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Abstract: One in every three people in the world still lacks access to clean drinking water.
Aside from microbiological pollution, high fluoride content in drinking water is one of the
most serious problems in African countries. This study aimed to contribute to the
availability of clean water by developing a point-of-use drinking water purifier using an
aluminum oxide-based flocculent-disinfectant composite. Batch experiments were
conducted to determine factors affecting fluoride removal efficiency (FRE) and E. coli log
reduction efficiency. AO of 75 mg/L, 800 mg/L alum, lime (35% alum dose), and 1.5 mg/L
Ca(OCl); doses achieved 95% FRE and 5 log,, reductions of E. coli using 15 mg/L as initial
fluoride concentration ([F~]o), and 10° CFU/100 mL E. coli concentration. [F~], affected
FRE but showed no effect on E. coli log reduction. The optimum pH of the solution for
both FRE and E. coli log reduction was found to be in the range of 4-8. Three prototypes
in powder form were developed. The prototypes were tested on real water samples from
the Ethiopian Rift Valley, and the results were found to be within the drinking water
standards, thus indicating the capability of the developed products to purify
contaminated water for human consumption.
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= INTRODUCTION

While access to safe drinking water remains critical
to human survival, the majority of the world population
lacks access to it [1]. For example, estimates in 2017
indicated that 785 million people worldwide lacked access
to basic drinking water supply and sanitation, with
around 144 million of these individuals depending on
contaminated water resources. Duke et al. [2] also pointed
out that even people with “improved” water sources, such
as household connections, public standpipes, and
boreholes, are still at risk of consuming microbiologically
and chemically contaminated water. In Africa, the spread
of deadly waterborne diseases such as dental and skeletal
fluorosis, diarrhea, dysentery, typhoid, and cholera are
linked to a lack of access to clean water and poor
sanitation [3]. Naik [4] pointed out that less than 50% of
the rural communities in Africa have access to both safe

water and sanitation. The authors further acknowledged
that the continent continues to suffer from the problem
of acute water scarcity, clean water deficit, and crises.
Countries within the African Great Rift Valley
Region are at high risk of consuming contaminated
water. For example, studies have indicated that fluoride
concentration is exceptionally high in countries within
the East African Great Rift Valley Region [5]. In some
countries, such as Malawi [6], Ethiopia [7], and
Tanzania [8], the hydrochemical characteristics of
groundwater are highly associated with high fluoride
concentration above the recommended level. In
Ethiopia, about eight million people consume water
containing fluoride concentration above 1.5 mg/L, that
is permissible limits established by the WHO [9]. Zewge
[9] reported that the daily intake of fluoride
concentration above 1.5 mg/L is linked to dental and
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skeletal fluorosis. Similar cases are reported in countries
such as Sudan, Nigeria, Kenya, Tanzania, and Malawi,
with a great occurrence of dental and skeletal fluorosis in
the majority of populations [10-12].

The most prevalent household water treatment
processes
disinfection, boiling, coagulation, and flocculation [3].

include  chlorination, filtration, solar
These are effective at reducing microbial contamination.

Various technologies have also been developed
worldwide, including in Ethiopia, to treat water sources
with high fluoride concentration [8,13]. The coagulation,
precipitation on AL,(SOs);, CaO, and CaCl,, adsorption on
activated  alumina, aluminum-based adsorbents,
bentonite, ion exchange with synthetic resins, and bone
char are the most extensively employed fluoride removal
techniques in developing countries [14-15]. In rural
Ethiopia, some of these techniques have proven to be
inefficient in removing exceptionally high fluoride levels
in the Central Rift Valley region [10]. Therefore, activated
alumina and bone char have been proposed in the region.

Coagulant/disinfection products (CDPs) have the
benefit of

improvement, turbidity reductions, and a post-treatment

distinct offering  microbial quality
free chlorine residual (FCR) among the various available
point of use (POU) techniques (e.g., boiling, household
chlorination, and ceramic filtration). These are readily
available sachets that contain at least two main active
ingredients (typically in powdered form), namely a
coagulant (e.g., aluminum or ferric salt) and a disinfectant
(i.e., chlorine variant). Examples include the PUR
product, which is a small sachet containing powdered
ferric sulfate (a flocculent) and calcium hypochlorite (a
disinfectant), Bishan Gari as well as Aquatabs products
[16]. The Bishan Gari water purifier has the following
advantages, according to Bogale [16]: a longer shelf life
than liquid chlorine, a small volume that makes it simpler
to carry and store, it is locally made, and inexpensive. The
downside of the Bishan Gari water purifier include that it
does not reduce fluoride levels to below 1.5 mg/L for
water sources with high fluoride concentration, and
people do not like the smell of the treated water.

The combination of aluminum sulfate and lime

in water purifiers also reduces fluoride levels in drinking
water. The insoluble aluminum hydroxide flocs formed
during this process are responsible for the co-
precipitation of the fluoride ions, a technique called
Nalgonda [14]. However, this method is not suitable for
treating water with high total dissolved solids (TDS) and
raw water fluoride concentration exceeding 10 mg/L. In
addition, the aforementioned water purifiers generate a
lot more sludge after treatment since the technologies
consume more aluminum sulfate dose to reduce the
fluoride to its permissible level, and some of the water
purifiers do not effectively treat turbid water. Hence,
there is a need to look for a solution to minimize the
amount of sludge produced after treatment and also to
effectively treat turbid water.

Therefore, POU water treatment technologies with
a combination of coagulants and disinfectants are
among the technologies used to empower people and
communities which use unimproved water sources and
water sources with high fluoride concentration to
improve water quality by treating it at home [12,17-18].
Research conducted by Mulugeta et al. [19] compared
the performance of commercially available activated
alumina (AA) and aluminum oxide (AO) synthesized in
the laboratory. It showed that the fluoride removal
capacity of AO synthesized in the lab was twice that of
the commercially available aluminium oxide, such as
These
defluoridation technologies occur at the source, and

activated alumina and pseudo-boehmite.
therefore during transportation and storage of drinking
water, there might be a high risk of microbial
contamination together with fluoride contamination.
Therefore, there is a need to look for technologies to
remove both fluoride and microbes. Therefore, the
objectives of this study were (a) to conduct batch
fluoride and bacterial removal experiments using the
synthesized  AO,

hypochlorite, and lime under optimized conditions, (b)

aluminum  sulfate, calcium
to test the composite on actual water samples from the
Ethiopian Rift Valley region, and (c) to develop a
prototype household water purifier using aluminum

oxide-based flocculent-disinfectant composite.
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m EXPERIMENTAL SECTION
Materials

The reagents and chemicals utilized were received
without any treatment. The materials used in this study
were anhydrous sodium fluoride (99.0% NaF, BDH
Chemicals Ltd, Poole, England); aluminium sulfate
(Al(SO4)5-14H,0, which was purchased from Awash
Melkasa Aluminium Sulfate and Sulfuric Acid Factory,
Ethiopia); sodium hydroxide, calcium hypochlorite, and
sodium thiosulfate (99% purity, Merck, Germany); the
lime was purchased from Senkele Lime Factory, Ethiopia.
Total ionic strength adjustment buffer (TISAB) was
prepared following the recommended procedure, except
for the ethylenediaminetetraacetic acid (EDTA) that was
substituted with cyclohexanediaminetetraacetic acid
(CDTA). The Ethiopian Health and Nutrition Research
Institute (EHNRI) provided a permanent E. coli stock
culture. E. coli cells used in this study were prepared from
the permanent culture.

Instrumentation

The instruments used in the present study were A
pH/ISE meter (Orion Model EA 940 Expandable Ion
Analyzer, USA) fitted with a combination ion selective
fluoride electrode (Orion Model 96-09, USA) used to
measure the concentration of fluoride; muffle furnace
(Carbolite, ELF Model, UK); turbidity meter (Thermo
Scientific Orion AQ4500 Turbidimeter, USA); UV-vis
spectrophotometer (ThermoFisher Scientific, USA) and
portable conductivity/TDS meter (HACH, HQ1140,
USA).

Procedure
E. coli enumeration

Before and after treatment, the concentration of
viable E. coli bacteria was determined using the pour plate

method, as described in standard method 9215B [20]. The
following formula in Eq. (1) was applied to the E. coli

count.
A
CFU mL = verage count «100 (1)
100 Volume of the sample

where CFU is the Colony Forming Unit
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Analysis of fluoride

The fluoride stock solution was prepared by
dissolving 2.21 g of anhydrous sodium fluoride in
deionized water and filling up to 1000 mL with
deionized water. The fluoride solutions used during the
batch process were made by diluting the stock solution.
The pH/ISE meter was calibrated using standard
solutions containing fluoride concentration of 0.5, 1.0,
5.0, 10.0, and 20.0 mg/L before each trial. An equal
volume of TISAB was added to each sample before
measuring the fluoride concentration. All samples were
filtered through a 0.2 um filter paper for fluoride
analysis. All tests were carried out at room temperature.

Chlorine measurement

Calcium hypochlorite was used to produce a 1%
chlorine stock solution. The chlorine solutions used
during the batch process were made by diluting the stock
The
concentrations were measured by the N,N-diethyl-p-
phenylenediamine (DPD) method [21].

solution. chlorine and residual chlorine

Synthesis of aluminum oxide (AO)

AO was synthesized using the standard method
developed by Mulugeta and his research colleagues [15].
The precursor material was aluminum sulfate (alum).
AQ was prepared by mixing 100 g of AL,(SO4);-14H,0 in
500 mL of distilled water while stirring with a magnetic
stirrer until complete dissolution. NaOH (2 M) was used
to adjust the pH. The precipitate (AO) was dried by
exposure to sunlight. The AO was activated by heating it
at 300 °C in a furnace for 1 h. It was then thoroughly
washed with deionized water to remove excess Na,SO..
The AO material was sun-dried again and crashed into
powder with a mortar and pestle.

Batch experiments

All batch tests were performed in a 500 mL beaker
containing 500 mL of fluoride-spiked distilled water and
E. coli under constant mixing conditions on a magnetic
shaker at room temperature. The sample solution was
regularly removed from the beaker. The residual
fluoride concentration was determined immediately
after adding an equal amount of TISAB to a 10 mL sample
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solution. Chlorination was stopped with a quencher of
50 uL of 10% sodium thiosulfate. All tests were conducted
in triplicate, and the mean values were used. The fluoride
removal efficiency (FRE) was determined using Eq. (2).

o _ CO _Ct
% FRE =| ——— |x100 (2)
Co

where Cy and C; are the initial and at any time (t) fluoride
concentration in solution (mg/L), respectively. The
removal efficiency of E. coli was expressed as the logio
reduction value of bacteria using Eq. (3).

N
LRV =log,, —t (3)
£10 N,

where, LRV = log reduction value of bacteria counts at
time t; Ny = initial bacterial concentration at time 0, N, =
final bacterial concentration after a treatment time t.

Optimization of operation parameters

Batch operation parameters were optimized by
varying one parameter at a time and allowing the rest to
remain constant. The effect of dose on fluoride removal
efficiency and E. colilog reduction was studied by varying
doses of aluminum sulfate (700, 800, 900, 1000, and
1100 mg/L), AO (45, 75, 105, 135 and 165 mg/L), lime
(35% alum dose), and calcium hypochlorite (0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 mg/L) at constant initial fluoride
concentration of 15mg/L and approximately 10°
CFU/100 mL E. coli concentration.

The contact time effect was studied by changing
time (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and
120 min). The effect of initial fluoride concentration
([F~]o) was studied by varying the fluoride concentration
(5, 10, 15, 20, 25, and 30 mg/L). The pH effect was
examined by changing the initial pH of the solution (3, 4,
5 6, 7, 8 9, and 10). The effect of initial E. coli
concentration was investigated by spiking the water with
different E. coli concentrations (10% 10° 107, and
10® CFU/100 mL).

Testing the composite with actual water samples
Actual water samples were collected from six
different sites within the Ethiopian Rift Valley, namely the
Bora district (Tube, Tejitu, Dolessa), the Adami Tulu Jido
Kombolcha (ATJK) district (Germama, Anano), and the
Dugda district (Serity) in 30 L plastic Jerri cans. The
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samples for E. coli analysis were collected in sterilized
bottles. The Jerri cans were labeled for identification
before being adequately stored and transferred to the
laboratory. The optimized dose from the batch
experiments was tested on these water samples. Water
samples were analyzed for different parameters before
and after treatment. Methods of water quality analysis
were done according to standard methods for examining
water and wastewater specified by the American Public
Health Association [20]. The water samples were
analyzed for the following parameters: turbidity, pH,
electrical conductivity (EC), fluoride, E. coli, alkalinity,
sulfate, aluminum, residual chlorine, and chloride. The
obtained values were compared against the WHO
drinking water standards to evaluate their suitability for
drinking purposes.

Development of a prototype household water
purifier

Batch experiments were conducted on actual water
samples to optimize a combination of four materials that
can effectively treat 10 L of water samples. The water
purifier prototype was developed based on batch
experiments conducted on actual water samples. Three
prototypes were developed as high, medium, and low
dose for treating 10 L water samples with 5, 10, and
15 mg/L fluoride concentration, respectively. A dose of
75 mg/L AO, 800 mg/L alum, 15% lime, and 2 mg/L
Ca(OCl), was used to develop a low-dose prototype to
treat water with fluoride concentration < 5 mg/L. A dose
of 85 mg/L AO, 850 mg/L alum, 15% lime, and 2 mg/L
Ca(OCl),, was used to develop a medium dose prototype
to treat water that contains fluoride concentration
<10 mg/L. A dose of 95 mg/L AO, 900 mg/L alum, 15%
lime, and 2 mg/L Ca(OCI), was used to develop a high-
dose prototype to treat water that contains fluoride
concentration <15 mg/L. The high, medium and low
doses weigh 11.9, 10.6, and 9.9 g, respectively. Finally,
the materials were packed in a single sachet for POU
water treatment. The developed prototypes were tested
on water samples from the Ethiopian Rift Valley. The
treated water samples were analyzed for turbidity, pH,
electrical conductivity, fluoride, E. coli, alkalinity,
sulfate, aluminum, residual chlorine, and chloride.
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m RESULTS AND DISCUSSION
Optimization of Process Parameters

The effect of dose

Fluoride removal efficiency increased with an
increase in dosage from 83.2 to 95.7%, as shown in Table
1. This is attributed to the increased production of higher
amounts of precipitates and aluminum hydroxides, which
increased the fluoride removal efficiency [22]. There was
no improvement in the percent fluoride removal at higher
dosages than 75 mg/L AO, 280 mg/L lime, and 800 mg/L
alum due to the presence of excess precipitates compared
to fluoride ions, assuming that the amount of aluminum
complex per fluoride ion stays constant. Higher alum/AO
doses could lead to the wastage of chemicals without
significantly increasing the amount of fluoride removed.

This dosage of 75 mg/L AO, 800 mg/L alum, and
280 mg/L lime is adequate to lower the fluoride levels in
drinking water to 1.5 mg/L. Similar results were obtained
by Shimelis et al. [23] on the removal of fluoride from
water using aluminum hydroxide. After a dose of 1.6 g/L,
there was no significant change in fluoride removal; hence
that dose was considered the optimum dose. Various
combinations of AO and alum did not produce efficient
E. coli log reduction, as shown in Table 2. The various
combinations only reduced E. coli in the range of 0.0021
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to 0.0091 log, corresponding to 2 to 9% E. coli removal.
As such, a dose of 75 mg/L AO and 800 mg/L alum was
selected for further dose optimization with calcium
hypochlorite. The dose of 75 mg/L AO, 800 mg/L alum,
and 280 mg/L lime was combined with different
concentrations of calcium hypochlorite in the range of
0.5 to 4 mg/L. There was a slight increase in fluoride
removal after adding calcium hypochlorite, as shown in
Table 3. The reaction in Eq. (4) occurs when calcium
hypochlorite is added to water.

Ca(OCl), +2H,0—2HOCl g +Cary) +20Hg) (4)

The calcium ion in the solution reacts with fluoride
to form calcium fluoride (CaF,), according to Eq. (5).
Ca** +2F — CaF, (5)

Calcium fluoride is insoluble and is left like a
precipitate. This contributes to fluoride removal via
precipitation [24]. Calcium hypochlorite disinfects
water through an inactivation process that causes
damage to the cell membrane and cell wall of E. coli [25].

After adding calcium hypochlorite to water,
hypochlorous acid (HOCI") is formed. Proteins and
peptidoglycan bound to the cell wall and the cell
membrane are the initial points of attack for chlorine
disinfection [26]. After the cell wall and membrane
damage, HOCI can penetrate the cell wall and reach the

Table 1. Fluoride removal efficiency (%) for various combinations of alum, AO, and 280 mg/L lime

Alum (mg/L)

AO (mg/L)

700 800 900 1000 1100
45 8324071 857+0.81 90.1+0.08 91.2+0.07 92.1+045
75 858+043 92.1+051 932+0.56 93.9+073 94.1+0.18
105 87.1£0.63 92.5+054 929+0.54 94.1+1.12 949 +0.38
135 897071 93.1+0.87 937+076 945+034 952041
165 90.7+0.98 947 +0.53 948+034 951+028 957+0.37

Table 2. log), reduction (10> CFU/100 mL) of E. coli for various combinations of alum, AO, and 280 mg/L lime

Alum (mg/L)

AO (mg/L)

700 800 900 1000 1100
45 0.21+0.05 0.24+0.01 029+0.01 0.33%£0.04 0.40+0.05
75 0.31+0.05 0.41+0.05 0.51+0.04 0.68+0.04 0.60=x0.10
105 0.35+0.10 0.52+0.04 056+0.01 0.59+0.01 0.61=£0.05
135 040+0.10 0.67+0.04 0.72+0.04 0.83+0.04 0.87+0.01
165 0.60+0.01 0.73+0.02 0.08+0.05 090%0.05 0.91+0.05
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cytoplasm, followed by reactions with purine and
pyrimidine bases of the nucleic acids, whereby thymidine
deoxyguanosine and uridine monophosphate are
preferred targets. There was an increase in log reduction
for E. coli with an addition of calcium hypochlorite (Table
3). An increase in the dose of calcium hypochlorite led to
an increase in logy, reduction of E. coli A low
concentration of calcium hypochlorite produces low
HOCI concentrations. As a result, at low concentrations,
microbial inactivation is low due to its inability to reach
the cytoplasm and cause damage to the DNA [27]. A
0.5 mg/L of Ca(OCl), only achieved 1 logi, reduction
(about 90%) of E. coli. In contrast, higher chlorine
concentrations cause a larger impairment of the cell wall
and membrane, enabling HOCI to penetrate the cell wall
and react with nucleic acids. This results in high-level
DNA damage to the bacterial cells, impeding DNA
amplification, even for short amplicons [26]. This is why
4 mg/L of Ca(OCl), achieved a 6.7 logiy (99.9999%)
reduction of E. coli. These results agree with a previous
study by Owoseni et al. [21] on the survival of E. coli
collected from secondary effluents of two wastewater
treatment facilities in the Eastern Cape Province of South
Africa with different chlorine concentrations. The
bacteria log reduction ranged from 1 to 5 at low calcium
hypochlorite concentrations (0.5 to 1.5 mg/L). At higher
calcium hypochlorite concentrations (2 to 4 mg/L), the
bacteria log reduction ranged from 6.0 to 6.7.

The residual chlorine concentration was in the range
of 0.09 to 1.72 mg/L. Residual chlorine is defined as the
concentration of chlorine species present in water after

the oxidant demand has been met [28]. The report from
the Centers for Disease Control and Prevention
indicates that the presence of residual chlorine in
drinking water indirectly implies the absence of disease-
causing organisms, secondly, it indicates that the water
is  protected
transportation and storage at home [29]. The free

against recontamination  during
chlorine level in drinking water correlates with the
absence of most disease-causing organisms and hence
serves as a measure of water potability. The WHO
recommends that free chlorine residual range of 0.2-
0.5 mg/L is maintained at all points in the water supply
for locations with little risk of cholera or associated
epidemics [30]. Since 1.5 mg/L of calcium hypochlorite
produced 5 log reduction for E. coli, which is a good
performance. The residual chlorine concentration was
0.48 mg/L, which is enough to protect water from
recontamination and is within the WHO permissible
limits. The dose of 1.5 mg/L Ca(OCl),, 75 mg/L AO,
800 mg/L alum, and 280 mg/L lime was selected as an
optimum dose for further experiments.

Effect of contact time

Fig. 1(a) shows that fluoride removal was fast
within the first 15 min. Fluoride removal attains almost
an equilibrium condition after 60 min. This indicates
that all active sites for binding fluoride ions are occupied
quickly [31]. A contact time of 30 min is enough to
remove 90% of fluoride in a solution with the dose of
75 mg/L AO, 800 mg/L alum, 35% lime, and 1.5 mg/L
calcium hypochlorite. This shows that a contact time
more than 30 min does not affect fluoride removal. Similar

Table 3. Fluoride removal efficiency (%) and E. coli log reduction with 75 mg/L AO, 800 mg/L alum, 280 mg/L lime,
and different concentrations of calcium hypochlorite at 15 mg/L of fluoride and 10° CFU/100 mL

Concentration Fluoride removal Logy, reduction  Residual
of Ca(OCl), (mg/L) efficiency (%) for E. coli chlorine

0.5 94.31 £ 0.06 1.0 £0.07 0.09 £ 0.04

1.0 95.11 + 0.09 2.7+£0.05 0.12 +£0.03

1.5 95.32 £ 0.27 5.0 £ 0.50 0.48 £0.10

2.0 96.56 + 0.13 6.0 £0.05 0.60 £ 0.06

2.5 96.71 £ 0.11 6.1 +£0.10 0.92 +0.07

3.0 9722 +0.24 6.2+0.70 1.21 £0.01

3.5 97.31 + 0.56 6.4 +0.90 1.50 = 0.02

4.0 97.89 £ 0.70 6.7 £0.40 1.72 £ 0.09
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Fig 1. The effect of contact time on (a) fluoride removal and (b) E. coli log reduction ([F] = 15 mg/L, pH = 6.7, E. coli
=10’ CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl), = 1.5 mg/L)
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Fig 2. The effect of [F ], on (a) F~ removal efficiency, (b) E. coli log reduction (contact time = 30 min, pH = 6.7, E. coli
=10° CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl), = 1.5 mg/L)

results were observed by Zewge [9] for the removal of
fluoride from water using a combined aluminum
sulfate/hydroxide process. Fig. 1(b) shows a 2.5 logi
reduction of E. coli bacteria after 10 min of exposure. E.
coli reductions of 5 log;, were achieved within 20 min.
After 20 min, there was no significant change in E. colilog
reduction. The results agree with previous research
findings by Owoseni et al. [21] on the inactivation of E.
coli using calcium hypochlorite. The results showed that 5
logio E. coli reduction was achieved within 20 min and that
after 20 min, there was no significant difference in E. coli
log reduction. This shows that more than 20 min of
contact time does not affect E. coli inactivation. Because
the reactions involved E. coli log reduction and fluoride
removal, 30 min was enough to reduce the fluoride
concentration to 1.5mg/L and achieve 5 E. coli log

reduction. Therefore, a contact time of 30 min was
selected as the optimum contact time for further
experiments.

Effect of initial fluoride concentration

The findings were plotted as fluoride removal
efficiency versus initial concentration of fluoride (Fig.
2(a)) and E. coli log reduction versus [F], (Fig. 2(b)).
Maximum fluoride removal occurred at lower fluoride
concentration, as shown in Fig. 2(a). For a given amount
of coagulant level, fluoride removal is high at low
there
aluminum oxide complexes for fluoride ions [32]. As

fluoride concentration because are more
fluoride concentration increases, the binding potential
of aluminum oxide reaches saturation, resulting in a
decline in fluoride removal. This is attributed to the

intensive use of all active sites on the complex's surface,
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and the incoming fluoride ion from the water being
repelled by repulsive forces [33]. These results are in line
with Hussein and Vegi [31], who found that the fluoride
removal efficiency reduced from 93 to 78% with the
increase in [F], from 8 to 25mg/L. Initial fluoride
concentration did not significantly affect E. coli log
reduction, as shown in Fig. 2(b). Fluoride is toxic to
bacteria, fungi, plants, and animals at high concentrations
[34]. To overcome this problem of fluoride toxicity, E. coli
bacteria developed fluoride resistance mechanisms. E. coli
has a class of regulatory RNAs, or riboswitches, that bind
to fluoride and regulate gene expression in response to
this anion. Riboswitches are metabolite or ion-sensing
structured RNA motifs typically found in the noncoding
regions of specific mRNAs. They regulate the expression
of neighboring protein-coding regions via various
mechanisms, including transcription termination,
translation blockade, and alternative splicing [35]. This
explains why fluoride concentration did not affect E. coli

log reduction.

Effect of pH

The fluoride removal process, which involves the
hydrolysis of alum and the preferential adsorption of
fluoride ijons onto aluminum oxide undergoing
precipitation, is highly dependent on the pH of the solution.

The percentage of fluoride removal increases as the

pH of the solution increases from 3 to 8, and the

100 1)
95 9
90 +
85 4

80 1

75 1

Fluoride removal efficiency (%)

70 T T - T v v T T \
2 3 4 5 6 7 8 9 10 M
pH

Log reduction
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maximum fluoride removal is observed at pH 6 to 7 (Fig.
3(a)). AI(OH); is responsible for fluoride removal. The
Al(OH); floc is believed to adsorb F~ strongly, and the
formation of this precipitate is optimal in a pH range of
6 to 7 [36]. Below the pH of 5, there is insufficient
aluminum hydroxide to precipitate AI(OH); since
aluminum species such as AI’*, AI(OH)*" and Al(OH),"
are prevalent [37]. When the pH was raised to 10, the
percentage of fluoride removal gradually decreased
because soluble AI(OH), is the predominant species
that repel the fluoride ions. This is consistent with the
findings of [38], who also found that the maximum
fluoride removal using aluminum oxide was achieved
with a pH range of 6 to 7. The populations of E. coli were
reduced by about 1 and 5 log,, CFU/100 mL in a pH
range of 3 to 10, with a maximum log reduction achieved
at 5-6 (Fig. 3(b)). pH is an essential factor that influences
the When
hypochlorite is added to water, Eq. (4) occurs:
Hypochlorous acid dissociates to produce the
hypochlorite ion, as shown in Eq. (6).
HOCl—> H" +0Cl™ (6)
Hypochlorous than
hypochlorite ion and a more powerful disinfectant and

efficiency of disinfection. calcium

acid is more reactive
oxidant [27]. A higher pH allows for more hypochlorite
ions, resulting in less hypochlorous acid in the water [39].
Low pH allows for the formation of fewer hypochlorite

10 12

(b)
-15 4

-2 4
25 1
-3 -
-35 1
-4 4
45 4
5 4

55 4
pH

Fig 3. The pH eftect on (a) fluoride removal and (b) E. coli log reduction ([F"] = 15 mg/L, contact time = 15 min, E.
coli = 10° CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl), = 1.5 mg/L)
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ions and more hypochlorous acid. Hypochlorous acid is
the most effective type of free chlorine residual, i.e.,
chlorine that is accessible to kill microbes in water,
whereas hypochlorite ions are far less effective
disinfectants. As a result, disinfection is more efficient at
low pH (with high amounts of hypochlorous acid in
water) than at high pH (with high amounts of
hypochlorite ions in water) [40]. This explains why E. coli
concentrations were lower in the acidic medium
compared to the primary media. These findings are
consistent with Owoseni et al. [21], who showed that
maximal log reduction of E. coli with calcium
hypochlorite was attained in pH solutions ranging from 3

to7.

Effect of initial E. coli concentration

The initial E. coli concentration did not affect
fluoride removal (Fig. 4(a)). This might be attributed to
the fact that there is no competition between E. coli and
fluoride ions for the binding site. The log reduction rate
decreased as E. coli concentration increased (Fig. 4(b)). At
initial concentrations of 10* and 10° CFU/100 mL, 5 and 6
logio reduction was achieved. At initial concentrations of
107 and 10* CFU/100 mL, the log, reduction was reduced
to 2.

More calcium hypochlorite or more extended
treatment periods will be needed to destroy the same
proportion of E. coli cells at very high cell concentrations
(10 CFU/100 mL and more). The E. coli concentration

——10"4 —8—10"5 —A—10"7 —e—10"8
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effect seen here may be attributed to the concentration
of molecules available to interact with E. coli cells [27].
For the inactivation of E. coli, there is a need for direct
of
hypochlorite in a solution and bacterial cell membranes

interaction between a given concentration
[21]. This suggests that a saturation point is reached at
high E. coli concentrations where enough bioactive
molecules are required to associate with prominent
receptor locations within the cell. The concentration of
hypochlorite ions available to kill E. coli cells becomes
very limited at high E. coli concentrations, and hence a
higher reduction rate is not achieved [27]. These results
are in line with those of Liang et al. [41], who argued that
the

inactivation of E. coli.

initial E. coli concentration affects the log

Testing the Composite with Actual Water Samples

The concentrations of Fluoride and E. coli before
and after treatment are shown in Table 4. The FRE was
in the range of 77.5 to 89.1%. Treated water samples
from Serity, Tejitu, Germama, and Anano had fluoride
concentration that were above the acceptable WHO
drinking water standard. The reduced fluoride removal
efficiency could be attributed to the alkalinity of the
water samples. Alkalinity includes hydroxides, carbonates,
and bicarbonate. Carbonate has a high affinity for
Al(OH);. The observed decrease in fluoride removal
may be attributed to the rivalry for aluminum hydroxide
complexes between the carbonate and fluoride anion [36].

——10"4 —8—10"5 —aA—10"7 —e—10"8

0 20 40 60

Log reduction

Contact time (min)

Fig 4. The effect of initial E. coli concentration on (a) fluoride removal and (b) E. coli log reduction
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Table 4. Concentrations of different water quality parameters for actual water samples

Drinking water quality Tube Serity Dollessa
parameters RW ™W RW ™W RW W
Fluoride (mg/L) 3.67+£0.10 0.4+0.01 12.3 £ 0.34 1.6 £0.08 555+0.23 0.97+0.12
pH 7.55+0.12 7.20£ 0.10 8.10 £ 0.34 724+03 819+040 6.62+0.20
EC (us/cm) 410 £ 0.79 546 = 0.50 770 = 0.90 836150 530+1.03 767 +1.00
TDS (mg/L) 205+1.22 273 £ 1.50 385+1.72 458.5+0.50 265+2.33 383.5+2.16
E. coli (CFU/100 mL) 1.9x10° + 13.0 19 +£2.12 1.6x10° + 10 0 1.77x10° £ 21 0
Turbidity (NTU) 58 +0.17 5+0.09 3.3+0.01 <1+0.01 <1+0.03 <1+0.01
Alkalinity as CaCO; (mg/L) 739 +0.81 - 821 +0.91 - 856 +0.12 -
Aluminum (mg/L) 0.01 +0.01 0.14 + 0.01 0.01 £0.001 0.15+0.01 0.01+£0.001 0.04+0.005
Chloride (mg/L) 1.19 £ 0.01 2.35+0.10 1.20 £ 0.12 310+0.05 0.40£0.03 1.27+0.20
Sulfate (mg/L) 87 +0.89 135+ 1.00 98 £0.91 140 + 1.50 50 +£0.70 117 £ 1.50
Residual Chlorine (mg/L) - 0.08 £ 0.01 - 0.39 £ 0.04 - 0.33 £0.01
Drinking water quality Tejitu Germama Anano
parameters RW ™ RW ™ RW ™
Fluoride (mg/L) 9.63 £0.31 1.63 +0.03 15.1 £ 0.09 2.8+£0.03 10.5+0.24 2.36 +0.67
pH 8.10 + 0.12 7.32+0.01 8.01 +0.45 716 +0.01 7.66+0.82 6.90+0.01
EC (us/cm) 700 £+ 1.33 836 +2.00 1115+ 1.61 1335+ 1.50 1101 +1.23 1348 +1.50
TDS (mg/L) 350 £1.21 418 £1.50 557.5+1.83 667 £1.50 550.5+0.21 674+2.00
E. coli (CFU/100 mL) 1.98x10° + 23 0 1.08x10° + 17 874 1.3x10* + 12 0
Turbidity (NTU) <1+0.01 <1x0.02 59 £0.12 7£0.02 <1£0.01 <1£0.01
Alkalinity as CaCOs (mg/L) 809 +£0.21 - 791 +£0.21 - 784 £ 0.01 -
Aluminum (mg/L) 0.01 = 0.002 0.06 = 0.005 0.02 £0.002 0.06 +0.001 0.01 £0.002 0.18 +0.005
Chloride (mg/L) 0.90 +0.21 2.10 +£0.20 1.43 £0.02 397+0.08 0.82+0.02 2.70+0.10
Sulfate (mg/L) 6710.45 127 £ 1.00 56 +2.12 97 + 1.50 30+0.21 73 +0.50
Residual Chlorine (mg/L) - 0.44 + 0.02 - 0.12 +0.01 - 0.42 +0.01

Note: RW: Raw water. TW: Treated water

A similar interfering role of alkalinity due to carbonate
ions on fluoride removal by activated carbon was also
reported [42].

Treated water from Tube and Germama had E. coli
concentration that was above the WHO drinking water
standard. The residual chlorine of these water samples
was 0.08 and 0.12 mg/L, respectively, which is below
WHO drinking water standards. This could be attributed
to the turbidity of the water samples. The turbidity of
these water samples was 58 and 59 NTU for Tube and
Germama, respectively. Turbidity contains organic
compounds [43]. The organic compounds in turbidity are
known to react with hypochlorite, increasing the chlorine
demand and thereby reducing E. coli log reduction. In
addition, organic and inorganic particles contained in
turbidity protect microorganisms from free chlorine

disinfection, a phenomenon recognized as 'particle
association' [39]. The stabilization of cell membranes
protects by restricting access to critical components for
cellular inactivation and microbial inactivation [44].
These results align with the findings of Léziart et al. [45],
where E. colilog reduction reduced from 4 log reduction
to 1 log due to turbidity. It was discovered that total
organic carbon interferes with preserving free chlorine
residual. To preserve adequate chlorine disinfection
performance, the turbidity of the raw water is suggested
tobe 1 to 5 NTU or a high dose of coagulant and chlorine
is required. The results show that the actual water
samples require a high dose of calcium hypochlorite to
meet the drinking water standard for a turbid water
sample. On the other hand, aluminum, chloride, sulfate,
pH, alkalinity, and total dissolved solids were within the
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permissible limits. To meet the drinking water standards,
batch experiments were conducted to find the dose that
could effectively treat actual water samples with high
fluoride concentration and high turbidity. The results
showed that the water samples were alkaline, and hence
the lime dose was reduced and Ca(OCIl), concentration
increased from 1.5 to 2.0 mg/L to effectively reduce E. coli
concentration. A dose of 95 mg/L AO, 900 mg/L alum,
15% lime, and 2 mg/L calcium hypochlorite effectively
treated the actual water samples with up to 15mg/L
fluoride and 58 NTU turbidity.

Development of a Prototype

The prototypes were developed to be used as follows:
(1) Mix contents in 10 L of water, (2) Stir the well for 5
min and let the water stand for 25 min, (3) Use a clean

Indones. J. Chem., 2023, 23 (3), 636 - 649

cloth to filter the treated water and dispose of the filtered
floc, (4) The water is ready to use.

The developed prototypes were tested on actual
water samples to assess their suitability for drinking
purposes. The water quality parameters for treated water
were within the WHO drinking water standards, as
shown in Tables 5, 6 and 7). Residual chlorine
concentrations were 0.29 to 0.46 mg/L, that lies within
the recommended concentration. This means that the
treated water can be protected against recontamination.

m CONCLUSION

The results showed that the dose of 75 mg/L AO,
800 mg/L alum, 35% lime, and 1.5mg/L calcium
hypochlorite effectively achieved 95% fluoride removal
and 5 log, reduction of E. coli. A contact time of 30 min

Table 5. Concentrations of raw and treated water by the high dose developed POU prototype

Drinking water quality Germama Serity
parameters RW ™ RwW ™
Fluoride (mg/L) 15.1 £0.01 1.45+0.12 12.3 +0.12 1.03£0.9
pH 8.01+£0.16 7.12 £0.05 8.1+0.23 7.11 £0.05
Electrical conductivity (us/cm) 1115+ 0.23 1410 £ 0.70 770 + 0.26 920 +£1.20
Total dissolved solids (mg/L) 558 +0.76 705 + 1.40 385+0.23 460 + 1.20
E. coli (CFU/ 100 mL) 1.08x10° + 12 0 1.6x10° + 21 0
Turbidity (NTU) 59 +1.20 <1+0.01 3.3+0.01 <1£0.01
Alkalinity as CaCO; (mg/L) 841 +1.23 - 831 +0.47 -
Aluminum (mg/L) 0.02 £0.01 0.1 £0.01 0.01 £ 0.001 0.18 £0.02
Sulfate (mg/L) 56 £0.92 107 £ 0.15 98 £0.72 133 +£0.93
Chloride (mg/L) 1.43 £ 0.54 4.83+0.0 1.2+£0.24 3.4 +0.07
Residual chlorine (mg/L) - 0.40 + 0.01 - 0.42 +0.01

Table 6. Concentrations of raw and water treated by the medium dose developed POU prototype

Drinking water quality Anano Tejitu
parameters RW ™W RW ™
Fluoride (mg/L) 10.5+0.13 1.07 £ 0.50 9.63 £ 0.02 0.79 £ 0.05
pH 8.2+0.12 6.89 £ 0.50 8.1 +£0.30 7.12 £0.01
Electrical conductivity (us/cm) 1040 £0.23 1270 £ 1.20 700 + 0.19 911 +1.50
Total dissolved solids (mg/L) 520 +0.34 635 + 1.31 350 + 0.45 455.5 + 1.50
E. coli (CFU/100 mL) 1.3x10* £ 1 0 1.98x10° + 10 0
Turbidity (NTU) <1+0.01 <1+0.01 <1001 <1%0.01
Alkalinity as CaCO; (mg/L) 784 +0.021 - 809 +0.21 -
Aluminum (mg/L) 0.01 £ 0.001 0.2 £0.003 0.01 £ 0.001 0.1 £0.005
Sulfate (mg/L) 30+0.21 97+13 67 £0.45 109 £ 1.2
Chloride (mg/L) 0.82 £0.02 3+0.02 0.9 £0.21 2.58 £0.01
Residual chlorine (mg/L) - 0.44 +£0.02 - 0.46 +£0.01
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Table 7. Concentrations of raw and water treated by the
low dose developed POU prototype

Drinking water quality Tube
parameters RW ™
Fluoride (mg/L) 3.67+0.10 0.39+0.01
pH 7.55+0.12 6.56+0.50
Electrical conductivity (us/cm) 410 +0.79 765 + 1.50
Total dissolved solids (mg/L) 205 +1.22 382 + 1.50
E. coli (CFU/100 mL) 1.9x10° + 13 0
Turbidity (NTU) 58 £0.43 2+0.01
Alkalinity as CaCOs (mg/L) 739 +0.81 -
Aluminum (mg/L) 0.01 £0.001 0.16 £0.003
Sulfate (mg/L) 87 £0.89 147 + 1.50
Chloride (mg/L) 1.19+0.01 2.77 £0.20
Residual chlorine (mg/L) - 0.29 £ 0.01

was enough to achieve 90% fluoride removal and 5 log
reduction of E. coli. Fluoride concentration showed an
impact on fluoride removal as high fluoride concentration
resulted in reduced fluoride removal efficiency. On the
other hand, fluoride concentration did not significantly
affect E. coli log reduction. The pH of raw water showed
an impact on both fluoride removal and E. coli log
reduction. Maximum fluoride removal was achieved at
pH 6 to 7. Maximum E. coli log reduction was achieved at
pH 6 to 7. Acidic pH values also achieved high log
reduction. Initial E. coli concentration did not show any
effect of fluoride removal, but it impacted E. coli log
reduction. Water samples from the Ethiopian Rift Valley
required a high dose of alum, AO, calcium hypochlorite,
and a low dose of lime because of the alkalinity and
turbidity. Three
prototypes were developed for treating water samples
with a fluoride concentration <15mg/L. The POU
prototypes were tested on water samples from Rift Valley.
The treated water was analyzed for fluoride, pH, EC, TDS,
E. coli, alkalinity, aluminum, sulfate, turbidity, residual
chlorine, and chloride. The obtained values were
compared with the WHO drinking water standards. All
parameters were within the permissible limits. The

organic matter associated with

developed products effectively treat water with fluoride
concentration above 10 mg/L and turbidity above 5 NTU,
thus indicating the capability of the developed products to
purify contaminated water for human consumption.
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