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ABSTRACT

The purpose of this study was to investigate and demonstrate a cost-effective treatment
technology for high turbid water, commonly used for domestic purposes in rural areas of
Tanzania where conventional water treatment techniques are not available. A study was
conducted on the water quality status of five permanent earth dams within Monduli district
during the wet and dry seasons, by analyzing physicochemical and microbial characteristics.
The water characteristics of the five earth dams tested were significantly correlated (p < 0.05)
and most of the tested parameters including turbidity and faecal coliform (FC) were above the
Tanzania Bureau of Standards (TBS) drinking water standards. In this study, a pilot-scale
inclined plates settler integrated with constructed wetland (IPS-CW system was tested on
Nadosoito dam water with turbidities ranging from 186 to 4011 NTU. The IPS-CW system
was meant to remove organic matter, nutrients and pathogens, with major focus on turbidity
and FC removal, at the test flow rates of 20, 15, 10 and 5 L/min. The system removed
substantial amount of contaminants, thereby achieving maximum removal efficiency of
95.9% and 94.3% for turbidity and FC respectively. Although using this combination of
technologies in improving drinking water quality is uncommon, nitrate and biochemical
oxygen demand met the TBS and World health Organization drinking water standards of < 50
mg/l and < 6 mg/L respectively. Due to low production cost and simplicity in operation, the
system can be implemented in rural communities with high turbidity water sources however,

further disinfection is required to ensure zero FC.
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CHAPTER ONE
INTRODUCTION
1.1  Background of the problem

Safe water supply in rural parts of Tanzania is inadequate, due to the limited and the cost of
conventional water treatment technologies (United Republic of Tanzania [URT], 2016),
leading to the prevalence of avoidable diarrhea which is liable for 8% deaths of children
below five years of age (United Nations Children’s Emergency Fund [UNICEF], 2018).
Therefore, knowledge on water quality and sources of contamination in surface water sources
is vital as it affects human and ecological health (Zamani et al., 2012). Most of the rural areas
in the semi-arid regions of Tanzania face water scarcity challenges leading to the dependence
on the earth dams and borrow pits as the source of water for domestic purposes and livestock
(Dzimiri et al., 2010; Mshida et al., 2017; Shen et al., 2015). The combined use by human,
livestock and wildlife may be associated with water quality problems, especially high
turbidity > 1000 NTU throughout the year, pathogens, blue-green algae and organic matters
(Eliakimu et al., 2018); exposing people to potential zoonotic diseases and other diseases.
Therefore, low-cost, user-friendly and efficient community water treatment technologies for
physicochemical and microbial removal in high turbid water are needed (Mtavangu et al.,
2017). Notably, one of the 17 Sustainable Development Goals is the access to clean water for
all by 2030 (Griggs et al., 2013).

Various technologies to treat drinking water are available though, most of these are
appropriate for water sources with low levels of turbidity (Chintokoma et al., 2015). The
treatment techniques include reverse osmosis (RO), ultrafiltration, nanofiltration,
sedimentation, sand filtration, coagulation and flocculation, and disinfection processes (Dorea
et al., 2006; World Health Organization [WHO], 2016). The standard water pretreatment
approach includes the use of sedimentation tanks. Although in situation of high-turbid storm
waters common solution is to shut down all operations for some time. Coagulation and
flocculation by inorganic and organic compounds are also water pretreatment technologies
used in turbidity removal (Carty et al., 2002). However, the long-term chemical supply may
be a problem hence not cost-effective to rural communities (Dorea et al., 2006).

Sedimentation tanks lower suspended solids from water although they require, large piece of
land and high initial capital cost. They are also less effective in removing finer particles,

1



limiting their use in the treatment of water with fine particles (Arcil, 2009; Chintokoma et al.,
2015). Coupling sedimentation tanks with inclined plates enhances the settling characteristics
of the sedimentation basin (Tchobanoglous et al., 2003). Inclined Plate Settler (IPS) designs
can sort out finer particles in suspension at a higher rate. The settler capability per element
volume can be increased without significant change of the outline of the tank (Wisniewski,
2013). Solid particles separated from the suspension slip down to the surface of the inclined
plate by gravitational force and settle at the foot of the sedimentation tank where there being
removed (Chintokoma et al., 2015). Therefore, sedimentation tank coupled with inclined
plates settler can be a viable pretreatment technology for turbidity removal and other
associated contaminants before entering other treatment units (Murray & Hanna, 2009). This
technology was proven through a lab-scale study on turbidity removal by the IPS, and the
system was able to reduce high turbidity (> 1000 NTU) to Tanzania drinking water standards
of turbidity < 25 NTU (Chintokoma et al., 2015; Energy and Water Utilities Regulatory
Authority [EWURA], 2020). Previous work also publicized the potential of the IPS for water

treatment in emergency relief applications (Dorea et al., 2014).

Constructed wetlands (CWs) are low-cost water and wastewater treatment technologies that
use locally available materials, simple to operate, repair and maintain but also require low
energy (Mtavangu et al., 2017; Njau et al., 2011). The presence of macrophytes, substrates
and microbial community results in a complex inter-connected physical, chemical and
biological mechanisms in removing water contaminants (Vymazal, 2007; Zhang et al., 2012).
Constructed wetlands are “eco-friendly” alternatives for secondary and tertiary municipal,
agricultural, and manufacturing wastewater treatment (Kadlec & Wallace, 2008). The
pollutants removed by constructed wetlands comprise of organic constituents, suspended
solids, nutrients, pathogens, heavy metals and other toxic or hazardous pollutants (Kadlec &
Wallace, 2008; Tchobanoglous et al., 2003). Still, different findings have reported on the
effectiveness of horizontal subsurface flow constructed wetlands (HSSFCWs) in treating
turbid water and other contaminants such as pesticides and organic matter (Kipasika et al.,
2014; Lema et al., 2014). However, external factors like pH, temperature, dissolved oxygen,
hydraulic loading rate and hydraulic retention time affect its pollutants removal mechanisms
(Deng et al., 2011; Wang et al., 2012a; Wang et al., 2012b). Most of the studies use CWs for
wastewater treatment but also, few studies have documented the use of CWs for the
improvement of river waters, dam waters, and stormwater runoff for drinking water purposes
(Ewel, 1997; Froebrich et al., 2006; Huang et al., 2007; Kadlec & Wallace, 2008; Kurzbaum



et al., 2012; Mtavangu et al., 2017). Considering the targeted location (rural area), material
availability and accessibility, the water quality problem within the studied earth dams, the
HSSFCW was seen as a better secondary treatment technology for Nadosoito earth dam
(Eliakimu et al., 2018). Thus, this research evaluated the performance of a pilot-scale inclined
plates settler integrated with constructed wetland as a feasible treatment technology for
community water with high turbidity and other physicochemical and microbial contaminants

from permanent earth dams in Monduli district.
1.2  Statement of the problem

Inadequate safe water supply is the primary cause of water-related diseases that
predominantly affect people living in developing countries (WHO, 2016). Diarrhea is the
most prevalent disease, causing high mortality rate to children below five years of age in sub-
Saharan Africa (Boschi-Pinto et al., 2006; Mshida et al., 2017; Thiam et al., 2017). In
Tanzania, these waterborne diseases are associated with the limited surface water treatment

techniques, especially in rural communities (UNICEF, 2018).

Dams are important water sources for communities living in the semi-arid and rural areas of
Tanzania especially in Arusha, Singida and Shinyanga regions (Mistry of Water [MoW],
2014). They constitute an essential point of interaction between human and animals posing a
real risk to water-related diseases (Eliakimu et al., 2018). The water quality in these earth
dams is mostly unknown but definitely not safe for human consumption without treatment.
Moreover, recent researches have documented the presence of cyanobacteria, faecal
coliforms, turbidity and other contaminants in some of the Monduli earth dams (Eliakimu et
al., 2018; Mtavangu et al., 2016).

Although surface water is unsafe for direct consumption and might cause waterborne diseases,
it was noted that earth dams are the primary source of domestic water for majority of the
population in Monduli district (Mshida et al., 2017; Mtavangu et al., 2016). Also, the same
water sources are used by livestock and wildlife for drinking and bathing (Eliakimu et al.,
2018). As far as literature is concerned, this is the first time a combination of the IPS and CW
is used in treating highly turbid water to meet the drinking water standards. At the lab scale,
the use of IPS reported good performance for rendering highly turbidity water useful for
domestic purposes (Chintokoma et al., 2015). Hence, this study is meant to validate the

laboratory scale reactor to a pilot system.



1.3  Rationale of the study

Various technologies to treat drinking water are available though, most of these are
appropriate for water sources with low levels of turbidity (Chintokoma et al., 2015). The
treatment techniques include reverse osmosis (RO), ultrafiltration, nanofiltration,
sedimentation, sand filtration, coagulation and flocculation, and disinfection processes (Dorea
et al., 2006; WHO, 2016). The standard water pretreatment approach includes the use of
sedimentation tanks. Although in situation of high-turbid storm waters common solution is to
shut down all operations for some time. Coagulation and flocculation by inorganic and
organic compounds are also water pretreatment technologies used in turbidity removal (Carty
et al., 2002). However, the long-term chemical supply may be a problem hence not cost-
effective to rural communities (Dorea et al., 2006). Thus, this research evaluated the
performance of a pilot-scale inclined plates settler integrated with constructed wetland as a
feasible treatment technology for community water with high turbidity and other

physicochemical and microbial contaminants from permanent earth dams in Monduli district
1.4  Research objectives
1.4.1 General objective

To evaluate the performance of inclined plates settler integrated with the constructed wetland

for highly turbid water treatment.
1.4.2 Specific objectives

Q) To determine the water quality of the selected major permanent earth dams within
Monduli district.

(i) To evaluate the performance and validate the field application of inclined plates settler
integrated with the constructed wetland (IPS-CW) in treatment of high turbidity water
at the Nadosoito dam.

1.5  Research questions

0] What is the water characteristic of the selected permanent earth dams in Monduli

district?



(i)  What is the efficiency of inclined plate settler integrated with constructed wetland in

treating high turbidity surface waters?
1.6 Significance of the study

This study provides a solution to the need for safe water in the rural communities that depend
on earth dams for domestic water supply. As far as literature is concerned, this is the first time
IPS integrated with CW is used for water treatment to produce potable water. This innovation
will be applicable and useful to many areas (rural and urban) where turbidity is a challenge.
This research aims at safeguarding human health from water borne-diseases and increasing
access to safe drinking water. Furthermore, the study provides reference line information on

the water quality status of major permanent earth dams within the Monduli district.
1.7 Delineation of the study

This research evaluated the performance of a pilot-scale inclined plates settler integrated with
constructed wetland as a feasible treatment technology for community water with high
turbidity and other physicochemical and microbial contaminants from permanent earth dams

in Monduli district.



CHAPTER TWO
LITERATURE REVIEW
2.1  Water quantity and quality

Rainfall is the main source of water in Tanzania (URT, 2016). More than half of the Country
receives an average amount of 800mm of rainfall or less per year (URT, 2016). Moreover,
80% of Tanzania’s population live in rural areas (URT, 2013), and it is estimated that
approximately 40% and more of the rural population lack access to safe water sources
(Mohamed et al., 2016). Hence water shortage is a common challenge, particularly in rural
areas where studies reveal that people travel long distances of an average of 2 to 3 kilometers
daily in search of water while carrying heavy containers of approximately 20 to 25 liters per
journey (URT, 2016). In 2012 the water requirement for 19 capitals of Tanzania
administrative regions was 463 543 m® each day, but the amount supplied was 305 195 m* for
each daytime (Kessy & Mahali, 2017; URT, 2016). Merely 50% of 53 million people of
Tanzania get access to improved water sources, which are safe, and just 34% of Tanzania’s
residents have improved sanitation facilities (UNICEF, 2018). Water shortage challenges
affect most people in the rural and semi-arid areas; specifically women and girls, consume a
lot of time travelling to collect water (UNICEF, 2018). Studies indicate that a more significant
extent of the population needs water supply facilities therefore, a research gap exists on
exploring new ways of obtaining clean water that will increase the availability of safe water to
both rural and urban communities (URT, 2016).

In arid and semi-arid regions of Tanzania, water quality and quantity limit water supply
options (MoW, 2014; URT, 2016). Therefore, alternative water sources apart from natural
surface waters have been adopted. In Tanzania mainland, 639 dams had been constructed as
of September 2009 (MoW, 2014). In Monduli district, 26 dams have been constructed
purposely for domestic use and livestock keeping, still more are being renovated as a plan to
increase water accessibility (Ministry of Water Data Base, 2021). Dams are structures used to
store water for domestic purposes, irrigation, flood control, industrial use and hydropower
generation (Alparslan et al., 2010). Well situated and designed dams retain water throughout
the dry seasons, thus adding utilizable water resources. The earth dams are significant in areas

where the amount of water variation in dry and wet seasons is enormous. However, large



storage reservoirs have destructive effects on the environment (land degradation), demanding

immigration and causing communal interference (FAO, 2016).

Water quality assessment is a useful means for identifying pollution sources and their impacts
on the water quality and the surrounding community, hence help to manage different water
resources (Varol et al., 2012). Naturally occurring phenomenon and various anthropogenic
activities including destructive land use, unregulated abstractions and the release of pollutant
in water bodies affects the quantity and quality of water (Varol et al., 2012). As presented in
different studies, most of the surface water sources are contaminated with organic matter,
nutrients, suspended solids and pathogens (Eliakimu et al., 2018; URT, 2016; Winton et al.,
2019), and various villages use the same water sources for domestic purposes (Mshida et al.,
2017). The ingresses of contaminants into the water sources disturb the socio-economic roles,
biodiversity and inter alia of the storage reservoirs. For example earth dams loses storage
capacity over time due to sediment trapping process thereby challenging the management of
storage structures (Winton et al., 2019). The physiochemical and microbial characteristics of
water offers a good description of the state of water, throughput and sustainability of the
source (Amiri & Nakane, 2009). Variations in physical properties such as temperature,
clearness (turbidity and color), chemical components of water such as dissolved oxygen (DO),
PH, chemical oxygen demand (COD), nitrogenous species, phosphate and biological
characteristics offer important information on water quality, sources of variations
(contaminants) and associated influences on the functions of the storage reservoir and
biodiversity (Megersa & Tullu, 2018).

A study was conducted to investigate water quality status from three types of surface water
sources; earthen dams, rivers and open springs in Arusha, Tanzania (Mtavangu et al., 2016).
The results revealed that most of the water quality parameter tested were above the acceptable
drinking water standards by TBS and WHO in all of the water sources. However, the earth
dams water quality showed a greater variation from the other water sources, by showing
higher values of turbidity > 1000 NTU in all seasons (Mtavangu et al., 2016). Also, higher
values of Faecal coliform, Total suspended solids and nitrates were observed in the earth dam,
indicating high level of contamination (Mtavangu et al., 2016). High turbidity in water,
decreases oxygen diffusion, harbors microorganisms (pathogens) consequently posing a risk
to human health (Senay et al., 2002; WHO, 2011). Additionally, the seasonal changes in the

water quality makes the water less palatable and unfit for domestic use especially during the



dry seasons when the water tends to be sour, and it is also reported to affect livestock
(Eliakimu et al., 2018). The dams are reported to be heavily polluted, and thus become
breeding site for vectors causing waterborne diseases such as diarrhea, dysentery, salmonella,
typhoid fever, and cholera (Eliakimu et al., 2018). Despite the poor water quality in earth
dams, they remain the primary sources of drinking water for most people and animals living
in rural areas of Monduli district as shown in Table 1. Therefore, frequent water quality
checks in open water sources are mandatory, as they help in the management of water sources
against pollution and help in the design and implementation of relevant treatment technology
for the water sources (URT, 2016).

Table 1: List of studied earth dams in Monduli district, population of people and the
animals they serve

Name of the Earth dam Number of People Number of Animals
Nadosaito >6000 >10000
Nadojeshini >5000 >3000
Mti Mmoja >100 > 400
Nanja >100 >1500
Naiti >1000 >4000
Oloturo >200 >5000
Kipok >150 >6000

Mtavangu et al. (2016)

2.2 Available water treatment technologies

Globally there different water treatment technologies that are efficient and relevant for water
pollutants removal, involving physical, chemical, biological and a combination of the
treatment methods (Tchobanoglous et al., 2003). An efficient and suitable water treatment
technology needs to meet the targeted people’s real needs, should be simple to operate and
maintain, should be affordable and should consider other environmental factors such as nature
of the water source (Sorlini et al., 2015). Water treatment technologies' applicability is
dependent on the nature of pollutants such that: settle-able solids and colloids are removed by
sedimentation, filtration, and coagulation technologies. While, faecal coliforms, organic
compounds, and nitrogenous compounds are removed by disinfection, chemical oxidation,

membrane filtration, sand filtration and biological filter treatment technologies (Sorlini et al.,
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2015; WHO, 2016). On the other hand, turbidity removal in water involves the use of
sedimentation tanks, sand filters and coagulation and flocculation technologies (Chintokoma
et al., 2015; Tchobanoglous et al., 2003). Though in rural communities’ coagulation and
flocculation technologies are not common due to the chemical accessibility and the
purchasing expenses involved (Chintokoma et al., 2015). Therefore appropriate cost-effective

treatment technologies are required, especially for higher turbidity waters.
2.2.1 Inclined plates settler (IPS)

The unit operation designed to concentrate and remove suspended solids from water and
wastewater is known as sedimentation or clarification tank. These sedimentation tanks occur
in either long rectangular or circular shapes (Arcil, 2009). The process of separation of
suspended solids and colloidal matter that are heavier than water by gravitation settling or any
other body force is referred to as sedimentation (Arcil, 2009; Metcalf et al., 1979). Even
though sedimentation tanks eliminate suspended solids and colloidal particulates from water,
a large area of land and high capital cost is involved due to the need for a large sedimentation

area (Tchobanoglous et al., 2003).

Inclined plates settlers are high-rate sedimentation equipment consisting of an array of
inclined parallel plates forming channels of plate stacks. A particle-containing solution can be
fed in the plate stack channels for separation, thereby offering a more significant settling area
without increasing the area covered by the system (Wisniewski, 2013). Plate stacks usually
are stuck in the middle of a parallel inlet and outlet of the sedimentation channel (Leung &
Probstein, 1983). The plates effectively split the sedimentation tank into several small settling
tanks, and reduces settling time by shortening the vertical distance a particle has to travel to
settle, instead of travelling the entire length of the sedimentation tank (Murray & Hanna,
2009). Owing to an increase in surface area and reduced settling distance of the plates, settling
tanks with inclined plates can separate particles faster than conventional tanks (Chintokoma et
al., 2015). IPS are habitually used in water treatment to make rectangular tanks cost-effective.
The IPS reduces the unstable flow patterns and mixing tides which hinders the settling of
suspended solids by directing the flow of fluids though inclined plates (Tarpagkou &
Pantokratoras, 2014). As soon as the particles reaches the surface of inclined plates, they
begin to accumulate to form flocs, which settles to the bottom of the sedimentation tank faster
than the finer particles (Chintokoma et al., 2015; Laskovski et al., 2006).



The IPS designs have the capacity of sorting out finer particles in suspension at a higher rate.
The settler capability per element volume can be increased without significant change of
outline of the tank (Wisniewski, 2013). Solid particles separated from the suspension slip
down to the inclined plate's surface by gravitation force and settle at the sedimentation tank's
foot, where there being removed at a set time interval to prevent anaerobic conditions and
resuspension. Then water without suspended solids rises and leaves the unit through the set

structure to other treatment units as shown in Fig. 1 (Murray & Hanna, 2009).
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Figure 1: Cross-section view of IPS. Source: Wisniewski (2013)
2.2.2 Constructed wetlands (CWs)

Constructed wetlands are artificially planned, designed and built systems to simulate
processes that take place in natural wetlands in a more controlled environment (Njau et al.,
2011; Vymazal, 2007). Constructed wetlands can be classified as either surface flow or
subsurface flow wetlands which are further subdivided into vertical flow, horizontal flow,
submerged plants, floating plants and emergent plants wetlands (Vymazal, 2011). These
systems consists of water, plants and certain media (gravel, sand or soil) (Caselles-Osorio et
al., 2017). In horizontal subsurface flow constructed wetland the treated wastewaters stays
below the surface of the media, as a result the risk of harmful pathogenic organisms to
humans and animals is minimized (Kadlec & Wallace, 2008). The CWSs are mostly used as
secondary or tertiary wastewater treatment systems for agricultural wastewaters, urban runoff,
animal wastes, industrial effluents, mining sites effluent water, ground and surface water
remediation. The CWs are capable of reducing the levels of the following pollutants in water:
organic constituents, suspended solids, nutrients, pathogens, oil and grease, heavy metals,

pesticides and other toxic or hazardous pollutants (Kipasika et al., 2014; Lema et al., 2014).
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The CW are biological treatment units that has been adopted globally as secondary treatment
unit for water and wastewater due to their higher efficiency in the targeted pollutant removal
(Garcia et al., 2010). Also, CW are simple to design and operate, and cost-effective as they

use locally available materials in construction (Garcia et al., 2010).

Horizontal Subsurface Flow Constructed Wetlands (HSSFCWs) are beneath the surface water
and wastewater treatment wetlands, whereby the water flows horizontally below the surface
of the media used, from the inlet to the outlet of the treatment unit (Kadlec & Wallace, 2008).
The treatment processes occurs in the root zone of the plants (Caselles-Osorio et al., 2017).
The HSSFCWS consists of a bed filled with media (gravel, sand or soil), and planted with
emergent macrophytes plant. This system is capable of removing particulate matters, organic
matters, Pesticides and Herbicides, nutrients, heavy metals and harmful pathogenic organisms
(Garcia et al., 2010; Kipasika et al., 2014; Vymazal, 2011). The pollutants removal process in
HSSFCWS involves different physical, chemical and biological processes such as:
sedimentation, filtration, precipitation, adsorption, volatilization, nitrification, denitrification,
fermentation, plant and microbial uptake, predation and natural die off (Garcia et al., 2010;

Mtavangu et al., 2017).
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CHAPTER THREE
MATERIALS AND METHODS
3.1  Study area

This research was conducted in Monduli District, Arusha, Tanzania. Monduli district is
located in the northeastern section of the country and it lies between latitudes 3° and 4° South
and longitude 36° to 37° East of the Greenwich. Figure 2 shows five earth dams studied,
whereby Enguiki (Monduli Juu), Nadosoito, Naiti (Eluwai), Nanja, and Shakape are
permanent earth dams which are used for domestic water supply purposes and livestock
drinking, some images of the dams are presented in Appendices 1 and 2. At Nadosoito earth
dam, a pilot community water treatment plant was set and studied on the treatment of the
earth dam water. The pilot treatment plant is located on latitude 3° 24’ 57>> S and longitude
36°22° 48" E.

3.1.1 Site selection criteria

Monduli district is a semi-arid area occupied by the Maasai community, with approximately
158 929 people and large number of livestock (URT, 2013). It is an agro-pastoralist
community (Eliakimu et al., 2018). The community has adopted earth dams and borrow pit as
the source of domestic water supply and livestock drinking, due to water shortage challenges,
whereby average annual rainfall is 650 mm (MoW, 2014; Msoffe et al., 2011). A total number
of 26 earth dams were recorded in Monduli District (Ministry of Water Database, 2020), and
the number of these structures is still increasing due to population growth. However, different
studies have identified turbidity as a common challenge within the earth dams in the Monduli
district (Eliakimu et al., 2018; Mtavangu et al., 2016). Therefore, a pilot-scale treatment plant
was set at Nadosoito earth dam for community water treatment. Also, five permanent earth
dams were selected for water quality analysis, to determine the treatment system’s feasibility
on the other earth dams which are used by the community throughout the year. Criteria’s
considered in selecting these earth dams was the availability of water throughout the year and
the use of such water for domestic purposes and livestock keeping. These data were obtained
from Monduli Rural Water Supply and Sanitation Authority. The size of the dam was not

considered in the selection as our main aim was on the water quality status of the earth dams.
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3.2  Pilot scale IPS-CW design and setup

The installed water treatment system evaluated in this study consists of a sedimentation tank
coupled with the inclined plates setter (physical treatment unit) and a horizontal subsurface
flow constructed wetland (biological treatment system) as presented in Appendix 3.
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Figure 2: Map of Tanzania showing permanent earth dams which are used for domestic
purposes in Monduli District

3.2.1 Sedimentation tank coupled with inclined plates settler (IPS)

The sedimentation tank coupled with IPS was constructed by concrete walls and aluminum
plates. The tank had dimensions of 6.9 m length, 1.2 m width and 2.1 m effective height, and
the IPS plate had dimensions of 3 m length, 1.2 m width, effective height of 1.7 m, inclination
height of 2.4 m and 45° inclination angle as represented in Fig.3. The IPS system was
operated at flow rates of 5, 10, 15 and 20 L/min and the effluent from this system was fed to
the constructed wetland.
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Figure 3: Section view of the sedimentation tank coupled with inclined plates settler
(Njau et al., 2016)

3.2.2 Horizontal subsurface flow constructed wetland (HSSFCW)

The HSSFCW was constructed by solid concrete blocks with an internal cement lining to
avoid seepage, with dimensions of 12 m length, 4 m width and 1 m depth. The constructed
wetland was filled with graded aggregates of size 12-19 mm and boulder stones of size 50 -
100 mm to a depth of 0.6 m with average porosity of 0.4. The wetland was planted with

cyperus alternifolius plants as shown in Fig. 4.
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Figure 4: Cross-section area of a horizontal subsurface flow constructed wetland (Njau
etal., 2016)
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3.2.3 Process flow diagram

The process flow diagram for treating turbid water >1000 NTU from Nadosoito earth dam
found in Monduli district is shown in Fig. 5. The water from the earth dam is first collected at
the water collection sump and pumped to elevated feed tanks at about 3 m high. Then the
water from elevated tanks flows by gravity to the sedimentation tank coupled with inclined
plates settler, whereby the flow rate that entered the system was controlled by the water flow
meter installed at the IPS inlet pipe. Thereafter effluent water from the IPS feeds the
constructed wetland. The treated water from constructed wetland is discharged into an

underground storage tank which is installed with a hand pump for drawing water by the

communities.
Storage tank
Sump ']]-—\1
N Earth dam .__TW_ @
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Ground storage tank

Figure 5: Process flow diagram of the pilot scale IPS-CW treatment system setup at
Nadosoito earth dam

3.3  Sample collection

To establish the temporal and spatial variation of water quality within the selected permanent
earth dams, sampling was conducted twice a year in the five earth dams; that is in March (as a
wet month) and July, 2020 (as a dry month). Two representative composite samples were
collected in each earth dam during the wet and dry seasons, making a total of twenty

composite samples from the five earth dams.

In the pilot-scale IPS-CW treatment system, three points were selected for water sample
collection: the inlet of the IPS, the IPS outlet (an inlet of the CW), and the CW outlet. The
treatment plant was investigated from January to June 2020, with a total number of 25 tests
whereby at the flow rate of 5, 10, 15 and 20 L/min the system was tested 8 times, 7 times, 5
times and 5 times respectively. In each test six samples were collected at three sampling point

making a total number of 150 water samples analyzed.
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Water samples for physicochemical analysis were collected in 1000 mL polyethylene bottles
while the water samples for microbial analysis were collected in a 400 mL glass bottles. All
polyethylene sampling bottles were washed and rinsed with distilled water and then re-rinsed
with the sampled water in the integrated system and the earth dams. Simultaneously, the glass
bottles were washed, rinsed and sterilized by an autoclave machine. The collected water
samples were stored in a cool box at 4°C and transported to the NM-AIST laboratory for
analysis. The entire sample collection process followed the standard methods for examining
water and wastewater (APHA, 2012).

3.4 Sample analysis

The physicochemical parameters analyzed on site include: dissolved oxygen (DO), electrical
conductivity (EC), pH, total dissolved solids (TDS), temperature and turbidity using a
HANNA multiparameter (HI 9829) and turbidity meter (HI 93703)  respectively. Total
suspended solids (TSS) was analyzed by direct measurement with a spectrophotometer
(HACH DR 2800), Nitrogenous species (NO; and NH,") and PO, were determined with a
HACH DR 2800 spectrophotometer. Biochemical oxygen demand (BODs) was analyzed by a
closed manometer, as per the standard methods for examining water and wastewater at the
NM-AIST laboratory (APHA, 2012). Bacteriological water quality was examined by
analyzing faecal coliform indicator bacteria (FC). The membrane filtration method was used
to analyze FC, whereby water samples were filtered through membrane filters of 0.45-micron
pore size and 47 mm diameter. The filter papers containing the samples were placed on petri
dishes containing the MFC-agar medium and incubated at 44.5°C for 24 hours to allow the

growth of faecal bacteria indicator (Tchobanoglous et al., 2003).
3.5  Data analysis

Research data were analyzed by Origin Pro 9 of 2019 and excel software’s. Descriptive
statistics were carried out to summarize the results obtained from laboratory analysis, the
efficiency formula established the treatment systems' pollutant removal efficiency as shown in
Equation 1 below. The representative graphs showing spatial variation in the water quality
within the earth dams and the treatment system performance were drawn by Origin Pro 9
software. A T-Test analysis was carried to identify if the rainfall seasons had a significant

contribution on the change in the water quality parameters observed in the study.
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A Pearson correlation analysis was also carried out to get the water quality relationship
between the earth dams and seasonal water quality association. Pearson’s correlation
coefficient is a statistical test that determines statistical relationship between two variables. It
gives information about the magnitude of association together with the direction of the
relationship (Kothari, 2004). It indicates that as one variable changes in value, the other
variable lean towards a specific direction (Kothari, 2004). Correlational analysis is useful
because the value of one variable can predict the value of the other variable. Correlation
coefficient values (r) are classified such that value in range of 0.9 to 1.0 indicates very high
correlation, 0.7 to 0.89 indicates high correlation, 0.5 to 0.69 moderate correlation, 0.3 to 0.49
low degree correlations and 0 to 0.29 little correlation. (Eliakimu et al., 2018; Obilor &
Amadi, 2018).

Mean influent parameter —Mean effluent parameter

Parameter removal efficiency = *100% (1)

Mean influent parameter
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1  Variation of physicochemical and microbial water quality in the selected
permanent earth dams in Monduli district

411 pH

pH values from the five earth dams ranged from 8.3 to 9 and 7.8 to 8.4 during the dry and wet
seasons, respectively as presented in Tables 2 and 3. The results show that during the wet
season pH values were low compared to the dry season’s pH value in all of the tested earth
dams. All values were within the allowable TBS and WHO standards for drinking water of
pH range 6.5 to 8.5, except for Nadosoito’s pH value during the dry season which was greater
than the allowable standards. The low pH values in wet season might be due to the dilution of
earth dam water by low pH rain water and the deposition of partly decomposed organic
matter, capable of producing organic acid that lowers the pH levels of water (Joseah, 2019).
The paired sample t- test at the 0.05 level shows that, the mean values of pH during the wet
and dry season from all of the earth dams were not statistically significant different (t (4) =
2.1, p=0.1).

4.1.2 Temperature

Tables 2 and 3 show temperature values relatively high during the wet season compared to the
dry season; this variation depended on the location weather, time of the day and the sample
collection period. Temperature values for all five earth dams ranged from 22.8 to 23.9 °C and
21.6 to 26.7 °C during the dry and wet seasons, respectively. The water temperature affects
the amount of dissolved oxygen in water, whereby as temperature increases the solubility of
oxygen decreases and hence, the amount of dissolved oxygen in water decreases (Eliakimu et
al., 2018). Also, higher temperatures ranges of 25 to 50 °C microorganisms multiply easily
and may lead to an increase or change in odor, color and taste of water (Irenosen et al., 2012;
WHO, 2011). Paired sample t-test at 95% confidence interval showed that there was no
statistically significant difference between mean seasonal temperature values (t (4) = 1.5, p =
0.2).
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4.1.3 Dissolved oxygen (DO)

The DO concentration assessed in the earth dams ranged from 4.2 to 5 mg/L during the dry
season and 3.9 to 4.3 mg/L during the wet season. Minimum DO concentration was observed
at Nanja earth dam with the maximum value detected at Nadosoito earth dam as presented in
Appendix 6. All of the studied earth dams showed low values of dissolved oxygen in water,
this is associated with the higher values of turbidity, TSS and organic matter observed from
these water sources. Dissolved oxygen is an important parameter in evaluating drinking water
quality as it may predict the level of pollution in water bodies and reflect different processes
prevailing in water (Mader et al., 2017). High pollutant loads into water lowers the level of
DO because the organic matter from sewage disposal and agricultural waste runoff
transformation processes depletes oxygen in water (Jantzen, 1978). Also DO concentration is
affected by other water quality parameters such as temperature and turbidity (Kumar & Puri,
2012; Mader et al., 2017). In this study, paired samples t-test at 95% confidence interval
showed a statistically significant difference between mean values of dissolved oxygen during

the dry and wet seasons for all the earth dams (t (4) = -3.1, p = 0.04).
4.1.4 Electrical conductivity (EC) and total dissolved solids (TDS)

Electrical conductivity and total dissolved solids are directly related such that an increase in
TDS results to an increase in EC (Mtavangu et al., 2017). The EC is an important parameter
that indicates the presence of dissolved cation and anions in water, and it reflects the TDS and
salinity concentration in a particular water source (Mumtazuddin et al., 2012). The TDS
includes organic and inorganic contaminations in water sources that lead to EC rise (Singh et
al., 2015). Results from Tables 2 and 3 shows that EC and TDS ranged from 260 to 570
puS/cm and 131 to 286 mg/L during the dry season respectively, and 180 to 302 uS/cm and
90.5 to 151 mg/L during the wet season respectively. The EC and TDS value from all earth
dams were within the acceptable drinking standards according to WHO and TBS of 1500 to
2000 pS/cm and 1000 to 1500 mg/L for EC and TDS respectively (TBS, 2005). Paired
samples t-test at 95% confidence interval showed that both means of EC and TDS during the
dry and wet season were not statistically different at (p > 0.05). Dilution of the dam water by
rainfall during the wet season might be the cause of low EC and TDS values. Low values of

EC and TDS in the earth dam during the wet season were also reported by Eliakimu et al.
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(2018) who studied seasonal dynamics of Nadosoito Earth Dam water quality in Monduli

district.
415 Turbidity

Turbidity is a cloudiness characteristic of water that reflects the presence of suspended
particulate matters. It is an essential physical parameter that requires regular monitoring in
water bodies as it decreases oxygen diffusion, harbors pathogens and stimulates bacterial
growth (WHO, 2011). In water treatment turbidity affects disinfection processes, and it
sometimes inhibit UV disinfection processes (Chintokoma et al., 2015). Besides, turbidity
might be associated with taste and odor challenges in water sources (Irenosen et al., 2012).
The result from this study revealed that turbidity is a major common challenge in all of the
sampled earth dams as its values were above the acceptable standards of drinking water
according to TBS and WHO of turbidity <25 NTU.

Turbidities within the earth dams ranged from 64 to 452 NTU during the dry season and 448
to 3230 NTU during the wet season. A paired samples t-test at 95% confidence interval of the
results showed that the mean values of turbidity during the dry and wet seasons were
significantly different (t (4) = 2.9, p = 0.04). Such that the wet season had the highest values
of turbidity in all earth dams compared to the dry season. The Nadosoito earth dam had the
highest value of turbidity compared to the other earth dams as shown in Fig 6. This explain
the fact that although few years ago Nadosoito was a permanent dam, recently it seems to be
rapidly filling with silt and thus has become a seasonal dam. The reasons for these rather
higher turbidities could not be explained but may be due to increased erosion in the catchment
of this dam. Higher turbidity values during the wet season in all earth dams are due to the
deposition of organic and inorganic matters from surface runoff. The dry season's lower
turbidity values are due to the absence of input turbidity and particle settling resulting from
reduced water waves. Different studies have also reported high levels of turbidity throughout
the year in earth dams found in Monduli and Karatu districts, Tanzania (Chintokoma et al.,
2015; Eliakimu et al., 2018; Mtavangu et al., 2016).
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Figure 6: Seasonal variation in turbidity within the earth dams in the Monduli district
4.1.6 Total suspended solids (TSS)

The TSS are smaller suspended solid particles in water resulting from storm water runoff,
erosion of reservoir or river banks, dead plants and the discharge of wastewater in water
bodies (Joseah, 2019; Raut et al., 2011). In the earth dams TSS value ranged from 153 to 810
mg/L and 878.5 to 5780 mg/L during the dry and wet seasons, respectively. Paired samples t-
test at 95% confidence interval results, showed that the mean values of TSS during the dry
and wet season were significantly different (t (4) = 3.4, p = 0.02). Higher values of suspended
solids were experienced in the wet season than in the dry season as shown in Fig. 7 and this
could be highly contributed by the storm water runoff from the nearby farms and the animal

grazing areas as well as erosion of the banks of the earth dams (Yasin et al., 2015).
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Figure 7: Seasonal variation in TSS within the earth dams in Monduli district
4.1.7 Nitrate (NOg)

Nitrate concentration in the dam ranged from 1.7 to 15.6 mg/L and 7.5 to 65.3 mg/L in the dry
and wet seasons respectively. The values of nitrate in the four earth dams were within the
allowable standards of drinking water of 50 mg/L by WHO and 10 to 75 mg/L by TBS
(EWURA, 2020; TBS, 2005), except for the Nadosoito dam whose nitrate value during the
wet season exceeded the WHO standard, but it was within the TBS drinking water standards
values as shown in Fig. 8. The cause of higher nitrate value in Nadosito dam might be due to
the deposition of livestock wastes, dead plants, and human wastes from the surrounding
environment through storm water runoff (Sahoo et al., 2016; Yasin et al., 2015). In this
study values of nitrate were higher in the wet season compared to the dry season’s value,
similar trends were reported by Eliakimu et al. (2018); Mtavangu et al. (2016), who studied
the water quality of earth dams in Monduli district. Paired samples t-test at 95% confidence
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interval results showed that there was no significant difference between the mean values of
NOg3" in the dry and wet season (t (4) = 2.7, p = 0.06).
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Figure 8: Season variation of nitrate within the earth dams in Monduli district
4.1.8 Ammonium (NH4")

Due to the fact that Monduli district is a pastoral community and all of the sampled earth
dams were used for both domestic purposes and livestock drinking, ammonium level
monitoring was necessary. Livestock wastes are among the significant sources of ammonia in
water sources (Eliakimu et al., 2018). Ammonium concentration within the earth dams ranged
from 0.3 to 1.1 mg/L and 0.7 to 5.2 mg/L in the dry and wet season respectively as shown in
Fig. 9. Paired samples t-test at 95% confidence interval results showed that there was no
significant difference between the mean values of NH," in the dry and wet season (t (4) = 1.8,
p = 0.14). The highest values of ammonium was observed in the Nadosoito earth dam during
the wet season, similar results were reported by Eliakimu et al. (2018). These values might

have been contributed by the large number of animals drinking from the earth dam and the
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deposition of organic matter from the surrounding areas and human excreta due to the
tendency of open defecation within the catchment area (Karavoltsos et al., 2008; Mshida et
al., 2017).
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Figure 9: Seasonal variation of ammonium within the earth dams in Monduli district
4.1.9 Phosphate (PO,%)

Phosphate occurs naturally in animal wastes, microorganisms, plants, and in water sources the
concentration > 0.3 mg/L (Chigor et al., 2012). As presented in Fig. 10, the phosphate
concentration levels in the earth dams were higher than the water's expected natural levels.
They ranged between 0.5 and 1.3 mg/L and 1.6 and 3.6 mg/L during the dry and wet seasons
respectively. Paired samples t-test at 95% confidence interval results, showed that there was a
significant difference between the mean values of PO,* in the dry and wet season (t (4) = 5.5,
p = 0.005). The higher values in the wet season for Engwiki, Nait and Nadosoito earth dams
might have been due to the deposition of inorganic nutrients, animal wastes and dead plants

from the surrounding environment through surface runoff (Irenosen et al., 2012).

24



5
B Vet season
1 I Dry season
. -
J
o 3-
£
ﬁ -
2
o 2-
@
o
i - -
o
1 <
0 -
Naiti Nanja Enguiki Shakape Nadosoito
Earth dams

Figure 10: Seasonal variation of phosphate within the earth dams in Monduli district
4.1.10 Biological oxygen demand (BODs)

The BODs is an important indicator of water quality used in determining the degree of organic
pollution in water sources. The BODs values within the earth dams ranged between 2 to 5
mg/L and 8 to 15 mg/L in the dry and wet season respectively as shown in Fig. 11. Paired
samples t-test at 95% confidence interval results showed that there was a significant
difference between the mean values of BOD in the dry and wet season (t (4) = 7.6, p = 0.001).
The BODs values for Naiti, Nanja, Engwiki and Shakape exceeded the standard value of
drinking water by TBS of BODs< 6 mg/L during the wet season indicating high levels of
biodegradable matters which might have been caused by the deposition of organic wastes

within the earth dams through runoff (Irenosen et al., 2012; Lalparmawii & Mishra, 2012).
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Figure 11: Seasonal variation of BOD within the earth dam in Monduli district
4.1.11 Faecal coliforms (FC)

The FC is a water quality parameter that determines water contamination with pathogens; it
shows the hygienic state of water and waterborne diseases' risk (WHO, 2011). Figure 12
indicates that FC levels in the dam ranged from 100 to 650 CFU/ 100 mL and 970 to 1720
CFU/100 mL in the dry and wet seasons, respectively. All values were above the acceptable
standards by TBS and WHO of 0 CFU/100 mL FC. The difference in the mean values of FC
observed between the dry and wet seasons were statistically significant (t (4) = 4.9, p = 0.008)
using the paired samples t-test at 95% confidence interval. The FC contamination is
associated with human faeces and warm-blooded animals (cows) waste, which might have
been transported by water runoff, especially in the rainy seasons leading to significant
difference in values between the dry and wet seasons. Different studies reported similar
results of higher values of FC in the Monduli and Karatu earth dams compared to the
allowable standards (Chigor et al., 2012; Eliakimu et al., 2018; Mtavangu et al., 2016).
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Figure 12: Seasonal variation of FC within the earth dams in Monduli district

Table 2: Summary statistics of the sampled parameters within the earth dams in the dry

season

Parameters Units Mean SD Min Max
pH - 8.5 0.2 8.3 9.0
Temperature © 23.3 0.4 22.8 23.9
DO Mg/L 45 0.3 4.2 5.0
EC us/cm 375.8 116.4 260.0 570.0
TDS Mg/L 178.6 62.6 131.0 286.0
Turbidity NTU 253.2 146.9 64.0 452.0
TSS Mg/L 523.5 287.1 153.0 810.0
NO3 Mg/L 8.0 5.2 1.7 15.6
NH,* Mg/L 0.8 0.3 0.3 1.1
PO Mg/L 1.0 0.3 0.5 1.3
BOD Mg/L 3.6 1.5 2.0 5.0
FC CFU/100mL  396.9 244.1 100.0 650.0

4.1.12 Correlational analysis
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Pearson correlation test conducted on the five earth dams within Monduli district during the
wet and dry seasons showed very high correlation for all the tested parameters. That is very
high positive correlation in water samples of Nadosoito and Naiti (r = 0.97, p < 0.01),
Nadosoito and Nanja (r = 0.93, p < 0.01), Nadosoito and Engwiki (r = 0.92, p < 0.01) and
high positive correlation between Nadosoito and Shakape (r = 0.77, p < 0.01). This
association indicates that the earth dams had nearly similar water quality which might have
been influenced by the lithology of the basin and the activities conducted in the areas around
the dams (livestock keeping and small scale farming). Result of the correlation between the
earth dams is presented in Table 4.

During the dry season very high positive correlation existed between pH and EC (r =0.97, p <
0.05), pH and TDS (r = 0.97, p < 0.05), EC and TDS (r = 0.94, p < 0.05), turbidity and TSS (r
= 0.95, p < 0.05), turbidity and BOD (r = 0.91, p < 0.05) and TSS and BOD (r = 0.98, p <
0.05). High correlation existed between pH and DO (r = 0.88, p = 0.051), pH and NOj3 (r =
0.74, p = 0.15), EC and DO (r = 0.82 p = 0.09), DO and TDS (r = 0.75, p = 0.14), DO and
NO3 (r = 0.84, p = 0.07), EC and NO3™ (r = 0.73, p = 0.16), TDS and turbidity (r = 0.79, p =
0.11), NO; and PO,* (r=0.85, p = 0.07) and NH," and FC (r = 0.86, p = 0.59).

In the wet season very high negative correlation existed between pH and turbidity (r =-0.92, p
< 0.05), and pH and TSS (r = -0.92, p < 0.05), these results reflects that as TSS and turbidity
values were increasing due to surface runoff and pH values were decreasing due to dilution by
storm water. While very high positive correlation existed between temperature and EC (r =
0.95, p < 0.05), temperature and TDS (r = 0.94, p < 0.05), EC and TDS (r = 0.99, p < 0.05),
turbidity and TSS (r = 0.99, p < 0.05), and NO3™ and NH," (r = 0.99 p < 0.05). High positive
correlation existed between, turbidity and PO4 (r = 0.84, p = 0.07) TSS and PO, (r =0.85, p
< 0.05), while high negative correlation existed between pH and PO, (r = 0.87, p = 0.07),
TDS and NO3™ (r = -0.76 p = 0.14), TDS and NH;" (r = -0.7, p = 0.19), TDS and POy, (r = -
0.72, p = 0.17). The very high correlation values exhibited between turbidity and TSS in both
season shows a positive relationship or association between TSS and turbidity that is one
value might be used to predict the other. Also EC and TDS have shown higher positive
correlation in both seasons, reflecting the ability of predicting TDS value from EC. Also the
results from correlation analysis have shown that most of the parameters in both season are

related either positively or negatively as presented in Appendices 7 and 8.
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Table 3: Summary statistics on the sampled parameters within the earth dams in the wet

season
Parameters Units Mean SD Min Max
pH - 8.1 0.2 7.8 8.4
Temperature © 24.7 2.2 21.6 26.7
DO Mg/L 4.1 0.2 3.9 4.3
EC pS/cm 242.2 52.8 180.0 302.0
TDS Mg/L 119.2 28.7 90.5 151.0
Turbidity NTU 1437.5 1050.3 448.0 3230.0
TSS Mg/L 2914.7 1774.4 878.5 5780.0
NO3 Mg/L 31.3 24.1 7.5 65.3
NH," Mg/L 2.5 2.0 0.7 5.2
PO, Mg/L 2.4 0.8 1.6 35
BOD Mg/L 11.6 2.7 8.0 15.0
FC CFU/100mL 1308.0 309.1 970.0 1720.0
Table 4: Correlation matrix of earth dam values in both seasons
Naiti Nanja Engwiki Shakape Nadosoito
Naiti 1
Nanja 0.96889* 1
Engwiki 0.96592* 0.99667* 1
Shakape 0.86837* 0.9241* 0.93* 1
Nadosoito 0.96905* 0.92964* 0.92134* 0.77131* 1
2-tailed test of significance is used
*:Correlation is significant at the 0.05 level
4.2 Integrated IPS-CW treatment system’s performance at Nadosoito earth dam

The IPS-CW treatment system's general performance is governed by the water flow rate and
the loading of water pollutants. The treatment system reduces turbidity and other chemical
and microbial parameters, due to different physical, chemical and microbial processes that are

taking place in the treatment systems.

Inclined plates settler is a treatment unit targeted for suspended solids removal as
demonstrated by previous studies(Abou-Elela et al., 2015; Chintokoma et al., 2015; Dorea et
al., 2006; Dorea et al., 2014). In this study the system was evaluated for turbidity, TSS,
nitrate, ammonium, phosphate and faecal coliform removal and it showed maximum removal
efficiency of 66.7%, 80.8%, 73%, 44.7%, 38.1% and 68.2% respectively, at the flow rate of 5
L/min as presented in Table 5. The performance of the IPS was affected by the set flow rates

and sludge removal frequencies whereby, at small flow rates (10 and 5 L/min) the removal
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efficiency of parameters increased and variations on the treated parameter values reduced
despite of the great variability in the influent parameters values. The removal efficiency at
small flow rate was high because the suspended solids had enough time to settle (increased
residency time) and the turbulence in the water flow was reduced hence increasing the

sedimentation rate of particles (Chintokoma et al., 2015; Laskovski et al., 2006).

The CW enhances the removal of pollutants retained in the effluent of the IPS treatment unit.
The CW showed better performance in the removal of turbidity, FC, TSS and BOD as
presented in Table 5. This is thought to have been contributed by different processes such as
filtration, sedimentation, predation and microbial metabolism (Kadlec & Wallace, 2008). The
removal of pollutants in CW was mostly affected by the residence time, whereby the

maximum removal efficiency was attained at residence of 1.5 days (38 hours and 24 minutes).

This study revealed that Inclined plates settler integrated with constructed wetland is a viable
turbid water treatment technology which is cost-effective as it uses locally available materials
in construction, it is simple to operate as it requires few number of operators, it’s simple to
repair and maintain but also requires low energy during the water treatment process as water
flows by gravity throughout the entire system. Water treatment technologies' applicability is
dependent on the nature of pollutants (Sorlini et al., 2015; WHO, 2016) such that turbidity
removal in community waters involves the use of sedimentation tanks, sand filters and
coagulation and flocculation technologies (Chintokoma et al., 2015; Tchobanoglous et al.,
2003). Although in situation of high turbidities as experienced in this study sand filters will
experience frequent clogging hence not directly applicable and conventional sedimentation
tank would require a large area of land in order to provide a large surface area for particles to
settle hence leading to high initial cost, while the use IPS helps to reduce the amount of land
and time required in particle settling by providing large surface area and reducing the vertical
distance required for a particle to settle. Also in rural community coagulation and flocculation

are not common due to the expenses involved and the accessibility of the coagulants.
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4.3  Physicochemical and microbial parameters variations within the integrated IPS-

CW treatment system
43.1 pH

pH is an important factor in water treatment systems as it affects different chemical and
biological processes (Law et al., 2011). In the IPS-CW treatment system, pH showed a
general increasing trend from the inlet of the IPS to the outlet of the constructed wetland, at
all set flowrates as shown in Table 6. This trend might be due to the anaerobic decomposition
of organic matter and the dissolution of inorganic compounds in water (Masbough et al.,
2005; Mtavangu et al., 2017).

4.3.2 Temperature

Temperature is a water quality parameter that is important in different biological treatment
systems as it affects the rate of physicochemical and microbial activities and hence pollutant
removal (Akratos & Tsihrintzis, 2007; Jing & Lin, 2004). Temperature at the IPS-CW
treatment system varied greatly due to different weather conditions with maximum

temperature of 28.84 °C and minimum value of 20.99 °C as shown in Table 6.
4.3.3 Dissolved oxygen (DO)

The DO concentration in the IPS treatment system revealed minor differences at the system’s
inlet and outlet, with the majority of the result showing a decreasing trend from the inlet to the
outlet of the system. In contrast, the constructed wetland treatment system showed a generally
decreasing trend from the inlet to the CW outlet this might have been caused by the aerobic
decomposition of organic matter in the system. The observed DO decreasing trend in Table 6
might have been attributed by the physical, chemical and biological processes taking place in
the integrated systems (Martins et al., 2003; WHO, 2006).

4.3.4 Electrical conductivity and total dissolved solids

Results from Table 6 shows that, EC and TDS were increasing from influent values of the IPS
to the effluent values of the CW. This increasing trend of EC and TDS in the IPS-CW
treatment systems might have been caused by the dissolution of ions during the breakdown of

contaminants in water as suggested by Mtavangu et al. (2017).
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Table 5: Performance of the IPS, CW and the integrated IPS-CW treatment systems in
water pollutants removal

Flow rates (L/min)

Parameters Treatmentunit  Units

20 15 10 5

IPS % 204456 36.9+4.2 62.5¥8.4  66.7+4.5
Turbidity CW % 73.9+4.8 82+1,4 85712  88.3+x1.9

IPS-CW % 79.9+2.6 88.6+1.3 94.8+1.2 95.9+1
IPS % 62.3+4.4 67.5+3.9 67.8+3.2 68.2+1.9

FC Cw % 71.1+0.9 78.4+2.7 80.2+1.8 82+1.4
IPS-CW % 89.1+1.3 93+1.4  93.9+0.7 94.3+0.6
IPS % 52.948 59+9.7 64.3+9.3  80.8+3.3
TSS CW % 73.4+9.2  80.8+1.3 86.7+2 87.4+2.2
IPS-CW % 88.6+2.7 92.2+18 96.1+0.6  97.4+0.8

IPS % 52.2+0.7 60.7+x4.7 67.8+4.5 73+3.1
NOsz Cw % 51.5+0.7 59.1+1 64.8+t1.6  68.8+1.5
IPS-CW % 76.8+0.5 84+1.8 88.6+1.7  91.7+0.9

IPS % 26.4+7.1 28.1+49 44.6%+5.8 44.7+3
NH4" Cw % 12.4+12 18.7#39 39.7x7.8  47.7+6.8
IPS-CW % 35.6+6.1 42.3+1.6 66+6.6 71.3+£3.8
IPS % 20.6+4.9 23.4+26 37.6x5.7  38.1+4.7
PO, Cw % 8.9+1 145+0.4 17.8+2.7  19.6%£2.9
IPS-CW % 27.9+3.7 345+22 49.3+3.9  49.8+4.9
IPS % 28.3+11.7 46.7+3.3 50+5.8 57.845.2
BOD CwW % 42.6+49 55.6+5.6 55.6+12.2 83.3+x10.5
IPS-CW % 50+14.4  66.7+8.7 83.3+6.7  91.7%+5.3
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Table 6: In situ parameters concentration from the integrated IPS-CW

Parameter Sam_pling Units Flow rates (L/min)
s Points 20 15 10 5
pH IPS Inlet T 832402 821+#02  79+02  7.94%01
IPS ‘(’:‘c\//'”'et - 831201 827402  812¢0.2  8.06+0.1
CW Outlet - 86401 851#01  839+0.1  8.3820.1
Temp IPS Inlet °C 2512405 2517+0.9 22.41+05 2561+0.8
IPS %J\S/V'”'Et °C  258+1 24.98+0.8 22.43+07  25.64+0.8
CW Outlet °C 24605 24.69:0.6 22.58:0.7 25.46£0.9
DO IPS Inlet mg/L 387402 51506 542+0.5  4.33%0.2
IPS %J\t/v'”'et mg/L  3.86+0.1 516405 532405 424402
CWOutlet  mg/L 355:0.1 3.86+02 378+02  3.85:0.2
EC IPS Inlet “ri/ ¢ 278'2126' 225'31“24' 202.6+47.6 294.65+50
IPS oCu\t//V Inlet uri/c 287.3128. 2332131. 299.2;9147. 207 84491
CW Outlet “ri/ ° ami21 PUERS 3610089 32754488
DS PS Inlet mglL 1426135 113.8112. 146.154124. 148.586124.
PSout/Inlet . 1436+14. 1166%15. 1495722 156.28+25.
CW 5 6 7 1
CWoulet  mgl 1644163 147.&73113. 180.279i16. 156.715120.

4.35 Aluminum

Aluminum is a naturally occurring metallic element in water. Aluminum-containing treatment
systems such as the coagulation process might lead to the addition of aluminum concentration
in water. In this study aluminum plates have been used in water treatment, therefore, its
concentration was monitored and showed a generally decreasing trend. The mean influent
value of 0.51+0.2 entered the system and was reduced by the IPS to 0.3+0.1 and final
aluminum concentration was reduced by the CW to 0.03+0.01. Therefore, aluminum plates
did not add the concentration of aluminum in water. The integrated IPS-CW was capable of
lowering the value of aluminum to allowable drinking water standards by TBS and WHO of
aluminum concentration < 0.2 mg/L (EWURA, 2020; WHO, 2011). The reduction of
aluminum might have been due to chemical precipitation, adsorption, and sedimentation

processes (Jayaweera et al., 2007).
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4.3.6 Turbidity removal

Turbidity is the water quality parameter that reflects the presence of suspended matter, fine
organic and inorganic matter, soluble colored organic compounds, algae and other
microscopic organisms making water unsuitable for use without treatment (Mandal, 2014).
During the integrated IPS-CW system testing, influent turbidity ranged from 186 to 4011
NTU, with mean values of IPS and CW turbidity removal rates presented in Fig. 13. The
results in Table 5 indicate that turbidity removal efficiency by the IPS increases with the
decrease in flow rate (increase in hydraulic residence time of 0.66 — 2.65 days), which is from
20.4% to 66.7% at 20 and 5 L/min flow rates respectively. The CW was able to further reduce
high values of turbidity at all flow rates with the highest removal percent being achieved at
the flowrate of 5 L/min. Generally, the mean performance of the IPS-CW system in turbidity
removal ranged from 79.9% to 95.9% at flow rates of 20 and 5 L/min, respectively. In
addition during system testing, when the influent turbidity was < 300 NTU the integrated
system of IPS-CW was able to reduce the values of turbidity of water to required Tanzania
drinking water standards of turbidity < 25 NTU (TBS, 2005) at all tested flow rates.

Water turbidity removal at the IPS was mainly governed by the reduced-depth and increased
area of sedimentation (Xing et al., 2006). Whereby suspended solids and colloidal matters
were concentrated and allowed to slip down the surface of the inclined plate by gravitation
force and settle at the foot of the sedimentation tank where there being removed at a set time
interval (Chintokoma et al., 2015; Xing et al., 2006). Moreover, turbidity deduction by the
CW was led by filtration and sedimentation aided by the reduced interspaces between gravel
and plant roots hence capable of removing suspended particles (Mtavangu et al., 2017). Also
despite of the fluctuation on the amount of turbidity that entered the system, after treatment
the effluent parameter deviation was highly reduced especially at lower flow rates reflecting
the capacity of the system to handle varied pollutant loading rate.
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Figure 13: Variation of mean turbidity in the system as a function of water flow rate
4.3.7 Faecal coliform (FC) removal

The FC bacteria present in water may indicate the existence of pathogenic organisms. FC
concentration at the inlet of the IPS ranged from 420 to 2880 CFU/100 mL. The raw water
was allowed to flow into the IPS for pretreatment then allowed to flow to the constructed
wetland for further treatment. Figure 14 shows that both treatment stages were efficient in the
removal of FC bacteria present in the water, with a higher removal rate exhibited at lower
flow rates and the CW performing better than the IPS system. The integrated IPS-CW
treatment system exhibited varied removal efficiency depending on the set flow rates with
mean maximum removal efficiency of 94.3% at 5 L/min flow rate. The attained final
concentration of FC did not reach the allowed standard of 0 CFU/100 mL for safe water.

The removal of FC in the IPS is thought to have been mainly aided by sedimentation
processes of the attached bacteria’s on solid particles supported by the entrapment by the
biofilm developed on the surface of the inclined plates. While in the CW major process is

through filtration by the gravels and plant roots, as well as other processes such as natural die
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off and grazing by larger organism (Ansa et al., 2015; Garcia et al., 2010; Mtavangu et al.,
2017; Wu et al., 2016).

4.3.8 Total Suspended Solids removal

Influent TSS concentration at the IPS ranged from 510 to 9780 mg/L and the integrated IPS-
CW was able to reduce significant amount of TSS concentration in the water as shown in Fig.
15. The system exhibited mean maximum TSS removal efficiency of 97.4% at the 5 L/min
flow rate as presented in Table 5. These results indicates that TSS removal increases with
increase in hydraulic residence time through sedimentation process in the IPS and
sedimentation and filtration in the CW (Garcia et al., 2010; Xing et al., 2006).
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Figure 14: FC removal by the integrated IPS-CW
4.3.9 Nitrate (NO3) removal

Nitrate concentration that entered the system ranged from the 4.2 to 143 mg/L and the
concertation was changing rapidly due to surface runoff of fertilizers and manures from the
surrounding farms, uptake by phytoplankton and denitrification by bacteria in the dam (WHO,
2006). Although the concentration of nitrate in some of the test events was within the
Tanzanian Standards of 10 - 75 mg/L of NOj, still the system was able to reduce the high
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nitrate concentration events to allowable Tanzania (TBS, 2005) and WHO standards of
drinking water as shown in Fig. 16a. The IPS and the integrated IPS-CW system mean
performance ranged from 52.2% to 73% and 76.8% to 91.7%, respectively as shown in Table
5. The main removal mechanism of organic and inorganic nitrogen in the IPS is through
particle settling and denitrification. In the constructed wetland nitrate removal was aided by
different physical, biological and chemical processes such as particle settling (sedimentation),
sorption, assimilation by plants, algae, and bacteria and transformation processes conducted

by microbes (denitrification) (Caselles-Osorio et al., 2017; Garcia et al., 2010).
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Figure 15: Total Suspended Solids removal by the integrated IPS-CW

4.3.10 Ammonium (NH,") removal

Presence of ammonia in water indicates organic pollution from animal and human wastes and
possibility of bacterial contamination (Eliakimu et al., 2018; WHO, 2006) Ammonium
concentration that entered in the system at the IPS ranged from 0.55 to 7.29 mg/L. The
integrated IPS-CW treatment system was able to reduce significant amount of ammonium
concentration in water as presented in Fig. 16c, and maximum removal efficiency of 71.3%

was obtained at 5 L/min flow rate.

37



The removal of ammonium at the IPS might have been attributed by sedimentation and
nitrification processes due to the presence of dissolved and free oxygen in the system and
suspended solids settling (Xing et al., 2006). While at the CW the removal of ammonium
might have been caused by sedimentation, plant uptake and nitrification processes (Caselles-
Osorio et al., 2017; Stenstrom & Poduska, 1980). Although the removal of ammonium in the
system was low compared to the other parameter studied. And the lowest removal efficient
was observed at the constructed wetland, this might be due to the limited amount of oxygen in

the CW as it was being consumed by other processes (Vymazal, 2007).
4.3.11 Biological oxygen demand (BODsy removal

Influent BODs levels from the earth dams to the treatment system were varying with the
maximum value of 20 mg/L of BOD. The pilot IPS-CW plant was able to reduce all values of
BOD that entered, to allowable Tanzania standards of drinking water of BOD < 6 mg/L as
shown in Fig. 16d. Also the system exhibited mean maximum BOD removal efficiency of
91.7% at flow rate of 5 L/min as presented in Table 5. In this system sedimentation, filtration ,
adsorption, oxygenation and microbial metabolism are considered to be the main mechanisms
for BOD removal (Karathanasis et al., 2003).

4.3.12 Phosphate (PO,* removal

Phosphate concentration that entered the system ranged from 0.58 to 9.98 mg/L, and the
integrated system was able to remove limited amount of phosphate concentration in water as
shown in fig 16b. The integrated system exhibited mean maximum removal efficiency of
49% at 5 L/min flow rate. The removal of phosphate might have been attributed by
sedimentation in the IPS and CW, plant uptake and substrate sorption in the CW (Garcia et
al., 2010). Though these processes occurred at smaller rates leading to low removal percent of

phosphate by the CW as shown in Table 5.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
51 Conclusions

This study revealed that, the physicochemical and microbial characteristics of all of the five
tested earth dams in the Monduli District were positively associated and the correlation was
significant at p < 0.05. Most of the pollutant levels for all of the sampled earth dams were
increasing during the wet season and decreasing in the dry season, except for pH, DO, EC and
TDS. This might be because the earth dams were rain-fed and open surface water bodies,
mostly affected by the deposition of waste from agriculture and livestock through storm

water.

Turbidity, faecal coliform and TSS were the major challenging pollutants contributing to the
poor water quality within the tested earth dams; with the highest values being detected in the
Nadosoito earth dam. These parameters were above the TBS and WHO drinking water
standards in all seasons. Also, BODsand NH," in the wet season exceeded the allowable TBS
standards for drinking water. Seasonal variation on the mean values of the most measured
water quality parameters was statistically significant, indicating that seasons contributed to
the change of concentration of the water quality parameters. The water quality results from
the tested water sources pose a high risk of exposure to potential health impact to the water

users, this suggests the need for community water treatment systems.

The tested pilot treatment plant, shows that the integrated IPS-CW system is an appropriate
pre-treatment combination for water with higher turbidity values typically used in rural areas
without water supply systems. It was possible to reduce the turbidities as high as 1585 NTU
to acceptable levels of Tanzanian standards. The removal of turbidities at higher flow rates
can be improved by the introduction of coagulants at the IPS to improve sedimentation
process. This will enable the system to operate well even when the turbidities are above 3000
NTU. Together with turbidity removal, the system was able to remove substantial amount of
nutrients and pathogens which are not required in portable water. It was also observed that
despite of the high efficiencies for water pollutant removal further treatment is necessary to
make the water safe for human consumption. There is a need of introducing a disinfection
step at the end to ensure that there are no pathogens in the treated water. This study has also
shown that the system is robust and feasible in handling variations in turbidities as high
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fluctuations in levels of contaminants entering the system were faced. Due to low production

cost and simplicity in operation, the system is relevant for application in rural communities.

If portable water is to be available from these earth dams, a community water treatment

system is need to remove the unwanted pollutants. According to this research study,

Integrated IPS-CW plant is an appropriate water pre-treatment system in the tested dams and

any other water sources with higher turbidity values and the associated contaminants.

5.2

Recommendations

In order to ensure the availability of good water quality in the earth dam’s different measures

have to be taken into consideration including:

(i)

(i)

(i)

(iv)

(v)

(vi)

(vii)

The river basins and the water management authorities should be advised to construct

structures that will protect the banks of the earth dams from erosion.

The water authorities together with the communities in the vicinity of theses earth
dams should plant trees along the dams which can act as traps for sediment and

nutrients.

Also any activities leading to water quality deterioration within the earth dams’
catchment area should be limited, example agricultural activities and animals drinking
directly from the dam.

The IPS-CW system should be adopted as a community water treatment technique in

high turbid water sources.

Also in order to simplify the IPS system’s application, a simulation study should be
carried out using this study results and the previous study results to predict the exact
size that will be required in water treatment depending on the pollution status of the

water source.

A disinfection unit should be added to the integrated IPS-CW system to ensure zero
pathogens in the system.

The ministry of water, internal drainage basin and the Monduli rural water authority
should make follow up on the number of dams available and do the proper naming of

the water sources in order to have a current and reliable database.
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APPENDICES

Appendix 1: Nanja and Engwiki Earth dams during the wet season (March, 2020)
R e ol

-
.

-
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Appendix 2: Water usage by both humans and animals for domestic purposes and
animal watering at Shakape earth dam
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Appendix 3: The IPS-CW treatment system at Nadosoito Earth dam

The Inclined plates settler The Constructed wetland The water reservoir with

a hand pump
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Appendix 4: Sludge/sediments at the bottom of the inlet of the IPS after two weeks of

treatment
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Appendix 5: Nadosoito community fetching water from the IPS-CW treatment plant
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Appendix 6: Results of the five sampled earth dams in the wet and dry season in

comparison with the drinking water standards

Parameters Standards Seasons  Earth dams
TBS WHO Naiti Nanja Engwiki Shakape Nadosoito

PH 6.5-9.2 6.5-85 Dry 8.5 8.4 8.3 8.5 9.0

Wet 8.3 8.2 8.0 8.4 7.8
Temp Dry 23.0 235 22.8 23.9 23.5
(%)

wet 28.7 26.2 21.6 25.8 23.1
DO Dry 4.6 4.2 4.3 4.5 5.0
(mg/L)

wet 4.3 3.9 4.2 4.0 4.2
EC 1600 Dry 3285 3475 260.0 373.0 570.0
(uS/cm)

wet 289.0 302.0 180.0 236.0 204.0
TDS 1200 Dry 164.5 173.5 131.0 138.0 286.0
(mg/l)

wet 145.0 151.0 90.5 118.5 91.0
Turbidity 5-25 5 Dry 168.5 3135 268.0 64.0 452.0
(FTU)

wet 1215.0 11145 1180.0 448.0 3230.0
TSS Dry 288.0 926.5 640.0 153.0 810.0

wet 27025 2575.0 26375 878.5 5780.0
NOj 10-75 50 Dry 5.0 1.7 8.0 9.9 15.6
mg/L

wet 11.8 75 26.7 45.4 65.3
NH,* 2 Dry 1.1 0.9 0.8 0.3 1.0
mg/L

wet 0.8 0.7 1.9 3.9 5.2
PO, 2.2 2.2 Dry 0.9 0.5 1.3 1.1 1.3
mg/l

wet 2.4 1.7 2.9 1.6 35
BODs 6 Dry 2.0 5.0 4.0 2.0 5.0
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wet 13.0 15.0 10.0 8.0 12.0

FC 0 0 Dry 6500 2845  300.0 100.0 650.0
(CFU/100ml)

wet 1110.0 1530.0 1720.0 970.0 1210.0
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Appendix 7: Correlation matrix for physicochemical and microbial parameters for

earth dam water sources during dry season

pH Temp DO EC TDS Turb TSS NO3- NH4+ PO43- BOD FC
pH 1
Temp 0.72 1
DO 0.41 011 1
EC 0.57 092* -005 1
TDS 0.67 0.92* 0.02 0.99* 1
Turb -0.92* -044 -028 -034 -048 1
TSS -0.92* -0.44 -0.28 -0.29 -0.43 0.99* 1
NO;3 -0.57 -047 -0.17 -0.68 -0.76 0.59 048 1
NH," -051 -040 -0.21 -0.62 -0.70 0.55 043 0.99* 1
PO* -087 -0.72 010 -0.64 -0.72 0.84 085 051 043 1
BOD -0.18 035 -034 066 058 0.29 039 -0.53 -053 0.02 1
FC -0.35 -057 -0.33 -0.24 -0.19 0.02 012 -0.38 -043 0.21 030 1

2-Tailed test of significance is used

*:Correlation is significant at the 0.05 level
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Appendix 8: Correlation matrix for physicochemical and microbial parameters for

earth dam water sources during dry season

pH Temp DO EC TDS Turb TSS NO; NH,” PO,> BOD FC
pH 1
Temp 0.28 1.00
DO 088 018 1.00
EC 097 049 082 1.00
TDS 0.97* 022 075 0.94* 1.00
Turb 066 -0.17 030 058 0.79 1.00
TSS 042 -023 002 036 059 0.95* 1.00
NOg 074 018 084 073 062 033 0.15 1.00
NH," 033 -058 017 014 046 062 0.53 -0.15 1.00
PO* 040 -029 064 031 027 017 0.05 0.85 -0.07 1.00
BOD 038 -0.05 -0.06 038 056 0.91* 0.98* 0.11 0.38 -0.06 1.00
FC 065 -0.38 063 046 0.67 054 0.32 026 08 024 015 1

2-Tailed test of significance is used

*:Correlation is significant at the 0.05 level

60



RESEARCH OUTPUTS

a) Journal paper

'.) Check for updates

© 2021 The Authors Water Practice & Technology Vol 16 No 2
516 doi: 10.2166/wpt.2021.009

Performance of inclined plates settler integrated with constructed
wetland for high turbidity water treatment

Atwebembela J. Kasenene®, Revocatus L. Machunda and Karoli N. Njau

School of Materials, Energy, Water and Environmental Sciences and Engineering (MEWES), The Nelson Mandela African
Institution of Science and Technology (NM-AIST), P.O Box 447 Arusha, Tanzania

*Corresponding author. E-mail: kasenenea@nm-aist.ac.tz

Abstract

The purpose of this study was to investigate and demonstrate cost-effective treatment technologies for highly
turbid waters, used for domestic purposes in rural areas of Tanzania where conventional community water
treatment techniques are not available. Pilot-scale inclined plates settler integrated with constructed wetland
(IPS-CW) system was investigated on earth dam water with turbidities ranging from 186 to 4,011 NTU. The IPS
was used as a physical pretreatment system preceding the CW, meant for the removal of organic matter, nutri-
ents, and pathogens. Major focus of the IPS-CW system was on turbidity and faecal coliform (FC) removal, and
at 5 L/min flow rate mean maximum removal efficiencies of 95.9% and 94.3% were achieved, respectively. Total
suspended solids, nitrate (NO3), ammonium, biological oxygen demand (BODs) and phosphate removal were
studied and removal efficiencies of 97.4%, 91.7%, 71.3%, 91.7% and 49.8% were obtained at 5L/min flow
rate, respectively. Although the use of these combinations of technologies in improving drinking water quality
is uncommon, results demonstrated that NO3 and BODs met WHO and TBS drinking water standards of <50 mg/|
and <6 mg/L respectively. Due to low production cost and simplicity in operation, the system is relevant for
application in rural communities.

Key words: constructed wetland, earth dams, inclined plates settler, pretreatment of water, turbidity

Highlights

® Provision of feasible treatment units for rural communities lacking access to clean water.
® Validating the use of a combination of the IPS and CW for high turbidity water treatment.
® Treating surface waters to meet the potable water standards.

e Efficient, cost-effective, and easy to operate drinking water treatment unit.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits
copying and redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://
creativecommons.org/licenses/by-ne-nd/4.0/).
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INTRODUCTION

Safe water supply in rural Tanzania is inadequate, due to limited availability and high cost of conventional
water treatment technologies (URT 2016). This leads to the prevalence of avoidable diarrhea, which is
responsible for 8% of deaths of children below five years of age (UNICEF 2018). The semi-arid regions
and rural areas of Tanzania are facing water scarcity challenges leading to the dependence on earth
dams and borrow pits as the source of water for domestic purposes and livestock (Dzimiri ef al. 2010;
Mshida et al. 2017; Shen ef al. 2015). This combined use by humans, livestock and wildlife may be associ-
ated with water quality problems, especially high turbidity >1,000 NTU throughout the year, pathogens,
blue-green algae, and organic matter (Eliakimu ef al. 2018) exposing people to potential zoonotic diseases
and other diseases. Low cost, user-friendly and efficient community water treatment technologies for phys-
icochemical and microbial removal in highly turbid water are needed (Mtavangu ef al. 2017) in line with
the objective of the Sustainable Development Goals of access to clean water for all (Griggs ef al. 2013).

Various technologies to treat drinking water are available, though most of these are appropriate for
water sources with low levels of turbidity (Chintokoma et al. 2015). Examples of such techniques
include: reverse osmosis (RO), microfiltration, ultrafiltration, nanofiltration, solar and UV disinfection
(Dorea et al. 2006; WHO 2016). The common water pretreatment approach includes the use of sedi-
mentation tanks, though in situations of high-turbidity storm waters a common solution is to shut
down all operations for some time. Coagulation and flocculation by inorganic and organic com-
pounds are water pretreatment technologies, which are used in turbidity removal (Carty et al
2002). However, the long-term chemical supply may be a problem, hence not cost-effective for
rural communities (Dorea et al. 2006).

Sedimentation tanks are effective in lowering suspended solids from water, even though large areas
of land and high capital cost is involved. Also, they are less effective in removing finer particles, limit-
ing their use in the treatment of water with fine particles (Arcil 2009; Chintokoma ef al. 2015).
Coupling sedimentation tanks with inclined plates enhances the settling characteristics of the sedi-
mentation basin (Tchobanoglous et al. 2003). IPS designs have the capacity of sorting out finer
particles in suspension at a higher rate. The settler capability per element volume can be increased
without significant change of outline of the tank (Wisniewski 2013). Plate stacks are normally
stuck in the middle of a parallel inlet and outlet sedimentation channel (Leung & Probstein 1983;
Murray & Hanna 2009). The plates split the sedimentation tank into several small settling tanks
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and reduce settling time by shortening the vertical distance (Murray & Hanna 2009). Causing
increased surface area and reduced settling distance of the plates, settling tanks with inclined
plates can separate particles faster than conventional tanks. Solid particles separated from the suspen-
sion slip down to the surface of the inclined plate by gravitational force and settle at the foot of the
sedimentation tank where they are removed (Chintokoma et al. 2015). Therefore, a sedimentation
tank coupled with inclined plates settler can be a viable pretreatment technology for turbidity removal
and other associated contaminants before entering other treatment units (Murray & Hanna 2009).
This was proven through a lab-scale study on turbidity removal by the IPS, and the system was
able to reduce high turbidity (>1,000 NTU) to Tanzania drinking water standards of turbidity <25
NTU (Chintokoma ef al. 2015; EWURA 2020). Similarly, previous work publicized the potential of
IPS for water treatment in emergency relief applications (Dorea ef al. 2014).

Constructed wetlands are low-cost technologies that use locally available materials, simple to oper-
ate, repair, and maintain but also require low energy (Mtavangu et al. 2017; Njau ef al. 2011). The
presence of macrophytes, substrates and microbial community results in complex inter-connected
physical, chemical and biological mechanisms in removing water contaminants (Vymazal 2007;
Zhang et al. 2012). Constructed wetlands are ‘eco-friendly’ alternatives for secondary and tertiary
treatment of municipal, agricultural, and manufacturing wastewater (Kadlec & Wallace 2008). The
pollutants removed by constructed wetlands comprise organic constituents, suspended solids, nutri-
ents, pathogens, heavy metals, and other toxic or hazardous pollutants (Kadlec & Wallace 2008;
Tchobanoglous et al. 2003). Still, different findings have reported on the effectiveness of horizontal
subsurface flow constructed wetland (HSFCW) in treating turbid water and other contaminants
such as pesticides and organic matter (Kipasika ef al. 2014; Lema ef al. 2014). However, external fac-
tors like pH, temperature, dissolved oxygen, hydraulic loading rate and hydraulic retention time affect
pollutant removal mechanisms (Deng et al. 2011; Wang et al. 2012a, 2012b). Most of the studies use
CW for wastewater treatment but also a few studies have documented the use of CW for improvement
of river waters, dam waters, and stormwater runoff for drinking water purposes (Ewel 1997; Froebrich
et al. 2006; Huang et al. 2007; Kadlec & Wallace 2008; Kurzbaum ef al. 2012; Mtavangu et al. 2017).
Considering the targeted location (rural area), material availability and accessibility, the water quality
problem within the studied earth dam, and the reported capacity of the CW to deal with such contami-
nants (Eliakimu ef al. 2018). The CW was seen as a better secondary treatment technology for the
selected water source. Thus, this research evaluated the performance of a pilot scale integrated
system of inclined plates settler and constructed wetland as a feasible treatment technology for com-
munity water with high turbidity and other physicochemical and microbial contaminants.

MATERIALS AND METHODS
Study area

The pilot-scale study of the inclined plates settler integrated with the constructed wetland for high turbid
water treatment was conducted at Nadosoito earth dam in Monduli district, Tanzania. The pilot treat-
ment plant is located at latitude 3° 24’ 57”S and longitude 36° 22’ 48”E. Figure 1 shows some of the
permanent earth dams in Monduli district which are used for domestic purposes and livestock.

Pilot scale design and setup

The water treatment system that was evaluated in this study consists of a sedimentation tank coupled
with the inclined plates setter (physical treatment unit) and a horizontal subsurface flow constructed
wetland (biological treatment system).
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Figure 1 | Map of Tanzan
purposes.

ia showing permanent earth dams in the vicinity of the study area which are used for domestic

Sedimentation tank coupled with inclined plate settlers (IPS)

The sedimentation tank coupled with the IPS was constructed with concrete walls and aluminum
plates. The tank had dimensions of 6.9 m length, 1.2 m width, and 2.1 m effective height, and the

IPS plate had dimen:

sions of 3 m length, 1.2 m width, effective height of 1.7 m, inclination height of

2.4 m, and 45° inclination angle as represented in Figure 2. The IPS system was operated at flow

rates of 5, 10, 15, an

Inlet pipe <

d 20 L/min, and the effluent from this system was fed to the CW.

j

Figure 2 | Section view o

/
Drainage pipe

f Sedimentation tank coupled with inclined plates settler.

Horizontal subsurface flow constructed wetland (Cw)

The CW was constructed by solid concrete blocks with an internal lining to avoid seepage, with dimen-
sions of 12 m length, 4 m width, and 1 m depth. The CW had a slope of 0.004 and was filled with graded
aggregates of size 12-19 mm and boulder stones of size 50-100 mm to a depth of 0.6 m with an average
porosity of 0.4. The CW was planted with cyperus alternifolius plants as shown in Figure 3.
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Figure 3 | Cross-section area of a horizontal subsurface flow constructed wetland.

Process flow diagram

The process flow diagram for treating turbid water >1,000 NTU from Nadosoito earth dam found in
Monduli district is as shown in Figure 4. The water from the dam is collected at the water collection
sump and pumped to elevated feed tanks at about 3 m high. The water from elevated tanks flows by
gravity to the sedimentation tank coupled with inclined plates settler that feeds the constructed wet-
land. The treated water from the constructed wetland is discharged to an underground storage tank
and a hand pump is used to provide water to the community users.

Storage tank

storage tank

Figure 4 | Process flow diagram of the pilot scale IPS-CW treatment system setup at Nadosoito earth dam.

Sample collection

Three points in the integrated IPS-CW treatment system were selected for water sample collection:
inlet of the IPS, an outlet of the IPS (inlet of the CW), and the outlet of the CW. All samples for phys-
icochemical study were collected in polyethylene sampling bottles of 1,000 ml volume while the water
samples for microbial analysis were collected in a 400 ml glass bottle. All polyethylene sampling bot-
tles were washed and rinsed with distilled water and then re-rinsed with the sampled water in the
integrated system while the glass bottles were washed, rinsed, and sterilized by an autoclave machine.
Collected water samples were stored in a cool box at 4 °C and transported to the NM-AIST laboratory
for analysis. The entire process of sample collection followed the standard methods for the examin-
ation of water and wastewater (APHA 2012). The pilot IPS-CW plant was investigated from
January to June 2020, with a total number of 25 tests whereby at the flow rate of 5, 10, 15, and
20 L/min the system was tested 8 times, 7 times, 5 times, and 5 times respectively.

Sample analysis

Some of the physicochemical parameters were analyzed onsite: dissolved oxygen (DO), electrical con-
ductivity (EC), pH, total dissolved solids (TDS), temperature, and turbidity using a HANNA
multiparameter and turbidity meter respectively. Total suspended solids (TSS) was analyzed by
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direct measurement with a spectrophotometer (HACH DR 2800), Nitrogenous species (NO3 and
NH;) and PO; were determined with a HACH DR 2800 spectrophotometer. Biochemical oxygen
demand (BODs) was analyzed by a closed manometer, as per the standard methods for examination
of water and wastewater at the NM-AIST laboratory (APHA 2012). Bacteriological water quality was
examined by analyzing faecal coliform indicator bacteria (FC). Membrane filtration method was used
to analyze FC, whereby water samples were filtered through membrane filters of 0.45 um pore size
and 47 mm diameter then the filter papers containing the samples were placed in petri dishes contain-
ing the MFC-agar medium and incubated at 44.5 °C for 24 hours to allow the growth fecal bacteria
indicator (Tchobanoglous et al. 2003).

Data analysis

Research data were analyzed by different statistical software including Origin Pro 9 and Excel.
Descriptive statistics were carried out to summarize the data obtained, to establish the removal per-
formance of the treatment systems, and to draw representative graphs of the system performance.

Mean influent parameter — Mean effluent parameter
Mean influent parameter

Parameter removal efficiency = *100%

RESULTS AND DISCUSSION
Variation of physicochemical parameters

The general performance of the IPS-CW treatment system is governed by the water flow rate and the
loading of water pollutants. The treatment system reduces turbidity and other chemical and microbial
parameters, due to different physical, chemical, and microbial processes that are taking place in the
treatment systems.

pH

pH is an important factor in water treatment systems as it affects different chemical and biological
processes (Law ef al. 2011). In the IPS-CW treatment system, pH showed a general increasing
trend from the inlet of the IPS to the outlet of the constructed wetland at all set flowrates as
shown in Table 1. This trend might be due to the anaerobic decomposition of organic matter and
the dissolution of inorganic compounds in water (Masbough ef al. 2005; Mtavangu ef al. 2017).

Temperature

Temperature is a water quality parameter that is important in different biological treatment systems as
it affects the rate of physicochemical and microbial activities and hence pollutant removal (Jing & Lin
2004; Akratos & Tsihrintzis 2007). The temperature at the IPS-CW treatment system varied greatly
due to different weather conditions, with a maximum temperature of 28.84 °C and minimum value
of 20.99 °C as shown in Table 1.

Dissolved oxygen (DO)

DO concentration in the IPS treatment system reflected minor differences at the inlet and outlet of the
system, with the majority of the result showing a decreasing trend from the inlet to the outlet of the

D
bv auest

from http://i

pdf/16/2/516/87 pt0160516.pdf

66



Water Practice & Technology Vol 16 No 2
522 doi: 10.2166/wpt.2021.009

Table 1 | In situ parameters from the integrated IPS-CW

Flow rates (L/min)

points Units 20 15 10 5
pH IPS inlet = 832+ 02 821+02 79+02 7.94 + 0.1
IPS out/inlet CW - 831+0.1 827 +0.2 812+ 0.2 8.06 + 0.1
CW outlet - 8.64 + 0.1 851+ 0.1 839 + 0.1 8.38 + 0.1
Temperature IPS inlet °C 2512+ 05 25.17 £ 0.9 2241 +05 2561 +0.8
IPS out/inlet CW °C 258 +1 2498 + 0.8 2243 + 0.7 2564 + 0.8
CW outlet °C 246 + 05 24.69 + 0.6 2258 + 0.7 2546 + 0.9
DO IPS inlet mg/L 3.87 +02 515+ 0.6 542 +05 433 +0.2
IPS out/inlet CW mg/L 3.86 + 0.1 5.16 + 0.5 532+05 424 +02
CW outlet mg/L 355+ 0.1 3.86 + 0.2 3.78 + 0.2 3.85+0.2
EC IPS inlet uS/cm 278.6 +26.2 225.8 +24.9 292.6 + 47.6 294.65 + 50
IPS out/inlet CW uS/cm 287.4 + 289 2332 + 312 299.29 +47.4 307.8 +49.1
CW outlet uS/cm 328 +32.1 331.6 + 33.7 361 + 289 327.5 + 4838
TDS IPS inlet mg/L 142 + 135 113.6 + 129 146.14 + 24.5 148.56 + 24.8
IPS out/inlet CW mg/L 143.6 + 14.5 116.6 + 15.6 149.57 + 22.7 156.28 + 25.1
CW outlet mg/L 164 + 16.3 147.6 + 13.7 180.29 + 16.7 156.75 + 20.1

system, while the constructed wetland treatment system showed a generally decreasing trend from the
inlet to the outlet of the CW. The observed DO decreasing trend in Table 1 might have been attributed
to the physical, chemical, and biological processes taking place in the integrated systems (Martins
et al. 2003; WHO 2006).

Electrical conductivity and total dissolved solids

Results from Table 1 show that EC and TDS were increasing from influent values of the IPS to the
effluent values of the CW. This increasing trend of EC and TDS in the IPS-CW treatment systems
might have been caused by the dissolution of ions during the breakdown of contaminants in water,
as suggested by Mtavangu et al. (2017).

Aluminum

Aluminum is a naturally occurring metallic element in water. Aluminum-containing treatment sys-
tems such as the coagulation process might lead to the addition of aluminum concentration in
water. In this study, aluminum plates have been used in water treatment, therefore its concentration
was monitored and showed a generally decreasing trend. A mean influent value of 0.51 + 0.2 entered
the system and was reduced by the IPS to 0.3 + 0.1 and final aluminum concentration was reduced by
the CW to 0.03 + 0.01. Therefore, aluminum plates did not add the concentration of aluminum in
water. The integrated IPS-CW was capable of reducing the value of aluminum to allowable drinking
water standards by TBS and WHO of aluminum concentration <0.2 mg/L (EWURA 2020; WHO
2011). The reduction of aluminum might have been due to chemical precipitation, adsorption, and
sedimentation processes (Jayaweera et al. 2007).

Turbidity removal

Turbidity is the water quality parameter that reflects the presence of suspended matter, fine organic
and inorganic matter, soluble colored organic compounds, algae, and other microscopic organisms
making water unsuitable for use without treatment (Mandal 2014). During the integrated IPS-CW
system testing, influent turbidity ranged from 186 to 4,011 NTU, with mean values of IPS and CW
turbidity removal rates presented in Figure 5. The results in Table 2 indicate that turbidity removal
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Figure 5 | Variation of mean turbidity in the system as a function of water flow rate.

Table 2 | Performance of the IPS, CW and the integrated IPS-CW treatment systems

unit

Units

Flow rate (L/min)

in water pollutant removal

20

15

10

5

Turbidity

FC

TSS

NO3~

NH4"

PO4~

BOD

IPS

IPS-CW

IPS
Ccw
IPS-CW
1PS
Ccw
IPS-CW

1PS

IPS-CW

IPS
Ccw
IPS-CW
1PS
Ccw
IPS-CW

1PS

IPS-CW

%
%
%

%
%
%

%
%
%

%
%
%

%
%
%
%
%
%
%
%
%

204 +56
739 +£438
79.9 + 2.6

62.3 +4.4
7114+ 09
89.1+ 1.3

529+ 8
734 +92
88.6 + 2.7

522+ 0.7
515+ 0.7
76.8 + 0.5

264 +7.1
124 +12
35.6 + 6.1

20.6 + 4.9
89+1
279 + 3.7
283 +11.7

426 +49
50 + 14.4

369 +42
82+14
886+ 13

67.5439
784 + 2.7
93 + 14

59 +£9.7
80.8 + 1.3
922 + 1.8

60.7 + 4.7
591+1
84 +138

281 +49
18.7 £ 3.9
423 + 16

234 +26
145+ 04
345+ 22

46.7 £33

556 + 5.6
66.7 + 8.7

62.5 + 8.4
857+ 12
94.8 +1.2

67.8 +3.2
802+ 1.8
939 + 0.7

64.3 +93
86.7 +2
96.1 + 0.6

67.8 + 4.5
64.8 + 1.6
88.6 + 1.7

44.6 +5.8
39.7+78
66 + 6.6

37.6 +5.7
178 +2.7
493 + 3.9
50 +5.8

55.6 + 12.2
833+ 6.7

66.7 + 4.5
883 + 19
959 +1

682+ 19
82+ 14
94.3 + 0.6

80.8 +3.3
874 +22
97.4 + 0.8

73 £3.1
68.8 £ 1.5
91.7 +£ 0.9

447 +3
47.7 + 6.8
713 + 3.8

38.1+ 4.7
196 + 2.9
49.8 +49
57.8 +52

83.3 + 10.5
91.7 +53

efficiency by the IPS increases with the decrease in flow rate (increase in hydraulic residence time of
0.66-2.65 days), which is from 20.4% to 66.7% at 20 and 5 L/min flow rates respectively. The CW was
able to further reduce high values of turbidity at all flow rates, with the highest removal percent being
achieved at the flowrate of 5 L/min. Generally, the mean performance of the IPS-CW system in tur-
bidity removal ranged from 79.9% to 95.9% at flow rates of 20 and 5 L/min, respectively. In addition,
during system testing, when the influent turbidity was <300 NTU the integrated IPS-CW system was
able to reduce the values of turbidity of water to required Tanzania drinking water standards of
turbidity <25 NTU (TBS 2005) at all tested flow rates.

D
bv auest

from http://i

pdf/16/2/516/87

pt0160516.pdf

68



Water Practice & Technology Vol 16 No 2
524 doi: 10.2166/wpt.2021.009

Water turbidity removal at the IPS was mainly governed by the reduced depth and increased area of
sedimentation (Xing ef al. 2006) whereby suspended solids and colloidal matter were concentrated
and allowed to slip down the surface of the inclined plate by gravitation force and settle at the foot
of the sedimentation tank where they were being removed at set time intervals (Chintokoma et al.
2015; Xing et al. 2006). Moreover, turbidity reduction by the CW was led by filtration and sedimen-
tation aided by the reduced interspaces between gravel and plant roots hence removing suspended
particles (Mtavangu et al. 2017). Also, despite the fluctuation in the influent turbidity to the system,
the effluent parameter deviation was highly reduced after treatment especially at lower flow rates,
reflecting the capacity of the system to handle varied pollutant loading rates.

Faecal coliform (FC) removal

FC bacteria present in water may indicate the existence of pathogenic organisms. FC concentration at
the inlet of the IPS ranged from 420 to 2,880 CFU/100 ml. The raw water was allowed to flow into the
IPS for pretreatment then allowed to flow to the constructed wetland for further treatment. Figure 6
shows that both treatment stages were efficient in the removal of FC bacteria present in the water,
with a higher removal rate exhibited at lower flow rates and the CW performing better than the
IPS system. The integrated IPS-CW treatment system exhibited varied removal efficiency depending
on the set flow rates, with mean maximum removal efficiency of 94.3% at 5 L/min flow rate. The
attained final concentration of FC did not reach the allowed standard of 0 CFU/100 mL for safe water.

The removal of FC in the IPS is thought to have been mainly aided by sedimentation processes of
the attached bacteria on solid particles supported by the entrapment by the biofilm developed on the
surface of the inclined plates. While in the CW, the major process is through filtration by the gravels
and plant roots, as well as other processes such as natural die-off and predation by larger organisms
(Ansa et al. 2015; Garcia et al. 2010; Mtavangu et al. 2017; Wu et al. 2016).

1200 —=—Inlet Ips
—e— OQutlet IPS/Inlet CW
—a— Qutlet CW

Faecal coliform (CFU/100ml)
2
o
!

Flow rate (L/min)

Figure 6 | FC removal by the integrated IPS-CW.

Total suspended solids (TSS) removal

Influent TSS concentration at the IPS ranged from 510 to 9,780 mg/l, and the integrated IPS-CW was
able to reduce a significant amount of TSS concentration in the water, as shown in Figure 7. The
system exhibited mean maximum TSS removal efficiency of 97.4% at the 5 L/min flow rate as pre-
sented in Table 2. These results indicate that TSS removal increases with an increase in hydraulic
residence time through the sedimentation process in the IPS and sedimentation and filtration in
the CW (Garcia et al. 2010; Xing et al. 2006).
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Figure 7 | TSS removal by the integrated IPS-CW.

Nitrate (NO3) removal

Nitrate concentration that entered the system ranged from 4.2 to 143 mg/L and the concertation was
changing rapidly due to surface runoff of fertilizers and manures from the surrounding farms, uptake
by phytoplankton, and denitrification by bacteria in the dam (WHO 2006). Although the concen-
tration of nitrate in some of the test events were within the Tanzanian Standards of 10-75 mg/L of
NOs3, still the system was able to reduce the high nitrate concentration events to allowable Tanzanian
(TBS 2005) and WHO standards of drinking water, as shown in Figure 8. The IPS and the integrated
IPS-CW system mean performance ranged from 52.2% to 73% and 76.8% to 91.7% at all set flow rates,
respectively, as shown in Table 2. The main removal mechanism of organic and inorganic nitrogen in
the IPS is through particle setting and volatilization. In the constructed wetland, nitrate removal was
aided by different physical, biological, and chemical processes such as particle settling (sedimentation),
volatilization, sorption, assimilation by plants, algae, and bacteria, and transformation processes con-
ducted by microbes (denitrification) (Caselles-Osorio et al. 2017; Garcia et al. 2010).

Ammonium (NH;) removal

The presence of ammonia in water indicates organic pollution from animal and human wastes and the
possibility of bacterial contamination (Eliakimu ef al. 2018; WHO 2006). Ammonium concentration
entering the system at the IPS ranged from 0.55 to 7.29 mg/L. The integrated IPS-CW treatment
system was able to reduce a significant amount of ammonium concentration in water as presented in
Figure 8(c), and maximum removal efficiency of 71.3% was obtained at 5 L/min flow rate.

The removal of ammonium at the IPS might have been attributed to sedimentation and nitrification
processes (Xing ef al. 2006) and the presence of dissolved and free oxygen in the system. While at the
CW, the removal of ammonium might have been caused by sedimentation, plant uptake, and nitrifi-
cation processes (Caselles-Osorio ef al. 2017; Stenstrom & Poduska 1980). The removal of
ammonium in the system was lower compared to the other parameters studied. The lowest removal
efficiency was observed at the constructed wetland, which might be due to the limited amount of
oxygen in the CW as it was being consumed by other processes (Vymazal 2007).

Biological oxygen demand (BODs) removal

Influent BOD levels from the earth dams to the treatment system varied with the maximum value of
20 mg/L of BOD. The pilot IPS-CW plant was able to reduce all values of BOD that entered, to
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Figure 8 | Average nutrients and organic matter removal by the integrated IPS-CW (a) NO3 (b) PO~ (c) NH; (d) BODs.

allowable Tanzania standards of drinking water of BOD <6 mg/L, as shown in Figure 8(d). Also, the
system exhibited mean maximum BOD removal efficiency of 91.7% at a flow rate of 5 L/min, as pre-
sented in Table 2.

In this system, sedimentation, filtration, adsorption, oxygenation, and microbial metabolism are
considered to be the main mechanisms for BOD removal (Karathanasis ef al. 2003).

Phosphate (PO3 ) removal

Phosphate concentration that entered the IPS-CW system ranged from 0.58 to 9.98 mg/L, with mean
maximum removal efficiency of 49% at 5 L/min as presented in Table 2.

The removal of phosphate might have been attributed to sedimentation in the IPS and CW, plant
uptake and substrate sorption in the CW (Garcia et al. 2010), though these processes occurred at
smaller rates leading to a low removal percent of phosphate by both treatment units with the CW exhi-
biting lower removal rates compared to the IPS as shown in Table 2.

Performance of the IPS, CW and the integrated IPS-CW treatment systems in water pollutant removal

The results in Table 2 show the average performances of individual water treatment systems at various
flow rates together with the combination of the two systems in pollutant removal. Generally, the per-
formance of the system was affected by the weather conditions (rainfall, temperature, and wind)
together with the operation conditions (residency time, water pollutant loading rate, and sludge
removal frequencies). The system encountered higher pollutant load than the designed system
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capacity especially for the TSS and turbidity that entered the system; also, there was high fluctuation
of influent parameters. The exposure of CW to a high level of turbidity for a long period may result in
clogging of the system, thus shortening its operational life span. To minimize the limitation, frequent
backwash of the settled sludge at the IPS was carried out. Also, temperature can act as a limiting
factor toward the performance of the system as it affects the settling and vertical velocity of suspended
solids in the system as suggested by Takata & Kurose (2017).

IPS is a treatment unit targeted at suspended solids removal, as demonstrated by previous studies
(Abou-Elela et al. 2015; Chintokoma ef al. 2015; Dorea et al. 2006, 2014). Although in this study, the
system was evaluated for turbidity, TSS, nitrate, ammonium, phosphate, and faecal coliform removal
and it was able to exhibit maximum removal efficiency of 66.7%, 80.8%, 73%, 44.7%, 38.1%, and
68.2% at the flow rate of 5 L/min respectively. The removal of these parameters is thought to have
involved different processes such as sedimentation, nitrification, and denitrification, disinfection by UV
light, and natural die-off processes. The performance of the IPS was affected by the flow rates and
sludge removal frequency, whereby at small flow rates (10 and 5 L/min) and sludge retention time of
two weeks the removal efficiency of parameters was increasing and also at the mentioned flow rates
the variation of the treated parameter was reduced despite the great variability in the influent parameters,
this might have been contributed by the increased residence time for parameter treatment.

In this study, the CW proved efficient in specified parameters removal, as shown in Table 2, and the
removal rate was mostly affected by the residence time, whereby the maximum removal efficiency was
attained at residence of 1.5 days (38 hours and 24 minutes). The CW performed better than the IPS in
the removal of turbidity, FC, TSS and BOD. This is thought to have been contributed by different pro-
cesses such as filtration, sedimentation, predation and microbial metabolism.

The results of the integrated IPS-CW system show that the performance of the system in the
removal of the selected parameter was high, as presented in Table 2.

CONCLUSIONS

Results of the study show that the integrated IPS-CW system is an appropriate pre-treatment combi-
nation for waters with higher turbidity values, typically used in rural areas without water supply
systems. It was possible to reduce the turbidities as high as 1,585 NTU to acceptable levels by Tanza-
nian drinking water standards. The removal of turbidities at higher flow rates can be improved by the
introduction of coagulants at the IPS to improve the sedimentation process. This will enable the system
to operate well even when the turbidities are above 3,000 NTU. Together with turbidity removal, the
system was able to remove a substantial amount of nutrients and pathogens, which are not required
in potable water. It was also observed that despite the high efficiencies for water pollutant removal,
further treatment is necessary to make the water safe for human consumption. There is a need for intro-
ducing a disinfection step at the end to ensure that there are no pathogens in the treated water. This
study has also shown that the system is robust and feasible for handling variations in turbidities as
high fluctuations in levels of contaminants entering the system were faced. Due to low production
cost and simplicity in operation, the system is relevant for application in rural communities.
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