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Abstract: In this paper, the removal mechanisms of organic (e.g., nitrate) and inorganic (e.g., lead) contaminants were investigated in ceramic
water filters with organic (i.e., activated carbon) and inorganic (i.e., hydroxyapatite) additives. The ceramic water filters were characterized
using atomic force microscopy, nitrogen sorption analysis, X-ray pair distribution function analysis, and scanning electron microscopy. It was
found that adhesion controlled the efficiency of the ceramic water filters in the removal of contaminants. The conventional ceramic water
filters had no adhesive interactions with the contaminants. A small amount of contaminants was removed by physical trapping in the pores.
However, the addition of organic additives increased the adhesion between the organic contaminants and ceramic water filters (i.e., from 16 to
170 nN). This resulted in an increase of the efficiency from 0.9 to 6.7 mg · g−1 in the removal of nitrate for a 20 wt.% addition of activated
carbon. The removal of nitrate was completed once the surface was fully covered (surface adsorption mechanism). It was limited by the
specific surface area of the materials. On the other hand, the inorganic additives increased the adhesive interactions of the ceramic water
filters with the inorganic contaminants (i.e., from 33 to 153 nN). The efficiency in the removal of lead increased from 12.2 to 67.1 mg · g−1
with a 2 wt.% addition of hydroxyapatite. The removal was achieved by substitution of lead atoms (Pb) for calcium atoms (Ca) in the
hydroxyapatite. Hence, the novelty of this work lies in the fact that doped ceramic water filters remove a wide range of contaminants from
water via the combination of trapping, adsorption, and substitution mechanisms. Such filters are also suitable in terms of mechanical performances (i.e., 8.7 MPa) for application in household water treatment.
eywords: Ceramic water filters; Activated carbon; Hydroxyapatite; Porosity; Permeability; Adhesion; Household water treatment.

Introduction
Currently, about 1 billion people across the world still do not have
access to safe drinking water (WHO 2015). The water remains
unsafe to drink in many developing countries due to the presence
of contaminants at the point-of-use. The contaminants include
bacteria (e.g., Escherichia coli, Legionella pneumophila) that
may cause infectious diarrhea or lung infections (Brown et al.
2008; Ashbolt 2004); chemical substances (e.g., fluoride, lead) that
may result in skeletal deformities or reduced intellectual ability
(Meenakshi and Maheshwari 2006; Järup 2003); and viruses
(hepatitis A) that may lead to liver disease (Franco et al. 2012).
Worldwide, the presence of such contaminants in drinking water
is responsible for the loss of more than 3 million lives per year
(WHO 2001).
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The most effective approach that has been implemented is the
point-of-use water treatment (Sobsey et al. 2008). In fact, contaminated water is purified at home by people or communities that do
not have access to safe drinking water. The point-of-use approach
includes different techniques such as boiling, chlorination, pasteurization, flocculation, or solar disinfection, as well as the use of
biosand or ceramic water filters (Clasen et al. 2007; Hunter 2009;
McGuigan et al. 1999). Among these techniques, ceramic water
filters have high potential for a widespread use because they are
easy to produce, easy to use, and highly efficient in the removal of
bacteria (Fewtrell et al. 2005).
Typically, ceramic water filters are produced by mixing clay
and water. Organic agents (e.g., sawdust, rice husk, and flour) can
also be incorporated into the mixture (Oyanedel-Craver and Smith
2008). The resulting paste is molded in frustum-shape materials
by applying compressive forces to the mixture between aluminum
molds. After drying, the green bodies are sintered by firing at a
temperature of approximately 900°C (Annan et al. 2014). The combustion of the organic agents results in the formation of interconnected pores that generate a flow path through the ceramic water
filters.
When bacteria-contaminated water is introduced into the
frustum-shaped filters, the water flows through the interconnected
pores while the bacteria are trapped by nanoscale and micrometerscale pores that are present in the ceramic water filters (Yakub and
Soboyejo 2012). Prior studies have shown that more than 99.9%
of bacteria (e.g., Escherichia coli) can be removed from water
when ceramic water filters are used in laboratory or service conditions (Yakub et al. 2013). This represents a significant step forward in improving the quality of drinking water. Nevertheless, the
water may still be unsafe to drink due to a presence of chemical
contaminants.

The chemical contaminants can be removed by doping the
ceramic water filters (Sullivan et al. 2017). In several studies, the
removal of contaminants was achieved using hydroxyapatite-doped
ceramic water filters (Yakub and Soboyejo 2013; Choudhary et al.
2014). The ceramic water filters removed up to 93% of the fluorides
from the water. Although the removal of fluorides is now wellestablished, removal of other chemicals that can be found in water
(e.g., arsenic, lead, mercury, nitrate, and sulfate) remains uncertain.
The objective of this study is, therefore, to elucidate the removal
mechanisms of ceramic water filters with organic (i.e., activated
carbon) and inorganic (i.e., hydroxyapatite) additives to remove a
wider range of contaminants from drinking water.

Materials and Methods
Raw Materials
The clay that was used in this study was extracted from a clay
quarry in the Toulouse area of France. It was ground into particles
with an average size of approximately 3 mm using a rolling mill
(LA 1527, Vicentini, Vicenza, Italy). The elemental composition
of the clay was measured using X-ray fluorescence (XRF) analysis
(Epsilon 3-XL, PANalytical, Almelo, Netherlands). The results presented in Table 1 reveal a predominance of silicon and aluminum
oxides, with smaller concentrations of calcium, iron, potassium,
and magnesium oxides.
The additives that were used in this study consisted of activated
carbon (AC) and hydroxyapatite (HA). The activated carbon was
a commercial product (Darco G-60) obtained from Sigma-Aldrich
Company (St. Louis, Missouri). The elemental composition of the
activated carbon, measured using a Flash 2000 Organic Elemental
Analysis (OEA) apparatus (Thermo Fisher Scientific, Waltham,
Massachusetts) is given in Table 2. The results show that carbon is
the predominant element in the sample. The hydroxyapatite was
a commercial product (TCP 908) obtained from Prayon (Engis,
Belgium). It is seen to consist of calcium and phosphorus oxides
with residual oxides of sodium (Table 1), as measured using XRF
analysis.
The particle-size distribution of the additives was measured
via laser granulometry analysis (Mastersizer 3000, Malvern Instruments, Malvern, UK). The results of the analysis are presented in
Fig. 1 and show an average particle size of 60 μm for the activated
carbon and a smaller average particle size of 5 μm for the
hydroxyapatite.

Table 1. Elemental composition of the clay and hydroxyapatite (HA)
obtained using XRF analysis
Concentration (wt.%)
Sample

SiO2

Al2 O3

CaO

Fe2 O3

MgO

Na2 O

P2 O 5

Clay
HA

57.1
0.0

14.5
0.1

8.9
58.5

6.2
0.0

2.2
1.0

0.6
5.7

0.0
27.1

Table 2. Elemental composition of the activated carbon (AC) obtained
using OEA analysis
Concentration (wt.%)
Sample
AC

C

H

O

N

S

86.1

0.5

2.9

0.4

0.0

Fig. 1. Particle-size distribution of AC and HA obtained using laser
granulometry analysis.

Processing of the Ceramic Water Filters
The ceramic water filters that were investigated in this study were
produced from different mixtures of clay with organic/inorganic
additives and water. The mixtures were prepared in a kneading
bowl by mixing the clay with 10 or 20 wt.% of activated carbon
(organic additive) or hydroxyapatite (inorganic additive). Water
was added to the mixtures (under kneading) until a plastic paste
was formed (i.e., 28 wt.% of water).
Subsequently, the mixtures were extruded with a bench extruder
(Reber, Correggioverde di Dosolo, Italy), composed of a pipe and a
crank-activated piston. They were pushed into the pipe and released
across a die as blocks with dimensions of 60 × 30 × 10 mm3 . The
blocks were then incrementally dried at 25°C, 65°C, and 105°C
for 24 h at each temperature in an electrical oven (Memmert,
Schwabach, Germany). In this study, extrusion was preferred over
hydraulic pressing. It produced a great number of uniform blocks
instead of frustum-shaped materials. Typically, these blocks were
equivalent to the circumference of the conventional materials.
Finally, the different samples that were tested in this study were
prepared from the dried blocks using P80, P120, P180, and P280
SiC abrasive papers (CarbiMet, Buehler, Uzwil, Switzerland).
Some of the samples were also fired at a temperature of 950°C in
a nitrogen atmosphere (flow of 5 L=min). The samples were fired
in a sealed box that was placed in a muffle furnace (K1253,
Heraeus, Hanau, Germany).
Characterization of the Ceramic Water Filters
The thermal behavior of the ceramic water filters was determined
via thermogravimetric analysis (TGA). The determination of the
mass loss as a function of the temperature was obtained using a
Q600 apparatus (TA Instruments, New Castle, Delaware). The data
were collected in an air atmosphere using unfired samples with a
mass of around 200 mg. The thermal analyses were carried out at
temperatures between 30°C and 1,100°C with a 5°C=min heating
rate. Finally, the dependence of the percentage of additives on the
firing temperature was determined by subtracting the mass loss of
the ceramic water filters from the mass loss of the ceramic water
filter without any additives.
The distribution of the additives in the ceramic water filters was
observed via scanning electron microscopy (SEM), using a tabletop
TM3030Plus microscope (Hitachi, Tokyo, Japan). The samples

were embedded in a solidifying epoxy resin and polished before
imaging. The imaging was performed under backscattered electron
(BSE) imaging conditions using an acceleration voltage of 15 kV
and working distance of 10 mm.
The porosity of the ceramic water filters was measured using a
water absorption technique and fired samples with dimensions of
30 × 30 × 5 mm3 . The samples were introduced in a desiccator and
subjected to a vacuum pressure of 30 kPa (4 h). This was followed
by partial immersion (2 h) and full immersion (24 h) of the samples
in water under the same vacuum pressure. The atmospheric pressure was then restored in the desiccator, where the samples remained fully immersed for an additional 24 h. Following this
operation, the mass of the samples was measured under water
(i.e., hydrostatic weighing), under air after wet wiping, and under
air after drying at a temperature of 105°C to estimate the volume
fraction of connected pores. The estimates were obtained from
Eq. (1)
εconnected ¼

m
m

−m
w−m
w

d
h

ð1Þ

where m h = hydrostatic mass; m w = wet mass; and m d = dry mass.
The previous data were also used to estimate the total volume
fraction of pores, εtotal . The estimates were obtained from Eq. (2).
The dry volume was determined using a Vernier caliper, and
the true density was measured via helium pycnometry analysis
(Accupyc 1330, Micromeritics, Norcross, Georgia). The measurements of the true density were carried out after firing at the maximum temperature of 1,100°C and grinding to eliminate the porosity
of the samples
εtotal ¼ 1 −

m d =V d
ρtrue

ð2Þ

where V d = dry volume; and ρtrue = true density.
The type of porosity within the ceramic water filters was determined from gas adsorption theory. The analyses were performed
in a Tristar II 3020 system (Micromeritics, Norcross, Georgia)
using nitrogen as the adsorptive and cylindrical samples with a
mass of 1 g. The samples were cleaned via heating under vacuum
at 180°C for 12 h. Following the gas adsorption analyses, the poresize distributions were calculated using the Barrett-Joyner-Halenda
method (BJH) (Barrett et al. 1951). The Brunauer-Emmett-Teller
(BET) method was used to estimate the specific surface areas of the
samples (Brunauer et al. 1938).
The permeability of the ceramic water filters, k, was calculated
from Eq. (3) (Katz and Thompson 1987)
k¼

1 ðlmax Þ3
fðlmax Þεconnected
89 lc

ð3Þ

where lc = pore diameter for which the flow is minimum (critical);
lmax = pore diameter for which the flow is maximum; fðlmax Þ =
volume fraction of pores with a diameter equal to or larger
than lmax ; and εconnected = volume fraction of connected pores.
The volume fraction of connected pores was obtained from
the water absorption technique [Eq. (1)]. On the other hand, the
pore diameter for which the flow is minimum, the pore diameter
for which the flow is maximum, and the volume fraction of pores
with a diameter equal to the pore diameter for which the flow is
maximum or larger were determined using mercury intrusion porosimetry (Autopore IV, Micromeritics, Norcross, Georgia). They
were equal to 0.021 μm, 0.66 μm, and 0.54 for all the ceramic water
filters. Further details on the determination of lc , lmax , and fðlmax Þ
can be found in the literature (Nishiyama and Yokoyama 2014).

Determination of the Removal Efficiency/Mechanisms
The removal of chemicals from the contaminated water was investigated using aqueous solutions of organic (nitrate) and inorganic
(lead) contaminants. These were prepared by dissolution of sodium
nitrate and lead acetate (Sigma-Aldrich, St. Louis, Missouri) in
deionized water. The concentration of nitrate (i.e., NO−
3 ) and lead
(i.e., Pb) was equal to 1,000 ppm (i.e., 1 g · L−1 ). Typically, the
aqueous solutions were introduced into beakers that contained
fired samples of 1 g. They were subjected to a vacuum pressure
of 30 kPa for 1 h to promote penetration into the pores and simulate the percolation mechanism. The procedure was established
from a previous study (Yakub and Soboyejo 2013). In fact, the
contact time was chosen as long enough to reach the uptake
equilibrium (i.e., 1 h) and short enough compared with the filtration time.
Following this operation, the concentration of nitrate and lead
in the aqueous solutions of contaminants was measured using ion
chromatography (ICS-2100, Dionex, Sunnyvale, California) and
inductively coupled plasma mass spectrometry (NexION 350X,
PerkinElmer, Waltham, Massachusetts), respectively. The final
concentration was also compared with the initial concentration.
Hence, the removal efficiency was determined from the weight
difference of contaminants per unit mass of sample.
The removal mechanisms were elucidated by measuring the
adhesion forces between the ceramic water filters and contaminants. The measurements were performed via atomic force microscopy (AFM) using a Dimension 3100 system (Digital Instruments,
Bresso, Italy) with AFM-contaminant-coated probes (MPP3110010, Bruker, Camarillo, California) and fired samples with dimensions of 10 × 10 × 5 mm3 . The AFM-contaminant-coated probes
were prepared by placing a drop of aqueous solution of contaminants on the cantilever. The self-assembly of the contaminants onto
the AFM probes was completed via 2 h of drying in a desiccator
(Prater et al. 1995). Following this operation, the adhesion forces
were measured in the AFM system under contact mode. The values
were obtained from the deflection-displacement behaviors by
multiplying the pull-off deflections by the spring constant of the
AFM probes (i.e., 0.9 N · m−1 ). It is important to mention that
the accuracy was controlled by testing the pull-off deflections with
AFM-non-coated probes.
The removal mechanisms were also elucidated via SEM
(Quanta FEG 200, FEI, Hillsboro, Oregon). The SEM observations
were conducted on cross sections of the ceramic water filters and
surfaces of the additives after the removal of contaminants. The
density-dependent color (DDC-SEM) micrographs were obtained
via combination of secondary electron (SE) and BSE imaging
at an acceleration voltage of 10 kV and a working distance of
approximately 10 mm.
The chemical form of the contaminants was determined
using X-ray diffraction (XRD). The XRD analyses were carried
out after the removal of contaminants and the grinding of the
samples with a mortar and pestle. Each sample was loaded into a
1 mm-diameter polyimide capillary, which was sealed at both ends
with modeling clay. The sample was then aligned on the capillary
stage of the diffractometer (D8 Advance, Bruker, Madison,
Wisconsin) and tested while spinning. The data were collected
over a 2θ range of 2°–130°, with a step size of 0.05° and a count
time per step of 30 s, using a silver (Ag) radiation source
(λ ¼ 0.56 Å). The crystalline phases were identified using the
Bruker EVA Suite 3.1 software package. This was done by matching the International Centre for Diffraction Data (ICDD) database
files to Bragg peaks

GðrÞ ¼

2
π

Z

Qmax

Qmin

Q½SðQÞ − 1% sinðQrÞdQ

ð4Þ

The XRD patterns were also used to produce the X-ray pair
distribution function (PDF) curves of the samples. The background
was initially removed using the scattering from an empty capillary.
Subsequently, a sine Fourier transform [Eq. (4)] was applied to
the total scattering functions SðQÞ using the PDFgetX2 1.0 software (Qiu et al. 2004). The PDFs of the samples were all obtained
using a maximum momentum transfer Qmax of 15 Å−1 .
Determination of the Mechanical Properties
The mechanical properties of the ceramic water filters were
measured in an Instron 8548 microtester (Instron, Norwood,
Massachusetts). The measurements were performed using a threepoint-bending test fixture (load span of 50 mm) and a 500-N load
cell. Specimens with dimensions of 60 × 10 × 5 mm3 were subjected to a constant displacement rate of 1 mm=min until the onset
of the fracture. The flexural strength, σ, was estimated from Eq. (5)
(ASTM 2010)
σ¼

3FMax L
2BH 2

ð5Þ

where FMax = maximum force; L = loading span; B = breadth; and
H = height of the specimens.
The statistical analysis of the flexural strength data was carried
out using the results of 25 tests. The probability of failure, Pf ½X%,
was calculated from Eq. (6)
Pf ½X% ¼

X
X
i¼0

ff ½i%

ð6Þ

where ff ½i% = frequency of failure for each stress level.
The distribution of the strength was predicted using the Weibull
distribution analysis. The probability density function, FðσÞ, was
obtained from Eq. (7)
! "m −1
m
σ
m
FðσÞ ¼
e−ðσ=σ0 Þ
ð7Þ
σ0 σ0
where σ = stress applied; σ0 = scale parameter; and m = shape
parameter (i.e., Weibull modulus) (Weibull 1951).
The preceding parameters were determined by plotting
lnfln½1=ð1 − Pf ½X%Þ%g versus ln½X% with the measured values of the
strength (Davies 2017). The shape parameter (m ) was equivalent to
the slope of the plot (i.e., 12.00). Furthermore, the scale parameter
(σ0 ) was equivalent to the exponential of the intercept over the
shape parameter (i.e., 8.89).

Results and Discussion
Structure of the Ceramic Water Filters
The thermal behavior of the ceramic water filters after subtraction
of the clay-based transformations (i.e., dehydration, dehydroxylation, decarbonation, and sintering) is presented in Fig. 2. The
results show that the ceramic water filter with 20 wt.% addition
of hydroxyapatite is not subjected to thermal degradation at temperatures between 30°C and 1,100°C. Typically, the hydroxyapatite
remains unchanged within the clay matrix. The pyrolysis of activated carbon results in a transformation of carbon, oxygen, and
hydrogen elements into CO, CO2 , CH4 , and H2 , which are released

Fig. 2. Dependence of the percentage of additives on the firing
temperature of the ceramic water filter (CWF) with 20 wt.% addition
of AC, HA, or AC/HA. Data were obtained using TGA analysis.

in the form of gas during the firing process (Di Blasi 2008). Nevertheless, the transformation of the activated carbon does not occur
extensively at temperatures below 900°C. This means that the activated carbon is kept unchanged in the ceramic water filter after
firing at 950°C (i.e., temperature used for the processing). Hence,
the 20 wt.% addition of activated carbon and hydroxyapatite does
not significantly modify the thermal behavior of the ceramic water
filters either.
The SEM micrographs obtained after firing of the ceramic water
filters at a temperature of 950°C are presented in Fig. 3. The images
show that the ceramic water filter without additive has a heterogeneous structure of fired clay with pores and quartz particles. The
pores correspond to the air, which is retained in the ceramic water
filter during the extrusion process. They are relatively small defects
in the structure, with average dimensions of 10 μm, compared with
the decohesions around the quartz particles, with dimensions varying from 50 to 200 μm. These decohesions result from the deformation mismatch between the fired-clay matrix and the quartz
particles during the cooling of the materials (Tarvornpanich et al.
2008). The 20 wt.% addition of activated carbon in the ceramic
water filter results in a modification of the structure. The ceramic
water filter conserves the 10 μm pores associated with the extrusion
process and the 50–200 μm decohesions around the quartz particles. The particles of activated carbon are also well dispersed
in the clay matrix. However, they conserve their average dimensions of 60 μm, which make them important defects in the structure. The 20 wt.% addition of hydroxyapatite does not result in any
significant modification of the structure. This can be attributed to
the small particle size of hydroxyapatite, with an average diameter
of 5 μm. Hence, the structure of the ceramic water filter with
20 wt.% addition of activated carbon and hydroxyapatite is only
modified by the particles of activated carbon at the microscopic
scale.
The pore-size distributions obtained after firing of the ceramic
water filters at 950°C are presented in Fig. 4. The results show that
the ceramic water filter without additives does not have a significant fraction of pores at the nanoscale. This means that the porosity
is limited to the microscopic pores of 10 μm that result from the
extrusion process. On the other hand, the ceramic water filter with
20 wt.% addition of activated carbon has an important fraction of
pores at the nanoscale. These pores with an average diameter of

Fig. 3. SEM micrographs of (a) CWF without additives; (b) CWF with 20 wt.% addition of activated carbon; (c) hydroxyapatite; and
(d) activated carbon and hydroxyapatite after firing of the ceramic water filters at 950°C in an air atmosphere.

Table 3. Total porosity, open porosity, permeability, and specific surface
area of CWF without additives and with 20 wt.% addition of AC, HA, or
AC/HA after firing the CWF at 950°C in an air atmosphere

Sample
CWF
CWF + 20
wt.% AC
CWF + 20
wt.% HA
CWF + 20
wt.% AC/HA

Total
porosity
(vol.%)

Open
porosity
(vol.%)

Permeability
(mD)

Specific
surface area
(m2 · g−1 )

34
57

27
52

23
43

0.9
194.7

40

35

30

12.3

49

44

37

94.8

Note: Data were obtained using water absorption analysis (porosity),
mercury intrusion porosimetry (permeability), and nitrogen adsorption
analysis with the BET method (specific surface area).

Fig. 4. Pore-size distribution of CWF without additives and CWF with
20 wt.% addition of AC, HA, or AC/HA after firing of the ceramic
water filters at 950°C in an air atmosphere. Data were obtained using
nitrogen adsorption analysis and the BJH method.

5 nm correspond to the pores of the activated carbon. They come in
addition to the microscopic pores from the clay matrix. Similarly,
the 20 wt.% addition of hydroxyapatite results in the emergence of
a new fraction of pores at the nanoscale. These nanopores have a
larger average pore-size diameter (i.e., approximately 100 nm) than
those of the activated carbon (i.e., 5 nm). This means that the
ceramic water filter with 20 wt.% addition of activated carbon
and hydroxyapatite has a wide range of pore sizes with diameters
between 5 and 100 nm at the nanoscale and 10 μm at the microscopic scale.

The physical properties of the ceramic water filters obtained
after firing at 950°C are summarized in Table 3. The results show
that the ceramic water filter without additives has a porosity of
34 vol.%, with a volume fraction of connected pores equal to 27%.
Typically, the filter has a permeability of 23 mD and specific surface area of 0.9 m2 · g−1 . The 20 wt.% addition of activated carbon
increases the volume fraction of pores to 57%, with 52 vol.% of
connected pores. The greater fraction of connected pores results
in a significant increase of the permeability to 43 mD. Furthermore,
the small pores of the activated carbon (i.e., 5 nm) provide a high
specific surface area of 194.7 m2 · g−1 to the ceramic water filters.
The 20 wt.% addition of hydroxyapatite induces a smaller increase
of the volume fraction of connected pores (i.e., 35%) with larger
pores of 100 nm. This results in a lower permeability of 30 mD
and a lower specific surface area of 12.3 m2 · g−1 compared with

Fig. 5. Stacked plot of the deflection-displacement behavior of the
AFM-contaminant-coated probes (nitrate and lead) on the CWF with
20 wt.% addition of AC or HA.

Fig. 6. Adhesion forces between the contaminants (nitrate and lead)
and the CWF without additives and the CWF with 20 wt.% addition
of AC, HA, or AC/HA. Data were obtained using atomic force
microscopy (AFM).

the addition of activated carbon. Nevertheless, the ceramic water
filter with 20 wt.% addition of activated carbon and hydroxyapatite
conserves, as a combination of the respective materials, a high
permeability (i.e., 37 mD) and a high specific surface area
(i.e., 94.8 m2 · g−1 ).
Removal Efficiency/Mechanisms of the Ceramic Water
Filters
The deflection-displacement behavior of the AFM-nitrate-coated
and AFM-lead-coated probes on the ceramic water filters obtained
after firing at a temperature of 950°C are presented in Fig. 5.
The results show that as the AFM-coated probes approach the
ceramic water filters (i.e., decrease in the distance) there is a jump
to contact (i.e., increase in the deflection) that is similar for both
contaminants. However, it can be observed that the AFM-coated
probes do not detach in the same way (i.e., decrease in the deflection) during retraction (i.e., increase in the distance). The differences in the approach and retraction of the AFM-coated probes
(i.e., pull-off) are due to the different adhesive interactions that
occur between the contaminants on the probe and the ceramic water
filters. The results indicate that nitrate (i.e., organic contaminant)
and the ceramic water filter with a 20 wt.% addition of activated
carbon (i.e., organic additives) have strong adhesive interactions.
Strong adhesive interactions can also be observed between lead
(i.e., inorganic contaminant) and the ceramic water filter with
20 wt.% addition of hydroxyapatite (i.e., inorganic contaminant).
The adhesion forces that occur between the contaminants and
ceramic water filters obtained after firing at 950°C are presented
in Fig. 6. It can be observed that nitrate and lead do not have strong
adhesion forces with the ceramic water filter without additives.
The adhesion forces are limited to 16 and 33 nN, respectively.
For the ceramic water filters with additives, the results confirm the
previous observations in Fig. 5. Nitrate has a strong affinity for
the ceramic water filter with 20 wt.% addition of activated carbon.
The adhesion force is equal to 170 nN. On the other hand, lead has a
strong affinity for the ceramic water filter with 20 wt.% addition
of hydroxyapatite. The adhesion force between the ceramic water
filter and lead is equal to 153 nN. Finally, the ceramic water filter

Fig. 7. Efficiency of the CWF without additives and the CWF with 20
wt.% addition of AC, HA, or AC/HA in the removal of nitrate and lead.
Data were obtained using ion chromatography (IC) and inductively
coupled plasma mass spectrometry (ICP-MS).

with 20 wt.% addition of activated carbon and hydroxyapatite has
adhesion forces of 95 and 74 nN with nitrate and lead, respectively.
These values are slightly lower than those with an exclusive addition of activated carbon or hydroxyapatite. However, it remains advantageous to remove organic and inorganic contaminants using
this single composite material.
The removal efficiencies of the ceramic water filters obtained
after firing at 950°C are presented in Fig. 7. The results show that
the ceramic water filter without additives has limited efficiencies of
0.9 and 12.2 mg · g−1 in the removal of nitrate and lead, respectively. This is due to the fact that nitrate and lead do not have strong
affinities for this material (Fig. 6). In fact, nitrate and lead are only
removed by physical trapping in the pores. The 20 wt.% addition of

Fig. 9. Stacked plot of the X-ray diffraction patterns of the hydroxyapatite and the hydroxyapatite after the removal of lead (HA | lead)
obtained using a silver radiation source.

Fig. 8. DDC-SEM micrographs of (a) activated carbon; and (b) cross
section of CWF with 20 wt.% addition of activated carbon after the
removal of nitrate.

activated carbon increases the affinity of nitrate for the material.
It results in an important efficiency of 6.7 mg · g−1 of the ceramic
water filter with 20 wt.% addition of activated carbon in the removal of nitrate. On the other hand, the ceramic water filter with
20 wt.% addition of hydroxyapatite has a high efficiency in the
removal of lead. The efficiency is equal to 67.1 mg · g−1 for a
20 wt.% addition of hydroxyapatite, which is consistent with the
results from the literature for hydroxyapatite (Baillez et al. 2007;
Thuan et al. 2017). As a result, the ceramic water filter with 20 wt.
% addition of activated carbon and hydroxyapatite has a high efficiency in the removal of both nitrate (i.e., 5.7 mg · g−1 ) and lead
(i.e., 39.5 mg · g−1 ). The removal efficiency is controlled by the
affinity of the contaminants for the additives in the ceramic water
filters. Nevertheless, the removal efficiency of the ceramic water
filters with additives remains higher for lead than nitrate (even
accounting for the differences in the molecular weight of the
additives).
The DDC-SEM micrographs of the activated carbon and the
cross section of the ceramic water filter with 20 wt.% addition
of activated carbon, both after nitrate removal, are presented in
Fig. 8. It can be observed that the activated carbon is shaded
[Fig. 8(a)], and the activated carbon in the ceramic water filter
is only shaded at its edges [Fig. 8(b)]. This means that this shading
is associated with nitrate. Typically, nitrate is removed from water
via a surface-based mechanism of adsorption. The extent of the removal is limited by the specific surface area of the activated carbon.
Once the surface of the activated carbon is covered, no more removal of nitrate can occur.
The X-ray diffraction patterns obtained prior to and after the
removal of lead by the hydroxyapatite are presented in Fig. 9.
The results show that several peaks associated with hydroxyapatite
(e.g., at 3.9°, 8.3°, and 13.4°) disappear in the X-ray diffraction

Fig. 10. X-ray pair distribution function curves of the hydroxyapatite
and the HA | lead. Data were scaled to the nearest-neighbor P-O
atom–atom correlation.

pattern after lead removal. Concurrently, new peaks associated
with hydroxypyromorphite (e.g., at 7.8°, 10.9°, and 15.6°) emerge.
This means that the removal of lead induces a transformation
of hydroxyapatite [Ca5 ðPO4 Þ3 ðOHÞ] to hydroxypyromorphite
[Pb5 ðPO4 Þ3 ðOHÞ], where Pb atoms replace Ca atoms in the
phosphate-based structure (Kamiishi and Utsunomiya 2013).
The X-ray pair distribution function curves obtained prior to
and after the removal of lead by the hydroxyapatite are presented
in Fig. 10. Prior to the removal of lead, the atom–atom correlations of the PDF curve are associated with the hydroxyapatite.
The P-O bonds of hydroxyapatite are represented by the peak at
1.54 Å, whereas the peak at 2.32 Å can be attributed to the
Ca─O bonds. The distances between the calcium atoms (Ca─Ca)
and the calcium and phosphorous atoms (Ca─P) are also represented by the peaks at 4.0 and 3.3 Å, respectively. After lead removal, the atom–atom correlations of the PDF curve are directly
associated with hydroxypyromorphite. The r spacings of the

Fig. 11. Dependence of the mechanical strength of CWF on the
percentage of AC, HA, and AC/HA. Data were obtained using a threepoint-bending test configuration.

atom–atom correlations are also equivalent to those of hydroxyapatite. This means that lead is removed from the aqueous solution
by substitution with calcium from hydroxyapatite in the ceramic
water filter (Smičiklas et al. 2008). In contrast with the adsorption,
the elemental substitutions are not limited by the specific surface
area of the ceramic water filters. This explains the higher efficiency
of the ceramic water filter with 20 wt.% addition of activated carbon and hydroxyapatite in the removal of lead (i.e., 39.5 mg · g−1 )
than in the removal of nitrate (i.e., 5.7 mg · g−1 ), even though these
contaminants have similar affinities for the respective additives.
Mechanical Strength
The dependence of the mechanical strengths of the ceramic water
filters on the percentage of additives is presented in Fig. 11. The
results indicate that the ceramic water filter without additives has a
mechanical strength of 12.8 MPa after firing at a temperature of
950°C. In fact, this value represents a combination between the
binding effect of the clay particles and the presence of large defects,
such as the 50–200 μm decohesions around the quartz particles
(Fig. 3). The addition of activated carbon or hydroxyapatite to
the ceramic water filter results in a decrease of the mechanical
strength. However, the decrease in the mechanical strength strongly
depends on the particle size of the additives. The 20 wt.% addition
of activated carbon with large particles of 60 μm decreases the
mechanical strength by 60%. On the other hand, the mechanical
strength only decreases by 5% for a 20 wt.% addition of hydroxyapatite (small particles of 5 μm). The addition of activated carbon
and hydroxyapatite results in a combination of the respective effects. The mechanical strength of the ceramic water filter decreases
by 32% for a 20 wt.% addition of activated carbon and hydroxyapatite. Hence, the ceramic water filters have a mechanical strength
of 8.7 MPa after firing at the temperature of 950°C. This value is
slightly lower than the values from the literature (Plappally et al.
2011). Nevertheless, it is regarded as acceptable for such an application in household water treatment. This can be attributed to the
distribution of the mechanical strength.
The distribution of the mechanical strength for the ceramic
water filter is presented in Fig. 12. The results show that the
ceramic water filter fails at stress levels between 7.0 and 10.0 MPa,
with a maximum frequency of failure occurring at a stress level of

Fig. 12. Distribution of the mechanical strength of CWF with 20 wt.%
addition of AC/HA. Data were obtained using a three-point-bending
test configuration.

9.0 MPa. It can also be observed that the strength distribution is
relatively well predicted by the Weibull distribution. In fact, the
probability density function [Eq. (7)] confirms that failure does not
occur at stress levels below 7.0 MPa.
Implications
The implications of this research are significant for the use of
ceramic water filters in the purification of drinking water. Until
now, ceramic water filters have only been used for the removal
of microbial contaminants such as bacteria with water remaining
unsafe to drink due to the presence of chemical substances.
This work shows that chemical substances can be removed from
drinking water by doping the ceramic water filters with organic
(i.e., activated carbon) and inorganic (i.e., hydroxyapatite) additives. The doped ceramic water filters removed both organic
(e.g., nitrate) and inorganic (e.g., lead) contaminants through a
combination of trapping, adsorption, and substitution mechanisms.
The efficiency of the ceramic water filters with a 20 wt.% addition
of activated carbon and hydroxyapatite in the removal of nitrate and
lead were equal to 5.7 and 39.5 mg · g−1 , respectively. Using
frustum-shape filters of approximately 2 kg, up to 8 g of lead could
be removed from contaminated water. This means that 8,000 L of
water (high lead levels of 1 mg=L) may be purified by each filter
(Ignatius et al. 2012). In fact, each filter could purify up to 20 L of
water per day over a year, corresponding to the daily consumption
of potable water for a family of six.

Conclusions
In this paper, the removal mechanisms of organic (e.g., nitrate) and
inorganic (e.g., lead) contaminants were investigated in ceramic
water filters with organic (i.e., activated carbon) and inorganic
(i.e., hydroxyapatite) additives. Salient conclusions arising from
this study are summarized below:
• The organic and inorganic additives are relatively well dispersed
in the ceramic water filters. Their initial dimensions and properties are conserved at firing temperatures up to 950°C. The ceramic water filters incorporating organic and inorganic additives
are seen to have a greater volume fraction of connected pores,
permeability, and specific surface area.

• The organic (e.g., nitrate) and inorganic (e.g., lead) contaminants have strong adhesive interactions with ceramic water
filters that contain organic and inorganic additives, respectively.
This results in an increase of the efficiencies from 0.9 to
6.7 mg · g−1 and 12.2 to 67.1 mg · g−1 in the removal of nitrate
and lead from water using 20 wt.% addition of activated carbon
or hydroxyapatite.
• The removal of nitrate and lead was firstly achieved via trapping
within the pores of the ceramic water filters. Nitrate was then
seen to be adsorbed on the surface of the activated carbon. Lead
was also substituting for calcium atoms in the hydroxyapatite
structure to form hydroxypyromorphite.
• Ceramic water filters incorporating organic and inorganic additives removed a wide range of chemical substances from water.
The removal involved a combination of trapping, adsorption,
and substitution mechanisms. The ceramic water filters also had
a relatively high mechanical strength of 8.7 MPa. In addition,
the distribution of the mechanical strength was well predicted by
the Weibull distribution.
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