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ABSTRACT

Various aluminum-based bimetallic (hydr)oxides including Mn, Zn, Cu, Ce, Bi, Zr and La have been syn-
thesized in single-step coprecipitation without high energy consumption. The characterization of Ce-Al
(hydr)oxides and La—Al (hydr)oxides was undertaken by scanning electron microscopy with an energy dis-
persive X-ray spectroscopy, zeta potential measurement, X-ray powder diffractometer and N, adsorption/
desorption analysis. The tendency of fluoride affinity to these aluminum-based bimetallic (hydr)oxides
confirmed that the fluoride removal of the various composites decreased with the augment of the elec-
tronegativity of the anchored metals. Ce-Al (hydr)oxides and La-Al (hydr)oxides have better potential
of fluoride removal from aqueous solution with adsorption capacity of 105.05 and 86.48 mg g™ calculated
from Langmuir model. The high fluoride removal performance was attributed to the fact that both Ce and
La atoms can act as a bridge between adsorbed fluoride and adsorbents surface while the main role for
Al atoms was to form an amorphous structure. The regeneration confirmed that Ce-Al (hydr)oxides have
good reusability in fluoride removal after the five recycle. The results indicate that the Ce—Al (hydr)oxides
composites could be preferably used as an effective adsorbent for fluoride removal from aqueous solution.
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Fluoride removal

1. Introduction

Fluoride contamination in water has been recognized as a
worldwide problem, and its concentration in drinking water
at many places of the world exceeds the permissible limits
[1-3]. People living in places where water has high concen-
trations of fluoride are affected by fluorosis, which is one
of the most frequently occurring endemic diseases [4-7]. In
China, the spread area with drinking-water endemic fluoro-
sis covers about 2.2 million km? [8]. India and Mexico also
suffer from same serious problems due to high fluoride con-
centration in drinking water [9].

* Corresponding author.

Conventional methods for fluoride removal generally
include precipitation, electrocoagulation and adsorption
[2,7,10]. Adsorption has been considered as one of the most
effective, economic and environment-friendly for the removal
of low-concentration aqueous contaminants [11-14]. Among
the oxides and hydroxides of metal ions that have been widely
used for fluoride removal, the oxides and hydroxides of alu-
minum are the most promising candidate due to the high
binding affinity, selectivity for fluoride and cost-effectiveness
[15,16]. However, poor fluoride adsorption capacity narrowed
their applications significantly, mostly followed by secondary
pollution from dissolution of aluminum [17,18].

Practically, multimetallic Al-based composites may be
increasingly important alternative by not only inheriting the
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advantages of parent (hydr)oxides but also showing obvi-
ously synergistic effects. To date, many recent researches
were implicated in formation of multimetallic (hydr)oxides
[19], such as CaO/ALO, [20], CeO,/ALO, [21], Mg-Al
bimetallic oxides [22], Mg—-Al layered double hydroxides
[23], MnO,/ALO, [24], ALO,~ZrO, [25], Fe-Al-Ce trimetal
hydrous oxide [26], Ca-Al-La composite [27] and Al-Fe
(hydr)oxides [28]. These composites all exhibited enhanced
fluoride removal performance. For instance, CaO loaded
mesoporous Al,O, by Dayananda et al. [20] showed higher
fluoride adsorption capacity and faster kinetics than meso-
porous ALQ.,. Jia et al. [29] synthesized a novel composite
of two-line ferrihydrite/bayerite with fluoride adsorption
capacity of 123.03 mg g™ at pH 7.0 higher than that of indi-
vidual iron (or aluminum) hydroxide.

Based on the above discussion, it can be concluded that
the fluoride adsorption capacity of aluminum (hydr)oxide
could be increased by chemical modification of its surfaces.
As the fluoride ion is classified as a hard base, it has a strong
affinity toward multivalent metal ions such as Ce*, La*, Zr*,
Zn*, etc. [30-32]. Impregnation of multivalent metal ions
(such as Ce*, La*, Zr* and Zn*) onto the aluminum-based
adsorbent can help to create positive charges on the adsor-
bent surface and improve the affinity for fluoride, resulting
in the improvement of fluoride adsorption capacity [20,33].
However, development of aluminum contained metal (hydr)
oxides composites with high fluoride adsorption capacity
still relies on experience because of lack of thorough under-
standing of fluoride adsorption mechanism. Elucidation of
the effect of multivalent metal ions on the fluoride adsorption
behavior will greatly promote the understanding of adsorp-
tion mechanisms. Moreover, the synthesis procedure for
the aluminum-based mixed composites is complicated, and
typically accomplished in two (or three) steps or high tem-
perature calcination. For example, the Mg-Al bimetallic
oxides as reported by Moriyama et al. [22] were synthesized
from hydrotalcite using increasing calcination temperatures
(873, 1,073, 1,273 K); in the preparation of CaO loaded meso-
porous AlLO, by Dayananda et al. [20], the first step involves
the synthesis of mesoporous ALQO,, and the next step involves
a wet impregnation technique. The synthesis procedures for
the aluminum-based mixed composites should be simplified.

The primary objectives of the present study were to (i)
compare the fluoride adsorption performance of a series of
aluminum-based bimetallic (hydr)oxides synthesized in
single-step without high energy consumption; (ii) obtain
aluminum-based composites adsorbents with high fluoride
adsorption capacity, wide available pH range in water treat-
ment; and (iii) illustrate the predominant nature of the inter-
actions between aluminum-based bimetallic (hydr)oxides
and fluoride.

2. Materials and methods
2.1. Sample preparation

The composites were synthesized by a coprecipita-
tion method using aluminum sulfate and other metal salts
such as cerium nitrate, lanthanum chloride, zinc nitrate
and copper chloride. In a typical synthesis procedure,
0.1 M of Al(SO,),-18H,0 and 0.02 M metal salts (such as

Ce(NO,),6H,O) were dissolved in deionized water. The
added mole ratio of Al:metal (e.g., Mn, Zn, Cu, Ce, Bi, Zr and
La) is 10:1. Solution pH was adjusted to 11.0 by dropwise
addition of 2.0 M NaOH solution under vigorous stirring
at room temperature of 25°C. Then, the mixture was stirred
over a period of 6 h. During the process, the pH of the mix-
ture was maintained at 11.0 using 0.1 M NaOH solutions.
Afterwards, the resulting mixture was filtered, washed with
deionized water for several times, and dried at 80°C for 24 h
to obtain the composites adsorbents.

2.2. Characterization of adsorbents

The surface morphologies and chemical compositions
were studied by JEOL JSM-6335F scanning electron micros-
copy (SEM) with an energy dispersive X-ray spectroscopy
(EDX) detector. X-ray diffraction analysis was performed
on Rigaku-TTR IIT powder diffractometer to obtain the com-
position crystalline structures of adsorbents. Zeta poten-
tials of the adsorbents were determined by a zeta potential
meter (Malvern Zetasizer Nano ZS90, Malvern Instrument
Co., Ltd., UK). Fourier transform infrared spectroscopy
(FTIR) spectra of the product was obtained using a Nicolet
IS10 spectrometer (Thermo Fisher, USA) in the wavenum-
ber range of 400-4,000 cm™ with 4 cm™ resolution. The
textural properties of the materials were determined by
Brunauer-Emmett-Teller (BET) N, adsorption-desorption
analysis using a micrometrics surface area analyzer
(Autosorbi/monosorb, Quantachrome, USA). The surface of
adsorbents before and after fluoride adsorption was analyzed
using X-ray photoelectron spectroscopy (XPS, K-Alpha 1063
Ultra spectrometer, Thermo Fisher Scientific, UK) with a
monochromatic Al Ka X-ray source (1,486.71 eV).

2.3. Adsorption experiments

All the adsorption experiments were performed in
120 mL polyethylene vials filled with 100 mL aqueous flu-
oride solution, and an adsorbent dose of 1 g L™ was added.
The vials were placed in thermostatic water bath and shaken
for 24 h at 25°C, afterwards, the samples were filtered and
the fluoride concentrations in solutions were analyzed with
a fluoride-selective electrode by using total ionic strength
adjustment buffer solution to eliminate the interference of
complexing ions.

Batch experiments for fluoride removal by various
aluminum-based bimetallic (hydr)oxides were conducted
with initial fluoride concentration of 40 mg L at solution
pH4.5+0.2. For the selected aluminum-based bimetallic (hydr)
oxides. For kinetics experiment, adsorption reaction time was
selected from 5 to 1,440 min with two initial fluoride concen-
trations (9.11 and 38.32 mg L™). In the isotherm experiment,
the initial fluoride concentration varies from 2 to 170 mg L
at pH 4.5 + 0.1. The effects of pH on fluoride adsorption were
examined by adjusting initial solution pH from 2 to 12 using
0.1 M HClI and 0.1 M NaOH with initial fluoride concentra-
tions of 30 mg L7, the aqueous concentrations of fluoride were
determined after adsorption. To explore the regeneration and
reuse, the adsorbent was added into the 40 mg L™ fluoride
solution following the adsorption experiment. Afterwards
the adsorbent was filtered and dispersed in 100 mL 0.005 M
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NaOH solution under stirring for 2 h for regeneration. The
obtained adsorbent was used for the next adsorption or reuse
cycle. Each experiment was carried out in duplicate to obtain
reproducible results with an error less than 5%.

3. Results and discussion

3.1. Fluoride removal potential of aluminum-based bimetallic
(hydr)oxides

Possibility of fluoride removal by variousaluminum-based
bimetallic (hydr)oxides has been examined. Fig. 1 shows the
results of fluoride removal from aqueous solutions by var-
ious aluminum-based bimetallic (hydr)oxides with initial
fluoride concentration of 40 mg L™ at pH 4.5. Obviously, the
incorporation of multivalent metal can significantly impact
the fluoride adsorption on aluminum-based (hydr)oxides,
the adsorbed amount for the various aluminum-based bime-
tallic (hydr)oxides were in the following order: Ce—Al (hydr)
oxides > La—Al (hydr)oxides > Zr-Al (hydr)oxides > Zn-Al
(hydr)oxides > Cu-Al (hydr)oxides > Mn-Al (hydr)oxides >
Bi—Al (hydr)oxides. The Ce-Al (hydr)oxides and La—Al (hydr)
oxides have better potential of fluoride removal from aque-
ous solution with adsorbed amount of 34.41 and 24.50 mg g7/,
respectively, while the adsorbed amount for Bi-Al (hydr)
oxides is only 3.56 mg g™. As the mole ratio of the incorpo-
rated multivalent metal:Al is 1:10 in the synthesis process, it is
suggested that the fluoride adsorption on Ce-Al (hydr)oxides
and La-Al (hydr)oxides was mainly due to the incorporated
Ce and La. A closely related property is electronegativity
of the metal elements. Fluorine is the most electronegative
element with the value of 3.98 and it can stably bonded to
the atom with the low electronegativity [34]. In general, the
adsorbed amount for the various aluminum-based bimetal-
lic (hydr)oxides decreased with the increase of the electro-
negativity of the metals contained in the aluminum-based
bimetallic (hydr)oxides (Table 1). Ce and La have the lower
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Fig. 1. Fluoride removal from water by different aluminum-based
mixed (hydr)oxides, Zr-Al, Bi-Al, Cu-Al, Zn-Al, Mn-Al, Ce-Al,
La—Al and Al-OH represent Zr—Al (hydr)oxides, Bi-Al (hydr)
oxides, Cu—-Al (hydr)oxides, Zn-Al (hydr)oxides, Mn—-Al (hydr)
oxides, Ce-Al (hydr)oxides, La-Al (hydr)oxides and AI(OH),,
respectively.
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electronegativity among these metals, and exhibit a stronger
attraction toward fluorine atom. This can be used to explain
why Ce-Al (hydr)oxides and La-Al (hydr)oxides showed
better performance for fluoride removal. Characterization
and adsorption experiments of Ce—Al (hydr)oxides and La-
Al (hydr)oxides were undertaken to understand the possible
adsorption mechanisms and useful properties of the material
toward intended objective.

3.2. Characteristic of adsorbents

SEM micrographs of Ce-Al (hydr)oxides and La-Al
(hydr)oxides are shown in Fig. 2. The forms and shapes of
Ce-Al (hydr)oxides particles (Fig. 2(a)) exhibited agglomer-
ated particle structures, while the SEM image of La—Al (hydr)
oxide (Fig. 2(c)) shows crumpled morphology with stacked
layers. EDX spectra (Figs. 2(b) and (d)) confirm the pres-
ence of Ce and La elements in Ce-Al (hydr)oxides and La—
Al (hydr)oxides, respectively. X-ray powder diffractometer
(XRD) patterns of the materials (Fig. 3) illustrate that charac-
teristic peaks of Al(OH), (bayerite, JCPDS cards no. 20-0011)
were identified in both Ce—Al (hydr)oxides and La-Al (hydr)
oxides. Further, the peaks at 28.55°, 33.08°, 47.49° and 56.35°
could be assigned to CeO, (JCPDS cards no. 75-0120) [35] for
Ce-Al (hydr)oxides (Fig. 3(a)), and the peaks at 26.2°, 27.8°,
30.0° and 46.2° could be assigned to La,0O, (JCPDS File No.
65-3185) for La-Al (hydr)oxides [36]. The pH,,. of Ce-Al
(hydr)oxides and La-Al (hydr)oxides determined by zeta
potential were 10.93 and 8.9, respectively. The BET specific
surface areas and total pore volumes were 23.78 m* g™' and
0.079 ecm? g™ for Ce-Al (hydr)oxides, and 35.88 m* g and
0.159 cm® g for La-Al (hydr)oxides, respectively. The N,
adsorption—-desorption isotherm and pore-size distribution
curve (Fig. 4) implied the existence of micropores in both
Ce-Al (hydr)oxides and La—Al (hydr)oxides.

3.3. Adsorption kinetics

The adsorption kinetic data of fluoride on Ce—Al (hydr)
oxides and La-Al (hydr)oxides at pH 4.5 and the fit model
curves are shown in Figs. 5 and 6. It can be found that most
of the adsorption took place in the first 60 min, and then the
adsorption increased gradually until the equilibrium was
reached. The pseudo-first-order kinetic equation (Eq. (1)) and
pseudo-second-order kinetic equation (Eq. (2)) were applied
to fit the adsorption the kinetic data.

Table 1
The electronegativity of the metal and fluorine elements
Element Electronegativity
Mn 1.55
Cu 1.90
Zn 1.65
Zr 1.33
La 1.11
Ce 1.12
Bi 2.02
F 3.98
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Fig. 2. SEM images with EDS spectra of (a) and (b) Ce-Al (hydr)oxides and (c) and (d) La—-Al (hydr)oxides.
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Fig. 3. XRD patterns of (a) Ce-Al (hydr)oxides and (b) La—Al (hydr)oxides.
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where t is the reaction time (min), g, (mg g™) and g, (mg g™')
are the amount of adsorbed fluoride at equilibrium and
at any reaction time t, k, (min™) and k, (g mg™ min™) are
the equilibrium rate constants for pseudo-first-order and

pseudo-second-order models, respectively.

The fits of the two models to the fluoride adsorption
kinetic data for Ce-Al (hydr)oxides and La-Al (hydr)oxides
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Halenda pore-size distribution (inset) of (a) the Ce-Al (hydr)
oxides and (b) La—Al (hydr)oxides.

are shown in Figs. 5 and 6, respectively. The model param-
eters obtained by curve-fitting kinetic data are listed in
Table 2. The pseudo-second-order fitted better for the fluo-
ride adsorption kinetics than pseudo-second-order model. It
means that the “surface reaction” was dominated and con-
trolled adsorption stage. The rate-limiting step may be due to
the chemisorptions involving the desorption of -OH from the
adsorbent surface and the effective collision of fluoride ions.
The rate constant k, for Ce—Al (hydr)oxides was much higher
than that for La-Al (hydr)oxides, indicating the much faster
adsorption kinetics of fluoride on Ce-Al (hydr)oxides than
on La-Al (hydr)oxides.

3.4. Effect of solution pH on fluoride removal

The effect of solution pH on fluoride removal by Ce-Al
(hydr)oxides and La—-Al (hydr)oxides was studied in the pH
range of 3.0-12.0 (Fig. 7). The Ce—-Al (hydr)oxides exhibited a
considerably high adsorption capacity over a relatively wide
pHrange, forexample, the fluoride removal efficiencies reached
up to 90% throughout the pH range of 4-11. The relatively
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Fig. 5. (a) Effect of reaction time on fluoride adsorption on
Ce-Al (hydr)oxides, kinetics modeling of fluoride adsorption;
(b) pseudo-first-order kinetic plots; (c) pseudo-second-order
kinetic plots.

wide optimum adsorption pH was possibly related to the high
pH,,. of Ce-Al (hydr)oxide (10.93). However, maximum fluo-
ride removal (98.3%) was achieved at pH 3 and the minimum
(8.7%) was at pH 12 for La—-Al (hydr)oxides. The reduction in
the concentration of fluoride in the alkaline pH range could be
attributed to competition of hydroxyl ions with fluoride for the
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Table 2
Kinetic and statistical parameters of two kinetic models

Fig. 8. Adsorption isotherms of fluoride on Ce-Al (hydr)oxides
and La—-Al (hydr)oxides.

Adsorbents Data set (mg L™) Pseudo-first-order model Pseudo-second-order model
9. k, R® 9. k, R
Ce-Al (hydr)oxides 9.11 0.78 3.68 x 107° 0.731 8.81 3.52 x 107 1.000
38.32 11.17 3.92x107° 0.933 34.48 2.00 x 10°° 0.999
La-Al (hydr)oxides 9.11 3.73 2.53 x107° 0.633 8.62 3.65x107° 0.998
38.32 19.10 2.07 x 107° 0.939 23.87 3.51 x 10 0.975
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0.1-0.2 mg L at pH 4.5, which are lower than the value of
0.2 mg L proposed by World Health Organization (WHO).
The Langmuir (Eq. (3)), Redlich-Peterson (Eq. (4)) and Sips
(Eq. (5)) models were used to fit the adsorption isotherms.

q,bC,
= m 14 3
= 1vC )
KRCe
T Tradl @
7,.(KC,)"
S Er— 5)

©1+(K.C)"

where g, (mg g7) is the amount of fluoride adsorbed per
mass of adsorbent; C, (mg L™) is the concentration of fluo-
ride at equilibrium; b is the equilibrium adsorption constant
related to the affinity of binding sites (L mg™); g, is the max-
imum amount of the fluoride per unit mass of adsorbent,
K, (Lmg™), f and o, (L mg™) are Redlich-Peterson constants;
K (L mg™) in Sips model is the affinity constant for fluoride
adsorption.

The adsorption parameters obtained from the iso-
therms are presented in Table 3. Sips model fitted better to

Table 3
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the fluoride adsorption, indicating that fluoride adsorption
takes place on both homogenous and heterogeneous surface
of the adsorbents. The adsorption capacity calculated from
Langmuir model was 105.05 and 86.48 mg g™ for Ce-Al
(hydr)oxides and La—-Al (hydr)oxides, respectively. The com-
parison of fluoride adsorption capacities with some other
adsorbents (Table 4) had also suggested that the Ce-Al (hydr)
oxides and La-Al (hydr)oxides composites developed in the
present study are highly competitive for fluoride removal.

3.6. Regeneration

The regeneration and recyclability of Ce—Al (hydr)oxides
were evaluated through five regeneration cycles with initial
fluoride concentration of 40 mg L™, and the results are shown
in Fig. 9. The fluoride removal efficiency did not change
much and was around 70% during five regeneration cycles.
The results demonstrate that the as-prepared Ce-Al (hydr)
oxides could be well regenerated via NaOH treatment, and
can still exhibit good adsorption performance even after five
cycles of adsorption-desorption.

3.7. Adsorption mechanism

FTIR spectra of Ce-Al (hydr)oxides and La-Al (hydr)
oxides before and after fluoride adsorption are shown in

Parameters of the fitting of different isotherm models to the experimental data for fluoride adsorption on Ce-Al (hydr)oxides and

La—Al (hydr)oxides

Adsorbents Langmuir model Redlich—Peterson model Slips model

q, b R? K, o, B R? q, K m R?

(mgg" (Lmg?) (Lmg? (Lmgh (mgg"h (Lmgh
Ce-Al (hydr)oxides 105.05  0.0415 0.932 89.23 7.70 0543 0976  200.43 0.0069  0.607  0.980
La-Al (hydr)oxides  86.48 0.0085 0.950 18.79 13.97 0263 0951 145.25 0.0045  0.720  0.961

Table 4
Comparison of fluoride adsorption capacity of various adsorbents

Adsorbent Amount adsorbed (mg g)  Experimental conditions Reference
Mg-Al-LDH >32.4 pH 5.0 [37]
Ca—Al-La composite 29.30 pH6.8+0.2 [27]
Bayerite/boehmite 56.8 pH7.0 [38]
Fungus hyphae-supported alumina 105.60 pH 6.0 [39]
Alum-impregnated activated alumina 40.68 pH 6.5 [40]
Hydrated iron(IIT)-aluminum(III)-chromium(III) 31.89 pH5.6+0.2 [41]
ternary mixed oxide (HTACMO)
Polypyrrole/Fe,O, 17.6-22.3 pH 6.5 [42]
Sulfate-doped Fe,O,/ALO, 70.4 pH?7.0 [43]
Metal-organic frameworks 41.36 pH 6-9 [44]
Nanoalumina 14.0 pH6.15 [45]
a-FeOOH@rGO 24.67 - [46]
Fe,O,@Alg-La particles 45.23 pH 4.0 [47]
Ce-Al (hydr)oxides 105.05 pH 4.5 This study
La-Al (hydr)oxides 86.48 pH 4.5 This study
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Fig. 9. Recycling behavior of Ce-Al (hydr)oxides, initial fluoride
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Fig. 10. For the pristine adsorbents, the peaks between
3,550-3,200 cm™ and near 1,600 cm™ could be attributed to
HOH stretching and bending vibration of water, respec-
tively [48]. As shown in Fig. 10(a), a band at 538 cm™ can
be assigned to Ce-OH vibrations, and it disappeared after
fluoride adsorption, which corroborated the interaction
of fluoride with the Ce—OH on the adsorbent. Meanwhile,
the disappearance of the peaks at about 667 and 560 cm™
(Fig. 10(b)) associated with La-~OH bond vibrations indicates
that the La-OH were involved in the fluoride adsorption
[27,49]. From this evidence, a ligand exchange relationship
between the three metal-OH groups and F ions was found.
The loading of Ce and La onto the adsorbents significantly
change the adsorbents surface which in favor of fluoride
adsorption and improves fluoride adsorption capacity. Both
Ce and La atoms can act as a bridge between adsorbed fluo-
ride and adsorbents surface.

Surface structure information of Ce-Al (hydr)oxides and
La—Al (hydr)oxides was analyzed by XPS before and after
fluoride adsorption. The XPS spectra of Ce 3d, La 3d and Al
2p are shown in Fig. 11. For the Ce 3d spectrum, the peaks at
882.3 and 898.6 eV were considered to belong to Ce(IV) 3d,,
and Ce(IV) 3d,,, while the peaks at 885.6 and 904.8 eV were
due to Ce(Ill) 3d,, and Ce(Ill) 3d,,. After fluoride adsorp-
tion, the binding energy of Ce(IV) 3d,, was shifted from
882.3 to 882.1 eV and Ce(IV) 3d,, was shifted from 898.6 to
898.1 eV for Ce(IV); the binding energy of Ce(Ill) 3d,, was
shifted from 885.6 to 884.1 eV and Ce(Ill) 3d,, was shifted
from 904.8 to 903.7 eV; indicating the occurrence of strong
interactions between fluoride and Ce atoms. Fig. 11(b) shows
the characteristic spectrum of La 3d exhibits two asymmet-
ric lines at 838.7 eV (La 3d,,) and 855.6 eV (La 3d,,) with
their satellites at 835.3 and 852.0 eV, respectively. After flu-
oride adsorption, the binding energy of La 3d,, was shifted
to 855.0 eV; and the satellites of La 3c15/2 were shifted from
835.3 to 835.8 eV, indicating that the La is involved in fluoride
adsorption. While the peak shapes of Al 2p and the binding
energy peak for both Ce—Al (hydr)oxides and La—Al (hydr)
oxides (Figs. 11(c) and (d)) did not change much. Thus, the
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Fig. 10. FTIR spectra of (a) Ce-Al (hydr)oxides and (b) and
(c) La—Al (hydr)oxides before and after fluoride adsorption.

above results confirmed that the Ce and La played a key role
in fluoride adsorption on these two composites, while the
main role for Al atoms was to form an amorphous structure.
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3.8. Treated water quality

A natural water sample collected from a lake in Central
South University was spiked with 10 mg L™ of fluoride
and was treated with Ce-Al (hydr)oxides. The water qual-
ity parameters before and after treatment are presented in
Table 5. Evidently, fluoride concentration was reduced sig-
nificantly after Ce—Al (hydr)oxides treatment. Also, there
is a significant reduction in the levels of other water quality
parameters. It is evident from the results that Ce-Al (hydr)
oxides can be effectively employed for removing the fluoride.

4. Conclusions

This study presented a facile-direct method to prepare
various aluminum-based bimetallic (hydr)oxides including
Mn, Zn, Cu, Ce and La. The electronegativity of the anchored
metals played a key role in enhancing fluoride affinity
toward the composites surface. Ce—Al (hydr)oxides and
La—Al (hydr)oxides exhibited better performance for fluoride

Table 5

Parameters of water before and after treated with Ce-Al (hydr)
oxides (volume of water: 500 mL, Ce-Al (hydr)oxides dose:

1.0 g L7, contact time: 24 h)

Parameters Untreated  Treated with

sample Ce-Al (hydr)
oxides

Turbidity (TU) 26 20

pH 8.03 8.05

Total organic carbon (mg L) 6.607 3.742

F- concentration (mg L) 10.78 3.12

SO,* concentration (mg L) 20.79 13.55

CI" concentration (mg L) 37.981 24.67

removal due to the lower electronegativity of Ce and La.
Kinetic study results indicated that the fluoride adsorption
over the Ce-Al (hydr)oxides and La-Al (hydr)oxides follows
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a pseudo-second-order kinetic model. The Ce-Al (hydr)
oxides showed an excellent fluoride adsorption capacity at
a wide pH range of 4-11, indicating the applicability of this
developed adsorbent for fluoride removal in natural water
environment. The adsorption capacities of Ce-Al (hydr)
oxides and La-Al (hydr)oxides for fluoride were 105.05 and
86.48 mg g calculated from Langmuir model, respectively,
higher than many reported adsorbents. Fluoride adsorption
mechanism can be illustrated that both Ce and La atoms can
act as a bridge between adsorbed fluoride and adsorbents
surface, and played a key role in fluoride adsorption on these
two composites. Results from this study demonstrate poten-
tial utility of the composites that could be developed into a
viable technology for fluoride removal from water.
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