ceramic water filters did not achieve their original flow rate and even with scrubbing, flow 

rates continually diminished (van Halem 2006).  Fahlin (2003) found that clogging impeded 

his research into the hydraulic conductivity of filters.   However, some field investigations 

users have reported that filters provided enough water for additional uses and only 5% of 

filter disuse was attributed to unsatisfactory flow rates (Brown and Sobsey 2006). 

It is always expedient to measure the flow rate of a ceramic water filter after soaking in water 

to attain saturation; thus the CWF adapts to its daily use and also air within pores are 

cleared, ensuring flow continuity. Another reason is to make sure suspended aqueous 

particles are also flushed out.  The soaking in water stage ensures ideal flow rate for the 

CWFs.  At the factories, filters with flow rates outside 1-3L/hr are discarded and not made 

available for market in accordance with WHO guidelines (van Halem, 2006).   Current 

manufacturing practice stipulates that average minimum flow rate ranged from 1.0 – 3.0 L/hr 

Removal 

efficiency 

of 

Pore size 

(distribution) 
Permeability 

and tortuosity 

Ceramic Water 

Filter (CWF) 

performance 

Leaching/

removal 

of metals 
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in the first hour.                                                                                                                                                                                              

while the average maximum flow rate ranged from 2.0 – 5.0 L/hr in the first hour (Rayners, 

2009; CMG, 2009). 

Certain factors determine the flow rate of a ceramic filter; primarily is the pore generators 

(biodiversity or burnouts) used.  Increasing the ratio and density of the combustible material     

consequently increased the probability that pores may become connected, and larger than 

desired (Klarman, 2009; Lantagne 2010). Secondly, the size of the combustible material is 

equally relevant as type used; thirdly, the clay type will also affect the filter‘s hydraulic 

conductivity and removal (Oyandel-Craver 2008).  Other factors include cracks, nature of 

water being filtered (turbidity), and volume of water in filter.  For turbid water, the flow rate of 

filter decreases with time.  In practice filters should not continuously be filled with water; 

otherwise the water head will not be constant. Also, as water goes through the filter element 

the water head is lowered.   van Halem, 2006, has demonstrated the relation between the 

volume of water and flow rate (Figure 2.2). 

 

 

 

 

Figure 2.2: Flow rate at varying water levels (Van Halem, 2006) 
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       2.2   FILTRATION MECHANISMS 

Filtration is simply the mechanical or physical operation which is used for the separation of 

solids from fluids (liquids or gases) by interposing a medium through which only fluid can 

pass. A wide range of media is being used of which the Ceramic Water Filter is gaining 

prominence. The CWF is an effective and inexpensive type of filtration that relies on the 

small pore size of the ceramic material to filter dirt, debris and bacteria out of water. The 

pore structure and size to a large extent is determined by the ratio, type and particle size of 

the biodiversity used. The operative mechanism in CWF is mechanical screening in which 

the interconnected pores that contribute to flow rates are of smaller dimensions than the 

particles of the contaminants. Challenges found with this technique is mainly clogging of 

pores which reduces flow rates. (van Halem, 2005, Xiaolon, 2005) 

 

 

Figure 2.3: Types of pores  (Xialong 2005)  

CWF Filtration mechanism can also be by Sedimentation. This can otherwise be called 

precipitation. In this case particulates with larger densities than water slowly moves through 

the water-head and rest on the surface of the filter element.   These particles are always 

removed by cleaning the filter. 

Another mechanism of removing impurities from water is by adsorption. Adsorption is the 

binding of molecules of particles to a surface. No chemical bond is formed between the 
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adsorbent and the adsorbate. It is a process where a solid is used for removing a soluble 

substance from the water. Adsorption is due to the attractive forces or van der Waals forces 

between two particles and as a result the impurities are stack on the surface of the filter 

element. The binding of the adsorbate to the surface of the adsorbent is usually weak and 

reversible. Compounds with colour, odour or taste tend to bind strongly. 

Also compounds that contain chromogenic groups (atomic arrangements that vibrate at 

frequencies in the visible spectrum) are often strongly adsorbed on activated carbon. 

Adsorption can be by chemisorption or physisorption depending on the nature of the surface 

forces. Also it may be bio-sorption in which microbes and viruses are adsorbate.  It usually 

works in combination with a chemical activity, where there is exchange of ions.  Note that the 

effluent water is of a higher pH value than influent. This is because of the cations (Na+, Ca2+, 

Al3+) that may dissolve in the water during the filtration process via ceramic water filters 

which may have pushed the pH towards alkalinity (high pH).   

 

  2.2.1   Bacteria Removal 

Bacteria is a single-celled or non-cellular spherical, spiral, rod-shaped organism lacking 

chlorophyll that reproduce by fission; they are important as pathogens and for biochemical 

properties. These bacteria may or may not be harmful depending on the bacteria type and 

the quantity present but the cumulative effect could be disastrous. Bacteria typically range 

from 0.5µm and 2µm. Common bacteria that can be transmitted through water include vibrio 

cholera, Salmonella species, staphylococcus aureus, Campylobacter sp and Shigella sp 

(WHO 2004). The effectiveness of the ceramic filter is due to two mechanisms: mechanical 

screening and colloidal silver impregnation. The removal efficiency is done by indicator 

organisms.   This is often done in literature by using Escherichia coli (Lantagne 2001; van 

Halem 2006; Yakub 2012).  
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Logarithm (10) Return Values (LRV) has been studied and recorded by various researchers; 

values obtained range from 2-5, which is very close to results for the waters in the field.  

Some also could not find the corresponding log return value since the E. coli count in most 

filtered were zero (Lantagne 2001, Campbell 2005).    Using Cryptosporidium parvum 

oocysts and Giardia Lamblia cysts, Lantagne, 2001 found LRV of 4.3 and 5, respectively.  

Similar results were obtained for the removal of sulphite reducing Clostridium oocysts for a 

ceramic water filter produced in Nicaragua (van Halem 2006). This continued research using 

MS2 bacteriophages as virus indicators found unsatisfactory logarithm return values (< 1) 

and therefore not suitable for sustainable treatment system. However, it was observed to 

decrease diarrhoeal cases in 80 Cambodian households (UNICEF/WSP, 2007). Other 

testing done on low cost ceramic water filter (CWF) effectiveness in bacterial and viral 

removal for period 2000-2010 are given in Table 2.2. 

 

 

 

Table 2.2:  Some Literature on Bacterial and Viral Testing adopted from Simons et al. (2011) 

REFERENCES BACTERIAL TYPE                 REDUCTION 

  PERCENTAGE (%) LRV (LOG 10) 

Dies (2001) Escherichia coli >98  

Sagara (2000) Escherichia coli  4.6 

Lantagne (2001) Cryptosporidium 

parvum 

 4.3 

Roberts(2004), 

Duke et al (2006) & 

Hwang (2003) 

Escherichia coli 

Diarrhoeal disease 

Total coliform 

 

GM 98 

Mean 46 

94-99.9 

 

 

Dies 2003 Escherichia coli >98  
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 Coulbert (2005) Escherichia coli  99.8  

Franz (2005) Escherichia coli 92  

McAllister (2005) Bacteria 

Viruses 

99 

20 

 

Clasen et al (2006) 

Halem (2006) 

Escherichia coli 

Clostridium spores 

  

3.0 - 6.8 

Oyanedel-Craver 

&Smith (2008) 

Escherichia coli 

Viruses 

>97.8 

<90 

3.3 - 4.9 

Brown & Sobsey 

(2010) 

Escherichia coli 

MS2 

Bacteriophages 

Mean 99 

90-99 

2.1 - 2.9 

1.2 - 4.1 

USEPA (1987) 

&NSF(2003) 

Bacteria 

Viruses 

Protozoa  

 6 

4 

3 

Brazil ABNT NBR 

14908 

Escherichia coli 

  

 2 

 

2.2.2   Virus Removal 

Viruses do vary widely in size and shape. They are termed as the smallest of all the 

pathogens. They have size in the range of 0.03 to 0.1µm. There are at least 100 established 

types of human and animal enteric viruses that may be transmitted through water.  Viral 

diseases that can be transmitted by water include rotavirus, enterovirus, norovirus and 

hepatitis A. Virus removal remains a challenge with ceramic water filters due to the small 

sizes of viruses. Silver which is used against bacterial has not been effective against virus 

deactivation. It has also been found that the LRV of MS2 bacteriophages is slightly reduced 

in filters with colloidal silver and therefore it has been suggested that colloidal silver 

application does not have a positive effect on virus removal.  However, ceramic water filters 

have not been found to be effective at removing MS2 bacteriophages in filters with or without 

colloidal silver (van Halem 2006). 
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RDI-C adds laterite, an iron-oxide rich compound, to their filter mix as it is thought to provide 

additional viral binding sites (Hagan et al. 2009).  However, although a 1-2 logarithm 

10 reduction of 90-99% in MS2 was documented, no significant difference was found 

between filters with or without laterite (Brown 2007).  Likewise, Bloem et al., 2009 produced 

ceramic water filters with increased laterite did not show improved removal efficiencies but 

increased flow rate.   The mean LRV was less than 0.5 for all of the filters tested, with or 

without laterite. Ceramic water filters with laterite were also heavier and more porous (Bloem 

et al.,2009). 

 

   2.2.3   Chemical (Fluoride) Removal 

 Whenever Chemicals is in higher level than the WHO/USEPA, etc permissible limits in 

drinking water, it may pose high risk to human health. Some are tracable to human activities 

while others are natural. Industrial and domestic wastes release many chemicals into the 

environment which eventually reaches the water bodies both surface and underground. 

Because most wastes are buried, it goes more into the underground water. 

 Agricultural activities like fertilizer application and use of pesticides (fungicides, herbicides, 

germicides) also introduce harmful chemicals into the drinking water bodies. 

Chemical contaminants have been linked with ill health issues like cancer, neurological 

diseases, cardiovascular disease, pregnancy miscarriages among others. Some of the 

chemicals enter water through leaching, run-offs, spills, deliberate and accidental deposition. 

The permissible limits for each chemical is available on WHO and USEPA and other 

Regulatory agencies lists. 

Fluoride is of importance to this study. It is a naturally occurring element in minerals, 

geochemical deposits and natural water systems. (Pandey and Soupir, 2013) naturally 

occurring fluorides include sellaite (MgF2), fluorspar (CaF2), cryolite (Na3AlF6) and 
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fluoroapatite [3Ca3(PO4)2Ca(F,Cl2)]. WHO tolerance limit for fluoride in drinking water is 

1.5mg/L (WHO, 2004). Fluoride concentrations in the range of 1.5 - 4mg/L results in dental 

fluorosis. Fluoride levels ranging from 4 -10mg/L migrates into skeletal fluorosis while 

beyond 10mg/L concentration leads to crippling fluorosis. Fluoride that is nearly insoluble in 

water has been found in many groundwater bodies in levels up to 30mg/L in Africa, USA and 

Asia. (Mohapatra, Anand et al 2009), (Maheshwari, 2006). Techniques used in their 

Defluoridation include membrane and adsorption methods. The adsorbents used include 

alumina, clay, carbon zeolites, and iron hydroxides. The adsorption techniques have been 

found to be the most effective and widely used because of its low maintenance cost and high 

removal efficiency.  

 

       2.3   FUNDAMENTALS OF CLAY 

Clays are very familiar materials.   Notwithstanding, each clay belongs to category that has 

unique characteristics in terms of atomic arrangement or structure chemical compositions 

and application. 

2.3.1   Clay Minerals   

Clay is hydrous aluminium phyllosilicate. Clay minerals have essentially silica, alumina or 

magnesia or both, and water. In some cases, iron substitute for aluminium and magnesium 

in varying degrees. Appreciable quantities of potassium, sodium, and calcium are often 

present. They are formed over a long period of time from the gradual chemical weathering of 

rocks, usually silicate bearings.                                                                                                                                                                                     

Clay minerals are phyllosilicates that belongs to four principal groups. These are 

Montmorillonite, Illite, Kaolinite and chlorite.     

Montmorillonite layered silicates  (MLS)  have  2:1 layered structure , the general formula is 

(Ca,Na,H)(Al,Mg,Fe,Zn)2(Si,Al)4O10(OH)2.xH2O. where x represent a variable amount of 
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water. The minerals have tetrahedral silicate layers strongly bonded to octahedral aluminium 

or magnesium atoms. 

 Illite groups also have 2:1 layered structure with a general formula 

(KH)Al2(SiAl)4O10(OH)xH2O. The group also have a sandwiched structure like that of 

montmorillonite. 

 Kaolinite groups have 1:1 layered structure. They consist of polymorphs of formula 

Al2Si2O5(OH)4 The repeated unit is a single silicate sheet condensed with alumina 

octahedral.  

The chlorite group apart from the sandwiched structure have another weakly attached, 

octahedral coordinated magnesium ion. The general formula is          X4-6Y4O10(OH,O)8. X is 

the usual metal cations, while Y is mostly either aluminium or silicon.  

 Phyllosilicates are two-dimensional arrays of silicon-oxygen tetrahedral and two- 

dimensional arrays of aluminium or magnesium-oxygen-hydroxyl octahedral.   For silicon- 

oxygen sheets, silicon atoms are co-ordinated with four oxygen atoms.  With silicon atom at 

the center, oxygen atoms are located on the four corners of a regular tetrahedron (Figure 5). 

In the sheet, three neighbouring tetrahedral share three of the four oxygen atoms of each 

tetrahedron and the fourth oxygen atom of each tetrahedron is pointing downward. 

In the case of Al-Mg-O-OH sheets (Figure 6), the Al or Mg atoms are coordinated with six 

oxygen atoms or OH groups. A regular octahedron has its corners occupied by oxygen or 

OH groups and Al or Mg at the center.  Sharing of oxygen (or OH groups) with neighbouring 

octahedron results in a sheet structure.  The sheet is called an octahedral sheet or the 

alumina or magnesia sheet.  The tetrahedral and octahedral sheets have similar symmetry 

and identical dimensions, which helps in sharing of oxygen atoms between these sheets.   If 

the sharing occurs between one silica and one alumina sheet, it is called 1:1 layer minerals.  

When one alumina sheet shares two oxygen atoms from silica sheets, it is called 2:1 layered 
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mineral. Within each layer there is a repetition of structure and therefore it is referred as a 

unit cell. The distance between a certain plane in the layer and the corresponding plane in 

the next layer is referred to as the basal or d-spacing. 

All clay minerals have a similar chemical composition, a layered structure, and high affinity 

for water. Some easily swell and may double in thickness when wet. They reversibly bind 

with metal cations. 

 

 

 

 

Figure 2.4:  Structure 2:1 Phyllosilicates 
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Figure 2.5: A single Si–O tetrahedron and the structure of the tetrahedral sheet (Reproduced 

by permission of the  McGraw-Hill  companies  from  R.E.  Grim, Applied Clay  Mineralogy, 

McGraw-Hill, New York, 1962) [14] 

 

  

Figure 2.6: A single Al–O octrahedron and the structure of the octahedral sheet (Reproduced 

by permission of the McGraw-Hill companies from  R.E.  Grim, Applied  Clay  Mineralogy, 

McGraw-Hill, New York, 1962) [14] 

 

 

Figure 2.7 - Perspective drawing of the kaolinite structure taken from Brindley (Reproduced 

by permission of MIT Press from G.W. Brindley, ―Ion Exchange in Clay Minerals,‖ in Ceramic 

Fabrication Processes, Ed. by W.D. Kingery, John Wiley, New York, 1958, pp. 7–23). 
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Figure 2.8: Schematic representation of the structure of kaolinite, prophyllite and mica 

(muscovite). 

 

Table 2.3 – Chemical composition and crystallography of some clay minerals 

Title  Kaolinite  Pyrophyllite  Mica (muscovite) 

Chemical formula AlSi2O5(OH)4 AlSi4O10(OH)2  KAl3Si3O10(OH)2 

Mineral formula Al2O3.2SiO2.2H2O Al2O3.4SiO2.H2O K2O.3Al2O3.6SiO2.2H2O 

Crystal class Trichlinic Monochlinic Monochlinic  

Space Group PI C2/c C2/c  

Density 2.6gcm-3 2.8gcm-3 2.8gcm-3  

c-Lattice parameter 7.2Ao 18.6Ao 20.1Ao 
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2.3.2   Processing of Clay 

Common clay are mined by open pit using various types of equipment, processed, formed 

and fired at the same site to produce the end result. Processing generally begins with 

primary crushing and stockpiling. The material is then ground into powder and screened. 

Oversized material may be further ground till it gets to the desired size. Generally, ceramics 

are brittle and fracture with little or no deformation.   And therefore ceramics cannot be 

formed into shape by normal deformation processes used for metals.  In the case of Clay 

products, classified as traditional ceramics, the art of forming or molding and burning has 

been an ancient practice.   People have been making ceramic objects for almost 

30,000years. Burnt clay has been found dating back about 6500 B.C and commercialized by 

4000 B.C.  These two processes have been possible due to change in rheological properties 

(plasticity of clay-water mixture) of the clay introduced when mixed with a water or liquid or 

binder. 

In addition, after drying the heat treatment of the fine particles of the clay causes the 

particles to agglomerate into cohesive, much stronger, finished product.  The essentials for 

processing of clays are preparation clay chips by grinding into fine particles, mixed with 

water or liquid into the required lump, rock, wedge and later shape them (mold) and made 

them harder via firing or heating (Figure 9).  It is important to note that ability of clays to 

maintain their strength during forming (with appropriate clay-water) and drying is a valuable 

unique property.  A stronger, denser green body is achieved after firing or heating in the 

required temperature range depending on the required usage. 
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Diagram for the stages of clay processing 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Typical flow diagram for fired clay processing 

Important to consider in clay processing include the particle size of the clay, quantity of 

water, firing temperature range, firing mode or nature of drying. When handling the lump, it is 

ensured that air pores in the clay is removed by rocking and wedging it. Thereafter, it will be 

ready for firing. During firing, shrinkage occurs as water is being removed from the ceramic 

material. That is why uniform drying or firing should be maintained to avoid cracks formation. 

During sintering, a colour change is obtained, atomic mobility and grain growth occurs. The 

volume shrinkage which occurs is just equal to the porosity decrease and varies from 30 to 

40% depending on the forming process and the maximum density of the fired material. It is 

customary to fire the ceramic material without a glaze to the required temperature and then 

the glaze is applied to the body at minimum temperature. Other ceramics like silicon carbide 
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for abrasives manufactured by heating mixtures of sand and coke to a temperature of 

2200oC, producing SiC and carbon monoxide.   In the case of Barium titanate capacitors, 

chemically purified titania and barium carbonate are used as raw materials. 

 

 

(i)                                  (ii)                                   (iii)                                          (iv) 

Figure 2.10:  Schematic Nano-composite Structures 

2.3.3   Modelling of flow through Ceramic Water Filters 

The flow through a porous media is often described a Darcy equation (Bear, 1972).  Since 

then it has been employed in various areas of studies including membrane filtration 

processes. 

  The Darcy equation is stated as 

  
    

  
                                                                                                     (1) 

Where Q represents the discharge from the porous material, A is the surface area which 

holds the water,    represents the arrow head of water due to gravity flow, K is the hydraulic 
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conductivity of the   porous structure and L is the thickness of the porous media through 

which the water needs to percolate.  The hydraulic conductivity K, term is expressed as 

  
  

 
                                                                                                          (2) 

                                                                                                                                                               

where µ is the viscosity of water at a given temperature, γ is the specific gravity of water at 

that particular temperature and   is the intrinsic permeability defining the porosity and 

interconnectivity of the porous material. 

 

 

Another important equation for flow through pipe channels is the Poiseuille law (otherwise 

called the Hagen-Poiseiulle law).  This law is applicable to laminar, viscous and 

incompressible flow and is given by:  

   
   

   
                                                                                                   (3) 

 Where, Q is the volumetric flow rate, r is the radius of the pipe, µ is the dynamic viscosity of 

the fluid (water) and ΔP represents the pressure drop across the pipe of length, L. 

The main approach by which ceramic water filters are manufactured is by introducing 

combustibles, which burn out during sintering process of the ceramic green ware.   Lee et 

al., (2001) had a linear polynomial fit describing the relationship between the volume fraction 

of biodiversity material in a ceramic based composite and the porosity. Yakub, 2012 

research study confirms a linear fit with R-square value greater than 95%.                                                                                                                                                                

Two main methods are used for the determination of porosity of ceramic bodies.  They are 

the mercury intrusion porosimetry /gas adsorption techniques and the direct method.  The 

direct method adopts Archimedes principle, where the volume of the ceramic material is 

measured when saturated in water and when dry.   By simple difference and knowledge of 
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the density of water, the percentage porosity of the ceramic body is estimated.  It is 

important to note that mercury intrusion porosimetry (MIP) is often used due to its high 

accuracy.   Using MIP, porosities of ceramic water filters from three different locations; 

Ghana (39%), Nicaragua (37%), and Cambodia (43%) were determined (Van Halem, 2006).   

Percentage porosities determined via direct method had comparative results in the range 

(30-39) %.   For above stated porosity values, the mean flow rate values for the ceramic 

water filters were 2.4L/hr, 0.85L/hr and 0.76L/hr respectively. 

 

2.3.3.1    Modelling Flow through Frustum-shaped Ceramic Water Filters 

Schweitzer et al.  2013 have modelled the flow through ceramic water filters.    In their 

findings, it was assumed that the walls and bottom of the frustum-shaped ceramic water filter 

have uniform thickness.  Schweitzer and co-workers launched their modelling by Darcy 

equation (Bear 1972).  A modified Schweitzer et al., 2013 modelled equation for flow rate of 

frustum-shaped ceramic water filters is hereby presented and the equation is generalised by 

allowing for differences in thicknesses of the walls and bottom of the ceramic water filter.   

The flow through the ceramic water filter has parameters shown in Figure 2.1. 

 

The flow rate for the bottom and side of the ceramic water filter following similar procedure of 

Schweitzer et al. 2013 are given in equations (1) and equation (3). 

A logical hydrodynamic model was advanced to depict the flow of water via the filters 

by gravity force. Flow/run was allowed until the filter content was at bare level where 

the pressure head became insufficient to override the filters resistance. Fig 1 

explains more. 

Flow/run through the porous membrane was supposed to obey Darcy‘s law 

expressed as in equation (1) above 
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The pressure charge between the surfaces is equal to the hydrostatic pressure of 

water. Concerning flow through bottom, the change in pressure from the inside 

bottom surface to the outside bottom surface gives the hydrostatic pressure of the 

water at that period. The pressure is expressed as  

                                                                                      

Putting 4 into 3 bearing in mind that the area of the filter bottom is given by 

A=  ro
2, the thickness of the porous material L = tb, while the permeability is 

constant  

Hence, the flow rate through the bottom of the filter Qb is given by 

     
 

 

   
       

  
            

On the sides however, the pressure depends on position y, hence expressed 

as            y]. The area of the filter equally is a function of y. The 

radius alters along the filter height and is given by                 

The permeability coefficient is taken to be constant and equal to that on the 

bottom of the filter. 

Therefore, the flow rate across the side is expressed as 

Qs = ∫
  

 

    

 
 
            

  
                       ……. (6) 

   Integrating equ 6, we have 

Qs   = 
 

 
 
         

  
  

  

 
 - 

    

 
 tan                         …… (7) 

Adding 5 and 7, i.e bottom + side, the total flow rate Q for the CWF is  
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Q = 
 

 
         *

  
 

  
 

      

  
 

          

   
+                       

The values of h (t) is obtained from the expression for volume of water V (t) 

present in the frustum shaped filter which is  

                         
          

 
                     

The values of k were used to fit equation (8) to experimental determinations of flow 

rate. 

 

 

Table 2.4: summary of fett and Munz (1994) Parameters for Single – Edge Notched Bend 

Specimen subjected to Weighted Crack Bridging Fractions 

  

  0 1 2 3 4 

0 0.4980 2.4463 0.0700 1.3187 -3.067 

1 0.5416 -5.0806 24.3447 -32.7208 18.1214 

2 -0.19277 2.55863  -12.6415 19.7630 -10.986 

                                                                                                                                                                                      

where ρ is density of fluid (in this case water), Area ( r2), g is the acceleration due to gravity, 

and h(t) is the height of the water-head.  Also, tb, and ts are the respective thicknesses of 

bottom and sides of the ceramic water filter, whiles Qs, and Qb are the respective flow rates 

through side and bottom of the ceramic water filter, and θ as angle of inclination at the 

corners.  
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Thus, a more general expression for the flow rate through the frustum-shaped ceramic water 

filter following Schweitzer et al., 2013 derivation procedure (Yakub 2012; Yakub et al.,2013) 

is given in equation 4.  Note that this is expressed as a function of the height of water - head 

in the ceramic water filter.  The height of the water level in the ceramic water filter is a 

function of time, which depends on the volumetric flow rate and the filter geometry.  The 

volume of water, V(t), contained in the frustum-shaped ceramic water filter at any given time 

is stated as 

                                  ………………………….(10) 

                                                                                                                                                                                    

 

2.4   Fundamental of Porosity 

Porosity is a measure of void (i.e. empty) spaces in a material. It can also be explained as a 

fraction of the volume of voids over the total volume. It can be expressed as a fraction or as 

a percentage. Maximum Porosity in rocks depends on its packing arrangement with its least 

value for trichlinic (26%) and highest value with cubic (47.6%). Ceramic water filters have 

pores in their structures which allows water molecules to flow through but always small 

enough to prevent microbes.  The size and other features such as skeletal density, 

tortuosity, of the pores are vital to microbial activity as well as the strength of the structure. 

Porosimetry is a technique used in characterizing the pore structure of ceramics.  The main 

technique used is called Mercury Intrusion Porosimetry (MIP).  MIP is a technique that 

determines the percentage of open pores between 0.0006 and 360µm together with the pore 

entrance size distribution, and also gives information on pore shape and tortuosity. It is not 

only applicable over a wide range of pore sizes, but also the fundamental data it produces 

(such as the volume of mercury intruded into the sample as a function of applied pressure) is 
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indicative of various characteristics of the pore space.  This is used to explain other physical 

properties of the solid material itself. 

MIP is a destructive and non-portable technique. It is used to analyse the total connected 

porosity, volume of pores, pore size distribution and surface area. This is widely used to 

evaluate the size distributions of pores in cement pastes and concretes. The acceptance of 

mercury injection apparatus makes MIP widely used in the analysis of pore size distribution 

and specific surface area of the porous materials. As a result of surface tension in it, the 

mercury is non wetting to most solids and the contact angle between mercury and solid is at 

least 90 degrees. The size of the pore is inversely proportional to the pressure. The 

relationship between the pressure and the volume of mercury can be measured and the data 

of the pore size distribution calculated by the mathematical model.  A challenge with MIP is 

that it is relevant for mercury intruding from the outside of a specimen to successively 

penetrate dozens or hundreds of restricted interstices on its inward path in order to reach the 

larger pores in the bulk of the interior specimen. 

 

 

 Figure 2.11: Various liquids resting on a solid surface.   The different angles of contact are 

illustrated for wetting and non-wetting liquids. 

                                                                                                                                                                                   

The angle of contact of the liquid-vapour surface to the solid-vapour surface at a point on the 

liquid-solid vapour interface describes the interfacial tension present between the solid, 
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liquid, and vapour (Webb 2001).  Figure 2.11 shows five liquids of different surface tensions 

resting on the same surface material.  The different surface energies compel liquids to 

assume varying contact angles relative to the solid surface.  When a liquid has low surface 

tension (low surface energy) on a solid surface of higher surface tension, it will spread out on 

the surface forming a contact angle less than 90o.   This is referred to as wetting.   When the 

surface energy of the liquid exceeds that of the solid, the liquid will form a bead and the 

angle of contact will be between 90o and 180o; this is a non-wetting liquid relative to the 

surface. 

Water has a contact angle < 90o, while the mercury has a contact angle > 90o.   This is 

because of the differences in surface energy (or surface tension) of the two liquids and their 

substrate.  In general, when a liquid has a lower surface energy than its substrate it tends to 

spread out (or ―wets‖ the surface) and forms an acute angle with the substrate.  However, if 

the liquid has a higher surface energy than its substrate, it tends to form a bead and make 

an obtuse angle with the substrate.                                                                                                                                             

An important implication of this is the acute contact angle that is observed in capillary tubes 

that contain water (Figure 2.12a) and obtuse angle of contact in capillary tubes that contain 

non-wetting fluids such as mercury (Figure 2.12b). 
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         (a)                                                        (b) 

Figure 2.12: Capillary action of (a) wetting and (b) non-wetting liquid relative to the walls of a 

capillary.  (Webb 2001: Paul A. Webb Micromeritics Instrument Corp. Norcross, Georgia 

January 2001). 

Washburn 1921, derived an equation describing the equilibrium of the internal and external 

forces on the liquid-solid-vapour system in terms of these three parameters. It states briefly 

that the pressure required to force a non-wetting liquid to enter a capillary of circular cross- 

section is inversely proportional to the diameter of the capillary and directly proportional to 

the surface tension of the liquid and the angle of contact with the solid surface.  This physical 

principal was incorporated into an intrusion-based, pore-measuring instrument by Ritter & 

Drake, 1945. 

                                                                                                                                                               

Washburn‘s equation, upon which data reduction is based, assumes that the pore or 

capillary is cylindrical and the opening is circular in cross-section.  As has been stated, the 

net force tends to resist entry of the mercury into the pore and this force is applied along the 

line of contact of the mercury, solid, and (mercury) vapour. 
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The magnitude of force tending to expel the mercury is given as below: 

FE = 2 rγcosθ                                                                                                        (11)                                                                                                       

 Where γ is the surface tension.  An external pressure to force the mercury into the pore is 

also given by 

FI =  r2P                                                                                                                (12)                                                                                                                   

 

  r2 is the cross-sectional area of the pore opening.  Balancing the intrusion and the 

extrusion forces, the Washburn equation is derived. 

That is, 

-2 rγcosθ =  r2P                                                                               (13)                                                                                                         

 

- Dγcosθ = ( D2P)/4                                                                         (14)                                                                                                

 

Equation (14) is  Washburn‘s  equation  in  terms  of  diameter,  D).    The relationship 

between applied pressure and minimum pore size into which mercury will be forced to enter 

is given below as: 

D = -4γcosθ/P                                                                                  (15)                                                                                                            

                                                                                                                                                                                        

The above equation (15) gives insight into a simple relation existing between pore size and 

applied pressure on mercury.    Thus, for a given liquid-solid system, the numerator is 

constant, showing the size of pore into which mercury will intrude is inversely proportional to 

the applied pressure.  In other words, mercury under external pressure P can resist entry 
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into pores smaller than D, but cannot resist entry into pores of sizes larger than D. Hence, 

during mercury intrusion at any pressure, it can be determined which pore sizes have been 

invaded with mercury and which sizes have not. 

Basic operation of MIP can be explained by using Washburn‘s equation.   Washburn‘s 

equation was not applied until about 20 years later by Henderson et al., 1967 after 

Washburn. It was used to determine the pore size distribution of a number of clays and 

bauxite, Ritter and Drake constructed the first mercury porosimeter (Ramachandran et al., 

2001; Vanbrakel et al., 1981). 

A typical mercury intrusion porosimetry test involves placing a sample into a container such 

that contaminant gases and vapours (usually water) can be removed and, when 

contaminants are evacuated, allow mercury to fill the container.  The external pressure on 

mercury is increased toward ambient while the volume of mercury entering larger openings 

in the sample bulk is continuously monitored.  When pressure has returned to ambient, 

pores of diameters down to about 12 mm have been filled.  The sample container is then 

placed in a pressure vessel for the remainder of the test.  At 414 MPa, a typical for 

commercial porosimeter equipment will force mercury into pores down to about 0.003 micro-

meters in diameter.   The volume of mercury that intrudes into the sample due to an increase 

in pressure from Pi to Pi+1 is equal to the volume of the pores in the associated size range ri 

to ri+1, sizes being determined by substituting pressure values into Washburn‘s equation.                                                                                                                                       

More often than not, the MIP is complemented by Gas adsorption techniques such as 

nitrogen adsorption and helium pycnometry. 

There is an electronic means of detecting the rise and fall of mercury within the capillary 

which are much more sensitive, providing even greater volume sensitivity down to less than 

a micro- liter.   The measurement of a series of applied pressures and the cumulative 

volumes of mercury intruded at each pressure comprises the raw data set.  A plot of these 
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data is called the intrusion curve; whiles when pressure is reduced, mercury leaves the 

pores resulting into the extrusion curve. 

MIP can give a number of vital data about the material under consideration.   This data 

include: material volume and density, skeletal density, true density, percentage porosity, 

pore volume distribution, etc.  An important parameter is the permeability and the pore size 

of the material, especially in this study. 

Permeability is the inherent ability of a porous medium to transmit a fluid.  It is a property of 

the material that tells how quickly a fluid moves within the materials pores.   Katz and 

Thompson 1987, deduced two important relations for determining the absolute permeability 

of materials from single data of mercury intrusion porosimetry.   

The first equation is given as 

   
 

    
      

  

  
                                                                                   (16) 

 

 

The second equation is given as: 

   
 

   
    

  
    

  
         )                                                                 (17) 

                                                                                                                                                                               

  where K is the intrinsic permeability; Lmax   is the pore size at which conductance is 

maximum; Lc is the pore breakthrough size, ϕ is the porosity of the ceramic water filter and 

S(Lmax) is the fractional volume of connected pore space composed of pore widths of size 

Lmax and larger. 
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Section of this thesis briefly explains how permeability can be obtained via Darcy equation 

and Hagen-Poiseiulle law.   By combining Darcy‘s law (equation 6) with the Poiseuille‘s law 

(equation 7) and applying what is known as the capillary bundle model (in which pores are 

treated as bundle of capillary tubes of varying sizes), Hager, (1998) derived an expression 

for the tortuosity. 

 

     2.5   Adhesion and Adsorption 

Adhesion is the tendency of dissimilar particles or surfaces to bind or cling together. This 

differs from cohesion which involves similar or identical particles or surfaces that cling 

together. The intermolecular forces bringing about different sticking actions are all under 

chemical adhesion. Adhesion requires energy that may come from chemical or physical 

linkages. 

Adsorption is the binding of atoms, ions or molecules from a gas, liquid or dissolved solid to 

a surface without forming a chemical bond. It is also the physical adherence or bonding of 

ions and molecules onto the surface of phase. This action creates a layer or film of the 

adsorbate on the surface of the adsorbent. The material on which adsorption occurs is 

termed adsorbent, whereas adsorbed species is termed adsorbate.  

The binding of particles in water to the surface of a solid is at the surface level, no chemical 

bond exists in the binding. This property differentiates it from absorption. 

Absorption in which the fluid (absorbate) is dissolved by or permeates a liquid or solid 

(absorbent). It is the incorporation of a substance in one state into another in a different state 

e.g liquids or gases being absorbed (dissolved) into a solid.  Better put, adsorption is a 

surface phenomenon while absorption is a whollistic process involving a reaction and bond 

formation.  
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Adsorption is a consequence of surface energy. Atoms on the surface of adsorbent are not 

totally surrounded by other adsorbent atoms hence can attract adsorbates. Generally, 

adsorption processes are physisorption (physical attachment of molecules of gas or liquid 

onto the surface of a solid at low temperatures and enthalpy between 20 and 40kJmol-1). 

Adsorption is involved in many natural, physical, biological and chemical systems and have 

vast industrial applications such as heterogeneous catalysts, activated charcoal, adsorption 

chillers (which use heat to provide a cooling effect by combining an adsorbent with a 

refrigerant), synthetic resins, and water purification. Adsorption is sorption process in which 

certain adsorbates are selectively transferred from the fluid phase to the surface of insoluble, 

rigid particles suspended in a vessel or packed column. Other processes that uses similar 

sorption processes are chromatography and ion exchange. 

Adsorption is defined as a process used to describe the tendency of molecules from an 

ambient fluid phase to adhere to the surface of a solid. The force field creates a region of low 

potential energy near solid surface and, as a result, the molecular density close to the 

surface is generally greater than in the bulk gas.  In the case of multi-component system, 

composition of the surface layer generally differs from that of the bulk gas and as such the 

surface adsorbs the various components with different affinities.   Adsorption is known to 

mainly involve various chemical species that may migrate via inter-facial surface into another 

(probably) solid phase.                                                                                                                                                                

Adsorption can be termed chemisorption or physical adsorption, depending on nature of 

surface forces.    In physical adsorption, relatively weak inter-molecular forces are in place 

whereas in chemisorptions there is significant electron transfer (resulting in a chemical bond 

between the adsobate and the solid surface).   The term bio- sorption is also often used to 

describe the adsorption process that has microbes and viruses as adsorbate.  Generally if 

adsorption occurs in the liquid phase, there exists a little difference in molecular density 
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between the adsorbed and fluid phases.   It is relevant to also know that there are hydro-

philic and hydro-phobic adsorbents. 

The factors affecting adsorption process include: 

 (i) surface area 

(ii) nature and initial concentration of adsorbate 

(iii) PH of solution 

(iv) temperature    

(v) interfering substances 

(vi) nature (and dose of adsorbent) 

Since adsorption is  a  surface  phenomenon,  the  extent  of  adsorption  is  directly 

proportional to the specific surface area. So for a more powdered and porous solid, the 

greater is the percentage of adsorbate per unit weight.  The fundamental equation governing 

adsorption solid-liquid process is given by equation (2.3) 

 
   

      
 

 

                                                                                                                            (26)                                                                

                                                                                                                                                                                                

Where qt(mg/g) is the amount of adsorbate per mass unit of adsorbent at a time, t, C0(mg/L) 

and Ct(mg/L) are the initial and at a time t concentration of adsorbate, respectively, V(L) is 

the volume of the solution, and m(g), is the mass of the adsorbent.  In a solid–liquid system 

adsorption results in the removal of solutes from solution and their accumulation at solid 

surface.  The solute remaining in  the  solution  reaches  a  dynamic  equilibrium  with  that 

adsorbed on the solid phase. The amount of adsorbate that can be taken up by an 

adsorbent is a function of both temperature and concentration of adsorbate and the process, 

at constant temperature, can be described by an adsorption isotherm. This is found to be in 
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conformity with equation (2.3) above.   Isotherms, which expresses the relationship between 

concentration of adsorbate and extent of accumulation on the adsorbent surface at constant 

temperature, are used mostly in modelling of most adsorption processes (Sundaram et al., 

2008). 

The most widely used models to describe the adsorption process in water and wastewater 

applications were developed by (i) Langmuir, (ii) Brunauer, Emmet, and Teller (BET), and 

(iii) Freundlich.  The Langmuir adsorption model is valid for single-layer adsorption, whereas 

the BET model represents isotherms reflecting apparent multilayer adsorption.  This means 

that when the limit of adsorption is a monolayer, BET isotherms reduce to Langmuir 

expression. It is important to know that the two equations are limited by assumption of the 

uniform energies of adsorption on the surface.  The two; Langmuir and Freundlich, equations 

are given respectively below as 

  

  
   

   

      
                                                                         (18)                                                     

 Where     (mg/g) is the amount of adsorbate per mass unit of adsorbent at equilibrium, Ce is 

the liquid-phase concentration of the adsorbate at equilibrium (mg/L),    is the maximum 

adsorption capacity (mg/g) and b is the Langmuir constant related to the energy of 

adsorption (L/mg). 

                                                                                                                                                                                  

         
  

   
                                                                                                                     (19)                                                          

Where    (mg/g) (L/mg)1/n     is the Freundlich capacity factor and 1/n is the Freundlich 

intensity parameter. The constants in the Freundlich isotherm are determined by plotting log 

   versus log   . 

 Meenakshi et al., 2008, explained three main stages, which theoretically are for mass 

transport of adsorbates.  These are: 
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I.         Mass transfer from the bulk of the adsorbent to the surface of it (often called bulk 

diffusion or external mass transfer) 

II.        Intra-particle diffusion of species through liquid filled pores 

III.       Systematic accumulation of adsorbate at the adsorbent sites 

Adsorption diffusion models are used for modelling rate determining step which is either 

intra-particle diffusion or liquid film diffusion.   In physical adsorption process the mass action 

or transfer process is very rapid and can be neglected for kinetic studies.  Adsorption 

diffusion models are used to describe the process of film deposition and intra-particle 

diffusion.  Two main models used in the liquid film deposition model are (i) linear driving 

force rate law and (ii) film diffusion mass transfer rate equation whereas intra-particle 

diffusion has (i) Homogeneous solid diffusion model (HSDM) (Cooney, 1999; from 

adsorption kinetics article), (ii) Weber-Morris Model, (Alkan et al., 2007) (iii) Dumwald- 

Wagner model (Wagner et al., 2004). 

                                                                                                                                                                                                      

In linear driving force rate law for a liquid/solid adsorption system, the rate of solute 

accumulation in the solid phase is equal to that of solute transfer across the liquid film 

according to the mass balance law.  The rate of accumulation is given by 

 

                
  )                                                                (20)                                        

Where q represents average solute concentration in the solid, and Vp, the volume of the 

particle.  The known the rate of solute transfer across the liquid film is proportional to the 

surface area of the particle As and the concentration driving force (C−Ci).  And therefore, it 

equals to            , where     represents the film mass transfer coefficient (Cooney, 

1999). 
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From the above discussion it is obvious that 

                                    
                                                  (21)                                  

Where Ci and C denote the concentration of solute at the particle/liquid interface and in the 

bulk of the liquid far from the surface, and As/Vp defined as the particle-surface area per unit 

volume, So.   The equation resulting from the So substitution is termed the ‗linear driving 

force‘ rate law. 

The film diffusion mass transfer rate equation presented by Boyd et al., 1947) is 

ln{1 -  
  

  
 }  = - R’t                                                                        (22)                                                                 

R’ =  
  

       
                                                                                  (23)                                             

                                                                                                                                                                                               

Where Rl (min−1) is liquid film diffusion constant,   
   (cm2/min) is effective liquid film diffusion 

coefficient, ro(cm) is radius of adsorbent beads, Δro(cm) is the thickness of liquid film, and k′ 

is equilibrium constant of adsorption. 

Under intra-particle diffusion model, HSDM can describe mass transfer in an amorphous and 

homogeneous sphere (Cooney, 1999) and the mathematical expression given as 

               
     

  
   

   

    
      

  

  
                                                          (24)                           

where Ds is intra-particle diffusion coefficient, r radial position, and q the adsorption quantity 

of solute in the solid varying with radial position at time t. 

Weber and Morris 1964 and Alkan et al., 2007 found out that for many adsorption processes 

the uptake of solute varies almost proportional to t1/2 rather to the contact time, t. 

        
                                                                                                         (25)                           
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Where,      is the intra-particle diffusion rate constant.  If intra-particle diffusion is the sole 

rate limiting step, then the plot of    against t1/2 must pass through the origin.  However, the 

adsorption kinetics may be controlled by both film diffusion and intra-particle diffusion 

simultaneously. 

Another intra-particle diffusion model proposed by Dumwald-Wagner (Wang et al., 2004) is 

given as 

            
 

     
                                                                       (26)                       

A plot of           against t is expected to be linear and the rate constant K is obtainable 

from the slope. Dumwald-Wagner model proved to be reasonable to model different kinds of 

adsorption systems such as p-toluidine adsorption from aqueous solutions onto hyper-cross-

linked polymeric adsorbents. 

 

2.5.1 Removal of Other Chemical Contaminants 

Water that contains chemical contaminants at a level above permissible limits have effects 

when used as drinking water hence are threatening to human health.   Aluminium, Barium, 

Arsenic, mercury, etc. are contaminants that may cause ill-health when the quantity exceeds 

the WHO guidelines. 

Arsenic may occur naturally, and excessive exposure to arsenic in drinking-water may result 

in a significant risk of cancer and skin lesions.  The presence of nitrate and nitrite in water 

has been associated with methaemoglobinaemia, especially in bottle-fed infants, whose 

obvious symptom is a bluish skin.  Nitrate may arise from the excessive application of 

fertilizers or from leaching of wastewater or other organic wastes into surface water and 

groundwater.  Particularly in areas with aggressive or acidic waters, the use of lead pipes 

and fittings or solder can result in elevated lead levels in drinking-water, which cause 

adverse neurological effects. 
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Arsenic leaching into water bodies has been recorded in several places including Cambodia, 

Nepal, Vietnam, Bangladesh etc.   Point-of-Use Technology Scheme to remove arsenic from 

drinking water   include iron coated sand, activated seawater-neutralized red mud (Genc- 

Fuhrman et al., 2004), mixture of powdered iron, sulphur and hydrogen peroxide, sunlight or 

ultraviolet rays, zero-valent iron appended with limestone (Kanel et al., 2006, Lackovic et 

al.,2000), coagulation (E.P.A. 2000), iron oxide coated sand and manganese oxide coated 

sand tested by Thirunavukkarasu et al. in 2002, ENPHO and MIT made Kanchan MIT Filter                                                                                                                                                                                   

(Ngai, 2002).   Arsenic can also be removed using ceramics made of clay with high Fe 

content (Kolshi Filter, Nepal).  Barium, copper, manganese and silicon also have been found 

to have levels less than WHO guidelines. Filters were found to retain zinc (van Halem 2006). 

Arsenic was found in the effluent water above the provisional WHO guideline of 10 μg/L. The 

amount is worrying, but decreased from 200 μg/L to a mean of 17 μg/L after 12 weeks.  The 

graphs below also show that most concentrations rapidly decrease in the course of time, so 

only new filters will produce effluents with these elements, with the exception of silicon in 

Cambodian filters. Naturally, the clay of which the filter element is composed determines 

which elements are present in the material (Van Halem 2006).   Other naturally occurring 

chemicals, such as uranium and selenium, are known to also give rise to health concern 

when they are present in excess. 
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Figure 2.13 - Effluent and influent concentrations of barium, copper, manganese and silicon 

(Van Halem, 2006). 

 

                                                                                                                                                                                                                                                                                                                                      

2.6 MECHANICAL PROPERTIES - POSITIVE / NEGATIVE, FLEXURAL AND 

COMPRESSIVE 

The strength of materials is also called the mechanics of materials. A material property is an 

intensive property. i.e a property that is independent of the amount of material. 

Compressive strength: this is the capacity of a material to withstand loads tending to 

reduce size. It can also be defined as maximum stress a material can withstand before 

compressive failure. It is measured in Pa and calculated from load per unit area.  
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Flexural strength:  this is the ability to resist deformation when loaded, or stress in a 

material before it yields. It can also be said to be the modulus of rupture, or bend strength or 

transverse rupture. it is the stress at failure in bending. The transverse bending test is the 

most frequently used wherein a specimen cut into either a circular or rectangular cross-

section is bent until fracture or yielding using a three - point flexural test technique. 

 

 

 Fig 2.14: Three-point bending 

The flexural strength represent the maximum stress experienced within a material at its 

moment of yield.  

For a rectangular sample under load in a three-point bending set up, the stress is given by: 

   
   

    
                                                                                                                                 ) 

Where    stress in Pa, F is the load or force at the fracture point, L is the length of the 

support span, b is the width and d is the thickness. 

Bending or flexural Modulus is an intensive property that is computed as the ratio of stress to 

strain in flexural deformation, or the tendency for a material to resist bending. It is 

determined from the slope of a stress-strain curve produced by a flexural test. 
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For a three - point test of a rectangular beam behaving as an isotropic linear material, where 

w and h are the width and height of the beam, I is the second moment of area of the beams 

cross-section, L is the distance between the two outer supports and d is the deflection due to 

the load F applied at the middle of the beam, the flexural modulus: 

       
    

     
                                                                                     (28)    

 

Tensile strength: this is the maximum stretching or elongating stress that a material can 

withstand before failure. It is so called because it is being pulled from both ends. The force 

per unit area applied is measured in Pa. 

Young Modulus: is that which measures the stiffness of a solid material. It defines the 

relationship between stress (force per unit area) and strain (proportional deformation) in a 

material in the linear elasticity regime of uniaxial deformation, whether tensile (extension) or 

compressive (reduction). It is measured in pascal (Pa).   

Mathematically,    
 

 
 = 

  ⁄

    ⁄
                                                               (29)   

Yield strength: this is the stress at which a material starts to yield plastically. This is used to 

determine the maximum allowable load in a mechanical component. Reason being that it 

represents the upper limit forces that can be applied without effecting permanent 

deformation.  

There are some substances in which there is a gradual onset of non-linear behaviour making 

the precise yield point difficult to determine. Such cases are catered for by taking the ‗offset 

yield point‘ as the stress at which 0.2% plastic deformation occurs.  Yielding is a gradual 

failure mode which is ordinarily not catastrophic. 

  

2.6.1 Fracture Mechanics  
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Clay ceramics are known for their intrinsic brittle behaviour (Kingery 1965).  This behaviour 

often results in breakages of products that are sintered from clay ceramics.  Ceramic water 

filters are no exception from these class of products, although accredited with high 

performance efficiency in several dimensions of water purification.  The breakages 

associated with clay ceramic water filters occur during drying, firing and transportation.                                                                                                                                                                                            

This justifies a review of  basic  fracture mechanics  rules  to  understand  porous  clay 

ceramics fracture behaviour, toughening mechanisms fundamentals, thermal shock 

response to mention but few. 

Fracture is the separation or fragmentation of a solid body into two or more parts in response 

to imposed stress and at temperatures that are low relative to melting point of the material. 

The mechanism of fracture is simply separation of bonds, and this is often preceded by 

stretching of the bonds. 

Fracture mechanics is the field of mechanics concerned with the study of the propagation of 

cracks in materials. It applies methods of analytical solid mechanics to calculate driving force 

on a crack and those of experimental solid mechanics to characterise the materials 

resistance to fracture. 

In modern materials science, fracture mechanics is a veritable tool for improving the 

performance of the mechanical components. It combines the stress and strain behaviour of 

materials, especially the theories of elasticity and plasticity to the crystallographic defects 

occurring in real materials in order to predict the macroscopic behaviour of the materials. 

Fractography is widely used with fracture mechanics to understand the causes of failure and 

also verify the theoretical failure predictions with real life failures. 

 

 

2.6.1.1    Brief Historical Perspective on Fracture Mechanics 
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Inglis (1913) and Griffith (1921) are noted for serious initial research work in fracture 

mechanics.    Griffith (1921) extended the work of Inglis by deriving an expression for 

predicting brittle stress in glass.  Adopting thermodynamic arguments and concept of notch 

stress concentration factors, he obtained a condition of unstable crack growth in brittle 

materials such as glass. 

George Irwin (1975) developed a crack driving force parameter called stress intensity factor 

and concepts of linear elasticity in solving fracture problems.   Other interesting research 

works include William (1975), Wells (1961) and Rice (1968) work on J- integral. McClintock 

et al (1995) have proposed three parameter fracture mechanics approaches for 

characterizing the crack driving force under full plastic condition. 

 

2.6.2    Fracture Types and Crack Growth Modes 

The main types of fracture are ductile and brittle fractures.  Ductile fracture is characterized 

by appreciable plastic deformation prior to crack propagation.  Materials that exhibit this type 

of fracture have high absorption energy before fracture.  On the other hand there is little or 

no plastic deformation with low energy absorption accompanying a brittle fracture. 

Comparatively, brittle fracture has a high crack propagation velocity than ductile fracture. 

The direction of crack is nearly perpendicular to the direction of applied stress, yielding a 

relatively flat surface.  Figure 14 (a) –(c) below shows the types of fracture. 
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Figure 2.15 – (a) Highly ductile fracture in which the specimen necks down to a point.  (b) 

Moderately ductile fracture after some necking.  (c) Brittle fracture without any plastic 

deformation. 

Basically, there are modes of crack growth: mode I, II and III respectively. 

Mode I: this is commonly referred to as the crack opening mode. It is frequently the most 

dangerous and harmful of all the loading modes. Here the tensile stress is normal to the 

plane of the crack. 

Mode II: this is a sliding mode in which a shear stress acts parallel to the plane of the crack 

and perpendicular to the crack front. It can otherwise be said to be an in- plane shear mode. 

Mode III: this is a tearing mode (a shear stress acting parallel to the plane of the crack and 

parallel to the crack front). This is also called out-of-plane shear mode. 
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(a)                                      (b)                                     (c) 

 Figure 2.16- Modes of crack growth: (a) Mode I; (b) Mode II; (c) Mode III.  (Adapted from 

Suresh, 1999 — reprinted with permission from Cambridge University Press). 

 

  2.6.3 Stress Concentration 

 This is otherwise called a stress raiser or a stress riser. It is defined as the location in an 

object where the stress is significantly greater than the surrounding region. 

Stress concentration occurs where there are irregularities in the geometry or material of a 

structural component that cause an interruption to the flow of stress. This interruption 

emanates from holes, grooves, notches and fillets. It may also occur from accidental 

damages like nicks and scratches. 

The measured strength of brittle materials are lower than their theoretical values computed 

based on atomic bonding energies.   This is mainly due to defects.    The defects are 

microscopic flaws or cracks that may exist on the surface or interior of the material.   The 

flaws are detrimental to fracture strength because an applied stress may be amplified or 

concentrated at the tip, the magnitude of this amplification depends crack orientation and 

geometry. 
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Figure 2.17 - (a) The geometry of surface and internal cracks. (b) Schematic stress profile 

along the line in (a), demonstrating stress amplification at crack tip positions. 

 Inglis (1913), using figure 2.17 above modeled stress concentrations around notches with 

radii of curvature, notch length a, and stress concentration factor, Kt.  For elastic 

deformation, 

Kt = maximum stress around notch tip / remote stress away from notch   1+ 2(a/ρ)1/2 

 

Failure is, therefore, likely to initiate from the notch tip, when the applied or remote stresses 

are significantly below the fracture strength of the un-notched material.  Subsequent work by 

Neuber (1945) extended the work of Inglis (1913) to include the effects of notch plasticity on 

stress concentration factors. 

The degree of concentration of a discontinuity under typical tensile loads can expressed as a 

dimensionless stress concentration factor Kt which is a ratio of the highest stress to the 

nominal far field stress. 
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                Kt  =   
    

    
                                                                    (30) 

 

2.6.4 Thermal Shock Resistance 

 This is the ability of a material to withstand rapid changes in temperature. There could be 

downward quench (cold shock) and upward quench (hot shock), both are used to estimate 

the resistance/response of materials to sudden temperature changes. The rapid thermal 

changes can cause crack initiation, and crack nucleation/growth.  Silicon nitride, a heat 

resistant/tolerant material displays superior resistance to thermal shock as tested by heating 

the material to 550oC (1022oF) and then rapidly cooling it by dropping it into water. Another 

example of material with excellent thermal shock resistance is Aluminium titanate (Al2TiO5). 

Components of this material can withstand abrupt or shortened temperature, i.e changes of 

several hundred degrees without been damaged despite their low strength. The favourable 

thermal shock resistance is a result of low thermal expansion and a certain amount of 

porosity in the microstructure. 

Kingery (1995) and Hassleman (1963) are associated with important research investigations 

into thermal resistance of materials.  According to Kingery (1995) when h, heat temperature 

co-efficient is so large such that the materials change immediately   to surrounding 

temperature, then the temperature difference to initiate fracture is given as: 

             
     

                                                                                 (31) 

Where S is shape factor,   – fracture stress, E – Elastic modulus, α – Co-efficient of thermal 

expansion,   - Poisson‘s ratio and R, fracture resistance parameter            = (1- )/Eα.  

Increasing R, increases resistance to fracture initiation due to thermal shock.  For smaller, h, 

              
     

 
 

 
 = 

 

  
                                                                       (32) 
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                                                                                  (33) 

 

The above equations were developed for a homogeneous, isotropic body with physical 

properties that are independent of temperature.  From equations (32) and (33), high values 

of thermal conductivity and strength, along with low values of the elastic modulus, Poisson‘s 

ratio, and thermal expansion, will lead to the best thermal shock resistance.  Kingery (1955) 

also demonstrated that placing compressive surface stresses in spherical samples of 

zirconia leads to improved thermal stress resistance. 

Crack growth may occur under a thermal loading. When materials are subjected to rapid 

temperature changes, this gives rise to sudden changes in local stress / strain stages, crack 

nucleation and growth may occur as a result of cracking under down quench (cold shock) or 

u-quench (hot shock) conditions. Failure arising from these process is called the thermal 

shock response of a material. It can occur in metals, polymers and ceramics but more 

pronounced in ceramics because of its brittle nature. 

 

Hasselman (1963a) gave a theoretical framework for the temperature difference required to 

cause the fracture of a body of low initial temperature subjected to radiation heating is given 

as below: 

    = [
 

  
       [

       

  
                                                                                     (34) 

A is geometry constant, b is size constant, ρ – density, k is the emissivity. 

This means that low emissivity will improve thermal shock resistance parameter.   In his 

second paper on thermal shock investigations, Hassleman (1963) proposed factors that 

affect the cracks in materials.  Adopting the Griffith‘s theory that crack will propagate as long 

as elastic energy released is equal to or greater than effective surface energy, he 

determined the following two damage resistance parameters, R* and R**. 
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                                                                                    (35) 

 

     
     

        
                                                                                  (36) 

     is the effective surface energy.   Therefore, materials designed to have a high fracture 

resistance would have low damage resistance.  The equations are applicable to only the first 

thermal shock cycle.  Increasing the porosity has a negative effect on the fracture resistance 

parameter R*, because increasing the porosity decreases the thermal conductivity.  

However, it increases the damage resistance because it   decreases the elastic energy 

stored in the material. Increasing the surface energy increases R** and can be accomplished 

by including a second phase. 

 

2.6.5 Toughening Mechanisms 

This refers to methods of improving the fracture resistance of a given material. It is also 

working against crack propagation. The toughening mechanisms differ from one class of 

material to the other. The crack tip plasticity is important in toughening of metals and long 

chain polymers, while in ceramics, there is a limited crack tip plasticity hence it requires a 

different toughening mechanism. 

Owing to the brittle nature of ceramics, the irreversible work associated with plastic 

deformation is not attached with ceramics. Toughening of clay ceramics is very relevant 

because of their brittle nature.   Ceramic water filters that are also fabricated from such class 

of materials are not different but stronger.  Basic understanding and concepts to guide the 

design of tougher materials are clarified with special emphasis on crack-bridging and visco-

elastic toughening schemes. The main key concept in this area is the shielding of crack-

tip(s) from applied stresses.  When this is done, higher levels of remote stresses can be 

applied to a material before fracture critical conditions.  
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The main crack-tip shielding concepts identified over the last four decades include:  

(i)        Transformation toughening 

(ii)       Crack bridging 

(iii)      Crack tip blunting 

(iv)      Visco-elastic toughening 

(v)       Crack tip trapping 

(vi)      Crack deflection 

(vii)     Micro-crack shielding and anti-shielding 

(viii)    Twin toughening 

Many of the crack-tip toughening mechanisms are known to occur in composites, it is 

therefore significant to briefly give two main schemes in reinforcement.  The first is brittle 

matrices with strong, stiff brittle reinforcements.   The second is brittle reinforcement with 

ductile reinforcements.   Such reinforced materials are known to have low modulus, 

intermediate strength and good or appreciable ductility.  There are also ductile matrices such 

as metals and polymers.   In this research, emphasis is on brittle matrices and possibility of 

reinforcing them with ductile phases. 
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Figure 2.18 - Crack-tip shielding mechanisms. Frontal zone: (a) dislocation cloud; (b) micro- 

crack cloud; (c) phase transformation; (d) ductile second phase. Crack-wake bridging zone: 

(e) grain bridging;  (f)  continuous-fiber  bridging;  (g)  short-whisker  bridging;  (h)  ductile 

second phase bridging. From B. Lawn, reprinted with permission from Cambridge University 

Press). [Soboyejo 2003] 

 2.6.5.1   Transformational Toughening 

The operation is based on movement from one phase to another at different temperatures. 

For example in partially stabilized zirconia, it consists of tetragonal phase at high 

temperature and monochlinic and cubic phases at lower temperature in equilibrium state. 

The start temperature of tetragonal monochlinic martensite transformation is lower than 

room temperature in certain compositions. Stress field near the crack tip can trigger 

martensite transformation which consequently leads to volume expansion and a shear. It 
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exerts a compressive stress at the crack tip to prevent its propagation. The work associated 

to this phase transformation contributes to improvement of toughness.  

The increase in toughness is given by               

Where    is the distance between boundary of transformed region with fracture plane, 

                                                                                                                          

And    is the fraction of tetragonal grains that is related to microcracks in an affected 

volume. The tetragonal particle size leads to spontaneous transformation and too small 

particle size leads to a very small toughening effect. The tetragonal (t) phase of Zirconia was 

found to transform to monoclinic (m) phase on application of a critical stress (Garvie et al., 

1975).   

 Evans and Heur (1980) also studied toughening of ceramics via martensitic transformation                                                                                                                 

occurring in the immediate vicinity of the crack tip.  They deduced from the transformational 

equations the Helmholtz free energy. 

Both experimental analysis and models deduced were done via studying stress field at the 

crack tip, as well as behind wake fields.  As the crack-tip stresses are raised, particles ahead 

of the crack tip undergo stress induced martensitic phase transformations at speeds close to 

that of sound (Green et al., 1989).   The unconstrained transformation yields a dilatational 

strain of   approximately 4% and a shear strain of approximately 16%, which are consistent 

with the lattice parameters of the tetragonal and monoclinic phases Fig. 2.19 (a). 
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Figure 2.19 - (a) Schematic illustration of transformation toughening; (b) the three crystal 

structures of zirconia; (c) TEM images of coherent tetragonal ZrO2 particles in a cubic MgO-

ZrO2 matrix; (d) transformed ZrO2 particles near crack plane - contrast to untransformed 

ZrO2 particles remote from crack plane. 

Evans and Heuer (1980) first of all derived the stresses and strain energies that are believed 

to develop after the transformation has taken place in the material, and then deduced from 

their derivation the transformation condition using the change in Helmholtz free energy 

(change in thermodynamic state).   In addition, they derived relations for the transformation 

stress and the transformation zone (in the matrix) at the immediate vicinity of the crack tip 

where the second phase – particles will undergo transformation. 
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Mc meeking and Evans (1982) studied the size of the transformed zone that is associated 

with Mode I crack under small-scale transformation conditions.  Budiansky et al (1983) 

developed an expression for estimating the height of the transformed zone.  Their derivation 

was based on the assumption that transformation occurs when the mean stress level at the 

crack tip exceeds a critical stress value ( cT) (Mc meeking and Evans (1982).  

 

 

   
          

   
  

 

  
                                                                                         (37) 

  Where    is half height of the transformed wake,    is the far field stress intensity factor and  

  is the Poisson‘s ratio. 

                   2.6.5.2   Crack Bridging 

The bridging reinforcements normally reduce or restrict the opening of cracks, hence 

encourage the shielding of the crack tip. Consequently, the effective stress intensity factor at 

the crack tip will be lower than the remote or applied stress intensity factor. 

When crack propagates in irregular path, some grains of each side of the main crack may 

protrude into the other side. This leads to additional work for a complete fracture. This 

irreversible work is related to residual stress.  The increment of toughness can be expressed 

as     
 

 
                                                                                                                (38)                                                                        

Where                      of friction,    is the residual strength,    is the edge length of  grain 

and    is the fraction of grains that  is attached to crack bridging. Other approaches towards 

improving the toughness of ceramics include formation of a textured internal structure within 

the ceramics material. This approach is used for toughening the silicon carbide. This is 

possible because the interfacial surface area is increased due to the internal structure, the 

irreversible fracture work thereby is increased in the material.   
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  Crack bridging can be achieved by stiff elastic whiskers/fibres, as well as on de-bonding or 

fibre pull-out as illustrated in figure 2.20. 

 

 

Figure 2.20 - Schematic illustration of crack bridging by (a) ductile particles and (b) stiff 

elastic whiskers. 

The   fundamental   approach   used   in   understanding   the   bridging   via   ductile   phase 

reinforcement is via energy approach. Here the ductile phase toughening by crack bridging 

may be attributed to the plastic work required for the plastic stretching of the constrained 

ductile spherical particles.   For small-scale bridging in which the size of the bridging zone is 

much smaller than the crack length, the increase in strain energy, GSS, due to the plastic 

work required for the stretching of the ductile phase is given by (Soboyejo et al., 

1996, Kajuch et. al., 1995; Bloyer et al., 1996, 1998; Lou and Soboyejo, 2001): 

                                                                                                     (39) 

Where    ,  is the volume fraction of ductile phase that fails in a ductile manner, C is a 

constraint parameter (which is usually between 1 to 6),  y is uniaxial yield stress and   is a 

plastic stretch parameter.  In terms of stress intensity factor, K: 
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                                                                                           (40) 

    is the steady state toughness,      is the crack initiation toughness (which equal to brittle 

matrix toughness, E is young‘s modulus,   is Poisson ratio,     is the volume fraction,    is 

the flow stress of ductile reinforcement,   is equivalent to half of the layer thickness and  , is 

work rupture.  

Budiansky et al., (1988) theoretically investigated the fracture toughness of a composite 

material reinforced with ductile metal particles.   Budiansky and Co-workers developed an 

expression for the toughening ration by employing elastic springs, elastic-plastic springs and 

rigid-plastic springs for the bridges (Figures 2.21).  These are formed in the wake of crack 

and subsequent propagation through a ceramic material. 

 

 

Figure 2.21 – Bridging spring Model (Adapted from Soboyejo, 2003) 

 

 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

85 

 

 

Figure 2.22 – Schematic of elastic–plastic spring load–displacement function 

For small-scale bridging, the extent of ductile phase toughening can be expressed as 

                 √
 

 
   ∫

  

  

 

 
                                                                   (41) 

 where Km is the matrix fracture toughness, x is the distance behind the crack tip and L is 

the bridge length.   

 

 

Figure 2.23: Schematic of weighted/distributed bridging tractions 
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Total stress intensity factor, Kc, may be estimated from linear superposition (Kc=Km+ Kb) and 

the toughening ratio for large-scale bridging can be determined from Kc / Km. 

2.6.5.3   Crack Tip Blunting 

This is a situation in which crack growth is associated with blunting in the loading cycle 

followed by re-sharpening of the crack tip during unloading (Laird and Smith, 1962; Pelloux, 

1970). The degree of crack tip blunting increased in proportion to the toughness of the 

material. This observation paved way for considering the opening at the crack tip as a 

measure of fracture toughness.  This parameter became popularly known as crack tip 

opening displacement (CTOD). 

Hence, estimation of CTOD can be done by solving for the displacement at the physical 

crack tip. As crack tips moves from brittle to ductile phase, they can be blunted, Figure 

2.23(a).  Crack tip blunting may also occur via de-bonding along the interface of a 

composite, Figure 2.23(b). Critical strain is usually used in understanding crack growth in 

ductile phase.  This assumes that fracture occurs when the strain at a characteristic distance 

from the crack-tip exceeds a critical value.  When the crack-tip is blunted by a ductile phase, 

the critical strain value is increased by the presence of a ductile phase, Figure 2.23(b). 
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Figure 2.24 - Schematic illustration of (a) crack-tip blunting by ductile phase and associated 

change in crack-tip stress fields, and (b) crack-tip blunting by de-bonding along two-phase 

boundary. (Courtesy of Dr. Fan Ye.) 

Chan (1992) in their micromechanical developed model for the near-field effective strain 

distribution for composite in a ductile-phase reinforced brittle matrix composite could be 

described by the Hutchinson-Rice–Rosengren (HRR) field. 

 

2.6.5.4   Crack Deflection 

It is concluded that crack deflection has only small potential as a toughening mechanism. 

But it is required to activate crack closure stresses associated with bridging ligaments. The 

second phase particles located in the near tip of a propagating crack will disturb the crack 

path thereby causing a reduction in the stress intensity. The duty of in-plane tilt in/crack 

deflection and out of plane twisting can be accessed using the approach of Bilby et al (1977) 
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and Cotterell and Rice (1980) crack deflection is found in the tilting and twisting around 

spherical niobium particles. 

For a continuous crack deflection, all possible angles around spherical reinforcements and 

the toughening from pure tilt-induced deflection is given by Faber and Evans (1983) 

        (       )                                                                                                          (42) 

 

If the composite undergoes linear elastic behaviour, 

            
                                                                                                            (43) 

Where     = fracture toughness of the composite and    is young modulus of the composite 

 

2.6.5.5 Twin Toughening 

The occurrence of twin process zones around cracks in gamma titanium aluminide alloy 

exerts stress fields that will act in opposition to the stress intensity factors at the crack tips, 

producing a shielding effect. This may be related to non-linear deformation in the crack 

process zone. 

The twinning ratio is defined with the presence of as the stress intensity at the crack tip with 

the presence of twin process zone, kt divided by the stress intensity in the absence of 

deformation - induced twining, k0. This is given by Mercer and Soboyejo (1997) to be  

   
  

   
               

 

                                                                                    (44) 

Twin toughening appears to be very promising. Deve and Evans (1991), report two fold 

toughening increases due to the presence of deformation induced twinning around the crack 

tip.  
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2.6.5.6     Visco-elastic Toughening 

McNaney et al. (1999) investigated the effect of viscous grain bridging on cyclic fatigue-crack 

growth in monolithic ceramics subjected to elevated temperature conditions. They developed  

A micro-mechanical model for modelling crack-tip                                                                                                                                                                                  

shielding under cyclic mechanical loading. The model accounts for microstructural 

parameters, viscosity, and thickness of the grain-boundary film, load frequency, cyclic load 

amplitude, and load ratio. The shielding was due to crack bridging via the viscous response 

of a grain boundary phase. The bridging forces are transmitted across the crack via the 

shear resistance, τ, of the grain boundary phase. 

At the crack surface field,   (z,t), two components are usually considered; far-field stress  T 

(z, t) and thermal shock bridging stress  B, ( z, t) opposing thermal stresses. Implies 

               -         

 

Figure 2.25 – McNaney (1999) bridging model 

McNaney  (1999)  assumes  that  bridging  effect  arises  from  viscous  stresses  resisting  

the relative movement of the grains extending across crack opening.  The grains across 
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COP are with dimension, P, h, in the z-direction and                                                                                                                                                                                       

w, normal to the plane of the COP.  The viscous bridging stress is modelled as  

         
   

  
 η (1+ 

 

 
)   (1-

  

 
)                                                                                       (45)                                           

   is the separation between adjacent grains and η is viscosity of the glassy inter-granular 

phase.     is a covering pre-factor to allow for partial covering of the COP by the granular 

lath bundles.  

Soboyejo et al., (2001) reported on the role viscous crack bridging plays (in the reduction of 

the crack growth driving force) on the high temperature refractory during thermal shock. 

Thermal cycling at peak temperatures of 1150oC and 1500oC and down quench temperature 

of 400oC was done.  They conducted fracture toughness tests to determine the changes in 

the fracture toughness with temperature by subjecting a single edge notch (SEN) specimens 

to a three-point bend loading at various temperature (25oC, 400oC, 650oC, 900oC, 1150oC 

and 1500oC).   They observed viscous glassy phases in the fracture surfaces (Figure 2.18). 

Furthermore, Soboyejo et al., 2001, then suggested cracking/damage due to thermal shock 

may be alleviated by incorporating an additional amount of glassy phases into the starting 

powder of the samples they used for testing.   They also suggested that bridges are visco- 

elastic in nature, and idealized bridges using a spring-dashpot model (Maxwell model).  The 

model suggest that the relaxation time of the bridges can be controlled via the Young‘s 

modulus, E and the viscosity, η (τ~ η / E), where the relaxation time is a measure of the time 

the initial stress,  0,  in  the  material  reduces  to  zero  if  a  linear  decay  having  a  slope 

Comparable to the initial slope d 0/dE were retain from time, t = 0 to time t =      

The Integra-differential equation is more often than not solved numerically to obtain a self- 

consistent solution for the COP. 
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Other toughening mechanisms such as crack deflection, crack trapping and Micro-Crack 

Shielding and anti-shielding are well considered (Soboyejo 2003). 

With the advent of fracture mechanics, Evans and Charles 1980, and Swain 1990 utilized 

fracture mechanics concepts in characterizing the behaviour of thermal shock in refractory 

ceramics.  Similarly, Lu and Fleck 1998, utilized a fracture mechanics approach to develop 

useful heat transfer expressions for the investigation of thermal shock resistance in 

refractory ceramics. 

Evans and Charles (1977) studied the behaviour of pre-crack ceramics in high temperature 

condition.  They analysed a number of factors but with emphasis on crack length, specimen 

geometry and thermal properties.   Using Al2O3 and ZrO2 cylindrical test pieces, they 

investigated un-crack ‗green‘ bodies critical fracture temperatures before proceeding to pre- 

crack temperatures.  The quenching was done in a salt solution.  The crack extensions were 

also recorded along other physico-mechanical properties. 

The Figures 2.25 and 2.26 are important results relating the minimum crack length to 

prevent the propagation of crack of pre-cracked ceramic cylinders. 
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Figure 2.26 – Crack length as a function of approximate analytical method with equivalent 

finite result showing the effects of crack density. 

                                                                                                                                                                                        

 

 

 

Figure 2.27 –  Plot of relative minimum crack length, amin /ro, needed to prevent  crack 

propagation in pre-cracked cylinders showing size effects. 
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Figure 2.28– Schematic of approximate method for obtaining K in samples with multiple 

cracks 

Swain (1990) also studied the degradation of thermal shock of a ceramic composite- 

alumina-zirconia, by using the R-curve approach.  He utilized a simplified fracture mechanics 

approach from which elastic modulus decreases with strain and resulted in a significant 

reduction of the peak stress intensity factor during thermal shock.  The R-curve behaviour of 

micro-cracks represents the crack growth resistant of a dominant crack resulting from 

coalescing of multiple parallel cracks subjected to severe thermal environment (Gogosti, et 

al., 1976; Bahr, et al., 1986; Bahr, et al., 1987; Soboyejo, 2003). 

The effect of the crack length on stress intensity factor, K, of a thermally shocked cylindrical 

ceramic specimen is shown in figure 2.29.   Also showed is the flexural strength reduction 

trend that results from the thermal shock and the influence of specimen size dependencies 
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are as shown in Figure 2.29 – 2.31. 

 

 

 

Figure 2.29 - Calculated values of the thermal-shock generated stress intensity factor for 2-

mm- radius bars of the alumina-zirconia material subjected to a  T   500oC.  The two curves 

are calculated on the basis of the dynamic modulus Eo and tangent modulus with the Biot 

modulus (β)  15. 
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Figure 2.30 -  The influence of specimen size (ro) on the thermal-shock generated  stress 

intensity factor for constant  T   600oC. 

 

 

 

Figure 2.31 - Comparison of the applied stress intensity factor for a through-thickness crack 

in flexure of beams of various thicknesses. Also shown is the superimposed R-curve and 

crack arrest positions. 

For the larger specimens, more significant strength degradation is predicted.   Among the 

main outcomes of Swain (1990) study was that as the strain increased, there was a sharp 

decrease in the elastic modulus.   This leads to a remarkable reduction in the peak stress 

intensity factor for specimens subjected to thermal shock. 
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CHAPTER THREE 

3.0 HYDROXYAPATITE AND BONE PARTICLE-DOPED CERAMIC WATER 

FILTERS FOR THE REMOVAL OF FLUORIDE AND BACTERIA 

 

3.1 INTRODUCTION 

The fluoride content of drinking water is generally good for the human body if its 

concentration falls within the World Health Organization (WHO) limit of 1.5mg/L (WHO, 

1984; He et al., 1996). Within this limit, fluoride prevents dental caries or tooth decay. 

However, fluorosis occurs when the fluoride concentration exceeds this limit. The following 

three types of fluorosis have been reported: dental fluorosis (fluoride content between 1.5 

mg/L – 4.0 mg/L) characterized by pitting, mottling and browning of teeth; skeletal fluorosis 

(fluoride content between 4.0 mg/L- 8.0 mg/L) associated with skeletal malfunctioning and 

the weakening of bones; and crippling fluorosis (beyond 10 mg/L) characterized by the 

growing together of bone,  fusion of bone junctions and consequently, total immobility 

(Fawell et al., 2006; WHO, 2011; Zereffa et al., 2017). 

 

When the fluoride concentration is between 0 and 1.5 mg/L in the human body, the F- ions 

replace the OH- ions in the hydroxyapatite to form fluorapatite in the bone (Fawell et al., 

2006). The formation of fluorapatite prevents dental caries by resisting acid attack by forming 

a protective layer on the tooth enamel. However, the excessive intake of fluoride into the 

body results in the total replacement of phosphates [(PO4)3] in the bone by fluorides leading 

to the formation of calcium decafluoride, a hard, brittle structure unsuitable for skeletal 

functioning (Lai et al., 2003; Fawell et al., 2006; Ismail et al., 2018). Excess fluoride in the 
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body can also lead to the degeneration of muscle and fiber, low hemoglobin levels, red blood 

cell deformities, excessive thirst, headache, skin rashes, depression, gastrointestinal 

problems, urinary tract malfunctioning, nausea, abdominal pains, tingling sensations in the 

fingers and toes, reduced immunity and neurological manifestations (Thole et al., 2011; 

Dang-I et al., 2013). 

 

In many cases, fluoride is present in natural water sources (Yamada et al., 1988), which can 

be traced to industrial effluents and agricultural wastes such as herbicides, fungicides, and 

germicides. Furthermore, natural occurrences, such as the weathering of rocks, 

sedimentation, and volcanic eruption of fumaric gases and thermal waters, can contribute to 

fluoride formation (Symonds et al., 1988; Fawell et al., 2006). Groundwater can also have 

very high fluoride content due to the leaching of minerals (WHO, 1984; Li et al., 1991; Li et 

al., 1995). 

 

Fluorosis associated with high fluoride content in drinking water has been reported to be 

high in many areas in East Africa (Fawell et al., 2006) and some parts of North Africa, 

Southern Africa (Fawell et al., 2006), the Middle East, and Germany (Thole et al., 2011). In 

some regions of Tanzania, fluoride levels as high as 18.6 mg/L have been reported (Fawell 

et al., 2006). Similar high fluoride content levels have also been reported in India (Thole et 

al., 2011; Prajapah, M. et al., 2017), Kenya, and Burkina Faso (Fawell et al., 2006). There is, 

therefore, a need to remove excess fluoride from fluoride-contaminated water with high 

fluoride contents. This is especially true for deep groundwater sources, where the levels of 

fluoride contamination may exceed the WHO limits for safe drinking water (WHO, 2011, 

Nigay et al. 2018).  In any case, the de-fluoridation of water can be achieved by: diluting high 

fluoride water with low fluoride water; introducing chemicals with high Ca or Mg content 

(Nan, 2012; Bratovic et al., 2014; Enyenw, A.Z. et al., 2017), or doping with materials that 

adsorb fluoride from contaminated water.  
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Prior work has shown that fluoride ions can be removed from water by CWFs mainly through 

adsorption and ion exchange processes (Kaniewski et al., 1985; Fan et al., 2003). Different 

adsorbents have also been used for fluoride removal. They include: activated alumina, 

carbon, bone, charcoal, activated sawdust, calcite, serpentine, magnesia, tricalcium 

phosphate, and activated soil sorbents (Thole et al., 2011). However, in most cases, the 

removal of fluoride is achieved without removing microbial pathogens that are often present 

in groundwater sources prior to the point-of-use (Ajibade, F.O. et al., 2019). 

 

The need to remove excess fluoride and microbial contaminants (from drinking water) 

stimulated prior work from our research group on the development of hydroxyapatite (HA)-

doped ceramic water filters (Yakub et al., 2013).  This study clearly showed that the doping 

of CWFs with HA (Clay-HA) could significantly reduce fluoride levels to safe levels for human 

consumption.  It also showed that E. coli removal levels (from the CWFs) were comparable 

to those reported previously for undoped CWFs (Clay only) that have been used extensively 

for the purification of water in rural/urban settings (Yakub et al., 2012; Nigay et al., 2019). 

However, although the doping of CWFs (with HA) has been shown to be effective in the 

removal of fluoride, there are concerns about the availability and the cost of hydroxyapatite 

in rural settings especially in low resource environments. Hence, although the effectiveness 

of HA in Fluoride and bacteria removal has been demonstrated. There is a need to explore 

the potential role of locally available animal bone substitutes (which are a rich source of HA 

in rural/urban communities across the world).  

Thus, the current work will compare the effectiveness of frustum shaped CWFs doped with 

BPs or HA. Such concerns have stimulated the current work on the use of bovine (cow) 

bone particles because they are composed of 65-70% of hydroxyapatite Ca10(PO4)3(OH)2. 

(BPs) as alternatives to HA in the doping of CWFs that can remove fluoride and microbial 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

107 

pathogens from contaminated water. The filters are sintered at two different temperatures 

(850oC and 900oC) with apatite from two different sources (chemically synthesized 

hydroxyapatite powder and bovine bone particles). The fluoride and bacterial (E.coli) 

removal characteristics of the Clay-HA and Clay-BP CWFs are then elucidated along with 

the flow characteristics of the filters. 

The implications of the results are discussed for the transportation of robust CWFs and the 

purification of groundwater with fluoride and microbial contamination in rural/urban low 

resource settings. Freundlich isotherms are used to characterize the fluoride adsorption of 

the filters. 

 

 

 

 

 3.2 MATERIALS AND METHODS  

3.2.1 Materials  

Redart clay was procured from The Ceramic Shop, Cedar Heights, Norristown, PA. Sawdust 

containing 75% oak and 25% Spanish cedar was obtained from J. B. Sawmill, Hopkinton, 

MA. Hydroxyapatite (Sigma-Aldrich, St. Louis, MO) and bovine (cow) bone grits (Institute of 

Agriculture and Research Training, Ibadan, Nigeria) were used as sources of apatite. The 

sawdust and bone grits were sieved with a 500 micron/35 mesh sieve to obtain sawdust and 

bone particles. The particle size distribution was determined by laser granulometry analysis 

(Mastersizer 3000, Malvern Instruments, Malvern, UK). 

 

3.2.2 Processing of Ceramic Water Filters 

Three types of CWFs were produced.  The first consisted of a mixture of clay, sawdust, and 

HA in a weighted ratio of 30:50:20, while the second consisted of a mixture of clay, sawdust, 
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and bovine bone particles (BPs) in a weighted ratio of 30:50:20 while the third was a mixture 

of clay and sawdust in a ratio of 50:50 by weight. The mixtures of clay, sawdust, and HA or 

BPs were then poured into an industrial mixer (Avantco-Mix 20, The Hobart Manufacturing 

Company, Troy, OH) before blending for 5 minutes with the intermittent addition of deionized 

water to the mixture.  Blending and wetting were continued until the mixtures rolled up into 

single big lumps.  A total of 1.8 to 2.0 L of water was used up in the blending process (PFP, 

2008; Anaan et al., 2016; Iyasara et al., 2016; Mbey et al., 2019). 

  

The single lumps were inserted between male and female frustum-shaped molds in a 50-ton 

hydraulic press (TM Torin Big Red Jacks, Inc, Ontario, Canada). Plastic bags coated with 

non-stick cooking spray were wrapped around the male and female molds prior to manual 

pressing with the hydraulic press at a pressure of 140 kPa (20 psi) to press out the filters. 

After pressing, the filters were labeled for identification and air-dried for 6 days in the 

laboratory at room temperature (25oC) and relative humidity of 40%. The air-dried CWFs 

were then fired in a kiln (Dragon Kiln with Sentry 2.0 microprocessor, Paragon Kilns, 

Mesquite, TX). Pre-heating was carried out between 450-550oC for three hours (heating at a 

rate of 50oC/h) to burn off the combustible (sawdust). This was followed by heating the 

CWFs (at 100oC/h) to the sintering temperatures of 850oC or 900oC to avoid thermal 

cracking of the CWFs produced.  The furnaces were held at these temperatures for 5 hours 

prior to furnace cooling to room temperature (25oC) in air. The adsorption isotherm was 

determined by using Freundlich isotherm because it is empirical. 

 

3.2.3 Material Characterization 

The constituents of the CWFs (Redart clay, sawdust, HA or BPs) and the mixed adsorbents 

of clay-HA and clay-Bone were characterized using an energy dispersive X-ray (EDX) 

spectroscopy system (Oxford Instruments, Abingdon, UK) in an environmental scanning 

electron microscope (ESEM) (Quanta 200 Field Emission FE-ESEM, FEI, Hillsboro, OR).  
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The structures of the clay, HA, bone, clay-HA, and clay-bone powders were studied using a 

powder X-ray diffraction system (D8 Focus X-ray Diffractometer, Bruker, Billerica, MA) under 

Cu-K radiation (  = 1.5406). Scanning was carried out every 2 seconds at 0.05o increments 

and an angle of 2  degrees.  

 

The microstructure and morphologies of the components were also studied using a field 

emission scanning electron microscope (Quanta 200 FE- ESEM, FEI, Hillsboro, OR) that 

was operated under Back-Scattered Imaging (BSI) and Secondary Electron Imaging (SEI). 

The porosities of the CWFs were determined by means of a vacuum immersion method 

described in detail in prior work in our research group (Nigay et al., 2019). Porosity 

calculations were made using equation 1, where W1 = initial weight, W2 = weight when 

moved out of distilled water, and W3 = weight in distilled water (Fernanda Andreola et al., 

2016).  

      
     

     
                   

 

The permeabilities of the CWFs were estimated from Darcy's law stated in equation 2, where 

k = permeability, A= surface area, L = thickness of the material,    = dynamic viscosity of 

water,            pressure difference between top and bottom of the surface. 

  
    

  
                   

 

3.2.4 Flow Rate Measurements 

The water flow rates (through the filters) were determined for six of the CWFs fired at 850oC 

and 900oC. A standard reference PFP filter (composed of 60:40 clay: sawdust and colloidal 

silver overlay) was also tested as a control.  Since the flow rate testing methods were similar 

to those used in earlier studies by our research group (Yakub et al., 2012 and 2013; Annan 
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et al., 2014 and 2016; Nigay et al., 2018 and 2019), they will only be described briefly in this 

paper.  Prior to flow rate testing, the CWFs were filled with 10 L of deionized water.  The 

water was then allowed to flow through the ceramic walls into a collecting bucket that was 

mounted on a PGL 20001 weighing balance (Adam Equipment, Oxford, CT, USA) that was 

connected to a computer for data acquisition. In this way, the volume of water discharged 

was obtained by dividing the mass of the filtered water by the density of water (1 g/cm3). The 

volumetric flow rates were determined from measurements of the filtered volumes of water 

over 24-hour durations.  

 

3.2.5 Fluoride Removal  

A fluoride stock solution with a concentration of 1000 ppm was prepared by dissolving 

sodium fluoride (Fisher Scientific, Fair Lawn, NJ) in deionized water. 5L of the fluoride 

solution (pre-filtrate) was poured into the HA- or BP-doped CWFs placed in plastic 

receptacles. After 6 hours of filtration, the discharged water (filtrate) was collected. The 

fluoride concentrations in the pre-filtrate and filtrate solutions were determined using an Ion 

Chromatography System (ICS) (Dionex ICS 6000, Thermo Fisher Scientific, Waltham, MA).  

Solutions with known fluoride concentrations were also prepared by serial dilutions of the 

stock fluoride solution and run with the ICS to generate the calibration curves used to 

determine the fluoride concentrations.  

 

3.2.6 Bacteria Removal   

The bacteria removal provided by the six CWFs (sintered at 850oC and 900oC) was 

characterized using Escherichia coli (E. coli) bacteria (C-300 Strain, ATCC, Manassas, VA, 

USA). The E. coli were cultured in nutrient broth at 37oC for 24 hours in a shaker incubator 

(Model G25, New Brunswick Scientific, Edison, NJ, USA) that was operated at 100 rpm until 

the stationary phase was reached. 4mL of the stationary phase culture was then mixed with 
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4L of sterile deionized water to produce pre-filtrate suspension containing approximately 106 

to 107 colony forming units (cfu/ml). The 4L of pre-filtrate was then poured into the CWF prior 

to the collection of the filtrate into a covered plastic bucket. The pH of the pre-filtrate and 

filtrate solution was then measured with a pH meter (Platinum Series pH Electrode, Model 

51910, Hach, Loveland, CO). 

 

The number of viable cells (concentration of E. coli) in the pre-filtrate (Cpf) and filtrate (Cf) 

suspensions were determined by serially diluting the suspensions and plating 1mL aliquots 

onto E. coli count plates (Petrifilm, 3M, St. Paul, MN). The plates were then incubated at 

37oC for 18 - 24 hours before counting the number of colonies on the Petrifilm. The 

concentrations of E. coli in the suspensions were then determined as the number of colony 

forming units per ml (cfu/mL). These were used to calculate the percentage removal and log 

reduction values (LRVs) (yield filtration efficiency) from equations 3 and 4:          

          
      

   
                       

          (     ⁄ )                            

             

where Cpf is the concentration of E. coli in the pre-filtrate suspension (cfu/ml), and Cf is the 

concentration of E.coli in the filtrate suspension (cfu/ml). The values obtained are presented 

in figure 4.4. 

 

 

 

3.2.7 Mechanical Properties 

The mechanical properties of the CWFs were characterized via compressive, flexural, and 

fracture toughness tests. The samples were made from the top sections of each CWF 
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(considering the bottom, middle and top sections). Samples were cut in a vertical direction 

with a wet tile saw. All the mechanical tests were carried out using an Instron Model 3366 

electromechanical testing machine (Instron, Canton, MA, USA), with different fixtures for 

compression and three-point bending, equipped with a 5kN load cell.  

 

Rectangular specimens with dimensions (length, L = 17.5 cm; breadth, B = 2.5 cm, and 

thickness, H = 1 cm) were used for the three-point bending tests, which were carried out at a 

constant displacement rate of 1 mm/min until the onset of fracture (Fan et al., 2013, Nigay et 

al., 2018) with a loading span of 15 cm. The flexural strength, was calculated from equation 

5, where Fmax is the maximum force; L is the loading span; B is the breadth, and H is the 

sample thickness (ASTM, 2017).  This gives: 

  
      

    
                   

                                                                 

 

The compressive strengths of the CWFs were estimated by compressive loading of 

rectangular specimens with length, H, of 7.0 cm, breadth, B, of 2.5 cm, and thickness, H, of 

2.5 cm.  The samples were loaded monotonically to failure at a rate of 0.1 N/s.  The 

compressive strengths were calculated from the following expression: 

   
 

  
                   

where P is the failure load, B is the specimen breadth, and H is the specimen thickness.   

 

The fracture toughnesses of the CWFs were determined using Single Edge Notched Bend 

(SENB) specimens with dimensions of 17.5 x 2.5 x 1 cm3, notch depths of 2 mm, and length 

to width ratios of 0.40 - 0.45. These were tested under three-point bending at a loading span 

of 15 cm. The specimens were loaded at a displacement rate of 0.1 mm/min until a pop-in 
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was observed at the notch. The fracture toughness KIc was then estimated from the following 

expression: 

     (
 

 
)                           

where a is the crack length,  (
 

 
)  is the compliance function of the specimen, and      is the 

fracture stress. 

 

3.2.8 Statistical Analysis 

The results obtained from 15 fluid flow experiments, bacterial and fluoride removal (LRV) 

experiments, and the mechanical property measurements (on the CWFs) were subjected to 

statistical analysis. The statistical variations in the measured values were then subjected to 

the Kolmogorov-Smirnov statistical test to determine whether the measured variations could 

be characterized by normal distributions, with values of p that were taken to be significant at 

a significant level of 0.05.  

The CWFs tested gave values between 1.33 and 1.34 for the process capability index. This 

implies that the process used produces CWFs that meets customers‘ specification limits.   

 

3.3 MODELING OF ADSORPTION KINETICS  

The adsorption of fluorides can occur in the following stages: (1) the bulk diffusion of fluoride 

ions to the surfaces of the adsorbent, and (2) intra-particle or pore diffusion processes.  

Hence, the following two models were explored in the study (Yakub et al., 2013): 

                               

                             

where   is the fractional attainment of equilibrium, t (min) is the duration of adsorption, and 

   (mg/g) is the quantity of fluoride adsorption at any given time, t.    (min-1) is the inter-

particle rate constant, while    (mg/g.min1/2) is the diffusion rate constant.  
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The adsorption of HA and BPs to the CWFs can be fitted to the Freundlich isotherm (Yakub 

et al., 2013).  This gives:  

       
  ⁄

                   

where 1/n and Kf (mg1−1/nL1/ng-1) (mgL-1/nL1/ng-1) are Freundlich constants that depend, 

respectively, on the adsorption intensity and adsorption capacity, qe (mg/g), calculated from: 

   
            

 
                    

where Co and Ce are initial and equilibrium concentrations of fluoride in mg/L, V (L) is the 

volume of fluoride solution, and m (mg) is the mass of adsorbent.  The Freundlich constants 

were obtained from plots of ln(qe) versus ln(Ce). 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Material Characterization 

SEM + EDX images of the sintered structures of the Clay-HA, Clay-Bone and Clay only 

CWFs are presented in Figures 4.1a - 4.1f. EDX determines elements with atomic number of 

11 upward. Therefore, it reveals the presence of calcium, phosphorous and oxygen because 

the three elements have atomic numbers 20, 15 and 16 respectively. This is consistent with 

the presence of hydroxyapatite in both mixtures. The presence of the carbon peak also 

confirms the presence of sintered carbon residue from the combustion of sawdust [Annan et 

al., 2016].  The analysis also suggested that the amount of sintered carbon was greater after 

sintering at 900oC (compared to that obtained after sintering at 850oC). Such sintered carbon 

can increase the adsorption of chemicals and bacteria during ceramic water filtration (Dang-I 

et al., 2013; Yakub et al., 2013). 

                            



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

115 

      

                                 (a)                                                                 (b)    

 

      

                                (c)                                                               (d) 
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                                  (e)                                                                               (f) 

 

Figure 3.1:  SEM micrographs of: (a) Clay-HA CWF sintered at 850oC; (b) Clay-BP CWF 

sintered at 850oC, and (c) Clay only CWF sintered at 850oC; (d) EDX spectrum of Clay-HA 

sintered at 850oC; (e) EDX of Clay-BP spectrum CWF sintered at 850oC; (f) EDX spectrum 

of Clay only CWF sintered at 850oC. 

 

The XRD patterns obtained for bone particles and the HA are presented in Figure 4.2.  The 

peaks are in good agreement with those presented by the International Center for Diffraction 

Data for hydroxyapatite (File Number 73-0293). The XRD results also suggest that the 

higher sintering temperature of 900oC results in increased crystallinity of the HA.  The 

increased crystallinity will be shown in subsequent sections to affect the adsorption of 

fluoride. This is consistent with the results of prior work by Fawell et al. (2006) and Li et al. 

(1991), who have shown that more crystalline components are associated with reduced 

levels of adsorption. 
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                                    (a) 

 

 

                                       (b) 
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                                                (c) 

 

                                             

 

                                                  (d) 

 

Figure 3.2: XRD patterns of the materials used in BP- and HA-doped CWFs: (a) bovine bone 

particles; (b) Redart clay; (c) hydroxyapatite, and (d) sawdust 

  

3.4.2 Effects of Sintering Temperature on Adsorption Isotherms 

A plot of ln(qe) against ln(Ce) is presented in Figure 4.3 for the filters that were examined in 

this study. These resulted in Freundlich constants that are summarized in Table 4.1a-c. The 

correlation coefficient obtained from the Freundlich fit was 0.99871, which implies 
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heterogeneity of the adsorption process. The Freundlich isotherm is chosen because it is 

empirical, i.e it gives full account of the adsorption process with high coefficient of 

determination. 

 

During sintering, the color of the mixtures changed gradually from dark brown to reddish-

brown, and finally to a red color.  This is consistent with the presence of calcium in the 

mixtures, which gives the mixtures their brick red color after firing. The temperature effect 

that results from the Gibbs free energy change   G) is given by: 

                               

where  G (Kg/mol) is the change in the Gibbs free energy, n is the number of moles, R is the 

universal gas constant of 8.314 Jmol-1K-1. T is the absolute temperature in Kelvin, and Keq is 

the thermodynamic distribution coefficient.  The degree of spontaneity was higher in CWFs 

with lower levels of C-HA or C-Bone adsorbents. No obvious trend was observed in the 

effect of sintering temperature on the Gibbs free energy. 

                                   

          

                                   (a)                                                            (b) 
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                                                                                       (c) 

Figure 3.3: Freundlich plot of the log of fluoride adsorbed (qe) versus the log of concentration 

at equilibrium (Ce). 

(d) Freundlich plot for Clay-HA  

(e) Freundlich plot for Clay-Bone 

(f) Freundlich plot for Clay only 

 

Table 3.1a: Initial and equilibrium concentration and the amount of fluoride adsorbed 

for Freundlich adsorption for Clay only. 

Co (mg/L) Adsorption (nm) Ce (mg/L) Co – Ce (mg/L) qe (mg/g) 

5.0 -0.089 0.039 4.961 3.895 

10.0 -0.116 0.161 9.839 7.688 

15.0 -0.126 0.207 14.793 11.426 

20.0 -0.146 0.278 19.722 15.542 
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TABLE 3.1b:  Initial and equilibrium concentration and amount of fluoride adsorbed 

for Freundlich adsorption  for Clay-HA 

Co (mg/L) Adsorption (nm) Ce (mg/L) Co – Ce (mg/L) Qe (mg/L) 

5.0 -0.192 0.041 4.959 4.965 

10.0 -0.221 0.178 9.822 7.534 

15.0 -0.330 0.221 14.779 11.113 

20.0 -0.452 0.284 19.716 14.212 

 

 

TABLE 3.1c:  Initial and equilibrium concentration and amount of fluoride adsorbed 

for freundlich adsorption  for Clay-Bone 

Co (mg/L) Adsorption (nm) Ce (mg/L) Co – Ce (mg/L) Qe (mg/L) 

5.0 -0.214 0.044 4.956 7.547 

10.0 -0.342 0.183 9.817 9.134 

15.0 -0.428 0.251 14.749 16.013 

20.0 -0.543 0.298 19.702 20.512 

 

 

3.4.3 Fluoride and Bacteria Removal Efficiency 

The fluoride removal was greater in the CWFs with bone particle mixtures than those 

of Clay-HA and Clay only CWFs. Furthermore, the fluoride removal was higher in the 

filters that were sintered at 850oC than those that were sintered at 900oC as shown in 

Figure 4. The higher levels of fluoride removal at 850oC are associated with higher 

levels of HA crystallinity, which have been correlated with increased adsorption. 

Furthermore, the bacterial removal was found to be similar in Clay-HA, Clay-Bone 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

122 

and Clay only CWFs. This is consistent with the similar ranges of pore sizes in the 

CWFs that were sintered at 850 and 900oC. 

 

         

 

                                             (a)                                                                                      (b) 
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Figure 3.4: Plot of LRV values for Fluoride and E.coli removal of Clay-HA, Clay-Bone and 

Clay only CWFs at different sintering temperatures: 1 and 2 are for sintering temperature of 

900oC; while 3 and 4 are for sintering temperature  of 850oC. 

(c) plot of LRV values for fluoride removal of Clay-HA, Clay-Bone and Clay only at 

different sintering temperatures. 

 

(d) plot of LRV values for E.coli removal of Clay-HA, Clay-Bone and Clay only at 

different sintering temperatures. 

 

 

For E.coli LRV, the mean value for Clay-HA is 4.75 ± 0.17, while for Clay- Bone is 4.78 ± 

0.18 and that of Clay only is 4.74 ± 0.17. 

Hence, the current work suggests that the doping of CWFs with BPs is more effective in the 

processing of filters with improved fluoride and bacterial removal. Furthermore, the flow 

characteristics through the doped CWFs are similar to those through undoped CWFs 

produced by sintering at 850oC. However, higher flow rates of 2.2Lh-1 were obtained from 

CWFs that were sintered at 900oC.   

The adsorption of fluoride also increases as the pH increases (i.e., more OH- ions) from 1.35 

to 2.74 molcm-2. Hence, as F- ions are adsorbed, there is a greater tendency to form CaF2 

on the surfaces of the CWFs (Figure 5). Such formation and accumulation of CaF2 can 

cause skeletal/crippling fluorosis if the particles leach out into the filtered water. Finally, it is 

important to note that the fluoride removal can be attributed to similar ionic radii of the F- and 

OH- ions, which have respective ionic radii of 1.36 and 1.40 Angstroms. Ion exchange can, 

therefore, occur relatively easily between the two ions in solution. Furthermore, the central 

metal ion (Al3+) in the Redart clay structure exerts a Columbic attraction on the F – ions, 

which favors fluoride removal. 

3.5 STATISTICAL DISTRIBUTIONS RESULTS FOR THE CERAMIC WATER FILTERS 

This will be discussed under the following subheadings: 
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3.5.1 Porosity of the Ceramic Water Filters 

The statistical distribution of the percentage porosity obtained after firing of Clay-HA, Clay-

Bone and Clay only ceramic water filters at temperatures of 850oC and 900oC is presented in 

Figure 5a. The values range between 34.50 and 48.50% by volume because the pores are 

homogeneous and well scattered into the clay matrix. This can be related to the sieving of 

the sawdust giving rise to smaller particle sizes, as shown in Figure 5c. It is observed that 

the porosity of the filters is well represented by a normal distribution. 

 

 

3.5.2 Flow Rate Performance of the Ceramic Water Filters 

The flow rate of the filters was determined to be 1.4 - 2.2  L.h-1. This is within the range of 

1.3 – 2.0 L.h-1 reported by Yakub et al. (2013). The statistical variations in the flow rate 

values (obtained from multiple flow rate measurements) were also normally distributed with a 

p-value of 0.65 (Figure 3.5b). This may be traceable to the doping of the filters with HA or 

BPs, which increases the porosity and consequently the permeability. Conversely, the 

standard deviation is of significance. The range of the flow rate is from 0.5 to 3.5 Lh-1, as 

highlighted in Figure 3.5b. The spread of the distribution could not be linked with the porosity 

of the CWFs shown in Figure 3.5a, with a narrow distribution of 39.5   0.27 %. The 

difference may be due to the moisture of the ceramic water filters.  Whenever filters are not 

thoroughly soaked before water is brought in, some pre-adsorption occur before water starts 

flowing. This reduces the volume that remains in the filter, consequently lowering the 

pressure on the base of the filter and reducing the flow rate. However, the normal distribution 

of the flow rates (Figure 3.5b) affirms that 10L of water in the ceramic water filter is 

discharged in about 5 hours. Hence it could filter at least 40L of water in a day. 

 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

125 

                                                                                                           

     

                                     (ai)                                                                    (aii) 

                                         

 

                                       (aiii) 

 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

126 

     

                                        (bi)                                                                                (bii) 
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                                        (ci)                                                                                             (cii) 

 

 

                                           (ciii) 

 

Figure 3.5: Distributions of percentage porosity, flow rates and the particle size distribution 

for the ceramic water filters. 

(b) Distribution of porosity percentage; (b) Distribution of flow rate obtained; (c)Particle 

size distributions; for Clay-HA, Clay-bone and Clay only ceramic water filters. 
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3.5.3 Filtration Performance of the Ceramic Water Filters 

The LRV for E. coli for Clay-HA, Clay-bone and Clay only CWFs were 4.71   0.17, 4.73 

  0.18 and 4.69   0.17  (Figure 4.6a) with a removal efficiency of 99.997%, which is higher 

than that obtained from the literature (LRV = 4.00) for a  standard filter (van Halem, 2006; 

Nair, C.S. et al., 2017). This is traceable to the high porosity of the CWFs in which the 

bacteria are trapped (Yakub et al., 2012; Venis, R.A.et al., 2020; Haiyan, Yang et al., 2020; 

Akosile, S.I. et al., 2020). The result also reveals that the distribution of the LRV for bacteria 

contaminants' standard deviation is comparatively narrow, from 4.47 (99.9956%) to 4.89 

(99.9966%). This narrow distribution of LRV corresponds to a slim distribution of porosity but 

at variance with the large distribution of flow rate. This implies that the LRV for the bacterial 

contaminant is proportional to percentage porosity. In contrast, the flow rate did not exert 

any meaningful effect on the LRV of bacteria removal. The distribution of E. coli LRV is 

represented by a normal distribution (Figure 4.6a). This affirms that the doped filters are 

effective for removing bacteria contaminants.  

 

Figures 3.6b present a normal LRV distribution for fluoride removal by the CWFs. It could be 

noted that the HA-doped CWFs gave fluoride LRV of 2.02   0.15 with an efficiency of 

99.992%, BP-doped CWFs gave fluoride LRV of 3.02   0.21 with an efficiency of 99.995% 

while clay only CWF gave 0.44   0.17 with the least efficiency. This suggests that the HA- 

and BP-doped CWFs are less effective in fluoride removal than E. coli removal. It also 

implies that the LRV for fluoride contaminants does not depend on the porosity or flow rate, 

which has a broad distribution of values. However, Figure 3.6 shows that the adsorption and 

removal of fluoride from contaminated water was time-dependent. 

 

Basically, the removal of chemical contaminants from drinking water is controlled by the 

substitution mechanism (nucleophilic) whose kinetics are faster than the flow rate of CWFs. 
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It can be noted that values for the LRV for chemical contaminants are normally distributed 

with a p-value of 0.95. Hence the probability of contamination is minimized by a low standard 

deviation. This enables the doped-CWF to be more capable of removing chemical 

contaminants regardless of their restricted efficiency.  
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                                          (bi)                                                                                 (bii) 

 

     

                                   (biii) 

Figure 3.6: Measurements of LRV obtained for E.coli and fluorides from Clay-HA, Clay-bone 

and Clay only ceramic water filters.  (a) Distribution of LRV obtained for E.coli for Clay-HA, 

Clay-bone and Clay only ceramic water filters. (b) Distribution of LRV obtained for Fluoride 

for Clay-HA, Clay-bone and Clay only ceramic water filters. 
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3.5.4 Mechanical Performance of the Ceramic Water Filters 

Figure 3.7a represents the distribution of the mechanical (compressive) strength obtained 

after firing the doped CWFs at 900 oC. The doped CWF has mechanical strength in the 

range of 0.49 - 0.71 MPa. This range is lower than the value available in the literature; 3 - 4 

MPa (Yakub et al., 2012). This can be traced to the high percentage porosity (Figure 6a) 

with microscopic pores creating defects (Nigay et al., 2018). The HA and BPs that are 

introduced without chemical interaction into the clay matrix may contribute to the fracture. 

 

However, filtration experiments reveal that the mechanical strength is good enough for 

application in household water treatment. This is evident when several filling of the CWF is 

done to its maximum without failure. The values of the mechanical strength range from 0.49 

to 0.71 MPa (Figure 3.7a). This may be due to homogeneous pores and scattering of the 

additives in the clay matrix arising from sieving of the doping materials and sawdust (Nigay 

et al., 2018). 

 

Figure 3.7c shows the distribution of the fracture toughness obtained after firing the CWF at 

900 oC. The fracture toughness has a range of 0.15 - 0.21 MPa.m1/2. This range is lower than 

those obtained from literature, which is 0.35 – 0.37 MPa.m1/2 (Plapally et al., 2011). This may 

result from the mechanical strength and fracture toughness that are related to the structure 

of the CWF.  The high percentage porosity of the dopants used (HA and BPs) gave rise to 

slightly low mechanical properties. Yet, the homogeneous pores and the scattering of the 

dopants in the clay matrix ensure their reliability. 

 

It is observed that the mechanical properties (compressive, flexural, and fracture toughness) 

are normally distributed (Figure 3.7) with p-values approx. 0.96. This implies that the 

probability of fracture can be predicted, making both the HA and bone-doped CWFs fit for 
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use in household water treatment. Table 3.4 summarizes the mechanical properties of the 

HA- and BP-doped CWFs at the 850 and 900oC sintering temperatures. 
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                                          (ci)                                                                          (cii) 

 

                                    (ciii) 

Figure 3.7: Statistical distributions (probability density functions) of mechanical properties: 

(a) compressive strengths of the CWFs doped with 20 wt.% of Clay-HA, Clay-bone and Clay 

only; (b) flexural strengths of CWFs doped with 20 wt.% of Clay-HA, Clay-bone and Clay 

only, and (c) fracture toughness of the CWFs doped with 20 wt.% of Clay-HA, Clay-bone and 

Clay only. 
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Table 3.2: Mechanical properties (flexural strengths, fracture toughness, and compressive 

strengths) of the bone-doped and HA-doped CWFs. 

 

CWF Type Sintering 

Temperature 
oC  

 Flexural 

Strength 

(MPa) 

Fracture 

Toughness 

(MPa.m1/2) 

Compressive Strength 

(MPa) 

Clay-HA 900 3.02 ± 0.02 0.20 ± 0.01 0.67 ± 0.02 

Clay-Bone 900 3.05 ± 0.03 0.21 ± 0.02 0.71 ± 0.03 

Clay only 900 3.01 ± 0.02 0.19 ± 0.01 0.66 ± 0.02 

Clay-HA 850 2.68 ± 0.03 0.17 ± 0.02 0.51 ± 0.03 

Clay-Bone 850 2.71 ± 0.04 0.19 ± 0.03 0.54 ± 0.04 

Clay only 850 2.66 ± 0.03 0.15 ± 0.02 0.49 ± 0.03 

 

At sintering temperature of 900oC, the mean value of Flexural strength for the three CWFs is 

3.03 ± 0.02, while at sintering temperature of 850oC, the mean value for their flexural 

strength is 2.68 ± 0.03  

Also, for fracture toughness, at sintering temperature of 900oC, the mean values for the 

three CWFs is 0.20 ± 0.01, while at sintering temperature of 850oC, the mean value for their 

fracture toughness is 0.17 ± 0.02. 

At a sintering temperature of 900oC, the mean value of Compressive strength is 0.68 ± 0.02 

while at sintering temperature of 850oC, the mean value for their compressive strength is 

0.51 ± 0.03 

 

 3.6 IMPLICATIONS 

The implications of the current work are significant for the development of CWFs that can 

remove fluoride and microbial contaminants from contaminated groundwater.  Unlike prior 

work that focused solely on the use of hydroxyapatite doping of clay, the current work 

compares the effects of HA-doping with the effects of BP-doping with bovine bone particles.  

BP-doping of the CWFs is found to improve the adsorption of fluoride more than synthetic 
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HA doping.  BP doping is also found to increase the removal of E. coli from contaminated 

water. The lower cost BP-doped filter, which can be produced from locally available bovine 

bone particles, is shown to be more effective in the removal of microbial pathogens (E. coli) 

and fluoride from contaminated water.  This is particularly important in low resource settings 

in rural/urban environments in which synthetic HA may not be readily available.  In such 

scenarios, bovine bone particles can be easily processed into clay/bone particle mixtures 

that can be used for the effective removal of fluoride and bacteria from contaminated 

groundwater. The resulting CWFs are likely to be affordable to people in low resource 

settings due to the low cost and availability of bone particles in rural/urban environments.   

The results presented in this paper also suggest that the removal of the fluoride by the 

doped HA or BP particles is pH-dependent, with higher pH values resulting in higher 

concentrations of adsorbed fluoride that can result ultimately in the formation of calcium 

fluorite (CaF2), which can cause bone deformities in humans that are exposed to higher 

fluoride/fluorite concentrations.  There is, therefore, a need to clean such filters more 

regularly, especially in scenarios in which the pH of the locally available groundwater is high.   

 

Above all, there is a need to ensure that the HA-doped or BP-doped particles are not used 

for durations that exceed their capacity to adsorb fluoride or occlude bacteria from water.  

This can be achieved via community management schemes that monitor the effectiveness of 

the CWFs on a regular basis.  Such schemes are needed to avoid the consumption of 

fluoride-contaminated water in low resource settings in which the local people have limited 

resources for the replacement of the filters.  These are clearly some of the challenges that 

must be addressed for the safe applications of the BP-doped and/or HA-doped filters in 

rural/urban communities. 
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3.7 SUMMARY AND CONCLUDING REMARKS 

The study presents the results of an experimental and theoretical study of the combined 

removal of fluoride and E. coli from contaminated water. CWFs with mixtures of clay, 

sawdust, and HA or BP are produced by firing at 850 and 900oC.  The resulting mixtures are 

shown to enhance the removal of both fluoride and E. coli from contaminated water.  Salient 

conclusions from this work are summarized below. 

1.  Micro- and nano-porous CWFs can be produced by the firing of clay mixtures with HA or 

bone particles.  The doped ceramic water filters have micro- and nano-porous structures 

with statistical distributions of pores that are well characterized by normal distributions. 

These also result in ceramic water filter flow rates that are between 1.89   0.36 and 1.76   

0.27 Lh-1. 

2.  The Clay-HA or Clay-BP CWFs trap bacteria in their micro- and nano-scale pores by 

geometrical occlusion.  This results in 4.91 and 4.89 log reduction in E. coli contents of the 

filtrates produced, respectively, by BP- or HA-doped CWFs. The resulting filtrates also have 

sufficiently low E. coli contents for safe drinking water.   

3.  The fluorides in the water are removed by the nucleophilic substitution that occurs in the 

hydroxyapatite network. The bone-doped CWFs exhibit higher LRV values (3.28) than HA-

doped CWFs (2.56).  Both Clay-HA and Clay-BP CWFs may, therefore, be used to remove 

fluoride from contaminated groundwater sources that may also contain microbial pathogens.  

4.  The statistical analysis of the results obtained from this study suggest that the flow rates 

through the HA- and BP-doped CWFs are well characterized by normal distributions.   

5.  The removal of fluoride from the HA-doped and BP-doped CWFs is well characterized by 

Freundlich isotherms.  Furthermore, the more crystalline HA components obtained after 

sintering at 900oC are associated with reduced levels of fluoride adsorption in the doped 

CWFs, compared to those in CWFs produced by sintering at 850oC. The best combination of 

E. coli removal and fluoride removal was achieved by the sintering of BP-doped clays at 

850oC.   
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CHAPTER FOUR 

4.0    EFFECTS OF SINTERING TEMPERATURE ON THE FILTRATION AND 

MECHANICAL PROPERTIES OF CERAMIC WATER FILTERS 

4.1 INTRODUCTION 

Waterborne diseases account for 3.6 million deaths every year (Brown et al. 2008, Tsao 

et al, 2016).  In most cases, these deaths are due to microbial impurities (Brown J.M. 

2007) that can cause infectious diseases such as diarrheal and death (Van Halem, 2006; 

WHO, 2011, 2015).  There is, therefore, a need for point-of-use water filtration systems 

that can remove microbial contaminants from water (Hwang, 2003; Clasen, 2007, 

Rayner, J. et al. 2013, 2016).  The need for potable water in rural/urban communities 

across the world has stimulated significant efforts to produce and distribute Ceramic 

Water Filters (CWFs) to communities across the world (Potters for Peace, 2008, Soppe 

et al. 2015).   

 

In most cases, the point-of-use CWFs are produced from locally available clays using 

well controlled mixtures of clay and saw dust (Potters for Peace, 2008). The CWFs can 

be of different shapes such as candle, pot, paraboloid, disc, hemisphere to mention but 

few. (Matthies K. et al. 2015). They are then transported, often through challenging road 

conditions, to rural/urban communities where they are used to filter contaminated water 

that often contains microbes like E. Coli. which can cause water-borne diseases such as 

dysentery, diarrheal, meningitis, hepatitis A and E, cholera, and myocarditis (Merderma, 

G.J. et al. 1998, Sullivian, R.K. et al. 2017, WHO/UNICEF 2017). There is a need to 

develop processing conditions that can reduce the likelihood of cracking during the 

transportation of CWFs. 
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Prior efforts to study the mechanical fracture properties of ceramic water filters have 

reported strength and fracture toughness values for filters that were produced under one 

sintering condition [Yakub, I.et al 2012; Annan et al. 2014; Nigay et al. 2017, 2018, 2019) 

using frustum shaped (flower pot) CWFs.  However, they have not explored the effects of 

sintering temperature, which is a key variable in the control pore/defect size distributions and 

the mechanical properties of CWFs. There are different shapes of CWFs, such as candle, 

flowerpot, paraboloid, disc, and hemisphere shaped CWFs (Matthies et al. 2015). However, 

different stress states are induced on the clay matrix when pressed in various mold shapes. 

Thus, the mechanical properties of different shaped CWFs will vary, depending not only on 

sintering temperature but also on the underlying stress states associated with the formation 

of the filters. There is, therefore, a need for further studies of the effects of sintering 

temperature on the mechanical properties and the filtration characteristics of frustum shaped 

CWFs. 

 

This paper presents the results of a combined experimental study of the effects of sintering 

temperature on the mechanical properties and the filtration characteristics of CWFs that are 

produced by the sintering of clay/sawdust mixtures with volume ratios of 50:50. The effects 

of sintering at 850oC, 900oC, and 950oC are explored in experimental and theoretical studies 

of the mechanical properties and filtration characteristics of the resulting micro-/nano-porous 

structures. This range of temperatures was used to avoid the thermal cracking of the CWFs. 

The underlying fracture and toughening mechanisms are elucidated before discussing the 

implications of the results for the fabrication, transportation, and use of CWFs for the 

purification of water in rural/urban communities. 

    

 

4.2 MATERIAL AND METHODS 
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4.2.1 Materials and Processing of Ceramic Water Filters 

 Redart clay (Cedar Heights, Pittsburgh, PA) and sawdust containing 75% oak and 25% 

Spanish cedar obtained from JB Sawmill, Hopkinton, MA, were used for the processing of 

the ceramic water filters. To vary their porosity after sintering, three 50:50 (volume %) of clay 

to sawdust mixture was molded and fired at 850oC, 900oC and 950oC to yield the CWFs. The 

sawdust was sieved using a 500 micron or 35 mesh wire sieves. The clay and sieved 

sawdust were then mixed in an industrial mixer (Avantco-Mix 20, The Hobart Manufacturing 

Company, Troy, OH), with intermittent addition of deionized water, until the mixture rolled up 

into a big lump (Iyasara A.C. et al, 2016).  The mixture was then manually shaped before 

inserting it between the male and female molds in a hydraulic press. Between 1.8 and 2.0 L 

of water was used in the blending. 

 

Prior to the hydraulic pressing, the male and female molds were covered with plastic bags 

that were coated with non-stick cooking spray. The blended mixture was placed between the 

female mold and the male mold.  A pressure of 140 kPa (20 psi) was then applied to the 

male mold.  This was used to press out the filter using a 50-tonne hydraulic press (TM Torin 

Big Red Jacks, Inc, Ontario, Canada).  After pressing, the filters were labelled for 

identification, and air-dried for 6 days in the laboratory at room-temperature (25oC) and 40% 

relative humidity.  

 

The air dried CWFs were fired in a gas kiln (Paragon Professional Series Dragon Kiln with 

Sentry 2.0 Microprocessor, Paragon Industries, Mesquite, Texas, USA). They were then pre-

heated to 450 – 550°C for three hours (50oC/h) to burn off the combustible (sawdust), prior 

to subsequent heating at a rate of 100oC/h to sintering temperatures of 850oC, 900oC, and 

950oC for 5 hours. The filters were then furnace-cooled in air to room temperature (25oC). 

The dimensions of the resulting frustum shaped CWFs obtained (Figure 1) were: Top 
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diameter = 30cm, height = 25 cm, and base diameter = 22 cm with a capacity of 10 L. A total 

of 9 CWFs were used for this study; 3 filters per sintering temperature (n = 3), unless 

otherwise stated.  

                              

Figure 4.1: An image of a representative frustum shaped ceramic water filter and a 

schematic of the different zones of the CWFs.  

The sintering temperature is very important in this study, hence the need to ensure that the 

stated temperature is maintained for the specified CWFs. This was achieved by using a 

thermocouple inside the kiln to detect the temperature for the controller to maintain the 

temperatures within a range of ±20F. In addition, a digital pyrometer was used to verify the 

temperatures generated by the internal thermocouples. Also, pyrometric cones were used to 

measure the heat work, and to ensure that consistent temperatures were maintained during 

the firing.   

                                      

 

4.2.2 Material Characterization 

Scanning Electron Microscopy (SEM) (XL 30; Philips, Amsterdam, the Netherlands) and 

Energy Dispersive X-Ray spectroscopy (EDX) were used to study the microstructure and 

local variations in chemistry of the porous structures that were produced. This was done 

using an Oxford EDS system (Oxford Instruments, Oxford, UK) in an Environmental 

Scanning Electron Microscope (ESEM) (Quanta 200 field emission FE-ESEM, FEI, Hillsboro, 

OR, USA). 
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4.2.3 Determination of Porosity and Permeability of CWFs 

The open porosities of the filters were determined via a vacuum immersion method. 

Samples with dimensions of 3 mm x 3 mm x 3mm were cut from four different locations on 

each of the three CWFs, i.e., the base and lower, middle, upper part of the side of filters. The 

samples‘ weights are taken when dry in air as initial weight, W1, before submerging the 

sample in distilled water within a beaker. The beaker was then placed in a vacuum of 29 

inches (i.e., a pressure of 25mm) for 3 hours at 26oC. The soaked samples were weighed 

under distilled water as W3, thereafter, the samples were removed, and their surfaces were 

wiped with tissue or cloth and weighed out of distilled water as W2.    

 

The weights (W3 and W2) of the saturated CWFs are assumed to be measured when   pores 

in them have been filled with water. W3 is expected to be lesser than W2 because of the 

upthrust on the weight inside water. 

The open porosity Popen was, thus, expressed as: 

                              
     

     
                                                             

The permeability µ (m2) of the CWFs was also determined under laminar flow in a fluid 

(nitrogen).  This was evaluated using the Darcy and Hagen Poiseuille laws, which are 

expressed as: 

  
  

 
 

 

     
 

   

     
                                 

where   is the dynamic viscosity of nitrogen at ambient temperature (25oC),   is the 

thickness of CWF piece, A is the cross section of the sample,   is the fluid volume moved 
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through the sample, and    and    are the respective constant pressures at the inlet and 

outlet of the sample. (Lantagne, D. 2002).  Prior to this, the three CWFs were saturated by 

total immersion in a tub containing distilled water (model D8611, Barnstead/Thermolyne, 

Hampton, NH, USA). The soaking was maintained for 12 hours. 

 

4.2.4 Determination of Flow Rates 

The water flow rates (through the porous membranes of the filters) were determined for the 

three types of CWFs that were fired at 850oC, 900oC and 950oC. A standard reference 

Potters For Peace filter (composed of 60:40 clay: sawdust and colloidal silver overlay) also 

fired at 850oC, 900oC and 950oC was subjected to flow rate determination to serve as a 

comparison. In each case, the volume of water discharged from the CWFs per time was 

used to estimate the flow rate (Cameron F, et al.2018; Annan et al. 2014; Lantagne, 2002).   

The pre-soaked CWFs were filled with 10 L of deionized water.  The flow of water through 

the porous ceramic membranes was then measured by collecting the discharged water in a 

receptacle that was mounted on a PGL 20001 weighing balance (Adam Equipment, Oxford, 

CT, USA) that was instrumented with the Adam DU Software Package (Adam Equipment, 

Oxford, CT, USA) as shown in Figure 4.2, that was used to monitor the weight changes due 

to the collection of filtered water. The volume of water discharged was obtained by dividing 

the weight of the water by the product of the acceleration due to gravity and the density of 

water (1 g cm-3). The flow rates (in the first hour), the mean flow rates and estimated values 

of permeability were subjected to statistical analysis.  
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Figure 4.2: The setup used for the water flow measurements and E. coli removal from 

contaminated water. 

 

4.2.4.1 Statistical Experimental Study 

The flow experiments were carried out 20 times to ascertain the variation in the flow 

parameters. These were fitted using the modified Darcy equation for frustrum-shaped CWFs. 

Through this method, values were obtained for permeabilities and standard deviations, 

together with the established statistical distributions which may characterise the flow rates 

obtained.  

 

4.2.5  Bacterial Removal Efficiency 

The bacteria removal efficiencies of the CWFs sintered at different temperatures of (850oC, 

900oC and 950oC) were determined using Escherichia coli (E. coli) bacteria (C-300 Strain, 

ATCC 15597). The E. coli was cultured in nutrient broth at 37oC for 24 hours in a shaker 

incubator (Model G25, New Brunswick Scientific Edison, NJ) at 100 rpm to reach the 

stationary growth phase. Subsequently, 4mL of the stationary phase culture was mixed with 

4L of sterile deionized water to produce pre-filtrate suspension containing approximately 106 

to 107 colony forming units (cfu/mL) (Bielefeldt, 2009, Brown, J. et al. 2010; Venis et al. 2020 
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). All of the 4L of pre-filtrate was poured quickly into the CWF. The filtrate was then collected 

into a covered plastic bucket (figure 4.2).  

 

The numbers of viable cells (concentration of E. coli) in the pre-filtrate (Cpf) and filtrate (Cf) 

suspensions were determined by serially diluting the suspensions and plating 1 ml aliquots 

onto E. coli count plates (Petrifilm, 3M, St. Paul, MN). The plates were then incubated at 

37oC for 18 - 24 hours, before counting the number of colonies on the plates. The 

concentrations of the E. coli in the suspensions were then determined as the number of 

colony forming units per ml (cfu/mL). These were used to calculate the percentage removal 

and log reduction values (LRVs) (yield filtration efficiency) from Equations 1 and 2:       

    

          
      

   
                                 

 

            

   

  
                                                               

where Cpf is concentration of E. coli in the pre-filtrate suspension (cfu/mL), and Cf is the 

concentration of E. coli in the filtrate suspension (cfu/mL). 

4.2.6 Mechanical Testing 

The mechanical properties of the CWFs were determined under compression and three-

point bending using an electromechanical testing machine (Instron Model 3366, Instron, 

Canton, MA) equipped with a 500 N load cell.  The specimens were prepared from the three 

sections of the CWF (top, middle and bottom) using a wet tile saw. They were rectangular in 

shape, with straight edges to give uniformity during testing, 15 specimens were tested. The 

compressive strengths of the CWFs were estimated by compressive loading of rectangular 

specimens with length, H, of 7.0 cm, breadth, B, of 2.5 cm, and thickness, H, of 2.5 cm.  The 

samples were loaded monotonically to failure at a rate of 0.1 N/s. The three-point bending 
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tests were carried out on specimens with dimensions of 17.5 cm x 2.5 cm x 1 cm at a 

constant displacement rate of 1 mm/min until the onset of fracture with a loading span of 50 

mm. 

 

Fracture toughness was studied using Single Edge Notch Bend (SENB) specimens. SENB 

specimens with dimensions of 17.5 cm x 2.5cm x 1cm and notch depths of 2mm (0.40 – 0.45 

notch to width ratio) were tested using the Instron 3366 electromechanical testing machine. 

The specimens were loaded at a displacement rate of 0.5 mm/min until a pop-in was 

attained at the notch (Yakub, et al., 2012; Nigay et al., 2017). The fracture surfaces of the 

SENB specimens were then analyzed using SEM. 

 

4.3 MODELING OF WATER FLOW THROUGH THE CERAMIC WATER 

FILTERS 

A hydrodynamic model (Figure 4.1) was used to model the flow of water through the filters 

(Yakub et al., 2012). Flow through the frustum shaped filter was modeled using Darcy‘s law.  

This gives: 

  
    

  
                                           (5) 

where k is the permeability of the materials, A is the surface area, L is the thickness of the 

material,   is the dynamic viscosity of the water and  p is the difference between the top and 

bottom of the surface (Soni et al., 2008). The corners in this regard, are negligible, the flow 

rate across the bottom is Qb, and the flow rate across the sides is Qs. 

 

The pressure applied to the side surfaces is equal to the hydrostatic pressure of water. The 

pressure that is applied to the filter membrane is given by:  

                                (6)                                                      
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Substituting Equation 4 into Equation 3, and noting that the area of the bottom of the  filter is 

given by A=  ro
2, the thickness of the porous material L = tb, while the permeability is 

constant, the flow rate through the bottom of the filter Qb is then given by: 

     
   

 

    
       

  
                                  (7) 

On the sides however, the pressure depends on position y, hence expressed as    

        y]. The area of the filter equally is a function of y. The radius alters along the filter 

height and is given by 

 The permeability coefficient is taken to be constant and equal to that on the bottom of the 

filter.  Therefore, the flow rate across the side is expressed as: 

Qs = ∫
  

 

    

 
 
            

  
                                 (8) 

Integrating equation 6 gives: 

Qs   = 
 

 
 
         

  
  

  

 
 - 

    

 
 tan                                   (9) 

Adding equations 6 and 8, i.e., bottom and side flows, the total flow rate Q for the CWF is 

given by: 

Q = 
 

 
         *

  
 

  
 

      

  
 

          

   
+                         (10) 

The values of h(t) is obtained from the expression for volume of water V(t) present in the 

frustum shaped filter.  The time-dependent volume is given by: 

                         
          

 
                     (11) 

The values of h(t) were obtained by fitting the experimental data to (10), using flow rate data 

obtained from this study (Plappally et al., 2009; Yakub et al., 2012, Schweitzer, R.W. et al. 

2013). 

 

 

4.4 RESULTS AND DISCUSSION 
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4.4.1 Structure of Porous Ceramic Water Filters 

The SEM images of the sintered clays (Figure 4.3) revealed that residual pores are 

distributed within the sintered samples in which the saw dust particles have been broken 

down during the thermal decomposition of organic matter, leaving behind a porous ceramic 

structure (Oyanadel-Craver et al., 2008, CMWG 2011, Mikelonis et al. 2020).  No significant 

differences were observed in the SEM images obtained after sintering at different 

temperatures. 

 

The surface morphologies of the combustible ―saw dust‖ and that of the clay ceramics were 

imaged with the SEM machine.  This was done using samples that were embedded in epoxy 

resin, polished, and viewed under back-scattered imaging conditions (Plappally et al., 2009; 

Sobsey et al., 2008). 

The phases present in the ceramic powders and the sintered clays are presented in Table 1.  

The redart clay powder contains kaolinite, silica and illite while the fired clays contained 

essentially aluminum and potassium silicate hydroxide.  
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Figure 4.3: SEM micrographs of the ceramic water filters showing the pores in the sintered 

clay-sawdust microstructures. 

 

 

 

 

 

4.4.2 Porosity 

The porosimetry (vacuum immerging method, using Archimedes immersion technique) 

revealed the pore size distributions associated with the CWFs that were produced by firing at 

850oC, 900oC and 950oC (Tables 4.2 and 4.3). From Table 4.2 and Table 4.3, it was 

observed that the CWFs sintered at 850oC had mean and median pore diameters of 

0.73±0.03 and 0.86±0.04 µm, respectively.  CWFs sintered at 900oC also had mean and 

median pore diameters of 0.84±0.04 and 0.98±0.03 µm, respectively, while CWFs sintered 

at 950oC had mean and median pore diameters of 1.07±0.05 and 3.16±0.19 µm, 

respectively. In general, the porosity increased with increasing sintering temperature, as 

shown in Table 4.4 and Figure 4.4. 

 

Table 4.1: Elemental composition of the redart clay obtained by X-ray Fluorescence (XRF) 

Analysis. 
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Composition Analysis [Weight Percentage (wt %)] 

MgO 1.61 

CaO 0.25 

Al2O3 15.53 

SiO2 64.93 

K2O 4.16 

Fe2O3 7.07 

TiO2 1.10 

Na2O 0.36 

P2O5 0.21 

Loss on Ignition (LOI) 4.74 

Total 96.6 

 

 

Table 4.2: Average pore diameters of the ceramic water filters sintered at 850oC, 900oC and 

950oC. 

Sintering 

Temperature 

o
C 

               Average Pore Diameter (µm) 

 

Average 

                    Base Lower Middle Upper  

850 0.65 ± 0.03 0.78 ± 0.04 0.75 ± 0.03 0.74 ± 0.03 0.73 ± 0.03 

900 0.82 ± 0.04 0.91 ± 0.04 0.85 ± 0.04 0.79 ± 0.03 0.84 ± 0.04 

950 1.04 ± 0.04 1.11 ± 0.05 1.09 ± 0.05 1.02 ± 0.04 1.07 ± 0.05 
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Table 4.3: Median pore diameters of the ceramic water filters sintered at 850oC, 900oC and 

950oC 

Sintering 

Temperature 

o
C 

Median Pore Diameter (µm) Average 

 Base Lower Middle Upper  

850 0.86 ± 0.03 0.78 ± 0.04 0.94 ± 0.04 0.86 ± 0.04 0.86 ± 0.04 

900 1.00 ± 0.04 0.98 ± 0.02 1.03 ± 0.04 0.92 ± 0.03 0.98 ± 0.03 

950 3.10 ± 0.18 3.01 ± 0.21 3.24 ± 0.18 3.28 ± 0.19 3.16 ± 0.19 

 

 

 

Table 4.4: Percentage porosities of the ceramic water filters sintered at 850oC, 900oC and 

950oC. 

Sintering 

temperature 

oC 

Porosity (%) Average 

Porosity (%) 

 Base Lower Middle Upper  

850 35.30 37.91 35.16 33.15 35.38 

900 38.75  38.15   42.65  40.58   40.03   

950 45.80 43.90 44.40 41.50 43.90 
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(a)                                                             (b) 

           

(c)                                                                                                                             

Figure 4.4: Variations in the porosities of the ceramic water filters at different sintering 

temperatures, highlighting the effects of sintering temperature on (a) the porosity of the base 

of the CWFs and (b) the porosity of the sides (lower, middle and upper) of the CWFs. (c) 

Particle size distributions of the sawdust and redart clay used for making the ceramic water 

filters. 

 

The highest mean and median pore sizes were obtained from CWFs that were sintered at 

950oC, while the lowest mean and median pore sizes were found with CWF sintered at 

850oC.  Conversely, the experiments revealed that the CWFs sintered at 850oC had the 

lowest mean and median pore sizes, and the best capacity for bacteria removal (Figure 4.4). 
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Thus, the higher the porosity, the lower the capacity for bacterial removal. This suggests that 

the porosity is inversely related to the capacity for bacteria removal (Table 4.5).  Similarly, in 

the case of CWFs sintered at 900oC, medium sizes of mean and median pore sizes had a 

balance of slower flow rates/porosity and bacteria removal efficiency (Schijven et al., 2003). 

 

Table 4.5: Percentage of E. coli removal and log reduction values of the ceramic water filters 

sintered at 850oC, 900oC and 950oC. 

Sintering Temperature oC Percentage Removal of  

E. coli     % 

Log Reduction Value of  

E. coli (LRV) 

850 99.995 4.89 ± 0.18 

900 99.996 4.59 ± 0.17 

950 99.998 4.46 ± 0.15 

 

 

Finally, it is important to compare the measured pore sizes to the diameters of bacteria and 

non-viral pathogens, which range from 1 - 3 µm. Thus, the measured pore diameters were 

less than typical sizes of bacteria that are generally of the order of about 10 µm (Lantagne, 

2002; Mwabi et al., 2012; Haiyan Yang et al, 2020).   

 

4.4.3 Fluid Flow Through CWFs 

The flow rates through the CWFs sintered at the three temperatures (850, 900 and 950oC) 

are presented in Figure 4.7. The initial flow rates for the first hour were between 1.2 and 2.0 

L per hour, for their first hour of flow. These are consistent with prior results (1 - 2 L per hour) 

obtained for Potters for Peace (PFP). Filters in prior work (Yakub et al., 2012). These flow 

rates also increased with increasing sintering temperature (Figure 4.5c), while the bacteria 

removal (LRV) over 24 hours decreased with increasing sintering temperature (Figure 4.5d). 



 
 
- 

 
__________________________________________________________________________________ 
    O.A. OMONIYI 

158 

The flow rates started to decline after 20 hours of filtration (Figure 4.6). This is attributed to 

the reduction in the flow due to the lower pressure heads associated with the reduced water 

levels at different stages of the fluid flow through the filters.   

 

        

  (a)                                                                            (b)          

                                                                                                   

Figure 4.5: The effects of sintering temperature on the: (a) flow rates of the ceramic water 

filters, and (b) log reduction values (LRV) of the removal of E.coli from contaminated water 

by the CWFs. 
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(a)                                                                        (b) 

Figure 4.6: The water flow rates through the ceramic water filters sintered at different 

temperatures: (a) flow rates as a function of time; (b) flow rates as a function of porosity. 

 

 

The mean flow rate of the discharged water for the six filters was 1.7±0.2 L/h during the first 

hour of the discharge. The effective permeability of each CWF was equally obtained by 

fitting the measured data for the flow rate into the modified Darcy equation for frustrum-

shaped CWFs (figure 4.7).  
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     (a)                  (b) 

    

                           (c)                                                               (d) 

    

                 (e)                                                               (f) 

Figure 4.7: Flow rates of water through the ceramic water filters: (a)-(f) Experimental and 

analytical flow rate plots for various CWFs: (a),(b) sintered at 850oC, (c),(d) sintered at 

900oC,  (e),(f) sintered at 950oC. 

 

Their standard deviations were also taken as well as their statistical distributions which may 

characterize the measured flow rates. The permeability values for the six filters ranged 

between 0.41 X 10-14 m2 and 2.52 X 10-14 m2, with an average value of 1.16 X 10-14 m2 with 

hydraulic conductivity k value of 1.41 X 10-7 m/s. This average effective permeability value is 
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comparable to the permeability values obtained for CWFs in Cambodia (1.37 X 10-7 m2) and 

Ghana (1.3 X 10-7 m2) (Van Halem, 2006) and Nigeria (1.19 X 10-14 m2) (Annan et al., 2016). 

The average effective permeability estimated fell within the range of the values of hydraulic 

conductivity of 1.15 X 10-7m/s to 5.01 X 10-7m/s obtained by Oyanedel-Craver and Smith 

(2008) for ceramic water filters. Darcy fits to the flow data are also presented in Figure 4.8. 

This shows very good fits between the measured data and the fitted flow rates, suggesting 

that the Darcy fits provide estimates of the average permeabilities that best characterize the 

flow through the filters.  

 

 

 

         

                    (a)                                                                  (b) 
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                   (c) 

Figure 4.8: Hydrodynamic model of the flow of water through the ceramic water filters. 

Experimental and Darcy fits of the flow rates of the CWFs sintered at (a) 950oC, (b) 900oC 

and (c) 850oC. 

 

 

This work also showed that there is a linear relationship between flow rate and permeability 

which suggests that the effective permeability approach follows the trends in the flow rate 

data.  

The variations in the flow rates were typified by normal distributions that fitted into the 

experimental data obtained (Figure 4.9).  
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                  (a)        (b) 

      

                        (c)                                                         (d) 

        

                          (e)                                                        (f) 
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 Figure 4.9: Statistical distributions of the (a) percentage porosity, (b) flow rates, (c) log 

reduction values (LRV) of E.coli removal, (d) compressive strength, (e) flexural strength, and 

(f) fracture toughness of the ceramic water filters. 

 

The distribution of flow rate (in the first hour and mean) and permeabilities (in the first hour 

and mean) attained for the 20 runs are approx. normally distributed and this was confirmed 

using Kolmogorov-Smirnov Normality test. 

 

4.4.4 Bacterial Removal Efficiency 

The percentage of E. coli removal and the log removal value LRV of E. coli trapped by each 

CWF are presented for both pre-filtered (stock) and the post-filtered (filtrate) in Table 4.5. 

The CWFs had log removal values (LRV) of 4.46, 4.59, and 4.89, respectively, for the filters 

fired at 950oC, 900oC and 850oC (Figure 6). The corresponding bacteria removal efficiencies 

were 99.995%, 99.996% and 99.998%, respectively. Thus, the effectiveness of the CWFs in 

bacteria removal increases with reducing sintering temperature. Hence, the CWFs sintered 

at 850oC had the highest bacteria removal efficiency. Similar trends were also observed after 

multiple filtration cycles.   

 

4.4.5 Mechanical Properties 

4.4.5.1 Compressive/Flexural Strengths 

The flexural strengths,   , were obtained from the following expressions:  

  
       

                                                                                              (12) 

where Fmax is the applied force; L is the loading span; B is the specimen breadth, and H is 

the sample height (ASTM E518, 2017), while the compressive strengths of the CWFs were 

estimated from: 
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                                                                                         (13) 

where P is the failure load; B is the specimen breadth, and W is the specimen width., for 

specimens with rectangular cross-sections.  

The measured compressive and flexural strengths are presented in Figures 4.10a,b and 

4.10c,d, respectively, and summarized in Table 4.6. These show that compressive strengths 

increased with increasing sintering temperature from 850 to 950oC (Figures 4.10a and 

4.10b). On the other hand, the flexural strengths decreased with increasing sintering 

temperature (Figures 4.10c and 4.10d), attributed to reductions in defect sizes with 

increasing sintering temperature. The compressive and flexural strengths also increased and 

decreased, respectively, almost linearly with increasing porosity. Furthermore, filters with 

porosities around 35% had higher compressive strengths and lower flexural strengths. 

Filters with increased porosities ~ 44% had the highest compressive strengths and the least 

flexural strengths. This is consistent with similar trends have been reported by Yakub et al. 

(2012) and Wagh et al. (1991).  

 

 

            

         (a)                                                 (b)      
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                     (c)                                                  (d)                                                     

            

       (e)         (f) 

 

Figure 4.10: The mechanical properties of the ceramic water filters showing the variation of: 

(a) the compressive strength with porosity; (b) the compressive strength with sintering 

temperature; (c) the flexural strength with porosity; (d) the flexural strength with sintering 

temperature; (e) the fracture toughness with porosity, and (f) the fracture toughness with 

sintering temperature. 

 

4.4.5.2 Fracture Toughness and Toughening Mechanisms 
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The fracture toughness of the three CWFs (sintered at 850, 900 and 950°C) were found to 

decrease with increasing porosity due to the increasing sintering temperatures, as shown in 

Table 4.6 and Figures 4.10e and 4.10f.  

Table 4.6: A summary of the mechanical properties of the ceramic water filters at different 

sintering temperatures. Data are presented as mean ± standard deviation. 

Sintering 

Temperature 

o
C 

Pore 

Diameter 

(µm) 

Porosity (%) Compressive 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Fracture 

Toughness 

(MPa  ) 

850 0.73 ± 0.03 35.38 ± 1.95 6.55 ± 0.30 3.05 ± 0.31 0.21 ± 0.02 

900 0.84 ± 0.03 40.03 ± 2.03 6.71 ± 0.36 2.70 ± 0.28 0.17 ± 0.01 

950 1.07 ± 0.04 43.90 ± 1.79 7.02 ± 0.32 2.22 ± 0.26 0.14 ± 0.03 

 

This is consistent with the results presented in earlier work by Yakub et al., 2012, who 

reported fracture toughness data for CWF clay structures with different porosity levels that 

were controlled by varying the volume fractions of sawdust that were used in the processing 

of the filters. The fracture toughness, KIc, values were estimated from (ASTM E399, 2018). 

KIc =  (
 

 
)                                                                                                                                  (14) 

where a is crack length,  (
 

 
) is the compliance function, and     is the stress at the peak 

load.  

 

Evidence of the underlying toughening mechanisms was obtained from ESEM micrographs 

of the side profiles of the fracture toughness specimens, as shown in Figures 4.11a – 4.11d. 

From these SEM images, the microstructural details of crack bridges (bridge length, width, 

depth and separation) were measured using image J and summarized in Tables 4.7a – 4.7c 

for the different CWFs.   
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Table 4.7: Microstructural details of crack bridges for specimens sintered at (a) 850oC, (b) 

900oC and (c) 950oC. 

(a)  850oC 

Cold shock 

cycles (N) 

Bridge length p 

(µm) 

Bridge width w 

(µm) 

Bridge depth  

h (µm) 

Bridge separation  

  (µm) 

5 

10 

15 

20 

52.20 

35.21 

28.35 

20.02 

0.76 

0.56 

0.52 

0.27 

0.76 

0.56 

0.52 

0.27 

403.05 

356.06 

228.11 

158.08 

 

 

 

(b) 900oC 

  Cold shock 

cycles (N) 

Bridge length p 

(µm) 

Bridge width w 

(µm) 

Bridge depth  

h (µm) 

Bridge separation  

  (µm) 

5 

10 

15 

20 

0.72 

0.92 

1.16 

1.72 

0.57 

0.45 

0.41 

0.28 

0.64 

0.35 

0.19 

0.09 

418.03 

363.04 

228.06 

140.20 

(c) 950oC 

Cold shock 

cycles (N) 

Bridge length p 

(µm) 

Bridge width w 

(µm) 

Bridge depth  

h (µm) 

Bridge separation 

   (µm) 
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5 

10 

15 

20 

 

0.57 

0.85 

1.06 

1.60 

 

0.43 

0.33 

0.30 

0.17 

 

0.62 

0.32 

0.15 

0.07 

 

427. 04 

367.50 

228.01 

1107.20 

 

 

The SEM images show evidence of toughening of crack bridging by uncracked ligaments 

and crack trapping. Thus, the resistance-curve behavior can be estimated from the sum of 

initiation fracture toughness, KI, and the toughening due to the observed crack tip shielding 

mechanisms (Figures 4.11a – 4.11d).  
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    (e) 

Figure 4.11: The fracture and toughening mechanisms of the ceramic water filters.  

Environmental SEM micrographs of the porous ceramic water filters showing evidence of 

(a),(b) crack trapping and (c),(d) crack bridging. (e) displays the resistance-curve behavior of 

the clay-ceramic and clay-ceramic with 50 wt.% sawdust at different sintering temperatures. 

 

Since the crack tip shielding mechanisms included small/large scale bridging (KB) and the 

crack trapping (KT), the points along the resistance-curve can be estimated from the 

following equation: 

KR = KI +                          (15) 

where KR is any value of K beyond the initiation toughness,  KB is the toughening due to 

crack bridging, and  KT is the toughening due to crack trapping. The toughening due to 

crack bridging was predicted by a small-scale bridging approach, for crack extensions 

smaller than 0.5 mm and via a large scale approach (Yakub et al., 2012; Nigay et al., 2017) 

using material parameters that are summarized in Table 4.7.  The results are presented in 

Figure 4.11e.  These show that the shielding models predict the trends in the measured 

resistance-curve behavior for the clay ceramic membranes that were sintered at 

temperatures of 850oC, 900oC and 950oC.  
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Table 4.8: A summary of Fett and Munz (1994) parameters for Single Edge Notched Bend 

Specimen subjected to weighted crack bridging fractions 

µ 

  0 1 2 3 4 

0 0.4980 2.4463 0.0700 1.3187 -3.067 

1 0.5416 -5.0806 24.3447 -32.7208 18.1214 

2 -0.19277 2.55863 -12.6415 19.7630 10.986 

 

  

4.4.6 Implications 

 First, the results show that mechanical properties (strengths and fracture toughness) of the 

porous clay CWFs depend strongly on porosity and the underlying toughening mechanisms 

associated with interactions of cracks with microstructural features. These are affected by 

sintering temperatures between 850oC and 950oC.  Sintering at higher temperatures also 

gives rise to higher porosity and lower fracture toughness/flexural strengths, as well as 

higher compressive strengths. Thus, intermediate temperatures (between 850oC and 900oC) 

are needed for the sintering of CWFs with a balance of fluid flow and filtration characteristics 

that are needed to engineer filters that can remove bacteria effectively during fluid flow at 

reasonable rates.  Furthermore, the sintering of filters at temperatures between 850oC and 

900oC is most likely to result in filters with the best balance of compressive/flexural strengths 

and fracture toughness/resistance-curve behaviour due to crack bridging and crack trapping 

mechanisms. 

 

Moreover, the filtration properties depend strongly on the sintering temperatures between 

850oC and 950oC.  The mechanical properties of porous CWFs also depend on sintering 

temperature/porosity, with the flexural strengths/fracture toughness values decreasing with 
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increasing sintering temperature, while the compressive strengths increase with increasing 

temperature (Figures 4.9, 4.10 and 4.11). The trends in the fracture toughness values are 

associated with crack/microstructure interactions that give rise to crack-tip shielding by crack 

bridging and crack-trapping.  Hence, more robust filters can be produced by sintering at 

higher temperatures between 850oC and 950oC.   

 

However, sintering at higher temperatures (900oC - 950oC) also increases the flow rates of 

water through the filters. This is associated with a significant increase in the porosity, with 

small significant changes in the log removal of E. coli or the filtration efficiency.  This 

suggests that the best balance of filtration characteristics and mechanical robustness can be 

achieved by the use of filters that are sintered at temperatures in the range between 850o – 

900oC where the resulting filters have reduced porosity, lower flow rates, attractive filtration 

characteristics, and attractive combinations of compressive/flexural strengths and fracture 

toughness/resistance-curve behavior.   

 

The study also shows that fluid flow through CWFs is characterized by normal distributions 

at the first hour of flow. Effective permeability for 20 consecutive flows through the filter are 

characterized by normal distributions (Figure 4.7). It was also found that there is a 

correlation between the flow rate and permeability in the first hour. This can be used in field 

conditions for the testing of filter quality.  

 

4.5 CONCLUSION 

1. The porosity of CWFs increases with increasing sintering temperature between 850o and 

950oC.  Sintering in this temperature range also results in bigger pore sizes and 

increasing porosity.  Also, the porosity and pore sizes increase with increasing sintering 

temperatures from 900o and 950oC.  The average flow rates attained for the tested 

CWFs were found to increase as the permeability values increase. At the 0.05 level of 
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significance, all data obtained for flow rate (in the first four) and their permeabilities were 

normally distributed.  

2. The average pore sizes (1 - 3 µm) in the sintered CWFs are in a range that is 

comparable to the typical sizes of E. coli.  Thus, the sintering of CWFs at temperatures 

between 850o and 950oC results in similar geometrical occlusion of E. coli from 

biologically contaminated water.  Thus, the E. coli removal is similar in the CWFs that 

were sintered at 850oC, 900oC and 950oC. 

3. The compressive strengths of the CWFs increase with increasing sintering temperature.  

However, both the flexural strengths and the fracture toughness values of the CWFs 

decrease with increasing sintering temperature between 850oC and 950oC.  The trends 

in the fracture toughness are associated with the effects of toughening by crack trapping 

and crack bridging. The measured fracture toughness and resistance curves are also 

well predicted by toughening by crack bridging and crack trapping. 

4. The sintering of robust ceramic water filters requires balanced considerations of the 

effects of sintering on filtration characteristics and mechanical properties.  In general, the 

filtration characteristics (high bacteria removal and low fluid flow rates) can be optimized 

by sintering between 850oC and 900oC. However, although the compressive strengths 

increase with increasing sintering temperature, the flexural strengths and fracture 

toughness of the CWFs decrease with increasing sintering temperature between 850oC 

and 950oC.   

5. Toughening of the clay CWFs occurs largely by crack trapping and crack bridging 

mechanisms. These result in overall toughening levels that predict the trends in the 

measured resistance-curve behavior of the CWF membranes.   

6. Thus, the best balance of mechanical properties and filtration characteristics can be 

achieved by sintering of clays at temperatures between 850oC and 900oC.  Within this 

range, the resulting fired clay ceramics have attractive combinations of fluid flow 
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characteristics, bacteria removal, and compressive/flexural strength, and fracture 

toughness/resistance-curve behavior.   
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CHAPTER FIVE  

5.0   CONCLUSIONS AND FUTURE WORK 

          5.1 CONCLUSION 
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This thesis explains the results of experimental and theoretical modelling of ceramic water 

filters. The area of focus of the study include 

(i) flow rates of the differently doped ceramic water filters, 

(ii) Effect of sintering temperature on filtration properties of Ceramic Water Filters , 

(iii) Effect of sintering temperature on mechanical properties (Compressive strength, 

flexural strength and fracture toughness) of ceramic water filters,  

(iv) Ceramic Water Filters doped with apatite from different sources (HA and Bovine cow 

bone) for efficient removal of fluoride and bacteria from contaminated water.   

 

 

 

 

 

 

 

 

 

 

 

 

The stages involved in the preparation of the ceramic water filters can be summarised as: 
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REDART CLAY                   SINTERED CERAMIC WATER FILTER                  ELECTRIC 

KILN 

 

                              

INDUSTRIAL MIXER                       HYDRAULIC PRESS             GREEN CWF INSIDE 

KILN 

Source: Winston O. Soboyejo Ceramics laboratory, Washburn Building, Worchester 

Polytechnic Institute, Massachusetts, USA.  

 

Notable conclusions from this study could be summarily discussed as follows: 
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Part 1- The flow rates of the differently doped Ceramic Water Filters 

The average flow rate per hour was 1.7L for the first hour with water head in the pot kept at 

maximum. The permeability values for the first hour can be inferred from the Darcy equation. 

The average flow rate and effective permeability values were found to display a normal 

distribution curve. The direct relationship that exists between the values obtained for 

permeability and the flow rates in the first hour indicates that either factor can be used to 

assess the quality of the filters. Filters that could not discharge at least 1L/hr were regarded 

as unfit and should be done away with. 

Part 2: Hydroxyapatite and Bone Particle-Doped Ceramic Water Filters for the 

Removal of Fluoride and Bacteria 

The following could reasonably be concluded from the study: 

(i) the two doping substances – HA and bovine (cow) bone performed well 

in flow rates. 

(ii) Both CWFs doped with HA and bone gave similar results for bacteria 

removal. 

(iii) CWF doped with bovine cow bone gave higher values for fluoride 

removal from water in the experiment than those doped with HA. 

Part 3: Effect of Sintering Temperature of Ceramic Water Filters on 

Filtration and Mechanical Properties of Ceramic Water Filter  

Reasonable inferences that could be drawn from this study include: 

(i) the flow rate increases with increasing sintering temperature, so the 

CWF sintered at 950OC gave the highest flow rate. 

(ii) the bacteria removal ability decreases with increasing sintering 

temperature, the CWF sintered at 950oC gave the lowest value for bacteria 
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removal while the CWF sintered at 850oC gave the highest value for 

bacteria removal. 

(iii) the CWF sintered at 900oC optimised the two qualities i.e balanced the 

two ability (flow rate and bacteria removal) taken together. 

 

Part 4: Mechanical properties (Compressive, flexural strength and fracture 

toughness) of the different ceramic water filters as well as cold shocks of 

some samples of the CWF: 

(i) The XRD, XRF and EDX results of the clays and its mixture affirm the 

presence of silica, montmorillonite, kaolin and hydroxides of metals linked 

together by common bonds. 

(ii) It was found among others that the CWF doped with bovine bone gave high 

values in terms of Compressive, flexural strength and fracture toughness.  

(iii) In the cold shock experiment, the sample sintered at 900oC showed high 

values for strength and fracture toughness for every quench thermal cycles. It 

was also found that the fracture toughness decreases with increasing number of 

thermal quench cycles.  

         5.2 SUGGESTION FOR FUTURE WORK 

For more work on this thesis, the following are suggested among others: 

(i) The CWF should be put into use for a longer period of time so as to know the maximum 

duration that it takes to perform optimally. 

(ii) There could be increase in the number of samples under each study. This may lead to 

some other relevant discovery.  
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(iii) The CWF can be doped with other substances to achieve desirable results for the 

removal of other chemical contaminants like arsenic, lead, mecury etc. 

(iv) Weibull distribution for ceramic water filters should be studied.  

   

 

 


