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a  b  s  t  r  a  c  t

An  adsorbent  for  fluoride  removal  from  drinking  water  was  prepared  by coating  Fe–Ti bimetallic  oxide  on
magnetic  Fe3O4 particles  by co-precipitation.  The  adsorbent  was  a  nanosized  composite  with  a core–shell
structure  comprising  a magnetic  Fe3O4 core  of  10–20  nm  in  diameter  and an  amorphous  adsorbent  shell  of
several  nanometer  thickness.  The  synthesis  parameters  were  optimized  to  give  high  adsorption  capacity
and  high  magnetization.  The  optimized  mass  ratio  of the Fe–Ti  bimetallic  oxide  shell  to  Fe3O4 core  was
eywords:
luoride removal
ano-adsorbent
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ore–shell structure
agnetic separation

2.72.  The  adsorption  isotherm  was  well  fitted  with  the Langmuir  isotherm  and  the  saturation  adsorption
capacity  57.22  mg/g  adsorbent.  Adsorption  was  fast  and  reached  equilibrium  within  2  min.  The  nano-
adsorbent  was  superparamagnetic  with  a  saturation  magnetization  of  18.4  emu/g,  which  allowed  rapid
separation of  the  adsorbent  from  the water  solution  by  an external  magnet.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Excess fluoride uptake can cause mottled teeth, brittle bones,
nd even damage to neurological and reproductive systems [1,2].

 fluoride concentration below 1.5 mg/L in drinking water is rec-
mmended by the World Health Organization (WHO) [3], and

 maximum of 1.0 mg/L is required by Chinese drinking water
tandards (GB5749-2006). The weathering and leaching of fluo-
inated minerals, and industrial wastewater discharges are the
ain sources of fluoride in groundwater. With increased human

ndustrial activities, high fluoride-content water has become a
idespread problem in the world [4,5].

Various methods [4–12] have been used to remove excess flu-
ride from water, which include adsorption [6–8], ion exchange
9], precipitation and flocculation [10], membrane separation [11],
lectrodialysis and electrolysis [12]. Adsorption is the most widely
sed method due to its simplicity, low cost, and high efficiency.
any high adsorption capacity adsorbents have been developed.

 metal oxide nano-adsorbent is one of the most effective adsor-

ents for fluoride removal due to its large specific surface area, high
dsorption capacity and adsorption rate [4,5,13–18]. In our previ-
us work [13,14], a novel iron-titanium (Fe–Ti) oxide adsorbent

∗ Corresponding author at: Department of Chemical Engineering, Tsinghua Uni-
ersity, 100084 Beijing, China. Tel.: +86 10 62788993; fax: +86 10 62772051.

E-mail address: wangtj@tsinghua.edu.cn (T.-J. Wang).
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169-4332/© 2014 Elsevier B.V. All rights reserved.
was prepared. The Fe–Ti oxide has higher adsorption capaci-
ties than other Fe-based adsorbent, as shown in Table 1, and
has low cost due to its iron component. However, the use of a
nano-adsorbent in practical applications is very difficult because
adsorption in a packed bed is commonly used for fluoride removal,
but a nano-sized adsorbent will cause a huge pressure drop in a
packed bed due to its extremely small size. A solution is to disperse
the nano-adsorbent in a fluidized system, but then the separation
of the nano-adsorbent from the water solution is a problem to be
solved [19,20].

Magnetic separation provides a promising way  to perform
solid–liquid separation of the nano-adsorbent and water. In recent
years, magnetic composite particles have been widely studied for
this. The magnetic component of the composite particles is com-
monly superparamagnetic Fe3O4. In the absence of an external
magnetic field, the superparamagnetic particles can be well dis-
persed in water. After adsorption, the composite particles can be
collected easily by a magnet, and re-dispersed in water without
undesired magnetic aggregation when the magnet is removed.
Magnetic particles loaded with various functional components are
used in many fields such as targeted drug delivery [21], protein
separation [22], photo-catalyst separation [23,24], hazardous sub-
stances adsorption [25,26], etc. So far, there are some reports in

the literature on the use of non-magnetic adsorbents combined
with magnetic particles to give high adsorption capacity and easy
separation [19,20,27–29], but the detailed structure of the com-
posite particles, nano-particle residues resulting from incomplete

dx.doi.org/10.1016/j.apsusc.2014.08.143
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.08.143&domain=pdf
mailto:wangtj@tsinghua.edu.cn
dx.doi.org/10.1016/j.apsusc.2014.08.143


C. Zhang et al. / Applied Surface Science 317 (2014) 552–559 553

Table  1
Adsorption capacities of Fe–Ti oxide adsorbent and other iron-based adsorbent.
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Adsorbents Fe–Ti [14] Fe–Al [15] 

Qmax (mg/g) 53.22 17.7 

olid–liquid separation, and water contamination caused by adsor-
ent dissolution or abrasion were not studied, even though these

ssues are very important in practical application.
In this paper, a novel composite adsorbent with a core–shell

tructure was  prepared for efficient removal of fluoride in drink-
ng water by coating the excellent nano-adsorbent of iron-titanium
Fe–Ti) oxide onto magnetic Fe3O4 particles. The core–shell struc-
ure of the composite particles was examined and analyzed. The
dsorption capacity and adsorption rate were studied. The separa-
ion efficiency and residues were measured and discussed.

. Materials and methods

.1. Material

FeCl3·6H2O (Sinopharm Chemical Reagent Company) and
eCl2·4H2O (Shantou Xilong Chemical Co., Ltd.) were used to
ynthesize the Fe3O4. FeSO4·7H2O (Beijing Chemical Plant) and
i(SO4)2·12H2O (Sinopharm Chemical Reagent Company) were
sed to synthesize the Fe–Ti oxide. The other chemicals used were
mmonia (Beijing Modern East Fine Chemicals Co., Ltd.), anhydrous
thanol (Beijing Modern East Fine Chemicals Co., Ltd.), hydrochloric
cid (Beijing Chemical Plant), cetyltrimethyl ammonium bromide
CTAB, Tianjin Bodi Chemical Co., Ltd.), and NaF (Beijing Modern
ast Fine Chemicals Co., Ltd.). All the chemicals were of analytical
rade and were used without further purification.

.2. Preparation of the Fe3O4 particles

The Fe3O4 particles were prepared by chemical precipitation
ethod [23,30–34]. FeCl2·4H2O and FeCl3·6H2O were dissolved in

thanol to form a mixed solution with a total molar concentration
f 0.3 M.  The molar ratio of Fe2+ to Fe3+ was 5:1. A small amount
f cetyltrimethyl ammonium bromide (CTAB) was  added into the
olution as a dispersant. The vessel was put in a water bath at 30 ◦C.
.6 M ammonia solution was slowly titrated into the mixed solution
nder agitation until the pH reached 9.0. Agitation was continued
or 5 min  to complete the reaction. The slurry was  aged for 3 h in
he water bath at 50 ◦C. The precipitates were collected by a magnet
nd washed three times with deionized water. The Fe3O4 particles
ere kept in deionized water until used.

.3. Preparation of magnetic composite nano-adsorbents

FeSO4·7H2O and Ti(SO4)2 were dissolved in deionized water
ith Fe2+ and Ti4+ concentrations that were both 0.3 M.  The mixed

olution and 12.5% ammonia were simultaneously added dropwise
nto 10 g/L Fe3O4 suspension under agitation. The pH was kept at

 ± 0.2 during the titration. The precipitates were collected using
 magnet and washed three times with deionized water. The com-
osite particles were kept in deionized water until the adsorption
xperiment. Part of the composite particles was  dried at 80 ◦C for
2 h for further characterization.

.4. Adsorbent characterization
A high-resolution transmission electron microscopy (HRTEM,
EM-2011, JEOL Co., Japan) was used to examine the morphol-
gy and microscopic structure of the adsorbents. The adsorbent
Fe–Zr [16] Fe–Sn [17] Fe–Cr [18]

8.2 10.5 16.3

crystal structure was  examined by X-ray diffraction analysis (XRD,
D8-Advance, Brucker, Germany) over a range of 10–90◦ (based on
2�) with Cu K� radiation at a scan speed of 5◦/min. The magnetic
properties of the adsorbents were analyzed by a vibrating sample
magnetometer (VSM). The specific surface area of the adsorbents
was measured by a nitrogen adsorption apparatus (Autosorb-iQ2-C,
Quantachrome Instruments, USA). Surface elemental compositions
of the particles at different stages of the coating process were deter-
mined by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Fisher, USA) with a monochromic Al K� radiation source
(1486.6 eV). The binding energies were calibrated by the C1s peak
at 284.8 eV. The elemental compositions of the particles and adsor-
bent residues were determined with inductively coupled plasma
atomic emission spectroscopy (ICP, Vista-MPX, VARIAN, USA).

2.5. Adsorption studies

Adsorption properties were determined by batch adsorption
experiments. A fluoride solution with a concentration of C0 (mg/L)
was prepared by dissolving NaF in deionized water. An adsorbent
dose of W (g/L) was added into a conical flask containing 100 mL
fluoride solution. The flask was shaken on a thermostat shaker at
180 rpm and 25 ◦C. In order to ensure adsorption equilibrium, the
adsorption time was set for 12 h. The concentration of residual flu-
oride in the solution, Ce, was  measured with a fluoride selective
electrode connected to an ion meter (PXS-450, Shanghai Kang-Yi
Instruments Co., LTD, China) using the method in GB/T 13083-2002.
The equilibrium adsorption capacity of the adsorbent, Qe, was cal-
culated as

Qe = (C0 − Ce)/W (1)

The adsorption capacity per unit mass of Fe–Ti oxide was cal-
culated from the mass fraction of Fe–Ti oxide in the composite
nano-adsorbent.

The adsorption kinetics was determined as follows. 1000 mL  flu-
oride solution with a concentration of 10 mg/L and 1 g adsorbent
were added into a conical flask. The flask was shaken on a thermo-
stat shaker at 180 rpm and 25 ◦C. During the adsorption, solution
samples with a volume of about 8 mL  were taken from the flask at
different times and their fluoride concentrations were measured.
The adsorption amounts at different times were calculated using
Eq. (1), and the adsorption rate was  estimated from the slope of the
plotted curve.

Fluoride solutions with concentrations of 5 mg/L to 200 mg/L
were prepared and used for the batch adsorption experiment. The
equilibrium adsorption amounts at different equilibrium concen-
trations were measured to give the adsorption isotherms, which
were plotted and fitted to the Langmuir isotherm.

2.6. Separation of composite nano-adsorbents from the water
solution

A 50 mm × 50 mm × 10 mm square Nd-Fe-B magnet (N30) was
used to study the separation properties. The magnetic parame-
ters were remanence = 1.08–1.12 T, coercivity = 9.8–10.5 kOe, and

maximum energy product = 28–30 MGOe.

An adsorbent dose of W (g/L) was  added into a conical flask con-
taining 100 mL  fluoride solution. The flask was  put on the square
magnet and kept for a set time, then a 10 mL sample was taken out
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ig. 1. TEM image, XRD spectrum and magnetic hysteresis loop of the magnetic Fe3O
f  the Fe3O4 particles. (c) Magnetic hysteresis loop of the Fe3O4 particles. (d) Magn

lowly by a pipette from the supernatant and the solid residues in it
ere dissolved by excess sulfuric acid. The Fe and Ti residues in the

ample, CFe and CTi (mg/L), were measured by ICP. The efficiency of
he magnetic separation, R, was defined as

 =
(

1 − CFe + CTi

1000 × W

)
× 100% (2)

A shorter separation time and lower R value indicated a higher
eparation efficiency.

. Results and discussion

.1. Magnetic properties of the composite nano-adsorbents

.1.1. Magnetic core particle Fe3O4
The TEM image, XRD pattern and magnetic hysteresis loop of the

repared Fe3O4 particles are shown in Fig. 1. The Fe3O4 product
omprised quasi-spherical particles with diameters of 10–20 nm.
he characteristic XRD peaks at 18.7◦, 30.6◦, 36.0◦, 43.8◦, 57.8◦,
3.5◦, 75.1◦ confirmed that the main phase of the particles was
rystalline Fe3O4. The coercive force and residual magnetization are
oth close to 0, indicating that the Fe3O4 was superparamagnetic.
he saturation magnetization was 68.3 emu/g. For comparison, the
ysteresis loop of the Fe–Ti oxide is also shown in Fig. 1(d). The
e–Ti oxide is a paramagnetic material whose magnetic strength
as negligible.
The coating of Fe–Ti oxide onto the Fe3O4 particle was per-
ormed in acidic solution (pH = 4). In order to determine a possible

ass loss of Fe3O4 particles during the coating process, 0.0795 g
e3O4 particles were dispersed in H2SO4 solution at pH = 4, shaken
ticles and non-magnetic Fe–Ti oxide. (a) TEM of the Fe3O4 particles. (b) XRD pattern
steresis loop of the Fe–Ti oxide.

for 2 h, and then re-collected with a magnet. The mass of collected
particles was  0.0794 g, so the mass loss rate was 0.1%, indicating
that the mass loss of Fe3O4 particles during the coating process
was very small and can be ignored.

3.1.2. Magnetic composite nano-adsorbents
The coating amount in the composite nano-adsorbents can be

adjusted by changing the amount of iron and titanium salt solution
used in the coating process. The Ti/Fe mass ratio ı of the adsorbent
was determined by ICP. A large ı value indicated a high coating
amount. The XRD spectra of composite nano-adsorbents with dif-
ferent coating amounts are shown in Fig. 2. The XRD peaks of
composite nano-adsorbents with different coating amounts were
similar to the peaks of Fe3O4. This indicated that the Fe3O4 crys-
tal structure was not changed in the coating process and the Fe–Ti
oxide in the composite nano-adsorbent was confirmed to be amor-
phous.

The hysteresis loops of composite nano-adsorbents with dif-
ferent coating amounts are shown in Fig. 3. The composite
nano-adsorbents have excellent superparamagnetic characteris-
tics. The saturation magnetization decreased as the Fe–Ti oxide
coating amount increased. This also confirmed that Fe–Ti oxide
was non-magnetic, Fe3O4 was the only magnetic component in
the composite nano-adsorbent, and the crystal structure of Fe3O4
was not changed by the coating process. Therefore, the magnetic
properties of the composite nano-adsorbent was  determined by the

mass fraction of Fe3O4 [19].

Compared with the measured Ti/Fe mass ratio ı, the mass ratio
of Fe–Ti oxide to Fe3O4, �, is more useful for describing the coating
amount, and this can be derived. Since the crystal structure of Fe3O4
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as not changed during the coating process and the mass loss of
e3O4 can be ignored, the magnetic properties of the composite
ano-adsorbent depended on the mass fraction of Fe3O4. Thus the
aturation magnetization of Fe3O4 and composite nano-adsorbent,
s0 and Ms1, have the relationship

s1 = Ms0 × P (3)

here P is the mass fraction of Fe3O4 in the composite nano-
dsorbent,

 = M(Fe3O4)
M(Fe3O4) + M(Fe–Ti)

(4)

Therefore, the mass ratio of Fe–Ti oxide to Fe3O4, �, can be
alculated from the magnetization,

 = M(Fe–Ti)
M(Fe3O4)

= Ms0 − Ms1

Ms1
(5)

When the coating amount increased, the mass ratio � of Fe–Ti
xide to Fe3O4 increased, as the corresponding mass ratio of Ti/Fe

 also increased. The chemical composition of the Fe–Ti oxide was
etermined to be Fe0.12TiO2.16. A linear relationship between �−1
nd ı−1 can be derived. � was calculated from the saturation mag-
etization of the composite nano-adsorbent, and ı was  measured
y ICP. The curve of �−1 versus ı−1 is shown in Fig. 4. Fig. 4 shows

 linear correlation R2 of 0.9998 for the two sets of data, that is, the
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ig. 3. Magnetic hysteresis loops of composite nano-adsorbents with different coat-
ng amounts. Ratio of Ti/Fe: (a) 0 (Fe3O4); (b) 0.78; (c) 1.10; (d) 1.49.
Fig. 4. Plot of �−1 versus ı−1 (� = Fe–Ti/Fe3O4, ı = Ti/Fe in mass).

composite nano-adsorbent composition calculated from saturation
magnetization and that measured by ICP were in good agreement.
This also indicated that the Fe3O4 core in the composite nano-
adsorbent has the same magnetic properties as pure Fe3O4, and the
magnetization of the composite nano-adsorbent was  entirely due
to the Fe3O4 core. For the composite nano-adsorbent with ı = 1.10,
i.e., � = 2.72, the saturation magnetization was 18.4 emu/g, which
was a high value when compared with those in literature reports
[19,20].

3.2. Core–shell structure of the composite nano-adsorbent

The greatest limitation for the fluoride adsorption using nano-
adsorbents is the solid–liquid separation. A core–shell structure
with magnetic Fe3O4 core and Fe–Ti adsorbent shell is the ideal
structure to ensure a complete and efficient separation in a mag-
netic field.

The TEM morphology of the composite nano-adsorbent is shown
in Fig. 5. As shown in Fig. 5(b), the composite nano-adsorbent had
a core–shell structure. The core of the particle showed the diffrac-
tion fringes of the Fe3O4 crystal structure (marked in circle), while
the coating layer was amorphous. The average thickness t� of the
coating shell can be calculated,

t� = 0.5d ×
(

3

√
1 + �c

�s
� − 1

)
(6)

where d was the average diameter of the Fe3O4 core, and �c, �s were
the densities of Fe3O4 core and Fe–Ti shell, which were 5.18 g/cm3

and 4.34 g/cm3, respectively. For the composite nano-adsorbent
with � = 2.72 and the average diameter of the Fe3O4 core at about
15 nm (average value from TEM images), the average thickness of
the shell was  calculated to be 4.7 nm,  which was in close agree-
ment with the shell thickness observed in Fig. 5(b). Therefore, it is
inferred that most of the composite nano-adsorbent particles had a
core–shell structure with Fe3O4 particle core and Fe–Ti oxide shell.

In order to further verify the core–shell structure of the com-
posite nano-adsorbent, the surface compositions for the composite
adsorbents using a core–shell structure model or a physical mix-
ture model was calculated and compared with the XPS detected
values, for different macroscopic compositions � (the mass ratio
of Fe–Ti oxide to Fe3O4). The XPS spectra for different � showed

similar characteristics except for the small difference of Ti and Fe
peak strengths. Fig. 6 showed the XPS spectrum for � = 0.63. The
atomic ratios of Ti, Fe, O, C were calculated from the XPS spectra
and presented in Table 2, from which the Ti/Fe mass ratios were
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Fig. 5. Core–shell structure of the composite nano-adsorbent (� = 2.72). (a) Com-
posite nano-adsorbent. (b) Core–shell structure.
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Fig. 6. The XRS spectrum of the composite nano-adsorbent (� = 0.63).

Table 2
Surface compositions for different macroscopic compositions detected by XPS.

�, Fe–Ti/Fe3O4 mass
ratio

Atomic ratios, % Ti/Fe mass
ratio

Ti Fe O C

0.63 14.1 6.2 39.6 40.1 1.95
1.00  16.2 3.4 35.4 45.0 4.08
1.87  17.9 2.8 32.6 46.7 5.36
3.74  18.8 2.6 32.3 46.3 6.12
ience 317 (2014) 552–559

obtained and taken as the surface compositions for the composite
adsorbents.

The probing depth of XPS could be calculated through the empir-
ical formula of Seah and Dench [35],

dXPS = a × (2170E−2 + 0.72(aE)0.5) (7)

a3 = M

�nN
(8)

where dXPS was  the probing depth of XPS, a was the monolayer
thickness of the molecular, E was the electron energy, M was the
molecular weight, � was  the density, n was  the atom number, N was
the Avogadro constant. The densities of Fe3O4 and Fe–Ti oxide par-
ticles were 5.18 g/cm3 and 4.34 g/cm3, respectively. The molecular
formula of Fe–Ti oxide determined through ICP was Fe0.12TiO2.16.
The monolayer thickness of Fe3O4 and Fe–Ti were calculated to
be 0.21 nm and 0.23 nm,  respectively. For the composite nano-
adsorbents, the average thickness a of Fe3O4 and Fe–Ti oxide was
taken as 0.22 nm.  According to the kinetic energy of electrons from
Fe2p (767 eV) and Ti2p (1017 eV), the calculated probing depths
of Fe and Ti were 2.1 nm and 2.4 nm respectively. Therefore, the
sample surface of 2.4 nm could be detected by XPS. So 2.4 nm was
chosen as the probing depth in the calculation.

The surface compositions for both models were calculated,

ıcal = mFe–Ti × WTi, Fe–Ti

mFe–Ti × WFe, Fe–Ti + mFe3O4 × WFe, Fe3O4

(9)

WTi,Fe–Ti and WFe,Fe–Ti were the mass ratios of Ti and Fe in Fe–Ti
oxide, and WFe,Fe3O4 was  the mass ratio of Fe in Fe3O4, which were
0.54, 0.08 and 0.72 respectively. mFe–Ti and mFe3O4 were the probing
mass of Fe–Ti oxide and Fe3O4 of the sample surface, depending on
the structure model.

For a core–shell structure model, the detected surface contained
the Fe–Ti shell and a thin layer of the inner Fe3O4 core. When
Fe–Ti shell thickness t� < dXPS (i.e. 2.4 nm), ıcal would increase as
t� increased. When t� > dXPS, the detected part was pure Fe–Ti, and
ıcal would remain constant. Then mFe–Ti/mFe3O4 was  calculated,

mFe–Ti

mFe3O4

= �s × [(dFe3O4 + 2t�)3 − dFe3O4
3]

�c × [dFe3O4
3 − (dFe3O4 + 2t� − 2dXPS)3]

, t� < dXPS

(10)

mFe3O4 = 0 and ıcal = WTi,Fe–Ti

WFe,Fe–Ti
, t� ≥ dXPS (11)

The average diameters of the Fe3O4 particles, dFe3O4 , was  15 nm.
The Fe–Ti shell thickness t� was  calculated from Eq. (6).

For a physical mixture model, the detected surface contained
the outer layer of independent Fe3O4 and Fe–Ti particles, and ıcal
would increase as Fe–Ti mass fraction � increased. Considering
dXPS = 2.4 nm,  the average diameters of the Fe3O4 particles about
15 nm and the Fe–Ti particles about 4 nm12, mFe–Ti/mFe3O4 was
calculated,

mFe–Ti

mFe3O4

= � × dFe3O4
3

dFe3O4
3 − (dFe3O4 − 2dXPS)3

(12)

The detected surface compositions and the predicted composi-
tions for the two models at � = 0.63, 1.00, 1.87, 3.74 were presented
in Fig. 7. It showed that the core–shell model compositions were in
good agreement with the detected trend, while the physical mix-
ture compositions showed a linear-like trend and was  far below
the detected compositions. The standard deviation for core–shell

model was  0.30, while that for physical mixture model was 0.79,
indicating the core–shell model was  much closer to the composite
adsorbent structure than the physical mixture model. It is also an
evidence for the formation of core–shell structure.
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Table 4
Fitted Langmuir parameters of the composite nano-adsorbent.

Parameters Q (mg/g) b (L/mg) R2 (–)

Qe
=

Qmax
× Ce +

Qmaxb
(14)

Qmax and b were obtained from the slope and intercept of the
linear fit of Ce/Qe and Ce. The fitted results were shown in Table 4.

30

40
, 

Fig. 8. Qe of the composite nano-adsorbent versus �.

In addition, the specific surface areas for the Fe3O4 particles
nd composite nano-adsorbents (� = 2.72) measured by nitrogen
dsorption were 127.12 m2/g and 115.32 m2/g, respectively. This
as consistent with that the specific surface area would decrease

ince the particle size was increased due to that the Fe3O4 particles
ere coated with the Fe–Ti oxide to form a core–shell structure.

.3. Effects of coating amount on adsorption capacity

The adsorption capacities of Fe3O4, Fe–Ti oxide and composite
ano-adsorbent were measured by batch adsorption experiments.
he results were shown in Table 3. The adsorption capacity of
he Fe3O4 particles was close to 0. The adsorption capacity of the
omposite nano-adsorbent, Qe, was mainly due to the Fe–Ti oxide

oated on the surface.

The fluoride adsorption capacities of the composite nano-
dsorbents at different � were measured. The results were shown in

able 3
e of Fe3O4, Fe–Ti oxide and composite nano-adsorbent.a

Sample Fe3O4 Fe–Ti oxide Composite
nano-adsorbent

Qe (mg/g) 0.30 43.18 37.13

a Adsorption conditions: initial fluoride concentration 50 mg/L; particle dose
 g/L; adsorption time 12 h; shaker thermostat at 25 ◦C; shaking rate 180 rpm. Com-
osite nano-adsorbent at � = 2.72.
max

Value 41.84 0.23 0.9983

Fig. 8. As � increased, the adsorption capacity per mass of compos-
ite nano-adsorbent increased, then the increase slowed gradually
until a final stabilized value was reached. The adsorption capac-
ity Qe based on the mass of Fe–Ti increased to a maximum at �
2.72, and then decreased. This was  because when the coating layer
had increased to a certain thickness, the innermost Fe–Ti oxide
does not contribute to the adsorption. If the Fe3O4 particles were
only mixed physically with the Fe–Ti oxide, the adsorption capac-
ity should increase linearly with the Fe–Ti oxide content, and the
capacity per mass of Fe–Ti oxide should remain unchanged, which
was inconsistent with Fig. 8. Therefore, Fig. 8 also confirmed the
core–shell structure of the Fe3O4 particles and Fe–Ti oxide in the
composite nano-adsorbents.

As shown in Fig. 8, the adsorbent capacity per mass of Fe–Ti
oxide reached a maximum value at � = 2.72. Therefore, � was set
to 2.72 in the preparation of the composite nano-adsorbent in
the following experiments. (Initial fluoride concentration 50 mg/L;
particle dose 1 g/L; adsorption time 12 h, shaker thermostat 25 ◦C,
shaking rate 180 rpm.)

3.4. Adsorption properties of the composite nano-adsorbent

The adsorption equilibrium data were fitted to the Langmuir
isotherm equation [36]:

Qe = QmaxbCe

1 + bCe
(13)

where Qmax is the maximum monolayer adsorption capacity
(mg/g), and b is the Langmuir constant (L/mg), which expresses the
affinity of the adsorbate for the adsorption sites. The model assumes
that all the adsorption sites of the adsorbent have the same binding
energy, and the adsorption results in a monolayer.

In order to make it easier to get the parameters Qmax and b, Eq.
(13) was transformed into a linear form [36],

Ce 1 1
0 20 40 60 80 10 0 12 0 14 0 16 0 18 0
0

10

20

Q
e, m

g/
g

Ce, mg/ L 

Fig. 9. Experimental data and fitted adsorption isotherm (adsorbent dose 1 g/L;
adsorption time 12 h, shaker thermostat 25 ◦C, shaking rate 180 rpm).
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Fig. 10. Adsorption amounts versus adsorption time (initial fluoride concentra-
tion 10 mg/L; adsorbent dose 1 g/L; adsorption time 12 h, shaker thermostat 25 ◦C,
shaking rate 180 rpm).

Table 5
Magnetic separation results of the composite adsorbent from the water solution
(adsorbent dose 1 g/L).

Time (min) Fe (mg/L) Ti (mg/L) Separation
efficiency, %

1 6.82 4.62 98.86
3  4.84 2.64 99.25
5  5.06 2.42 99.25

i
T
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c
c
i
a

3
s
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s
n
s
i
t

c
fi
m
a
r

4

f
h

[

[

[

[

[

[

[

[

[

[

[

7  5.06 2.42 99.25
10  4.40 2.20 99.34

The experimental data and fitted curve of the adsorption
sotherms were shown in Fig. 9, which showed an excellent fit.
he fitted Langmuir saturation adsorption capacity was 41.84 mg/g,
nd the Langmuir adsorption capacity per mass of Fe–Ti oxide was
7.22 mg/g.

The adsorption kinetics data were shown in Fig. 10. The
dsorption reached equilibrium within 2 min, indicating that the
omposite nano-adsorbent had a high adsorption rate. That is, the
omposite nano-adsorbent not only has a high adsorption capac-
ty, but also has a fast absorption rate, which makes it an ideal
dsorbent for fluoride removal.

.5. Separation of the composite nano-adsorbent from the water
olution

It was shown in Table 5 that over 99% of the composite nano-
dsorbents was separated within 3 min  by the magnet. An increased
eparation time did not increase the separation efficiency sig-
ificantly, indicating that under the applied magnetic field, the
eparation basically reached equilibrium within 3 min. To further
mprove the separation efficiency, the strength of the magnet has
o be increased.

In summary, it was shown that the composite nano-adsorbent
an be separated efficiently in a short time with an applied magnetic
eld, that is, it had an excellent solid–liquid separation perfor-
ance. Therefore, the composite nano-adsorbent can be used in

 fluidized system to give high absorption capacity, fast adsorption
ate, and efficient solid–liquid separation.

. Conclusion
A novel composite nano-adsorbent with a core–shell structure
or fluoride removal from drinking water was prepared by coating a
igh adsorption capacity Fe–Ti oxide layer onto superparamagnetic

[

ience 317 (2014) 552–559

Fe3O4 particles. At a mass ratio of Fe–Ti oxide to Fe3O4 core of
2.72, the adsorption capacity per unit mass of Fe–Ti oxide reached
a maximum of 57.22 mg/g, which corresponded the highest uti-
lization efficiency of the adsorption capacity of Fe–Ti oxide. The
adsorption isotherms were well fitted with the Langmuir model,
and adsorption reached equilibrium within 2 min. The saturation
magnetization was 18.4 emu/g, which ensured rapid separation of
the composite nano-adsorbent from the water solution by an exter-
nal magnet. The magnetic composite nano-adsorbent can be used
in a fluidized system for fluoride adsorption to give high absorption
capacity, fast adsorption rate, and efficient solid–liquid separation.
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