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A B S T R A C T

Bacterium (Staphylococcus aureus) and fluoride are considered as acute dental infectants. Simultaneous bacterial
and fluoride decontamination for healthy teeth is therefore of high priorities. Hence, we have fabricated a Ca–Ce
nanocomposite (NC) for dual decontamination of bacteria and fluoride from drinking water. The antibacterial
activities were performed against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) using bacterial
growth curves based on optical density and colony growth using the well diffusion method. The dose-dependent
antibacterial activity showed 50% bacterial inhibition (IC50) at 31.5 and 27.0 μgmL–1 Ca–Ce NC concentrations
for E. coli and S. aureus cells, respectively within 4 h of exposure. The mechanism of antibacterial action was
evaluated using membrane protein leakage studies as well as dehydrogenase enzyme activity analysis of treated
bacterial cells coupled with scanning electron microscopy (SEM) analysis. The fluoride adsorption mechanism
was confirmed using FTIR and X-ray photoelectron spectroscopy (XPS) studies which supported the involvement
of –OH groups on Ca and Ce ions where Ce–OH was the preferred adsorption site even at low Ce concentration in
the nanocomposite as Ca:Ce ≈ 2:1. The prepared Ca–Ce NC proved to be very promising for water purification.

1. Introduction

Bacteria and fluoride are common drinking water contaminants.
Bacterial infections, especially by Gram–positive Staphylococcus aureus
can cause severe oral infections [1] and has been detected in some
acute dentialveolar infections, such as a dental abscess [2–4]. Among
Gram-negative bacteria, Escherichia coli has been known to cause fre-
quent infections due to biofilm formation which shows higher re-
sistance to antibiotics and disinfecting agents [5–7]. Similarly, fluoride
is a serious oral infectant that has detrimental effects and causes dental
fluorosis if present ata concentration greater than World Health Orga-
nization (WHO) limits i.e. 1.5 mg L–1 [8,9]. Thus, fabrication of novel
antibacterial, as well as fluoride decontamination agents, is of great
interest for today’s generation. Organic antibacterial agents are gen-
erally sensitive to high temperature and pressure [10–12]. Therefore,
there has been an increasing interest in inorganic disinfectants due to
their better actions. Thus, few metal oxides nanomaterials, like CuO,
MgO, and CaO have been extensively studied as antibacterial agents
due to their inherent characteristics like highly stable, non-hazardous,
small size and high specific surface area [13–16]. Antibacterial activ-
ities of cerium oxide and calcium oxide have also been studied by few

researchers but have shown lower bactericidal properties and their
mechanism is still unclear [17,18].

Among various fluoride removal techniques [19–21] adsorptive
removal using metal oxide based adsorbents has been the principal
method for defluoridation of water [22–24]. Although several mixed
metal oxides adsorbents have been reported, detailed studies con-
cerning the preferential adsorption sites and quantitative ligand ex-
change relationship has still not been clearly understood. The literature
survey revealed that few metal oxides based bacterial disinfectants and
fluoride decontaminants have been developed, but very few reports are
available for the simultaneous decontamination of bacteria as well as
fluoride from drinking water [25,26]. Thus, this paper reports an effi-
cient method for bacterial and fluoride decontamination from drinking
water by our indigenously developed Ca–Ce mixed oxides nano-
composite (NC).

2. Materials and methods

2.1. Materials

CaSO4·7O and (NH4)2[Ce(NO3)6] used in the synthesis of Ca–Ce NC
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were of analytical grade. Sodium fluoride (NaF), sodium chloride
(NaCl), sodium carbonate (Na2CO3), sodium phosphate (Na3PO4), so-
dium nitrate (NaNO3) and anhydrous sodium sulfate (Na2SO4) required
during coexisting anions study were also analytical grade reagents.
Most of the chemicals were procured from Sigma-Aldrich. The
Gram–negative E. coli bacterial strain (MTCC–294) and Gram–positive
S. aureus bacterial strain (MTCC–3160) used in this study were obtained
from the Institute of Microbial Technology, Chandigarh, India.

2.2. Synthesis of nanocomposite and antibacterial analysis

0.1M solution of CaSO4·7H2O and 0.1M solution of (NH4)2[Ce
(NO3)6] were prepared separately by dissolving their calculated
amounts in distilled deionized water (DDW). The solutions were mixed
and 2M NaOH solution steadily added with constant stirring until the
pH reached to 8.5 ± 0.2. The precipitate obtained was repeatedly
centrifuged, filtrated, washed with DDW and ethanol, and finally dried
in a drying oven at 100 °C and ground to a fine powder. Furthermore,
the adsorbent was activated by calcining in a muffle furnace up to
600 °C. The adsorbent was optimized at different Ca/Ce molar ratios
and calcination temperature to attain maximum fluoride removal effi-
ciency.

The detailed descriptions of the assessment of IC50 values of Ca–Ce
NC using Gram–negative and Gram–positive bacteria and well diffusion
method have been provided in the ESI file.

2.3. Characterization of nanocomposite

2.3.1. BET analysis
Brunauer, Emmett and Teller (BET) analysis was used to determine

the specific surface areas of adsorbent by nitrogen monolayer adsorp-
tion measured as a function of relative pressure using a fully automated
analyzer, model Nova 2000e (Quantachrome Instruments Limited,
USA). At one of the degassing stations 0.30 g of the powder sample was
placed in the sample cell and allowed to degas for 3 h at 300 °C in a
vacuum degassing mode. The specific surface area of Ca–Ce NC was
estimated using multipoint BET equation in the P/Po range of
0.07–0.30.

2.3.2. Zeta potential
The sample was prepared by dissolving 0.30 g of Ca-Ce NC i.e. na-

noadsorbent into 250mL of deionized water and 0.1M NaCl and the pH
of the solution was varied from 3 to 12 with the help of 0.1 M NaOH or
0.1 M HCl. The obtained suspensions were stirred at room temperature,
and the zeta potential was measured with a Zetasizer Nano ZS (Malvern
Instrument, UK).

2.3.3. Field emission scanning electron microscopy and XRD studies
The morphology of the Ca-Ce nanoadsorbent surfaces was char-

acterized using a field emission scanning electron microscope (FESEM,
MIRA3 TESCAN). Energy dispersive X-ray (EDX) analysis of the samples
was carried out to determine the mean element proportions of the
sample on an Oxford Instrument INCA attached to the FESEM. For EDX
analysis an accelerating voltage of 30 kV was used with an acquisition
time of about 1min. An extremely thin vacuum evaporated carbon
coating of samples was done to improve the conductivity of the sam-
ples.

The crystal structural analysis of nanocomposite was carried out
using X–ray diffractometer with Cu−Kα radiation over a range of
10–70° at a scan speed of 5° min−1.

2.3.4. FTIR and XPS study
The Fourier transform infrared spectroscopy (FTIR) spectra were

recorded in the range of 4000–400 cm–1 by using an FTIR spectro-
photometer (Agilent 660, USA). The samples for this were prepared by
using KBr disc method with 2mg of sample in 100mg KBr and the IR

spectra were obtained.
The binding energies and the surface chemical states of the Ca-Ce

mixed oxide nanocomposite surface were determined by X-ray photo-
electron spectroscopy (XPS). X-ray photoelectron Spectroscopy (XPS)
measurements were taken using a VG ESCALAB MKII spectrometer with
a Mg Ka X-ray source (1253.6 eV, 120W) at a constant analyzer energy
model.

2.4. Protein leakage assessment and dehydrogenase enzyme activity assay

Protein leakage studies were carried out as described previously
[27]. The Ca–Ce NC concentration was set in the range of
5–100 μgmL–1 for each bacterial strain and the bacterial cell’s con-
centration was kept at 106 CFU mL–1. The sample (1.0 mL) was obtained
from each culture tube at an interval of 2 h and centrifuged for 5min at
4 °C. The supernatant was frozen at−20 °C. This was followed by es-
timation of protein concentration by the Bradford assay [28].

Dehydrogenase enzyme activity was estimated using (3–(4,5–di-
methylthiazol–2–yl)–2,5–diphenyltetrazolium bromide) tetrazolium
(MTT) reduction method. MTT was dissolved in double distilled water
(DDW) to have a concentration of 0.1mgmL–1 and stored at−20 °C.
MTT is a positively charged water-soluble yellow dye that instantly
enters viable bacterial cells and reduces to water-insoluble purple for-
mazan crystals by the dehydrogenase system of active cells. The re-
duction reaction was initiated by adding MTT to the Ca–Ce NC treated
cell suspensions, and the mixtures were incubated at 37 °C for 4 h
within the open tube cap. The visual change was determined spectro-
photometrically by measuring the absorbance of the extracted solution
at 490 nm. Boiled bacterial cells comprising deactivated enzymes were
negative controls (−ve). On the other hand, non–boiled bacterial cells
with normal enzymatic activity were positive controls (+ve). The cell
viability was estimated by MTT assay [29].

3. Results and discussion

3.1. BET and surface morphology analysis

The specific surface area is one of the most important quantities for
characterizing novel porous materials. BET analysis was carried out for
the specific surface area from nitrogen adsorption-desorption isotherms
[30]. Specific surface area of Ca–Ce NC obtained was 349.9 m2 g–1

where the plot of 1/[w(p/po)−1] against p/po is shown in Fig. S1. The
Dubinin–Astakhov (D–A) plot illustrated pore size distribution and pore
characteristics as shown in Fig. S1 inset (ESI file) [31]. D–A pore radius
of the synthesized Ca–Ce NC was 15 Å. The high specific surface area
and small pore size of the Ca–Ce NC are the key factors of higher an-
tibacterial activity and very good fluoride removal efficiency.

The detailed surface morphology analysis of the synthesized Ca–Ce
NC demonstrated that the particles of irregular sizes and shapes formed
because of the aggregation of fine particles (Fig. S2a) with an average
particle size of∼7 nm calculated using Scherrer’s formula in XRD
analysis as shown in Fig. S2b (ESI file).

3.2. Antibacterial activity studies

The antibacterial activity of Ca–Ce mixed oxide NC was determined
in terms of IC50 which is defined as the half maximal inhibitory con-
centration and is a measure of the effectiveness of a substance in in-
hibiting a specific biological or biochemical function. The IC50 (μg
mL–1) values were determined from the comparison of obtained data to
those of standard antibiotic’s data shown in Figs. S3 and S4 (ESI file).
Student’s t-test analysis presented p < 0.05 at a higher Ca–Ce NC
concentration, indicating a noticeable difference from the control. The
31.5 and 27 μgmL–1 of Ca–Ce NC concentration inhibited 50% growth
of E. coli and S. aureus bacteria, respectively. The Ca–Ce NC showed
28.6 and 29.5mm zone of inhibition (ZOI) against E. coli and S. aureus
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bacteria, respectively, which were quite comparable to those of ampi-
cillin (30mm). The results drawn from agar diffusion assay suggested
Ca–Ce NC as an effective bactericide for both Gram–positive and
Gram–negative bacteria (Fig. S5). Furthermore, the ZOI of Ca–Ce mixed
oxide NC against E. coli and S. aureus bacteria was significantly higher
than previously reported different materials as shown in Fig. 1
[17,18,29–34]. The effective bactericidal properties were due to en-
hanced membrane permeability and intracellular constituents’ leakage
caused by Ca–Ce NC resulting in severe damage and eventually cell
death. This was further confirmed by membrane protein leakage and
dehydrogenases enzyme activity studies.

3.3. Mechanism of antibacterial activity

The mechanism of action of Ca–Ce mixed oxide NC with bacteria
was confirmed by scanning electron microscopy (SEM) analysis,
membrane protein leakage studies, and dehydrogenase enzyme activity
study as discussed in the following sections.

3.3.1. Nanocomposite’s induced morphological changes in bacteria
The Ca–Ce NC’s induced morphological changes in bacteria were

investigated using SEM before and after its treatment. The fresh E. coli
cells were having rod-like morphology and intact membrane (Fig. 2a)
but after exposure to Ca–Ce mixed oxide NC it showed bursting of
bacterial cells and shape changed to bulbous shape with the disin-
tegrated membrane (Fig. 2b). Furthermore, membrane disintegration
was confirmed by leakage of the cytoplasm of some bacterial cells
(Fig. 2b). A similar observation was obtained in the case of S. aureus
cells where its globules morphology (Fig. 2c) on treatment with Ca–Ce
NC disintegrated to bulbous shape (Fig. 2d). Therefore, SEM analysis
confirmed the role of the Ca–Ce NC in altering the morphology of
bacterial cells that resulted in the death of the bacteria.

3.3.2. Effect of Ca– Ce NC on membrane protein leakage
To confirm the membrane disruption of bacterial cells, membrane

protein leakage studies were performed. In a control experiment, in-
itially 7.30 μgmg–1 of protein leakage occurred as compared to
8.88 μgmg–1 and 9.00 μgmg–1 protein leakage from Ca–Ce NC
(100 μgmL–1) treated with E. coli and S. aureus bacterial cells, respec-
tively. However, the leaked amount of protein was 15.1 μgmg–1 and
15.5 μgmg–1 after 4 h of treatment of E. coli and S. aureus bacterial cells
with Ca–Ce NC, respectively, while only 10.30 μgmg–1 protein leakage
in control experiment was observed, indicated the role of the Ca–Ce NC
in increasing the membrane permeability. Enhanced protein leakage
through Gram-positive (S. aureus) bacterial cells compared to Gram-
negative (E. coli) bacterial cells, suggested the higher antibacterial
sensitivity of the S. aureus than the E. coli. Furthermore, the increase in
Ca–Ce NC concentration resulted in enhanced cytoplasmic protein

leakage, resulting in the death of the bacterial cell. The pictorial re-
presentation of this mechanism is shown in Fig. 3. Differential bacterial
susceptibility may be because of structural and compositional varia-
tions in the Gram-positive and the Gram-negative bacteria cell mem-
brane. The Gram-negative cell membrane has been found to have dy-
namic lipopolysaccharides O-side chains that are absent in Gram-
positive cell walls. These rapidly moving side chains in E. coli bacteria
may disable the formation of a metal–ion salt bridge, thus preventing
the antibacterial effect at low Ca–Ce NC concentration.

3.3.3. Effect of Ca– Ce NC on dehydrogenase enzyme activity
The effect of Ca–Ce NC on dehydrogenase enzyme activity was

studied by dissolving formed formazan crystals in phosphate–buffered
saline (PBS) and quantified spectrophotometrically, where concentra-
tion was directly related to the number of metabolically active cells.
The reduction in enzymatic activity was found to be a function of Ca–Ce
NC concentration and the effect was much higher with 100 μgmL–1

Ca–Ce NC concentration compared to E. coli and S. aureus bacterial cells
(control+ve) as shown in (Fig. 4a & b). Hence, the results suggested
that the Ca–Ce NC significantly inhibited dehydrogenase enzyme ac-
tivity. Furthermore, the Ca–Ce NC showed more reduced enzymatic
activity in case of Gram-positive S. aureus cells than Gram-negative E.
coli cells (Fig. 4a & b). Gram-negative E. coli cells have negatively
charged cellular membranes and are a function of the isoelectric point
(4–5). However, in the case of Gram-positive S. aureus cells, the
membrane isoelectric point reached 7.0 ± 0.4, resulting in the devel-
opment of more negative charge on the surface in the culture medium
[35,36]. As a result, the negatively charged E. coli cellular membranes
at pH 7 showed higher resistance against the direct exposure to Ca–Ce
NC ( +MOH2 , pzc= 5.0, Fig. 5d inset) than S. aureus cells in aqueous
suspensions at pH 7.

3.4. Optimization of Ca–Ce NC as nanoadsorbent

The effect of pH is quite significant for adsorption mechanism and
an important parameter for the removal of fluoride from aqueous so-
lution. Thus, the effect of pH on the removal of fluoride was studied in
the range 3–12. The adsorption capacity gradually increased with in-
crease in pH from 3 to 7, leveled off in pH range 7–10, and thereafter a
significant reduction in adsorption capacity was observed (Fig. 5a). The

Fig. 1. Comparative zone of inhibition of Ca–Ce mixed oxide NC and reported different
nanomaterials.

Fig. 2. SEM images of E. coli (a) before and (b) after incubation with Ca–Ce NC and S.
aureus (c) before and (d) after incubation with Ca–Ce NC.
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solution pH controls the surface activeness and the electrostatic ex-
change reaction between fluoride and the surface of the Ca–Ce NC in
solution. At lower pH, HF is formed due to the availability of more
protons which is responsible for the poor fluoride adsorption. Fur-
thermore, the fluoride adsorption was reduced in higher alkaline pH
range due to the competition of OH– ions with F– ions for the similar
adsorption active sites on Ca–Ce NC. Fig. 5d shows that the surface
charge of Ca–Ce NC is pH dependent i.e. the surface charge arises from
protonation or deprotonation of surface hydroxyl groups. This means

that only ≡
+MOH2 sites are available in acid media while ≡

+M sites are
available if zeta potential is independent of pH. Thus, the electrostatic
attraction takes place between positively charged surface hydroxyl
groups and fluoride ions in acidic media and the ion exchange reaction
occurs between the hydroxyl group of Ca–Ce NC and fluoride ions in
basic media (8–10 pH). Therefore, the results demonstrated good ad-
sorption capacity in the pH range 6–10.

The effect of variation of adsorbent doses on the fluoride uptake was
analysed in the range of 1–200mg L–1 and the results are depicted in
(Fig. 5b). The highest adsorption capacity (83.33 mg g–1) was found at a
Ca:Ce molar ratio of 1:3 showing synergistic effect as shown in Fig. 5b
(inset). The increase in fluoride removal efficiency increased with
Ca–Ce NC dose up to 120mg L–1 due to the availability of a greater
number of active sites (Fig. 5b). Thereafter, only a marginal increase in
fluoride removal occurred due to saturation of the surface sites.

The effect of initial fluoride concentration was studied in the range
of 5–50mg L–1 and the results are presented in Fig. 5c. On increasing
initial fluoride concentration, the fluoride removal decreased due to the
availability of limited Ca–Ce NC surface sites than required for the high
initial fluoride concentration (Fig. 5c).

3.5. Kinetic studies and effect of contact time

The kinetic studies demonstrated the applicability of pseudo second
order kinetics model shown in Fig. S6 which supported chemisorption
phenomenon involving the participation of valence forces among
fluoride and Ca–Ce NC. The effect of the contact time on fluoride ad-
sorption is shown in Fig. S6 (inset).

3.6. Effect of temperature and adsorption isotherms studies

Adsorption isotherms were studied at three different temperatures;
303, 313 and 312 K with initial fluoride concentration of 10mg L−1

and adsorbent dose of 0.03 g in 250mL. The thermodynamic studies
demonstrated that the fluoride adsorption phenomenon was en-
dothermic (Table S2). The calculated thermodynamic parameters are
shown in Table S3. The best fit isotherm was analyzed using R2 values
obtained from different isotherms showed that the adsorption followed
the applicability order Freundlich > D–R > Langmuir isotherm
(Table S4).

3.7. Regeneration, coexisting anions stability study

The economic viability of the Ca–Ce NC was checked by reusability
studies in several cycles of the adsorption process. Firstly, the NC was
subjected to the adsorption process at an initial fluoride ion

Fig. 3. Mechanism of action of Ca–Ce mixed oxide NC on bacterial cells.

Fig. 4. Effect of Ca–Ce NC on dehydrogenase enzyme activity in (a) E. coli cells and (b) S.
aureus cells compared to control.
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concentration of 10mg L−1, to examine the desorption efficiency of the
adsorbent. The desorption processes were performed on the NC by
using 0.1M NaOH and re-activation was carried out using 0.1M HCl.
The Ca–Ce NC presented efficient reusability up to five cycles without
significant loss in fluoride adsorption capacity (Fig. 6). The adsorption
efficiency of the Ca–Ce NC was also studied in the presence of common
coexisting anions: Cl−, NO3

−, SO4
2−, CO3

2−, HCO3
−
, and PO4

3−. The
results showed that the fluoride removal efficiency of the Ca–Ce NC was
negligibly affected in the presence of Cl−, NO3

−, SO4
2− even at 100-

times higher concentrations than fluoride ions. However, the fluoride
removal efficiency was affected by the presence of CO3

2−, HCO3
− and

PO4
3− ions at high concentrations (Fig. 6). Therefore, the Ca–Ce NC

showed excellent selectivity towards fluoride removal than several
other adsorbents that have been utilized in environmental water sam-
ples [37–39].

The leach out studies were performed from filtrate after fluoride
adsorption experiments using AAS analysis and the results demon-
strated almost negligible concentrations of Ca and Ce metal ions than
set by the Environmental Protection Agency (EPA). The five cycles
reusability and negligible leakage of Ca and Ce ions make Ca–Ce NC an

efficient and robust adsorbent for field applications.

3.8. Mechanism of fluoride adsorption

It was imperative to evaluate the adsorption mechanism to under-
stand the Ca–Ce NC characteristics and design the application part. The
hydrolysis reaction occurs between the metal oxide and water that re-
sults in the development of surface hydroxyl groups on the metal oxide
surface. The developed surface hydroxyl groups are considered as the
main active sites for fluoride adsorption from the water. To confirm
this, the Ca–Ce bimetal oxide NC was characterized by FTIR before and
after fluoride adsorption. FTIR analysis supported inner–sphere me-
chanism of fluoride adsorption (Fig. 7a & b). The two sharp peaks at
1181.7 and 1043.7 cm−1 correspond to a metal hydroxyl group (M-OH)
bending vibrations [39] (Fig. 7b). Both peaks disappeared upon fluoride
adsorption which confirms the exchange of OH– with the F– ions. The
peaks at 532.7 and 414.7 cm−1 correspond to Ce–O bond [40] and
Ca–O bond [41] stretching vibration, respectively (Fig. 7a & b). After
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fluoride adsorption, the peaks shifted toward higher frequency sup-
porting the inner–sphere complex mechanism of fluoride adsorption. It
is apparent from the FTIR spectra (Fig. 7a & b) that the peak intensity of
hydroxyl group at 1181.7 cm−1 and 1043.7 cm−1 diminished with in-
creasing the calcination temperature (473–873 K) is due to the removal
of surface hydroxyl groups which reduced adsorption capacity. Hence,
adsorption experiments were carried out using adsorbent calcined at
473 K for maximum adsorption.

The qualitative, as well as quantitative molecular-level information
on fluoride adsorption mechanism, was studied using the X-ray pho-
toelectron spectroscopy (XPS) spectra as shown in (Fig. 8a & c) which
demonstrated the presence of Ce(IV) as the major chemical state in the
Ca–Ce NC. After fluoride adsorption, positive shifts in core levels were
observed in these Ce 3d peaks as shown in (Fig. 8b & d) which indicated
Ce–F covalent interactions, where electronegative fluoride atoms de-
pleted the Ce 3d level’s electron density. The shapes of Ca 2p peak

showed the positive shifts in binding energy values by ≈ 0.1 eV after
fluoride adsorption (Fig. 9a & b) which is due to the replacement of
–OH group by the highest electronegative F– ion (Table S6). Further, a
reduction in the hydroxyl group peak intensity was noticed as shown in
Fig. 9c & d) which is due to the exchange of OH– ions with F– ions. To
confirm the distribution of fluoride on the Ca–Ce NC, a 50:50 Gaussian:
Lorentzian peak shape was utilized to fit F1s spectra. The F1s spectra
correspond to two different peaks that are Ca-bound fluoride (Ca–F)
(684.5 eV), and Ce bound fluoride (Ce–F; 685.3 eV) (Fig. 9d). The
comparative density of metal–F groups on the Ca–Ce NC was de-
termined using the relative areas of the obtained subpeaks (Table S7).
The results showed the involvement of –OH groups of both in fluoride
adsorption. However, the molar ratio of Ce–F (1.18 atomic%) was
higher than Ca–F (0.84 atomic%) when Ce and Ca metal ions were
present in 1:2 M ratio, confirmed the stronger affinity of Ce towards
fluoride as compared to Ca. These discussions confirmed that the

Fig. 8. XPS spectra of (a) cerium 3d3 before and (b) after
fluoride adsorption and XPS spectra of (c) cerium 3d5 before
and (d) after fluoride adsorption.

Fig. 9. XPS spectra of (a) calcium 2p1 before and (b) after
fluoride adsorption and O1s spectra (c) before and (d) after
fluoride adsorption, and F1s spectra of Ca–Ce nanocompo-
site at Ca: Ce molar ratio of 2:1((d) inset).
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surface reactions occurred on the Ca–Ce NC during fluoride adsorption
was as follows:

+ ⇋ +
+ −MOH F MF H O2 2 (1)

+ ⇋ +
− −MOH F MF OH (2)

The solution pH increased with fluoride concentration due to the
release of OH− ions upon fluoride adsorption according to Eq. (2). This
was further verified by the equilibrium pH measurement of the solu-
tions having different fluoride concentrations while the initial pH of the
fluoride solutions was kept neutral (Table S8). The equilibrium fluoride
solution pH increased from 4.32 to 5.99 with increasing initial fluoride
concentration from 10 to 100mg L–1. To further investigate the binding
of F– ions by the adsorbent, energy dispersive X-ray spectroscopy (EDS)
mapping of the adsorbent was performed after fluoride adsorption. EDS
spectrum after fluoride adsorption showed evenly distributed fluoride
on the Ca–Ce NC, adsorbent surface (Fig. 10), presenting direct ad-
sorption of fluoride.

3.9. Field application

The potential field applicability of Ca–Ce NC (Ca:Ce ≈ 1:3) was
tested for fluoride removal in environmental real water samples having
high (4.66 mg L–1) fluoride concentration; almost three times higher
than the WHO standard limits (Table 1). The fluoride concentration was
noted (0.82 mg L–1) below the WHO limits after fluoride adsorption. A
considerable amount of PO4

3–, CO3
2– and HCO3

– ions were also re-
moved from the environmental water samples (Table 1). The reduction
in the concentration of PO4

3–, CO3
2–, and HCO3

– ions further demon-
strated that these coexisting ions mainly compete with the fluoride ion
for the same available active sites. These results presented the

suitability of treated water using presently proposed a method for po-
table purposes and the Ca–Ce NC can be efficiently utilized for the re-
moval of fluoride from environmental water samples.

4. Conclusions

The present work demonstrated the mechanism for simultaneous
antibacterial and fluoride removal by of Ca–Ce NC. The Ca–Ce NC
presented good stability and high fluoride removal capacity
(83.3 mg g–1). The FTIR and XPS analyses confirmed that the metal
hydroxyl groups contributed to the fluoride adsorption, where Ce–OH
was found to be superior adsorption site even at low Ce in the nano-
composite as Ca:Ce ≈ 2:1. The reusability of the Ca–Ce NC with neg-
ligible leaching demonstrated its dual potential in bacterial and fluoride
decontamination.
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