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ABSTRACT

The review article presents the prevalent water problems; from needs, scarcity, management,
pollution and the risk associated with waterborne disease. It also discusses the remediation
methods using natural materials such as clay, activated carbon, zeolites, sand, rice husk, chitosan,
hydroxyapatite, LECA, to combat the microbial, organic and inorganic pollutants. It includes insights
from papers collected from original research work and reviews that covers the areas of study. The
review serves as a guide to the authors who are working on the development of modified expanded
clay aggregates for multiple contaminants removal.
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1. INTRODUCTION

One of the twenty first century’s issues is water.
Water is needed by all human, plants and
animals for economic productivity and social
well-being. Lack of water has enormous
consequence and affects the general well-being
of humans and limits economic development.
Water and its importance has been a subject of
discuss and a reoccurring decimal at United
Nation’s meetings. For instance, in her meeting
at Rio de Jainero 1992 [1], several programme
areas which included; integrated water resources
development and management; water resources
assessment; protection of water resources,
water quality and aquatic ecosystems; drinking

water supply and sanitation; water and
sustainable urban development; water for
sustainable  food  production and rural

development and impacts of climate change on
water resources were proposed for freshwater
sector. Three decades after, water problems are
still persistent.

Deeply concerned about the global lack to safe
water and sanitation, the United Nations in its
2010 general assembly declared safe, clean and
affordable drinking water and sanitation as basic
human rights because they are essential to the
sustainability of healthy living and fundamental in
maintaining the dignity of all human beings [2].
This resolution was reaffirmed in 2019 and 2020
[3,4]. Previous declarations such as
‘International Year of Freshwater” (2003),
“International Decade for Action ‘Water for Life™
(2005-2015) and International Year of Sanitation
(2008) culminated into the 2010 declaration.
Despite the efforts of donor agencies,
government and all relevant stakeholders on
water and sanitation, billions of people globally
still lack access to these basic needs although
successes were recorded on improved services
from 2000 to 2017 [5,6]. Goals and targets are
set, monitored and reported from time to time.
The Millennium Development Goal 7 worked
towards halving the proportion of world
population without sustainable access to safe
drinking water and basic sanitation by the year
2015. Result indicated that, people without
access to clean water reduced to 9% from
baseline level of 24% while that of sanitation was
missed and only reduced from 46% to 32% [7].
Currently, UN environment programme reported
that global data availability increased to 59 per

cent in 2022, from 34 per cent in 2018 and 42
per cent in 2020. And although only 38 per cent
of the environment-related indicators indicate
environmental improvement, this is a solid
improvement compared to only 28 per cent in
2020 [8]. The Sustainable Development Goal 6
targets ensuring that clean, safe and affordable
water and sanitation are accessible to all by the
year 2030. This goal when actualized, will
indirectly affect the attainment of other goals
such as goal 1, 3, 5 and 15. The vulnerable,
people living in poverty and least powerful are
those without access to water and these could
impede their potentials and visions [9].

1.1 Global Access to Drinking Water and
Challenges

The challenge of access to clean water has been
there since time immemorial. In the 1900s about
0.24 billion (14% of global population) are without
access to clean water. The figure increased to
3.8 billion (58%) in the 2000s [10]. Despite the
achievement of the MDG goal 7C, i. e increment
on successful access from 71% in 1990 to 91%
in 2015 [11], many people are still without access
to clean water globally. Global coverage point at
96% success if current indicator trends are
maintained [12]. Due to growing population,
socio-economic development, climate change,
industrial and domestic usage, water use has
been growing to about 1% since 1980 and it is
expected to last up to 2050 [10,13]. The United
Nation’s world water development report 2019
also mentioned that over 2 billion people live in
countries with high water stressed areas
whereas about 4 billion people experience
severe water scarcity at least one month in a
year.

The disappearing rivers, shrinking lakes and
dams will continue to be a global problem if
adequate measures are not put in place.
Agriculture and in turn food security is being
threatened by water scarcity. Climate change
has been identified as one of the major nexus of
water challenge which give rise to higher
temperature of seas, melting of the glaciers and
intensification of water cycles that results in more
flood and droughts [14-18]. Population explosion
and urbanization contribute to groundwater
depletion, salinity and other contamination and
water shortages especially in the arid and semi-
arid regions [19,20].
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Fig. 1. Disappearing Aral sea [21]

Aral Sea in Kazakhstan North Uzbekistan Central
Asia (Fig. 1) that used to be the world’s fourth
largest lake is about 10% its original size [21]. In
1998, it was reported that water level was down
by 20m and a volume of 210km? as compared to
1, 060 km?® in 1960 and 68, 000km? original size
causing the lake to split into four lakes. The
southern and eastern lakes that made up the
southern Aral Sea shrunk to strip around 2009.
While the southern lake keeps disappearing and
reappearing, the eastern lake dried up
completely in 2014 making a history. It is now
known as the Aralkum Desert [22]. Efforts are
being made to salvage the drying north Aral Sea
by dam construction around the area that
supplies the salty lake with fresh water although
some researcher believed that the lake will dry
up completely by the year 2020. Drought and
irrigational diversions are major causes of such
shrinkage [23].

The Sea of Galilee (Fig. 2) has receded for over
30 years due to drop in annual rainfall. In 2018,
water level dropped to the lowest causing the
Sea to become more salty and less viable as
drinking water [21]. Desalination and expensive
purification  methods become  necessary.
However, water level has gradually increased
since the rainy season of 2019 and as at April
2020, it rose about 16cm below the upper red
line [22].

Poyang Lake in China and Lake Chad have been
in the media report for the past decades.
Notably, Lake Chad which is the sixth largest
lake in the world is fast diminishing [25,26].
Bordered by Nigeria, Chad, Niger and
Cameroun, the lake became about one tenth of
its 1960 original size in 2017 (Fig. 3). It was

reported that the lake spanned at least 22,000
Km? in the 60s [27] and 25, 000 Km? [18]. In the
70s, water started disappearing and reappearing
in the Northern region depending on the season.
However, the northern and southern region never
reconnected back again as a whole lake.
Hydrological and VIC models which was used to
study the water level and extension [28,26]
revealed that shortage of rainfall and continues
drought around the basin contributed to drying
of the lake. However, a proper management of
renewable water resources was recommended.
Models and satellite data are being used by
researchers to understudy the lake as
insurgency, kidnappings, bombings and wars
have made ground-based measurements difficult
to achieve.

The means of livelihood of the rural dwellers
within the lake which comprises; farming, fishing,
livestock farming, suffer a lot of setbacks. The
ripple effects of this also forced the herdsmen to
migrate down south in search of greener
pastures and causing more bloodshed when they
are not in peaceful coexistence with their host
communities. Lake drying affects the socio-
economic activities, draw backs and livelihood
opportunities of the dwellers [29]. The water
resources renewable management, joint inter-
governmental efforts, political wills,
developmental assistance, agricultural practices,
etc are some of the strategies that will revitalize
the lake and give succor to the communities that
depend on it for survival. Conferences and
seminars are being held among international
communities as in the case of Lake Chad to save
the lake in order to revive the basin’s ecosystem
for  sustainable livelihood security and
development.
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Fig. 2. Map showing the drying Sea of Galilee
(NASA Earth Observatory images by Joshua Stevens, using Landsat data from the U.S Geological Survey and
topographic data from the Shuttle Radar Topography Mission (SRTM) 2020. [24]

Fig. 3. Disappearing lake Chad (a) 1973 and (b) 2017 [30]

Consequently, this public outcry on the
disappearing lakes, seas, rivers, dams and
streams contribute to water scarcity and access
lacked by one third of the world's population.
Water productivity is low in most countries and
the available ones are poorly managed. It is
estimated that when enough water is produced,
food production will double by the year 2050
thereby reducing the number of 925 million mal-
nourished people on earth [14,31] since

agriculture is the major consumer of fresh water.
Research study on impacts on freshwater
availability and further implications for global food
production reported that 24% of the global
population lives in area under chronic scarcity
while 19% live under occasional water scarcity
which consequently results in about 2.6 billion
people living some degree of poor reference diet
[32]. Organic and Inorganic pollutions as a result
of human factors and natural disasters are also
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major problems with water which should
necessitate remediation measures. Some of the
trends and treatment technologies are reported
in Warren-Vega’s et al review [33].

1.2 Access to Safe Drinking Water in
Africa

It was perceived that Africa has water scarcity
which may lead to water crises. Global indicators
and statistics are making it more real than myth
[34]. The Joint Monitoring Program (JMP) report
on Progress on household drinking water,
sanitation and hygiene, quoted that “in 2017,
nine out of ten of the 785 million people who still
used limited services, unimproved sources or
surface water live in three regions: Sub-Saharan
Africa (400 million), Eastern and South-Eastern
Asia (161 million), and Central and South Asia
(145 million). More than half of the 144 million
people who still collected water directly from
rivers, lakes and ponds lived in Sub-Saharan
Africa” [12].

General household survey using Probit
regression in 2014 showed that about 29.68 % of
the people living within a study area in South
Africa pay for safe drinking water. Also, the
survey reported that children under age five
suffers  diarrhea mobility due to fecal
contamination resulting from lack of basic
sanitation and exposure to pathogens via the
food chain [35]. Similar result was reported for
Limpopo province, South Africa [36]. Armah et al.
[37] used a pooled regression analysis of the
compositional and contextual factors that
systematically vary with access to water and
sanitation services over a 25-year time period in
fifteen countries across sub-Saharan Africa
(SSA) in their study. The study reported provision
of access to improved water sources from 1990
to 2015 as against unimproved sanitation
facilities over the same period which was
attributed to environmental, cultural, economic
and human behavior. Similar studies conducted
about a poor peri-urban settlements of Abidjan,
CoAte d'lvoire, using multivariate logistic
regression model showed that about 25% of
people do not have access to clean safe water
while 57% lack basic sanitation practice [38]. In
Eswatini (formerly known as Swaziland),
Eswatini Multiple Indicator Cluster Surveys
(EMCSs) data for access to clean water in 2010
and 2014 was analyzed using Bivariate and
Multivariate complementary log-log regression,
households’ access to improved drinking water
sources significantly improved from 73.1% in

2010 to 77.7% in 2014 (p < 0.0001) [39].
According to the study, in 2010, household
heads between ages 35-54 years irrespective of
sex had improved access while age 55 years and
above had lower odds towards improved drinking
water sources whereas in 2014, the lower odds
were from households with female heads and
more populated household. Successes in both
years were attributed to wealth index of
household.

1.3 Access to Safe Drinking Water in
Nigeria

Nigeria is the largest country in Africa with a
population of over 182 million people as at 2017
[40] and over 209 million in early 2021 [41].
Access to Water Sanitation and Hygiene (WASH)
is markedly lower than counterpart countries. 57
million people continued to live with poor access
to clean water while 130 million practice poor
sanitation systems. The Nigeria water sector
faces significant challenges [6,40]. Drinking
water supply and distribution in Nigeria is still low
despite being blessed with adequate water
sources. Notably, there are variations between
water sources availability in the North and the
South. Mean number of rainy days’ decrease
from South to North. No part of Nigeria can
claim good access to safe and affordable
drinking water despite the natural water supply
policy whose aim is to ensure adequate supply of
guantity, quality and affordable access to safe
drinking water for all citizens. National water
programmes have been in existence since the
1960s. Lake Chad and the Niger River Basins
Commission were set up within the Country and
bordered countries while the Sokoto Rima and
the Chad Basin Authorities were established in
1976 [42]. Other water issues related Agencies
and Institutions including international
organizations were set up to develop Nigeria’s
water resources and management to cushion the
effect of anticipated population expansion and
urbanization, yet most cities and citizens still
lack access to clean water as result of poor
performance of these agencies [40].

However, Nigeria recorded improved water
supply from 47% in 1990 to 58% in 2008, she did
not meet the benchmark of Milennium
Development Goal (MDG) of 75% coverage by
2015 [43]. Research surveys using different
models for analysis on access, quality, quantity,
reliable and affordable in different parts of
Nigeria showed poor access to quality water [44].
Some states like Lagos and Kwara have more
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access to pipe borne water than the Ebonyi and
Taraba [45].

1.4 Factors Affecting Access to Drinking
Water in Nigeria

The factors that affect access to drinking water in
Nigeria are both man-made and natural
phenomenon. In 2007, the Inter-Governmental
Panel for Climate Change (IPCC), reported that
global warming will be more intense in African
than the rest of the world [46]. The climate
change will be characterized by rising
temperature which will amplify water loss with
highest increase in the Western Sahara Region.
Such proposition is now playing out especially in
the non-coastal region of Africa; Nigeria
inclusive.

The amount of time spent in collecting water
(distance to the water source, queuing, filling of
water containers and going back home) is high in
countries where access to drinking water
supplies located on premises is not common.
Time factor associated with water scarcity is a
man-made factor. WHO/UNICEF used threshold
of 30 minute for water collection, above such
time is described as limited access. Cassivi et al
household survey in seventeen (17) countries
with lowest rankings when it comes to on-
premises water access, highlighted the burden of
time factor which decreased access to water by
13% on the average when a 30 minute collection
time was used as a monitor [47]. Similar result
was reported for 23 countries where 50% of the
population depends on the water sources outside
their compounds where the main responsibility of
fetching water lies more on women and children

[48,49]. Rapid industrialization, population
growth, climate change [50-53], and socio-
economic  status and slum  settlement

characteristics such as poor practices of water
usage [54-56], contamination from sewage and
latrines have been reported to be part of the
factors that affect access to safe drinking water
in some localities.

Abubakar utilized descriptive and inferential
statistics to evaluate factors that influence
household access to drinking water in Nigeria
[57]. The reported regression analytical findings
included but not limited to place of residence
(x2=8328.2), geopolitical zone (x2=12042.8),
education (x2=5346.2), wealth index
(x2=16540.3), ethnicity (x2=8649.9), access to
electricity (x2=8040.9), and gender (x2=537.3).

Similar findings (p< 0.01) was reported by
Akoteyon [58]. Other factors reported in literature
are; corrupt government, failed central planning
and implementation of water policies and
standards [51], poor operation and maintenance
practice of existing water treatment plants
[59,40], drought due to human water
consumption [60], insurgency, ethnic and tribal
conflicts which often result in communal clashes
and war [61,62].

1.5 Strategies for Improving Access to
Drinking Water in Nigeria

Interdisciplinary research among scholars and
research findings domestication by industries
should be encouraged [37]. Socio-economic
factors such as improved Gross national Income
(GNI), policy interventions and implementation,
control of corruption, political stability by the
government can help improve access to clean
and affordable water [63-66]. Physical aspect of
water scarcity can be controlled by better
management,  establishing  water  supply
infrastructure including mini water scheme,
infiltration gallery and rural water collection
pattern [67-70], increase sustainability to cushion
evolving challenges [10,34], good water practices
in terms of consumption /use and cost recovery
[71,72] and recognizing local water vendors
through public private partnership and hence
control their charges which is higher than the
average water board rate [73].

2. SOURCES OF WATER

The sources of water supply are broadly grouped
into surface and ground water sources. Earth’s
water distribution constituents as shown in Fig. 4.
Only about 2.5% is freshwater from which 30.1 %
are underground, 1.2% are surface and 68.7%
are trapped as glaciers and ice [74]. No wonder
the global water crises, the compositions of river
water are 0.49% while lake is 20.9%. The water
characteristics, importance, resources, issues,
challenges and management was discussed
extensively in Olusumbo’s lecture [42]. With
increase in drying rivers and lakes due to climatic
conditions and other prevailing issues, water
recovery and treatment becomes necessary to
mitigate such challenges. The sources of water
affect the raw water quality which in turn
determines the type of treatment and finished
product expected. Treatment choice is largely
determined by the quality of raw water, available
processes, cost and the expected standard.
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Where i1s Earth's Water?

Surface/other

Frestowater 2.3% freshvvater

Total global
water

Freshvater

1.2%

Atmosphere
5.0

B Surface water and
other freshowater

Fig. 4. The earth’s water distribution [75]

2.1 Surface Water

Surface water includes; rivers, dams, lakes,
canals and streams. They are easily
contaminated by bacteria, protozoa and algae.
These contaminants may arise as a result of
runoff water after rainfall which carries a lot of
particles from human habitation, agricultural
fertilizers, pesticides, chemicals and industrial
waste. Sewage, sludge and industrial effluents
are usually discharged in surface water or in
landfills in developing countries and quasi-
developed countries. It is usually recommended
that the water sources be cordoned off from
human activities and should be surrounded by
buffer zones covering a lot of area. The buffer
zones help to filter out the large particles and
prevent them from getting into the source. Rain
and fog harvest may be considered sources of
surface water [76].

2.2 Ground Water

This is mainly wells and boreholes dug
underneath the earth surface into the water
aquifers to extract water. These aquifers may
have come to be as a result of rainfall over

several years ago. Some aquifers are confined
beneath rocks while some are found just some
are found just below the water table. The quality
of water here is determined by the depth of the
well or borehole. Deep ground water is naturally
filtered by materials such as soil, clay and rocks.
These materials clean the water and present it
with clarity and low in turbidity. It is usually free
from pathogens and bacteria but contains a lot of
dissolved carbonates, sulfates of calcium and
magnesium and heavy metals especially
cadmium and arsenic for shallow wells [77].

Nitrate, pesticides and other agrochemicals
diffused from agricultural  activities are
widespread in groundwater which causes

irreversible pollution. Once groundwater is
polluted, aquifer zones tend to remain with
polluted water [78].

3. SAFE DRINKING WATER:
STANDARDS AND QUALITIES (WATER
SAFETY)

Water has direct impart to human’s health,
whether used for domestic purposes, drinking,
food/beverage  production or  recreational
activities [79,80]. The quality of water is not to be
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compromised as the human body is more than
60%water [81]. Visualization of water such as
odour, clarity and taste are not guaranteed ways
of ascertaining water quality as clarity does not
mean standard. Physical/chemical assessment
and monitoring of water quality/standard are
necessary and should be done periodically to
ascertain the level of contamination at all times.

Physical parameters such as pH, turbidity,
colour, acidity, alkalinity and chemical
contaminants such as levels of chlorides,
nitrates, fluorides, nitrates, ammonium,

phosphorous, chemical oxygen demand (COD),
total dissolved oxygen (TDO), lead, arsenic,
cadmium, etc are tested to measure standard.
Biological assessments to determine the
contaminants like bacteria (Escherichia coli
(E.coli)), algae pathogens viruses and fungi are
equally necessary as exceeding the acceptable
limit may pose danger to health [82].

Water quality is not only achieved by purification;
deficient minerals may be added to improve the
properties. The water quality standards are
predominately covered by World Health
Organization Guidelines for Drinking Water and
other international organizations [83]. However,
every nation has its own standard which is
usually extracted from international standard with
little or no modifications. These standards are
subject to change as soon as new water related
discoveries are established through research.
More so, quality standard depends on the given
application of the water which in turn determines
the maximum allowable level of pollution.
Nigerian standard for drinking water quality was
established in 2005 by National Council for
Water Resources (NCWR) when it was
discovered that the operational standards
established by Standards Organization of Nigeria
(SON) and Federal Ministry of Environment were
not well accepted by all stakeholders [84]. It is
sad to note that water quality and standards are
not been enforced or checked in most developing
countries including Nigeria especially around the
urban areas.

4. WATER CONTAMINANTS

Common contaminants or pollutants found in
drinking water may lead to chronic health effects
like cancer, liver, bladder and kidney problems
when they are above permissible threshold.
These contaminants are grouped into microbial,
chemical pollutants (organic and inorganic) and
disinfection by-products contaminants. Others
include biological pollutants such as turbidity,

organic matter, natural and anthropogenic which
occurs due to seasonal factors. Chemical
pollutants include heavy metals and metalloids
and other synthetic organic chemicals. They can
be transmitted through food chain that are
irrigated with contaminated water or poisonous
chemicals that are absorbed by aquatic animals
like fishes and sea foods. Swimming frequently in
contaminate surface water can also lead to
illnesses which affect human health. The global
discuss on water pollution was captured in
Schwarzenbach et al’'s [85] review even though it
is inexhaustible.

4.1 Microbial Contaminants (Pathogens)

Microbes with minute infectious dose (e.g.,
Giardia, Cryptosporidium, and Shigella species;
hepatitis A virus; enteric viruses; and enter
hemorrhagic Escherichia coli) may cause
illnesses no matter how little is swallowed. This is
because total immunity does not develop for
most enteric pathogens and hence may induce a
re-infection [86]. Cryptosporidium is an emerging
pollutant excreted from oocyst from infected
animal with currently no specific cure. It is a
protozoan, gastrointestinal parasite which gives
rise to severe, self-limiting diarrhea when
ingested. This has caused waterborne disease
outbreaks in United Kingdom and United States
of America killing immune-compromised patients
[87]. Some pathogens like Aeromonas species
are harmless [88]. Pseudomonas aeruginosa
may multiply during distribution and known to
cause infection in patients with weak immune
system [89]. Traditionally, it is believed that
freezing of water eliminates microorganism. This
is not true as most enteric pathogens and
organisms including shigella species and
salmonella typhosa, hepatitis A virus, and
cryptosporidium species can survive for a long
period of time in both cold and frozen waters
[90].

4.2 Inorganic Contaminants

These include heavy metals such as Lead (Pb),
Zinc (Zn), Chromium (Cr), Nickel (Ni), Mercury
(Hg), Copper (Cu), Cadmium (Cd), Pitmuim (Pu)
and metalloids such as Arsenic (As) and
Selenium (Se). They are highly toxic even when
present in small quantities. Their transport
mechanisms depend on reactions to varying
conditions which include but not limited to
oxidation/reduction, adsorption, complexation,
and precipitation/dissolution reactions. X-ray
spectroscropies have become veritable tool in
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the study of metal ions and their interaction on
mineral surfaces and at such exposes the factors
that affect the mobility of metal ions.

4.3 Organic Contaminants

Organic contaminants or pollutants are
compounds that contain carbon, hydrogen and
other elements. They include pesticides,
herbicides,  pharmaceuticals, hydrocarbons,
phenols, plasticizers, tissues of plants and
animals. Most organic contaminants originate
from domestic sewage (septic tanks, latrines),
urban run-off from rains, industrial effluents and
agriculture wastewater, sewage treatment plants
and industry including food processing, pulp and
paper making, agriculture and aquaculture.
Presence in traces or quantum of organic
contaminants in food, water or environment may
pose harmful to health due to their undesirable
properties such as toxicity and flammability
[91,92] especially the Persistent Organic
Pollutants (POPs). Organic contaminants exhibit
different transport mechanisms from inorganic
ones. They exhibit partitioning behavior in
environment and therefore require different
methodological approach in analyzing them.
More complex multi-functional polar chemicals
such as biological active compounds (pesticides,
biocides, herbicides and pharmaceuticals) are
very difficult to analyze. Common materials used
in disinfection are chemical based materials,
biochars, activated carbon, clay and composite
membranes, etc. There are so many reported
research and reviews on the successful use of
these materials in the removal of organic
pollutants [93-96]. Mechanisms of destruction are
commonly by oxidation, partition, adsorption or
thermal decomposition [96,97].

5. WATER TREATMENT (PURIFICATION)
METHODS

5.1 Straining through Cloths

Filtration through cloth is a physical process and
an age long tradition used in the removal of
larger particles and insects from water. It is
regarded as an emergency water filtration
technique which has been reported to reduce the
infection of cholera by half [98,99] and 4.2%
bacteria [100]. Cloth filtration method can serve
as pre-filtration method for micro and ultra-
filtrations. Old Sari cotton fiber cloths are usually
preferred. Other fibers such as nylon, polyesters,
vinylon, etc used as cloth filters have been
reviewed pointing out their advantages and

challenges [101,102]. The cloth is folded at least
into four times before usage, washed, rinsed with
fitered water and sun-dried after usage to
prevent diseases.

5.2 Aeration

Aeration is usually the first treatment in municipal
treatment plant systems and sometimes pilot
plants. Oxygen saturation is maintained in water
through aeration. Usually air is infused into the
bottom of the water source say pond, lake or
lagoon or surface agitation for oxygen exchange
thereby releasing gases like carbondioxide,
hydrogen sulphide and methane [103]. Ferrous
iron is converted to filterable ferric iron via
oxidation. In the same vein, hydrogen sulphide is
oxidized to elemental sulphur which can easily
be removed through filtration. Basic methods of
aeration are aerobic and anaerobic while
modified methods include; tapered aeration,
diffused aeration, deep shaft aeration etc.
Different methods are efficient in the removal of

Chemical Oxygen Demand (COD), Total
Dissolved Solid (TDS), Biological Oxygen
Demand (BOD) and other biological

contaminants in both freshwater and wastewater
[104-108].
and

5.3 Coagulation, Flocculation

Sedimentation

Coagulation involves the use of coagulants such
as aluminum sulphate (Al>(S0,4)3.14H20) known
as alum, iron salt, calcium and magnesium salts
and alkaline liquids, to separate colloidal
particles from water which are too small to settle
by gravity., When alum is wused, the
polyelectrolytes converts the aluminum sulphate
into  polynuclear (Ali304(OH),"" ) species
forming aluminum complexes which help in the
coagulation process [109]. Addition of these
coagulants induces electrostatic and ionic forces
which causes the particles to stick together prior
to filtration / disinfection. Baking powder and
white ash were used in the case of emergency.
Recent research has explored the use of
MoringaOleifera seeds as coagulants /flocculants
which has produced up to 95% efficiency
and acceptable results above established
standards in reduction of total coliform and
turbidity [110-116].

Flocculation uses stirring of the water to cause
formation of larger particles. Flocculants are
mostly added to promote the agglomeration of
particles with continuous stirring for about 5
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minutes. Then the water is allowed to sit for
about 30 minutes for proper settling of colloids.
Coagulation and flocculation have been proven
to mitigate the fouling of membrane filters when
coupled in the filtration process [117].

Sedimentation: When large particles such as
sand and silt, settle rapidly at the bottom of the
container through gravity, the process is referred
to as sedimentation. It was used in the olden
days to purify water for clarity before the
evolution of modern technologies; however, it is
still being practiced by the peri-urban people
living in poverty. Sedimentation does not
disinfect water rather allows clearer water to be
collected through the top of the container while
the large particles settle at the bottom of the
container.

5.4 Filtration

Purifying water by filtration is also common. It
involves the use of medium in the form of
membrane or aggregates. Filtration utilizes both
physical and chemical processes while adsorbing
and absorbing contaminants on the medium.
Filtration media includes ceramic (clay)
membrane for point of use filtration, cloth or fiber
membrane, compressed granular activated
carbon (GAC), polymer membranes, sand, gravel
or crushed rock and clay aggregates. Water
quality after filtration depends on the filter media,
raw water and flow rate and pore size of the filter
[118]. Table 1 displays the microorganisms
susceptible to filtration by size. Viruses are very
smaller in size than bacteria and are susceptible
to passage through filter media with larger pore
size which can filter bacteria. More so,
electrochemical attraction can cause them to
attach themselves on the surface of the filter
media. So engineering the filter media taking
cognizant of pore size is very important.

Filters are easy to handle and operate. They
require no special skill but can clog by
suspended colloidal particles after repeated
usage. Such particles may cause fouling and
reduces water permeability of the filters. Careful
surface cleaning such as back-flushing (reversal
of pressure such as pure water applied to the
permeate side of the membrane) and/or chemical
cleaning (chlorinated water, acid or base
solutions, disinfectant and detergents) in the
case of natural organic material or bio-fouling is
required for point of use filter while backwashing
is employed when using aggregates as in the
case of treatment plants. Filtration can eliminate

bacteria, protozoa, cyst and viruses depending
on the porosity of the media [119].

Reverse Osmosis (RO) i.e filtration using a semi
permeable membrane was a major breakthrough
in membrane filtration technology (Fig. 5). The
earliest RO had salt rejections of approximately
96-97% and could only produce potable water
from low concentration brackish  water.
Subsequent research was able to vyield
membranes that could reject salt up to 99.7%
and could produce potable water from sea water
[120]. RO membrane feeds under high pressure
(100-800psi) has been used to filter viruses, ions,
molecules, solids and achieve a 4-log reduction
in viruses whereas mechanical filters can
achieve up to 2-3 logs in virus reduction [86]. The
results depend on permeation of different
species. This is not efficient enough that is why
mechanical filtration is used in conjunction with
other treatment methods [121].

5.5 Disinfection

Disinfection involves the use of chemicals such
as chlorine (chlorination), calcium and sodium
hypochlorite which readily dissociates in water
and is non-carcinogenic, but reacts with other
pollutants to form harmful compounds. The
technology is easy to use, has strong and wide-
spectrum antimicrobial activity and low toxicity to
humans when controlled dose is used.
Limitations of chlorine disinfection method are
the formation of disinfection by-products (DBPS)
such as chloroamines, Tri Halo Methanes
(THM’s), trichloroacetone (CCI3COCHS3),
chlorophenols, chloroforms, chlorinated
hydrocarbons and other halogenated
intermediate  compounds which are very
dangerous to health [91,92]. lodine is also used
in water disinfection of bacteria, cyst and viruses
on lower concentration and fungi on higher
concentration [122]. lodine is known to increase
the susceptibility of thyroid problems in certain
individuals (e.g, pregnant women). Other
chemical disinfectants are ozone (ozonation) and
chlorine dioxide. They are highly effective in
killing Cryptosporidium species [123,124]. The
use of Ultraviolet (UV) radiation is also very
effective in water disinfection. This is commonly
used by food and beverage industries. The major
challenge with UV disinfection is the power
generation which is expected to be in sufficient
dose to produce the require energy for
disinfection. More so, the water must be free
from dissolve solids or particles to avoid
interference and shield of organisms [125].
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" «—— Skin Layer

Microporous
substructure

Fig. 5. Scanning electron micrograph of the cross-section of a Loeb-Sourirajan reverse
osmosis membrane. The development of this type of anisotropic membrane was a critical
breakthrough in the development of membrane technology
(Reprinted from R. W. Baker, Membrane Technology & Research Inc. (MTR), Menlo Park, CA, USA. Copyright
@ 2000 Academic Press) [120]

Table 1. Susceptibility of micro-organisms to filtration by size. Retrieved from [86]

Organism Approximate size (um) Maximum recommended filter rating (um)
Virus 0.03 NA?

Escherichia coli 0.5X 3-8 0.2-04

Campylobacter species 0.2-0.4 X1.5-35 0.2-04

Vibrio chlolerae 0.5X1.5-3.0 0.2-0.4
Cryptosporidium oocyst 2-6 1

Giardia cyst 6-10 X8-15 3-5
Entamoebabhistolytica cyst  5-30 3-5

Nematode egg 30-40 X 50-80 20
Schistosomecercariae 50 X 100 Coffee filter or fine cloth
Dracunculus larvae 20 X 500 Coffee filter or fine cloth

#Not applicable to most portable filters; only reverse-osmosis membranes exclude viruses by virtue of pore size

5.6 Boiling and Distillation

Bringing water to a boil at 100°C is the oldest
and effective method of water purification for
killing pathogenic bacteria, viruses and protozoa.
This helps to eliminate pathogens and microbes-
causing intestine diseases up to 100% if done
correctly [86,126,127]. However; boiling water
does not remove inorganic  chemical
contaminants such as heavy metals and
metalloids. Treated water can get re-
contaminated if stored or handled improperly
[128,129]. Boiling is very effective in reduction of
E.Coli up to 98.5% when stored in a covered
container [130]. However, boiling water for
purification has its challenges such as the cost of
heat source, electricity, biomass, waiting for the

water to cool before using and handling to avoid
recontamination.

Distilled water is collected in the form of vapour
after heating and condensing using distillation
method. It is one of the oldest methods of water
purification. It is capable of removing bacteria,
inorganic and most organic contaminants from
water. However organic contaminant such as
pesticides and herbicides, benzene and toluene
whose boiling points are below 100°C cannot be
efficiently removed as they vapourize with the
distilled water and re-contaminate it. Also,
pollutants with boiling points greater than 100°C
are difficult to remove. These organic
compounds are removed prior to condensation
[131]. Water purification by distillation is a very
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slow process, requires a lot of energy,
carefulness and large quantity of water to
produce and hence is a costly method.
Moreover, distilled water lacks oxygen, has low
pH (acidic) and also flat to taste which informed
its application industrially rather than drinking
and other household applications [131].

6. WATER FILTRATION AGGREGATES
AND MEMBRANES

Sand is the most common aggregate used in
water filtration especially for municipal treatment
plants. Other aggregates and granules used in
water filtration are charcoal, crushed rocks, blast
furnace slags and clay [132]. These are also
used in filtration of wine and other liquids. There
are three main types of sand bed filtration
namely, rapid gravity, upward flow and slow sand
filter [133]. While rapid and upward flow sand
filters use chemicals for flocculation, slow sand
filters do not use chemicals, reduces turbidity,
bacteria and organic matters producing high
quality clean water [134]. Flocs and other
impurities are trapped within the sand bed by
means of absorption or encapsulation. Different
grades of sand are used to filter water. Most
bacteria and pathogens are removed through this
process however; odour and taste may be
problems which are effectively removed using
activated carbon granules. The sand aggregate
is backwashed after series of use and the
effluent are dislodged through a septic tank. The
frequency of backwashing depends on the shape
of grains, packing, depth and the type of
flocculants used while the overall performance of
the filter is affected by the shape, strength,
susceptibility to salts and chemical attacks,
resistance to internal erosion of fines, resistance
to abrasion and composition of the materials
especially during compaction, placing and
frothing [132].

Membrane filtration involves forcing a liquid
through a semi-permeable (porous) membrane.
It is utilized in water, beverage and bio-
processing industries. The utility of membranes
to purify water involves membranes classified by
their pore size and separation capabilities
(Fig. 6). The order of pore size increment starts
with reverse osmosis membranes, nanofiltration,
ultrafiltration and microfiltration membranes.
Microfiltration is a size exclusion pressure or
vacuum driven membrane filtration which
operates at ambient temperature, velocity of
about 1-3m/s and pressure ranging from 5psi to
54psi, 100-400kpa [135,136]. It is capable of

removing bacteria, protozoan’s cyst, and
suspended particles of 0.1-10 micrometers [120].
Ultra filtration filters through a pore size range of
0.1-0.01 micrometers are capable of removing
viruses, bacteria, colloids and particles. It shows
higher removal of pathogens than microfiltration
medium [137]. Also, the use of coagulants and
sludge production are drastically reduced [138].

Reverse osmosis involves dense membranes
where solution-diffusion governs the separation
process [139]. It is preferable during desalination
and filters up to 1 nanometer. It is efficient but an
expensive technique. Nano filtration uses organic
thin film composite membranes of typical pore
size range of 1-10 nanometers. Its properties are
found between reverse osmosis and ultra-
filtration. Nanofiltration has gained popularity due
to the emergency of nanotechnology and
nanomaterial and their applications in efficient
water and wastewater treatments [140-143]. It is
efficient in separation of inorganic salts and small
organic molecules [144]. It operates at low
pressure with excellent properties such as high
resistance to fouling, high degree of ions
selectivity, capable of reducing hardness, Total
Dissolved Solids (TDS), turbidity, sulfates, tannis,
etc.

Ceramic membranes commonly called clay
membranes have been in existence since time
immemorial. They have special attributes of high
resistance to heat, chemical attack, performance
indices, mechanical strength, good cleaning
ability and affordability, applicable over a wide
range of pH and are very durable [145]. Studies
have shown that clay ceramic membranes are
very efficient in microbes and fluorides removal
[77,146].

Polymeric membranes have also been used in
water purification studies of water and
wastewater r [143,147]. Researchers have
conducted reviews on reported advances of
polymer membrane in water desalination and
purification revealing production processes,
opportunities, challenges and way forward
[140,144,148-151]. Polymers used in the
production of membranes can be made from

organic, inorganic and composite materials.
Examples include polysulfone, poly (ether
sulfone), polyacrylonitrile, poly(vinylidene
fluoride), aromatic polyamides, sulfonated

poly(ether sulfone), and cellulose acetate. Nano
and ultrafiltration polymeric membranes are
usually produced by phase inversion process
[139].
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Fig. 6. Membranes used in water filtration (reprinted from polymer membranes LM Robeson,
Lehigh University, Macungie, PA, USA © 2012 Elsevier B.V. All rights reserved) [139]

6.1 Adsorbent Materials Used in Water consists of pores of order of few atoms in width

Filtration (~2-1OA) which allows the movement of ions
within the cavities, thus, necessitates reversible
6.1.1 Activated Carbon (AC) dehydration and exchange of cation. The widely

accepted general formula of natural zeolites is

The use of activated carbon in water filtration ~ Written below:

dated since time immemorial. Generally,

activated carbon has large surface areas and (Li, Na, K), (Mg, Ca, Sr, Ba)y [Alp+2g) Sin
large pore  volume (porosity). These (9+29)Oz2n] - MoH20

characteristics gave rise for its high adsorption

and absorption capacities through the Where; p- no of monovalent metal ion, g- no of
porous network of the particle. No wonder it is  divalent metal ions, n- no of oxygen atom/ 2 and
used in common home-based water filters. Mo~ No of water molecules

The major role of AC is to adsorbed

contaminants which may affect the odour and Zeolites can be synthesized from Kaolin by
taste of drinking water. Several studies have calcining it to a high temperature, say above
been done on the use of AC for adsorption in 600°C [157,158]. Natural zeolites such as
aqueous solutions and the removal of total Clinoptilolite  (Clino  zeolites),  Mordenite,
suspended solid (TSS), biological oxygen Chabazite, etc have been used extensively in
demand (BOD) and other organic pollutants such ~ Wwater treatments due to their exceptional cation-
as bacteria and viruses. Result indicated €xchange ability, sorption and molecular sieve
high efficiency (99.999%) with improvement in  Properties [159-161]. They are divided into seven
odour and turbidity of the drinking water main groups and the division is based on their

[121,152-155]. physical properties, crystal structure,
exchangeable ions, pore volume /size,
6.1.2 Zeolites morphology, binding ways, etc. In the past

decades, both natural and modified zeolites have
These are three -dimensional structured been widely used as adsorbent to purify water.
crystalline aluminosilicates comprising mainly ~ Zeolites and clay matrix (sometimes doped with
aluminium, silicon and oxygen. Each oxygen Silver nano-composite) are excellent 2i+n
atom is shared by two tetrahedral. The presence ad329rpt'02n+ of 21+eavy met:;\l ions such as Pb™,
of water and larger cavities differentiates it from Cd™, Cu™, As™ and Zn = and have efficiently
Feldspar mineral [156]. Natural occurring zeolites ~ rémoved  bacteria, heavy metals and
have mono or di-valent cations like sodium, Other microbial growth from polluted water
calcium, potassium, magnesium and barium [159,162-165].
interconnected  cavities enclosed in their Thermal properties of zeolites (stability,
framework. The honeycomb-like structure resistance conductivity and heat capacity)
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depend on SiO,/AI20; ratio. Thermal stability
increases with increase in crystallinity. Higher
silica/aluminum ration affects the temperature
resistance. Depending on type of zeolite, some
have been found to be thermally and chemically
stable up to 1000°C. Thermal conductivity
depends on the particle size, temperature
range, degree of packing and voids distribution
[166].

6.1.3 Chitosan

Chitosans are strong adsorbents of heavy
metals. They are synthesized from shells of
fishery waste such as shrimp shells and crab
shells, hence are cheap. Chitosans have
molecular structure similar to that of cellulose.
Modification of Chitin, a biological polymer from

the exco skeletons of crustaceans, forms
Chitosan excellent properties such as
biocompatibility, biodegradability and non-

toxicity. Researchers have reported its use in the
efficient removal of pollutants such as COD,
TDS, Turbidity, pathogens and heavy metals.
Chitosan concentrations increment from O to 1 g
100 ml™, resulted in decrease in turbidity, TDS,
electrical conductivity and from 1.98 to 0.98 NTU,
5.67 to 4.13 g L™, 10.18 to 5.27 mS cm™, 6.1 to
5.71 respectively. Coliform bacteria and
Staphylococci at different concentrations were
completely eliminated [167,168]. Experimental
research has reported removal of phosphates
reducing it from ~19 pg/ml by 6-30 fold
and attenuating dissolved hydrosulfides from
1mM by 100-fold using metal ion modified
chitosan [169].

Successes have been recorded for the use of
Chitosan as a natural coagulant in remediation of
microbes and turbid waters to over 90%
efficiency and wastewaters [170-175]. Adsorption
studies of heavy metals (arsenic, copper, zinc,
mercury, uranium), dyes and pharmaceuticals
from agueous medium using chitosan including
modified form have been reported and reviewed
to be successful although results depended
largely on the modification method adopted,
materials used for the modification and
adsorption experimental conditions [176-181].
The presence of amino and hydroxyl groups in
chitosan molecules serve as attachment sites
towards metal ion thereby contributing majorly to
its adsorption capabilities. Other parameters of
dependent are deacetylation degree, molecular
weight, particle size and crystallinity [182].

6.1.4 Hydroxyapatite (HAp)

HAps are naturally synthesized from egg shells,
bones of fish and mammals because of high
content of calcium and carbonates. The common
one is the calcium hydroxyapatite
Cayo(PO,4)s(OH),. Adsorption studies have shown
their high capabilities to adsorb heavy metals
such as lead, Arsenic and Cadmium under
varying conditions like initial metal concentration,
pH, temperature and reaction time [23,183-186].
lon exchange mechanism by substitution of
calcium with the heavy metals is commonly
proposed by researchers.

6.2 Clays: Characteristics and
Composites in Water Filtration

Clays occur naturally and are abundant in earth’s
surface, hence are available and affordable.
Generally, clay is formed as a result of
weathering process greatly influenced by the
parent rock, vegetation, topography, climate
conditions and duration. Clay mineral structure
may be destroyed or modified at high
temperature beyond dehydroxylation. There is
tendency for rapid fusion after dehydroxylation
temperature when using fluxes such as
potassium, iron and magnesium [156]. Clay and
clay minerals are the most important industrial
minerals whose application is dependent on their
microstructural morphology, mineral
compositions, phase constitution and chemical
composition. Clay minerals are phyllosilicates
minerals with layers of silica tetrahedral (Fig. 7a)
and layers of Al, Fe, Mg octahedral, similar to
gibbsite or brucite (Fig. 7b). The arrangements of
these layers’ accounts for major and minor
differences in the properties of clay.

There are three main groups of clay mineral are
kaolin (usually referred as kaolinite), lllite and
Smectite of Montmorillonite, each with specific
properties and formation as shown Table 2.
Associated clay minerals like vermiculite, quartz,
micas, chlorite, etc, do not impart plasticity to
clay but interfere with its identification.
Montmorillonite are known to adsorb more water
than kaolinite, illite, and chlorite [187,188]. The
chlorites and illites have similar water sorption
properties. Clay has wide range of utilization and
industrial application.  Characterization and
classifications of clay have been done
successfully using technical equipment such as
X-Ray Diffraction (XRD), X-Ray Fluorescence
(XRF), Fourier Transmission Infra-Red (FTIR),

Differential Scanning  Calorimeter  (DSC),
Scanning Electron Microscope (SEM), Atomic
Absorption  Spectroscopy  (AAS), Instron,
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Casagrande and others [189-193]. Documented
and reported results are veritable tools and are
handy for use and for industrial applications
purposes.

With regards to water treatment, clay has been
used extensively since time immemorial in water
filtration and purification studies both in sole and
modified forms. Clay ceramic water filters have
shown capabilites in  removing  water
contaminants such as microbes [195], chemicals
[192,196-198], and heavy metals [199,200].
Ceramic water filters made from clay and clay
minerals are very efficient for water filtration
through adsorption/absorption, molecular sieving
and ion exchange mechanisms [160,201,202].

More so, clay is inexpensive, abundant,
widespread and readily available. Other
considerations are user friendliness, cultural

acceptability and a low maintenance cost.

Industrial waste, such as rice husk and saw dust
are some of the materials that forms composite
with clay in water purification studies. The kernel
of rice typically known as rice husk is obtained
after separation of rice from paddy in a rice mill
and it is a rich source of silica. Other non-
renewable sources are; wheat, oats, barley and
maize. Silica is found at the epidermal layer of
these crops. They are abrasive and brittle as
well. Complete combustion of rice husk gives rise
to white ash which contains 86-99% silica
[203-205]. Rice husk has been found useful in so
many applications like; polymer reinforcement,
water purification, road construction, dye and

acid removal, cosmetics and cosmetology,
dentistry, building construction, food industry,
adsorbents, etc. However, this discussion is
limited to water purification using clay-rice husk
composite. Pachauri [206] prepared column and
ball rice husk ash-based filters for water/waste
water purification. The treatment efficiency for
total suspended solids (TSS) for the waste water
were 63, 81 and 88% after 1,2 and 3 hours
respectively with ball filter while that of column
were 50, 66 and 76% after 1, 2 and 3 hours
respectively. The result also showed reduction in
chloride content from 283 mg/l to 189 mg/l after 6
hours of retention time.

The removal of Cadmium Il and Zinc Il ions from
binary systems was effective using rice husk
fiter. Higher percentage of the duo ions were
absorbed by the adsorbent during filtration [207].
The use of microwave for the incineration of rice
husk used in water filtration has been studied for
the adsorption of heavy metals, chromium and
copper respectively. The results indicated
efficient removal of these ions by means of
adsorption [208,209]. Nitrites removal in water
was studied using rice hull- derived zeolites. The
husk was washed with distilled water and acids
prior to calcinations. Results showed that both
the untreated and treated were able to remove
nitrite by 97.03% and 97.22% respectively [203].
Rice husk has great potentials as adsorbents
due to the presence of functional groups, high
porosity and surface area. Its major constituent is
silica, carbon and other trace elements like
alumina, potassium oxide, iron  oxide,

Table 2. Three major clay minerals showing formation, characteristics and uses

Group Examples Formation Characteristics Uses
Kaolin Kaolinite, Decomposition of 1:1 (Fig. 7¢) Ceramics
nacrite orthoclase feldspar  phyllosilicates, non- production, fillers for
and dickite swelling with fine papers and paints,
texture water treatment
lllite similar to Gluaconite Decomposition of 2:1 phyllosilicates, Cosmetics, binders,
Muscovite micas and feldspar, commonest clay water treatment
predominant in mineral, possession of
marine clays and exchangeable cations
shales (K, Ca and Mg)
Smectite or Bentonite  Alteration of mafic 2:1 (Fig. 7d) Drilling mud for ol
Montmorillonite and igneous rocks rich phyllosilicates, weak and water wells,
vermiculite in Ca and Mg linkage by cations (e.g. binder in
Na+, Ca++) results in pharmaceuticals,

feeds for blast
furnace, water
treatment

high swelling/shrinking
potential and
isomorphous
substitution

Table 3. Review of the usage of expanded clay aggregate in water purification
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Authors Adsorbent Contaminant(s)of Outcome
study
[212] LECA Phosphorus from Higher P-sorption was observed for
LECA+CaCO; wastewater LECA+CaCO3; more than LECA
[213] ECA TOC, COD, colour and Removal rate between 57-75% for all
ozonated humid water  experiment was achieved
[214] Sintered LECA with  phosphorus High phosphorus binding capacity with
addition of very good hydraulic conductivity
carbonates of
calcium and or
magnesium as flux
materials
[215] LECA Removal of Arsenite Enhanced sorption of AS" at pH 7, 68ug
Al or Fe oxide (AS") and impact of g ' and 114pg g™ for LECA and Al or Fe
coated LECA Phosphorous on modified LECA respectively
removal efficiency
[216] Natural LECA, Fluoride At pH 6, fluoride was reduced from 10
H,0O, and MgCl, g/l initial concentration to 0.39 mg/l, 1.0
modified LECA mg/l and 0.075 mg/l for Natural LECA,
H,0O, and MgCl, modified LECA
respectively at sorption capacities; 8.53
mg/g, 17.83 mg/g and 23.86 mg/g.
[217] LECA granulesand COD, BOD, TSS, Efficiency of COD removed after 20hrs
powder nitrate and phosphate  is 65.9%
in dairy industry TSS& BOD had great reduction
wastewater Nitrate=63.87%
Phosphate- reasonable reduction
[218] ECA Phosphorous and 12-16% removal efficiency for
Nitrogen on river water phosphorus and 5-6% for Nitrogen
[219] LECA metronidazole (MNZ) Removal efficiency of MNZ increased by
MgO-modified 8% with addition of carbonates for LECA
LECA and total removal of MNZ for
MgO/LECA. Maximun adsorption
capacity under optimum conditions are
56.31 to 84.55 mg/g for LECA and
MgO/LECA respectively
[220] Zeolite containing Ammonium from High ammonium removal at high
LECA domestic wastewater ammonium loading rate by a
combination of nitrification and ion
exchange
[192] ECA E. Coli, Nitrate, Aluminosilicates and associated

Phosphate, Arsenic lll
and Lead Il

minerals with high surface areas
between 456.143-566.998 m2/g and
significant adsorption sites were
revealed. Log

four bacteria disinfection assay was
achieved. Reduction efficiencies for
phosphate

and nitrate for all adsorbents varied from
27.33% to 76% and 10.67% to 46%
respectively. High correlation
coefficients made Langmuir isotherm
model more

favourable than Freundlich model.
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Fig. 7. Building blocks for clay minerals. (a) Silicon-Oxygen Tetrahedral (Si205'2) ; (b) Al-
Octahedral (Gibbsite sheet)AI(OH)G'3 ; (¢) Kaolinite 1:1 Building block; (d) Smectite 2:1 Building
block [194]

manganese, sulphur, calcium oxide and
phosphorous pentaoxide, etc. Similarly, clay-
sawdust composite as an adsorbent in water
purification have been studied and documented
by researchers. Results have shown that such
composite is very effective in removing heavy
metals, oils, dyes and chemicals [77,210,211].

6.3 Expanded Clay Aggregates (ECA) for
Water Filtration

The uses of ECAs in water filtration are still
evolving. Their major applications tilt more
towards sustainable building material than in
water filtration studies. New technologies on
water treatment have been reported but not
much can be found in literature on the use of
Expanded Clay Aggregate application in
surface water treatment especially biomass-
modified ECAs. Some of the reviewed literature
centers attention on the use of Light Expanded
Clay Aggregate (LECA) and ECA in
the adsorption of phosphorous in wastewater
Table 3.

7. CONCLUSIONS

The importance of water to health, education,
environment, economic productivity, peace and
stability and agriculture cannot be
overemphasized. Different water problems from
scarcity to pollution and natural remedies have
been discussed in this review. The deduction
here is that natural cheap-based effective
measures are preferred in water treatment.
However, each measure disinfects one or two
contaminants at a time. The gap here is the need
to develop filter aggregates capable of removing
multiple contaminants (organic and inorganic) at
the same time which is expected to be integrated
in large water filtration technologies such as
municipal treatment plants, water boards, as well
as portable water filtration systems. The authors
are working on the possible development of
nano-modified expanded clay aggregates to filter
out multiple common contaminants in water for
large filtration systems and also to produce filter
inserts for water buckets and bottles for low
income earners, Internally Displaced Persons
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(IDPs), rural farmers, dissert travelers, school
children and hospitals.

ACKNOWLEDGEMENT /FUNDING

The authors acknowledge the funds provided by
Tertiary Education Trust Fund (tetfund)
(NRF_SET_WAS 00093) Science, Technology
and Innovation.

DISCLAIMER

This paper is an extended version of a Thesis
document of the same author.

The Thesis document is available in this link:
http://repository.aust.edu.ng/xmlui/bitstream/han
dle/123456789/5016/Ihekweme%20Gina%200d
ochi.pdf?isAllowed=y&sequence=1

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. UN. Report of the United Nations

conference on environment and
development. Rio de Janeiro; 1992.
2. UN. The human right to water and

sanitation. In Resolution Adopted by the
General Assembly on 28 July 2010; 2010.

3. Roaf V, de Albuquerque C, Heller L. The
human rights to water and sanitation.
Equal. Water Sanit. Serv.
2019;1249(20378):26—-43.

4, UN. The human rights to safe drinking
water and sanitation. 2020;660(9464).

5. W. and UNICEF. 2015 Update and MDG
assessment; 2015.

6. WHO/UNICEF. Progress on drinking
water. Sanitation and Hygiene; 2017.

7. United Nations. The millennium
development goals report. United Nations.
2015;72.

8. United Nations. Measuring progress:
Water-related ecosystems and the SDGs;
2023.

9. Watkins K. Human development report
2006 - beyond scarcity: Power, poverty
and the global water crisis. 2006;28(6).

10. Kummu M, Guillaume JHA, De Moel H,
Eisner S, Florke M, Porkka M. The world ’
s road to water scarcity: Shortage and
stress in the 20th century and pathways
towards sustainability. Nat. Publ. Gr.
2016;(May)1-16.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

275

WHO and UNICEF. Progress on sanitation
and drinking water: 2015 update and MDG
assessment; 2015.

WHO and UNICEF. Progress on
household drinking water, sanitation and
hygiene 2000-2017. Special focus on
inequalities. New York: United Nations
Children’s Fund (UNICEF) and World
Health Organization, 2019. 2017;1-71.

UN. Leaving no one behind; 2019.
Solomon S. Global water issue. Bur. Int.
Inf. Programs, United States Dep. State.
2011;1-152.

Elimelech M. The global challenge for
adequate and safe water. J. Water Supply
Res. Technol. — AQUA. 2006;55(1):3-10.
Huntington JF, et al. Automated
mineralogical core loggie at the Emmie
Bluff iron oxide- copper- gold Prospect.
Mesa J. 2006;41(April):38-44.

Shevah Y. Water resources, water scarcity
challenges, and perspectives. 2015;185—
219.

Okonkwo C, et al. Combined effect of El
Ni¢€o southern oscillation and Atlantic
multidecadal oscillation on Lake Chad level
variability. Cogent Geosci. 2015;1(1):1-19.
H. N, Zohreh Safdari GJ. Estimation of
groundwater depletion in Iran’s catchments
using well data. Water. 2022;14(1):131.

JS, Amit K, Gopal Krishan, Mavidanam
Someshwar Rao, Rajesh Vashisht, Anju
Chaudhary. Isotopic assessment of
groundwater salinity: A case study of the
Southwest (SW) region of Punjab, India.
2022;14(1):133.

Eric H. NASA images reveal Aral sea is
shrinking before our eyes; 2014.

H. // En.wikipedia.org/wiki/Aral_sea (Aral
Sea)

Narwade VN, Mahabole MP, Bogle KA,
Khairnar RS. Waste water treatment by
nanoceramics : Removal of lead particles.
Int. J. Eng. Sci. Innov. Technol.
2014;3(3):324-329.

Voiland A. Sea of Galilee; 2020.

Tzvi J. New canal to flow water from
Kinneret to Jordan River as water level
rises; 2020.

Gao H, Bohn TJ, Podest E, McDonald KC,
Lettenmaier DP. On the causes of the
shrinking of Lake Chad. Environ. Res. Lett.
2011;6(3).

Hansen K. The rise and fall of Africa’s
Great Lake. NASA Earth Obs; 2017.
Lemoalle J, Bader JC, Leblanc M, Sedick
A. Recent changes in Lake Chad:



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

Observations, simulations and
management options (1973-2011). Glob.
Planet. Change. 2012;80-81:247-254.
Okpara UT, Stringer LC, Dougill AJ. Lake
drying and livelihood dynamics in Lake
Chad: Unravelling the mechanisms,
contexts and responses. Ambio.
2016;45(7):781-795.

NASA Earth Observatory. Ups and Downs
of Lake Chad; 2017.

Rosegrant MW. Challenges and policies
for global water and food security. Pap.
Present. Dur. “Agriculture’s Water Econ.
Symp. Organ. by Fed. Reserv. Bank
Kansas City, Kansas City, Missouri, USA,
July 11-12, 2016. 2015;1:1-21.

O. Kummu M, Gerten D, Heinke J,
Konzmann M, Varis. Climate-driven
interannual variability of water scarcity in
food production ; 2013.

Warren-Vega WM, Campos-Rodriguez A,
Zarate-Guzman Al, Romero-Cano LA. A
current review of water pollutants in
American continent: Trends and
perspectives in detection, health risks, and
treatment technologies. Int. J. Environ.
Res. Public Health. 2023;20(5).

Naik PK. Water crisis in Africa: Myth or
reality?. Int. J. Water Resour. Dev.
2017;33(2):326-339.

Oyekale A. Access to safe drinking water,
sanitation, and under 5 diarrhea morbidity
in South Africa. Ann Trop Med Public Heal.
2017;10:187-93.

Edokpayi JN, et al. Challenges to
sustainable safe drinking water: A case
study ofwater quality and use across
seasons in rural communities in Limpopo
Province, South Africa. Water
(Switzerland). 2018;10(2).

Armah FA, Ekumah B, et al. Access to
improved water and sanitation in sub-
Saharan Africa in a quarter century.
Heliyon. 2018;4(11).

ELE Angoua, Dongo K, Templeton MR,
Zinsstag J, Bonfoh B. Barriers to access
improved water and sanitation in poor peri-
urban settlements of Abidjan. Céte d’Ivoire.
PLoS One. 2018;13(8):1-13.

Simelane MS, Shongwe MC, Vermaak K,
Zwane E. Determinants of households’
access to improved drinking water
sources: A secondary analysis of eswatini
2010 and 2014 multiple indicator cluster
surveys. Adv. Public Heal. 2020;2020:1-9.
World B. A wake up call: Nigeria water
supply, sanitation, and hygiene poverty

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

276

diagnostic. WASH Poverty Diagnostic. Int.
Water Power Dam Constr. 2017;70(2):20—
25.

Worldometers. Nigeria Population; 2021.
Olusumbo M. Water resources
management and development in Nigeria -
issues and challenges in a new millenium;
An inaugural lecture delivered at the
university of agriculture; 2001.

Akpor M, OB Muchie. Challenges in
meeting the MDGs: The Nigerian water
supply and distribution sector. Journal of
Environmental Science and Technology.
2011;4(5):480-489.

Emenike CP, et al. Accessing safe drinking
water in sub-Saharan Africa: Issues and
challenges in  South—-West Nigeria.
Sustain. Cities Soc. 2017;30:263-272.
Lukman IA, Ismail S, Asani A, Bolorunduro
MA, Foghi KA, Oke PU. Effect of selected
factors on water supply and access to safe
water in Nigeria. Ife J. Sci. 2016;18(3):623-
639-639.

IPPC. Climate change 2007.
Assessment Report (AR4),
Switzerland; 2007.

Cassivi A, Dorea CC, et al. Access to
drinking water: Time matters. J. Water
Health. 2018;16(4):661—666.

Graham JP, Hirai M, Kim S. An analysis of
water collection labor among women and
children in 24 Sub-Saharan African
Countries. 2016;1-14.

Geere JA, Cortobius M. Who carries the
weight of water? Fetching water in rural
and urban areas and the implications for
water security. Water Altern.
2017;10(2):513-540.

Wada Y, Van Beek LPH, Viviroli D, Drr HH,
Weingartner R, Bierkens MFP. Global
monthly water stress: 2. Water demand
and severity of water stress. Water
Resour. Res. 2011;47(7);1-17.

Dinka MO. Safe drinking water: Concepts,
benefits, principles and standards. Water
Challenges an Urban. World; 2018.

Dos Santos S, et al. Urban growth and
water access in sub-Saharan Africa:
Progress, challenges, and emerging
research directions. Sci. Total Environ.
2017;607-608;497-508.

Alirol E, Getaz L, Stoll B, Chappuis F,
Loutan L. Urbanization and infectious
diseases in a globalised world; 2020.
UN-HABITAT. The Challenge of slums-
Global report on Human Settlements;
2003.

Fourth
Geneva,



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

Ooi GL, Phua KH. Urbanization and slum
formation. 2007;84(1):27-34.
Ezeh RJ, Oyebode Alex,
Satterhwaite, David Chen, Yen-Fu
Ndugwa, Robert Sartori, Jo Mberu,
Blessing Melendez-Torres, Haregu GJ,
Tilahun Watson, Samuel |, Caiaffa,
Waleska Capon, Anthony Lilford. The
history, geography and sociology of slums
and the health problems of people who live
in slums; 2016.

Abubakar IR. Factors  influencing
household access to drinking water in
Nigeria. Util. Policy. 2019;58(October
2018):40-51.

Akoteyon IS. Factors affecting household
access to water supply in residential areas
in parts of Lagos metropolis, Nigeria. Bull.
Geogr. 2019;43(1):7-24.

Akali DM, et al. Provision of sustainable
water supply system in Nigeria: A case
study of Wannune-Benue state. World J.
Environ. Eng. 2015;2(1):1-5.

Wada Y, Van Beek LPH, Wanders N,
Bierkens MFP. Human water consumption
intensifies hydrological drought worldwide.
Environ. Res. Lett. 2013;8(3).

Emmanuel K. The European Union and the
Pan-African parliament: Adding value to
the partnership. International Institute for
Democracy and Electoral Assistance
(IDEA), Stockholm, Sweden; 2010.

A. International. Monitoring and
documenting human rights violations in
Africa: A handbook for community activists.
Amsterdam, The Netherlands; 2002.
Nwankwoala H. Localizing the strategy for
achieving rural water supply and sanitation
in Nigeria. African J. Environ. Sci. Technol.
2012;5(13):1170-1176.

AODA, JBA, Komolafe CA, Agboola BS.
Mordern conventional water treatment
technologies and challenges for optimal
utilization in Nigeria. 2013;1-10.

Obeta MC. Rural water supply in Nigeria:
Policy gaps and future directions. Water
Policy. 2018;20(3):597-616.

Gomez M, Perdiguero J, alex Sanz.
Socioeconomic factors affecting water
access in rural areas of low and middle
income countries. Water (Switzerland).
2019;11(2).

Olu Adesogan S. Strategies and
techniques of providing adequate and
affordable potable water in rural areas of
Nigeria. Int. J. Water Resour. Environ.
Eng. 2014;6(1):32—39.

Oyinlola

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

277

Jideonwo JA. Ensuring sustainable water
supply in lagos, Nigeria ensuring
sustainable water supply in lagos, Nigeria;
2014.

Ingram W, Memon FA. Rural water
collection patterns: Combining smart meter
data with user experiences in Tanzania.
Water (Switzerland). 2020;12(4).

Hope R, Thomson P, Koehler J, Foster T.
Rethinking the economics of rural water in

Africa. Oxford Rev. Econ. Policy.
2020;36(1):171-190.
Ademiluyi IA, Odugbesan JA.

Sustainability and impact of community
water supply and sanitation programmes in
Nigeria: An overview. African J. Agric. Res.
2008;3(12):811-817.

Abubakar IR. Strategies for coping with
inadequate domestic water supply in
Abuja, Nigeria. Water Int. 2018;43(5):570—
590.

Ahmad MT. The role of water vendors in
water service delivery in developing
countries: A case of Dala local
government, Kano, Nigeria. Appl. Water
Sci. 2017;7(3):1191-1201.

Shiklomanov |. Water in crisis: A guide to
the world’s fresh water resources; 1993.
Earth’s Water Distribution.

Availble:
https://en.wikipedia.org/wiki/File:Earth%27
s_water_distribution.svg

C.T.J. W.H O. L F.W. M. A Winter.
Groundwater and surface water: A single
resource. 2005;17(5).

Annan E. Clay ceramic materials for water

filtration:  Properties, processing and
performance. 2016;70050:234.
UN. Groundwater making the invisible

visible: The United Nations World Water
Development Report 22; 2023.

WHO. World Health Organization. WHO
guideline for drinking water quality’
regional workshop on radioactivity in food,
drinking water and commodities:
Implementing the international basic safety
standards buenos aires, Argentina 21-23
March, 2017; 2017.

Gorchev HG, Ozolins G. WHO guidelines
for drinking-water quality. WHO Chron.
2011;38(3):104-108.

Mahi SA, Isah S. Water quality
assessment of gurara water transfer
project and lower usuma dam, Abuja

Nigeria. Int. J. Sci. Res. Publ.

2016;6(1):2016.



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

City West Water. Drinking water quality
report 2017 city west water Australia.

Quality; 2017.

Sayato Y. WHO guidelines for drinking-
water quality. Eisei kagaku.
1989;35(5):307-312.

Standards  Organization of  Nigeria.

Nigerian standard for
quality. 2007;19-24.
Schwarzenbach P, Egli T, Hofstetter TB,
Von Gunten U, Wehrli B. Global water
pollution and human health; 2010.

Backer H. Water disinfection for
international and wilderness travelers. Clin.
Infect. Dis. 2002;34(3):355-364.

Hoxie KA, Davis NJ, Vergeront JP,
Nashold JM, Blair RD. Cryptosporidiosis-
associated mortality following a massive

drinking water

waterborne  outbreak in  Milwaukee,
Wisconsin. Am J Public Heal.
1997;87:2032-5.

Hunter P. Waterborne disease.
Epidemiology and Ecology. Chichester:
Wiley; 1997.

Fawell J, Nieuwenhuijsen MJ.

Contaminants in drinking water. 2003;199—
208.

Dickens PC, Duponts DL, Johnson HL.
Survival of bacterial enteropathogens in

the ice of popular drinks. JAMA.
1985;21:253(21):3141-3.
The NA. Drinking water and health.

1980;2.

Kookana R, Baskaran RS, Naidu S.
Pesticide fate and behaviour in Australian
soils in relation to contamination and
management of soil and water: A review.
Aust. J. Soil Res. 1998;36;715e764.
Zadaka D, Rabinovitz ONN, Serban C,
Groisman L, Rubin B. Water purification
from organic pollutants by optimized
micelle - clay systems. 2005;39(7):2343—
2348.

Zhu G, Yang Z, Lu X. Removal
characteristics of organic pollutants from
eutrophic raw water by biological
pretreatment reactors. 2016;2016.

Mandal S, Kunhikrishnan A, Bolan NS,
Wijesekara H, Naidu R. Application of
biochar produced from biowaste materials
for environmental protection and
sustainable agriculture production. In
Environmental Materials and Waste:
Resource  Recovery and Pollution
Prevention, Elsevier Inc. 2016;73-89.
Bhomick PC, Supong A, Sinha D. Organic
pollutants in water and its remediation

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

278

using biowaste activated carbon as
greener adsorbent. 2017;1(3):91-92.
Mohamed NR. Adsorption technique for
the removal of organic pollutants from
water and wastewater. In Intechopen;
2013.

Colwell RR, et al. Reduction of cholera in
Bangladeshi villages by simple filtration.
Proc. Natl. Acad. Sci. U. S. A
2003;100(3):1051-1055.

Kendall P. Cloths clean drinking water.
Nat. Int. J. Sci; 2003.

Odugbemi  TIN, Ogunsola FT. An
assessment of existing common traditional
methods of water purification. African
Journal of Clinical and Experimental
Microbiology. 2002;3(1).

ESAE G, Murat EY. Textile materials in
liquid filtration practices: Current status
and perspectives in water and wastewater
treatment; 2017.

Zerin |, Datta E. A review article on
applications of filter cloth. Int. J. Cloth. Sci.
2018;5(1):1-6.

Wikimedia. Water Aeration; 2018.
Available:
https://en.wikipedia.org/wiki/water/aeration
Sabry T, Alsaleem S. Application of
different methods of natural aeration of
wastewater and their influence on the
treatment efficiency of the biological
filtration; 2010.

Aral N. Aeration and slow sand filtration in
small system. J. Environ. Sci. Heal. Part A
Environ. Sci. Eng. Toxicol. Toxic / Hazard.
Subst. Environ. Eng. Aeration slow sand
Filtr. small Syst. 2014,;2014:37-41.

Aral N, Gonulli MT. Aeration by
conventional cascades in arid weather. J.
Environ. Sci. Heal. . Part A Environ. Sci.
Eng. Toxicol. Toxic / Hazard. Subst.
Environ. Eng. Aeration by Conv. cascades
Arid Weather. 2015;2015:37-41.

Akhlaque PS, Aaque S, Saleem H, Isa UR,
Sohail SK, Nayeem ABN. Wastewater
treatment by aeration. 2017;5(4):869-874.
Kulkarni SJ. Review on aeration : Studies
and investigations  across  various
applications. 2017;4(April):57-63.

Edzwald JK. Water quality and treatment:
A handbook on drinking water: American
water works association AWW. London.
Mc Graw Hill; 2011.

Amagloh FK, Benang A. Effectiveness of
Moringa oleifera seed as coagulant for
water purification. African J. Agric. Res.
2009;4(2):119-123.



111.

112.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

Bichi MH. A review of the applications of
Moringa oleifera seeds extract in water
treatment. Civ. Environ. Res. 2013;3(8):1-
11.

Hendrawati H, Yuliastri IR, Nurhasni E.
Rohaeti, Effendi H, Darusman LK. The use
of Moringa Oleifera seed powder as
coagulant to improve the quality of
wastewater and ground water. IOP Conf.
Ser. Earth Environ. Sci. 2016;31(1).

Karina  Cardoso  Valverde, Edneia
Aparecida de Souza Paccola, Armando
Mateus Pomini, Natélia Ueda Yamaguchi,
Rosangela Bergamasco. Combined water
treatment with extract of natural Moringa
oleifera Lam and synthetic coagulant.
Ambient. Agua - An Interdiscip. J. Appl.
Sci. 2018;9(3):445-458.

Delelegn A, Sahile S, Husen A. Water
purification and antibacterial efficacy of
Moringa oleifera Lam. Agric. Food Secur.
2018;7(1):1-10.

Raja Narender B, Akshitha K, Prashanth A,
Saileela Reddy Y, Saketh A. Treatment of
water with Moringa oleifera as a coagulant.
World J. Pharm. Pharm. Sci.
2019;8(7):996-1016.

Taiwo AS, Adenike K, Aderonke O.
Efficacy of a natural coagulant protein from
Moringa oleifera (Lam) seeds in treatment
of Opa reservoir water, lle-Ife, Nigeria.
Heliyon. 2020;6(1):e03335.

Leiknes T. The e ff ect of coupling
coagulation and flocculation with
membrane filtration in water treatment: A
review. J. Environ. Sci. 2009;21(1):8-12.

Russell GLC, Culp L, George Mack
Wesner. Handbook of advanced
wastewater treatment. 2nd ed. Van

Nostrand Reinhold; 1978.

Chelsea Mllewis. Health effects of drinking
water treatment technologies. 10. US
Environmental Protection Agency; 1989.
Baker RW. Membrane  separation.
Encyclopedia of Separation Science.
Academic Press. 2000;189-210.

Gerba CP, Naranjo JE. Microbiological
water purification without the use of
chemical disinfection. Wilderness Environ.
Med. 2000;11(1):12-16.

Gottardi W. lodine and iodine compounds.
In: Block S, ed. Disinfection, sterilization,
and preservation., 4th ed. Philadephia: Lea
& Febiger; 1991.

Peeters EJ, Mazas E, Masschelein W,
Maturana |. Effect of disinfection of
drinking water with ozone or chlorine

279

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

dioxide on survival of Cryptosporidium.
Appl Env. Microbiol. 1989;55:1519-22.
Gerba C, Johnson D. Efficacy of iodine
water purification tablets against
Cryptosporidium oocysts and Giardia
cysts. Wilderness Env. Med. 1997;8:96—
100.

Backer H. Water disinfection for
international and wilderness travelers. D.
E. and R. S. Charles, Ed. 2002;94704(July
2001):355-364.

Idika FT, Odugbemi N, Ogunsola T. An
assessement of  existihg common
traditional method of water purification.
African J. Clin. Exp. Microbiol. 2002;3(1).
Sodha SV, et al.  Microbiologic
effectiveness of boiling and safe water
storage in South Sulawesi, Indonesia. J.
Water Health. 2011;9(3):577-585.

Clasen TF, Thao do H, Boisson S.
Microbiological effectiveness and cost of
boiling to disinfect drinking water in rural
Vietnam. Environ. Sci. Technol.
2008;42(12):4255-60.

Psutka R, Peletz R, Michelo S, Kelly P,
Clasen T. Assessing the microbiological
performance and potential cost of boiling
drinking water in urban Zambia. Environ.
Sci. Technol. 2011;45(14):6095-6101.
Brown J, Sobsey MD. Boiling as
household water treatment in Cambodia: A
longitudinal study of boiling practice and
microbiological effectiveness. Am. J. Trop.
Med. Hyg. 2012;87(3):394-398.

Kamrin Micheal FDI, Nancy Hayden, Barry
Christian, Dan Bennack. Distillation for
home water treatment. WQ22 Cooperative
Extension  Service- Michigan  State
University; 1990.

M. Library, D. Land. 13. Aggregates for
use in filter media 13.1.; 2015.

Sand Filter; 2018.
https://en.wikipedia.org/wiki/sand_filter
NDWC. Slow sand filtration; 2000.

Perry DW, Green RH. Perry’s chemical
engineers handbok. New York: McGraw-
Hill Professional. 2007;2072.

Baker R. Microfiltration in  membrane
technology and applications. California:
Wiley & Sons Ltd; 2012.

Molelekwa GF, Mukhola MS, Van der
Bruggen B, Luis P. Preliminary studies on
membrane filtration for the production of
potable water: A case of tshaanda rural
vilage in South Africa. PL0S One.
2014;9(8):€105057.



138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

Leiknes TO. The effect of coupling
coagulation and flocculation with
membrane filtration in water treatment: A
review. J. Environ. Sci. 2009;21(1):8-12.
Robeson LM. Polymer Membranes.
Elsevier BV. 2012;8.

Savage N, Diallo MS. Nanomaterials and

water purification:  Opportunities and
challenges. J. Nanoparticle Res. 2005;7(4—
5):331-342.

Han Y, Xu Z, Gao C. Ultrathin graphene
nanofi Itration membrane for water purifi
cation. 2013;3693-3700.

Das R, Ali E, Bee S, Hamid A,
Ramakrishna S, Zaman Z. Carbon
nanotube membranes for water puri fi
cation: A bright future in water
desalination. DES. 2014;336:97-109.
Konda Reddy Kunduru, Michael
Nazarkovsky, Shady Farah, Rajendra P.
Pawar, Arijit Basu, Abraham J. Domb.
Nanotechnology for water purification:
Applications of nanotechnology methods in
wastewater treatment. In Water
Purification, Elsevier Inc.; 2017;33-74.
Mohammad AW, Teow YH, Ang WL,
Chung YT, Oatley-radcliffe DL, Hilal N.
Nano fi ltration membranes review : Recent
advances and future prospects. DES.
2015;356:226-254.

Scott K. Microfiltration, Hanbook of
Industrial Membrane, 2nd Edition; 1995.
Yinma DIA. Clay filtration of microbes and
flouride; 2010.

Popescu RC, ©Oana M, Fufa M,
Grumezescu AM, Holban AM.
Nanostructurated membranes for the
microbiological purification of drinking

water; 2017.

Shannon MA, Bohn PW, Elimelech M,
Georgiadis JG, Marin BJ, Mayes AM.
Science and technology for water
purification in the coming decades.
2008;452(March):337-346.

Geise GM, et al. Water purification by
membranes : The role of polymer science.
2010;48:1685-1718.

Madaeni SS, Ghaemi N, Rajabi H.
Advances in polymeric membranes for
water treatment. In Advances in Membrane
Technologies for Water Treatment.
Elsevier Ltd; 2015;3-41.

Werber JR, Osuji CO, Elimelech M.
Membranes; 2016.

Harry M, Rodriguez-Reinoso F. Activated
Carbon. Elsevier Science and Technology
Books; 2006.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

280

Kwiatkowski ~ FJ.  Activated carbon:
Classifications, properties and
applications. Newyork: NOVA Science;
2012.

Zaid CK, et al. Activated carbon activated
carbon; 2013.

Danyuo Y, Arthur EK, Azeko ST, Obayemi
JD. Activated carbon for water filtration.
2015;3(6).

B. Encyclopaedia. “Zeolites,” Encycl. Br.
Inc; 2020.

Kovo AS, Edoga MO. Production and
characterisation of zeolite from ahako clay
in Kogi State, Nigeria. 2005;7:31-40.

Atta AY, Ajayi OA, Adefila S. Synthesis of
faujasite zeolites from kankara kaolin clay.
2007;3(7):31-40.

Ajenifuja E, Akinwunmi OO, Bakare MK,
Ajao  JA, Adeniyi IF, Ajayi EOB.
Remediation of polluted water using
natural zeolitic aluminosilicates/lateritic
clay ceramic matrix membrane. ISRN
Ceram. 2012:1-11.

Margeta K, Logar ZN, Silieg M, Farkas A.
Natural zeolites in water treatment — how
effective is their use. Water Treat.
2013;81-112.

Kammerer DR, Kammerer J, Carle R.
Resin adsorption and ion exchange to
recover and fractionate polyphenols. In
Polyphenols in Plants: Isolation,
Purification and Extract Preparation,
Elsevier. 2014;219-230.

Peri¢ J, Trgo M, Vukojevi¢ Medvidovi¢ N.
Removal of zinc, copper and lead by
natural zeolite - A comparison of
adsorption  isotherms.  Water  Res.
2004;38(7):1893-1899.

Petrik L, Missengue R, Fatoba O, Tuffin M,
Sachs J. Silver / Zeolite Nano Composite-
Based Clay Filters; 2012.

Delkash M, Ebrazi Bakhshayesh B,
Kazemian H. Using zeolitic adsorbents to
cleanup special wastewater streams: A
review. Microporous Mesoporous Mater.
2015;214:224-241.

Jiménez-Castafieda ME, Medina DI. Use
of surfactant-modified zeolites and clays
for the removal of heavy metals fromwater.
Water (Switzerland). 2017;9(4).

Jha B, DN Singh. Fly Ash Zeolites.
Springer Singapore; 2016.

Al-Manhel AJ, Al-Hilphy ARS, Niamah AK.
Extraction of chitosan, characterisation
and its use for water purification. J. Saudi
Soc. Agric. Sci. 2018;17(2):186-190.



168.

169.

170.

171.

172.

173.

174,

175.

176.

177.

178.

179.

180.

181.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

Stroparo EC, Mollinari KC, de Souza KV.
Use of chitosan in the remediation of water
from purification of biodiesel. Polimeros.
2018;28(5):400-405.

Yep T. Application of chitosan in the
treatment of wastewater from agricultural
sources. University of Windsor; 2016.
Rajendran R, Abirami M, Prabhavathi P,
Premasudha P, Kanimozhi B, Manikandan
A. Biological treatment of drinking water by
chitosan based nanocomposites. African J.
Biotechnol. 2015;14(11):930-936.

Abebe LS, Chen X, Sobsey MD. Chitosan
coagulation to improve microbial and
turbidity removal by ceramicwater filtration
for household drinking water treatment. Int.
J. Environ. Res. Public Health. 2016;13(3).
Frederick WP. Chitosan as a drinking
water treatment coagulant. Am. J. Civ.
Eng. 2016;4(5):205.

Nechita P. Applications of chitosan in
wastewater treatment. In  Biological
Activities and Application of Marine
Polysaccharides; 2017.

Junior RN, Almeida JLIO, Abreu FOMS.
Use of chitosan as a biocoagulant for
treatment of water with high turbidity. Int. J.
Eng. Sci. 2018;7(10):54-58.

Marey AM. Effectiveness of chitosan as
natural coagulant in treating turbid waters.
Rev. Bionatura. 2019;4(2):856—-860.

Wan Ngah WS, Teong LC, Hanafiah
MAKM. Adsorption of dyes and heavy
metal ions by chitosan composites: A
review. Carbohydr. Polym. 2011;83(4):
1446-1456.

Jain G. Removal of copper and zinc from
wastewater using chitosan. National
Institute of Technology Rourkela; 2013.
Annaduzzaman M. Chitosan biopolymer as
an adsorbent for drinking water treatment
Investigation on Arsenic and Uranium.
2015(June).

Kyzas GZ, Bikiaris DN. Recent
modifications of chitosan for adsorption
applications: A critical and systematic
review. Mar. Drugs. 2015;13(1):312—-337.
Sutirman ZA, Sanagi MM, Abd Karim KJ,
Naim AA, Wan Ibrahim WA. Chitosan-
based adsorbents for the removal of metal
ions from aqueous solutions. Malaysian J.
Anal. Sci. 2018;22(5):839-850.

Ismaila OS, Da Oh W, Faiz BMS. Chitosan
modifications for adsorption of pollutants —
A review. J. Hazard. Mater. 2021;408:
124889.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

281

Benavente M. Adsorption of mettallic ions
onto chitosan: Equilibrium and Kkinetic
studies. Royal Institute of Technology;
2008.

Takeuchi H, Arai Y. Removal of coexisting
Pb2+, Cu2+, Cd2+ ions from water by
addition of hydroxyapatite powder. J.
Chem. Eng. Jpn. 1990;23(1990).

Meski S, Ziani S, Khireddine H. Removal
of lead ions by hydroxyapatite prepared
from the egg shell. J. Chem. Eng. Data.
2010;55(9):3923-3928.

Mousa SM, Ammar NS, Ibrahim HA.
“Removal of lead ions using hydroxyapatite
nano-material prepared from
phosphogypsum waste.” J. Saudi Chem.
Soc. 2016;20(3):357-365.

Bailliez S, et al. Removal of aqueous lead
ions by hydroxyapatites; 2019.

Stratton WG, Binks VM, White WA, Pichler
E, Frye JC. Water-sorption characteristics
of clay minerals; 1959.

Rolfe BN, Miller RF, Mcqueen IS.
Dispersion characteristics of
montmorillonite, kaolinite, and hike clays in
waters of varying quality, and their control
with phosphate dispersants; 1960.

Velde B. Introduction to clay minerals;
Chemistry, origins, uses and
environmental significance. 1993;156(4).
Bergaya F, Lagaly G. Introduction to clay
science: Technigues and applications. 2nd
ed. Elsevier Ltd. 2013;5.

Ihekweme GO, Shondo JN, kingsley I.
Orisekeh, Kalu-uka GM, Nwuzor IC,
Onwualu PA. Characterization of certain
Nigerian clay minerals for water purification
and other industrial applications. Heliyon.
2020;6(December 2019):e03783.

V. Gina O. Ihekweme , Ifeyinwa |. Obianyo
, Esther N. Anosike-Francis and O. S. O. &
A. P. O. N. Anyakora, “Expanded clay
aggregates multi-functionality for water
purification : Disinfection and adsorption
studies,” pp. 0-19, 2021.

Ihekweme GO, Obianyo Il, Orisekeh KI,
Kalu-Uka GM, Nwuzor IC, Onwualu AP.
Plasticity characterization of certain Nigeria
clay minerals for their application in
ceramic  water filters.  Sci.  Prog.
2021;104(2).

Science.earthjay.com, “Clay Mineral.”
Available:www.science.earthjay.com/instru
ction/HSU/2015 fall/lGEOL_332/lectures/le
cture_13/Clay11.html%0D

Sengco MR, Anderson DM. Controlling
harmful algal blooms through clay



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

flocculation 1. J. Microbiol.
2004;51(2):169-172.

Nwuzor GO, Chukwuneke IC, Nwanonenyi
JL, Obasi SC, Ihekweme HC. Modification
and physiochemical characterization of
kaolin clay for adsorption of pollutants from
industrial paint effluent. 2018;5(8):609—
620.

Cucarella V, Renman G. Phosphorus
sorption capacity of filter materials used for
on-site wastewater treatment determined
in batch experiments—a comparative study.
J. Environ. Qual. 2009;38(2):381.

Zereffa EA, Bekalo TB. Clay ceramic filter
for water treatment. Mater. Sci. Appl.
Chem. 2017;34(1):69-74.

Akapomie GK, abuh MA, Ogbu CI,
Agulanna AC. Adsorption of Cd ( 1l ) from
solution by Nsu clay: Kinetic and
thermodynamic studies. 2012;3(2):254—
258.

Choudhary A. Effectiveness study of
drinking water treatment using clays /
andisol adsorbent in lariat heavy metal
cadmium ( Cd ) and bacterial pathogens
effectiveness study of drinking water
treatment using clays / andisol adsorbent
in lariat heavy metal cadmium (Cd); 2018.

Bergaya G, Theng F, Largaly BKG.
Handbook of Clay Science; 2006.

Wang S, Peng Y. Natural zeolites as
effective  adsorbents in water and
wastewater treatment. Chem. Eng. J.
2010;156;1:11-24.

Paragas DS, Salazar JR, Ginez MO.
Preparation, characterization and
application of rice hull-derivedzeolites in
water treatment. J. Asian Sci. Res.
2014;4(3):348-355.

Bakar RA, Yahya R, Gan SN. Production
of high purity amorphous silica from rice
husk. Procedia Chem. 2016;19:189-195.

Todkar BS, Deorukhkar OA, Deshmukh
SM. Extraction of silica from rice
husk bajirao. Eng. Res. Dev. 2016;12(3):
69-74.

Pachauri R. Preparation of filters for water
purification  using rice  husk ash.
2013(July).

Srivastava VC, Mall ID, Mishra IM.
Removal of cadmium(ll) and zinc(Il) metal
ions from binary aqueous solution by rice

Eukaryot.

husk ash. Colloids Surfaces A
Physicochem. Eng. Asp. 2008;312(2-
3):172-184.

Wongjunda J, Saueprasea P. Biosorption
of chromium (VI) using rice husk ash and

2009.

210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

282

modified rice husk ash. Environmental
Research Journal. 2010;4(3):244-250.
Johan H, Kutty NA, Isa SRM, Muhamad
MH, Hashim NS. Adsorption of copper by
using microwave. 2011;5(8):911-915.
Dube P, Margrave JL, Shyam S. Shukla
Shukla Alka; Yu-Hui Zhang. The role of
sawdust in the removal ofunwanted
materials from water. Glas. Math. J.
2004;46(2):239-257.

Annan E, et al. Application of clay
ceramics and nanotechnology in water
treatment: A review application of clay
ceramics and nanotechnology in water
treatment: A review. Cogent Eng. 2018;1—
35.

Johansson L. The use of leca (light
expanded clay aggregrates) for the
removal of phosphorus from wastewater.
Water Sci. Technol. 1997;35(5):87-93.
Melin ES, Odegaard H. Biofiltration of
ozonated humid water in expanded clay
aggregate filters. 1999;40(9):165-172.
Nath GM, Goldberg JB. Light expanded
clay aggregates for phosphorus removal.
2003;2(12).

Yaghi N, Hartikainen H. Effect of
phosphate on the sorption of arsenite onto
aluminum — or iron — oxide coated light
expanded clay aggregate ( LECA ).
2014;3(4):11-17.

Noori M, Kazemian H, Ghahramani E,
Amrane A. Defluoridation of water via light
weight expanded clay aggregate ( LECA ):
Adsorbent characterization, competing
ions, chemical regeneration, equilibrium
and kinetic modeling. J. Taiwan Inst.
Chem. Eng; 2014.

Bahmanpour H, Habashi R, Hosseini SM.
Investigating the efficiency of lightweight
expanded clay aggregate (LECA) in
wastewater treatment of dairy industry.
2017;1(1):9-17.

topata M, Czerniejewski P, Wisniewski G,
Czerniawski R. The use of expanded clay
aggregate for the pretreatment of surface
waters on the example of a tributary of
Lake Klasztorne Gorne in Strzelce
Krajenskie. 2017;3-9.

Kalhori M, Al-Musawi EM, Ghahramani TJ,
Kazemian E, Zarrabi H. Enhancement of
the adsorption capacity of the light-weight
epanded clay aggregate surface for the
metronidazole antibiotic by coating with
MgO nanoparticles: Studies on the kinetic,
isotherm, and effects of environmental
parameters; 2017.



lhekweme et al.; J. Mater. Sci. Res. Rev., vol. 6, no. 3, pp. 258-283, 2023; Article no.JMSRR.100668

220. Gisvold B, Odegaard H, Follesdal M. zeolite containing expanded clay
Enhancing the removal of ammonia in aggregate filtermedia. 2018(November):
nitrifying biofilters by the use of a 107-114.

© 2023 lhekweme et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/100668

283


http://creativecommons.org/licenses/by/2.0

