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ABSTRACT

Water is basic in life. Clean water is the key to a healthy society. A billion cases of diarrhea occur
worldwide each year that result in million deaths. Ethiopia is facing the challenge of safe water coverage
in rural and urban. The communities in the Ethiopia rift valley are also highly affected by fluorosis
because of the high concentration of fluoride in drinking water. Inorganic ceramic is receiving more
attention in recent time due to their unique characteristics which include different pore structures and
content, hydrophilic surfaces, high chemical, thermal and mechanical stabilities which offer avenues for
application in water treatment. The aim of this work was to develop a ceramic water filter with a good
flow rate, which is capable to remove chemicals as well as microbial contaminants, by investigating the
effect of altering specific design variables. Ceramic water filters were developed from different ratios of
local raw materials: clay, sawdust, grog, with and without bone chars and sintered in (800-1000°C)
temperature at different intervals for 6hrs. The developed ceramic filters were characterized with FE-
SEM, EDX, XRD, pH meter, BET and FT-IR. The flow rate, porosity, conductivity, pH of filtered water
and the removal efficiencies (microbial, water hardness agent’s, fluoride, nitrite, iron, and turbidity)
were analyzed. The ceramic filters with 25-35% sawdust, 50-60% clay and 15% grog that sintered in the
temperature range of 900-950°C showed better flow rate (1.5-2.5 L/h), E.coli removal efficiency is
greater than 99%. The pH, conductivity and other water quality parameters of the filtrate are in WHO
standard. The average total porosity, BET surface area and average pore diameter determined for C900-
50-15-35 ceramic filter were 36%, 6.183 m#/g, and 4.83 nm respectively. The porosity of the filter; C900-
50-15-35 (36.33+0.05), its flow rate (1.91+£0.55). The removal efficiency of nitrite (70.00+0.22 %) and
fluoride (96.8+0.41%) are in the WHO standard. The Phase and functional group identification of
sintered filter investigated with x-ray diffraction and infrared spectroscopy revealed the presence of
mixed phase and hydroxyl functional group on the surface of the sintered filter. Field emission scanning
electron microscopy (FESEM) revealed the porous nature of sintered filter elements with an average pore
size of 5 nm. The EDS analysis results of the filter used for hardness and iron removals showed more
concentration of Ca**, Mg?*, Iron and less ion concentration of Na* and K* due to the ion exchange
reactions. Statistical ANOVA tests showed a significant difference between ceramic filters with various

compositions in their removal efficiencies of E. Coli, nitrite, and porosity ( p < 0.05).

Keywords: Ceramic filter, sintering, Indicators microorganism, microstructure, flow rate



1. INTRODUCTION

1.1. Background

Access to safe drinking water is a basic human right, but according to World Health
Organization (WHO) report a large number of world’s rural population has no access to clean
water (WHO, 2006, and WHO/UNICEF, 2017). Diarrhoeal diseases are responsible for
approximately 2.5 million deaths annually in developing countries, affecting children younger
than five years, especially those in areas devoid of access to clean water supply and sanitation
(Haddis et al., 2017). Improved water supply and appropriate sanitation systems could
significantly contribute to the reduction of diarrhea mortalities and improved health outcomes.
In the rural area, the surface waters are contaminated for the reason that the societies near to
these water sources use the water not only for drinking purpose but also for washing cloth,
bathing and for drinking animals (WHO, 2016). Chemical contamination of drinking water
sources is also a concern for millions of people and long-term exposure to these pollutants can
have serious health implications. As an example, fluorine is a chemical contaminant that
contaminates water and causes serious health problems such as dental and skeletal fluorosis
(WHO, 2011).

The occurrence of high fluoride concentration in drinking water and the risk of fluorosis

associated with using such water for human consumption is a problem faced by many countries

and high concentrations of nitrite from ammonium fertilizers is also causing a health problem in

drinking water (Fantong, 2010, Gatseva, 2008b, Clemens et al., 2003).The development of an

efficient, stable, low cost and easy to use water purification system is crucial for many countries

suffering from health problems due to water pollution.

The necessities for water treatment vary from region to region based on impurity
characterizations such as microbes, chemicals, and organic matter. Some of the basic point-of-
use methods and devices for removing the above-mentioned impurities are chlorination, solar

disinfection, ceramic filters and bio-sand filters (Sobsey et al., 2008).

Ethiopia as the developing country the majority of its population have no access to safe water

and sanitation coverage, (FMoH, 2007; MOWIE, 2017). The main causes of water pollution in

1



Ethiopia are related to sewage, industry, domestic and rural wastewater and agricultural activities
(FMoH and FEPA, 2010). For this reason, a large population is suffering from water-borne and
water-related diseases (Mebratu Jano, 2007 and UNICEF/WHO, 2012). This burdens the country
with enormous financial and social costs to take care of such a huge number of people suffering
from these debilitating infections. Ceramic filters made of clay improved with state of art
technologies can be used for providing cheap potable water in the developing countries. Past
research and social work have helped millions of people across the globe to take advantage of
clay composite ceramic filters for water purification (Sobsey et al., 2008). Fabrication of porous
ceramics with controlled pore size and surface charge can be developed by fine-tuning the
relative amount and types of raw materials, and processing conditions to improve the

performance of the filter. This work is trying to fill this gap.

1.2.  Statement of the Problem
Water is basic in life. Clean water is the key to a healthy society. A billion cases of diarrhea
occur worldwide each year that result in million deaths. Ethiopia is facing the challenge of
safe water coverage in rural and urban (Desalegn et al., 2013, WHO 2010). The communities
in the Ethiopia rift valley are also highly affected by fluorosis because of the high
concentration of fluoride in drinking water (Abebe, 2010). According to the recent study
conducted on drinking water quality in Ethiopia, Nationally, 14 percent of the population gets
water from low-risk sources (no detectable E. coli in a 100 mL sample) (MOWIE, 2017). The
survey also found that E. coli levels are more likely to increase than decrease between
collection and consumption within the home. E.coli levels were lower in households that
reported treating water and in piped water that had medium or high levels of residual chlorine.
In addition, fluoride levels exceeding the national standard (1.5 mg/L) and affected 3.8
percent of the population. Nitrite accumulates in agricultural watersheds where farmers spread
fertilizers and animal manures on cropland and becoming health problem (Gatseva,2008b).
The methods of purification like chlorination, large-scale filtration cannot be afforded by
many Ethiopians, especially rural people who live below poverty levels. Ceramic water
filtration becomes a cheap and efficient method since all the materials required are available
locally, has a relatively long lifetime of 5+ years, the technology can work all year round in
different climates and does not impart an objectionable taste to the treated water (Vinka et al,
2



2008, Sakka Y, et al 2003 and UNICEF, 2012). Although clay filters have been developed
for the removal of bacteria and other microbial pathogens. currently, there are no systems that
can simultaneously remove both microbes and ions like fluoride from contaminated water.
This study was aimed at looking into the effect of processing parameters on locally available
raw materials towards the different design of ceramic water filters with better filtration

efficiency.

1.3.  General Objective
The aim of this research was to develop a ceramic filter from locally available resources for

water treatment and study its performances.

1.3.1. Specific Objectives

The following are the specific objectives of this research work:

1. Preparation of ceramic water filters with different designs using clay, grog, sawdust, and
bone char.

2. Investigating the effect of the ratios of sawdust, clay, and grog on the performance of the
ceramic filter developed.
Investigating the effect of sintering temperature on ceramic filter performance.

4. Investigating the fluoride, nitrite, hardness and iron removal efficiency of the filter.

5. Characterizations of the ceramic filter elements by XRD, AAS, EDX, FT-IR, FE-SEM,
BET, and pH.

1.4.  The significance of the study
This study, in the long run, will help to transfer knowledge/ technology to the local potters in
Ethiopia on the making of water filters from locally available materials. The project also
provided opportunities for graduate students of chemistry to work on local problems that are the

main concern of the society.

1.5.  The scope of the study
The project presents the results of an experimental study of ceramic water filters fabricated from
different ratios of clay, sawdust, and grog with and without bone char, and sintered at a different

temperature.



2. LITERATURE REVIEW

2.1. Household Water Treatments
In developing countries, many people are living in rural communities and have to collect their
drinking water some distances away from the household and transport it back in various types of
containers (Sobsey, 2002). Microbiological contamination of the water may occur between the
collection point and the point-of-use in the household due to unhygienic practices causing the
water to become a health risk (Sobsey, 2002; 2004; Moyo et al., 2004). Household water
treatment and safe storage (HWTS) is one means for improving the quality of water for
consumption within the home, especially where water handling and storage is necessary and
recontamination is a real risk between the point of collection and point of use (UNICEF and
WHO, 2011). Over billion people lack access to clean water source and 2.4 times population
lacking adequate sanitation and HWTS methods can significantly reduce diarrheal disease, if
used correctly and consistently by a population at risk (WHO, 2013, Lantagne, 2009). A number
of research groups have proposed point-of-use water purification systems for improving the
quality of drinking water, the advantages of being easily maintained and uses (Clasen et al.,
2004, Sobeyet al., 2007, Matt, 2006). The main reasons for treating water by (HWTS) are to
remove contaminants that are harmful to health and make the water taste or smell bad. There are
different water treatment techniques at home level. All the methods are used to reduce
microorganisms and turbidity of water with different mechanisms. The most frequently used
low-cost water purification systems include sand filters, boiling, bio-filters, chlorination units,

and solar-based systems, nanofiltration, reverse osmosis and clay-based filters.

2.2.  Filtration processes
One great advantage of filtration, if compared to most chemical treatments, is the simultaneous
and rapid removal of turbidity and microorganisms in a one-stage process. When talking about
filtration, two major processes may be distinguished, namely surface filtration and depth
filtration. surface filtration relies to a great extent on the sieving effect, which is the physical
straining of particles that are larger than the pore dimension of the filter media. The filter media
here is often referred to as a membrane and is defined as a semi-permeable film of relatively low

thickness. Particles are retained on the membrane surface and form a cake that grows in

4



thickness as the filtration progresses. In contrast, depth filtration corresponds to a filter media of
increased thickness and hence increases the path length of contaminants in the filter media.
Depth filters are often composed of materials which further elongate the path length of the media
and force contaminants to travel around obstacles where they can be trapped by various transport

and surface forces (Molly, 2009).
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Figure 1. The principles of surface and depth filtration.

2.2.1. Bio-sand filtration

Bio-sand filtration is a method of filtering water through different sized sediment of sands. There
is a biological layer on the top sand layer to remove pathogenic microorganisms. The source
water will pour on the upper part, the water passes through the pores of the sand sediments and
finally, it can be collected at the bottom side of the sand. It is commonly made from
environmentally available materials, this technology is effective for rural poor households (Lee,
2001). The system has a good removal efficiency of microorganisms. Bio-sand filter can remove
protozoa by 99.98 to 100 % (Martikainen, 2018). The limitation of this method is it takes large

space and fail to remove color or dissolved substances.



2.2.2. Solar water disinfection

Solar water disinfection systems have been introduced recently as a means for treating water. It
is performed by filling water in a transparent plastic bottle of one liter and putting the water on
the solar radiation for one full day. Microorganisms will be deactivated due to UV radiation by
this method. It is reported that the solar water disinfection method reduces fecal coliform and
Vibrio cholera to 99.9% in a laboratory setting (Sommer et al., 2012). The limitation of this
method is it needs a transparent plastic bottle and it takes a long time,especially on cloudy days.
These systems, however, can affect the taste of the water. They are also not very efficient in

removing the turbidity.
2.2.3. Household chlorination

It includes water treatment with a chlorine solution at the point-of-use and storage of water in a
safe container. Users add one cup of solution to their storage container of 10 litters. Chlorine is
effectively inactivating microorganisms in point of use water treatment, but it affects the taste
and odor of the water and does not remove turbidity. The application needs some introduction or
manual for the user. The serious problem of this method is halogenated organic by-products like
chlorinated methane that will cause cancer. Despite the chlorine properties that can control the
water-borne diseases, its side effects required regulations and standards to limit to a minimum
level (Rosalam H and Duduku K 2007).

2.2.4. Boiling

Boiling is another effective household water treatment method because it can destroy the most
class of microorganisms. The process is heating the water up to 60°C and cooling. If the source
water is with high turbidity, it should be first filtered with a cloth to reduce turbidity. Boiling of
untreated water for one to ten minutes can destroy disease-causing microorganisms found in
water (WHO, 2002). The problem of this method is the taste of treated water due to the reduction
of dissolved oxygen on heating and a significant amount of energy required, that introduces other
problems associated with limited supply and depletion of natural resources.



2.2.5. Nanofiltration
Nano-filtration is a cross-flow filtration technology which ranges between ultrafiltration and
reverses osmosis. The nominal pore size of the membrane is typically about ~1nm. The
associated drawback is that it requires specific pre-treatment due to the fine nature of membranes
(Hillie et al., 2003).

2.2.6. Reverse osmosis (RO)
It is a membrane-technology filtration method that removes many types of large molecules and
ions from solutions by applying pressure to the solution when it is on one side of a selective
membrane. The reverse osmosis (RO) phenomenon takes place by reversing the forward osmosis
(FO) process and making the solvent filter out of high concentration into the lower concentration

solution.

FO uses the osmotic pressure differential (Am) across the membrane, while in FeVerse 0Smosis
hydraulic pressure differential (P) is applied, as the driving force for transport of water through

the membrane. For RO, water diffuses to the less saline side due to hydraulic pressure (P > )

(Cath et al., 2006).

2.2.7. Ceramic water filters
A filter is defined as a material, which removes something from whatever passes through it.
Therefore, ceramic water filtration as defined by (Brown et al., 2007), is the process that makes
use of a porous ceramic (fired clay) medium to filter microbes or other contaminants from water.
Ceramic filtration is very important in the production of drinking water from surface water for
large-scale water treatment (Doek et al., 2007). But, the WHO encourages its use as HWTS for
effective treatment of drinking water (Rob et al., 2003). From the review of more than 30
technologies for water filtration at the point of use in developing countries, ceramic water filters
are among the top 5 promising technologies (Sobsey, 20008, du Preez, et al., 2008). Table 1
summarized a few ceramic water filters currently in uses in different countries with the types of

raw materials used for the preparation of the filter, flow rate, and E. coli removal efficiencies.



Table 1, The types of raw materials used, flow rate and E.coli removal efficiency of some

ceramic water filters currently in use.

Clay Material Additive Colidial (E.coli) Flow Rate Reference

silver Removal

(CS) Efficiency
Clay Tealeaves/Coffee Nil 96.4-99.8% 0.5l/h [Holtslag, 2010]

grounds/Rice husk

White Kaolin sawdust Nil 96 -99.4% 0.30.-84l/h [Sagara,2000]
Red Terracota Sawdust ,Rice husk Nil 93-99.9% 1-1.1l/h [Low, 2002]
White Kaolin Charcoal powder CS 99.9% 0.24-0.41/n [Dies, 2003]
Red Clay Flour/Rice husk Nil 99.9% 0.756l/h [Low, 2002]
Black Clay Flour/ Rice Husk CS 99.3% 0.341l/h [Hagan et al., 2009]
Clay sawdust CS 99-100% 1-21/h [Lantagne et al., 2006]
Clay Coffee /Rice husk CS 96-97.69% 5-91/h [Klarman,2009]
Diatomaceous Loose Carbon CS 99.9% 1.3-4l/n Franz, 2005
Earth
Terracotta clay sawdust CS 97.6% 1.7l/h [Sobsey et al, 2007]
Clay Sawdust/rice husk Nil/CS 97-99% 1-3l/h [Brown, 2007]

Ceramic filters are made by mixing clay with sawdust, rice husks, or other flammable organic

materials. After being shaped into a filter with a press, they are fired in a kiln. The organic

material burns out, leaving small pores of different sizes, which can filter out the majority of

harmful microbes (Hagan et al., 2008). These kinds of clay filters can remove between 96% and

99% of E. coli, an important indicator of the amount of contamination present in a water sample.

The filters also remove particulates and protozoan (which are larger than bacteria, Doris V.

2006).
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Figure 2. The Order of size (um) of pathogenic microorganisms (Doris V. 2006).

Furthermore, with the addition of colloidal silver (a broad-spectrum antimicrobial) the filters
have 100% effectiveness in tests for removal of E. coli (Bogdanchikova et al., 1992). Studies
have also shown that silver is a potentially strong anti-viral compound (Gallieret al., 2011).
Current ceramic water filter technology fulfills many of the water purifier requirements like
affordability, acceptability, and filtering efficiency (Potters without Borders, 2012).
Economically, the component clay and organic burnout material are both readily available across
the developing world, creating sustainable and reliable local supply chains (although research
may need to be done to ensure that clay in different areas can be used to form working filters)
(Michael et al., 2013). The colloidal silver that helps to eliminate viruses is not locally-sourced
and can be a bottleneck to scale-up. However, in areas where waterborne viruses such as
hepatitis are not a concern, the filter element by itself does a satisfactory job of removing
protozoan and bacteria (Yang and Tsai, 2008).

Ceramic filters membrane has been attractive to the researchers in the last decade due to their
superior thermal and chemical stability, better mechanical strength, high resistance to acid and
base and good defouling properties (Bottino et al., 2001). The successful applications of ceramic
filters for the wastewater treatment were found in the chemical industry, metal industry, textile
industry, food and beverage(Jedidi et al., 2009). The use of clay and fly ash as the raw material
for crack-free ceramic membranes showed good performance for the treatment of textile
wastewater and heavy metal from aqueous solutions (Fang et al., 2011, Nasir Subriyer, 2013).



Ceramic membranes made from clays and phosphates were suggested to be used as a previous
clarification step in textile water treatment (Palacio et al., 2009). In another study, simple
ceramic filters manufactured from clay soil and rice can be applied to remove more than 95% of
iron through oxidation, co-precipitation, and filtration (Shafiquzzaman et al., 2011).

Unlike chemical or thermal disinfection, ceramic filters do not significantly change water taste or
temperature, but it reduces turbidity (Clasen et al., 2004). They have a potentially long useful life
of 5+ years (Campbell, 2005) with proper care and maintenance, although manufacturers may
recommend regular replacement of the filter element every 1-2 years’. The ceramic filter surface
is regenerated through periodic scrubbing to reduce surface deposits that slow down filtration

rates.

A clay water filter has many advantages due to its lightweight, portable, low-cost, requires no
chemicals, and is simple to use; it can be produced locally, using naturally available clay and
other materials. The pore size and surface charge of ceramic water filter determine its ability to
remove particles and pathogens from water (Bielefeldt et al., 2010). The effort of this research
project was to develop a ceramic water filter from locally available materials for household water
treatment and study the efficiency of the filter in removing microorganisms, coagulants and

chemical contaminants from water.

2.3.  Physical Characteristics of Ceramic Filter

Material behavior is determined by its properties so that the filter material will be characterized.
The parameters chosen to characterize the material are the material porosity, pore size
distribution, flow rate, surface charge, microstructure, and total pore area, etc. It is thought that
these parameters contribute to the understanding of the filter discharge and the removal

efficiency of pathogenic microorganisms.
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2.3.1. Mechanisms and working principles of ceramic filter

2.3.1.1.  Mechanism of Filtration

The phenomenon that takes place when the influent water passes through the ceramic filter pores
IS mechanical screening, sedimentation, adsorption, chemical activity, and biological activity.
Mechanical screening is removing relatively larger size particles compared to the pore size of the
filter. Sedimentation is retaining suspended particles on the surface of the filter. The suspended
particles and dissolved substances are retained in the filter element by adsorption. After they are
adsorbed, the particles will chemically convert into an insoluble form or decompose to simple
non-toxic substances. Biological activity is the other mechanism of filtration due to the

interaction of microorganisms with the filter element during filtration (Huisman, 1996).
2.3.1.2. Mechanical Filtration

Mechanical filtration is the process of removing particles from water with regard to their size.
The contaminants are physically prevented from moving through the filter by screening them out
with very small pores. The porosity of the filter is the fraction of the volume that is occupied by
void space. It was suggested that filters work by additional mechanisms to mechanical screening,

including sedimentation, diffusion, and adsorption (Huisman, 1996, VVan Halem, 2006).
2.3.1.3.  Removing Microorganisms

Removing microorganisms from the source water is one of the main tasks of the ceramic filter.
The common indicator microorganisms are E.coli, fecal coliform and total coliform. There are
several factors which play a great role in removing microorganisms in ceramic filtration like, the
pore size of the filter, diffusion, and tortuosity of the filter. High tortuosity means a prolonged
distance that water takes to exit from the filter element. One process of removing microorganism
is by blockage of pore and organisms that are larger in size than the pore will retain from flowing
through the outermost membrane layer (Doulton, 2009). Particles that are smaller than the
average pore size will not necessarily run through the entire membrane. There is a possibility that

they will adsorb on the ceramic or become blocked when larger particles plug up on the pores.
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Filters with smaller pores have a higher removal efficiency of microorganisms (Oyanedel and
Smith, 2008).

¢ K

Figure 3. Mechanism of removing microorganisms (Molly, 2009).

2.3.1.4.  Retention and Release of Metallic Compounds

Clay minerals have a negative surface charge. The composition of clay is a mixture of silicate,
aluminate, and ferrate. The interaction of the anions in the clay surface and cations in aqueous
solution can form an electric double layer that is the case for the retention of cations in a ceramic
filter. Stem suggested that the electrified solid-liquid interface includes both the rigid Helmholtz
layer and the diffuse one of Gouy and Chapman (Yakub et al., 2012). The other mechanism is
adsorption and precipitation of metal ions as hydroxides or carbonates. The responsible factors
that contribute for the retention or release of metals in the ceramic filter are changes of the ionic
strength of the system, change in the acidity of the system, and formation of complexes (Yong,
2001). The leaching of the compounds from the clay filter element and the precipitation of
calcium ion in the filter element was reported by (DHV Raadgevend Ingenieursbureau , 1983).
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Figure 4. Schematic diagram of clay mineral particle with cations and anions (Yong, 2001).

2.3.2. Porosity
The total porosity of a solid is defined as the volume of voids divided by the total volume of the
solid. Since porosity is a measure of the volume of empty space in a solid, filters showing a
greater porosity will allow more water to pass through the ceramic body. Filter mix ratios are
adjusted to achieve acceptable flow rate ranges, adding more burnout to the mixture if it is
observed to be smaller (Hagan et al., 2009). However, increasing the pore size may compromise
the mechanical screening phenomenon during filtration. Ceramic pores result from the burnout
of organic materials mixed with the clay at high temperature before the sintering process. Pores
can be also classified according to their accessibility to surroundings Fig.5.The pores
communicating with the external surface are named open pores, like (b), (c), (d), (e) and ().
They are accessible for molecules or ions in the surroundings. Some may be open only at one
end (b and f). They are then described as blind (i.e. dead-end) pores. Others may be open at two
ends through pores, (e). If the porous solids are insufficiently heated, parts near the pores’ outer
shell collapse, thus inducing closed pores that have no communication to the surroundings.
Closed pores (a) are also a product of insufficient evolution of gaseous substance. (K. Kaneko,
1994). Although the closed pore is not associated with adsorption and permeability of
molecules, it influences the mechanical properties of solid materials. Interconnected pore space

is more effective one because it is continuous throughout the filter and the dead-end pore is
13



interconnected only on one side of the filter, therefore, its effect is temporary on the discharge of
water(Xiaolong and Yi, 2005).

Pores are also classified according to size into three categories; micropores (pore diameter
smaller than 2 nm), mesopores (pore diameter 2 — 50 nm) and macropores (pore diameter larger
than 50 nm) (Sing et al., 1985). There are different techniques of measuring the porosity of the
materials, some of the methods are mercury porosimetry, nitrogen gas adsorption, and water

vapor adsorption methods (Yakub 2012. van Halem, 2006).

Figure 5. Schematic pores classification, according to their availability to surroundings (modified
from IUPAC, 1994) a - closed pores, b, f - pores open only at one end, c, d, g — open pores, e -
open at two ends (through) pores.
2.3.3. Flow Rate

Flow rate testing is an important quality assurance step which indicates the rate at which water
passes through the ceramic filters per unit time. The acceptable flow rate of ceramic water filter
is greater than one liter per hour in order to fulfill a family’s daily needs, but the flow rate must
be low enough that the water passing through the ceramic filter has sufficient contact time in

order to maximize pathogen removal (The Ceramics Manufacturing Working Group, 2011).

(Lantagne, 2001, Lantagne et al, 2009) reviewed filter manufacturing processes in several
developing countries: a factory in Nicaragua accepts filters with flow rates between 1 and 2 liters

per hour. However, tests of the Aqua-Pure factory filters in the Dominican Republic operate

14



below 2 liters per hour on average, consistently achieving 99% bacteria removal for flow rates
below 1.7 liters per hour. Another study conducted in Nicaragua revealed the flow rates between
0.13 and 3.5 liters per hour. The flow rate of different ceramic filters that are currently in uses is
listed in the tablel under section 2.3.

The flow rate can be adjusted in the manufacturing process by changing the ratio of
combustible material to clay, increasing the combustible material used (which will result in

larger pore sizes), or by changing the firing temperature in the kiln (Gensburger, 2011).

Gensburger’s study, which examined filters manufactured in Cambodia, found a linear
relationship between flow rate and quantity of burnout materials used. The same study found a
strong correlation between the maximum firing temperature and the filter flow rate.

In another study ceramic filters of the configuration 70 percent clay and 30 percent,
combustible materials were the most efficient within optimum flow rate, tolerable turbidity, and
pH level and zero bacterial counts which meets the World Health Organization’s drinking water
quality standard(Martins and Emmanuel, 2011). (Molly K, 2009, Biruk A, 2016) also reported a

better performance for 65% clay to 35% burnout ratio filter.

The maximum flow rate 0.44 + 0.11 ml/cm?/h for the filter with the ratio 60:40 of clay:
coconut-shell charcoal, within the acceptable range for turbidity, coliform bacteria, and

Escherichia coli were reported by (Watcharapornet et al., 2014).

Ceramic water filters designs (clay to sawdust ratio 60:40, 55:45, 50:50 and 45:55) fired at 950
°C for five hours had total E. coli removal efficiency of 99.99, 99.98, 99.97 and 86.76 percent
respectively, and the results of this study suggest that the mean flow rate for a properly
functioning filter (50% sawdust) fired at 950 °C is 1.7 L/h (Ndungu, 2009).

Many studies address the implications of flow rate for newly manufactured filters, filter clogging
and changes in flow rate and efficacy over time are also of interest. (Bloem et al, 2009)
investigated their mid-term effects, finding that filters with a higher initial flow rate show a
larger decrease in flow rate over a 6-month period, although these filters maintain a higher flow

rate than the filters with a lower initial flow rate, with negative effects on pathogen removal
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efficiency. (Bloem et al., 2009) again performed a study that showed ceramic filters still
reducing E. coli up to 44 months in use with no relationship between bacteria removal and time

in use.

2.4.  Raw Materials for Ceramic Filters
The main raw materials required for the manufacture of ceramic water filters are clay, grog, bone
char, and the burnout material. The properties of porous ceramic materials are highly dependent
on the properties of the raw materials, the volume ratios of the raw materials and sintering
temperature (Sakka, 2003).

2.4.1. Clay
The term clay refers to a naturally occurring material composed of primarily finely grained
minerals with grain size less than 2microns, which become plastic at appropriate water contents
and will harden when dried or fired (Al-Ani and Sarapaa, 2008). Clay is one of the major
important raw material in the manufacture of ceramic water filters. Pure clay does not occur
naturally, they contain different clays and associated minerals (Ouahabietal., 2014). Clay
minerals form an important group of the phyllosilicates or sheet silicate family of minerals,
which are distinguished by layered structures composed of polymeric sheets of SiO4 tetrahedral
linked to sheets of (Al, Mg, Fe)(O, OH)e octahedral. The arrangement and composition of the
octahedral and tetrahedral sheets account for most of the difference in their physical and
chemical properties (AlAni and sarapaa, 2008). These properties determine the ability to work
with clay and its usefulness for certain purposes. Plasticity is a very important property for the
clay to be used in the manufacture of ceramic filters. Different applications require different
plasticity (Nardo, 2005). Plastic clays (such as ball clays) can be rolled into a rope-like shape
and wrapped around a thumb without breaking (Mukwasibwe, 2005). There are a number of
different types of clay including kaolin, ball clay, stoneware clay, high aluminum clay, bentonite,
brick clays, etc (Grimshaw, 1971). Ball clay is the preferred type for making ceramic filters
because it is very plastic and has a high green mechanical strength [Obwoya, 2003). Plasticity is
also affected by composition, wetness, aging, and bacteria. Plasticity can be increased by adding
more plastic clays, fillers, and fluxes. Aging the clay body increases the plasticity by allowing

the clay particles time to be thoroughly wetted (Kato, 1981). Some potters allow their clay to age
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for 2-3 weeks before use. Bacteria increase the activity of the mix which increases the

workability and plasticity with time.

2.4.1.1.  Structure of Clay Minerals

Clay is known to be natural, earthy, fine-grained materials, which develop plasticity when mixed
with a limited quantity of water. They are composed principally of silica, alumina, and water
often with iron, alkali or alkaline earth metals (Bailey and Brindley, 1979, Nguetnkam et al.,
2008). Clays consist of small particles of dimension 3 um diameter and are adsorbents used to
filter or remove solids and color in oils (Houdry et al., 1938). Clays have differing but inter-
related structures. The differences in clay structures arise from the way the silica tetrahedra and
alumina octahedra align in the structure as well as the differences in the number of the polyhedra
and other ions present in the entire structure. The kaolinite has a single tetrahedral silica sheet
and single octahedral alumina sheet, a combination which repeats itself indefinitely (fig.6a& b).
The crystal structure consists of unit layers, which are stacked on one another and held together
finally by hydrogen bonding among the hydroxide ions of the octahedral sheet of one layer and
the oxygen of the tetrahedral sheet of the adjacent layer. Kaolinite is a clay mineral with the
chemical composition Al>Si2Os(OH)s or Al,03:2Si02-2H>0 (Kerr, 1952). Within each layer,
there is a repetition of structure and therefore it is referred to as a unit cell. The distance between
a certain plane in the layer and the corresponding plane in the next layer is referred to us the
basal or d-spacing. The lower layer is the octahedral sheet which is composed of alumina (Al, O,
OH) while the upper layer is the tetrahedral sheet composed of silica (Si, O, OH). It is a non-
expanding mineral and therefore is unable to absorb water into the interlayer position. This
makes kaolinite to swell on wetting and shrinks on drying. In pure form, kaolinite has a melting
point of 1770°C and a melting point between 1200 and 1450°C in a clay form due to the
presence of highly fluxed feldspar.

An illite is a group of micas of the igneous and metamorphic rocks that have a unit layer
composed of octahedral sheets sandwiched among tetrahedral sheets. Presence of potassium ions
among these sheets results in increased thickness of the layer. The chemical formula is given as
(K, H20)(Al, Mg, Fe)2(Si, Al)s010[(OH)2,(H20)] but there is considerable ion substitution (Bain
and Nadeau, 1986). It occurs as aggregates of small monoclinic grey to white crystals(Gates,
2002).
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O octahedron and the structure of the octahedral sheet. b) Schematic representation of the

structure of 2:1 layer clay.

The montmorillonites are made of an alumina octahedral sheet between two silica tetrahedral
sheets. Nontronite is the iron (I1l) rich member of the smectite group of clay minerals.
Nontronites typically have a chemical composition consisting of more than ~30% Fe2Os and less
than ~12% Al>Os ignited basis. A typical structural formula for nontronite is
Cas(Si7AlgFe2)(FessAlsMg)O20(0OH)s. The dioctahedral sheet of nontronite is composed mainly
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of trivalent iron (Fe®") cations, although some substitution by trivalent aluminum (AI**) and
divalent magnesium (Mg?*) does occur. The tetrahedral sheet is composed mainly of silicon
(Si*"). On the basis of relative percentages of aluminum, silicon and alkali metals or alkaline
earth metals, the clays studied can be asserted to satisfy the formulae and structures(Deer et al.,
1992).

Table 2. Chemical composition and crystallography of some clay minerals.

Kaolinite Pyrophyllite Mica
Chemical formula Al;Si;05(0OH)4 Al3Si1010(0OH): KAI3Siz010(0OH)2

Mineral formula A|203.28i02.2H20 A|203.4Si02.H20 K203A|20365I022H20

Crystal class Triclinic Monoclilnic Monoclilnic
Space group P1 Calc Calc
Density 2.6g/cm?® 2.8g/cm?® 2.8g/cm?®
c-Lattice parameter ~ 2.7A 18.6 A 20.1A

2.4.2. Burnout materials
Burnout materials are added to the clay to increase the porosity. The most used materials are
carbonaceous materials. When the mass is fired the carbonaceous matter burnout, leaving
corresponding pore spaces so that the porosity of the fired mass is roughly proportional to the
volume of carbonaceous matter added. The main combustible materials are hardwood sawdust,
cork seeds, naphthalene and occasionally fine ground coke (Mcallister, 2005), flour, corn husks
and rice husks (Katherine et al., 2008). Petroleum waste products may also be used, however,
they burnout at higher temperatures than wooden sawdust (Kaminska and Valuikevicius,2005).
Sawdust of wood consists of volatile oils and small quantities of mineral content. The mineral
matter in sawdust wood consists mostly of salts of calcium, potassium, and magnesium. Ash is
formed from mineral matter during combustion and gasification. The ash yield has a very small
proportion of 0.1% to 1% by volume which has little effect on the porosity of the ceramic, and
during combustion, the mineral ions oxidize and volatilize or form particulates (Ragland et al.,
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1991). Rice husks are not the preferred choice because it has a low heating value and is
characterized by high ash content (18-22% by weight) (Bharadwaj et al., 2004).

2.4.3. Grog

Grog is fired clay, used to strengthen the ceramic body, reduce plasticity and shrinkage, and aid
drying. Grog is available in a variety of sizes from very fine to coarse. The course sizes can be
used to add texture to clay bodies. In the case of highly plastic clays, the grog usually enhances
some characteristics of the unfired body, such as the permeability, which facilitates the drying
stage. However, its addition can be detrimental to the porosity and mechanical strength of the
final ceramic product. The amount of the grog added into the ceramic filter body will be
convenient for both the processing and the quality of the ceramic product. Moreover, these
materials facilitate the drying stage as well as the breakdown reactions that occur during the
firing stage. Thus, for very plastic clays it may be necessary to add non-plastic material to
improve the process conditions (Faustine and Obwoya, 2014, Obwoya, 2003).

2.4.4. Bone Char

Bone char is made of animal bone that charred (burnt) and crushed. It was one of the earliest
media suggested for fluoride removal from water (HWTFR, 2011, Gitahi, 2012). It was not
widely implemented due to the unpleasant taste of treated water. However, in 1988 the WHO
proclaimed bone char to be an applicable technology for developing countries. The steps for
preparing bone char include charring, crushing, sieving, washing, and drying. Bone char from
any animal needs to be carbonized at a temperature of 400 to 500°C with a controlled air
supply(Harmon and Mjengera, 2001). The charred bones are then crushed either manually or by
using a crushing machine. For households and small communities, bone char media can be used
in different kinds of filters. Bone char media needs to be renewed or regenerated periodically.
Regeneration can be done using caustic soda 0 NaOH (Christoffersen, 1990).

2.5.  Water Quality
Water quality describes the chemical, physical and biological conditions of drinking
water(WHO, 2017). Chemical ingredients or physical parameters in drinking water are generally
considered to have less influence on human health than microbial contaminations. Chemical
compounds in drinking water are primarily present in very low concentrations and may cause
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long-term health issues through the continual intake of small dosages. But, physical parameters
are able to directly affect acceptability aspects of drinking water. They can lead to significant
changes in appearance, odor, and taste; so that the consumers may possibly consider the drinking
water as un-enjoyable. While turbidity in water does not directly cause health problems, it
normally indicates poor quality or treatment failures. Water with high dissolved solids or salinity
has a high electrical conductivity value, which may be unacceptable to consumers. Excessive
hardness may not acceptable to consumers. This work includes research on the removal
efficiency of microbial, chemical and physical parameters that are potentially dangerous for
human health after long- or short-term consumption like an indicator organism (E. coli), fluoride,
nitrite, hardness, iron, turbidity, and conductivity of the filtered water using ceramic filters

developed for this work.

2.5.1. Indicator Organisms

In most household water treatment systems, the focus of research has been microbial removal.
Removing pathogenic microorganisms from water is one of the main uses of ceramic filters. The
organisms in the influent and effluent are measured to determine the removal efficiency of the
filters. Detecting pathogenic microorganisms is complex and risky; therefore the use of
‘indicator’ organisms is introduced. Criteria for an ‘indicator’ organism in water bacteriology
have been formulated as follows: it should always be present whenever a pathogen is present,
and preferably in much larger numbers; it should only be present in the same source as the
pathogens and should not multiply in the aquatic environment; its persistence in the natural
environment or resistance to water treatment processes should be similar to that of the pathogens
of concern; enumeration should be simple, accurate and inexpensive (Gray, 2003, Gerba, 2000).
The bacterium E. coli is a Gram-negative, facultative anaerobe, non-spore forming bacillus with
the width of 0.5um and 3.0um length (Chengwei Luo, S2011). E.coli itself is found in largest
numbers in the intestinal flora of human and animals. E. coli is analyzed separately from
coliform bacteria. E. coli appears exclusively with fecal contamination. Because of this, it serves
as a direct indicator organism for fecal contaminations in drinking water (WHO, 2003). The
WHO and others recommend that there should be no detectable amounts of E.coli in 100 ml of
drinking water (APHA, 1978, BGOSHU, 2000, Scheutz et al., 2005 and WHO, 2011).
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2.5.2. Turbidity of Water

Turbidity in drinking water is primarily caused by the presence of suspended particles of
inorganic or organic matter. Often microorganisms attach to these suspended particles and
decrease drinking-water quality. Some ingredients which cause turbidity can also affect taste,
odor, and appearance as well as cause possible health issues.

Turbidity not only affects the overall appearance, but it can also be seen as an indicator for
potential chemical or microbial contamination of drinking water (WHO, 2011). The WHO
recommends turbidity of one NTU and up to 5 NTU is allowed (Lechevallier et al., 1981). Light
scattering by transparent isotropic media is accurately described by a macroscopic fluctuation
theory first formulated by Einstein. Turbidity, 7, is dependent on fluctuations in the refractive

index (or the dielectric constant) in volume, V, according to the equation

3201%Vn? ((sn)’

.21

where 4, is the wavelength of the incident radiation in a vacuum,<(5n)2> is the fluctuation

average in the refractive index n. In an absorbing media, the refractive index is complex and

therefore <(5n)2> can be replaced by <(§n)2>+<(ac)> where a_ is the imaginary part of the

complex refractive index, the absorption coefficient a, must be much smaller than the real part if

one is to be able to detect any scattered light (Miller, 1977).

The Turbidity of water can be measured using either an electronic turbidity meter, turbidity tube
or spectrophotometer, and its units are Nephelometric Turbidity Unit (NTU), Jackson Turbidity
Unit (JTU) or Formazin Attenuation Unit (FAU) depending on the method of measurement. The
units are nearly equal. The detailed description of how turbidity is measured using the methods
and advantages over each other is given by (Marty et al., 2007).

2.5.3. Electrical conductivity

The electrical conductivity of water (EC), is a measure of the ability of water to conduct an electric
current. It is usually measured in situ and expressed as micro siemens per centimeter (uS /cm). The

electrical conductivity is as an indicator of the presence of salt and other impurities in water sample
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usually pure water has low conductivity. It is effectively a surrogate for total dissolved solids and
sensitive to variations in dissolved solids. The higher the level of dissolved solids (minerals,
nutrients, etc.), the greater the ability of the water to pass an electrical current and, thus, the higher
the conductivity value (Schiefer, 2003). The conductivity of most freshwater ranges from 10 to
1,000 pS /cm but may exceed 1,000 uS /cm, in polluted waters (UNESCO/WHO/UNEP, 1996).
High or low ECs in drinking water generally do not harm human health, but they can affect the
taste in a negative way (WHO, 2011). The EC is an important parameter used to assess the
cleaning success of the filtration system.

25.4. 1Iron
Ferrous iron is often called clear water iron because it is clear when poured. Carbon dioxide acts
on iron in the ground to form soluble ferrous bicarbonate. The WHO recommends a
concentration of 0.3 mg/L for ferrous iron and 1.0 mg/L for total iron. Iron concentrations higher
than the WHO recommendation are responsible for causing the reddish brownish color to the
water, staining laundry and giving the water some sour taste but do not present any health

hazard.

2.5.5. Flouride

Fluoride is an ion of the element fluorine and it is the most reactive element of the halogen
family. The WHO recommends a general standard for the concentration of fluoride in water,
which ranges from 0.5 to 1.5 mg/L. Optimum fluoride concentration (about 1 mg/L) in drinking
water is good for dental health and proper bone development. However, intake of excess
fluoride (beyond 1.5 mg/L, WHO guideline) for a long period can result in the incidental
fluorosis. Low concentration of fluoride in drinking water has been considered beneficial to

prevent dental fluorosis, skeletal fluorosis, and bone fractures.

The beneficial and harmful effects of fluoride are based on the possible ion exchange
reactions between hydroxide and fluoride ions in the calcium hydroxyl-phosphate, the main
skeletal structure compositional material, the replacement of hydroxide ions with fluoride

ions, is given by equation which results in more acid resistant structure fluoroapatite.
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Cas(PO4)30OH + F —— > Cas (POs)sF+OH™ ..., 2.2

Fluoroapatite being more resistant to acid attack compared to hydroxyapatite a protective to
the teeth enamel against acid from foods. This prevents dental fluorosis. Excessive fluoride

intake, however, may enhance the reaction to go beyond replacement of hydroxide.
Cas(POs)sF + 9F — > CasF10+ 3P0s> ..o 2.3

In this reaction, 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 (Thole, 2011). The occurrence of high fluoride
concentration in drinking water and the risk of fluorosis associated with using such water for
human consumption is a problem faced by many countries, such as Saudi Arabia, Sri Lanka,
the Rift valley countries in East Africa (Alabdulaaly et al., 2013, Dissanayake, 1991, Jianhua
and Hui, 2012, Rango et al., 2012). The main methods used in defluoridation from aqueous
solutions are membrane techniques and adsorption techniques: alumina-based adsorbents,
clays, and soils fired clay pot and iron oxide (Fan et al., 2003, Huang et al., 2011, Kofa et al.,
2017, Kefyalew et al., 2012). The adsorption techniques have been found to be the most
effective and widely used because of its low maintenance cost and even appreciable fluoride
removal at low concentrations. Using hydroxyapatite (HA)-Clay filters, (Yakub et al., 2013)

were able to demonstrate high fluoride removal rate.

2.5.6. Nitrite
The contamination of surface water and groundwater with nitrate and nitrite has been considered
in most urban and rural areas of the word. Pollution of underground and surface water in rural
areas are due to human activities including agricultural activities (Mahvi et al., 2013) and
diffusion from industrial processes and disposal of solid waste (Wakida, 2005) are the most
common sources of nitrate and nitrite pollution. Nitrite accumulates in agricultural watersheds
where farmers spread fertilizers and animal manures on cropland. The primary health hazard
from drinking water with nitrate-nitrogen occurs when nitrate is transformed to nitrite in the
digestive system (Robillard et al., 2006). The nitrite oxidizes iron in the hemoglobin of the red

blood cells to form methemoglobin, which is short of the oxygen-carrying ability of hemoglobin.
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This creates the condition known as methemoglobinemia, that is the iron in the blood,
hemoglobin (Fe?*) changed into its oxidized form, Fe3* ((Adam, 1980). Higher concentrations of
nitrite are indicative of pollution by industrial wastewater or agricultural run-off. The USEPA
established a maximum contaminant level (MCL) of 1 mg/L nitrite-nitrogen in drinking water to
help the prevention conditions, including blue baby syndrome in infants (WHO, 1985). Different
optimized methods such as nano-filtration (Yousefi et al., 2016) and ion exchange resins
(Shahbaziet al., 2010) in wastewater have been studied by researchers to reduce levels of these

contaminants.

2.5.7. Hardness
Hardness in water refers to existing divalent ions, such as iron, manganese, calcium, and
magnesium. Among them, calcium and magnesium are known as the dominant species for water
hardening (Yanet et al., 2008). Most of the water resources should be treated for purification
before consumption. In some countries, groundwater is the main safe drinking water resource
(Bruggen and Vandecasteele, 2003). In some cases, the resource does not satisfy to the desirable
levels regarding their chemical properties, such as hardness, nitrate contamination, heavy metals,
soluble iron, etc. (Teixeira and Rosa, 2006). Water hardness can appear problematic in some
cases; it can also be considered an important aesthetic parameter. The WHO guideline values are
given for the concentration of calcium 100-300 mg/L and magnesium 200 mg/L in drinking

water (Appendix K).
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Table 3. Chemical, E.coli, and Physicochemical Risk Categories of drinking water summary.

arameter Risk Categories

Iron Low: <0.3 mg/L Moderate: High: >1.0 mg/L
0.3-1.0 mg/L

Turbidity Low: <1 NTU Moderate: High: >5 NTU
1-5NTU

Fluoride Low: <0.5 mg/L Moderate: High: Very high: >3 mg/L
0.5-1.5 mg/L >1.5 mg/L

Hardness Soft: <60 mg/L  Moderately Hard: Very hard: 300 mg/L
hard: 60-180mg/L  180-300 mg/L

Electrical Low: <150 Moderate: High: Very high:

conductivity uS/cm 150-500 puS/cm 500-800 uS/cm  >800 uS/cm

E. coli Range Low: O Moderate: 1-10 High : 10-100 Very high: >100

(CFU/100 mL)
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3. METHODS AND MATERIALS

3.1. Description of the Study Area

The study was conducted at Adama Science and Technology University, Department of Applied
Chemistry which is located in Oromia national regional state east of Ethiopia 99 Km away from
Addis Ababa with an average altitude of 1712 m above sea level. Ceramic water filters were
developed by collecting clay sample from Kechene, Mariam River. Kechene Woreda is located
in Addis Ababa administrations of Gullalle sub-city Woreda 6 at 38°450°E and 9°3'30"N. Water
sample was collected from Modjo River, which located 75Km East of Addis Ababa the capital
city of Ethiopia, which is geographically situated in between 39° 05' E — 39° 4'E longitudes and
8% 34' — 9% N latitudes. Microbial tests, fluoride, turbidity, and conductivity determination were
done at OSHO (Oromo Self Help Organization) fluoride technology center,Modjo, filter
elements firing, flow rate and total porosity determinations were conducted in Adama Science
and Technology University chemistry department laboratory, phase and functional group
analysis were done at Addis Ababa University Science Faculty chemistry department, total
silicate analysis was conducted at Ethiopian Geological Survey laboratory, BET and
microstructural analysis were done in Indian Institute of Technology KANPUR, materials testing

laboratory.

27



Location Map of Kechene Woreda

Ethiopian Regional State Map

Gulalle Sub City Woreda Map _

Study Area Map

Addis Ababapub City z
\ 2
1§ s
‘\. z
A
b ;
i £
~ ] 3
i -
" Legend
Y ==
/4 [ ‘Woreda
0o a4 8 16 24 32 4 == S
Km 38°44'30"E IST4S0"E IS4 0E IS°460"E

Figure 7. Clay soil sampling area (Kechene).
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Figure 8. Photograph of the Water sampling area (Modjo River).




3.2.  Ceramic Water Filter preparation process

The clay material collected was dried for two weeks to remove the water and crushed with
wooden mortar and pestle, ground and sieved using a sieve with 0.75mm to obtain finer particles
The sawdust was also, dried, ground and sieved with 0.3 mm sieve to isolate the large particles
of the sawdust. The Grog used for this work (fired clay without burn out materials) was prepared
from fresh dried and sieved clay fired at 800°C for 2hrs (Molly 2009).The first kind of24
selected filters was made from clay, grog and sawdust while the second kind of 15 filters was

made from clay, grog, sawdust and animal bone that chared at 400°C as indicated in Table 4.

For the preparation of different batches of the ceramic filter; sieved clay powder, grog, and
sawdust materials were taken in the required proportion for the production of ceramic filters
according to the early developed procedure (Hagan et al., 2008). Clay, sawdust, and grog were
mixed for more than one hour in dry. Then, water was added consistently on a dry mixture of
clay, sawdust, and grog through mixing for 5hrs and aged for 3days. The blends were again
mixed in wet by wedging and rolling to get a homogenous uniform mixture and the wet mixture
was divided into blocks. The percentage of sawdust, clay, grog, and sintering temperature were
varied in different batches of the ceramic filter designs. The blocked clay mixtures were molded
into frustum shape at Kechene women pottery cooperation, Addis Ababa by using a 2-ton car
jack. The manufactured filter element has a 10.0cm top radius, 15.0 cm height, 5.0 cm bottom
radius, and 1.10cmwall thickness.

The shaped filters were allowed to sun dry for about two weeks. Once the filters were completely
dried they were taken to Adama Science and Technology University, Applied Chemistry Post
Graduate Laboratory and then sintered in muffle furnace at 800°C, 850°C, 900°C, 950°C and
1000°C for a period of 6 hours gradually starting from room temperature as depicted in figure 9.
Afterward, the filters were left to cool gradually until the temperature reached room temperature.
Once cooled, the filters were soaked in distilled water for 24 hours before starting the flow rate
experiments. The selected filters were washed with distilled water, dried in an oven, packed
properly in plastic bags to protect them from any contamination and made ready for the different

tests.
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Figure 9. Firing summary used for ceramic filter sintering.

Figure 10. Some of the shaped and sintered filter elements produced.
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Table 4.Filters developed with different designs.

Batch code Filter Design %Grog(v/v) | % Sawdust | Bone Char | Sintering
%Clay(v/v)
(VIV) Temperature (°C)
First kind of filters ( clay, sawdust, and grog)
800-950
50 15 35 No
A [F1-F4] C(800-950)-50-15-35
800-950
60 15 25

B[F5-F8] C(800-950)-60-15-25

C[F9-F12] 70 15 15 800-950
C(800-950)-70-15-15

D[F13-F15] 70 10 20° 800-900
C(800-900)-70-10-20

E[F16-F18] 70 5 25 900-1000
C(900-1000)-70-5-25

F[F19-F21] 75 5 20 900-1000
C(900-1000)-75-5-20

G[F22-F24] 80 5 15 900-1000
C(900-1000)-80-5-15

Second kind of filter designs (clay, sawdust, grog & bone char)

BONE Char 50 15 35 5% 800-950
C(800-950)-50-15-35

Bone char 60 15 25 5% 800-950
C(800-950)-60-15-25

Bone char 70 15 15 5% 800-950
C(800-950)-70-5-25

Bone char C(1000)-(70-85)-5-(25- 1000

70-85 5 15-25 5%

15)
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Clay + Sawdust + Grog + Bone Char

-

Grinded, Sieved, dry and wet mixed

-

Aged (3days), Molded, Sun dried(2 weeks)

-

Fired @ 500°C for 1hr,
sintered (800-1000°C) for 6hrs

-

Sacked for 24hrs

Chemical tests: flouride,
nitrite, iron and hardness

SO

Flow rate, Microbial, turbidity,
pH , porosity, conductivity

)

Characterizations

~

FESEM, EDS, BET, FTIR,
XRD, pH{pzc)

Figure 11.The flow chart for the filter production process and testing.




3.3.  Ceramic Filter Test

3.3.1. Flow Rate
Flow rates were measured from the water source with the turbidity of 58NTU as the input for the
filter. Flow rate testing is an important quality assurance step which indicates the rate at which
water passes through the filter element. So, the produced filters for this work were fully
immersed in water and soaked for 24 hours to ensure full saturation of filters at the beginning of
the test and to achieve standardized results. Once soaked, the filters were transferred onto a flow
testing rack. Each of the filters was filled to the brim with water. Once the filter was filled to the
brim, a timer was started for one hour. The filter was filled with influent and repeatedly re-filled
to the brim level for 1 hour. After an hour, the filter was removed from the rack and the flow rate
of each filter was measured with a measuring cylinder. Finally, the flow rate of the selected filter
was recorded in terms of L/h and the obtained data were analyzed (Rayner, J. 2006). The same
procedure was used to measure the flow rate of each filter at different time intervals: 15, 30, 45

and 60 minutes.

3.3.2. Escherichia coli
The water used for the bacterial test was collected from Modjo River which is contaminated with
pathogenic bacteria (Kenesa Chali, 2017)by purposive sampling techniques (llker.E et al., 2016),
and taken to Oromo Self Help Organization/ OSHO Laboratory which is found in Modjo Town.
Sufficient amount of contaminated water sample collected from the river was diluted with
sterilized water by 1:100 ratios (i.e., 1ml of contaminated raw water was added to 99ml sterilized

water) due to the high concentration of E.coli in 200ml of raw water.

3.3.2.1.  The Sampling Process
The sample bottles were cleaned thoroughly with a suitable detergent and hot water, repeatedly
rinsed with hot and distilled water. The sample bottles were sterilized for an hour at a
temperature of 170°C, loosen caps before autoclaving to prevent distortion. The sterilized bottle
was opened; it was held by the lower part and was submerged to a depth of about 20 cm with the
mouth facing slightly upwards and filled with sample water leaving ample airspace in the bottle (
about 2.5 cm) to facilitate mixing by shaking before the examination. The bottle was capped and
placed in a clean plastic bag and transported to OSHO Laboratory for the E. coli test.
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3.3.2.2.  Incubation of the E. coli Plate

The 10mL syringe was used to draw water from diluted water sample for E. coli test. The
syringe was sterilized by sucking hot water, and after 10 seconds the water was discarded to the
discharge vessel. The filter paper holder was pasteurized by submerging its upper part in the hot
water and the water of the filter paper holder was drained to the discharge vessel. A clean glass
was also sterilized in the same manner. The pasteurized glass was filled with the water to be
analyzed. A sterilized filter paper was taken with pasteurized forceps holding it by the edge and
was placed on the pasteurized filter paper support. The filter paper support was closed with the
cap carefully and tightly to avoid leakages during filtration. The 10mL water sample was drawn
from the water sample by the syringe and put on the filter paper then the syringe was fixed with
the filter paper support and then the syringe handle was pulled slowly to filter the 10mL water
sample through the filter paper; finally the filtered water was discarded into the discharge vessel.
The filter paper support was opened and the filter paper was removed carefully from the filter
paper holder by pasteurized forceps. The filter paper was placed carefully on the E. coli plate to
avoid air pockets between the nutrient path and the filter paper and covered tightly, marked then
placed in an incubator for 24 hrs of incubation at a temperature of 35°C. After 24 hrs the number
of blue spots (E.coli colonies) was counted and recorded a total of about 25 ina 10mLdiluted
water sample.E. coli concentration for 100mL of a water sample is counted by multiplying the
count of the 10mL sample by 10(Arora and Arora,2008).

Finally, the numbers of E. coli density and removal efficiency of the ceramic filters were
calculated according to (Anwar, 2011)and expressed as CFU/100ml:

NtF

% R.E,; = 100(1 = ~2) Lo 3.1

Where, NtB, is the number of E. coli before in 100 ml of raw water and NtF, is the number of E. coli

in 100 mL of water after filtration.

3.3.3. Fluoride Removal Efficiency
In this test lon-Selective Electrode(Orion Model 940 Expandable lon Analyzer) was used to
determine the fluoride removal efficiency of seven filters on the synthetic water samples. Two
filters with the compositions of clay (50 and 60)% , grog 15% , sawdust (35 and 25)% that
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sintered at 800°C respectively, one filter from 50% clay, 15% grog, 35% sawdust compositions
sintered at 800°C, and three filters with clay (70, 75 and 80)% , grog 5%, sawdust ( 25, 20 and
15) % sintered at 1000°C respectively were prepared with 5 % bone char for the fluoride
removal efficiency investigations. Flouride removal efficiency can be calculated by taking the

fluoride concentration difference before and after filtration with a ceramic filter.

3.3.3.1.  Preparation of TISAB
500ml distilled water was placed in a 1L beaker and 7g trisodium citrate (NazCeHsO7.H20),
56gm sodium chloride and 2gm ethylenediaminetetraacetic acid (EDTA) were added to it and
stirred to dissolve. To 57mL glacial acetic acid 5M sodium hydroxide was added until the pH
reached 5.3 and transferred to a 1L volumetric flask and diluted with distilled water to the mark
of the flask.

3.3.3.2.  Calibration of the Electrode
20mL of fluoride solutions with different fluoride concentrations: 1mg/L, 2mg/L, 3mg/L, 4mg/L,
and 5mg/L were prepared. 2mL TISAB was added to each solution. The potential reading of
each concentration was taken and the graph of potential (E in mv) versus the logarithm of
concentration (Log C in mg/L) was drawn then the slope of the graph and r? were calculated to

check the accuracy of the measurement.

3.3.3.3.  Sample Preparation and Fluoride Measurement
10mL of the sample was put into a 50mL plastic beaker and 10mL distilled water and 2mL
TISAB were added. The sample solution was placed on a magnetic stirrer. The electrodes were
immersed in the sample solution and the developed potential was measured while stirring on a
magnetic stirrer. The electrodes remained in the solution until the millivolt reading was constant
or no drift sign was visible on the liquid crystal display/LCD screen. The electrodes were
withdrawn from the solution and rinsed with distilled water and blotted dry between readings
(blotting may poise electrode if not done gently). The potential readings of all the samples were
entered in an excel (spreadsheet) program and the potential reading was converted to

concentration.
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The potential developed in ISE and the concentration of Fin the solution correlates using Nernst

equation:
E=E"-(2.303RT/ZF) 10g [F] w.eieviieiiii e 3.2

Where: R is the gas constant (8.314 joules/mole); T is the absolute temperature (K); z is the
charge of fluoride ion in the solution; E is the measured electrode potential in the solution; E° is
the standard potential of the reference electrode; F is Faraday's constant (96,500

coulombs/mole); and [F7] is the concentration of fluoride ion in a particular sample solution.

3.3.4. Conductivity

For the measurements of pH and conductivity of the filtered water using the ceramic media, the
same water sample used for flow rate determination was used. The pH, conductivity, and
turbidity of the water sample used before filtration for testing the efficiency of the developed
filters were 8.2,157us/cm and 58NTU respectively. Standard solution of KCI was prepared with
concentration and conductivity of 0.7455 ppm (1330 ps.cm™), 0.0746 ppm (133 ps.cm™), 0.0149
ppm (26.6 ps.cm™?) to confirm the suitability of the instrument. A beaker was filled with 8ml of
conductivity calibration solution and the probe of the conductivity meter was immersed into the
beaker. The instrument (Conductivity Meter HI9033—Hanna ) was turned on and the appropriate
range of measurement was selected. The probe was tapped repeatedly on the bottom of the
beaker and the solution was stirred to ensure that no air bubbles were trapped inside the sleeve.
The calibration timer was turned on until the proper conductivity value was displayed at 25°C
and the calibration was completed and the instrument was ready for use.

3.3.5. Turbidity Test
The turbidity removal efficiency of the ceramic filters was evaluated for the same water source
that used for the flow rate test using the instrument CL52 D NEPHELOMETER (provided
turbidity measurement in Nephelometric Turbidity units in a range of 0.1 to 400 NTU) (ASTM
International, 2003a). The measurement was made before and after filtration of the collected
water sample using CF to evaluate the removal efficiency of the prepared filter. Before
measurement the turbidity meter was calibrated regularly using different calibration standards,

bottled water (0.18 NTU) was used. The samples were transferred into special covet and placed
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in the turbidity meter. Then, continue rinsing of covet with distilled water and gently wipes the
outside part of covet by soft tissue. Finally, the turbidity removal efficiency (n), can be

calculated using the equation:

N= 10001 —2B) oo 3.3
ra

where: rB - is the turbidity before filtration and rF- turbidity after filtration.

3.3.6. pH
The pH of the raw water and filtered water samples were analyzed with pH Meter, Metrohm, (pH
Electrode, Metrohm 6.0220.100) in OSHO laboratory. The pH meter was calibrated before
sample determination using standard buffers. A magnetic stirrer was inserted inside the sample
on a 50 ml beaker and the electrodes of the pH meter were submerged. Readings were recorded

when the meter stabilized.

3.3.7. Zero point charge (pHzpc)
The pH at which the sorbent surface charge has a zero value is referred to as the point of zero
charges (pHzpc). The Isoelectric point or Zero point charge (pHzpc) of the selected samples was
measured by using the method described by (Duran-Valle, 2012). 0.1 M of 10 NaCl solutions
having the initial pH values ranging from 1 to 12 with 1 increment was prepared in duplicate
using 0.1M HCI and 0.1M NaOH. Then the solutions were filtered with C900-50-35-15 filter
media. The final pH values of the twelve solutions were then measured and thereby calculation
of ApH was made by subtracting the initial pH values from final pH values. The graph was
drawn by plotting the initial pH values against ApH. From the graphs plotted, the pHz:c (point of

zero charges) of the adsorbent was determined.

3.3.8. Water Hardness Agents Removal Test
Water hardness removal efficiency of the ceramic filter elements was evaluated with
complexation titration method by using EDTA and Eriochrome Black-T (EBT), the metal ion
indicator (Kolthoff and Stenger, 1947). Magnesium solution was prepared by dissolving 4.6g
MgCl,.6H20 in 500 mL conical flask with distilled water and transferred to 1000 mL volumetric
flask and filled with distilled water up to the mark. Calcium chloride solution was prepared from

1.1g of solid CaCl. dissolving in a beaker of 500 mL with distilled water then transferred to 1000
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mL volumetric flask and filled with distilled water up to the mark. The titrant 0.01 M EDTA
solution was prepared by weighing 3.72 g of EDTA sodium salt dried at 80°C and dissolved in
500 mL beaker then transferred to a thel000mL volumetric flask and filled up to mark. EDTA
solution was standardized with a prepared primary standard solution of CaCOs. An
approximately 0.01 M solution of EDTA was prepared by dissolving 3.7224 g EDTA in distilled
water and diluted to 1 L and the solution was standardized with standard calcium carbonate
solution complex-metrically. EBT solution was prepared by dissolving 0.2 g of EBT indicator in
15 mL ammonia solution and 5mL absolute ethanol. A buffer solution of pH=10 was prepared
by adding weighed 17 g of NH4Cl in 142 mL concentrated ammonia solution (sp.gravity of 0.9)
and diluting to 250 mL with distilled water in a conical flask. To prepare a buffer solution of
pH=10, 70 g of ammonium chloride was dissolved in 570 mL of ammonium hydroxide (sp gr.
0.90) and makeup the volume to 1000 mL with distilled water in a volumetric flask (Birendra S
and Pandey | 2014).

The titration was carried out at a pH of 10, in an NH3-NH4* buffer, which keeps the EDTA (H4Y)
mainly in the half-neutralized form, H.Y?%, where it complexes the Group I1A ions very well but
does not tend to react as readily with other cations such as Fe* that might be present as
impurities in the water. From the collected filtered water through each of the ceramic filters 20
mL of the sample was prepared in a clean 250 mL conical flask for each trial and 2mL of
ammonia buffer solution followed by 1mL of EBT then titrated with EDTA solution. The
concentration of metal ion was calculated from 1:1 mole ratio of EDTA and metal ion. The
concentrations of the cations were calculated in the samples as (ppm) and finally, the removal
efficiency of the ceramic filters was evaluated for each code of filter elements. The equation for

the reactions that occur at the endpoint of the titration is as follows:

H2Y%(aq) + MgIn'(ag) —— MgY?(aq) +HIn*(ag) + H*(aq) --------- 3.4

(wine red) (sky blue)

Where; HoY? is EDTA, HIn? is an indicator, Mgin-is the metal indicator, MgY? is metal EDTA
complex. For the determination of Ca?* small amount (0.1 g) of magnesium chloride was added

in the EDTA because the Caln™is not very stable and the presence of Mg?* in the solution ensures
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a sharp endpoint through the complexation of the EBT indicator with the magnesium ions

present.

3.3.9. Iron Removal Test
The purpose of this activity was to evaluate the iron removal efficiency of the selected ceramic
filters from synthetic water using the method developed by (Basheer et al., 2011). The iron
removal efficiency of ceramic filters was performed with single beam UV-visible
spectrophotometer (XP-1000P, China, number 2000 to 8004) for synthetic water sample of
27.12mg/L concentration of iron (I1). For the iron determination, a stock solution of Mohr’s salt
[Fe(NH.)2(SO4)2.6H20] 1000 ppm was prepared by dissolving 6.97 g of the salt in 500 mL
beaker, then transferred to 1000 mL volumetric flask and filled to the mark. Standard solutions at
different concentrations (30 ppm, 20 ppm 10 ppm, 8 ppm, 6 ppm, 4 ppm, and 2 ppm) were
prepared from the stock solution for the calibration of the UV-Visible spectrophotometer
instrument. The concentration of 1,10 phenanthroline was 3 times the concentration of Mohr’s
salt because of Imol of Mohr’s salt for the formation of the orange-red color
complex[(C12HsN2)sFe]?* with 3 moles of 1,10 phenanthroline (Figure 12). The absorbance of
the red complex produced was measured with a spectrophotometer at a wavelength of 510 nm.
Hydroxylammonium chloride was used as a reducing agent for the conversion of iron (1) to
iron (1) in the solution. Before UV determination 1mL HCI, 5 mL hydroxyl ammine, 3 mL
sodium acetates, 5 mL 1,10 phenanthroline were added by taking 10 mL solution from each of
the standard solutions, and the blank. Then, the solutions were filled up to mark with distilled
water in 100 mL volumetric flask. The same procedure was followed for the determination of

iron concentration before and after filtration.
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Figure 12. Solutions prepared for UV-Visible spectrophotometer.

3.3.10. Nitrite Removal test
The nitrite removal test was conducted on synthetic water using single beam UV visible
spectrophotometer ( XP-1000P, China, number 2000 to 8004) on synthetic water using the
method developed by(Afkhamiet al., 2004). The stock solution of 1000 ppm was prepared by
dissolving 1.456 g sodium nitrite in 1000 mL volumetric flask and filled to the mark with
distilled water. The standard solutions of (100 ppm, 10 ppm, 8 ppm,6 ppm, 4 ppm, and 2 ppm)
were prepared from the stock solution for standardization of the instrument. A solution of 0.025
M Paranitroaniline and 0.025 M 1-naphthol were prepared from the mass of 1.726 ¢
paranitroaniline and 1.802 g of 1-naphthol by dissolving in 1000 mL volumetric flask and filled
up to the mark separately. Nitrite under acidic conditions is going through diazotization with
para-nitroaniline in an ice bath and is formed a violet colored complex with 1-naphthol under

basic condition. All the chemicals used were analytical reagents.
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Figure 13. Solutions prepared for UV-Visible spectrometer of nitrite.

3.4. Composition analysis
For the determination of major and minor oxides complete chemical analysis (Analytical method
LiBO> Fusion, HF attack,Gravimetric, Colorimetric,and AAS) of the raw clay and sintered filters
were done at Geological Survey of Ethiopian Geochemical Laboratory, Addis Ababa. The results
of chemical analysis were shown the percent of the major and minor oxides and Loss on Ignition
(LOl).

3.5.  FT-IR Analysis
A portion of the filter sample was pulverized to a fine powder in an agate mortar and pestle. A
small portion of the material weighing approximately 2 mg was then ground and mixed
thoroughly with 40 mg of dried potassium bromide (KBr). The powder was distributed evenly
within the die by first rotating the plunger, and the assembly was placed in a press. A load of 10
tonnes was applied for 3 to 4 min to form a transparent KBr disc. The die was disassembled and
the disc carefully removed and placed in a sample holder. The Perkin Elmer Spectrum 65
Spectrum BX FTIR (at Addis Ababa University, Department of chemistry, Ethiopia) was used.
The beam splitters used were KBr for the mid-IR region 4000 to 400 cm™ and the resolution was

4 cm,
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3.6. Powder X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) technique was used for phase identification of raw clay and the fired
filter materials. The raw sample was roughly ground and its same portion was scanned by XRD
which named as a bulk state (bulk). The clay particles obtained from bulk sediments placed in a
large glass cylinder filled with water with addition of 5x10* mol/L sodium pyrophosphate as
deflocculating agent then the suspension transferred in to large cylinder to settle in the water
according to Stokes Law by sedimentation from suspensions and washed by pure water to
remove the dispersing agent, dried and powdered for XRD analysis. Then the filtrate was dried
and scanned by XRD which named as a normal state (normal). Finally this normal state of the
sample (clay fraction < 2um) heat treated at 550 °C and scanned as heat treated state. For the
present work XRD data have been taken for the prepared raw clay powders and fired filter
powders with X-ray diffractometer (Bruker D8 Advance Diffractometer) at room temperature,

using Nickel filtered Cu-Kradiation (A = 1.54 A), over the range of Bragg angles (10° < 20 <

80°) with a scanning speed of 2° minfl. The instrument was run at power settings of 40 KV and
30 mA and the powder samples were mounted into a top loaded circular sample holder to be

rotated in the instrument at 50 rpm.

3.7. Field Emission Scanning Electron Microscopy (FESEM)
The Field Emission Scanning Electron Microscopy (FESEM) is a useful technique to study the
topography, morphology,and composition of the materials with much higher resolution. In this
work,the microstructural investigations of the sintered ceramic samples were made on the
fractured surface of the sample using FESEM (JEOL-JSM-6610LV, Tokyo, Japan) after a thin
layer of gold was coated by using Auto Fine Coater (JFC-1600) for 90 seconds. Energy
Dispersive X-ray Spectroscopy (EDS) with the conjunction of FE-SEM was used to characterize

the elemental composition of the analyzed volume.
3.8.  The porosity of Ceramic Filters

3.8.1. Total porosity
The porosity of the ceramic filters was determined using the water absorption test (direct)

method(D'ujanda, 2001) in Adama Science and Technology University Applied Chemistry Post
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Graduate Laboratory. Three different samples weighing (50 g, 60 g, and 100 g) were taken and
the average porosity of these three samples and the apparent porosity of a ceramic filter was
determined. The samples were weighed when dry in theair then saturated in distilled water at
room temperature for 24 hours.The water with the samples was then boiled for about two hours
and allowed to cool to room temperature for another 24 hours.This was done to ensure that the
air in the open pores of the filter samples was replaced by the distilled water.The soaked samples
were weighed under distilled water, then removed and the surface was wiped with tissue paper
and weighed in air.The weight of the wire was subtracted from the value obtained while
determining the weight of the sample suspended in water.Apparent porosity was then calculated

using the expression given below.

Wsaturate=Wdry

P = 100[ | 3.5

Wsaturated-Wunderwater
Where; Wsarated 1S the weight of the sample when saturated in water, Wary, is the weight of the

dry sample and Wuynderwater, the weight of the sample underwater.

3.8.2. Specific surface area and pore size distribution analysis
Brunauer—Emmett—Teller (BET) nitrogen physisorption measurements were performed at 77K
using an ASAP 2000 absorptiometer (Micromeritics, USA). The samples (~400 mg) were
degassed at 473K for 24 hours prior to the sorption experiment. The total pore volume, Vi, was
measured as the adsorbed amount of N at P/Po values near to 0.99 allowingthe surface area to be
calculated by the BET equation. The pore size distribution was determined by the Barrett-Joyner-
Halenda (BJH) method applied to the N2 desorption isotherm branch.

3.9. Data Analysis
One way analysis of variance (ANOVA) was used to test if there are significant differences in
porosity, flow rate, E.coli, hardness, and nitrite removal efficiencies, due to the variation of the
ratio of raw materials and sintering temperature among different filters at (p =0.05) and the
correlation among varies ( Miller and Miller, 2010). The data analysis was done by SPSS version

23 software and excel 2007.
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4. RESULTS AND DISCUSSION

4.1. Flow Rate Test
Flow rates were measured from the same source water with the turbidity of 58NTU as the input
for thefilter. Figures 14(a-d), 15(e-h) and Appendix A, summarized the results of the flow rate
experiments. The results in Appendix As depicted as the flow rate of the ceramic filters were
affected with ratios of clay, sawdust, grog as well as the sintering temperatures of the filter
elements. The average flow rate values of ceramic filters with the composition of clay (50%),
grog (15%) and sawdust (35%), decreased with increase in sintering temperature; 2.73+0.23L/h,
2.15+0.28L/h, 2.05£0.41L/h and 1.91+0.55L/h respectively as shown on the fig.14a. Increasing
the sintering temperature of the ceramic filter body reduces the pore volume or pore size, and
increases the density of the filter elements. The flow rates result of C(800-950)-50-35-15 filter

designs showed the inverse relationship between sintering temperature and flow rate.

The flow rates of filters with designs; C800-50-15-35, C800-60-15-25, C800-70-10-20 and
C800-70-15-15 were 2.73 £ 0.23, 2.16 £ 0.32, 1.83 £ 0.30 and 1.78 + 0.22, respectively. These
results showed a decreasein flow rate with the decrease of burnout materials at a fixed sintering
temperature (800°C). According to Lantagne 2001a, pore size and total porosity of the filter
element depends on the amount of burnout material added to the clay. For this reason, the flow
rate results revealed, filters with high burnout materials and sintered at low temperature have a
relatively large flow rate in comparison with filters with high sintering temperature. This might
be observed due to the formation of more isolated and interconnected pores in the ceramic filter
body (Lianga et al., 2006, .Molina et al., 2005).

As shown on the Fig.14c, the flow rate of the filter in the same group decrease with the increase
in the sintering temperature with the exception of the filter made with 60% clay, 25% sawdust,
15% grog and fired at 850°C (Filter C850-60-25-15) that was the fastest filter (2.56+0.24L/h) in
the group (Fig.14c).

The average flow rate of filter designs: C800-50-15-35 (2.73+0.23 L/h), C850-60-15-25
(2.56£0.24 L/h), and C900-70-5-25 (2.94+0.38 L/h) (Table 5) were relatively good as per the

potters for peace recommendation. The average flow rate range of the filter designs produced by
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this team are ranged from 1.16+0.15 liter per hour to 2.94+0.38 liter per hour, which is in the
range recommended by potters for peace(Rayner.J, 2006). This might be due to the proper
mixing process of the raw materials, the ratioof raw materials used, and optimized sintering
profile used during the preparation of the filters element.
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* indicates the p value is < 0.05 (the statistical difference is significant), while ** indicates the p value is < 0.01 (the statistical difference is more
significant).

Figure 14. (a-d). The flow rate of ceramic filter designs of Batch A, B, C and mix (d).
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Figure 15(e-h). The average flow rate of ceramic filter designs of Batch D, E, F, and G.

Table 5. Test results of flow rate for filters with different ratios of clay, grog and sintered at 900
and 950°C.

Filter Code  Sintering temperature, percentage of (clay, grog, and Flow rate (L/h)
sawdust)

F7 C900-60-15-25 1.97+0.23

F16 C900-70-5-25 2.94+0.38

F8 C950-60-15-25 1.56+0.25

F17 C950-70-5-25 2.50+0.27
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Moreover, filters with C900-70-5-25 and C950-70-5-25 designs were derived from filters
C900-60-15-25 and C950-60-15-25 by reducing the percentage of grog from 15% to 5% and
increasing clay from 60 % to 70 % by keeping the percentage of sawdust and sintering
temperature constant. The average flow rate of F7, F16, and F8, F17 were increased from
1.97+£0.23 to 2.94+0.38 and 1.56+0.25 to 2.50+0.27 respectively.These flow rates change
observed, on filters with a low percentage of grog and a high percentage of clay were due to the
low porosity of grog than the clay. According to (Abiriga and Obwoya Kinyera, 2014) the
introduction of grog or fired clay was found to improve the mechanical properties of the filters,
although if so much proportion of it is added the flow rate is lowered. Table 6showed the
influence of the amount of sawdust and grog on the flow rate of the ceramic filters. The rate of
water flow is higher for filters with a high proportion of sawdust and low grog in the filter
compositions. According to (Dies, 2003), interconnected pores are formed when the green body

of the filter with precise proportions of sawdust are fired.

Table 6. Test results of flow rate for filters with different ratios of grog and sawdust.

Sintering temp, % (clay, grog,and sawdust) Filter code  Flow Rate (L/h)
C800-70-15-15 F9 1.78+0.22
C800-70-10-20 F13 1.83+£0.30
C850-70-15-15 F10 1.46+0.15
C850-70-10-20 F14 1.70+0.18
C900-70-15-15 F11 1.16+0.15
C900-70-10-20 F15 1.63+0.31
C900-70-5-25 F16 2.94+0.38

At the 0.05 level, the data drawn for flow rates were significantly different in flow rate for
groups of ceramic filters with percentage composition of clay, sawdust and binder : 60%, 25%,
15% (P = 0.0103), 70%, 15%, 15% (P = 0.0073) and 50%, 35%, 15% (P = 0.0153). The mean
flow rate P-values of ceramic water filters with composition: 80%, 5%,15% ( P = 0.1254) , 70%,

15%, 15% ( P = 0.6725), 70%, 25%, 5% ( P = 0.0822) and 75%, 20%, 5% ( P = 0.2154) were
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found to be greater than 0.05 and thus, failed the test. The flow rate results of multiple tests on
12 selectedceramic filters were listed in Table 7. The obtained results for the flow characteristics
experimentshowed that the developed filters are porous and free from major fractures. The flow
rate of the ceramic clay filter is basically dependent on the nature of the pores in the filterfired

body and the crack formed during sintering (Hangan et al., 2009).

Table 7. The flow rate of twelveceramic filters in a 15minutes interval in (L/h).

Filter Design 15min 30min 45min 60min
C800-50-15-35 0.60 1.17 1.81 2.54
C850-50-15-35 0.56 1.09 1.59 2.13
C900-50-15-35 0.51 1.03 1.49 2.09
C950-50-15-35 0.42 0.90 141 1.86
C800-60-15-25 0.63 1.19 1.59 211
C850-60-15-25 0.57 1.15 1.79 241
C900-60-15-25 0.52 0.99 1.39 1.97
C950-60-15-25 0.37 0.78 111 1.60
C800-70-15-15 0.50 0.95 1.36 1.81
C850-70-15-15 0.39 0.74 1.05 1.45
C900-70-15-15 0.32 0.61 0.89 1.16
C950-70-15-15 0.28 0.53 0.83 1.23

4.2. Porosity Test
The variation of apparent porosity results with temperature, % clay, % grog, and % sawdust
ratios are summarized in Appendix B. The relative percent porosity range of C(800-950)-50-15-
35, C(800-950)-60-15-25 and C(800-950)-70-15-15 were 35.89-40.32 %, 30.37-32.95 % and
27.62-30.65 %. According to the reports by (Simonis and Basson, 2012, Yakub, 2012) total
porosity of ceramic water filter are in the range of 34 % to 46 %. Filters with more combustible
materials have more void space and the total porosity of the fired filter is roughly proportional to
the volume of combustible material added. The results presented on figures 16 (a-d) and 17(e-h),
exhibited the apparent percent porosity of ceramic filters of different groups. Different porosities
were recorded for a filter of different designs as indicated in figure 16 and 17. Filters with the

same sawdust-to-clay ratio, sintered at low sintering temperatures in their respective group
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relatively showed the better apparent percentage porosity. According to (Joong and Kang, 2005),
sintering ceramic filter at higher temperature reduces the void space in the ceramic filter by
eliminating the isolated and interconnected pores. The ANOVA results of porosity showed that
there is a significant difference between different filter groups (p = 0.00) at 95% confidence
level, this could be due to the impacts of sintering temperature, different percentage ratios of
clay, grog, and sawdust used for the preparation of each ceramic filter. According to (Doris van,

2006), ceramic filters with total porosity range of 30-38% are free from the fracture.
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Figure 16. (a-d). The average porosity of ceramic filter designs of Batch A, B, C, and D.
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Figure 17. (e-h). The total porosity of ceramic filter designs of Batch, E, F, G, and H.
4.3. Escherichia coli Removal Efficiency
E. coli filtration experiments were performed on all filters with contaminated water which had
more than 250 CFU ( Colony Forming Unit) E.colis bacteria detected in 100 ml. As indicated in
Table 8, thenumber of the colony of E.coli bacteria after filtration in all the filtrates expressed in
terms of percentage reduction of E.coli bacteria removal denoted the microbial removal
efficiency of the ceramic filters were ranged from 85.47+£0.57 % to 99.87+0.23 %. The filters

with less than 99% removal efficiency weretermed as high-riskfilters according to the WHO
water risk categories.
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Filter Designs like C900-50-15-35, C950-50-15-35, C900-60-15-25,andC900-70-15-15had zero
E.coli per 100 ml, and according to the WHO waterrisks categories, they are termed as risk-free
filters. Ceramic water filters with interconnected pores and average pore diameter less than the
size of bacteria are more efficient in removing microbial from bacterially contaminated water
sources (Clasen et al., 2007). Among the developed ceramic water filters for this project, filters:
C900-50-15-35 (99.6+0.40%, C950-50-15-35 (99.73+24%), C900-60-15-25 (99.87+0.23%), and
C900-70-15-15 (99.6+0.40%) have better efficiency in removing microbial from bacterially
contaminated water sources. Only four designs from the developed filters metthe WHO standard
for water treatment. According to (Yakub et al., 2013) Neither E. coli nor other bacteria should
be detectable in 100 ml of drinking water. From statistical ANOVA analysis, there were
significant variation in the E.coli removal efficiency of ceramic filters of : C800-50-35-15,
C850-60-25-15, C950-70-15-13, C900-70-10-20, C900-70-5-25, and C900-70-15-15 (p<0.05).

Generally, the trends pointed out, the increase of the microbial removal efficiency of the filters
with the increase in the percentage composition of clay plus grog and firing temperature. The
lower removal efficiency registered were mainly for filters with a high amount of burnout
materials atlow sintering temperature in their respective batch and rarely observed on filters that
sintered at high temperatures(Lantagne et al., 2009). The later one might be occurred due to the
poor mixing condition of burnout material with clay and grog. This is most likely lead to the
formation of cracks and heterogeneous pores withdifferent sizesthat can allow the E . coli with
filtrates during filtration as it was observed microstructure analysis of SEM images of filters in

the next section.
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Table 8. The % microbial removal efficiency of the ceramic filters with different Design.

Batch Code Filter Designs Trail 1(%) Trail Trail 3(%) Mean = SD
2(%)
C800-50-15-35 96.0 95.6 96.0 95.87+0.23
C850-50-15-35 97.60 98.00 98.40 98+0.40
A[F1-F4] C900-50-15-35 99.20 99.60 100 99.6+0.40
C950-50-15-35 99.60 99.60 100 99.73+24
C800-60-15-25 98.80 97.60 100 98.97+1.22
C850-60-15-25 94.40 86.40 89.60 90.33+3.36
B[F5-F8] C900-60-15-25 100 100 99.60 99.36+0.55
C950-60-15-25 99.60 99.20 98.80 98.99+1.90
C800-70-15-15 97.60 97.60 98.00 97.73+0.23
C850-70-15-15 98.40 97.60 98.80 98.27+0.61
C[F9-12] C900-70-15-15 100 99.20 99.60 99.6+0.40
C950-70-15-15 99.60 95.60 96.40 97.2+2.12
C800-70-10-20 98.80 95.60 96.40 96.93+1.67
D[F13-F15] C850-70-10-20 95.60 92.00 90.00 92.53+2.84
C900-70-10-20 95.20 94.30 92.90 94.13+1.16
C900-70-5-25 90.40 85.50 88.00 87.97+2.45
E[F16-F18] C950-70-5-25 95.60 96.40 95.60 95.87+0.46
C1000-70-5-25 98.40 96.40 98.00 97.6+1.06
C900-75-5-20 94.00 92.00 92.00 92.67+1.15
F[F19-F21] C950-75-5-20 97.20 94.80 96.00 96+1.20
C1000-75-5-20 88.80 84.00 86.40 86.4+2.40
C900-80-5-15 86.40 84..40 85.60 85.47+0.57
G[F2-F24] C950-80-5-15 94.40 89.60 91.20 91.73+2.44
C1000-80-5-15 96.80 9520 93.20 95.07+1.80
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4.4. The microstructure of Ceramic Filters
In this section, the microstructures of selected ceramic filters with different performance were
investigated. The microstructure is one of the physical properties of ceramic materials andthe
major factor that affects the mechanical properties, flow rate, microbial removal efficiency and
porosity of the filter element. Images obtained by scanning electron microscopy techniques, for
this work can be considered for quality control of the ceramic filter body. Hence, the FESEM
micrograph images of composite ceramic filters design with different efficiency were discussed

in this section.

4.4.1. The Micro-structure of ceramic C(800-950)-60-15-25 filters
In this work, the microstructures of a ceramic filter with composition of 60 % clay, 15 % grog
and 25 % sawdust, sintered at 800, 850,900 and 950°C with the same dwelling time and uniform
heating and cooling rate investigated with FESEM were displayed on figure 18. It has been
claimed that the microstructure of the ceramic materials can be affected by the sintering profile
(Zereffa and Seghne, 2018).
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Figure 18.SEM micrographs of the fractured surface of C60-15-25 sintered at 800, 850, 900 and
950°C.

As it was observed from the FESEM images, Figure 18, there were changes on the
microstructures of the filters with the change in sintering temperature. The porosity of the
ceramic filter developed slightly changed with an increase in sintering temperature for the same
composition of clay and burnout as it is mentioned in section 4.2. Moreover, Fig-18 revealed the
effect of sintering temperature on the microstructure of the filter element that is more apparent
on the filter sintered at 950°C. The flow rate results of these filters revealed the influence of

sintering temperature.

The average flow rate of filter designs: C800-60-15-25 (2.16+0.32L/h), C850-60-15-25
(2.56+0.24 L/h), C900-60-15-25 (1.97+0.23L/h) and C950-60-15-25 (1.56 + 0.25) as indicated in
Appendix A were relatively good as per the potters for peace recommendation (Potters without
Borders, 2012). A filter that sintered at 850°C exhibited the fastest discharge. High flow rate, ~
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2.5 L/h, was obtained by low total porosity filter (C850-60-15-25) which might be due to the
absence of dead and isolated pores in the filter body. This is might be as the temperature
increases, there is a networked pore formed when the combustible materials burn off by leaving
the ceramic filter body. As indicated on the FESEM images the pore size increased with the
increase in sintering temperature, caused by the overlapping of small pores. Hence, the FESEM
micrograph images of the mentioned composite ceramic filters confirmed as sintering

temperature highly influence the performance of the filters.

4.4.2. The Micro-structure of a ceramic filter with 5% grog

In this section, the microstructural characterization of ceramic filters with 5% grog and
different designs were discussed. In the first case, ceramic filter with C900-70-5-25 design
characterized witha high average flow rate of about 2.94+0.38 L/h and low percentage E Coli
removal efficiency (87.97+2.45%) as it was discussed in section 4.1 and 4.3. The microbial
removal efficiency of filters with a different design developed with a low percentage of grog (
5% ) was below the recommended standard (Potters without Borders, 2012).The
Microstructure analysis of C900-70-5-25 design at different magnifications (Fig.19) revealed
the presence of a small number of big size interconnected pores that allow E.coli with filtrate
during filtration. This is might be one of the main reasons for the high flow rate and poor

filtering effects.

Figure 19. FESEM micrographs of porous media of C900-70-5-20 fractured surface at different
magnifications.
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In the second case, for filters with fixed low percentage of grog (5%), and a reduced amount of
burnout materials or sawdust (20% and 15 %), their relative percentage of E. coli removal
efficiencies were declined: C900-75-5-20 (87.97+2.45 % and C900-80-5-15 (85.47+0.57%).
The typical microstructure of the ceramic filter designs with C900-75-5-20 and C900-80-5-15
(figure,29)confirmed the existence of cracks that result with high flow rates observed and poor E.

coli removal efficiency, figure 20.
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Figure 20. The Microstructures of ceramic filters C900-75-5-15 and C900-80-5-15designs.

4.4.3. The Micro-structure of ceramic filter C900-50-15-35 design
The E. coli removal efficiency of C900-50-15-35 filterdesign (99.6+0.40%) and its flow rate
(1.91£0.55L/h) are in the suggested standard. The FESEM images of the sintered ceramic filter
scanned at different magnifications confirmed the formations of the porous ceramic filter. Figure
21(a-b) revealed the presence of smaller size homogeneous pores in the sintered ceramic filter
materials. Although,at higher magnification (Fig.c and d), the number of isolated and
interconnected pores, the kinds of pores in porous materials that contribute to the filtration
process were observed. This property guide to the hypothesis that these materials could be used

as a water filter.
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Figure 21(a-d). FESEM: The Microstructures of a ceramic filter with C900-50-15-35 design
micrographsat different magnifications.

4.4.4. The Micro-structure of other ceramic filters design

It is noticed from the FESEM micrographs of C900-70-15-15 and C850-70-10-20 composite
ceramic filters, both filters are porous with different types of pore and pore diameter, Fig.22.
The image of C850-70-10-20 revealed the presence of many two ends open pores with large
diameters while that of C900-70-15-15 contains many one end closed pores with large
diameter and very fine interconnected pore with small diameters. C900-70-15-15 filter has
better E.coli removal efficiency (99.6+0.40%) while, C850-70-10-20 filter has low removal
efficiency (92.53+2.84%).

57



50-70-10-20 "5
L e

Figure 22. FESEM micrographs on fractured surface of C900-70-15-15 and C850-70-10-20.

4.5. BET Analysis of the sintered ceramic filter

By analyzing the adsorption isotherms of nitrogen on the porous ceramic filters surface with
increasing relative pressure, the BET surface area, pore size,and volume were determined. Figure
23, shows the adsorption and desorption isotherms of optimized C900-50-15-35 ceramic filter
design. From the figure, it can be observed that the adsorption and desorption isotherms are not
the same for aspecific region of relative pressure. This phenomenon is known as a hysteresis
loop and is commonly exhibited in the mesoporous adsorbent. With the adsorption and
desorption isotherms characteristics, the observed isotherms can be classified as the Type IV
isotherm in accordance with the IUPAC isotherm classification (Sing et al., 1984). The
mesoporous structure of the ceramic filter element makes it a potential adsorbent material. The
distribution of pore sizes and the textural parameters obtained by low-temperature nitrogen
adsorption for sintered C900-50-15-35 were listed in Table 9. The pore size distribution of,
C900-50-15-35 filter design, are in the ranges of 20-180 A, with an average pore size distribution
of 4.83 A From the Multipoint BET analysis, in the 0.025 to 0.30 range of relative pressure
(P/P0), the linear plot with a correlation coefficient of 0.99 was determined, with the positive
slope of 5.45.The distribution of pore sizes (diameters) of sintered C900-50-15-35 was also
depicted in figure 24.
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Figure 23. Adsorption and desorption Isotherm of composite filter C900-50-15-35.

Table 9. Textural parameters obtained by low-temperature nitrogen adsorption for sintered

C900-50-15-35.

BET Surface Area 6.183 m#/g
Slope 5.45.2

Y - Intercept 18.03
Correlation Coefficient 0.994384

C 3.123
Multipoint BET 6.183 m#g
Langmuir Surface Area 1.109 m3/g
Total Pore Volume 0.008308 cc/g
Average Pore Diameter 483 A
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Figure 24. Pore size distributions of sintered composite filter C900-50-15-35.

The calculation of specific surface area (BET), total pore volume (Vt) and average pore
diameter(Dp) based on the Brunauer-Emmett-Teller (BET) method for three sintered filters were
listed in Table 10. It can be seen thatthe total porosity and pore surface area in ceramic filter
C950-50-15-35 and C900-50-15-35 samples are the higher. Pore surface area of C950-50-15-35
sample is 1.18 times larger than that of C900-50-15-35, but the porosity in C900-50-15-35 is
2.52 time higher than C950-50-15-35. In other words, the higher porosity and smaller pores
diameter in C900-50-15-35 than other samples, corresponding to the presences of a large number
of pores with relatively small pore diameters. The filter design C900-60-15-25 has the smallest
surface area and pore volume which are 0.717 m?/g and 0.0023 cm®/g, respectively. These
parameters are quite small among other selected samples. Due to its low average pore diameter
(4.83 nm) and large total pore volume (0.0083 cc/g) ,C900-50-15-35 filter has better flow rate
(2.01£0.41 L/n) and E. coli removal (99.60 %), while the other two filters have high E. coli

removal efficiency (> 99%), but less flow rate.
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Table 10. BET surface area and Barret-Joyner-Halenda (BJH) pore volume and diameter.

Filter design Sget (M?/g) V: (cc/g) Dp(nNm)
C900-60-15-25 0.717 0.002 11nm
C950-50-15-35 7.30 0.0033 18nm
C900-50-15-35 6.2 0.0083 4.83nm

SBET: BET pore surface area, Vt: Total pore volume , Dp: Average pore diameter.
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Figure 25. Multipoint BET plot for C900-50-15-35 filter.

4.6. Chemical Analysis
Table 11 and 12 indicated the compositional analysis results of raw clay, sintered filter with and
without bone char before and after used for hardness, iron,and E. coli removal tests. The
chemical composition of the raw and sintered clay ceramic filter results revealed that the raw
clay essentially consists of Si and Al. The amount of alkalis oxides are also more noticeable in
the raw clay while the contents of alkalis earth metal oxides are high in the sintered filters with
bone char. The color of the sintered clay material is red; it is due to the presence of
arelativelyhigh amount of iron (8.2%). The composition of the sintered clay is different from that

of the raw clay, characterized by a significant increase of Al and Si due to the addition of grog
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(or sintered clay without burnout). The relatively high amount of Al,Oz and low content of
alkaline oxides, which serve as fluxes, indicate that the clay came from typical kaolinitic clay.
The results showed that the major composition of the filter material is SiO2 (58.12%), Al>O3
(23.58%) and Fe203 (8.22%). 1.44 % of Ca0,0.72% of MgO, 2.12% of Na»O and 0.72% of K>O
were found in the sintered filter before usage. The amount of silica, SiO is large compared to the
other oxides. This indicates the filter material is composed of high silica clay. The high
percentage of P.Os (2.46%) and CaO(2.80%) in the filter with bone char were due to the
presence of Ca and P in hydroxyapatite of the bone char. The decreased in the percentage of loss
on ignition (LOI) value in the sintered filter was indicated the loss of different materials during
firing (Johari et al., 2011). The mineral kaolinite, one of the constituents of clay
(Al203.2Si02.2H,0), decomposes at low temperature (550°C) into metakaolinite (Al2Si>O7) by
losing water molecules. Additionally, the SiO2/Al>Osratio:2.16, 2.46 and 2.48 of the three
samples are above that of 1.18 associated with kaolinite, indicates an excess of SiO2 in the form

of free quartz.

Table 11. (%)chemical composition of raw clay, fired ceramic filter with and without bone char.

Item SiOz AI203 Fe,O3 CaO MgO Na,O K,0 MnO P,Os Ti02 H,O LOI
Raw 47.32 21.88 11.6 044 <0.01 4.18 1.48 <0.01 0.07 031 2.20 11.55
Fired 58.12 23.58 8.2 1.40 0.72 212 0.72 0.06 0.10 041 0.23 2.68

Fired BC 5542 2232 1024 290 0.74 400 0.69 0.08 246 0.27 009 254

The EDX analysis of sintered ceramic filter (figure 26 and Table 12) confirmed the presence of
major elements: Si, Al, Fe, Mg, Ca, K and Na. It also revealed the presence of carbonwhich
might be due to the remaining of carbon in the filter body from sawdust in the form of activated
carbon. Trace toxic heavy metals like Pb, Cd, Hg, and As which could have negative impacts on

human health are not fund in the sintered ceramic filter.
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Figure 26.EDS spectrum of C950-50-15-35 ceramic filter.

In addition, the chemical analysis results of the filter used for hardness and iron removals
showed more concentration of Ca®*, Mg?* Fe*?, Fe**, Si** and less ion concentration of
Na*andK™. This might be due to the ion exchange reactions between the ions in the solutions and
filter surface during filtration. The energy dispersive spectrometry (EDS) analysis (Appendix C)
revealed the presence of elements like copper, tin, and carbon in the ceramic filter surface that
used for contaminated water analysis. This might be due to the adsorption of other ions on the

surfaces of ceramic filter elements from the contaminated water during filtration.

Table 12. Chemical composition (%) of the filter before and after hardness removal.

Compound SiO:2 Al:0s Fex03 MgO Na,0O KO MnO P;0Os TiO, H,O LOI
Ca0o

Fresh filter 58.12 23.58 82 140 072 212 072 006 010 041 023 2.68
Used Filter 55.03 22.02 1164 360 250 100 020 0.08 046 027 009 201
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Figure 27. EDS spectrum of the sintered ceramic filter after used for hardness and iron removal
tests.
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Figure 28. EDS spectrum of sintered ceramic filter used for E.coli removal from Mojo river.

4.7.  XRD Analysis
The raw claysample was ground and its some portion was scanned by XRD which named bulk
state (bulk).The clay particles obtained from bulk sediments placed in a large glass cylinder
filled with water with addition of sodium pyrophosphate as deflocculating agent, then the
suspension transferred in to large cylinder to settle in the water according to Stokes Law by
sedimentation and washed by pure water to remove the dispersing agent, dried and powdered for
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XRD analysis. Then, the filtrate was dried and scanned by XRD which named asanormal state
(normal). Finally, this normal state of the sample (clay fraction < 2um) heat treated at 550 °C
and scanned as heat treated state. Figure 29 (a and b) shows the XRD pattern of the raw clay and
fired ceramic filter. The major peaks of raw clay are associated with peaks of kaolin (K) (26 =
12, 25.08 and 26), Quartz (Q) (26 = 20, 35.08), illite (1)(26 = 21, 25) and Hematite (H)(26 = 36
and 62). The XRD pattern of fired filter peaks are related Quartz (26 = 21, 26, 50), Mulite (M)
(26 = 33), illite (26 = 35), Hematite (26 = 36 and 62).The absence of kaolinite at high sintering
temperature above 600°C is due to the formation of metakaolinitefromKaolinite or phase
transformations, which is an amorphous material and, consequently, displays no XRD peaks
(Carty et al.,1998).From XRD analysis the compositions of membrane before sintering
reflections of illite, kaolinite, and quartz were observed from the literature. In the sintered
samples, no reflection of kaolinite was found due to transformation to metakaolinite. For
membrane sintered at 950°C, reflections of illite, mullite, and quartz (Na20,Al>03,2Si0;) were
found. Quartz reflections did not change significantly. A critical observation of the peaks at
higher temperature revealed that there is significant phase transformation occurs at 950°C. The
XRD diffraction graphs indicate no change in the peak trends corresponding to quartz thereby
inferring that quartz phase is not at all affected by sintering of inorganic materials within the

temperature.

65



300[’% " 1 " 1 " 1 M I; M 1 M 1 " L " L s

=
= u
=
k]
=
|
2theta
600 -
10004
S00 -
Q
800 (b)
400 -
Z 600 :
E £ 300
= e
[= =
= 400 E | a M Q
- 200 |
200 100 - HQ
'ﬂ T T T 1 'I} T T T L4 T L T ¥ T b T ¥ T T 1
10 20 40 &0 &0 10 20 30 40 S0 60 70 BO
Two-theta Two-theta

Figure 29. (a) XRD patterns of raw bulk, normal and heated clay at 550°C (b) XRD patterns of
raw clay and sintered filter C950-50-15-35.

4.8. FT-IR Analysis
FTIR studies of the filters help in the identification of various forms of the minerals present in
the raw clay and filter elements Figures (30-31). In the IR studies, the coupled vibrations are
appreciable due to the availability of various groups. Most of the bands such as 3696cm 2, 3622

cm™, 3450 cm™, 1033 cm™, 917 cm™, 795 cm™, 692cm?, 533cm™, 466cm show the presence
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of kaolinite (Franco, 2004). The vibrations observed at 917 cmtindicates the possibility of the
presence of hematite (Farmer V, 1974). Whereas 3622 cm™, ~ 1631 cm™, 1033 cmare also
indicative of gypsum and ~ 693 cm*shows the possibility of the presence of calcite (Ghosh et
al., 2010).A strong band at 3696 cm™, 3622 cmand 3450cmtindicate the possibility of the
hydroxyl linkage. However, broadband at 3450cmand a band at 1633 cmtin the spectrum of
clay suggeststhe possibility of water of hydration in the sample.

a0 A 1
2023
30 7
W33
1631
Fos
20 7
(k]
10 1 3450
3612
3606 7
O - 533
1033 466
T T T T T T T T T T T T T L
4000 3500 3000 2500 2000 1500 1000 S00

Wave number l.'r.'m-1 )

Figure 30.The FT-IR spectrum of raw clay.

On the FT-IR spectrum of C800-50-15-15 with 5% bone char mix, the Si—O stretching vibrations
were observed at ~792 cm™, ~693-4 cm™, ~538-8 cm™ and ~468-9 cm~* showing the presence
of quartz (Eslami et al., 2008).PO4* stretching mode of vibration characterized by a strong band
in the 1000 —1150 cm™ range. The peaks observed around at 1042 and 961.5cm™ are due to the
presence of P-O bonds in the phosphate group. Thus, the presence of PO4* group in
hydroxyapatite is confirmed from the IR studies. The bending vibration of PO+* was observed
by bands located at 536 cm™. The OH groups on the filter surface can involve in the sorption of
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cations. lon exchange and electrostatic interaction were suggested as the main mechanisms
involved in the sorption of ions on filter surfaces.The FTIR studies of filters with different
designs revealed the influence of the sintering temperature of the ceramic filters functional group
as indicated in Figures 32and 33.
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Figure 31. FTIR Spectrum of sintered C800-50-15-35 ceramic filter.

The FT- IR spectra analysis also revealed the differences between the functional groups in the
filter before and after filtration of the NaF solution. It was observed that the hydroxyl groups
present on the filter surface were mainly involved in the sorption of fluoride. Anion exchange
and electrostatic interaction were suggested as the main mechanisms involved in the sorption of
fluoride on the filter. The changes in the stretching frequency of fluoride-treated filter material

compared to untreated filter material confirm the chemical modification.
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Figure 32.The FT-IR spectrum of C900-50-35-15 with 5% Bone Char.
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Figure 33.The FT-IR spectrum of sintered filter C1000-80-5-15.
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4.9. Removal Efficiency of Hardness Agents

The removal efficiency of water hardness agents by ceramic filters was evaluated by preparing
the solution of calcium chloride and hydrated magnesium chloride. Nine filters with different
designs were randomly selected based on the raw materials clay, sawdust, andgrog percentage
ratios and sintering temperatures. The results listed in Table 13 containsceramic filters removal
efficiency of Mg?* and Ca?*. The removal of calcium and magnesium ions might be due to the
ion exchange on the ceramic surface, formation of precipitation as oxides and hydroxides of
these cations.The central cations in clay structure, aluminum, and silicon with higher charge
might be replaced with a lower charge like magnesium and calcium by leaving net negative
charge. The results in Table 13 indicates, water hardness removal efficiency of the filter elements
increased with a decrease in the percent composition of burnout (Table 13). There was no
significantdifference for different design ceramic filters for water hardness agents (Mg?* and
Ca?") removal efficiency,( p >0.05) and (p>0.05), respectively (AppendixD and E). According to
the works of (Babafemi and Yinusa, 2015, Birendra andPandey, 2014), a ceramic filter
developed from sawdust and clay can remove 50.8% hardness and 96% iron from stream water.
The highest adsorption capacitytowards Ca*? and Mg*2 ions were achieved at neutral pH.

Table 13. The removal efficiency of water hardness agents with initial concentrations of Mg?*
(546 ppm) and Ca?* (393 ppm) before filtration.

Concentration of Mg?* and Ca**  Percent removal efficiency

g’ % % E’ after filtration (ppm) (%)

Design Le §go Mg?* Ca?* Mg?* Ca?*
C850-50-15-35 F2 65 250+2.64 278.6 £1.44 55 29
C850-60-15-25 F6 75 220+1.73 190.05+0.5 60 52
C850-70-15-15 F10 85 145+10 120+0.86 73 69
C900-50-15-35 F3 65 199.5+2.1 116 £1.32 64 70
C900-60-15-25 F7 75 144+1.32 115.1+0.1 74 71
C900-80-5-15  F22 85 170.340.60 90+1.32 69 77
C950-50-15-30 F4 65 210+2.64 166+1.32 62 57
C950-60-15-25 F8 75 151.241.05 140+1.73 72 64
C950-80-5-15  F23 85 210.5+0.5 95+0.91 61 76
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4.10. Iron Removal Efficiency

The iron removal efficiency of the ceramic filter was determined by comparing the concentration
of iron in the raw and filtered water after the ceramic filtration of sample water. The
concentrations were calculated from a calibration plot prepared from a series of standard iron
solutions.The comparable removal efficiency of iron has been observed for all ceramic filtersas it
can be observed in Table 14. There is a slight decrease in the removal efficiency with the
decrease in the percentage ofsawdust and sintering temperature in the production of filter
elements, this might be related with theamount of activated carbonmedia or adsorbentleft in the
ceramic filtersand catios formed in the ash during sintering. Adsorption of cations might be
affected by the surface area contact of adsorbent and adsorbate surface area in contact increase
for highly pores ceramic filters. The interaction between a negatively charged clay surface and
the cations in the pore water could be generated an electric double layer. This was an important
phenomenon and it could be described in terms of the retention of the cation in the pore. The
central ions of clay structure might be replaced by others in changing the environment like the
pH of water in the ceramic pores. With relative to the report by (Nasir Subriyer, 2013)the filters
developed for this project are slightly less efficient in removing iron from aqueous water. The
iron removal efficiency of the filters developed by this group was (67-81) %, which is relatively
low (Babafemi and Yinusa, 2015, Birendra and Pandey, 2014), and the amount of iron in the
filtrate is in the range of 5.25-9.05 mg/L is still above the WHO recommended concentration for
iron. Clays, including kaolinite and metakaolinite, compete for ions (Inglezakis et al., 2010)
through the capillary penetration of the iron solution into ceramic porosity, followed by
adsorption on surfaces of aluminosilicates and ion exchange for clays. During the ion exchange
process, ions replaced some of the ions on surfaces of metakaolinite as confirmed with X-ray

elemental analysis in section 4.6

From statistical ANOVA test, there is no significant difference in iron removal among the
ceramic filters formed from different percentage composition of clay and burnout materials,
p=0.191, Appendix-F. But, the Post Hoc result showed that there is a difference between filters
with filter codes F2, F6, F10 and F4, F8, F23 with (p =0.925 and 0.198) respectively.
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Table 14. The Iron removal efficiency of the filters from initial concentration (27.12 ppm) at
room temperature.

Design Code  The concentration of iron

in the filtered water (ppm) % Removal

C850-50-15-35 F2 5.69+0.18 79.02
C850-60-15-25 F6 5.82+0.02 78.54
C850-70-15-15 F10 7.08+0.10 73.89
C900-50-15-35 F3 5.39+0.02 80.13
C900-60-15-25 F7 5.25+0.18 80.64
C900-80-5-15 F22 9.05+0.13 66.74
C950-50-15-35 F4 5.09+0.02 81.23
C950-60-15-25 F8 5.63+0.06 79.24
C950-80-5-15 F23 7.4+0.26 72.80
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Figure 34. The calibration graph for the determination of thelron concentration.
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4.11. Nitrite Removal Efficiency

The concentrations of the nitrite before and after filtration were calculated from a calibration
curve prepared from a series of standard nitrite solutions (Figure 31). Ceramic filter design
C850-50-15-35 has minimum removal efficiency of 63.26% of nitrite from water solution while
filter design C950-50-15-35 has 91.94% (Table 15). The removal efficiency trend of the selected
filters increased with an increase insintering temperature. The statistical ANOVA test showed
there is a significant difference between the ceramic filters composed of different percentage of
clay to sawdust, p=009, AppendixG. The Post Hoc analysis also confirms the existence of great
significant difference in removal efficiency of nitrite between ceramic filters group (F2- F6-F10),
(F3-F7-F22) and filter group (F3-F7-F22), (F4-F8-F23) which were sintered by 50°C
temperature differences. The nitrite removal mechanism of the ceramic filters might be by the
exclusion within the pores of the ceramic filters related to size (Naddafi et al., 2005,
Watcharaporn, 2014). The filters fired at high temperature showed high nitirite removal
efficiencies and met the WHO recommended limit less than 1.0 mg/L.

Table 15. The nitrite removal efficiency of the ceramic filters from 4 mg/L original concentration
at room temperature.

= Removal
Filter Design 2 53 [NO3] in filtrate (mg/L) efficiency(%)
° § T S
C850-50-15-35 35 F2 1.4696 63.26
C850-60-15-25 25 F6 1.2664 68.34
C850-70-15-15 15 F10 1.0772 73.07
C900-50-15-35 35 F3 0.7532 81.17
C900-60-15-25 25 F7 0.3948 90.13
C900-80-5-15 15 F22 0.3616 90.96
C950-50-15-35 35 F4 0.3224 91.94
C950-60-15-25 25 F8 0.2524 93.69
C950-80-5-15 15 F23 0.3576 91.06
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Figure 35. Calibration graph of the determination of nitrite concentration.

4.12. The Efficiency of the ceramic Filters towards Fluoride Removal
Selected filters used for fluoride removal test and the results are listed in Table 16. The main
methods used in defluoridation from aqueous solutions are ion exchange and adsorption
techniques. Seven selected filters were used including three (i.e. C1000-70-5-25, C1000-75-5-20
and C1000-80-5-15) filters fired at high temperature, 1000°C. On average, the ceramic filters
reduced the original content of 10 mg/L in the untreated water sample to 0.68 mg/L in the
filtered water which is greater than 95% removal efficiency. The filters fired at lower
temperature showed high fluoride removal efficiencies: C800-50-15-35, C800-60-15-25, C800-
70-15-15 and C850-50-15-35 with fluoride removal efficiencies of 96.8%, 98%, 97.7%, and
98.2% respectively, which met the WHO recommended a limit of 1.5 mg/L. At lower
temperature,a small number of hydroxide ions are removed from the filter surface, and high
amount of fluoride ions and hydroxide ions exchange between the water and the filter, which

increased the removal efficiency of the filter. The high fluoride removal efficiency of ceramic
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filters sintered at low-temperature results might be due to the exchangeable hydroxyl ions from

clay, bone char,and activated carbon media in the ceramic body.

Table 16.Fluoride removal efficiency in percent from 10 mg/L of aqueous solution at pH of 8.

Filter Design ~ Bone Char (%) Filter code  Fluoride removal efficiency,%

C800-50-15-35 5 F1 96.8
C850-50-15-35 5 F2 98.2
C800-60-15-25 5 F5 98.0
C800-70-15-15 5 F9 97.7
C1000-70-5-25 5 F18 85.0
C1000-75-5-20 5 F21 83.8
C1000-80-5-15 5 F24 79.0

4.13. Turbidity Removal Efficiency of the Filters
Table: 17 represents the results in turbidity removal efficiency of the nine ceramic filters. The
turbidity of the source water used for analysis was the same throughout the filtration, 58 NTU
(Nephelo Turbidity Unit ). The turbidity removal efficiency of the selected filters was varied
from 84.48% to 100%. Many drinking waters sources achieved low levels of turbidity (0.1
NTU),(EPA. 2009). The European standards for turbidity state must be not more than 4 NTU.
The WHO established that the turbidity of drinking water should not be more than 5 NTU, and
should ideally below 1 NTU. As listed in Table 17 the turbidity removal efficiency of filters
F1,F2, F5, F6, and F7 are in the recommended limit of 5 NTU of the WHO. The turbidity
removal efficiency of a filter was affected by different factors such as the porosity of the filter
element and the turbidity of the source water. The Table also indicates the relationship between
the percentage composition of the clay and sawdust used for the production of the ceramic filter
elements with turbidity removal efficiency. The ceramic pot manufactured with PFP has the
potential to reduce turbidity between 30% to 100% as reported by (Lantagne et al., 2006).

ANOVA statistical analysis of turbidity removal efficiency indicates that there is a significant
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difference in turbidity removal efficiency of the ceramic filters having a different percentage

composition of clay to sawdust and fired at 800, 850 and 900°C temperatures ( p = 0. 009).

Table 17.Turbidity removal efficiency of selected filters from source water with 58 NTU.

Design Sample code  The turbidity of water  Turbidity removal
after filtration efficiency ( %)
C800-50-15-35 F1 3.77NTU 93.5
C800-60-15-25 F5 0.2NTU 99.65
C800-70-15-15 F13 7.13NTU 87.7
C850-50-15-35 F2 2.61INTU 95.5
C850-60-15-25 F6 1.03.NTU 98.3
C850-70-10-20 F14 5.8NTU 90
C900-50-15-35 F3 4.64NTU 92
C900-60-15-25 F7 3.95NTU 93.5
C900-70-10-20 F16 9.00NTU 84.48

4.14. Conductivity and pH Analysis of Filtrate with Ceramic Filters

Thus, for this assessment, the same water sample used for flow rate determination was used.
The pH, conductivity, and turbidity of the water sample used before filtration for testing the
efficiency of the developed filters were 8.2,157us/cm and 58 NTU respectively.Ceramic filters
were evaluated for conductivity and pH changes after filtration and all the ceramic filters could
be reduced conductivity and pH of the source water. Electrical conductivity is directly related to
the number of ions present in a given solution (Adhena et al., 2015). The pH value of the source
water was relatively high and it was decreased after filtration in all the ceramic filters (Table
18). Higher pH conditions could enhancethe adsorption of positively charged ions. The
statistical ANOVA test showed there is a significant difference between the ceramic filters of
F1, F5, F13 ( p = 0.01) and F2, F6, F14 ( p = 0.00), but, there was no significant difference
between filters with codes F3, F7, and F16 ( p=.012), Appendix H, in pH change before and
after filtration. While, the statistical ANOVA test showed there is a significant difference
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between the ceramic filters of F1, F5, F13 ( p = 0.00) and F2, F6, F14 ( p = 0.00) and F3, F7,
F16 ( p = 0.00) in conductivity changes before and after filtration (Appendix ).

Table 18. Averagex SD pH,and conductivity values after filtration using ceramic filters.

Filter Desgin Ceramic code pH Conductivity (us/cm)
C800-50-15-35 F1 7.8£0.04 142+0.32
C800-60-15-25 F5 7.4+ 0.13 138+0.23
C800-70-15-15 F13 7.3£0.05 108.5+0.41
C850-50-15-35 F2 76+0.04 140+0.15
C850-60-15-25 F6 7.2+0.02 101+0.30
C850-70-10-20 F14 7.3£0.03 101.5%0.25
C900-50-15-35 F3 7.0£0.01 96.3+0.18
C900-60-15-25 F7 6.9+ 0.12 98+0.38
C900-70-10-20 F16 7.2+0.08 130+0.29

4.15. Zero point Charge (pHzpc)C900-50-35-15 filter
The pHpzc result indicated the surface of C900-50-35-15 composite filter was neutral at 8.5
(Sunil and Arti, 2012). As shown in Table 19 and, Figures 36 and 37, the prepared ceramic filter
has a high pH point of zero charges (pHrzc ~ 8.5). This indicates the adsorption affinity of many
positively charged particles and anion exchange including fluoride ions would be feasible in the

WHO recommended range for drinking water (Doke et al., 2013).
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Table 19. Experimental data for determination of zero point charge.

Initial (pH) Final ApH  |Initial Final ApH Initial Final(pH) ApH

(PH) (pH)  (pH) (pH)
1 719 619 5 75 25 9 74 -1.6
2 699 499 6 80 20 10 7.3 2.7
3 679 379 7 766 0.66 11 6.9 -4.1
4 6.66 266 8 78 02 12 6.7 -5.3

The presence of basic functional groups such as hydroxyl on the surface of the ceramic filter
from different raw materials used for the filter preparation: activated carbon of sawdust,
hydroxyapatite of bone char andaluminates in the fired clay. The net surface charge of the filter
under pHpzc is positive, while it is negative above pHpz. Therefore, the knowledge of this value
helps in deciding at which pH value one should work during adsorption studies. The pH of all the
filtered water solutions from low pH to high pH (or pH1-12) was in the WHO recommended pH
range (6.7-8) (Appendix J), which revealed that the composite filter is resistant to acid and base

(Bottino et al., 2001).
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Figure 37. Graph of ApH versus the initial pH of the C900-50-35-15 filter to determine pHpzc.
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5. CONCLUSIONS

Ceramic water filtration is one of the points use water treatment methods to provide an
immediate solution and solve the problem of contamination of water. In this research finding,
ceramic filters were developed with different compositions of clay, sawdust, grog,and animal
bone char and fired at a different temperature in the laboratory scale. The efficiency of the
developed ceramic filters was assessed for different parameters like flow rate, porosity, turbidity,
E.coli removal efficiency, cations (calcium, magnesium, and iron) and anions; (nitrite and
fluoride) removal efficiency. The pH and conductivity water before and after filtration were also
evaluated for a different design of filter elements. The average flow rate range of the filter
designs produced by this team are ranged from 1.16+0.15 to 2.94+0.38 liter per hour, which is in
the range recommended by potters for peace. Among the developed ceramic water filters for this
project, filters: C900-50-15-35 (99.6+0.40 %), C950-50-15-35 (99.73+24%), C900-60-15-25
(99.36£0.55%) and C900-70-15-15 (99.6+£0.40%) have better efficiency in removing microbial
from contaminated water sources.The average total percentage porosity, BET surface area and
average pore diameter determined for ceramic filter design, C900-50-15-35, were 36%, 6.183
m?/g & 4.83 nm respectively. The porosity of the filter; C950-50-15-35 (36.33+0.05), its flow
rate (1.91+0.55), nitrite (70.00+0.22 %) and fluoride (96.8+0.41%) removal efficiency are in
WHO standard. The EDS analysis results of the filter elements used for hardness and iron

removals showed the ion exchange reactions between the filter elements and contaminated water.
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6. RECOMMENDATIONS

The following points are recommended for further investigation; Investigation of the
effectiveness of the ceramic filter in removing organic pollutants, toxic heavy metals like

arsenic, chromium, and lead from contaminated water, and other pathogens mainly viruses.
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APPENDIXES

Appendix A: Flow rate results of selected filters

Batch Filter Code Trial 1 Trial 2 Trial 3 Average
F1 C800-50-15-35 2.96 2.5 2.73 2.73+0.23
F2 C850-50-15-35 2.43 1.87 2.15 2.15+0.28
A F3 C900-50-15-35 2.46 1.64 2.05 2.051£0.41
F4 C950-50-15-35 2.46 1.36 191 1.91+0.55
F5 C800-60-15-25 2.48 1.84 2.16 2.16+0.32
F6 C850-60-15-25 2.8 2.32 2.56 2.5610.24
B F7 C900-60-15-25 2.2 1.74 1.97 1.97+0.23
F8 C950-60-15-25 1.81 131 1.56 1.56+0.25
F9 C800-70-15-15 2 1.56 1.78 1.78+0.22
F10 C850-70-15-15 1.61 1.31 1.46 1.46+0.15
c F11 C900-70-15-15 1.31 1.01 1.16 1.16+0.15
F12 C950-70-15-15 1.35 1.05 1.2 1.20+0.15
F13 C800-70-10-20 2.13 1.53 1.83 1.83+0.30
D F14 C850-70-10-20 1.88 1.52 1.7 1.70+0.18
F15 C900-70-10-20 1.94 1.32 1.63 1.63+0.31
F16 C900-70-5-25 3.32 2.56 2.94 2.94+0.38
E F17 C950-70-5-25 2.77 2.23 2.5 2.50+0.27
F18 C1000-70-5-25 2.52 1.88 2.2 2.20+0.32
F19 C900-75-5-20 2.48 1.96 2.22 2.22+0.26
F F20 C950-75-5-20 2.34 1.34 1.84 1.84+0.50
F21 C1000-75-5-20 1.93 1.31 1.62 1.62+0.31
F22 C900-80-5-15 2.61 1.81 2.21 2.21+0.40
G F23 C950-80-5-15 1.76 1.18 1.47 1.47+0.29
F24 C1000-80-5-15 1.36 1.06 1.21 1.21+0.15
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Appendix B: Porosity results of the selected filter.

Batch

A[F1-F4]

B[F5-F8]

C[F9-F12]

D[F13-F15]

E[F16-F18

FIF19-F21]

G[F22-F24]

Filter Code
C800-50-15-35
C850-50-15-35
C900-50-15-35
C950-50-15-35
C800-60-15-25
C850-60-15-25
C900-60-15-25
C950-60-15-25
C800-70-15-15
C850-70-15-15
C900-70-15-15
C950-70-15-15
C800-70-10-20
C850-70-10-20
C900-70-10-20
C900-70-5-25
C950-70-5-25
C1000-70-5-25
C900-75-5-20
C950-75-5-20
C1000-75-5-20
C900-80-5-15
C950-80-5-15
C1000-80-5-15

Trial 1

40.39
37.05
35.93
36.38
31.09
30.39
32.98
32.68
27.68
28.55
2951
30.69
24.81
22.35
20.69
25.49
23.66
19.75
22.65
21.56
19.25
17.78
15.44
13.21

Trial 2

40.25
36.95
35.85
36.28
31.05
30.35
32.92
32.66
27.56
28.47
29.49
30.61
24.75
22.29
20.61
25.37
23.58
19.67
22.57
21.54
19.17
17.7

15.42
13.05

Trial 3
40.32
37
35.89
36.33
31.07
30.37
32.95
32.67
27.62
28.51
29.5
30.65
24.78
22.32
20.65
25.43
23.62
19.71
22.61
21.55
19.21
17.74
15.43
13.13

Mean £ SD
40.32+0.07
37.00+0.05
35.89+0.04
36.33+0.05
31.07+0.02
30.37+0.02
32.95+0.03
32.67+0.01
27.62+0.06
28.51+0.04
29.5+0.01

30.65+0.04
24.78+0.03
22.32+0.03
20.65+0.04
25.43+0.06
23.62+0.04
19.71+0.04
22.61+0.04
21.55+0.01
19.21+0.04
17.74+0.04
15.43+0.01
13..13+0.08
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Appendix C: EDS Results of used filter for Modjo river.

Element

CK
OK
FeL
CuL
AIK
SiK

PK
SnL
CaK

Weight
%
5.23

30.89
1.62
0.00
13.93
23.25

10.13
3.20
11.75

Atomic
%
9.93

44.02
0.66
0.00
11.77
18.87

7.45
0.62
6.68

Net Int.

7.93
84.93
181
0.00
51.65
77.10

25.35
1.85
12.92

Error

15.48
6.79
40.92
87.40
5.51
4.92

5.67
21.43
15.95

%

eZAF Smart Quant Results

Kratio

0.0199
0.1618
0.0087
0.0000
0.0928
0.1568

0.0644
0.0172
0.0828

z

0.7937
0.7540
0.5645
0.5467
0.6780
0.6967

0.6735
0.4960
0.6971

0.6404
0.6578
0.7596
0.7774
0.7055
0.7159

0.7266
0.9005
0.7919

0.4799
0.6945
0.9549
1.0938
0.9704
0.9607

0.9371
1.0473
0.9968

1.0000
1.0000
0.9979
0.9969
1.0132
1.0078

1.0070
1.0338
1.0139
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Appendix-D

ANOVA of water hardness (Mg?*) ion removal efficiency of ceramic filters with different

percent composition of clay to sawdust.

SUMMARY
Groups Count Sum Average Variance
188 62.67 86.33
F2 F6 F10 3
207 69.00 25.00
F3 F7 F22 3
195 37.00
F4 F8 F23 3 65.00
One way: ANOVA
Source of Sum of Mean
variation Squares | df Square F Sig.
Between Groups 61.556 2 30.778 622 0.568
Within Groups 296.667 | 6 49.444
Total 358.222 | 8

The water hardness(Mg?* ions) removal efficiency of different groups of ceramic filters do not

differ significantly.
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Appendix-E

ANOVA of water hardness (Ca?*) removal efficiency of ceramic filters with different percent

composition of clay to sawdust.

SUMMARY
Groups Count Sum Average Variance

150 50 403
F2F6 F10 3

218 72.66667 14.33333
F3F7 F22 3

197 65.66667 2247
FAF8F23 3
One way: ANOVA
Source of variation ~ Sum of

Squares df  Mean Square F Sig.

Between Groups 808.222 2 404111 2379 0.174
Within Groups 1019.333 6 169.889
Total 1827.556 8

There is no significant difference in the efficiency of removing water hardness (Ca?* ions) for

groups of ceramic water filters with different percentage composition of clay to organic waste.
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Appendix-F

ANOVA test for iron removal efficiency of ceramic filters with different percent composition of

clay to sawdust.

SUMMARY
Groups Count Sum Average Variance
222.75 74.25 12.2988
F2 F6 F10 3
226.45 75.48333 0.016133
F3 F7 F22 3
207.14 69.04667 35.22943
F4 F8 F23 3
One way: ANOVA
Sou_rc_e of Sum of Mean
variation Squares df Square F Sig.
Between 70.026 2 35.013 2209 191
Groups
Within 95.089 6 15.848
Groups
Total 165.115 8
Post Hoc Tests
95% Confidence
Mean Interval
Difference Lower Upper
(1-9) Std. Error Sig. Bound Bound
(2)F3 F7 F22 -1.23333 3.25045 925 -11.2066
(3)F4 F8 F23
5.20333 3.25045 316 -4,7699 8.7399
(1)F2 F6 F10 1.23333 3.25045 925 -8.7399 15.1766
(3) F4 F8 F23
6.43667 3.25045 .198 -3.5366 11.2066
(D)F2 FF10 -5.20333 3.25045 316 -15.1766 16.4099
(2)F3 F7 F22
-6.43667 3.25045 .198 -16.4099 4.7699
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Appendix G

ANOVA test of nitrite removal efficiency of ceramic filters made for different percentage

composition of clay to sawdust.

SUMMARY
Groups Count Sum Average Variance
155.47 51.82333 53.98723
F2 F6 F10 3
202.76 67.58667 91.18793
F3 F7 F22 3
216.19 72.06333 4.921267
F4 F8 F23 3
One way: ANOVA
Sou_rc_e of Sum of Mean
variation Squares df Square F Sig.
Between 678.181 2 339,090 11641 009
Groups
Within 174.767 6 29.128
Groups
Total 852.947 8
Post Hoc Tests
95% Confidence
Mean Interval
Difference Lower Upper
(1-J) Std. Error Sig. Bound Bound
(2)F3 F7 F22 15.76333" 4.40664 027 -29.2841 -2.2425
(3)F4 F8 F23 20.24000" 4.40664 .009 -33.7608 -6.7192
(1)F2 F6 F10 15.76333" 4.40664 027 2.2425 29.2841
(3) FA F8 F23
-4.47667 4.40664 595 -17.9975 9.0441
(1)F2 F6 F10 20.24000° 4.40664 009 6.7192 33.7608
(2)F3 F7 F22
4.47667 4.40664 595 -9.0441 17.9975
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From the ANOVA test, there is a significant difference in removing nitrite between ceramic
filters of designF3, F7, F22, F3 F7 F22 and filter design F4, F8, F23. The post Hoc result

analysis also confirmed the ANOVA results.

Appendix H
Filter codes: F1IF5F13 (pH)
Source of Sum of
\/ariation Squares df Mean Square F Sig.
Between Groups 420 2 210 30.000 .001
Within Groups 042 6 .007
Total 462 8
F2,F6,F14(pH)
Source of Sum of
\/ariation Squares df Mean Square F Sig.
Between
Groups 9453.140 2 4726.570 4889555.172 .000
Within Groups .006 6 .001
Total 9453.146 8
F3,F7,F16 (pH)
Source of Sum of
\/ariation Squares df Mean Square F Sig.
Between
Groups 140 2 .070  10.048 .012
Within Groups .042 6 .007
Total 182 8
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Appendix |

F1,F5,F13 (conductivity)

Source of Sum of
Variation Squares df Mean Square F Sig.
Between
2008.500 2 1004.250 9315.863 .000

Groups

Within Groups 647 6 .108

Total 2009.147 8
F2,F6,F14 (conductivity)
Source of Sum of
\/ariation Squares df Mean Square F Sig.
Between

3003.500 2 1501.750 25744.286 .000

Groups

Within Groups .350 6 .058

Total 3003.850 8

F3,F7,F16 (conductivity)

Source of

o 2162.580 1081.290 12433.384 |.000

\ariation

Between

522 .087
Groups
Within Groups 2163.102

Total
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Appendix J: Zero point charge data.

pH initial 1 2 3 4 5 6 7 8 9 10 11 12

719 699 679 666 75 80 766 78 74 73 69 6.7
6.19 499 379 266 25 20 066 02 -16 -27 -41 -53

pH final
ApH

Appendix K: Water-quality criteria, standards, or recommended limits for selected properties
and constituents.

[All standards are fromthe U.S. Environmental Protection Agency (1994a) unless noted. MCL,
Maximum Contaminant Level; SMCL, Secondary MaximumContaminant Level; USEPA, U.S.

Environmental Protection Agency; mg/L, milligrams per liter; uS/cm, micro-siemens per

centimeter at 25 degrees Celsius;ug/L, micrograms per liter; pCi/L, picocuries per liter; --, N0

limit established].

Constituent | Standard Significance

or property

Specific A measure of the ability of water to conduct electrical current; varies

Conductance with temperature. Magnitude depends on concentration, kind, and
degree of ionization of dissolved constituents;can be used to determine
the approximate concentration of dissolved solids. Values are reported
in micro-siemens per centimeter at 25°Celsius.

pH 6.5-8.5 units | A measure of the hydrogen ion concentration; pH of 7.0 indicates a

SMCL neutral solution, pH values smaller than 7.0 indicate acidity, pH values

larger than 7.0 indicate alkalinity. Water generally becomes more
corrosive with decreasing pH; however, excessively alkaline water also
may be corrosive.

Hardness Related to the soap-consuming characteristics of water; results in the

and formation of scum when soap is added. May cause deposition of scale

noncarbonate in boilers, water heaters, and pipes. Hardness contributed by calcium
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hardness (as
mg/L
CaCQOs)

and magnesium, bicarbonate and carbonate mineral species

in water is called carbonate hardness; hardness in excess of this
concentration is called noncarbonate hardness. Water that has a
hardness less than 61 mg/L is considered soft; 61-120 mg/L,
moderately hard; 121-180 mg/L, hard; and more than 180 mg/L, very
hard (Heath, 1983).

Fluoride

1.5 mg/l
MCL

Reduces the incidence of tooth decay when optimum fluoride
concentrations present in water consumed by children during the period
of tooth calcification. Potential health effects of long-term exposure to
elevated fluoride concentrations include dental and skeletal fluorosis

(U.S. Environmental Protection Agency, 1994b).

Nitrite (mg/L
as N)

1.0 mg/L
MCL

Commonly formed as an intermediate product in bacterially mediated
nitrification and denitrification of ammonia and other organic nitrogen
compounds. An acute health concern at certain levels of exposure.
Nitrite typically occurs in water from fertilizers and is found in sewage
and wastes from humans and farm animals. Concentrations greater
than1.0 mg/L, like nitrogen, may be injurious to pregnant women,
children, and the elderly.

Iron

200 pg/l
SMCL

Forms rust-colored sediment; stains laundry, utensils, and fixtures
reddish brown. Objectionable for food and beverage processing. Can
promote the growth of certain kinds of bacteria that clog pipes and well

openings.

Conductivity

2500 pS/cm
at 20°C

This is a measurement of the mineral salts dissolved in the water

E. coli

0 per 100 ml

These bacteria are found in the gut of humans and warm-blooded
animals and their presence in water supplies indicate possible fecal
contamination. Immediate action is taken if these organisms are

detected in drinking water.

turbidity

4 NTU at

This is due to fine particles suspended in the water, causing cloudiness.
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customer Turbidity can sometimes arise following burst mains. Sometimes

taps minute air bubbles give the supply a milky appearance but on standing
1 NTU at for a few minutes these will clear from the bottom of the glass upwards
water
treatment

works

c)

Figure 39. The color difference of theraw and filtered water sample with ceramic filters.
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Figure 41. Kechene women's pottery cooperation, where raw materials were prepared,

stored, and molded.
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Figure 43. Photograph of sample filter developed by the research team.
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