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Assessment of Ceramic Water Filters for the Removal of
Bacterial, Chemical, and Viral Contaminants

P. M. Nigay'; A. A. Salifu?, J. D. Obayemi®; C. E. White*; A. Nzihou®; and W. O. Soboyejo®

Abstract: In this study, a comprehensive assessment of doped ceramic water filters (doping with hydroxyapatite and alumina) was con-
ducted for potential application in household water treatment. The efficiency/reliability was assessed via statistical data analysis and normal
distributions. It was found that the doped ceramic water filters had high porosity (63.25% =4 0.31% by volume) and a substantial flow rate
(14.76 £ 1.43 L - h™"). The removal of bacterial contaminants [i.e., log reduction value (LRV)] was also found to be associated with the
percentage of porosity. Hence, the doped filters were both efficient and reliable in removing bacterial contaminants (LRV of 4.69 4 0.19).
The removal of chemical/viral contaminants was related to the doping with hydroxyapatite and alumina. Due to kinetics, the removal of viral
contaminants also depended on the flow rate of the doped ceramic water filters. This resulted in high efficiency in the removal of viral
contaminants (LRV of 3.47 £ 0.35) and high reliability in the removal of chemical contaminants (LRV of 2.26 & 0.07). The current results
suggest that the doped filters are suitable materials for application in household water treatment.

Author keywords: Bacteria; Ceramic water filters; Chemicals; Household water treatment; Viruses.

Introduction

Upon request of the Inter-American Development Bank, a study
was conducted to determine the most appropriate technology for
water filtration in South America (ICAITI 1984). The study com-
pared several factors: availability; ease of manufacture, operation,
and distribution; bacterial efficiency; and the final cost of 10 filters.
The only models that met the criteria consisted of clay filters
(Lantagne 2001a, b). They were produced by mixing clay with
sawdust and water. Typically, the mixtures were molded in the form
of pots and sintered by firing at approximately 900°C (Donachy
2011). The porous structure resulting from the thermal degradation
of the sawdust generated a path for water to flow through the fired
clay via gravity. The fired filters were placed in plastic receptacles
with faucets through which filtered water could be collected.
Mass production started in 1999 after Hurricane Mitch hit
Central America and caused damage to the potable water supply
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for millions of people (USAID 1998). A ceramic water filter
production workshop was established in Nicaragua by Potters for
Peace, a US-based nonprofit organization. Through the efforts of
the workshop, more than 5,000 filters were produced and distrib-
uted to the people in less than 6 months (Potters for Peace 2019).
These efforts also resulted in standardization of production with the
use of hydraulic presses and aluminum molds. Potters for Peace
extended this model around the world, training people on the pro-
duction of ceramic water filters with local resources. The organi-
zation contributed to the establishment of ceramic water filter
production workshops in over 20 countries including Bolivia,
Cambodia, Haiti, and Nigeria (Clasen et al. 2004; Sobsey et al.
2008; Bielefeldt et al. 2009; Annan et al. 2015).

Originally, the ceramic water filters were made for the removal of
bacterial contaminants (e.g., E. coli) from drinking water. Bacteria
were removed as they became trapped in the nano- and micropores
of the filters (Oyanedel-Craver and Smith 2008). The literature in-
dicates that original filters have a removal efficiency of 99.9206%
for bacterial contaminants (van der Laan et al. 2014). Some studies
have shown that chemical contaminants (e.g., heavy metals and
pesticides) can also be removed from water by doping the ceramic
filters with hydroxyapatite (Yakub and Soboyejo 2013). The doped
filters remove up to 93.7200% of the chemical contaminants.
Typically, the contaminants are removed by substitution for ele-
ments of the hydroxyapatite in the clay matrix (Bhatnagar et al.
2011). Recent studies have shown that doping ceramic water filters
with metal oxides can also lead to 97.4881% removal of viral con-
taminants from drinking water (Brown and Sobsey 2009; Michen
et al. 2012; Nigay et al. 2019). The removal is achieved by adsorp-
tion of the viral contaminants on iron, aluminum, or magnesium
oxides that are kept unchanged in the clay matrix.

The development of ceramic water filters for the concurrent re-
moval of bacterial, chemical, and viral contaminants from drinking
water was a significant step forward in regard to the primary purpose
(ICAITT 1984). These filters contribute to the decline of many
water-borne diseases such as diarrhea, skeletal/dental fluorosis,
poliomyelitis, etc. Nevertheless, the performance of such filters
must be suitable for water to be safe to drink. Thus, a comprehensive
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assessment of the doped filters must be carried out before they
can be used for household water treatment. The novelty of this work
was to conduct a statistical analysis of the parameters affecting per-
formance of the filters including percentage of porosity, flow rate,
log reduction values (LRVs) for bacterial/chemical/viral contami-
nants, and mechanical performance. The distribution of the results
was investigated using a normal distribution analysis approach. This
means that both the level and probability of contamination can be
predicted. Finally, the implications of this study will be discussed for
application in household water treatment.

Materials and Methods

Raw Materials

The clay that was used in this study was redart clay, a commercial
product obtained from Cedar Heights (Resco Products, Pittsburgh,
Pennsylvania). Furthermore, the additives that were used with the
clay consisted of sawdust, hydroxyapatite, and alumina. The saw-
dust (oak/pine mixture) came from JB Sawmill & Landclearing Inc.
(Hopkinton, Massachusetts). It was subjected to a 500-pm sieving.
On the other hand, hydroxyapatite (PRAYPHOS TCP 108 FG,
Prayon, Engis, Belgium) and alumina (Brockmann I, Sigma-Aldrich,
St. Louis, Missouri) were used as obtained from the suppliers. They
consisted of a white powder (average particle size of 5 pm) of
Ca;(POy,), and a white powder (average particle size of 100 pm) of
Al, O3, respectively.

Processing of the Ceramic Water Filters

The ceramic water filters were made from a mixture of clay, saw-
dust, hydroxyapatite, and alumina. The sawdust was used as a pore-
forming agent to trap some contaminants, while hydroxyapatite and
alumina were used for the substitution and adsorption of contam-
inants, respectively (see Introduction).

The mixture was prepared in a planetary mixer (MX20, Avantco
Equipment, Lancaster, Pennsylvania) with addition of water until a
paste was formed. The proportions of the mixture were as follows:
clay, 45% by weight; sawdust, 15% by weight; hydroxyapatite,
20% by weight; and alumina, 20% by weight (i.e., 30% by volume
of clay, 50% by volume of sawdust, 10% by volume of hydroxya-
patite, and 10% by volume of alumina). These proportions were
regarded as optimum for filtration and mechanical performance
based on the results of the authors’ previous research (Nigay et al.
2018, 2019).

The resulting paste was compression-molded in a hydraulic
press (TRD55002, Torin, Ontario, California) with a two-piece
(upper/lower) aluminum mold. The frustum-shape filters were ob-
tained using a pressure of 20 t. They had an internal base diameter
of 210 mm, internal lid diameter of 300 mm, and internal height of
240 mm, with a thickness of 15 mm for the base and 10 mm for the
sides. After pressing, the frustum-shaped filters were air-dried for
5 days and fired in an electrical kiln (Dragon24, Paragon, Mesquite,
Texas). The firing was carried out from 30°C to 500°C using a ramp
of 50°C/h, and from 500°C to 950°C using a ramp of 100°C/h with
a holding time of 3 h at 950°C.

Characterization of the Structure

The porosity of the filters was measured via water absorption. The
measurements were performed using fired samples with dimen-
sions of 30 x 30 x 5 mm?. The samples were introduced in a plas-
tic desiccator and subjected to a vacuum pressure (30 kPa for 4 h).
This was followed by partial (2 h) and full (24 h) immersion of the

samples into water. Atmospheric pressure was restored in the plas-

tic desiccator. The samples were kept under full immersion for an

additional 24 h. Finally, the mass of the samples was measured

under water (i.e., hydrostatic weighing), in air after wet-wiping

and in air after drying at a temperature of 105°C for 24 h
m,,—ng;

e=—-75 (1)

m,,—my

The porosity was obtained from Eq. (1), where m,, = hydrostatic
mass; m,, = wet mass; and m, = dry mass.

Determination of Hydraulic Performance

The hydraulic performance of the samples was determined by water
discharge. Typically, a 10 L plastic bucket was placed under the
ceramic water filters. The mass of water discharged from the filters
to the plastic bucket was recorded as a function of time using a
PGL 20001 balance (Adam Equipment, Oxford, Connecticut) that
was connected to a computer with Adam Equipment DU software. The
water discharge was then obtained by dividing the mass of water dis-
charged by the density (1 g - cm™). Finally, the flow rate was re-
garded as equal to the slope of the water discharge as a function of time.

Determination of Filtration Performance

The efficiency of the filters was tested for bacteria, chemicals, and
viruses. The tests were conducted using E. coli (bacteria), fluoride
(chemical), and MS2 (virus) as model contaminants (suspensions/
solutions). These contaminants are widely used in the field of house-
hold water treatment. This means that the filtration performance of
the filters from this study can be compared to a great number of
results from the literature. The contaminants were tested separately.
Replicate tests were also performed in the same filters with no
cleaning/sterilization, to simulate household water treatment.

The concentration of the aqueous suspensions/solutions of
contaminants was measured prior to filtration and after filtration.
This was done using 10 L of water (i.e., maximum amount). The
efficiency was estimated from Eq. (2), where LRV = log reduction
value; Cpr = concentration prior to filtration; and C,r = concen-
tration after filtration

C
LRV = —log, (C—/;';) (2)

E. coli C-3000 strain (ATCC 15597) was grown in Escherichia
medium (ATCC Medium 271). The growth was carried out at 37°C
for 24 h in a G25 incubator (New Brunswick Scientific, Enfield,
Connecticut). The suspensions were produced by introducing
10 mL of the phase culture into 10 L of deionized water. They were
poured in the filters in colony-forming units of 10°2¢ viable cells
(cfu/mL~"). The measurements were conducted with E. coli count
plates (Petrifilm, 3M, St. Paul, Minnesota) after incubation at 37°C
for 24 h. It was regarded as sufficient to collect 10! viable cells after
filtration.

The aqueous solutions of fluoride (10 L) were prepared by
dissolution of sodium fluoride (ACS reagent, >99%, from Sigma-
Aldrich) in deionized water. They had a concentration of 1,000 ppm,
which was regarded as the minimum value to collect aqueous
solutions above the detection limit (i.e., 1 ppb) after filtration. The
concentration of the aqueous solutions was measured by ion chro-
matography using an ICS-2100 instrument (Dionex, Sunnyvale,
California).

MS2 (ATCC 15597B1) was grown using the broth propaga-
tion technique. The growth was conducted in a growing culture



(6-h old) of E. coli C-3000 strain (ATCC 15597). After propaga-
tion, it was purified by centrifugation and transferred into 10 L of
deionized water. The resulting suspensions had a concentration
of plaque-forming units of 10°2® PFU - mL~!. It was enough to
collect 10! viable cells after the filtration process in the filters. The
enumeration was conducted using the double agar overlay plaque
assay (Kropinski et al. 2009).

Determination of Mechanical Performance

Mechanical performance was measured via three-point bending
tests (Instron 8548 microtester, Norwood, Massachusetts). The
specimens were prepared from the top section (considering bottom,
middle, and top sections) using a wet-tile saw. They had dimen-
sions of 60 x 10 x 5 mm?3. The tests were conducted with a load
cell of 500 N and a load span of 50 mm using a ramp of 1 mm/min.
The mechanical strength of the filters, o, was calculated from
Eq. (3), where F,, = maximum force; L. = loading span; B =
breadth; and H = height (ASTM 2017)

— 3FmaxL
2BH?

(3)

The fracture toughness was determined using single edge notch
bend (SENB) specimens with dimensions of 60 x 10 x 5 mm? and
notches of 2 mm (length-to-width ratio of 0.40-0.45). They were
tested in the same machine (Instron 8548 microtester) with a same
ramp of 1 mm/min

Kie = f(%) x oy x/Ta (4)

The stress intensity factor (K;.) was estimated from Eq. (4),
where oy = stress at the peak load; a = crack length; and
f(a/W) = compliance function (ASTM 2012).

Statistical Data Analysis

The experimental results of the porosity, flow rate, LRVs (bacterial,
chemical, and viral contaminants) and mechanical properties were
processed by statistical data analysis. This analysis was conducted
using the results of 20 tests. The distribution of the values was then
represented with a normal distribution. The probability density
functions were obtained from Eq. (5), where x is the variable;
X is the average value; and o is the standard deviation (Dixon and
Massey 1951)
1 (x-1)%

F(x) = Tmze 207 (5)

The fit between the experimental results and the normal distri-
butions was tested using the Kolmogorov-Smirnov test for normal-
ity. It was quantified by the p-values (limit for statistical significance
of 0.05), which are the probability of having normally distributed
results. Normally distributed results mean that the probability of a
certain occurrence can be predicted.

Results and Discussion

Structure of the Ceramic Water Filters

Fig. 1 presents the distribution of the percentage of porosity
obtained after firing the ceramic water filters with hydroxyapatite
and alumina at 950°C. The results show that the porosity is equal to
63.25% =+ 0.31% by volume. This value represents a combination
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Fig. 1. Distribution of the percentage of porosity of the ceramic water
filters with 20% by weight incorporation of hydroxyapatite and 20%
by weight incorporation of alumina. Data were obtained using water
absorption analysis.

between the microscopic pores resulting from the process (press-
ing, drying, and combustion of the sawdust during firing) and
the nanopores resulting from the doping of the filters. It can be
noted that the standard deviation (0.31% by volume) is relatively
low. Typically, the values are all included between 62.75% and
63.80% by volume because the pores are homogeneous and well
dispersed in the clay matrix (Nigay et al. 2019). This can be attrib-
uted to the sieving of the sawdust prior to the mixing with the clay
and the additives. Finally, it can be observed that the porosity of the
filters is well represented by the normal distribution (i.e., p-value
of 0.76).

Hydraulic Performance of the Ceramic Water Filters

Fig. 2 shows the distribution of the flow rate obtained after firing
the ceramic water filters at 950°C. The flow rate of the filters is
equal to 14.76 + 1.43 L - h~!. This value is relatively high com-
pared with the values from the literature, which usually range from
1.3t02 L - h™! (Yakub et al. 2013). This is attributed to the doping
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Fig. 2. Distribution of the flow rate of the ceramic water filters with

20% by weight incorporation of hydroxyapatite and 20% by weight
incorporation of alumina. Data were obtained using water discharge.
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Fig. 3. Distribution of the LRV for E. coli of the ceramic water filters
with 20% by weight incorporation of hydroxyapatite and 20% by
weight incorporation of alumina. Data were obtained using count plate
enumeration.

of the filters with hydroxyapatite and alumina, which results in a
high percentage of porosity and a high permeability (Nigay et al.
2019). On the other hand, the standard deviation is relatively im-
portant. The values of the flow rate range from 11.0to 17.0 L - h™.
Such a wide distribution cannot be explained by the porosity
(Fig. 1), which has a relatively narrow distribution (63.25% =+
0.31% by volume). In fact, the variability is attributed to the mois-
ture of the ceramic water filters. If the filters are not completely
soaked when water is introduced, some adsorption occur before
water starts flowing. This means that a lower volume of water
would remain in the filters, resulting in lower pressure applied on
the base and in a lower flow rate. Nevertheless, the values of the
flow rate are normally distributed (i.e., p-value of 0.65). The dis-
tribution confirms that the content of the ceramic water filters
(10 L) is discharged in approximately 4 h. Thus, such filters can
purify up to 60 L of water a day.

Filtration Performance of the Ceramic Water Filters

The LRV for bacterial contaminants (i.e., E. coli) is presented in
Fig. 3. The results show that the doped filters have an LRV of
4.69 +0.19 (removal efficiency of 99.9979% + 0.0011%). The
value is higher than those observed in the literature for conven-
tional filters (i.e., LRV of 4.00) (Brown and Sobsey 2010; van
Halem 2006). This is attributed to the high percentage of porosity
in which the bacterial contaminants are trapped (Yakub and
Soboyejo 2012). The results also show that the distribution
of the LRV for bacterial contaminants (i.e., standard deviation)
is relatively narrow, varying from 4.30 (removal efficiency of
99.9950%) to 5.00 (removal efficiency of 99.9968%). The narrow
distribution of the LRV corresponds with the narrow distribution
of the porosity values, in contrast to the wide distribution of the
flow rate. This suggests that the extent of the LRV for bacterial
contaminant is related to the percentage of porosity. On the
other hand, the flow rate of the ceramic water filters has no
significant effect on the removal of bacterial contaminants. The
distribution of the LRV is well represented by the normal distri-
bution (i.e., p-value of 0.95). It confirms that the doped filters are
both efficient and reliable in removing bacterial contaminants.
Typically, the doped filters remove 99.9957% of the bacterial
contaminants with a certainty of 95%.
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Fig. 4. Distribution of the LRV for fluoride of the ceramic water
filters with 20% by weight incorporation of hydroxyapatite and 20%
by weight incorporation of alumina. Data were obtained using ion
chromatography.

The LRV for chemical contaminants (i.e., fluoride) is pre-
sented in Fig. 4. It can be observed that the doped ceramic water
filters have an LRV of 2.26 £0.07 (removal efficiency of
99.4458% + 0.0916%). This means that the doped filters are
not as efficient in removing chemical contaminants as they are
in removing bacterial contaminants (removal efficiency of
99.9979% + 0.0011% for E. coli). This is attributed to the capture
mechanism. According to the literature, chemical contaminants are
removed from water via substitution for elements of the hydroxya-
patite in the fired clay matrix (de Leeuw 2002). The results show
that the distribution of the LRV is much narrower for chemical con-
taminants than for bacterial contaminants. The values range from
2.13 (removal efficiency of 99.2587%) to 2.37 (removal efficiency
of 99.5734%). This suggests that the LRV for chemical contami-
nants does not depend on the porosity or the flow rate for which the
distribution of the values is broad. In fact, the removal of chemical
contaminants from drinking water is controlled by the substitution
mechanism—the kinetics of the substitution mechanism are much
faster than the flow rate of the ceramic water filters, even though it
can be high for doped filters. It can be observed that the values
of the LRV for chemical contaminants are normally distributed
(i.e., p-value of 0.94). Hence, the probability of contamination
is minimized by the low standard deviation. This makes the doped
filters more reliable/suitable for the removal of chemical contam-
inants, despite limited efficiency. They remove 99.2734% of the
chemical contaminants from water with a certainty of 95%.

Fig. 5 shows the LRV of the ceramic water filters for viral con-
taminants (i.e., MS2). The LRV is equal to 3.47 4+ 0.35 (removal
efficiency of 99.9661% =+ 0.0429%). This value is comparable with
those obtained for bacterial and chemical contaminants (LRVs
of 4.69 +0.19 and 2.26 £ 0.07, respectively). Nevertheless, the
distribution of the values (standard deviation) is much wider.
The values of LRV for viral contaminants range from 2.80 (removal
efficiency of 99.8415%) to 4.00 (removal efficiency of 99.9900%).
Such a wide distribution is comparable with that of the flow rate
(Fig. 2). The literature has reported that viral contaminants are re-
moved from drinking water via surface adsorption on the alumina
(Michen et al. 2013; Tsao et al. 2016); however, these results sug-
gest that the removal of viral contaminants is also related to the
flow rate of the ceramic water filters. This may be due to the fact
that the doping of the ceramic water filters results in a significant
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Fig. 5. Distribution of the LRV for MS2 of the ceramic water filters
with 20% by weight incorporation of hydroxyapatite and 20% by
weight incorporation of alumina. Data were obtained using double agar
overlay plaque assay.

increase in the flow rate (Nigay et al. 2019). Typically, the water
flow through the clay matrix becomes too fast to fulfill the kinetics
of surface adsorption on alumina. It can also be observed that the
distribution of the LRV for viral contaminants is well represented
by the normal distribution (i.e., p-value of 0.96). The efficiency of
the filters makes them suitable for the removal of viral contami-
nants from drinking water, despite a wider range of LRVs. On aver-
age, such filters remove 99.8600% of the viral contaminants from
drinking water with a certainty of 95%.

Mechanical Performance of the Ceramic Water Filters

Fig. 6 presents the distribution of the mechanical strength obtained
after firing of the doped ceramic water filters at 950°C. It is
seen that the doped filters have a mechanical strength of 0.88 £+
0.07 MPa. This value is slightly lower than the mechanical strength
for doped filters reported in the literature, which ranges from 3
to 4 MPa (Yakub et al. 2012). This can be attributed to the high
percentage of porosity (Fig. 1) with microscopic pores acting as
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Fig. 6. Distribution of the mechanical strength of the ceramic water
filters with 20% by weight incorporation of hydroxyapatite and
20% by weight incorporation of alumina. Data were obtained using
three-point bending test.
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Fig. 7. Distribution of the fracture toughness of the ceramic water fil-
ters with 20% by weight incorporation of hydroxyapatite and 20% by
weight incorporation of alumina. Data were obtained using three-point
bending test.

defects (Nigay et al. 2017b). The hydroxyapatite and alumina that
are embedded in the clay matrix (without any interaction with the
clay) can also be considered as a source of fracture. Nevertheless,
evidence from the filtration experiments shows that the mechanical
strength is high enough for application in household water treat-
ment. The doped filters were filled multiple times with the maxi-
mum amount of water (10 L) without undergoing any failure.
Furthermore, the mechanical strength of the filters can be regarded
as reliable, with a small variability in the results (0.70 to 0.98 MPa).
This is attributed to the homogeneity of the pores and dispersion of
the additives in the clay matrix, resulting from sieving the sawdust
and doping with small particles (Nigay et al. 2017a).

Fig. 7 shows the distribution of the fracture toughness obtained
after firing the doped ceramic water filters at 950°C. The fracture
toughness is equal to 0.061 + 0.007 MPa - m'/2. As for mechanical
strength, the value is lower than those (i.e., 0.35 — 0.37 MPa - m!/ 2)
from the literature (Plappally et al. 2011), because mechanical
strength and fracture toughness are related to the structure of the
ceramic water filters. The high percentage of porosity and of the ad-
ditives, hydroxyapatite and alumina, results in slightly low mechani-
cal properties. However, the homogeneity of the pores and the
dispersion of the additives in the fired clay matrix make them reliable.
It can be observed that the mechanical properties are normally
distributed (i.e., p-value of 0.99). This means that the probability
of fracture can be predicted. Overall, the doped filters are suitable
for such an application in household water treatment.

Implications

This research shows that the doped ceramic water filters are suitable
for application in household water treatment. They are more diffi-
cult to process than the nondoped filters (lower plasticity of the
mixture); however, they are efficient and reliable for removing bac-
terial as well as chemical and viral contaminants. The use of doped
ceramic water filters not only contributes to the decline of water-
borne diseases like infectious diarrhea, but also helps reduce
skeletal/dental fluorosis and poliomyelitis. It is important to
note that the doped filters have a greater productivity than the non-
doped filters. They can purify up to 60 L of water/day while the
nondoped filters can only purify 10 L water/day. Furthermore,
the doped filters can be produced at a relatively low cost (extra cost



of USDI1.10 using commercially available resources). The only
limitation might be that real-world filter production would require
a larger number of resources.

Conclusions

This work comprehensively assessed ceramic water filters doped
with hydroxyapatite and alumina for potential application in house-
hold water treatment. Conclusions are summarized below.

1. The percentage of porosity and the flow rate of the doped cera-
mic water filters were relatively high. The variability of the re-
sults was small for porosity due to the preliminary sieving of the
sawdust. However, the results were fairly variable for the flow
rate due to a difference in the moisture content of the filters.

2. The filtration of bacterial contaminants (e.g., E. coli) was related
to the percentage of porosity, while that of chemical (e.g., fluor-
ide) and viral (e.g., MS2) contaminants was related to the dop-
ing with hydroxyapatite and alumina, respectively. Removal of
viral contaminants also depended on the flow rate of the filters.

3. The doped ceramic water filters were efficient and reliable in the
filtration of bacterial contaminants (LRV of 4.69 £ 0.19). The
filtration of viral contaminants was also regarded as efficient
despite a lower reliability (LRV of 3.47 £ 0.35). On the other
hand, their reliability made the doped filters suitable for the
filtration of chemical contaminants (LRV of 2.26 + 0.07).

4. The statistical analysis showed that the experimental values of
the study were normally distributed. The level and the probabil-
ity of contamination were predicted for bacterial, chemical, and
viral contaminants. The predictions confirmed that the doped
ceramic water filters are suitable for application in household
water treatment.
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