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Herein, we report the synthesis of Ce—Al(1:1,1:3,1:6,and 1: 9) binary oxide nanoparticles by a simple
co-precipitation method at room temperature to be applied for defluoridation of an aqueous solution. The
characterization of the synthesized nanomaterial was performed by XRD (X-ray diffraction), FTIR (Fourier
transform infrared) spectroscopy, TGA/DTA (thermogravimetric analysis/differential thermal analysis), BET
(Brunauer—Emmett-Teller) surface analysis, and SEM (scanning electron microscopy). Ce—Al binary
oxides in 1: 6 molar concentration were found to have the highest surface area of 110.32 m? g~* with an
average crystallite size of 4.7 nm, which showed excellent defluoridation capacity. The adsorptive
capacity of the prepared material towards fluoride removal was investigated under a range of
experimental conditions such as dosage of adsorbents, pH, and initial fluoride concentration along with
adsorption isotherms and adsorption kinetics. The results indicated that fluoride adsorption on cerium—
aluminum binary metal oxide nanoparticles occurred within one hour, with maximum adsorption
occurring at pH 2.4. The experimental data obtained were studied using Langmuir, Freundlich, and
Temkin adsorption isotherm models. The nanomaterial showed an exceptionally high adsorbent capacity

of 384.6 mg g *. Time-dependent kinetic studies were carried out to establish the mechanism of the
Received 22nd January 2021 d ti b do-first-order kineti do- d-order kineti d Weber—Morri
Accepted 4th August 2021 adsorption process by pseudo-first-order kinetics, pseudo-second-order kinetics, an eber—Morris
intraparticle diffusion kinetic models. The results indicated that adsorption processes followed pseudo-

DOI: 10.1039/d1ra00598g second-order kinetics. This study suggests that cerium—-aluminum binary oxide nanoparticles have good
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1 Introduction

The world faces severe challenges in providing clean and safe
drinking water to all, as water resources are continuously being
polluted by industries releasing toxic chemicals into the envi-
ronment." Fluoride is beneficial to human health within the
permissible limit.*> Still, excess amounts of fluoride disturb
human metabolism, leading to fluorosis of bones and teeth and
posing a significant threat to the affected population. The
World Health Organization (WHO) has set a permissible range
of 0.5 to 1.5 mg L " of fluoride in water for human consump-
tion.* According to WHO, more than 200 million people
worldwide are consuming water with fluoride concentrations
above 1 mg L™, Therefore, fluoride contamination is consid-
ered a serious issue in providing clean drinking water. Hence,
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potential for fluoride removal from highly contaminated aqueous solutions.

there is a need for developing effective and efficient methods for
maintaining the content of fluoride in the potable water up to
the permissible level. Currently, there are various methods such
as adsorption,** ion-exchange,” reverse osmosis,'*"* coagula-
tion,"*™ and electrodialysis'®*® available for effacing fluoride
from contaminated water. Amongst all, adsorption is most
extensively used for fluoride removal, as it is cost-effective,
simple, and highly efficient. Recently, nanotechnology has
provided a significant breakthrough in designing novel nano-
materials having porosity and large surface area.'”** This
provides an opportunity to synthesize materials that would
provide high fluoride adsorption capacity from contaminated
water.

In the recent past, immense research has been reported, and
various nanostructure-based oxides, hydroxides, binary metal
oxides, and varied composites of oxides have been synthesized
by scientists to remove surplus fluoride from water. Metal
oxides have great potential for adsorption, favorable safety,
minimal water solubility, and a beneficial capacity for desorp-
tion, making them suitable materials. Some of them are
magnetic iron-aluminum oxide/graphene oxide nanoparticles,**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrous iron oxide incorporating cerium,® Ce-Zr oxide
nanosphere-encapsulated calcium alginate beads,” iron-
aluminum nanocomposites,” aluminium oxide nano-

particles,*»** nanoscale aluminium oxide hydroxide,* magnetic
core-shell Ce-Ti@Fe;0, nanoparticles,” hydroxyapatite mont-
morillonite nanocomposites,?® 2-line ferrihydrite, cupric oxide
nanoparticles,* Ce0,/SiO,,** Ce-Zn binary metal oxides,** and
superparamagnetic zirconia nanomaterials (ZrO,/SiO,/Fe;0,).*
However, the removal of fluoride by these materials has resulted
in low adsorption capacities (i.e., as low as 0.2 mg g~ ") with long
contact duration of more than 24 hours.**?” Therefore, in our
study, we aim to synthesize a nonmaterial that would improve
the adsorption capacity of fluorides by creating more adsorp-
tion sites for adsorption.

Binary oxide nanomaterials possessing a high surface-to-
volume ratio have become a promising material for effective
adsorption of pollutants from contaminated water.**** They are
expected to play a vital role in developing technology, which will
ensure in providing clean drinking water to all. Cerium oxide is
a suitable catalyst having a positive charge. It thus has an
affinity to adsorb fluoride ions on its surface; however, not only
is cerium oxide costly in its pure form, but its maximum
adsorption capacity is also low. In contrast, alumina and iron
oxide nanoparticles are cheap. They have been extensively
applied to remove fluoride, but individual metal oxides have low
maximum adsorption capacity, as reported in various
studies.””** Thus, here in this paper, we wish to combine the
advantage of both cerium oxide and alumina nanoparticles with
a high surface area for efficient sorption of fluoride.

An attempt was made to synthesize and optimize Ce-Al
binary oxides by varying aluminum concentrations to achieve
a higher adsorption capacity for effective fluoride removal from
contaminated water solutions. The effect of different variables
such as dosage of adsorbents, solution pH, and initial fluoride
concentration were assessed for evaluating the adsorption
capacity of the prepared nanomaterial. The kinetics of adsorp-
tion and isotherm models was investigated to understand the
mechanism involved in fluoride adsorption onto the optimized
nanomaterial.

2 Material and methods
2.1 Chemicals used

The chemicals employed for the synthesis were cerium nitrate,
aluminum nitrate, ammonia solution, and sodium fluoride.
Chemical materials of analytical grade acquired from Fisher
were used in the present study. First, 1000 mg L™ " of fluoride
stock solution was obtained by mixing 2.2 g of NaF (sodium
fluoride) in 1 litre of double-distilled deionized water.

2.2 Synthesis of adsorbent nanomaterials

Binary metal oxides of cerium-aluminum nanoparticles were
synthesized in molar concentrations of 1:1, 1:3, 1:6, and
1:9 by a simple co-precipitation method at room temperature
in a laboratory. The schematic of the synthesis method is shown
in Fig. 1. A desired amount of cerium nitrate and aluminum
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nitrate was taken in 500 mL of deionized water. Ammonia
solution was added drop by drop while the solution was
continually stirred to raise the pH of the solution to around 8.
The formed suspension was stirred for one hour and kept at
normal temperature for one day. The sample was then centri-
fuged 5-6 times with deionized water to remove excess
ammonia. The precipitate formed was dried in an oven for
a day. The prepared material was then calcined at 500 °C, which
was then crushed to obtain a fine powder of the sample.

2.3 Characterization of the prepared nanomaterials

The structure of the as-synthesized samples was examined by
powder X-ray diffraction (XRD) using a Rigaku-Miniflex X-ray
diffractometer with Cu-Ka radiation (A = 0.15406 nm) in the
26 range from 20° to 100°. Fourier transform infrared (FTIR)
spectroscopy helped to analyze the material's microscopic
details that induce the various vibration modes using a Perkin
Elmer Spectrum 100 FTIR spectrophotometer at a wavelength
ranging from 400 to 4000 cm ™" with KBr pellets as a reference
point. To understand the thermal stability of the prepared
nanoparticles by thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) study, a Perkin-Elmer TGA 4000 at
a heating rate of 10 °C min~' in the air atmosphere in
a temperature range of 25-900 °C was used.

The synthesized nanomaterial's surface topography and
chemical composition were analyzed using a scanning electron
microscope equipped with an energy-dispersive X-ray micro-
analyser. The pH at the point of zero charge (pHp,) of the
material was calculated by a pH drift method. A solution con-
taining 0.01 M of NaCl was prepared, and the pH was adjusted
in the range from 2 to 10. Then, 0.15 g of the nanomaterial was
added into 50 mL of solution, and the mixtures were stirred for
24 hours to reach adsorption equilibrium. The final pH of the
solution was then calculated, and a graph was drawn between
initial pH; and final pH — initial pH (ApH) to obtain pHp,. at
which the charge on the surface of the nano adsorbent is zero.
The specific surface area, pore-volume, and pore diameter were
acquired by Brunauer-Emmett-Teller (BET) with nitrogen
adsorption-desorption isotherm at 77 K using a Nova Station A,
Quantachrome Corporation, USA. A BET isotherm was obtained
by plotting a graph between a monolayer of adsorbed gas and
the relative pressure, and by multiplying the monolayer capacity
with the cross-sectional area of the adsorbate, the total surface
area of the material was obtained. The pore volume was ob-
tained by the quantity of adsorbed nitrogen vapour at relative
pressure almost equal to unity, and the pore diameter was
calculated by the BJH (Barrett-Joyner-Halenda) desorption
model.

2.4 Batch adsorption experiments

After the stipulated contact time, the samples were centrifuged
for 10 min at 9000-10 000 rpm to separate the adsorbent. The
concentration of the remaining fluoride in the solution was
measured by the SPADNS method using a DR 5000 spectro-
photometer (HACH Company, USA). This analytical technique
can accomplish the minimum detection threshold of
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Fig. 1 Illustration of the synthesis of Ce—Al binary oxide nanoparticles.

0.02 mg L ". The solution pH was varied by adding hydrochloric
acid (HCl) and sodium hydroxide (NaOH) to the solution.
Equilibrium adsorption capacity (g. in mg g '), as well as
percentage removal efficiency, was estimated by using the
following eqn (1) and (2):

G- C,
m

e = xV &)

- C

% removal = C‘T x 100

(2)
where C; is the initial fluoride concentration (mg L™") at equi-
librium, C. is the concentration of fluoride remaining in the
solution, V is the volume of fluoride solution (L), and m is the
adsorbent mass (g).

2.5 Adsorption experiments

Batch adsorption studies were done to understand the adsorp-
tion isotherm, kinetics of the process, and the effect of dosage
of nanoparticles, pH, and initial fluoride concentration. In the
present method, 25 mL of fluoride-contaminated samples of
different concentrations (for initial fluoride concentration
experiments) was taken in 50 mL of the conical flask at a fixed
pH of around 2.4. A desired amount of nanomaterials (for
different dosage concentration experiments) was added and

Table1 Crystallite size and microstrain of Ce:Al binary oxides in molar
concentrationsof1:1,1:3,1:6and1:9

Crystallite size (nm)

Molar concentration Debye-Scherrer ~William-Hall =~ Microstrain,
of Ce-Al method method (e) x 1073
1:1 4.5 4.90 9.09

1:3 3.8 4.31 19.93

1:6 4.7 5.05 12.07

1:9 5.0 5.14 12.16
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stirred at 180 rpm with varying intervals of time (for time-
dependent experiments). Then, the nano adsorbent was sepa-
rated by centrifugation technique, and the filtrate was tested for
the remaining fluoride concentration (mg L™'). A separate
adsorption experiment was studied at different initial pH values
for 0.1 g L' of nano adsorbent dosage and initial fluoride
concentration of 10 mg L™" to determine a pH at which the
highest adsorption capacity can be obtained. The pH of the
solution was adjusted by the addition of 0.1 M HCl and 0.1 M
NaOH solution in a drop-wise manner.

For the dosage experiment, 0.1-1.5 g L™ of nano adsorbent
was added to different initial fluoride concentrations of 10, 15,
25, and 35 mg L' at a pH of 2.4. For adsorption isotherm
studies, 0.1-1 g L™ " of adsorbent was added to 25 mL solution of
fluoride with an initial concentration range of 10-35 mg L™ * at
an optimized pH of 2.4 and shaken for 4 hours in a mechanical
shaker at a speed of 180 rpm to obtain the equilibrium value of
the residual fluoride concentration. For kinetic studies, 10-
35 mg L' of the initial fluoride concentration was taken, to
which 0.1-1 g L' dosage of nano adsorbent was added. The
solution was stirred on a shaker for pre-decided time intervals.
After which, the nanoadsorbent was obtained from the filtrate
by centrifugation and analyzed for residual fluoride concen-
trations. It is essential to mention that all the experiments were
implemented out in triplicate, and the final data are presented
as the mean value with a relative error of 5%.

3 Results and discussion
3.1 Characterization of nanoadsorbents

3.1.1 X-ray diffraction studies. XRD spectra of the series of
prepared cerium-aluminum binary oxide nanomaterials
calcined at 500 °C for 3 hours are depicted in Fig. 2(a). The
graph shows the peaks of both cerium oxide and aluminium
oxide in the resulting composite. All the peaks obtained were
sharp and intensive, indicating the crystallinity of the nano-
material.****” The diffraction peaks at 20 = 28.78°, 47.56°, and
56.74° were indexed to the cubic structure of CeO, as confirmed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) XRD pattern of Ce—Albinary oxide nanomaterials at different molar concentrations; (b—e) Williamson—Hall plots for Ce—Al binary oxide
nanoparticles at molar concentrationsof1:1,1:3,1:6,1: 9 respectively; and (f) Fourier transform infrared spectra of Ce—Al binary metal oxide
nanoparticles at different molar concentrations.

by JCPDS 01-081-0792 and the 26 peaks at 33.59°, 66.67°, and other additional peaks, indicating the purity of the prepared
78.03° were indexed to the orthorhombic structure of Al,O; as composite. Therefore, the resulting pattern supports the
confirmed by JCPDS 96-100-0443. The XRD pattern showed no formation of Ce-Al binary oxides. A typical broadening in peak

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 1, 28744-28760 | 28747
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Table 2 Comparative assessment of fluoride ion adsorption capacity of Ce—Al (1 : 6) binary oxides with other reported materials

Adsorption capacity Studied pH Time taken to reach
Adsorbent (mg g™ range equilibrium (hour) Ref.
Magnesium-aluminum ternary oxide microspheres 84.24 7.0 24 4
Ce with metal organic frameworks (MOFs) 4.88 and 4.91 6-7 0.5 111
Iron-aluminum oxide/graphene oxide nanoparticles as 64.72 64.72 3 21
Ce-Zr oxide nanospheres encapsulated calcium alginate beads 137.6 7.0 10 22
Iron aluminum nanocomposite 42.95 6.9 1.33 23
Al,O; nanoparticles 3.82 4.7 1.5 24
Cerium(1v)- incorporated hydrous iron(m) oxide 32.62 7.0 2 75
MnO2-Al203 composite material 18.6 7.0 1 112
Ce-Al binary oxide nanoparticles 384.6 2.4 4 This study
is observed, which may be due to quantum confinement.**>° kA 3
The average crystallite size was obtained from the Debye- " Bcosd (3)

Scherrer equation (eqn (3)) using the full-width at half-
maximum (FWHM) of the most intense peak (111) of the
cerium-aluminum binary oxide nanoparticle.
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where k = 0.94, D is the crystallite size (A), A (A) is the X-ray
wavelength of Cu Ko radiation (1.54178 A), § is the FWHM
(full width at half maximum), and 4 is the angle of diffraction.*
The Williamson-Hall method is also used to estimate the
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Fig. 3 (a—d) TGA/DTA curve of Ce—Al binary oxides in different molar concentrations.
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Weight%
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Totals 100.00

Fig. 4 SEM micrographs and EDS pattern for Ce—Al binary oxide nanoparticle with atomic percentage of the elements.

microstrain and average crystallite size in materials using the
following equations:®>%

60050:0’—;}+4esin0 (4)

where 4 is the X-ray wavelength, 0.9 is shape constant, and ¢ is
the induced strain in the crystal, and 8 is the FWHM in radians.
As illustrated in Fig. 2(b)-(e), the graphs between § cos ¢ on the
y-axis and 4sin ¢ on the x-axis are shown and linearly fitted for
all data. The intercept and slope of the line are used to compute
the average crystallite size and microstrain. Table 1 summarizes
these results. The discrepancy between the Debye-Scherrer and
Williamson-Hall methods for determining the average crystal-
lite size is a direct result of the strain.>»*

3.1.2 Fourier transform infrared spectra. The FTIR spec-
trum of a series of Ce-Al binary oxides at different molar
concentrations is shown in Fig. 2(f), which further confirms the
successful synthesis of the material. The broad band was ob-
tained between 3000 and 3500 cm ' in the spectrum
presumptively assigned to the stretching modes of vibration of
water adsorbed. The peak at 1520 and 1645 cm ™ is attributed to
the bending vibration mode of the OH group present on metal
oxides.*>* The vibration at around 1387 cm ™' is assigned to the

© 2021 The Author(s). Published by the Royal Society of Chemistry

nitrate group due to some residues left from cerium nitrate and
aluminum nitrate used during the synthesis process.*® As re-
ported in the literature, the FTIR spectrum of cerium oxides
shows bands below 700 cm™*, which can be ascribed to the
stretching vibration of the Ce-O bond.**** The stretching
vibration modes of aluminium oxide bonds are obtained in the
range of 580-636 cm™ '.%*%* Thus, the broad band seen in the
range of 500-1000 cm™ ' could be attributed to bending and
stretching modes of vibration of the M-O bond, confirming the
formation of Ce-O-Al bonds in the material.®®

3.1.3 Thermogravimetric  analysis  (TGA)/differential
thermal analysis (DTA). The thermal decomposition and
stability of the prepared binary oxide nanomaterial at different
molar concentrations were studied using TGA/DTA, as shown in
Fig. 3(a)-(d). The spectrum of all molar concentrations of Ce-Al
binary oxides shows continuous loss of weight from 30 °C to
800 °C. The sample (a-d) shows a weight loss of 9.8%, 12.8%,
13.5%, and 10.5% respectively, below 250 °C along with an
endothermic peak at roughly 100 °C. This can be accredited to
the removal of the water molecules present in the precursor
material. Between the temperature range of 300 °C to 750 °C, all
the material shows a slight weight loss of approximately 3-5%.

RSC Adv, 2021, 11, 28744-28760 | 28749
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Fig. 5

(a) Plots of N2 (vapour) adsorption (black)-desorption (red), with a pore volume of 0.141 cc per g; (b) pore size distribution of Ce—Al binary

oxide with surface area = 130.7 m? g; (c) adsorption of fluoride on the hybrid adsorbents prepared at different Ce:Al molar ratios (adsorption

conditions: 0.1 g L™

The DTA graph shows an endothermic peak at around 500 °C
due to thermal degradation.

3.1.4 Scanning electron microscopy with energy-dispersive
spectroscopy. The surface morphology and elemental constit-
uents of the prepared nanomaterial were analyzed by SEM-
EDAX (Fig. 4). The SEM micrograph showed that nano-
particles are agglomerated and of varying sizes (approx. from 4
to 5 nm) and shapes.

The SEM-EDX spectrum signifies the presence of cerium and
aluminum with no other impurities. This agrees with our desire
to synthesize the pure material. From the analytical data, the
empirical formula of the binary oxide was obtained as Ce-Al; ;-
Og 62

3.1.5 Specific surface area and pore size distribution
analyses. Brunauer-Emmett-Teller's (BET) study was analyzed
to calculate the surface area of Ce-Al binary oxide nano-
particles. The surface area and porosity of the material play
a significant role in establishing its adsorbent capacity. As
estimated by the nitrogen adsorption isotherm, the surface area
was found to be 130.7 m® g~ '. Fig. 5(a) and (b) show the
nitrogen adsorption-desorption isotherm of the synthesized
nanomaterial and pore size distribution curve, respectively. The
isotherm shows type IV with hysteresis loops of type H2 clas-
sified by BDDT (Brunauer-Deming-Deming-Teller) in 1940 and
IUPAC recommendations in 1985.°*¢” The pore volume and
average pore diameter were determined to be 0.141 cc per g and
3.673 nm, respectively, indicating the surface to be mesoporous.

28750 | RSC Adv, 2021, N, 28744-28760

!t adsorbent in 25 mL of 15 mg L™ of fluoride solution at pH 6 and 30 °C for 4 hours).

The pore diameter of an adsorbent as observed is greater than
the average pore diameter of fluoride ions*** (0.133 nm), sug-
gesting F~ to readily enter the adsorbent's pores. A graph is
plotted between P/P, and 1/[W(P,/P) — 1], which shows linear
variation, suggesting that the adsorbent is highly porous.

3.2 Optimising Ce-Al molar concentration in the binary
oxide adsorbent

3.2.1 Synergistic reactions. Fluoride removal capacity for
the prepared Ce-Al binary oxide nanoparticles was studied with
four different molar concentrations of aluminum, keeping
cerium content constant, as shown in Fig. 6. The fluoride
adsorption capacity can be observed to increase first and then
decrease with the increase in aluminum content ratio from 1 : 6
to 1:9, and the maximum fluoride adsorption capacity was
observed for the 1 : 6 molar concentration of Ce-Al binary oxide
nanoparticles. The Ce-Al binary oxide nanomaterial prepared at
Ce-Al molar ratios of 1:1, 1:3, 1:6, and 1:9 have the crys-
tallite size calculated to be 4.5 nm, 3.8 nm, 4.7 nm, and 5 nm,
respectively, and adsorption capacities of 90 mg g~ ', 91.4 mg
¢7',93.5mg g " and 88 mg g~ ' respectively. The data show that
the crystallite size, generally related to the surface area is not the
primary factor affecting the adsorption capacity. Even though
the Ce-Al binary oxide in the molar ratio of 1:3 has the
smallest crystallite size, it does not guarantee a high adsorption
capacity. This behavior could be attributed to the synergistic
relationship between cerium and aluminum oxides to form the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Effect of the initial solution pH on the adsorption of fluoride over the Ce—Al binary oxide nanomaterial at an initial fluoride

concentration of 10 mg L=t with 1 g L? dosage of adsorbent. (b) Plot of ApH versus pH; for the estimation of pHzpc of Ce—Al binary oxide.

specific structure of the adsorbent, which is favorable for fluo-
ride adsorption.””* Such a trend has also been shown by other
researchers.””” Thus, Ce-Al (1:6) was selected for further
experiments as it showed maximum adsorption capacity for
fluoride.

3.3 Adsorption performance

3.3.1 Effect of pH, point of zero charge (pH,,.), and
mechanism of adsorption. The initial pH of the solution (pH;)
and point of zero charge (pH,p.) profoundly affect the adsorp-
tion capacity of the adsorbate on the adsorbent surface. The
effect of initial pH on the adsorption capacity is shown in
Fig. 6(a). The graph depicts the highest adsorption capacity of
9.46 mg g~ " at lower pH (2.4), i.e., under acidic conditions, and
a noteworthy reduction in adsorption capacity under basic
conditions. This result agrees with other research works pub-
lished signifying a high adoption capacity of fluoride at low
pH.”®*”° Predominantly, the adsorption mechanism follows
anion exchange with hydroxyl ions or electrostatic attractions.
The point of zero charge (pH,.) is when the surface charge of
the adsorbent is zero.*»®' The pH,p. value for the prepared
nanomaterial is 5.6, indicating that below this pH, the surface
charge is positive and above this pH, negative. It can also be
observed [Fig. 6(a)] that the adsorbent capacity decreased
significantly above pH,., signifying that at pH > 5.6, there is
strong electrostatic repulsion between fluoride ions and the
negatively charged surface of the nano adsorbent. Fluoride
adsorption between the pH range of 2-8 can be understood by
the following mechanisms. At pH below pH,,. (pH < pH,;c), the
adsorption mechanism essentially follows either electrostatic/
coulombic attraction or anion exchange reaction. As observed
in the figure, the adsorption capacity is highest at pH 2.4, which
is sufficiently less than the pH,. value, suggesting the mecha-
nism to be electrostatic/coulombic attraction between the
positively charged adsorbent surface and the negatively charged
fluoride ion (R1). The adsorption capacity decreases in the pH

© 2021 The Author(s). Published by the Royal Society of Chemistry

range of 3.5-5 (below pH,,. value) because of the changes in the
availability of positive charge surface, indicating that the
adsorption mechanism now follows the ion-exchange process
between (R2). At higher pH, ie., pH > pH,,, adsorption
capacity is found to decrease drastically. This is because, at pH
above pH,,., the surface of the adsorbent is essentially nega-
tively charged, leading to repulsion between the negatively
charged binary oxide nano adsorbent surface and negatively
charged fluoride anion (R3). There is increased opposition
between abundantly present OH™ and F~ for active adsorption
sites at higher pH, resulting in decreased adsorption capacity.

(Ce0,-Al,03)-OH = (M-OH) + H* s = (M-OH,)"

(M—OHz)SJr + Faq7 - (M—OH2)+—F7 + HzO (Rl)
(M-OH), + F~ — M-F + OH~ (R2)
(M-OH); + F +OH , > M-O" + H,O + F~ (R3)

It is also worth noting that above pHp,., the adsorption
capacity drastically decreased, indicating that electrostatic
attraction could be the primary mechanism for fluoride
adsorption on the surface of Ce-Al binary oxide nanomaterials.
This is also found in accordance with several past research
Works.21,23,54,61,82

3.3.2 Effect of the initial fluoride concentration. The
adsorption rate is a function of the adsorbate's initial concen-
tration, making it a critical parameter for efficient adsorption.
The influence of initial concentration on the adsorption of
fluoride ions by Ce-Al binary oxide nanoadsorbents was exam-
ined using three different adsorbent doses and varied solution
concentrations of 10, 15, 25, and 35 mg L™, as shown in the
figure. It can be inferred from Fig. 7(b) that the removal effi-
ciency of the adsorbent material declines with an increase in the
initial concentration of fluoride ions in the solution. The

RSC Adv, 2021, 11, 28744-28760 | 28751
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behavior mentioned above is the direct result of filling up all
active sites present on the surface of nanoadsorbents with an
increase in fluoride concentration.®

Similar adsorption patterns are
researchers.®**

3.3.3 Effect of contact time. In this work, the influence of
contact time as a primary requirement to determine the equi-
librium time for maximum removal efficiency and establish the
process kinetics was studied at temperatures of 30 °C, pH 2.4,
initial Fl-concentration of 15 mg L ™", and adsorbent dosage of
1¢g L *for 0.5, 1, 2, 4, and 5 hours. As clear from Fig. 7(a), the
fluoride was adsorbed rapidly within the first hour of the
adsorption process, then subsequently at a relatively slower
rate. More significant amounts of fluoride were adsorbed
during the first hour because fluoride ions instantly bind to the
readily available active sites on the adsorbent's outer surface.

reported by various
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The progressive diffusion of fluoride ions into the interior
surface of the porous Ce-Al binary oxide adsorbent causes the
slower uptake of fluoride after 1 hour. Due to the fast initial
stage adsorption, which was followed by a second stage with
a relatively slow adsorption process until equilibrium was
established, the adsorption process for fluoride ion was detec-
ted even in a short period of time. According to numerous
published studies by different researchers, equilibrium is
reached when the percentage of fluoride removal does not
improve significantly despite the prolonged contact dura-
tion.***® The reaction time for the supporting tests was fixed at 4
hours because no significant change in adsorption was seen
after 4 hours in this investigation.

3.3.4 Effect of adsorbent dosage on fluoride removal.
Dosage of adsorbent has a profound effect on the removal
efficiency of fluoride, as shown in Fig. 7(c) and (d). The
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Fig. 7 (a) Effect of contact time on the fluoride removal (%) with time (adsorbent dose: 1 g L™%; initial fluoride concentration of 15 mg L;
adsorption duration: 0.5-4 hours; temperature: 30 °C; pH: 2.4). (b) Effect of initial concentration on the fluoride removal efficiency (%)
(adsorbent dose: 0.1g L% 0.5g L *and 1 g L% initial fluoride concentration: 10-35 mg L™ adsorption duration: 4 hours; temperature: 30 °C;
pH: 2.4). (c) Effect of the adsorbent dose on fluoride removal efficiency (%) (initial fluoride concentration: 10, 15, 25 and 35 mg L™%; adsorbent
dose: 0.1-1 g L™%; adsorption duration: 4 hours; temperature: 30 °C; pH: 2.4). (d) Decrease in removal efficiency (%) with the increase in
adsorbent dosage beyond an optimum dose (initial fluoride concentration: 10 mg L™% adsorbent dose: 0.1-2 g L™*; adsorption duration: 4 hours;

temperature: 30 °C; pH: 2.4).
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Fig. 8 Adsorption equilibrium isotherms for fluoride ion removal by Ce—Al (1 : 6) binary oxide nanoadsorbent and the data fitting to linear (a)
Langmuir, (b) Freundlich and (c) Temkin isotherm models along with nonlinear fitting of (d—f) Langmuir, Freundlich and Temkin isotherm models

for different adsorbent doses.

adsorbent dosage varied between 0.1 ¢ L™ and 1.5 g L' at
different concentrations of fluoride ranging from 10 to
35 mg L. All the experiments were studied at a fixed pH of 2.4
and a contact time of 4 hours. As shown in Fig. 7(c) for all
fluoride concentrations, the removal efficiency increased with
an increase in the dosage of the nanomaterial. This is because
increasing the dosage increases the number of active adsorp-
tion sites, leading to increased removal efficiency, as illustrated
in previous works by different researchers.®* Fig. 7(d) shows
that maximum removal of 91.5% observed for 1 g L™ dosage of
adsorbent at 10 mg L™ " of initial fluoride concentration.

Further increasing the dose of adsorbent did not improve the
removal efficiency. This is because of the non-availability of
active sites on the adsorbent and the establishment of equi-
librium between the fluoride ions on the adsorbent and in the
solution. Such behavior has also been reported by other
researchers.**?

3.3.5 Adsorption isotherm. The adsorption process estab-
lishes a dynamic equilibrium between the distribution of the
adsorbate on the surface of the adsorbent. To understand the
process of adsorption and demonstrate the efficiency of the
nanomaterial, adsorption isotherm holds a crucial place.
Langmuir and Freundlich isotherms are the most common
types of adsorption models employed to study the mechanism
of the adsorption process and surface properties of the adsor-
bent material. The acquired equilibrium data were analyzed by
fitting linear equations of the most widely accepted isotherms
such as Langmuir, Freundlich, and Temkin isotherms at 25 +
5 °C. The difference between these three models is that in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

Langmuir model, it assumes that heat of adsorption has no
change throughout the adsorption process, whereas, in
Freundlich, isotherm presumes heat of adsorption to logarith-
mically decrease, while in the Temkin isotherm, the heat of
adsorption decreases linearly with surface coverage.’*** These
isotherms provide insight into the adsorbent's affinity to the
adsorbate, thereby giving direction to optimizing the prepared
nanomaterial as an adsorbent material. Adsorption isotherms
corresponding to the most suitable fit for experimental data
obtained for fluoride adsorption at an optimum pH of 2.4 are
for linear fitting are demonstrated in Fig. 8(a)—(c) as well as non-
linear fitting are shown in Fig. 8 (d)-(f) along with the fitting
parameters calculated are outlined in Tables 3 and 4.

Langmuir adsorption isotherm gives information that the
process of adsorption occurs on a homogenous surface with
monolayer adsorption occurring as all the adsorption sites are
the same and equivalent in energy. The isotherm assumes there
is no interaction between the adsorbent and the adsorbate.®**”
The mathematical representations of linear and non-linear
forms of Langmuir equations are represented using eqn (5)
and (6), respectively.***

C. G 1

= =4 5

de  Gm Gmxb ©)
bgm Ce

qe = TbCe [6)

where C, (mg L") is the concentration of the adsorbate at
equilibrium, g. (mg g~ ") is the equilibrium adsorption capacity,
gm (mg g7') is the maximum adsorption capacity, and b (L

RSC Adv, 2021, N1, 28744-28760 | 28753
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Table 3 Langmuir isotherms (linear and non-linear fitting) parameters for the adsorption of fluoride ions onto Ce—Al (1: 3) binary oxide

nanoparticles

Linear fitting

Langmuir isotherm parameters

R;, value for different initial concentrations

Gmax (Mg g™ b (Lmg Y R

10mgL™*

15 mg L' 25 mg L' 35 mg L'

384.6 0.07143 0.9834

0.583333

0.482759 0.358974 0.285714

Non-linear model

Best-fit values
Gmax (Mg g~ ")
b

Std. error

Gmax (Mg g™%)
b

95%Confidence intervals
Gmax (Mg g~ ")
b

Goodness of fit

Degrees of freedom

RZ

Residual sum of squares
Sy.x

Number of points analyzed

mg ) is the Langmuir constant associated with the free energy
of adsorption.*

A linear graph was plotted between C./g. and C., and from
the straight-line values of Langmuir parameters, ¢,,, and b were
obtained, and a non-linear plot between C. vs. ¢, is also shown
in Fig. 8(d).

Langmuir equation has been successfully employed to
calculate the maximum adsorption capacity for various nano-
adsorbents.'*'** To establish the Langmuir adsorption model's
favorability, a dimensionless separating factor RL is repre-
sented using eqn (5)."°2 The calculated isotherm parameters,
including g, and b for linear and non-linear Langmuir fit, are
summarized in Table 3.

1
B Ci><b (7)

Ry

where C; (mg L") is the initial adsorbate concentration and b (L
mg ) is the Langmuir constant. The process of adsorption is
considered favorable when RL's value lies between 0 and 1.
When the value of R, is more than 1, then adsorption is
considered to be unfavorable; when the value of Ry, is equal to 1,
then the process of adsorption is linear; when the value of Ry, is
0, the adsorption process is irreversible and, when the value of
Ry, lies in the range of 0-1, then it can be concluded that the
adsorption process is favorable.

In the present study, maximum adsorption capacity (¢,) as
calculated by fitting experimental data to linear and non-linear
Langmuir equations was observed to be 384.6 mg g ', 377.8 mg

28754 | RSC Adv, 2021, N, 28744-28760

377.9
0.07443

3.974
0.01306

214.46 to 541.24
0.01823 to 0.13063

2
0.99098
60.62893
5.50586
4

¢ ', respectively and the value of correlation coefficient R* was
obtained to be 0.9834 and 0.9909 respectively. The value of Ry, in
this study lies in the range of 0.2 and 0.7, suggesting fluoride
adsorption on Ce-Al nanoparticles to be favorable in nature.'®

Freundlich isotherm model assumes that the adsorption
process occurring is the multilayer on the heterogeneous
adsorbent. The model assumes that all adsorption sites have
unequal energy, which varies exponentially, leading to many
adsorbate layers being formed on the surface of the adsorbent.
Mathematically, non-linear and linear equations of Freundlich
isotherm can be represented by eqn (8) and (9).**

1
ge = kt\Ce" [8)

Eqn (8) can be linearized and written as follows:'*
1
In(ge) = In(k¢) + <ﬁ) In(C,) 9)

where K; (mg ¢~ ') is the adsorption capacity, g. is the adsorp-
tion capacity at equilibrium, and n (L mg™") is the Freundlich
constant related to the intensity of adsorption.®” If the value of
1/n <1, then chemical adsorption occurs, whereas when 1 < <
10, then physical adsorption is favored.®® A graph is plotted
between In g. versus In C,; Freundlich parameters such as K¢
and n as calculated from the intercept and slope of linear plot
and non-linear fittings are summarized in Table 4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Freundlich and Temkin isotherms (linear and non-linear fitting) parameters for the adsorption of fluoride ions onto Ce—Al (1 : 3) binary

oxide nanoadsorbents

Freundlich isotherm

Dosage of Ce-Al binary oxides nanoparticles

Isotherm models 0.1gL™" 05gL" 1gL™?
Linear fitting
K¢ (mg g7Y) 29.36 3.281 14.12
n 0.49 0.535 0.132
R* 0.9425 0.9994 0.8158
Non-linear model
Best-fit values
K¢ (mg g7Y) 36.79 3.455 11.280
n 1.591 0.546 0.722
Std. error
K¢ (mg g7 6.2989 0.2069 3.610
n 0.1841 0.0125 0.269
95%Confidence intervals
K¢ (mg g7Y) 9.68526 to 63.88918 2.565 to 4.34597 4.25203 to 26.8132
n 0.79956 to 2.38373 0.49258 to 0.60024 0.43964 to 1.8835
Goodness of fit
Degrees of freedom 2 2 2
R* 0.96926 0.99895 0.80244
Residual sum of squares 206.6068 0.83523 43.5297
Sy.x 10.16383 0.64623 4.66528
Number of points analyzed 4 4 4
Temkin isotherm

Dosage of Ce-Al binary oxides nanoparticles
Isotherm models 01gL™" 05gL" 1gL™?
Linear fitting
Ar(Lg™) 0.715 0.4018 1.1001
b 29.81 41.869 164.612
R 0.9945 0.9754 0.7112
Non-linear model
Best-fit values
Ar(Lg™) 0.7081 0.5357 2.7668
b 30.668 41.869 164.616
Std. error
Ar(Lg™) 0.06262 0.03888 1.70719
n 1.614 4.72256 4.54623

95%Confidence intervals
Ar(Lg™)
b

Goodness of fit

Degrees of freedom

RZ

Residual sum of squares
Sy.x

Number of points analyzed

In the present study, the fitting of experimental data with the
isotherm model yielded a value of regression coefficient R> to be
0.999, as shown in Fig. 8(b). The Freundlich isotherm model
was found to be a better fit than the Langmuir model from the

0.43874 to 0.97758
23.72331 to 37.61226

2
0.99182
54.99617
5.24386
4

regression coefficient value. As given in Table 4,

© 2021 The Author(s). Published by the Royal Society of Chemistry

0.36839 to 0.70297
21.54985 to 62.18889

2
0.96314
29.43451
3.83631
4

4.57868 to 10.1122
156.13096 to 485.36215

2

0.5668
95.45091
6.90836
4

heterogeneity factor (n) is less than one, suggesting that

adsorption processes are
nature.'”’

reasonably heterogeneous in

The Temkin adsorption model surmises that the heat of
adsorption declines linearly with a further increase in the

RSC Adv, 2021, N1, 28744-28760 | 28755
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surface coverage due to adsorbate-adsorbent interaction.”® determined to be Freundlich > Temkin > Langmuir based on
Temkin adsorption isotherm is valid only when ion concentra- the value of the regression coefficient (R>).
tions are neither too high nor too low.**® The model elucidates From the above-mentioned results obtained, it can be
the process of interaction between adsorbate and adsorbent to deduced that the mechanism of adsorption is a composite
be chemisorption in nature.* The following equation can process, which includes electrostatic interaction with chemi-
express the adsorption model in a non-linear form:* sorption having multilayer convergence on the heterogeneous
RT Ce-Al binary oxide surface.
9e = TIH(ATCe) (10) For comparison, the maximum adsorption capacity (gmax)
values of fluoride ions on other materials are listed in Table 2.
Clearly, the nanostructured Ce-Al binary oxide as a nano-
adsorbent shows an excellent adsorption capacity of 384.6 mg
RT g ' compared to those of other adsorbents. As a result, this
— |InC, (11) S
( b ) adsorbent has good prospect for fluoride ion removal from
contaminated water.

_ RT (12) 3.3.6 Kinetics analysis. To determine the adsorption

b mechanism, time-dependent studies were carried out to deter-
mine the rate-controlling step. For this experiment, four
different initial concentrations (10 ppm, 15 ppm, 25 ppm, and
where Ay (L g %) is the equilibrium binding constant of Temkin 35 ppm) of fluoride with three different nanoparticles' dosages
isotherm, b (J mol ') is the Temkin isotherm constant, R is the (0.1gL™!,0.5gL™", and 1 g L") were taken at an optimum pH
universal gas constant having a value of 8.314J mol ' K™ ', Tis  of 2.4.
the temperature at 298 K, and B is the constant related to the To establish the reaction mechanism for fluoride adsorption
heat of adsorption expressed by B = RT/b. A linear graph ob- on the Ce-Al binary oxide nanoadsorbent, pseudo-first-order,
tained by plotting adsorption capacity at equilibrium (g.) versus pseudo-second-order, and intraparticle diffusion rate equa-
In C,, and the Temkin parameters are obtained from the slope tions were applied to study the kinetics of the process, as shown
(b) and intercept (Ar).1°%11° in Fig. 9.

In this study, the Temkin isotherm can explain the fluoride Linear and non-linear forms of pseudo-first-order and
adsorption on the surface of an adsorbent. The value of R” ob- pseudo-second-order kinetic models were fitted to the experi-
tained from both linear and non-linear fit varies from 0.711 to mental data for fluoride adsorption, which can be shown using
0.99 (Fig. 8(d)~(f) and Table 4), which is relatively closer to the eqn (14)-(17) respectively:*"***

The above equation can be linearized and written as follows:
RT
qe = Tln Ar +

B

g.=BIn At + Bln C, (13)

Freundlich isotherm. Kt
The order of isotherm adsorption models that fit best (for (de — q:) = log(ge) — 2303 (14)
both linear and non-linear fitting) to the experimental data was
4 = qe(1 — (exp — K1) (15)
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Fig.9 Effect of contact time on the adsorption of fluoride ions by the Ce—Al (1 : 6) binary oxide nhanoadsorbent at 25 4+ 1 °C at an optimum pH
2.6 with linear kinetic models of (a) pseudo-first-order, (b—d) pseudo-second-order (e) intraparticle diffusion kinetic plot and (f—h) pseudo-first-
order and pseudo-second-order nonlinear fitting for different adsorbent doses.
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where g. (mg g ') and ¢, (mg g~ ') are the equilibrium adsorp-
tion capacity, and at any time, K; (g mg™' h™') is the pseudo-
first-order rate constant. A linear graph of pseudo-first-order
kinetics [Fig. 9(a)] is obtained between log(g. — ¢,) and time,
from which ¢g. and K; can be obtained from the intercept and
slope of the graph.

t 1 1

—_ —— 4+ —t 16

g Kyl g (10)
quczl

= — 17

& 1+ qucl ( )

A linear graph of pseudo-second-order kinetics [Fig. 9(b)-(d)]
was plotted between t/q, and ¢, from which the value of
constants k, (g mg~ ' h™') and g. (mg g ') can be determined.*®
The pseudo-second-order kinetic equation is usually applied for
chemisorption kinetics from liquid solutions.*** Fig. 9(f)-(h)
show the non-linear fitting of pseudo-first-order and pseudo-
second-order kinetic models. Adsorption kinetic parameters
determined for these two kinetic models are presented in
Tables S1 and S2.t

In the current study, it can be observed that for all three
different dosages of nanoadsorbent, the R* values obtained
from the pseudo-second-order model (R* linear = 0.9999-1.000
and R® non-linear = 0.9995-1) are greater than those obtained
from the pseudo-first-order model (R* linear = 0.5714-0.9960
and R non-linear = 0.9478-0.9997). It is also worth noting that
the experimental and calculated g. values from the pseudo-
second-order model were closely correlated.

It can be observed that there is a decrease in the values of K,
with an increase in the initial concentrations of fluoride ions for
all three adsorbent dosages. This occurs because of faster
adsorption from dilute solutions, as fewer fluoride ions migrate to
the adsorption sites in contrast to concentrated solutions.**%'**

The intra-particle diffusion kinetic model was introduced by
Weber-Morris, which explains the diffusion mechanism in
which adsorbate molecules diffuse after adsorption on the
surface, which diffuses into the pores of the adsorbent.™*
According to the following equation, the experimental data
obtained were fitted to the intraparticle diffusion plot to
understand the diffusion mechanism.

qr = kigt"’ + C (18)

where g, (mg g ") is the quantity of fluoride adsorbed at a time,
kia (mg ¢~ * hour™ %) is the intraparticle diffusion rate constant,
and C (mg g ') is a constant that represents the boundary layer
thickness, which can be calculated by plotting g, versus t>°. The
parameters of the kinetic model eqn (18) as estimated from the
plots are demonstrated in Table S37. According to this model, if
a graph shows multi-linearity, then more adsorption processes
are involved, and the intra-particle diffusion process is not the
rate-limiting step. A multi-linear plot was obtained in the
present study, indicating the diffusion process occurring in
three steps [Fig. 9(e)]. In the first step, we observe a sharp
portion representing external mass transfer via instantaneous
adsorption. The next step shows a gradual adsorption process

© 2021 The Author(s). Published by the Royal Society of Chemistry
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representing intra-particle or pore diffusion as a rate-
controlling step. The last step shows a plateau, an equilib-
rium stage where diffusion is slow as the amount of adsorbate
also decreases. It can be observed that for all three different
dosages of nanoadsorbent, the kjq values increased with an
increase in the initial fluoride concentrations from 10 mg L™ to
35 mg L' (Table S31). However, the linear plots did not pass
through the origin, denoting a complex situation in which both
film diffusion and intra-particle diffusion contribute to the rate-
limiting step.'”> The magnitude of C increases with the increase
in initial fluoride ion concentrations for all three different
adsorbent doses.** This indicates an increase in boundary layer
effects.”” Similar multi-linear plots are found in the literature
by various researchers."®'* Thus, the results indicated that
intraparticle diffusion is not the only deciding factor and the
adsorption mechanism followed pseudo-second-order kinetic
model with a good correlation.

4 Conclusions

In the proposed study, we have successfully prepared cerium-
aluminum binary metal oxide nanoparticles by a simple co-
precipitation method. The average crystallite size of 4.70 nm
was calculated from XRD, which demonstrated an excellent
capacity for fluoride adsorption. The effect of molar concen-
trations of aluminum content in the binary oxides on the fluo-
ride removal capacity was established with maximum efficacy
observed for 1 : 6-Ce-Al. It is worth noting that the prepared
nanomaterial had a high surface area (110.324 m* g ') with
good porosity and showed fast adsorption with a maximum
adsorption capacity achieved to be 384.6 mg g~ " at an optimum
pH of 2.4. These values were found to be higher when compared
to the existing conventional materials applied for fluoride
removal. The isotherm studies, as observed, could be well
explained by the Freundlich adsorption isotherm model at
higher fluoride concentrations and by the Langmuir isotherm
model at low fluoride concentrations. The kinetic models
applied concluded that the process of adsorption followed
a pseudo-second-order kinetic model suggesting the adsorption
mechanism to be chemisorption. These results indicate that
Ce-Al binary metal oxide nanoparticles can be employed as
valuable nanoadsorbents for fluoride removal.
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