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A novel magnetic nanosized adsorbent using hydrous aluminum oxide embedded with Fe;04 nanoparti-
cle (Fe304@AI(OH)3 NPs), was prepared and applied to remove excessive fluoride from aqueous solution.
This adsorbent combines the advantages of magnetic nanoparticle and hydrous aluminum oxide floc with
magnetic separability and high affinity toward fluoride, which provides distinctive merits including easy
preparation, high adsorption capacity, easy isolation from sample solutions by the application of an exter-
nal magnetic field. The adsorption capacity calculated by Langmuir equation was 88.48 mgg~' at pH 6.5.
Main factors affecting the removal of fluoride, such as solution pH, temperature, adsorption time, initial
fluoride concentration and co-existing anions were investigated. The adsorption capacity increased with
temperature and the kinetics followed a pseudo-second-order rate equation. The enthalpy change (AH°)
and entropy change (AS®) was 6.836 k] mol~! and 41.65] mol~! K-, which substantiates the endother-
mic and spontaneous nature of the fluoride adsorption process. Furthermore, the residual concentration
of fluoride using Fe304,@AI(OH)3; NPs as adsorbent could reach 0.3 mgL-! with an initial concentration of
20mgL-!, which met the standard of World Health Organization (WHO) norms for drinking water qual-
ity. All of the results suggested that the Fe;04,@Al(OH); NPs with strong and specific affinity to fluoride
could be excellent adsorbents for fluoride contaminated water treatment.
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1. Introduction

Fluoride contamination in the drinking water due to natural
reasons and human activities is a major problem worldwide [1,2].
According to World Health Organization (WHO) norms, the upper
limit of fluoride concentration in drinking water is 1.5mgL~1 [3].
Long-term ingestion of high-fluoride drinking water can cause flu-
orosis [4,5], which is a chronic disease manifested by mottling of
teeth in mild cases, softening of bones ossification of tendons and
ligaments and neurological damage in severe cases [2,6]. Millions
of people in the world are affected by fluorosis, especially in Asian
countries such as China, India, Pakistan, and Thailand [6-8].

Several methods have been applied to remove excessive flu-
oride from aqueous environments, such as adsorption [2,8-10],
precipitation [6], ion-exchange [11], electrodialysis [12] and
electrochemical methods [13]. Among them, precipitation and
adsorption are two most important techniques used for water
defluoridation. Precipitation methods based on the addition of
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chemicals to the water is simple and economical, and is used
principally for the treatment of high-fluoride containing wastew-
ater (typically greater than 10mgL-1). But, the final concentration
of fluoride is generally still above level prescribed by WHO and
excess chemicals in treated water are difficult to eliminate. For
example, the theoretical lower concentration limit of fluoride in
treated water using limestone (CaO) as precipitation reagent is
approximately 2mgL-! [6]. Comparatively, adsorption seems to
be the most attractive method for the removal of fluoride below
1mgL-1. The criteria for the selection of adsorbent mainly include
its potential (adsorption capacity) for fluoride removal and the
cost. Various low-cost materials such as activated alumina [7,8],
clay [14], soil [15], bone char [8,12], light weight concrete [16],
fly ash and other materials [2,13] have been tested for removing
fluoride from drinking water, but the fluoride adsorption capaci-
ties of those materials are not high enough for wide application
[8]. In the past few years, novel adsorbents with strong affinity
towards fluoride have been developed for fluoride removal, such
as synthetic ion exchangers calcined Mg-Al-CO3 layered double
hydroxides (LDH) [7], zirconium-impregnated collagen fiber [2],
Fe-Al-Ce trimetal oxide [17] and iron-aluminum mixed oxide [9].
Rare earth elements also have been investigated as potential adsor-
bents because of their selective affinity to fluoride, high adsorption
capacity, cause little pollution, and easy preparation [18]. These
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novel adsorbents have shown very promising fluoride adsorption
capacities, but some of them are expensive to be considered for
full scale drinking water treatment. Furthermore, the adsorption
processes of those adsorbents generally involve the passage of raw
water through an adsorbent bed and the initial setup cost is high.
Therefore, an effective and low-cost adsorbent with high-fluoride
adsorption capacity and efficient treatment technology for removal
of fluoride from large volume water samples is desirable.

Most of adsorbents for removing fluoride reported in litera-
tures are micron-sized particles. In recent years, nanomaterials
have attracted much interest and been widely used as sorbents
due to properties such as high surface-to-volume ratio and short
diffusion route [19]. Because of comparatively large surface areas,
it is likely that nanosized adsorbents with strong affinity towards
fluoride can be a useful tool in enhancing the adsorption capacity
in drinking water treatment. However, due to their small particle
size, isolation of nanosized adsorbents from matrices is difficult for
practical application. Magnetic nanosized adsorbents overcome the
shortcoming of nonmagnetic nanomaterials and are very promis-
ing for application in the field of preconcentration and removal
pollutants from environmental samples [19-23].

Hydrous aluminum oxide AI(OH)3; floc, a well-known high
affinity adsorbent toward fluoride, has recently been used as cost-
efficient adsorbents for large-scale defluoridation with good results
[10,24]. Fluoride is adsorbed on oppositely charged hydrous alu-
minum oxide surface by strong electrostatic force and a probable
chemical reaction that occurs on the surface is:

[A(OH)3] + XF~ — AI(OH)3_,Fy + XOH™ (1)

If one combines the advantages of AI(OH); and magnetic
nanoparticles to fabricate nanosized adsorbents with high surface
area, high affinity toward fluoride and good magnetic separability,
a new kind of magnetic fluoride adsorbent may be obtained.

In the present work, we successfully synthesized
Fe304@AI(OH); NPs and investigated the adsorption feasibil-
ity of this nanomaterial for fluoride. A simple defluoridation
method, based on magnetic carrier technology (MCT) [25-28]
and nanosized adsorbent, was established. The Fe304,@AIl(OH)3
NPs could offer several advantages over traditional micron-sized
adsorbents; they possess not only high surface area which leads
to higher adsorption capacity, but also strong superparamagnetic
properties which can meet the need of rapid treatment of large
volume water samples by employing a strong external magnetic
field.

2. Experimental
2.1. Chemicals and materials

All reagents were of analytical reagent-grade and were used as
supplied. Aluminum nitrate nonahydrate (Al(NOs)3-9H,0), ferric
chloride (FeCl3-6H,0), ferrous chloride (FeCl,-4H,0) and sodium
fluoride (NaF, analytical reagent (AR) grade) were purchased from
Beijing Chemicals Corporation (Beijing, China). Standard stock solu-
tions of fluoride (1000mgL-! or 52 mmol/L F) were prepared by
dissolving 0.221 g sodium fluoride into 100 mL deionized water and
stored under dark conditions at 4 °C. Deionized water used in all
of the experiments was prepared using Milli-Q water by Milli-Q
system (Millipore, Bedford, MA).

2.2. Preparation of magnetic adsorbents

The Fe304 nanoparticles were prepared by chemical copre-
cipitation methods as reported in our previous works [19-21]
and the Fe304@AI(OH); NPs were synthesized according to pre-
vious reported methods with minor modification [10]. 5.2¢g of

FeCl3-6H,0, 2.0 g of FeCl,-4H, 0 and 0.85 mL of HCI (12 mol/L) were
dissolved in 25 mL of deionized water (degassed with nitrogen gas
before use). Then, the solution was added dropwise into 250 mL
of 1.5 M NaOH solution under vigorous stirring using nonmagnetic
stirrer at 80°C. The obtained Fe;04 nanoparticles were separated
from the reaction medium by magnetic field, and washed with
200 mL deionized water four times, then resuspended in 100 mL
deionized water.

1M aluminum nitrate was added dropwise into the Fe304 NPs
suspension and the pH value of the mixture was adjusted to 8.0
by addition of 2M NaOH within 1h. The mixture was stirred for
2 h after the addition. During the whole process, temperature was
maintained at 80°C and nitrogen gas was used to prevent the
intrusion of oxygen. The mass ratio of Fe304 to Al(OH)3; was 2:3,
2:5, 2:6 by varying the proportion of Al(OH)3 to Fe304 NPs sus-
pension and the resulting particles was termed as Fe30,@AI(OH)3
(2:3), Fe304@AI(OH)3 (2:5) and Fe304@AI(OH)3 (2:6), respectively.
Finally, the formed NPs were then thoroughly washed with deion-
ized water and resuspended in deionized water. The concentration
of the generated nanoparticles suspension was estimated to be
about 20 mg mL~! (Fe304@AI(OH)3 (2:5)).

2.3. Sample collection

Ground water and surface water samples were obtained from
different districts of Beijing. Surface water samples were collected
from Jingmi Canal (Haidian District, Beijing) in July 2008. Tap water
samples were taken from our lab in Haidian District, Beijing and a
ground water samples were obtained from the campus of China
Agricultural University.

2.4. Ion chromatography analysis and characterization

The determination of fluoride was performed utilizing an ICS-
2500 ion chromatography (Dionex, U.S.A.). This instrument was
equipped with a gradient pump module, a conductivity detector,
and an anion exchange column specifically designed for the rapid
analysis of inorganic anion (DIONEX IonPac AS22). An lonPac AG-
22 column was placed in-line prior to the analytical column. For
enhanced sensitivity, the eluent was pumped through an anion
self resuppressor (DIONEX ASRS-I) before delivery to the conduc-
tivity detector. The anions were eluted isocratically at a flow rate
of 1.0mLmin~! using a carbonate/bicarbonate eluent. The eluent
was prepared according to the manufacturer’s recommendation
(4.5 mM Na,CO3, 1.4 mM NaHCO3). The injection volume was 50 L
and three replicate injections were made for each sample.

The specific surface areas of adsorbents were determined by
the BET method with N, gas (ASAP2000V3.01A; Micromeritics,
Norcross, GA). The particle size was determined with a laser par-
ticle size analyser (Malvern, UK). Morphology of the samples was
determined by scanning electron microscope (SEM) with S-3000N
(Hitachi, Japan). X-ray powder diffractometer (XRD, Rigaku III/B
max) was used to analyze the composition crystalline structures
of adsorbents. The radiation source was Cu Ka. The applied cur-
rent was 30mA and the voltage was 40kV. X-ray photoelectron
spectroscopy (XPS) measurements were conducted by using ESCA-
Lab-220i-XL spectrometer with monochromatic Al Ko radiation
(1486.6 eV). C 1s peaks were used as an internal standard calibra-
tion peak at 284.7eV. XPS data processing and peak fitting was
preformed using a nonlinear least-squares fitting program (XPS
peak software 4.1, Raymund W.M. Kwork). Zeta potential measure-
ments of Fe30,@AI(OH)3 NPs were performed with a Zetasizer 2000
apparatus (Malvern, United Kingdom). Magnetic properties were
analyzed using a vibrating sample magnetometer (VSM, LD]9600).
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Scheme 1. Schematic illustration of the defluoridation procedure using
Fe304@AI(OH)3 NPs as adsorbents.

2.5. Isotherm studies

The defluoridation procedure using Fe3;04@Al(OH); NPs as
adsorbents allowed rapid separation by a simple magnetic extrac-
tion method. Illustration of the whole treatment procedure can be
followed in Scheme 1. Equilibrium isotherm experiments were con-
ducted with initial fluoride concentrations ranging in 0-160 mg L~!
using batch procedure at 25+1°C in deionized water. 2.5mL
of Fe304@AI(OH); NPs (20 mgmL~!) suspension was added into
50 mL of deionized water and placed in an inert 100 mL polyethy-
lene bottle. The initial pH value of the water solution was adjusted
to about 6.5 with 1M NaOH or HCI. All of the equilibrium exper-
iments were carried out at 2541 °C in water bath with vigorous
stirring under 1h. Then, an Nd-Fe-B strong magnet (rectangular
shape, 150 mm x 130 mm x 50 mm, maximum energy product 52
MGOe) was deposited at the bottom of the bottle and the magnetic
adsorbents were isolated from their suspension. After a few sec-
onds, the suspension became limpid. 5 mL of supernatant liquid was
passed through an On-guard H column (Dionex, U.S.A.) to remove
cations and then analyzed for the remaining fluoride concentra-
tion with ion chromatography (ICS-2500, Dionex, U.S.A.). Effect
of initial solution pH on the adsorption of analytes was investi-
gated with fixed fluoride concentrations (20, 40 and 60 mgL~1) and
adsorbents amounts (1 mgmL~1) at different initial pH (pH 5-9).
Duplicate adsorption experiments were conducted, and averaged
results were reported.

2.6. Kinetic studies

The time-dependent adsorption reactions were conducted by
agitation at 280 rpm of the reaction mixture that was placed in
water bath. Herein, 0.5 g of Fe30,@Al(OH)3 NPs were thoroughly
mixed with 500 mL of a fluoride solution with fixed initial fluo-
ride concentrations (20, 40 and 60 mgL-1). At a fixed preselected
time interval from 0.1 to 240 min, 2 mL reaction mixture was with-
drawn by a micropipette and analyzed for residual fluoride. The
above adsorption reaction was conducted separately at a definite
temperature (25, 40 and 50 °C).

The effects of co-existing anions (phosphate, nitrate, chloride,
bromide and sulfate) on fluoride adsorption were investigated
by performing fluoride adsorption under a fixed adsorbent dose
of 1mgmL-!, initial concentration of each co-existing anions of
50mgL-1, solution initial pH of 6.5 +0.1.

3. Results and discussion
3.1. Characterization of Fe304@AI(OH)3; adsorbents

The specific surface area of Fe304@AIl(OH); NPs (2:5) were
determined to be 147m?/g. The SEM image (Fig. 1) of
Fe304@AI(OH);3 NPs (2:5) clearly reveals the floc and porosity sur-
face texture, which endows the adsorbents with large surface areas
and high adsorption capacity. Several monodisperse Fe304 NPs
with diameters of 10 nm embedded in Al(OH)3 floc forming nano-
sized or sub-micron-sized magnetic particles. As showninFig. 2, the

Fig. 1. SEM of Fe304@AI(OH)3 (2:5) NPs.

particle size distribution curve of Fe30,4@AI(OH); NPs (2:5) indi-
cated that main particle size of this particle was in the range of
240-340 nm. The XRD patterns of pure Fe304 and Fe30,@Al(OH)3
(2:5) NPs (Fig. 3) clearly revealed the existence of hydrous alu-
minum in the resulting nanoparticles. As shown in curve b of Fig. 3,
the diffraction peaks at 20=18.7°, 20.2°, 27.8°, 40.5°, 53.1° and
57.3° can be respectively indexed to (001), (110, 020), (111,
021),(201,131),(202,132)and (220, 042) planes of hydrous
aluminum in bayerite structure. Detailed information about the
surface of resulting nanoparticles, the AI(OH)3 layer coating on
Fe3;04 nanoparticles, were further confirmed by XPS. Since XPS
generally provides elemental information at depth of only a few
atomic layers, it is routinely applied to characterizing surface com-
position [28]. As shown in Fig. 4, after the Fe304 NPs was coated
with Al(OH)s;, the signals for Fe 2p disappeared while only Al
peaks was observed (curve b of Fig. 4). It can be attributed to
the fact that Al(OH); deposited on the surface of the magnetic
core to a greater degree and the Al(OH)3 layer was thick enough
to cover the substrate metals. Furthermore, compared with the
standard spectrum of Al, the XPS spectrum of Fe30,@Al(OH)3
NPs (curve b of Fig. 4) showed characteristic peaks at binding
energy of 118.1 and 74.2 eV which were assigned to the Al 2s and
Al 2p and demonstrated the bayerite structure of AI(OH)3 coat-
ing.
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Fig. 2. Size distribution plot of Fe30,@AI(OH)3 (2:5) NPs.
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Fig. 3. X-ray powder diffractometer (XRD) for Fe304 NPs (a) and Fe304@AI(OH)3
NPs (b).

3.2. Magnetic property of Fe30,@AI(OH)3 NPs

A distinct advantage of this defluoridation procedure is that
the adsorbents can readily be isolated from sample solutions by
the application of an external magnetic field. These adsorbents
are superparamagnetic, therefore, suspended superparamagnetic
adsorbents can adequately disperse into the solution; while after
tagging with fluoride, they can be removed from the water samples
by applying a magnetic field. Fig. 5 shows the VSM magnetiza-
tion curves of Fe304 NPs, Fe;04@AI(OH)3; NPs at room temperature.
All of the magnetic nanoparticles exhibited typical superparamag-
netic behavior, characterized with strong magnetic susceptibility
and no hysteresis, remanence and coercivity. Saturation magne-
tization, a measure of the maximum magnetic strength, is a key
factor for successful magnetic separation. Due to the weight con-
tribution from the nonmagnetic Al(OH)s, the increase in the mass
of Al(OH); results in the decrease in the magnetic strength of the
adsorbents. The saturation magnetization of Fe304, Fe30,@AIl(OH)3
(2:3), Fe304@AI(OH)3 (2:5) and Fe304@AI(OH);3 (2:6) were 63.2,
24.6, 179 and 15.8emu/g, respectively. Ma et al. [29] found
that a saturation value of 16.3 emu/g was sufficient for magnetic
separation with a conventional magnet. Thus, the saturation mag-
netization value achieved with Fe30,@Al(OH); (2:5) NPs was high
enough for magnetic separation.
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Fig. 4. The X-ray photoelectron spectroscopy (XPS) survey spectra of pure Fe;04
NPs, Fe304@AI(OH)3; NPs and Fe;0,@AI(OH); NPs with fluoride adsorbed.
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Fig. 5. VSM magnetization curves of Fe;04@AIl(OH); NPs with various of mass ratio
of Fe304 to AI(OH)s;.

The magnetic Fe304@AI(OH)3 adsorbents possess high affinity
toward fluoride. As can been seen from Fig. 6, with the increasing
mass ratio of AI(OH)s, the amount of adsorbed fluoride increased
remarkably. When the mass ratio of Fe304 to Al(OH)3 reached 2:5,
the adsorption amount of fluoride did not change significantly.
Al(OH)3; layer with enough thickness is rather indispensable for
adsorption while increase of the AI(OH); layer thickness results
in the decrease of the magnetic strength. As a compromise,
Fe;04@AI(OH);3 (2:5) NPs were selected for further experiments
because of high adsorption capacity and strong magnetic property.

3.3. Adsorption behavior and possible mechanism of fluoride

Several researchers have reported the possible adsorption
mechanism of fluoride on floc AI(OH)3 which was either by elec-
trostatic adsorption [8,9] or surface complexation [10,30], or a
combination of both. The surface of mineral oxides is negative
charged when pH value is above the pH ZPC (zero point charge)
and positive charged when pH value is below the ZPC. The ZPC
of Al(OH); was 9.5 [31]. Generally, the charge density that varies
strongly with pH is a main factor determining the fluoride load
onto the adsorbents surface, and fluoride adsorption is there-
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Fig. 6. Equilibrium isotherms of defluoridation by Fe;04@AI(OH); NPs with various
of mass ratio of Fe304 to Al(OH)s. Performed in batch mode. pH 6.5, adsorbent:
1mgmL-1, temperature: 25°C.
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NPs. Performed in batch mode. Adsorbent: 1 mgmL~, temperature: 25°C.

fore considered dependent on the initial solution pH. As shown
in Fig. 7, the adsorption of fluoride was more favored in acid
solution. Fe304@AI(OH); NPs exhibited strong adsorption of flu-
oride when the pH value was between 5.0 and 7.0, which can
be ascribed to the electrostatic attraction between the positive
charged Fe304@AI(OH)3 surface and the anions fluoride. Due to
the decrease of charge density, the adsorption efficiency decreased
dramatically when the pH was above 7.0. In detail, the surface
of magnetic adsorbents became more positively charged while
decreasing the pH below its iep. Hence, more fluoride anions were
attracted to the surface, causing an increase in the adsorption
capacity. Furthermore, during the adsorption progress, the equi-
librium pH markedly increased, which might suggest that fluoride
has been adsorbed through surface complexation according Eq. (1).
Lower initial pH was helpful for their adsorption, which agreed well
with the aforementioned possible adsorption mechanism. Since
excessively strong acidity was not appropriate for the handling
of drinking water samples, neutral solution (about pH 6.5) was
selected for further experiments.

XPS spectra of Fe304@AI(OH)3 (2:5) NPs before and after reac-
tion with fluoride was shown in Fig. 4 (curves b and c). Strong F
peaks were observed at 685 and 30eV, which were respectively
assigned to the F 1s and F 2s photoelectrons, indicating that sig-
nificant F was taken up by the surface. All of the results indicated
that the adsorption was driven by both electrostatic attraction and
surface complexation.

3.4. Adsorption isotherm analysis
The isotherm models of Langmuir and Freundlich were used
to fit the experimental adsorption equilibrium data of fluoride on

magnetic adsorbents. These models are represented mathemati-

Table 1

cally as follows [8,9]:

.. L qmKLCe
Langmuir isotherm : ge = 11KC (2)
Freundlichisotherm : qe = KeCel/m 3)

where C. (mgL~1) is the concentration of fluoride at equilibrium,
Ki (L/mg), and gm (mgg~1) are the Langmuir constants related to
the energy of adsorption and maximum capacity, respectively; Kg
(mg!~(1/M L1/n g=1) and 1/n are the Freundlich constants related to
the adsorption capacity and intensity, respectively; and ge (mgg~1)
is the mass of fluoride adsorbed per mass of adsorbent. The results
of fitting Freundlich and Langmuir equations to isotherm curves
are summarized in Table 1. Regression coefficients (1) for different
conditions were larger than 0.95, indicating that both the mod-
els fit reasonably well with the fluoride adsorption. The maximum
monolayer adsorption capacity (qm) obtained for Fe30,@AI(OH)3
(2:5) NPs was 88.49mgg-" at 25 °C, which was much higher than
that of Fe304@AI(0H)3 (2:3) (qm =51.28 mg g~!) but close to that of
Fe304@AI(OH)3 (2:6) (gm =91.74mgg1). The Freundlich adsorp-
tion intensity parameters (n values) were higher than 2, also
supporting the favorable adsorption of fluoride on this adsorbents.
The surface texture and magnetic properties were not significantly
changed when the fluoride were adsorbed on Fe304@Al(OH)3. The
minimum residual concentration of fluoride was 0.3 mgL~! with
an initial concentration of 20mgL-!. Furthermore, after water
samples been treated by Fe304@AI(OH)3 (2:5) NPs, the residual
concentration of aluminum was about 0.07 mgL~! at pH 6.5, which
met the standard for drinking water quality. Thus, it is suggested
that the strong affinity of Fe30,@Al(OH)3 NPs towards fluoride
make excellent adsorbents to meet the need of high-fluoride con-
taining aqueous treatment.

3.5. Adsorption kinetic studies

Adsorption kinetics is one of the most important characters
which represent the adsorption efficiency. The adsorption rate of
fluoride adsorption on the Fe304@AI(OH)3 (2:5) NPs surface, as a
function of the initial fluoride concentration, is shown in Fig. 8(a).
Due to faster adsorption kinetics with smaller particles [32], the
fluoride adsorption was initially rapid, up to 10 min, after which it
decreased. The time required to reach equilibrium was 60 min. The
kinetics of fluoride adsorption onto the magnetic adsorbents fit well
with the pseudo-second-order kinetic model (% = 0.9990-1.0000).

. t 1 1
Pseudo-second-orderisotherm : —

= — 4+ — 4
g kagqe? Qe “)

where k; is the rate constant of adsorption (in gmg~! min~1), g is
the amount of fluoride adsorbed by adsorbent at any time (mgg~1),
ge is equilibrium adsorption capacity (mg g~!). And the initial sorp-
tion rate, hg (mgg~! min~!) can be defined as:

ho = k2q2 (t — 0) (5)

Both k, and hg could be determined experimentally by plotting
of t/q: against t.

Langmuir, Freundlich isotherms for fluoride adsorption onto the Fe3;0,@AI(OH); nanoparticles?.

Parameter Langmuir isotherm model Freundlich isotherm model

Fe;04@AI(OH)3 qm (mgg™') K (L/mg) Ki (mg!-(mpin g-1) n r
2:3 51.28 0.071 0.974 9.241 2.85 0.978
2:5 88.49 0.294 0.992 25.01 3.12 0.980
2:6 91.74 0.200 0.974 239 2.80 0.953

a F- at pH 6.5, adsorbent, 1gL-1, 25°C.
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1 mgmL-', temperature: 25 °C (a). Initial fluoride concentration: 40 mgL-" (b).

Table 2

Kinetic parameter of pseudo-second-order for fluoride adsorption onto the Fe;04@AI(OH); (2:5) nanoparticles.

Parameter Different initial F~ concentration? Different temperature®
at20mgL-! at40mgL~! at 60 mgL~! at 25°C at40°C at 50°C
ky (gmg 1 min-1) 3.142 x 1072 2.224x 1072 2.150 x 102 2.601 x 102 3.862 x 102 4122 x 1072
ge (mgg1) 18.58 35.59 51.55 36.10 38.46 39.06
ho (mgg—"' min~1) 10.86 28.17 57.14 33.90 57.14 62.89
r? 0.9997 0.9990 0.9999 0.9992 1.00 0.9997
2 pH 6.5, adsorbent: 1 mgmL-!, temperature: 25°C.
b pH 6.5, adsorbent: 1 mgmL-!, initial fluoride concentration: 40 mgL-!.
Table 3
Thermodynamic parameter for adsorption of fluoride onto the Fe30,@Al(OH); nanoparticles?.
Adsorbent —AG° (kjmol1)
Fe304@AI(OH)3 AHC (kJmol~!) AS° (Jmol 1K 1) at25°C at40°C at50°C at60°C
2:3 6.310 23.21 0.995 0.605 0.954 1.186 1.142
2:5 6.836 41.65 0.967 5.574 6.199 6.615 7.032
2:6 7.750 48.24 0.979 6.625 7.349 7.831 8.313

2 Fluoride at pH 6.5, adsorbent, 1 gL-1, initial fluoride concentration: 40 mgL-".

The initial rapid adsorption was presumably due to electrostatic
attraction. The slow adsorption in the later stage represented a
gradual uptake of fluoride at the inner surface by complexation
or ion-exchange. The constant k-, the initial sorption rate hy and
equilibrium adsorption capacity (ge) obtained from the slope and
intercept of plots were presented in Table 2. The results showed
decrease in k; values and increase in hy and ge values with higher
initial fluoride concentrations. The equilibrium adsorption capac-
ity (ge) evaluated from the pseudo-second-order plot was found to
increase from 19.58 to 54.55mgg~! as the fluoride concentration
increased from 20.0 to 60.0mgL~1, which suggested that the stud-
ied magnetic adsorbent would be a good adsorbent for scavenging
fluoride from the contaminated water.

The time-dependent adsorption Kkinetics studies of
Fe304@AI(OH)3 (2:5) NPs were conducted at three different
temperatures and analyzed using pseudo-second-order kinetic
equations (Eq. (4)). As shown in Fig. 8(b) and Table 2, the constant
ko, the initial sorption rate hg and equilibrium adsorption capacity
(ge) values all increased with the increase of temperature from
25 to 50°C. The increase in adsorption capacity and rate of flu-
oride with increasing temperature is presumably because of the
endothermic nature of fluoride adsorption on magnetic adsorbents
[9].

The increase in the pseudo-second-order rate constant with
increasing temperature can be described by the Arrhenius equa-
tion:

(6)

=

—E,
Ink, = InA + ( - )

where k, is the pseudo-second-order rate constant, A is a
temperature-independent factor and E, is the activation energy of
adsorption. The A and E, obtained from the plot of Ink, against 1/T
were 0.2101gmg~1s~1 and 1.525 k] mol~1.

3.6. Thermodynamic parameters

The thermodynamic parameters for the adsorption process
were calculated using the following relations:

ge\  AS° AHO \ 1
log(ce)‘2.303R_ 2303R ) T 7

AG? = AH? — TAS® (8)

where ge/Ce is the adsorption affinity; AG%, AH® and AS? are the
change in free energy, enthalpy, and entropy, under standard states,
respectively. The thermodynamic parameters were computed from
the plot of log(qe/Ce) versus 1/T for an initial fluoride concentra-
tion of 40mgL-1. The calculated value of AH? for Fe304@Al(OH)3
(2:5) NPs was 6.836 kJ/mol, which definitely verify the endother-
mic nature of the fluoride adsorption process. The AS? obtained
was 41.65]mol~1K-1. Using the values of AH% and AS?, the AG?
values have been calculated by Eq. (8) and shown in Table 3, which
indicated the adsorption of fluoride was spontaneous and the spon-
taneity of the process was enhanced with increasing temperature.
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Table 4

Langmuir, Freundlich isotherms for fluoride adsorption onto the Fe304@Al(OH); (2:5) nanoparticles in the presence of anions and several real water samples?.

Freundlich isotherm model

Parameter Langmuir isotherm model
Anions or water sample qm (mgg) K; (L/mg)
No 88.49 0.294
NO; P 77.99 0.174
Cl-b 78.12 0.166
Br-? 76.53 0.198
S04%P 73.49 0.174
PO,43-P 69.19 0.035
Tap water 70.42 0.203
Ground water 68.49 0.240
Jingmi Canal river 68.03 0.282

r2 K (mgl—(l/n)]_l/n g—l) n r2

0.992 25.01 3.12 0.980
0.964 21.52 3.66 0.991
0.964 22.64 3.64 0.984
0.977 023.75 3.96 0.993
0.964 11.389 243 0.951
0.853 7.226 2.18 0.971
0.989 18.91 3.24 0.972
0.995 20.17 3.19 0.980
0.988 18.58 3.14 0.937

3 pH 6.5, amount of adsorbent: 1gL~1, 25°C;
b Concentration of each anions: 50 mgL-!.

3.7. Effect of competing anions

Drinking water contains many ions such as sulfate, phosphate,
chloride, bromide and nitrate [6]. They will consequently com-
pete with fluoride anions for the adsorption sites on the magnetic
adsorbents surface. The effect of anion on the adsorption of flu-
oride was studied in batch mode with the concentration of each
anion at 50 mgL-!. The results found that the adsorption capacity
of Fe304@AI(OH);3 (2:5) NPs decreased slightly when competing
anions were present. Generally, multivalent anions are adsorbed
more readily than monovalent anions [7]. As can be seen from
Table 4, fluoride removal in presence of anion increased in the
order PO43~ <S042~ <Br~ ~NO3~ ~Cl~. It closely correlated with
the Z/r(charge/radius) values of the anions which varies in the order
PO43~ (3/3.40)>S042 (2/2.40)>Cl~ (1/1.81)>Br~ (1/1.95)>NO3~
(1/2.81). All of the results indicated that the Fe;04@AI(OH); NPs
possessed specific affinity toward fluoride, making it a highly-
suitable adsorbent for fluoride contaminated water treatment.

3.8. Adsorption of fluoride from water samples

The potential application of Fe304@AI(OH)3 NPs for remov-
ing fluoride from drinking water was tested by determining the
adsorption equilibrium isotherm using ground water and surface
water samples. The chemical compositions of water samples were
determined and summarized in Table 5. Table 4 lists the maxi-
mum adsorption capacity (qm) obtained for Fe30,@AIl(OH); (2:5)
NPs in the real water samples. Due to competing adsorption of
co-existing anions, decreased adsorption capacity of fluoride (Lang-
muir adsorption capacity was 68mgg-! for Jingmi Canal river)
were observed for all three water samples. Nonetheless, the capac-
ity was still comparable with those obtained by other fluoride
adsorbents such as zirconium(IV)-impregnated collagen fiber [2],
iron(Ill)-aluminum(IIl) mixed oxide [9] and calcined Mg-Al-CO3

Table 5
Chemical composition and characteristics of the real water samples.

Tap water Ground water Jingmi Canal
Sodium 9.41mgL! 23.4mglL-! 17.1mgL!
Magnesium 16.2mgL! 1.84mgL! 1.66 mgL!
Calcium 29.4mgL! 31.6mgL! 25.6mgL!
Potassium 1.91mgL! 16.5mgL-! 8.87mglL-!
Lithium 273 pgl! 6.32 pgL! 294 gL
Barium 74.1 pgL! 71.5pgL! 100 pgL!
Silica, total 5mgL-! 8mgL-! 20mgL!
Sulfate 25.5mgL! 48.4mgL-! 25.4mgL-!
Chloride 20.7mgL"! 15.3mgL! 9.0mgL™!
Fluoride 0.287mgL! 0.829mgL-! 0.972mgL!
Nitrate 8.94mgL! 6.87mgL! 7.43mgL-!
Phosphate <1pgl! <lpgl! 2pgl!
pH 7.72 7.79 7.97
TOC 0.71mgL-! 0.58 mgL-! 0.97mgL-!

layered double hydroxides [7]. The real water samples spiked
with 20mgL-! fluoride were treated by Fe30,4@AI(OH)3 (2:5) NPs,
which decreased the residual concentration of fluoride to about
0.7mgL-!. Taking into account the high adsorption capacity and
the low residual amount of fluoride, Fe304@Al(OH)3 (2:5) NPs was
judged to be a suitable adsorbents to treat high-fluoride contami-
nated water to attain drinking standard quality.

4. Conclusions

Compared to previous defluoridation methods, the attractive
merits of our method were three-fold: (a) high adsorption capacity
and high selective affinity toward fluoride. Sorbents have higher
surface areas and shorter diffusion route and the AI(OH)3 surface
layer of Fe30,@AI(OH)3 NPs possesses specific affinity toward flu-
oride, therefore, satisfactory results can be achieved by using less
amount sorbents than traditional micron-size particle sorbents. (b)
Rapid defluoridation treatment. The superparamagnetic and strong
magnetization properties of the Fe304@AI(OH)3 NPs are favorable
for MCT. The treatment process avoids the time-consuming adsor-
bent bed passing and exhibits great potential in treatment large
volume real water samples. (c) Easy preparation, which can meet
the need of practical application for treatment of large volume
high-fluoride contaminated water.
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