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a b s t r a c t
A biocompatible and novelly-defined adsorption membrane for rapid removal of fluoride was prepared.
Both adsorption and membrane techniques were used in this research. Al(OH)3 nanoparticles modified
hydroxyapatite (Al-HAP) nanowires were developed and made into Al-HAP membrane. The adsorption
data of Al-HAP adsorbent could be well described by Freundlich isotherm model while the adsorption
kinetic followed pseudo-second-order model. The maximum of adsorption capacity was 93.84 mg/g
when the fluoride concentration was 200 mg/L. The adsorption mechanism was anion exchanges and
electrostatic interactions. The contribution rates of HAP nanowires and Al(OH)3 nanoparticles in fluoride
removal were 36.70% and 63.30%, respectively. The fixed-bed column test demonstrate that the Al-HAP
was biocompatible and in a good stability during the process of water treatment. The fluoride removal
abilities of Al-HAP membrane with 0.3 mm thickness could reach 1568 L/m2 when fluoride concentrations were 5 mg/L. This study indicated that the Al-HAP membrane could be developed into a very viable
technology for highly effective removal of fluoride from drinking water.
Ó 2016 Elsevier Inc. All rights reserved.
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Fluoride (F) is an essential element for both human and animals
while it is also one of the World Health Organization (WHO)
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classified contaminants in ground water [1]. Fluoride was good for
the health of teeth and bones in a narrow concentration ranged
from 0.5 to 1.0 mg/L. However, excess ingestion of fluoride can
cause a series of diseases such as dental/skeletal fluorosis and neurotransmitters [2,3]. Taking the serious health effects into account,
many technologies have been developed and evaluated for fluoride
removal such as precipitation [4,5], electro-coagulation [6,7],
membrane techniques [8] and adsorption [9,10]. Despite the availability of the above mentioned processes for the removal of fluoride, adsorption and membrane separation still remains two of
the best methods [11].
Commonly in the removal process of fluoride, the two methods
of adsorption and membrane separation were used separately.
Adsorption was defined as the fixation of target molecules with
adsorbents through electrostatic interactions, chemical reactions
and hydrophobic interactions [3]. This method can remove soluble
and insoluble fluoride easily and effectively without generation of
hazardous by-products. However, the adsorbents were sometimes
difficult to be separated from water in practical application [4,12].
Membrane separation was defined as the rejections of target molecules by size exclusion [13]. In the traditional membrane separation processes, the membrane can be easily separated from
water, but size exclusion was difficult to achieve sometimes [14].
Thus, the combination of adsorption and membrane separation
can remove fluoride more effectively and will not cause secondary
pollution [15]. It was highly important to find materials that can be
used as both adsorbent and membrane.
Hydroxyapatite (HAP, Ca5(PO4)3(OH)) has been considered to
be an attractive absorbent for fluoride removal from aqueous solution due to its high biocompatibility. HAP can remove fluoride
through ion exchange and electrostatic interaction to form thermodynamically more stable fluorapatite (Ca5(PO4)3F) or mixed fluoridated HAP (Ca5(PO4)3(OH  F)) [16]. However, the low adsorption
capacities limited the practical applications of these high biocompatibility adsorbents. To improve the adsorption capacity of HAP,
lots of studies have been done: HAP composited with chitosan
[17], HAP modified by low-molecular-weight organic acids [18],
HAP modified by cationic surfactant [19] and HAP doped by Eu3+
[20]. After modification, the adsorption capacity of HAP was
increased. However, there were few studies about HAP membrane
for fluoride removal.
In this work, a biocompatible and novelly-defined Al-HAP
adsorption membrane for rapid removal of fluoride was prepared
for the first time. Both adsorption and membrane techniques were
used for fluoride removal. Ultralong HAP nanowires were modified
by Al(OH)3 to improve the fluoride adsorption capacity. Taking the
special structure into account, Al-HAP nanowires were made into
Al-HAP membrane to remove fluoride by dynamically filtering.
The adsorption isotherms and kinetics of Al-HAP adsorbent for fluoride removal were investigated. The effects of pH and co-existing
anions were examined. The mechanism of fluoride removal was
studied by FT-IR, XPS and zeta potential analyses. The effects of
Al-HAP membrane thickness, flow rate and initial concentration
of fluoride on fluoride removal were studied, the amount of fluoride contaminated water that Al-HAP membrane can deal with
was also tested.

were dissolved in deionized water, the pH was adjusted to 7 by
NaOH solution. The obtained Al-HAP adsorbent was collected by
centrifugation, washed with ethanol and deionized water several
times and dried at 60 °C.
Taking the special structure of ultralong HAP nanowires, the
powdered Al-HAP nanowires were dispersed in ethanol and then
poured onto filter paper in a Buchner funnel. Under suction generated by a vacuum pump, the white Al-HAP membrane was fabricated on filter paper and separated with a tweezers. The
characterizations of Al-HAP adsorbent and membrane were
depicted in S1 (see in Supporting Information).
2.2. Batch adsorption experiments
The adsorption experiments were performed on a batch mode.
The adsorption kinetics and isotherms experiments were carried
out and depicted in S2 (see in Supporting Information). The effects
of pH and co-existing anions were investigated and depicted in S3
(see in Supporting Information). The adsorption percentage and
adsorption capacity (qe, mg/g) were calculated from the following
equations [22]:

Adsorption percentage ð%Þ ¼

Adsorption capacity qe ¼

C0  Ce
 100%
C0

ðC 0  C e ÞV
m

ð1Þ

ð2Þ

where C0 and Ce (mg/L) are the initial and final equilibrium concentrations of fluoride, V (mL) is the volume of solution, m (mg) is the
mass of the adsorbent.
2.3. Desorption and regeneration experiments
To investigate the regeneration of the Al-HAP adsorbent,
fluoride-adsorbed Al-HAP was immersed in sodium hydroxide
solution (3 wt%) for 24 h and hydrochloric acid (3 wt%) for 12 h,
the desorbed Al-HAP adsorbent was used for fluoride adsorption
again. Six consecutive adsorption-desorption cycles were conducted to investigate the desorption of fluoride on Al-HAP.
2.4. Membrane filter experiments
A filtration system was assembled to evaluate the fluoride
removal efficiency of Al-HAP membrane. The schematic of AlHAP membrane (2.5 cm in diameter) supported by alumina ceramic substrate (3.0 cm in diameter, 0.1 cm in thickness) and experimental setup for fluoride removal were depicted in Fig. 1a and b. A
U-shaped tube 2.5 cm in diameter was divided by Al-HAP membrane into two compartments. With the help of a peristaltic pump,
water permeated through Al-HAP membrane while fluoride ions
were adsorbed on Al-HAP membrane. The thickness of Al-HAP
membrane, flow rate and initial concentration of fluoride solutions
were changed as specified for each filter experiment.
3. Results and discussion
3.1. Selection and characterization of Al-HAP adsorbent

2. Experimental
2.1. Synthesis and characterization of Al-HAP adsorbent and
membrane
Ultralong HAP nanowires were prepared by the solvothermal
method in the previous study [21]. Al-HAP nanowires were prepared by a co-precipitation method. Al2(SO4)3 and HAP powder

The effects of Al modifying dose on fluoride removal were evaluated and shown in Fig. 2a. The atomic ratio of Al to Ca 1:3 exhibited the highest efficiency for fluoride removal, which was then
used for all the adsorption experiments unless otherwise specified.
The zeta potentials of HAP adsorbent before and after Al(OH)3
modified at different pH were depicted in Fig. 2b, the values of zeta
potential increased obviously (positively charged) after Al(OH)3
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Fig. 1. (a) Schematic of Al-HAP membrane supported by alumina ceramic substrate; (b) schematic of the experimental setup for removal of fluoride; and (c) schematic of Al
modifying HAP nanowires, fluoride removal and desorption.

modified, which was in favour of fluoride adsorption as fluoride
ions were negatively charged.
The XRD patterns and FT-IR spectra of HAP adsorbent before
and after Al(OH)3 modified were presented in Fig. 2c and d. The
diffraction peaks of both HAP and Al(OH)3 were found in the XRD
patterns of Al-HAP adsorbent [21,23]. From FT-IR spectrum of
HAP, the peaks at 1095 and 1030 cm1 were correspond to the
asymmetric stretching vibration of phosphate group while the
peaks at 632, 605 and 558 cm1 were attributed to the bending
mode of phosphate group [18,24]. From spectrum of Al(OH)3, the
peaks at 555 and 1061 cm1 were assigned to the stretching vibration of AlAO bond [25] while the peak observed at 907 cm1 was
attributed to AlAOH and OAAlAO bending vibrations [26–28].
From spectrum of Al-HAP, the peak at 907 cm1 attributed to
AlAOH and OAAlAO was also observed, the peaks at 1095, 1030,
632, 605 and 558 cm1 attributed to HAP were overlapped with
the peaks at 1061 and 555 cm1 attributed to AlAO bond. The
weak band at about 3560 cm1 attributed to hydroxyl group was
enhanced after modified [29].
To further study and quantify the pore structure of the Al-HAP
adsorbent and membrane, the N2 adsorption–desorption isotherm and BJH adsorption pore size distribution of the HAP and
Al-HAP powders were explored and depicted in Fig. 3. After modification, the BET surface area of HAP increased from 77.05 to
104.05 m2/g, which was more suitable for fluoride removal. The
pore diameter of Al-HAP below 5 nm showed a slight decrease
compared to HAP as shown in the inset of Fig. 3, which can be
explained that the Al(OH)3 particles occupied the gap between
HAP nanowires.

The SEM images of HAP were depicted in Fig. 4a and b. Ultralong HAP nanowires with 40–60 lm in length and 40–100 nm in
diameter were obtained. From the TEM images of HAP in Fig. 4c,
we can get that each nanowire with 40–100 nm in diameter were
not a single wire but contained many thin wires with 10 nm in
diameter. The obtained HAP nanowires had a single-crystalline
structure and according to the selected-area electron diffraction
(SAED) pattern in the inset of Fig. 4c. Moreover, the HAP nanowires
were well crystallized with clear lattice stripes, as shown in Fig. 4d.
The interplanar distance was estimated to be 0.28 nm, equaling to
the 0.28 nm for the facet (2 1 1) of single crystalline HAP [30,31].
The SEM images of Al-HAP nanowires were shown in
Fig. 4e and f, Al(OH)3 nanoparticles were successfully modified
on HAP nanowires due to electrostatic interaction between positively charged Al(OH)3 nanoparticles and negatively charged HAP
nanowires, consisting with the schematic of Al(OH)3 modifying
HAP in Fig. 1c.
The EDS pattern and elemental mappings of Al-HAP nanowires
were presented in Fig. S1 (see in Supporting Information). The Al/
Ca atomic ratio was almost equal to 1:3. The elemental mappings
of Al-HAP nanowires indicated that the Al element was evenly
modified on HAP nanowires. All these results demonstrated the
formation of Al-HAP nanowires as fluoride adsorbent.
3.2. Results of batch adsorption experiments
3.2.1. Adsorption kinetics
The adsorption kinetics of fluoride on Al-HAP nanowires were
depicted in Fig. 5a. The adsorption happened rapidly and reached
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Fig. 2. (a) Fluoride removal of Al-HAP with different Al/Ca atomic ratio (C0: 5 mg/L, temperature: 25 °C, Adsorbent dose: 1.0 g/L, pH: 7.0); (b) zeta potential of the HAP
nanowires before and after Al(OH)3 modified; XRD patterns (c) and FT-IR spectra (d) of HAP nanowires before and after Al(OH)3 modified.

demonstrated that the adsorption kinetic favored a pseudosecond-order fluoride removal process.

Fig. 3. Nitrogen adsorption–desorption isotherm of the HAP nanowires before and
after Al(OH)3 modified. The inset of figure is the pore-size distribution curve of HAP
and Al-HAP.

equilibrium in 3 h, quicker than most of the HAP adsorbents
[12,32]. The adsorption kinetic experimental data simulated by
the pseudo-first-order and pseudo-second-order model were presented in Fig. S2 (see in Supporting Information), Fig. 5b, and
Table 1. The correlation coefficients (R2) of the pseudo-first-order
model and pseudo-second-order model were 0.960, 0.987 and
0.998, 0.997, respectively. The high correlation coefficient value

3.2.2. Adsorption isotherms
Two commonly used isotherm models namely Langmuir and
Freundlich were used in the present study for data analyses
[33,34]. The results were shown in Fig. 5c and d and Fig. S3 (see
in Supporting Information). The relative parameters for Langmuir
and Freundlich models were calculated and listed in Table 2. The
adsorption of fluoride on Al-HAP adsorbent was fitted well with
Freundlich model based on the values of correlation coefficient
(R2), suggesting that the adsorption process was taken place on a
heterogeneous surface that varied with surface coverage [32,35].
The adsorption capacities of Al-HAP adsorbent increased with temperature and initial concentration of fluoride ions. The maximum
of the adsorption capacity (qm) was 93.84 mg/g at pH 7.0 when
the initial fluoride concentration was 200 mg/L. To evaluate this
adsorption capacity, the qm values of fluoride on various HAP and
HAP-related materials were listed in Table 3 for comparison. Obviously, the adsorption capacity of Al-HAP adsorbent in this work
was much higher than other HAP-related materials [2,36–42].
3.2.3. Adsorption thermodynamic parameters analysis
The thermodynamic parameters (DH°, DS°, and DG°) for fluoride adsorption on Al-HAP were calculated from the
temperature-dependent adsorption isotherms. It is used to define
whether the process is endothermic or exothermic, spontaneous
or non-spontaneous. The standard free energy change (DG°) can
be calculated from the following equation [18]:
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Fig. 4. SEM (a, b) and TEM (c) images of HAP nanowires. Inset of (c) is a selected-area electron diffraction (SAED) pattern of a single HAP nanowire; (d) The lattice stripes of a
single crystal grain; SEM images (e, f) of Al-HAP nanowires.

DG ¼ RT ln K

ð3Þ

where R is the universal gas constant (8.314 J/mol K), T is the temperature in Kelvin. K° is the adsorption equilibrium constant. Values
of ln K° are obtained by plotting ln Kd (Kd = qe/Ce) versus Ce (see
Fig. S4a In Supplementary Material) and extrapolating Ce to zero,
the value of Y-axis was the value of ln K°.
The standard enthalpy change (DH°) and the standard entropy
(DS°) are calculated from the linear plot of ln K° versus 1/T for fluoride adsorption on the Al-HAP in the following equation [43]:

ln K  ¼

DS DH 

R
RT

ð4Þ

Linear plot of ln K° versus 1/T for the adsorption of fluoride on
the Al-HAP at 298, 308, and 318 K was given (see Fig. S4b in
Supplementary material). By fitting each linear, we could calculate

the value of DS° and DH°. Detailed processes of calculation of the
thermodynamic parameters (i.e., ln K°, DG°, DH°, and DS°) have
been described. The thermodynamic parameters of the fluoride
adsorption process on Al-HAP were listed in Table 4. The positive
DH° value suggested that adsorption on the surface of Al-HAP
was an endothermic process. The negative DG° values indicated
that the adsorption on the Al-HAP was a spontaneous process
[18,43,44].
3.2.4. Effects of pH and co-existing ions
The effect of solution pH was investigated at different pH ranging from 3 to 12 and the results were presented in Fig. 6a. The fluoride removal decreased with pH values while the maximum
removal efficiency (94%) was achieved at pH 3 and the minimum
(49%) achieved at pH 12. This was caused by the change in surface
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Fig. 5. (a) Adsorption kinetic of fluoride on Al-HAP for different initial fluoride concentrations; (b) pseudo-second-order kinetic fitting for fluoride removal by Al-HAP.
(adsorbent dose: 0.5 g/L, temperature: 25 °C, pH: 7.0); (c) fluoride adsorption isotherms on Al-HAP at three different temperatures (adsorbent dose: 0.5 g/L, pH: 7.0); and (d)
Freundlich isotherm models for fitting of fluoride adsorption on Al-HAP.

Table 1
Kinetics parameters for fluoride adsorption on Al-HAP nanowires for different initial fluoride concentrations.
C0 (mg/L)

qe(exp) (mg/g)

k1 (min1)

qe(cal) (mg/g)

R2

Pseudo-first-order model
5
10

4.38
7.15

0.0392
0.0530

3.74
6.88

0.960
0.987

C0 (mg/L)

qe(exp) (mg/g)

k2 (g/mg min)

qe(cal) (mg/g)

R2

Pseudo-second-order model
5
10

4.38
7.15

0.0116
0.0073

4.57
7.46

0.998
0.997

Table 2
Parameters for Langmuir and Freundlich models of fluoride adsorption on Al-HAP nanowires.
Temperature (°C)

25
35
45

qm K L C e
Langmuir constants qe ¼ 1þK
L Ce

1

Freundlich constants qe ¼ K F C ne
2

qm(cal) (mg/g)

qm(exp) (mg/g)

KL (L/mg)

R

83.19
94.88
107.41

69.41
80.92
93.84

0.016
0.003
0.002

0.807
0.844
0.891

charges of the adsorbent [12]. At low pH values, the surface of AlHAP adsorbent was protonated and acquired positive charge,
resulting in the increase of removal efficiency due to electrostatic
attraction between the positively charged surface and negatively
charged fluoride ions. At high pH values, the fluoride removal efficiency was decreased as the Al(OH)3 nanoparticles were trans-

KF (mg
2.48
3.26
4.20

1n

n

L /g)

n

R2

1.58
1.60
1.62

0.999
0.998
0.995

formed into NaAlO2. The effect of co-existing ions on fluoride
adsorption of Al-HAP adsorbent was shown in Fig. 6b, the results
2
indicated that Cl, NO
had little effect upon fluoride
3 and SO4

3
removal while the presence of CO2
would
3 , HCO3 and PO4

affected the fluoride removal. That was because CO2
3 , HCO3 and
3
PO4 were hydrolyzed in solution, leading to the increase of pH
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Table 3
Comparison of the fluoride adsorption capacities of various HAP-related materials.
Adsorbents

pH

C0 (mg L1)

qm (mg/g)

Reference

Synthetic HAP
HAP microsphere
Sulfate-doped HAP
Biogenic apatite
Treated biogenic apatite
Synthetic nano-HAP
Glass-derived HAP
Nanosized HAP
HAP powder
Nano-HAP
Nano-HAP/chitin
HAP powder
Cellulose/HAP
HAP derived from PG
HAP nanowires
Al-HAP nanowires

5.0
7.0
7.0
6.0
6.0
5.0
6.7
7.3
6.0
7.0
7.0
6.0
5.0
7.0
7.0
7.0

80
100
100
80
80
80
100
100
200
10
10
200
10
50
200
200

0.49
14.30
28.30
4.94
6.84
4.56
17.31
11.02
10.29
1.29
2.85
10.29
4.18
19.70
40.70
93.84

[23]
[2]
[2]
[36]
[36]
[36]
[37]
[38]
[39]
[40]
[40]
[39]
[41]
[42]
This work
This work

Table 4
The thermodynamic parameters of the fluoride adsorption process on Zr-MOFs.
T (K)

DH (kJ/mol)

DS (J/mol K)

DG (kJ/mol)

298
308
318

25.98

153.81

19.86
21.43
22.94

value [45], which resulted in the decrease of fluoride removal.
These results were in agreement with the effect of pH discussed
above.
3.3. Adsorption mechanism
Revealing the adsorption mechanism was highly significant in
studying the material characteristics and designing the application
purpose of new adsorbent. To investigate the adsorption mechanism, Al-HAP adsorbent before and after fluoride adsorption was
characterized by XPS and FT-IR, the zeta potentials of Al-HAP at
different pH values were also investigated and compared to the fluoride removal efficiency at different pH values.
The XPS spectra of Al-HAP before and after fluoride adsorption
were depicted in Fig. 7a. After fluoride adsorption, a new binding
energy pertain to the F1s photoelectron was observed at 685 eV,
proving that fluoride was effectively adsorbed on Al-HAP adsorbent. This was further confirmed by the F1s spectrum shown in
Fig. 7b. The F1s spectrum was divided into two peaks located

around 685.1 and 686.3 eV, the peak at 685.1 eV occupied 36.70%
can be assigned to fluoride atoms bonded with calcium (FACa)
[4,46] while the peak at 686.3 eV occupied 63.30% was assigned
to fluoride atoms bonded with aluminum (FAAl) [47,48]. Thus
we can get the conclusion the contribution rates of HAP nanowires
and Al(OH)3 nanoparticles in fluoride adsorption were 36.70% and
63.30% respectively. The O1s spectrum before and after fluoride
adsorption was divided into three peaks such as metal oxide
(O2), hydroxyl bonded to metal (MAOH) and adsorbed water
(H2O), respectively [45]. The results were depicted in Fig. 7c & d
and Table 5. After fluoride adsorption, the surface hydroxyl groups
decreased from 75.75% to 66.05%, confirming the important roles
of surface hydroxyl groups in fluoride adsorption.
The FT-IR spectra of Al-HAP nanowires before and after fluoride
adsorption were depicted in Fig. 7e. The newly observed band at
743 cm1 after fluoride adsorption was attributed to the specific
hydroxyl bonding (OH  F) of fluorohydroxyapatite [24]. The specific OH band at 3560 cm1 and AlAOH band at 907 cm1 decreased
strongly in intensity to produce the fluoroapatite Ca5(PO4)3F and
AlAF structures [26,49]. Taking the XPS analyses into account,
hydroxyl group exchanging with fluoride ions was demonstrated
to be the fluoride adsorption mechanism. The schematic of hydroxyl group exchanging with fluoride ions was shown in Fig. 1c.
The zeta potentials and fluoride removal efficiency of Al-HAP at
different pH were evaluated and shown in Fig. 7f. The fluoride
removal efficiency had the same tendency with zeta potential
towards pH values as both of the removal efficiency and zeta

Fig. 6. Effect of pH (a) and co-existing anions (b) on fluoride adsorption (C0: 5 mg/L, temperature: 25 °C, contact time: 24 h, adsorbent dose: 1.0 g/L).
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Fig. 7. (a) XPS spectra of Al-HAP nanowires before and after fluoride adsorption; (b) F1s spectra of Al-HAP nanowires after fluoride adsorption; (c) O1s spectra of Al-HAP
nanowires before fluoride adsorption; (d) O1s spectra of Al-HAP nanowires after fluoride adsorption; (e) FT-IR spectra of Al-HAP before and after fluoride adsorption at
200 mg/L; and (f) zeta potential and fluoride removal of Al-HAP at different pH values.

Table 5
O(1s) peak parameters of Al-HAP before and after fluoride adsorption.
Sample

Peaka

Al-HAP

2

Al-HAP-F

O
MAOH
H2O
2

O
MAOH
H2O

BE (eV)

Percentb

529.8
531.5
532.4

13.20
75.75
11.05

529.8
531.5
532.4

19.53
66.05
14.42

a
Surface species: O2: oxygen bonded to metal; MAOH: hydroxyl bonded to
metal; H2O: adsorbed water.
b
The percentage represents the contribution of each peak to the total number of
counts under the O(1s) peak.

potentials decreased with pH values [50]. Thus we can conclude
that electrostatic interactions were also involved in the adsorption
mechanism especially in acidic condition. The schematic of electrostatic interactions in acidic condition was shown in Fig. 1c.
3.4. Regeneration and practical implications
Six consecutive regeneration cycles were conducted to evaluated the desorption and regeneration of Al-HAP adsorbent as
shown in Fig. S5 (see in Supporting Information). During the six
adsorption-desorption cycles with 5 mg/L fluoride solution, the fluoride removal efficiency were 83.46%, 83.16%, 82.96%, 82.87%,
82.37% and 81.25%. What was significant here was that we added
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200 mg of Al-HAP adsorbent into 200 mL of fluoride solution in the
first cycle, but only 190 mg of adsorbent was recycled after first
regeneration, while 182, 175, 163, 150 mg of adsorbent obtained
in the next four cycles. That could be caused by the incomplete collection of centrifugation. Moreover, we evaluated the concentration of Ca, Al and F in adsorption and regeneration solutions, the
results were shown in Table 6. The leaching test indicated that
the adsorbent was in a good stability and won’t cause second pollution. The as-prepared Al-HAP adsorbent was thus demonstrated
to be suitable for regeneration. The schematic of regeneration
was shown in Fig. 1c.
To investigate the practical implications of our research, the AlHAP adsorbent was used for treatment of the highly fluoride contaminated underground water in Xingwang Village, Inner Mongolia of China, which has caused severe health problems on local
residents. The complexity of substances and high concentration
of fluoride in the underground water samples were shown in
Table 7. The removal efficiency of fluoride from underground water
sample by Al-HAP adsorbent was shown in Fig. 8a. At an adsorbent
dose of 0.2 g/L, the residual fluoride concentration in water sample
was successfully reduced from 2.82 to 1.34 mg/L, while the guideline limit of fluoride in drinking water stipulate by the WHO was
1.5 mg/L.
3.5. Fixed-bed column test
Fixed-bed column test was conducted on a continuous flow
basis to provide the level of continuity and reliability in the fluoride removal processes, and the fluoride breakthrough curves with
different empty bed contact times (EBCT) were shown in Fig. 8b.
The bed volume (BV) values of 115.3, 140.6 and 160.8 were
obtained before the fluoride concentration exceeded 1.5 mg/L
(WHO standard) with various EBCT of 3.06, 5.13 and 10.26 min,
respectively. The results demonstrated the high efficiency of
fixed-bed Al-HAP for the removal of fluoride from water on a continuous flow basis. The concentrations of Ca in the effluent were
9.63, 6.26 and 1.57 mg/L at 50 BVs, 100 BVs and 150 BVs, respectively, which met the regulated standard (100 mg/L). The concentration of Al in the effluent was too low to be observed all
through the treatment process, suggesting that the obtained AlHAP was biocompatible and in a good stability during the process
of water treatment.
3.6. Membrane experiments
3.6.1. Characterization of Al-HAP membrane
The Al-HAP membrane possessed a smooth and dense surface
as depicted in Fig. S6a and b (see in Supporting Information). The
contact angle of Al-HAP membrane shown in Fig. S6c and d (see
in Supporting Information) was 0° compared to the 31.4° of HAP
membrane. The decrease of contact angle indicated the improvement of hydrophilic property, which was more suitable for fluoride
removal from water. Before evaluating the fluoride removal efficiency of Al-HAP membrane, the fluoride removal efficiency of

Table 7
Characteristics of the underground water sample from Xingwang Village, Inner
Mongolia of China.
Items

Value

Items

Value

pH
Fluoride (mg/L)
Chloride (mg/L)
Nitrate (mg/L)
Sulfate (mg/L)

7.60
2.82
119.60
1.42
4.74

Na (mg/L)
Mg (mg/L)
As (mg/L)
Hg (mg/L)
Pb (mg/L)

123.40
12.20
0.103
0.006
0.003

blank Al2O3 substrate was evaluated and the results were depicted
in Fig. S7 (see in Supplementary material). Obviously, the blank
Al2O3 substrate was invalid for fluoride removal. Also, the concentrations of Ca and Al in the effluent after membrane experiment
were measured. The concentration of Ca was below 1 mg/L while
the concentration of Al was too low to be observed. The low concentrations of Ca and Al demonstrated that the Al-HAP was in good
stability too, even better than Al-HAP column.
3.6.2. Fluoride removal of Al-HAP membrane
The fluoride removal efficiency increased with the thickness of
Al-HAP membrane as depicted in Fig. 8c. With membrane thickness increased from 50 to 300 lm, the fluoride removal efficiency
increased from 85.48 to 86.65%. This was because that more available interaction sites for fluoride adsorption was obtained when
the thickness of membrane was increased. The fluoride removal
efficiency decreased with initial concentration of fluoride as shown
in Fig. 8d. With initial concentration of fluoride increased from 1 to
10 mg/L, the fluoride removal efficiency decreased from 98.23 to
89.81%. The fluoride removal efficiency decreased with flow rate
as depicted in Fig. 8e. With flow rate increased from 10 to
100 mL/min, the fluoride removal efficiency decreased from
97.32 to 85.31%. This can be explained that more contact time
was obtained when flow rate was decreased.
The maximum amount of water that Al-HAP membrane can
deal with was explored and shown in Fig. 8f. The fluoride concentration after treatment must meet the guideline limit of fluoride in
drinking water regulated by WHO (1.5 mg/L). When fluoride concentration were 5, 8 and 10 mg/L, with membrane thickness of
0.3 mm and flow rate of 20 mL/min, the maximum amount of
water treated by Al-HAP membrane (with area of 4.91 cm2) were
770, 620 and 280 mL. Thus, the fluoride removal abilities of AlHAP membrane were 1568, 1264, and 572 L/m2 when fluoride concentrations were 5, 8 and 10 mg/L, respectively.
3.6.3. Recyclability of Al-HAP membrane
As mentioned above, the maximum amount of water that AlHAP membrane (with area of 4.91 cm2 and thickness of 0.3 mm)
can deal with was 770 mL when the fluoride concentration was
5 mg/L, with flow rate of 20 mL/min. To investigate the recyclability of Al-HAP membrane, six consecutive adsorption-desorption
cycles were performed. The results were depicted in Fig. S8 (see
in Supplementary material). After six adsorption-desorption
cycles, the maximum amounts of water that Al-HAP membrane

Table 6
The concentration of Ca, Al and F in adsorption and regeneration solutions (C0: 5 mg/L, temperature: 25 °C, pH: 7.0, adsorbent dose: 1.0 g/L).
Cycle

1
2
3
4
5
6

Ca (mg/L)

Al (mg/L)

F (mg/L)

Adsorption

Regeneration

Adsorption

Regeneration

Adsorption

Regeneration

3.48
1.24
1.10
1.03
0.94
0.88

2.84
2.17
1.55
1.26
0.92
0.74

0.03
0.03
0.02
0.01
0.01
0.01

0.02
0.01
0.01
0.01
0.01
0.01

0.83
0.84
0.85
0.86
0.88
0.94

4.02
3.97
3.85
3.79
3.62
3.58
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Fig. 8. (a) Effect of adsorbent dose on fluoride removal of the water sample from Xingwang Village in Inner Mongolia. (temperature: 25 °C, pH: 7.0, treatment time: 180 min);
(b) fluoride breakthrough curves in the presence of Al-HAP with different EBCT (initial fluoride concentration: 5 mg/L, pH: 7, bed volume: 15.4 cm3, total adsorbents: 4.0 g);
the effect of membrane thickness (c), flow rate (d), initial concentration (e) on the fluoride removal of Al-HAP membrane; and (f) the maximum amount of water that Al-HAP
membrane can deal with in different fluoride concentrations (membrane thickness: 0.3 mm, flow rate: 20 mL/min).

can deal with were 770, 755, 740, 720, 715 and 695 mL, respectively, showing a slightly decrease. Therefore, the as-prepared AlHAP membrane was suitable for regeneration too.

4. Conclusions
A biocompatible and novelly-defined Al-HAP adsorption membrane for rapid removal of fluoride from aqueous solution was prepared for the first time. The Al-HAP adsorbent presented much
higher adsorption capacities than other materials. Both anion
exchange and electrostatic interaction were involved in the

adsorption of fluoride. The contribution rates of HAP nanowires
and Al(OH)3 nanoparticles in fluoride removal were 36.70% and
63.30%. The filtered water amount of Al-HAP membrane with
0.3 mm thickness was 1568 L/m2 when the fluoride concentration
was 5 mg/L. The Al-HAP membrane was thus demonstrated to be
very effective and biocompatible for fluoride removal from contaminated water.
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