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Stable and microcrystalline Ce-Fe Bi-metal oxide nano particles: Synthesis,
characterization and fluoride adsorption performance in drinking water
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The cerium-iron bi-metal oxide nano particles have been prepared as an adsorbent for the removal of fluoride from
drinking water. The incorporated cerium ion into iron oxide is characterized using transition electron micrograph (TEM),
X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), and morphologically observed by scanning
electron microscope (SEM), energy dispersive X-ray (EDX) and Brunauer-Emmet-Teller surface area analyzer (BET). The
effects of various factors such as solution pH, adsorbent dosage, equilibration time, initial fluoride ion concentration, water
solubility and zero point charge have been investigated. The results show that the adsorbent removed about 98% of fluoride
from drinking water at both acid and basic pH range, and the nano particles have extremely small size, high surface area,
greater stability and microcrystalline nature. The experimental results suggest that this nano-adsorbent is promising for

treating fluoride contaminated water.
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It is well-known that trace elements are essential and
beneficial to the organism in minute concentrations,
as they play a significant role in many metabolic
processes. But they would be toxic when their
concentrations exceed the limited levels. Fluoride, a
typical trace element is distributed in rock, soil, and
water. The safe limit of fluoride in drinking water
level is in between 0.7 mg L' to 1.5 mg L' but
harmful once it exceeds to 1.5 mg L™ which is the
World Health Organization limit being followed in
most of the nation’s'. Fluoride in minute quantity is
an essential component for normal mineralization of
bones and formation of dental enamel®>. However, its
excessive intake may result in slow, progressive
crippling scourge known as fluorosis. It is endemic in
at least 25 countries around the world and is most
prevalent in India, China, and parts of Africa. It is not
known how many people are now afflicted with the
disease, but conservative estimates are in the tens of
millions of people (WHO 2004). According to the
WHO, at concentrations above 1.5 mg L™, fluoride is
considered dangerous to human health. Excessive
fluoride can lead to dental and skeletal fluorosis, a
disease that can cause mottling of the teeth and
calcification of ligaments. Long-term ingestion of
fluoride-rich drinking water may show the way to
crippling bone deformities, cancer, decreased

cognitive ability, lower intelligence quotient, and
developmental issues in children’.

Excess fluoride in water, which could lead to serious
health issues, has to be removed in a simple and
economical way. The removal of fluoride from drinking
water involves different methods such as adsorption,
electrochemical treatment, coagulation/flocculation,
membrane filtration, advanced oxidation technology,
phytoextraction, electro-kinetic methods, electro-
osmosis, and ion exchange. However, these methods
have several disadvantages such as a high reagent need,
unpredictable metal ion removal, and generation of toxic
sludge. The adsorption process is very simple,
economical, effective and versatile has become the
most preferred methods for removal of fluoride from
drinking water. This research work focuses on the
removal of excess fluoride from drinking water using
adsorption technique.

In the past ten years, many researchers have
devoted attention to developing low-cost and effective
nano-adsorbent for the removal of fluoride from
aqueous solution and contaminated water. Various
inorganic nano materials play a vital role in the
removal of fluoride from aqueous solution. Among
them, iron, alumina, titania, magnesia, silica,
zirconium, cerium, and calcium-based metal oxide
nano materials and composites play an important role
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in defluoridation processes. These types of oxide nano
materials are rich in surface functional groups, highly
stable for adsorbing fluorides from aqueous solution.
The increased surface areas of the metal oxide nano
particles highly favour for fluoride adsorption. Their
high adsorption capacity, non-toxic nature, limited
solubility in water and good desorption potential
makes metal oxides a material of choice’. Fluoride
adsorption is determined by various factors such as
the effect of contact time, adsorbent dosage, adsorbate
concentration, pH and temperature.

In the previous report, Ce (IV)-doped iron oxide
prepared by Yu Zhang et al.’ with high ability to
remove arsenic from water is of amorphous nature
and Kankan et al.® with fluoride removal ability at pH
7. The endurance and stability of the adsorbent are
improved since amorphous iron oxides have been
effective for arsenic removal but it is not stable. In
this present study, the prepared cerium-iron bi-metal
oxide nano particles for fluoride removal are
microcrystalline in nature, insoluble in water and
hence it is stable and efficient. Further the prepared
nano particles show efficient fluoride removal at all
pH ranges from 2 to 10.

Experimental Section

Materials

Ferric chloride, ferrous sulphate, cerium sulphate,
sodium fluoride and all other chemicals and reagents
of analytical grade were purchased from Universal
Scientific Co, Coimbatore. Fluoride stock solutions
were prepared by dissolving 2.21 g of anhydrous
sodium fluoride in 1000 mL distilled water in a plastic
volumetric flask and all working solutions were
prepared by appropriat dilution of stock solution with
distilled water.

Synthesis of Ce-Fe bi-metal oxide nano particles

Co-precipitation  technique was employed to
synthesize Ce-Fe bi-metal oxide nano particles
(CIBONSs)”. Ce(SO4),.H,0 of 0.1 mol L™ was dissolved
in double distilled water together with 0.2 mol L
FeCl;.6H,0 and 0.1 mol L' FeSO,.7H,O under gentle
stirring, then 5 M NaOH solution was added until pH
close to 10. Stirring was sustained for 60 min and
rejuvenated for 4 h at room temperature. The suspension
was repeatedly rinsed with distilled water till chloride
and sulphate ions were entirely expelled. The prevailed
sample was exsiccated at 110°C for 2 h. The exsiccated
CIBONSs was crushed and stored.

Instrumentation

Fluoride ion concentration was estimated by an
expandable ion analyzer (Hach Meter, USA) with an
ion selective fluoride electrode, and a fluoride ion
selective electrode was calibrated prior to each
experiment. The pH was measured with Elico L1 120
pH meter. The meter was calibrated whenever the
measurements were made using pH calibration
buffers. BET surface area was calculated using
Quanta Chrome Nova-1000 surface analyzer
instrument under liquid nitrogen temperature. FTIR
spectra were recorded on a Shimadzu Prestige 20 IR
Spectrometer in the range of 4000-400 cm™ using
KBr as a background. The high resolution transition
electron microscope (HRTEM) images were taken
using the JEOL JEM 2100 model with accelerating
voltage of 200 kV model and elemental spectra were
obtained using an Energy Dispersive X-ray
spectroscopy (EDS) analyzer, the high resolution
scanning electron microscope (HRSEM) images were
taken using the Quanta 200 FEG model at 10 kV
under pressure of < 5.0 x 10° Pa, the X-ray
diffraction (XRD) measurements were obtained using
a PAN analytical X'Pert Pro diffractometer model
with the Cu Ko radiation (A = 1.54059°A) operated at
40 kV and 30 mA model and the Vibrating sample
magnetometer (VSM) were recorded using a
Lakeshore VSM 7410 model.

Batch experiments

With the predetermined quantity of CIBONs in
100 mL aqueous fluoride solution of desired initial
concentration, taken in wide-mouth high-density
polyethylene bottles of 250 mL capacity the batch
experiments were mapped out. The fluoride solution
was allowed to agitate in a mechanical shaker for a
predetermined period till it reached the equilibration
and the filtrate was analyzed for residual fluoride
concentration. The effect of pH was performed by
modifying the fluoride solution pH from 1.0-10.0 at
an initial fluoride concentration of 10 mg L™ and the
CIBONSs dose of 1.0 g L. The effect of adsorbent
dose was also studied by varying the adsorbent doses
(0.1, 0.2, 0.3, 0.4, 05........ 1.0 g L") at an initial
fluoride concentration of 10 mg L™ and at optimum
pH. Analyzing the percentage of fluoride removed by
CIBONSs at a time-honoured gap of 30 min for 6 h
from 10 mg L™ fluoride solution, the effect of contact
time was evaluated. Equilibrium adsorption isotherms
were drawn for fixed adsorbent dose and varying
fluoride concentration from 10 mg L™ to 100 mg L
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for 24 h contact time. The Erlenmeyer flask (250 mL)
containing the known dosage of CIBONs with 100
mL of fluoride solution was placed on a mechanical
shaker at room temperature (25+1°C) for a fixed time
period. The flask was then removed and the solution
was filtered. Each batch was repeated for three times
and the mean value was taken for computation and to
analyze the Temkin isotherm. All adsorption values

were calculated from the change in solution
concentration using the following equation.
V(Co—Ce
, = V(Co=Ce) (D
m

where Q. (mg/g) was the adsorbed quantity at
equilibrium, C, and C. were the initial and final
concentration (mg/L), V was the volume (L) taken
and m was the mass of the adsorbent (g).

Sorption isotherms

Three commonly used isotherms namely
Freundlich, Langmuir and Temkin had been adopted
to quantify the CIBONs and the linear forms of three
isotherms were represented in (Fig. 1-3) and the
adsorption isotherm constants were tabulated in
(Table 1).

In Table 1, Q. was the quantity of fluoride adsorbed
for each unit weight of the CIBONs (mg g), C. was the
equilibrium concentration of the fluoride ion in the
solution (mg L™), 1/n was the adsorption intensity and
Krwas the Freundlich isotherm constant.

log Qe = log Kr + Y, 1og C. .. (2

The linearized expression of the Freundlich model
was represented by equation (2). The linear plot of log
Q. Vs log C. indicated the applicability of the
Freundlich isotherm for the CIBONs. The values of
the 1/n between 0 and 1 and the n value with in the

Table 1 — Adsorption Isotherm Constents

Adsorption Isotherm  Isotherm Parameters Numerical Values

Freundlich Ky (mgg™) 1.18

1/n 0.5853
n 1.71

R’ 0.9728

Langmuir Q. 10.95
K (mg g™ 0.15

R? 0.9967

Temkin Kr(mg g 15.97
By (kJ mol™) 2.14

R? 0.9655
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Fig. 1— Freundlich Isotherm of CIBONS (ranged left under figure)
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range of 1-10 confirmed the conditions favourable
for adsorption®.

1 1 1

Lrb_r . (3)
Qe Qo KLQOCe

In the Langmuir isotherm represented in equation (3),
Q, was the measure of adsorbate at complete
mono layer coverage (mg g") and bring about the
maximum adsorption capacity of adsorbent and K
(L mg') was the Langmuir isotherm constant that
related to the energy of adsorption of fluoride ions by
the CIBONs. The Langmuir constants K and b for
the CIBONs were calculated from the respective slope
and the intercept of the plot C./Q. Vs C. respectively.
The essential characteristics of the CIBONSs’
Langmuir isotherm can be enunciated in terms of a
fundamental physical constant, a selectivity factor or
an equilibrium constant’.

0=l e+ Rk, (@)

Br Br

Equation (4) represented the linearised expression
for Temkin isotherm. This model depicted the
fluoride ion and CIBONS interactions. The adsorption
heat of all the molecules in the layer of the CIBONs
decreases linearly with the coverage owing to fluoride
ion-CIBONS interactions'®. The value K1 (L g") was
the Temkin isotherm constant representing maximum
binding energy of CIBONs, By (kJ mol™) was related
to heat adsorption constant, R (8.314 kJ mol' K™)
was the ideal gas constant and T was the temperature
in Kelvin. The Kt value 1597 confirmed the
interaction between F~ and CIBONs and By value 2.14
showed a small variation in the heat of adsorption.
The R* value was close to one confirming the
suitability of this model that resulted in the size
decrease.

Results and Discussion

BET Surface area analysis

The surface area, pore volume and pore diameter
were considerable factors to influence the adsorption
property of the adsorbent. The same for cerium
oxide and iron oxide were enumerated and listed in
(Table 2) were 9.5 m*/g, 0.01 cm’/g and 2.5 nm and
5.91 m%g, 0.007 cm®/g and 3.53 nm, respectively. In
comparison with cerium oxide and iron oxide, the
surface area, pore volume and pore diameter of
CIBONs increased to 90.5 m%g, 0.092 cm’/g and
1.19 nm respectively. The increase in surface area

was due to the incorporation of iron oxide into the
trace of cerium ion.

Fourier Transform Infrared Spectroscopy analysis

The Fourier transform infrared spectroscopy
(FTIR) spectra were exhibited in (Figs 4 and 5).
The CIBONs was mixed with spectroscopic grade
KBr and analyzed. The band at 3414.15 cm™ was

Table 2 — BET Surface Area Analysis of prepared cerium oxide
nano particles, iron oxide nano particles and CIBONs

Surface Area Pore Volume Pore Diameter

(m%/g) (em®/g) nm
Cerium Oxide 9.5 0.01 2.5
Nanoparticles
Iron Oxide 5.91 0.007 3.53
Nanoparticles
CIBONs 90.5 0.092 1.19
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Fig. 4 — FTIR spectrum of CIBONs before fluoride adsorption
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Fig. 5 — FTIR spectrum of CIBONS after fluoride adsorption
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attributed to the stretching vibration of hydroxyl
radical (-OH)''. The band at 2371.58 cm’
was attributed to the Ce-O vibration '>. The band
at 1628.95 cm™ was due to the bending vibration of
interlayer water molecules'. The band at 1246.37 cm™
was attributed to the bending vibration of the metal
hydroxide (M-OH)", and the decrease of the integral
area of M-OH was observed after removal. The results
justified the participation of hydroxyl group in the
adsorption of fluoride. The band at 518.87 cm™ and
44750 cm” were attributed to the Fe-O bending
vibration®"”. The emergence of a band near 400 cm™ in
(Fig. 5) attributed the metal fluoride vibrations'®, and
implied the binding ability of fluoride ion with the
surface of CIBONSs after adsorption.

X-Ray Powder Diffraction analysis

The X-ray powder diffraction (XRD) scanning was
carried out from 5° to 90° (20) at a scan rate of
10°/min and was looked over using software assigned
to the instrument. The peaks displayed in Figs 6 and 7
featured the patterns of iron oxide and cerium oxide
that was prepared in the same way as CIBONs were
prepared. The pattern in Fig. 6 corresponded to the
Fe;04'” (JCPDS card No. 01-089-6466) and the
pattern in Fig. 7 corresponded to the CeO, (JCPDS
card No. 00-023)'®. The peaks in Fig. 8 displayed the
CIBONSs featuring microcrystalline peaks that were
absolutely different from those patterns found in iron
oxide and cerium oxide, indicating a new phase
structure of CIBONSs.

Morphological analysis
The high-resolution scanning electron microscope
(HRSEM) images of CIBONs were shown in the
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Fig. 6 — XRD pattern of iron oxide

Fig. 9. The CIBONs were found to possess spherical
and agglomerated morphology.

The spherical and agglomerated morphology of
CIBONs was further verified by high resolution
transition electron microscope (HRTEM). The
HRTEM images of CIBONs before and after fluoride
adsorption were shown in Figs 10 and 11. The Energy
Dispersive X-ray Spectroscopy (EDS) mapping was
done using an Energy Dispersive X-ray Spectroscopy
(EDS) analyzer before and after fluoride adsorption
and shown in Figs 12 and 13. From Fig. 13, the peak
for the F~ was seen, signifying that F~ was occupied by
the CIBON:Ss. In addition, the EDS mapping contributed
a direct elemental distribution on the surfaces of
CIBON:S, and the microcrystalline morphology was not
altered even after fluoride adsorption. The EDS also
justified the atomic ratio of the Fe/Ce contained in the
CIBONSs was nearly 3/1. This result concurred with the
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Fig. 7— XRD pattern of cerium oxide
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Fig. 8 — XRD pattern of CIBONs



ADITHYA & SIVASANKARI: MICROCRYSTALLINE Ce-Fe Bi-METAL OXIDE NANO PARTICLES 127

Fig. 11— HRTEM images of CIBONSs after fluoride adsorption
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Fig. 12 — EDS image of CIBONs before fluoride adsorption
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Fig. 13 — EDS image of CIBON:S after fluoride adsorption

initial Fe/Ce molar ratio, justifying that cerium and iron
were entirely packed on the CIBONS.

Vibrating sample magnetometer analysis

Figure 14 displayed the magnetization curve
as a function of magnetic field (G) for the CIBONS.
The VSM result revealed that the CIBONSs
were ferromagnetic in nature with a coercivity
and a saturation magnetization of 115.10 G and
38.331 emu g’ .

Effect of adsorbent dosage on fluoride removal

The various adsorbent dosages from 0.1 to 1 g
under room temperature were habituated to
investigate the effect of adsorbent dosages on the
fluoride expulsion. The obtained results were shown
in Fig. 15. As exhibited in Fig. 15 the excessive
quantity of fluoride was consumed when CIBONSs
dosage raised from 0.4 to 1 g from 83% to 97%,
suggesting that the adsorption process reached a
dynamic equilibrium due to enough active adsorption
sites for the binding of fluoride ions at higher
adsorbent dosages.

Effect of pH
The pH of the aqueous solution was one of the key
limits which mostly affect the fluoride adsorption.
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Fig. 14 — VSM image of CIBONs
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Fig. 15 — Effect of adsorbent dosage
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Figure 16 represented the effect of pH value of
aqueous solution on the capacity of the CIBONs. The
maximum adsorption capacities were noted at all pH
values. It is evident that the removal was over 99% at
pH below 2.0. However, it was found that the removal
of fluoride was around 98% by CIBONSs in the pH
range 3.0 - 9.0. It was also observed that the fluoride
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Fig. 17 — Effect of initial fluoride concentration

removal was drastically reduced to 91.8% due to
electrostatic repulsion of fluoride ion with the
CIBONs. Hence, an optimum pH of 6.5£0.5 was
maintained for further studies. In addition the zero
point charge (pHpzc) of CIBONs was found to be 7.3,
this meant that the surface charge of CIBONs was
positive when pH < 7.3 and by electrostatic
interaction F~ got attracted to the positively charged
CIBONSs and got a negative charge at a solution pH
higher than 7.3 so that the hydroxyl ion will get
replaced by fluoride ion.

Effect of initial fluoride concentration

The initial fluoride concentration was the driving
force for the fluoride mass transfer from the aqueous
solution to CIBONSs. The effect of the initial fluoride
concentration (from 5 to 10 mg L™) on the adsorption
capacities of CIBONs was evaluated at pH 6.5+0.5
under room temperature with 1 g L of CIBONs. The
obtained results are presented in Fig. 17. It showed
that the percent removal of fluoride decreased with
increase in concentration.

Effect of contact time

The effect of contact time on the fluoride
adsorption onto CIBONs was investigated. Figure 18
showed the progression of adsorption reaction and the
percent removal of fluoride for different contact
times. As shown in Fig. 18, the removal of fluoride
increased with time and attained an equilibrium value
of 98% after 240 min.

Regeneration of CIBONs

To regenerate the CIBONs from fluoride ion, trial
the run was were performed with dilute solutions of
HCI, H,SO, and Al(SO4); as a regenerantzo. The
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Fig. 18 — Effect of contact time

effective regeneration of the CIBONs was brought
using aluminium sulphate solution. A series of
adsorption experiments were conducted with 100 mL
of 10 mg L™ fluoride solution containing 1.0 g of
CIBON:Ss at an optimum pH of 6.5 £ 0.5 and a contact
time of 4 h. At the end of the period, the fluoride
content of the supernatant solution was established.
The CIBONs was separated quantitatively, washed
several times with distilled water to remove any
unadsorbed fluoride ions.

Aluminum sulphate solution of volume 100 mL
and concentration varying from 0.05-5.0% w added to
each of these fluoride loaded CIBONs samples and
agitated for 4 h. At the end of this period, the samples
were washed several times with distilled water to
remove excess aluminum (III) ions. Adsorption
studies were conducted using each of these
regenerated CIBONSs to find out the fluoride removal
capacity. The regenerated CIBONs were found to
retain the same fluoride removal capacity after
regeneration. From the study, it was concluded that at
least 100 mL of 0.25% aluminum sulphate solution is
required for the complete regeneration of 1.0 g of
CIBONS.

Conclusion

The iron oxide was incorporated in a trace of cerium
oxide in a simple way and the water insoluble,
ferromagnetic and microcrystalline CIBONs with
agglomerated spherical structure were successfully
prepared using  co-precipitation method. The
incorporated cerium ion into iron oxide had an
effective response to the surface area increase and the
removal percentage of fluoride in the entire pH range.
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The maximum fluoride removal was observed at pH
ranges of 3.0-9.0 indicating that the adsorbent has
promising potential utility in drinking water processes.
The CIBONs well-suited for Langmuir adsorption than
Freundlich implying the mono layer adsorption of
fluoride. Kinetic study results indicated that the
adsorption process followed pseudo—second order
kinetics. The adsorption capacity of fluoride on the
surface of CIBONs was found to be 10.95 mg g at pH
6.5 £ 0.5. The CIBONSs regeneration was carried out
using aluminium sulphate. The laboratory results
suggested that the CIBONs was favourable adsorbent
for treating fluoride contaminated drinking water.
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