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a  b  s  t  r  a  c  t

Highly  ordered  mesoporous  aluminas  and calcium-doped  aluminas  were  synthesized  through  a facile  and
reproducible  method.  Their  fluoride  adsorption  characteristics,  including  adsorption  isotherms,  adsorp-
tion kinetics,  the effect  of  pH  and  co-existing  anions  were  investigated.  These  materials  exhibited  strong
affinity to  fluoride  ions  and  extremely  high  defluoridation  capacities.  The  highest  defluoridation  capacity
value reached  450  mg/g.  These  materials  also showed  superb  arsenic  removal  ability.  1 g  of  mesoporous
eywords:
esoporous aluminas

luoride
rsenic
dsorption
ater treatment

alumina  was  able  to treat  200  kg  of  arsenic  contaminated  water  with  a  pH  value  of  7,  reducing  the
concentration  of  arsenate  from  100  ppb to  1 ppb.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Long-term ingestion of fluoride contaminated water can cause
ental and skeletal fluorosis [1,2] while intake of arsenic con-
aminated water can lead to arsenicosis, various types of cancers
nd blackfoot disease [3,4]. The World Health Organization (WHO)
as set the guideline values of 1.5 mg  L−1 for fluoride [2] and
.01 mg  L−1 for arsenic [5] in drinking water. However, the concen-
rations of fluoride and/or arsenic in groundwater in China, India,
angladesh area, Central Africa, USA and South America exceed
hese values, threatening the health of millions of people [6].

Many defluoridation and arsenic removal methods have been
eveloped [3,7]. These methods include chemical precipita-
ion [8–13], ion exchange [14,15],  membrane process [16–19],
dsorption technique [1,2,20,21],  Donnan dialysis [22,23] and
lectrodialysis [24]. Each technology may  be suitable for certain
onditions, such as the population of resident, the electricity sup-
ly and funds. Among these methods, the adsorption technique is
erhaps the most extensively adopted one because of its simplicity
nd low cost. While other technologies require complicated setups,

he simplest adsorption unit may  require only a filter, making it
deal for small scale water treatment units for households or small
illages. A wide range of adsorption materials have been reported

∗ Corresponding author. Tel.: +86 10 62568158; fax: +86 010 62557908.
E-mail address: wsong@iccas.ac.cn (W.-G. Song).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.025
for fluoride or arsenic removal, such as activated alumina [25–27],
activated carbon [28], hydroxyapatite [20,29], alum [30], lime [31],
red mud  [32], bone char [33], rare earth oxides [34], hydrous ferric
oxide [35,36], Mg/Al layered double hydroxide [37,38] and zeolite
[39]. However, most of these adsorbents have low defluoridation
or arsenic removal capacities in treating complicated groundwa-
ter. It is still a challenge to develop better adsorbents with superior
adsorption capacities for fluoride or arsenic.

Porous materials are known for their high adsorption capacities
[40,41]. The large surface areas, narrow pore-size distributions and
highly uniformly channels are favorable features for removing flu-
oride ions and arsenic species. Due to its large-scale production,
high affinity and selectivity towards fluoride and arsenic, commer-
cial activated alumina is perhaps the most frequently used material
for removal of fluoride and arsenic from drinking water. The deflu-
oridation capacity of activated alumina is only about 7.6 mg/g [25]
and its arsenic removal capacity is 9.0 mg/g [26]. Mesoporous alu-
mina is a new generation of porous alumina. Lee et al. found
that the adsorption capacity of mesoporous aluminas for fluoride
was 14.3 mg/g [2].  Kim et al. [41] used a similar method to pre-
pare mesoporous �-alumina, whose maximum uptake capacity for
As (V) was 121 mg/g. However, though the maximum adsorption
capacities of many adsorbents for arsenic were reported to be high,

many of them showed quite low removal capacities at low arsenic
concentrations, e.g. 500 ppb and the arsenic concentrations of most
arsenic contaminated underground water supply are usually lower
than 500 ppb.

dx.doi.org/10.1016/j.jhazmat.2011.10.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wsong@iccas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.025
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In this study, we synthesized highly ordered mesoporous alu-
inas and calcium-doped aluminas through a reproducible and

igh-yield method and investigated their adsorption characteris-
ics for fluoride and arsenic. These mesoporous alumina materials
xhibited excellent fluoride and arsenic removal capacities. The
est sample, Ca-doped mesoporous alumina showed a maximum
uoride removal capacity of 450 mg/g and excellent selectivity
owards fluoride ion. In addition, these highly ordered mesoporous
luminas exhibited superior arsenic removal ability at low initial
rsenic concentrations (i.e. 100 ppb). 1 g of these materials can treat
00 kg of arsenic contaminated water, reducing the concentration
f arsenate from 100 ppb to 1 ppb, resulting in an impressive arsenic
dsorption capacity of 20 mg/g for practical application.

. Experimental

.1. Chemicals and materials

Pluronic P123 (Mav = 5800) and sodium arsenite (NaAsO2)
ere purchased from Sigma–Aldrich. Aluminum isopropoxide

98+ wt%), calcium nitrate tetrahydrate and sodium hydrogen arse-
ate heptahydrate were purchased from Alfa Aesar. Anhydrous
thanol and nitric acid were purchase from Beijing Chemical
eagents. Sodium fluoride (ACS grade >99%) was purchased from
cros Organic. All chemicals were used as received. Deionized
ater used in all of the experiments was prepared using Milli-Q
ater by Milli-Q system (Millipore, Bedford, MA).

.2. Synthesis of adsorbents

The highly ordered mesoporous aluminas and composites were
ynthesized by a sol–gel route with block copolymers as soft tem-
lates [42–44].  In a typical synthesis procedure, 2.0 g of triblock
opolymer Pluronic P123 was dissolved in 40.0 mL  of anhydrous
thanol at room temperature and stirred for 1 h. Then 3.2 mL  of
7 wt% nitric acid and 4.08 g (20 mmol) of aluminum isopropoxide
ere added into the above solution with vigorous stirring. After

eing stirred for 5 h, the solvent was evaporated at 60 ◦C for 48 h
n air under static condition. The resulting powder samples were
alcined at 400 or 900 ◦C, respectively, for 4 h in air. Ordered meso-
orous aluminas and calcium oxide composites were synthesized
sing the above-mentioned procedure, with addition of desired
mounts of calcium nitrates to the synthesis mixtures. The sam-
les were labeled to indicate the loading of Ca in the composite as
ell as other synthesis conditions (i.e. temperature).

.3. Batch adsorption tests

All the batch fluoride and arsenate adsorption experiments were
arried out at room temperature (298 K) using polyethylene (PE)
essels. The stock solution of fluoride (1000 mg  L−1) was prepared
nd then diluted to desired concentrations. The initial pH value of
ll fluoride solution is fixed at 6.5. Then 0.01 g of the adsorbent
ample was added to 100 mL  of the above fluoride solution in a
50 mL  PE plastic beaker covered with PE film. After being stirred
t a rate of 300 rpm for a specified time, the solution was  imme-
iately filtered through 0.22 �m syringe filters (Millipore Millex).
he fluoride concentrations of the filtrates were determined by
on chromatography. For breakthrough studies of fluoride removal,
atch adsorption method was adopted. The initial fluoride con-
entration was 5 mg  L−1 and the initial pH value was  6.5. During

he test, 1.0 g of adsorbents was added to a series of fluoride solu-
ion ranging from 1 L to 20 L under stirring at a rate of 300 rpm.
fter stirred for 12 h, the equilibrium concentration of each fluo-
ide solution with different volumes was measured to determine
aterials 198 (2011) 143– 150

the breakthrough point based on the guideline value set by the
WHO.

The stock solution of As (V) was  prepared using Na2HAsO4·7H2O
and the stock solution of As (III) was  prepared with NaAsO2. The
initial As (V) concentrations of the test solutions were 100 and
200 ppb, respectively. The initial As (III) concentration was fixed at
100 ppb. The pH values of all arsenic solution were 7 ± 0.2 without
any adjustments and no buffer was used. The amount of adsorbents
was fixed at 1.0 g for each adsorption experiment. The volumes of
arsenic solution were varied from 20 to 300 L to monitor the change
of arsenic equilibrium concentration. All the arsenic adsorption
tests were carried out at 298 K under stirring at a rate of 300 rpm
for 12 h and then the equilibrium arsenic concentrations were mea-
sured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). All the adsorption experiments were repeated three
times and the mean values were reported.

2.4. Characterization

The microscopic features of the samples were characterized
by transmission electron microscopy (TEM, FEI Tecnai F20). X-ray
powder diffraction (XRD) patterns and small-angle X-ray powder
diffraction patterns were recorded on a Rigaku D/max-2500 diffrac-
tometer with Cu KR radiation (� = 0.1542 nm)  at 40 kV and 200 mA.
For the XPS analysis, a Kratos AXIS 165 multitechnique electron
spectrometer was utilized. The nitrogen adsorption and desorption
isotherms at 78.3 K were measured using a Quantachome AS-1 ana-
lyzer. All the samples were outgassed under vacuum at 200 ◦C for
3 h prior to measurement. Energy Dispersive X-ray Analysis (EDXA)
was carried out using Energy Dispersive X-ray Spectroscopy detec-
tor (Oxford INCA). The concentration of fluoride was  determined by
ion chromatography (IC Dionex ICS-900) equipped with a Dionex
AS 14A analytical column and a DS5 conductivity detector. The elu-
ent is 3.5 mM of Na2CO3 and 1 mM  of NaHCO3 mixed solution and
its flow rate is 1 mL  min−1. The injection volume of samples is 10 �L.
The operating temperature is 298 K. The concentrations of As and
Al were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Shimadzu ICPE-9000).

3. Results and discussion

3.1. Characterization of adsorbents

As shown in Fig. 1, TEM images confirm the presence of highly
uniform and hexagonally ordered mesopores with p6mm symme-
try on all samples [43]. The cylindrical pores along [1 1 0] direction
and hexagonal pore openings along [0 0 1] direction from the meso-
Al-400 sample are shown in Fig. 1a and b, respectively. Fig. 1c shows
that the Ca-doped mesoporous alumina (meso-Al-10Ca-400) also
possesses similar ordered pore networks and highly uniform chan-
nels. The TEM image of sample meso-Al-900 (Fig. 1d) indicates that
the ordered mesoporous framework is preserved after calcination
at 900 ◦C. More TEM images (Fig. S1a and b in Supplementary mate-
rial) show similar highly order pore networks of other samples.

X-ray diffraction (XRD) patterns of these samples (Fig. 2a)
demonstrate that both mesoporous aluminas and Ca-doped alumi-
nas calcined at 400 ◦C are composed of amorphous walls, which
can be converted into �-Al2O3 phase (JCPDS Card No. 10-0425)
after further treatment at 900 ◦C. Small-angle XRD patterns of sam-
ples calcined at 400 ◦C (the inset of Fig. 2a) confirm the formation
of relatively ordered mesopores. Sample meso-Al-400 shows a

diffraction peak around 1.2◦, and the diffraction peak of sample
meso-Al-10Ca-400 shifts to around 1.4◦. The presence of calcium
on sample meso-Al-10Ca-400 is confirmed by X-ray photoelec-
tron spectroscopy (XPS, Fig. S2 shown in Supplementary material),
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ig. 1. (a) and (b) TEM images of meso-Al-400 viewed along [1 1 0] and [0 0 1] orien
mage  of meso-Al-10Ca-400 viewed along [1 1 0] direction; (d) TEM image of meso-

hich shows calcium 2p peak at the binding energy of 347.5 eV,
hich agrees well with the EDXA results (Fig. S3 in Supplemen-

ary material).
Nitrogen adsorption–desorption isotherms of various meso-

orous aluminas and Ca-doped aluminas are shown in Fig. 2b and c.
ll isotherms are type IV curves with H1-shaped hysteresis loops.
able 1 summarizes the Brumauer–Emmett–Teller (BET) surface
reas, pore sizes and pore volumes of various mesoporous aluminas
nd Ca-doped aluminas. The large surface areas (i.e., high density
f adsorption sites) and uniform mesoporous structure with well-
efined channels on these samples will enhance their adsorption
bilities in the water treatment.

The pH values of zero point of charge (pHzpc) of these prepared
dsorbents are listed in Table S1 in Supplementary material. The pH

alue of the aqueous solution plays a significant role in the surface
harge of the adsorbent which determines the adsorption perfor-
ance. Based on the pHzpc values of the adsorbents, the initial pH

alue of all adsorption tests is between 6.5 and 7. The adsorbents

able 1
orous characteristics of various order mesoporous aluminas.

Sample BET surface
area (m2 g−1)

Pore size (nm) Pore volume
(cm3 g−1)

Meso-Al-400 361 3.8 0.957
Meso-Al-900 237 5.6 0.511
Meso-Al-5Ca-400 279 6.6 0.73
Meso-Al-10Ca-400 280 6.6 0.77
, respectively (the inset of 1a is fast Fourier transform (FFT) diffractogram); (c) TEM
0 viewed along [1 1 0] orientation (the inset of 1d is FFT diffractogram).

are positively charged in this pH range, which is favorable for the
adsorption of anions.

3.2. Kinetics and equilibrium adsorption isotherms for fluoride
ions

Fig. 3a reveals the adsorption rate of fluoride ions on the
as-prepared meso-Al-400 samples, when 0.01 g of meso-Al-400
sample was  added to 100 mL  of fluoride ion solution with an initial
concentration of 10 mg  L−1. The adsorption process is fast during
the first 60 min  and the equilibrium is established after 5 h. In
order to ensure that the adsorption equilibrium is reached, 12 h
is fixed as the contact time for further adsorption studies. Based on
the amount of fluoride ions being removed, the fluoride removal
capacity was calculated to be 39 mg/g with an initial fluoride con-
centration of 10 ppm. This defluoridation capacity at a relatively
low initial concentration of 10 ppm is significantly higher than the
reported results of activated alumina, hydroxyapatite, lime or bone
char [1,2,25,33,34,45].

In order to further investigate the adsorption process, adsorp-
tion isotherms are obtained with initial fluoride concentrations
ranging from 2 to 1000 mg  L−1. Fig. 3b exhibits the adsorption
isotherms of fluoride ion over various samples including highly

ordered mesoporous aluminas and Ca-doped aluminas.

Several models have been established to describe the exper-
imental data of adsorption isotherms [46,47]. Among them, the
Langmuir [48] and Freundlich [49] models are most frequently used
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ig. 2. (a) XRD patterns of mesoporous aluminas and Ca doped aluminas (the inset 

itrogen adsorption and desorption isotherms of mesoporous aluminas and Ca-dop

or adsorption analysis. The Langmuir model can be described as
ollowing [48]:

e = qmbCe

1 + bCe
(1)

here Ce is the equilibrium concentration of fluoride ions (mg  L−1),
e is the amount of fluoride adsorbed per unit weight of the adsor-
ent at equilibrium (mg/g), qm (mg/g) is the maximum adsorption
apacity corresponding to complete monolayer coverage and b is
he equilibrium constant related to the energy.

The Freundlich model is an empirical description of adsorp-
ion on heterogeneous surface [49]. The Freundlich equation can
e described as following:

e = KF C1/n
e (2)

here Ce is the equilibrium concentration of fluoride ions (mg  L−1),
e is the amount of fluoride adsorbed per unit weight of the adsor-
ent at equilibrium (mg/g), KF is the empirical constant (L mg−1)
nd n is the empirical parameter related to the adsorption intensity.

The full adsorption isotherms of fluoride ion on the meso-
l-400, meso-Al-900, meso-Al-5Ca-400, and meso-Al-10Ca-400
annot be well-fitted with either Langmuir or Freundlich models
t the whole wide range of fluoride concentrations. However, the

xperimental data with fluoride concentrations below 150 mg  L−1

ould be well fitted with the Langmuir adsorption isotherm as
hown in the inset of Fig. 3b. These results suggest that the removal
f fluoride ions may  be due to monolayer adsorption onto the
ll-angle XRD patterns of mesoporous aluminas and Ca doped aluminas); (b) and (c)
minas, respectively.

positively charged surface of adsorbents at low initial fluoride ion
concentrations (below 150 ppm). However, at higher initial con-
centrations, fluoride ions may  be removed through different routes,
likely chemical reactions.

When the initial concentration of fluoride ion is below
100 mg  L−1, meso-Al-400 has higher adsorption capacity than those
of the other three samples due to its higher BET surface area
value. Samples calcined at 400 ◦C with amorphous pore walls show
much higher fluoride adsorption capacities than that of the samples
calcined at 900 ◦C (meso-Al-900). In addition, the Ca-doped meso-
porous alumina samples exhibit higher fluoride removal capacity
than those of pure mesoporous aluminas at higher initial fluo-
ride concentrations, probably because calcium ions may react with
fluoride ions to form CaF2 precipitates, which provides another
route to remove more fluoride. At the initial fluoride concentration
of 1000 ppm, the removal capacity of meso-Al-10Ca-400 reaches
450 mg/g, which is about 60 times higher than that of commercial
activated alumina (ca. 7 mg/g) [25].

3.3. Breakthrough studies of fluoride removal

The fluoride concentration in contaminated groundwater is usu-
ally less than 10 ppm. Thus the defluoridation capacity at lower

fluoride concentrations is perhaps a more important feature for
fluoride removal materials. In a series of experiments, we fixed the
amount of meso-Al-400 at 1.0 g and the initial concentration of flu-
oride at 5 ppm, and varied the volume of fluoride solutions from 1
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Fig. 3. (a) Time dependant concentration of fluoride ions in aqueous solution treated
with meso-Al-400 with initial fluoride concentration of 10 ppm (the stirring rate is
300 rpm; the initial pH value of fluoride solution is 6.5 and the equilibrium pH is
between 6.8 and 7.1); and (b) adsorption isotherms of fluoride over various samples
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Fig. 4. (a) Effect of co-existing anions on defluoridation capacity of meso-Al-400
(The initial concentration of fluoride is 10 ppm; the initial concentration of compet-
ing anions including Cl− and SO4

2− are 200 ppm; the initial concentration of NO3
−

is 10 ppm and the initial concentration of PO4
3− , CO3

2− and SiO3
2− is 50 ppm. The

initial pH of all solutions is fixed at 6.5. The equilibrium pH falls in the range between
7.01  and 7.67.) and (b) influence of initial pH on fluoride adsorption with meso-Al-

T
E

t  298 K. (The inset is the magnified section from 0 to 100 ppm. The stirring rate
s  300 rpm; the initial pH value of various fluoride solutions is set at 6.5 and the
quilibrium pH is between 6.8 and 8.0.)

o 20 L to monitor the change of fluoride concentration. The results
re listed in Table 2. The equilibrium concentration rises with the
ncreasing amount of fluoride solution. Since the guideline value set
y the WHO  is 1.5 mg  L−1, we define the amount of treated water
hen the fluoride concentration of output water reaches 1.5 ppm

s the breakthrough point. Table 2 shows that 1 g of the meso-Al-
00 adsorbent can deal with about 4 L of water containing 5 ppm
f fluoride before the breakthrough point is reached. Moreover the
oncentration of aluminum in treated water is only about 20 ppb,
ndicating that the adsorption treatment with these mesoporous
luminas will not bring secondary aluminum contamination.

.4. Effect of co-existing anions and pH value

Natural fluoride-contaminated underground water always con-
ains other anions such as Cl−, SO4

2− and PO4
3− which may

ompete with fluoride for the active adsorption sites. Six solu-
ions containing 200 ppm of Cl−, 10 ppm of NO3

−, 200 ppm of
O4

2−, 50 ppm of PO4
3−, 50 ppm of CO3

2− and 50 ppm of SiO3
2−,

espectively, were prepared with an initial fluoride concentration
f 10 ppm. Fig. 4a depicts the effect of various co-existing anions

n the defluoridation capacity of meso-Al-400 and meso-Al-10Ca
dsorbents. There is no substantial influence on the overall deflu-
ridation capacity of meso-Al-400 and meso-Al-10Ca samples in
he presence of Cl−, NO3

−, SO4
2− and CO3

2−. At the pH of 6.5,

able 2
quilibrium concentration of fluoride ions with different amounts of treated water.

Volume (L g−1) 1 2 

Equilibrium concentration of F− (ppm) 0.13 0.51 
400 (the initial concentration of fluoride is 10 ppm). The stirring rate in this part of
tests  is fixed at 300 rpm.

carbonate mainly exists in the form of HCO3
−. Previous studies

indicated that HCO3
− had little impact or even positive effect on

the fluoride adsorption sometimes [1,50].  SO4
2− has a relatively

greater negative effect on fluoride adsorption because of its higher
negative charge compared to that of Cl− and NO3

− [39,51].  Both
phosphate and silicate affect the fluoride sorption of adsorbents
significantly, because they have higher negative charge and rela-
tively high affinity to aluminum-based adsorbents, resulting in the
adverse effect on fluoride removal [7,52].  The defluoridation capac-
ity of meso-Al-400 declines by 30.7% and 48% in the presence of
PO4

3− and SiO3
2−, respectively. However, the adsorbent of meso-

Al-400 still maintains high fluoride removal capacities (more than
20 mg/g) in the presence of most of anions, indicating excellent
selectivity towards fluoride.

The pH value of the aqueous solution determines the surface
charge of the adsorbents [53,54]. The adsorption of fluoride on the
meso-Al-400 was  examined at different initial pH values ranging
from 2 to 10 (Fig. 4b). In aqueous solution, the adsorption process is
primarily governed by the zero point charge (ZPC) of an adsorbent.
Typically, ZPC values for alumina fall in a range of pH 8–10 [2].

The pHzpc values for the adsorbents in this study also fall in this
range. The higher defluoridation capacity in acidic medium can be
assigned to the gradual increase in attraction between positively

4 5 8 10 20

1.5 1.59 2.31 2.44 3.4
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ig. 5. XPS spectra for meso-Al-400 (a) before and (b) after adsorption (adsorbent
ose = 0.1 g/L, initial concentration of fluoride is 1000 ppm).

harged surface of adsorbents and negatively charged fluoride ions.
owever, in the strong acidic pH region (pH < 4) the alumina will be
artially dissolved, resulting in the decrease of fluoride adsorption
apacity [1,29,54].

.5. Mechanism of fluoride adsorption

In order to investigate the interaction between fluoride and
luminum, XPS spectra (Al 2p) for meso-Al-400 before and after
uoride adsorption are obtained. As shown in Fig. 5a, only one Al
p peak is observed at 74.3 eV from fresh meso-Al-400 sample, indi-
ating that its amorphous structure is similar to pseudoboehmite
AlOOH) [55,56].  After fluoride adsorption, the Al 2p peak posi-
ion shifts to 75.0 eV and becomes broader. It could be convoluted
nto two peaks (74.3 eV and 75.4 eV). The Al 2p peak at 74.3 eV
s attributed to aluminum in meso-Al-400 as mentioned above,
nd the new peak at 75.4 eV can be assigned to aluminum atoms
hat bonded with fluoride. The area of the Al 2p peak at 75.4 eV

s much larger than that of the peak at 74.3 eV, suggesting that

ost of the surface Al atoms participate in the adsorption of flu-
ride. Besides the presence of this new Al 2p peak, a new F 1s peak
t 686 eV (Fig. S4)  is also observed after fluoride adsorption [57].

able 3
omparison of the maximum fluoride adsorption capacity with published data.

Adsorbent pH Initial F− concentration
range (mg  L−)

Contact
time (h)

Meso-Al-10Ca-400 6.5 2–1000 12 

Meso-Al-400 6.5 2–1000 12 

Activated alumina 5.2 10–50 16 

CaO  modified activated alumina 5.5 1–1000 48 

Mixed  rare earth oxides 6.5 1–50 1 

Zeolite 5.2 10–80 24 

Activated carbon 2.0 1–20 3 
aterials 198 (2011) 143– 150

The XPS results are consistent with the ligand exchange adsorption
mechanism reported by previous researchers [1,25,58]. Such ligand
exchange mechanism can be briefly illustrated as:

Al–OH + H+ + F− ↔ Al–F + H2O (3)

The EDXA spectra of the fluoride adsorbed mesoporous alumina
(meso-Al-400) shown in Fig. S5,  confirming the existence of fluo-
ride species adsorbed on the adsorbent. In addition, some of sodium
ions are also absorbed on the mesoporous aluminas.

3.6. Comparison with other adsorbents and cost analysis

As mentioned in Section 1, there are several defluoridation
and arsenic removal methods including chemical precipitation, ion
exchange, membrane process, adsorption technique and electro-
dialysis. The adsorption technique is perhaps most suitable for
households or small villages, where simplicity and low cost are
especially desirable. The simplest adsorption unit may  require only
a filter. A wide variety of adsorbents have been reported for fluoride
removal. The maximum adsorption capacities of prepared adsor-
bents of meso-Al-10Ca-400 and meso-Al-400 are compared with
those of other adsorbents reported in the literatures. As shown in
Table 3, the maximum removal capacity of meso-Al-400 or meso-
Al-10Ca-400 is significantly higher than those of other adsorbents.
These results show that these ordered mesoporous aluminas own
high defluoridation capacity. At lab fabrication scale, the cost of
these mesoporous aluminas is high compared to commercial adsor-
bents. However, with intensive follow-up studies to develop the
low-cost method at scaled up production level, the cost of these
materials can be lowered to be comparable with commercial adsor-
bents.

3.7. Arsenic removal

These ordered mesoporous aluminas are superb materials for
arsenic removal. In this study, we  focus on the arsenic removal
capacity at low arsenic concentrations. This is because the arsenic
concentration of contaminated groundwater is usually less than
200 ppb. Similar to the fluoride adsorption process, the initial
pH value of the arsenic aqueous solution influences the arsenic
removal performance significantly. Therefore, it is essential to
study the effect of initial pH values on the removal of arsenic at
a lower concentration. The adsorption of arsenate on the meso-
Al-400 was  examined at different pH values ranging from 2 to
13 by setting the initial concentration of As (V) at 500 ppb. The
meso-Al-400 adsorbent was  stirred in the arsenate solution at
a rate of 300 rpm for 12 h and then the equilibrium concentra-
tions of As (V) and Al in the residual solution were measured to
determine the removal efficiency of arsenate and the degree of

dissolution of aluminum. Fig. 6 reveals the effect of initial pH on
the removal of arsenate ions, showing that the arsenic removal is
strongly pH dependent. The mesoporous alumina can remove arse-
nate ions efficiently in the initial pH range of 4–9. Meanwhile, the

Adsorbent
dosage (g/L)

Temperature (K) Adsorption
capacity (mg/g)

Reference

0.1 298 450 This work
0.1 298 300 This work
5 303 7.6 [25]
6.67 298 96.23 [27]
4 302 196.08 [34]
2 313 39.5 [39]
2 298 15.9 [51]
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Table 4
Equilibrium concentration of As (V) with different amount of treated water.

Volume of arsenic-contained
water (L g−1)

Initial concentration of
As (V) (ppb)

Equilibrium concentration of
As (V) after adsorption (ppb)

Initial concentration of
As (V) (ppb)

Equilibrium concentration of
As (V) after adsorption (ppb)

20 100 Not detected 200 Not detected
50 100 Not detected 200 Not detected

100  100 1 

200  100 1.2 

300  100 20 

F
d
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p

s
r
w
c
t
v
m
a
a
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a
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m
e
a
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o
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E

ig. 6. Impact of initial pH values on arsenate removal with meso-Al-400 and the
issolution amount of meso-Al-400 adsorbents (the stirring rate is 300 rpm).

oncentration of aluminum is very low, indicating that the as-
repared mesoporous alumina is stable in this pH range.

The breakthrough point of meso-Al-400 adsorbents was  mea-
ured with initial arsenate concentrations of 100 and 200 ppb,
espectively. The initial pH value of the arsenate solution is 7.0
ithout pH adjustment. The breakthrough point was set when the

oncentration of arsenate exceeded 10 ppb. As shown in Table 4,
he equilibrium concentration of arsenate rises with the increasing
olume of treated water. At the breakthrough point, 1 g of sample
eso-Al-400 can treat about 200 L of water containing 100 ppb of

rsenate, indicating that its arsenic adsorption capacity is 19.8 mg/g
t a low initial arsenic concentration. Again, the concentration
f aluminum in treated water is only about 20 ppb. Such a high
rsenic adsorption capacity at low arsenic concentrations makes
hese ordered mesoporous aluminas ideal candidates in practical
rsenate removal units.

Moreover, the removal of As (III) with these highly ordered
esoporous aluminas was also tested considering that arsenite also

xists in natural groundwater and is considerably more toxic than
rsenate [12,36,41].  As shown in Table 5, the equilibrium concen-
ration of As (III) grows up with the rising volume of treated water.
t the breakthrough point, 1 g of sample meso-Al-400 can treat 50 L
f water containing 100 ppb of arsenite, indicating that its As (III)

dsorption capacity is 5 mg/g at such a low initial concentration.
rsenite is more difficult to be removed than arsenate. The results

n this study agree with many previous reports [4,11–13,36,41].  In

able 5
quilibrium concentration of As (III) with different amount of treated water.

Volume of
arsenic-contained
water (L g−1)

Initial
concentration
of As (III) (ppb)

Equilibrium
concentration of As (III)
after adsorption (ppb)

20 100 Not detected
50 100 8

100 100 40
200  100 75
300 100 85
200 1
200 55.5
200 120

addition, As (III) can be converted to As (V) before adsorption in
practical water treatment.

The adsorption rate is also important to evaluate the adsorbents.
When 5 g of meso-Al-400 was  added into 1000 g of water with
an initial arsenate concentration of 100 ppb, the arsenate concen-
tration can be reduced to below 10 ppb in less than 2 min. It has
been reported that activated alumina required 48 h to reach the
equilibrium, and mesoporous �-alumina needed 5 h to reach the
equilibrium under similar conditions [26,41].  The adsorption kinet-
ics on meso-Al-400 is assisted by the uniform and well-defined pore
structure that provides easily accessible adsorption sites, and faster
transportation routes for arsenic species.

4. Conclusions

We  produced highly ordered mesoporous aluminas and Ca-
doped aluminas through a reproducible and high yield sol–gel
method. Fluoride adsorption tests demonstrated that they had
excellent defluoridation capacities and selectivity towards fluo-
ride in the presence of competing anions. The highest fluoride
removal capacity reached 450 mg/g. These highly ordered meso-
porous aluminas also exhibited superb arsenic removal capacities
and adsorption kinetics. 1 g of sample meso-Al-400 can treat 200 L
of arsenic contaminated water, reducing the arsenic concentration
from 100 ppb to less than 10 ppb, suggesting that these ordered
mesoporous aluminas can be the ideal adsorbents in the practical
water treatment application.
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