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a  b  s  t  r  a  c  t

We  report  a  highly  efficient  synthetic  strategy  for self-assembled  mesoporous  �-Al2O3 materials  using
sodium  salicylate  as  template.  The  mesoporous  �-Al2O3 samples  synthesized  following  this  strategy  have
high  surface  areas  (231–497  m2 g−1),  consist  of  crystalline  tiny  spherical  nanoparticles  of  dimensions
ca.  2–10  nm  and  showed  high  affinity  for  the adsorption  of arsenic  from  the  contaminated  aqueous
solutions.  Efficient  synthesis  strategy,  exceptionally  high  surface  area  and  high  adsorption  efficiency  of
these mesoporous  �-Al2O3 materials  for  the  dissolved  arsenic  from  the  contaminated  aqueous  solutions
eywords:
esoporous material
anoparticle
emplated synthesis
dsorption

(in the  form  of  oxyanions  of  arsenic)  could  find  potential  utility  in the  purification  of  polluted  water.
© 2011 Elsevier B.V. All rights reserved.
-Al2O3

. Introduction

Unique surface properties of metal oxide nanoparticles of defi-
ite shape and size have motivated the researchers to explore new
ynthesis strategies for the nanostructured materials under con-
rolled synthesis conditions [1–3]. In the solution based sol–gel
ynthetic pathway usually a capping agent is used to control the
rystallization of the nuclei to a particular shape and size, and thus
o achieve desired material properties [4–6]. Although, the cap-
ing agent could direct the synthesis of very tiny nanocrystals, its
emoval from the nanocomposites often causes agglomeration of
he tiny particles, resulting in a loss of surface area. Thus a con-
enient synthesis route for designing a nanomaterial, having large
urface area is highly desirable. Among the metal oxides studied in
his context, Al2O3 is one of the most intensively investigated due to
ts wide-scale potentials in catalysis [7–11], optics [12], electronics
13], adsorption [14] and biomedical applications [15].

Due to the electron deficiency at the surface, nanostructured
l2O3 has strong affinity for the target anions and thus it can be used
s absorbents for the removal of hazardous/toxic metal oxyanions.
eavy metal ions and specially arsenic is a serious environmental

roblem worldwide and its long term exposure in drinking water
an cause cancer in skin, lungs, kidney and cardiovascular diseases
16,17]. Contamination of arsenic via natural reaction, biological

∗ Corresponding author. Tel.: +91 33 2473 4971.
E-mail address: msab@iacs.res.in (A. Bhaumik).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.056
activity, geochemical reaction and volcanic emission causing con-
tamination level of arsenic much larger than that recommended by
World Health Organization (WHO) in drinking water (0.01 mg/L)
[18]. Arsenic is generally present in the ground water as arsenite
(AsO3

3−/AsO2
−) or arsenate (AsO4

3−) oxyanions [19]. Thus electron
deficiency or Lewis acidic property at the surface of Al2O3 nanopar-
ticles could be utilized for the adsorption of these oxyanions of
arsenic through electrostatic interactions [20–23].

However, one of the major problems associated with Al2O3
based nanostructured material in the adsorption application is its
low surface area. In order to enhance the adsorption efficiency
surface area and thus nanoscale porosity at the surface of Al2O3
material have to be greatly enhanced [24]. Thus mesoporous alu-
mina, which is less expensive, easier and safer to handle can be
a potential adsorbent for the removal of dissolved arsenic from
polluted ground water. Nonionic diblock or triblock poly(ethylene
oxide) surfactants [25], triblock copolymer/ethanol [26], etc. are
used as the structure-directing porogens or templates for intro-
ducing mesoporosity in alumina. However, designing uniform tiny
nanocrystals of alumina material together with its high surface
area is still a challenge today. Very recently we  have designed
the synthesis of self-assembled TiO2 spherical nanoparticles hav-
ing exceptionally high surface area by using sodium salicylate as
template [27]. In this paper, we present a method to synthesize

very tiny self-assembled mesoporous �-Al2O3 spherical nanopar-
ticles by using sodium salicylate as template. Oxyanions of arsenic
could be trapped at the Lewis acidic surface of mesoporous �-Al2O3
through electrostatic interactions and thus the self assembled

dx.doi.org/10.1016/j.jhazmat.2011.11.056
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:msab@iacs.res.in
dx.doi.org/10.1016/j.jhazmat.2011.11.056
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esoporous �-Al2O3 nanomaterial could be utilized as adsorbent
or the removal of arsenic from contaminated water.

. Experimental

Self-assembled �-Al2O3 nanomaterials were synthesized by
mploying the following procedure. In this typical synthesis, 2.0 g
mmonium chloride (37.4 mmol, E-Merck, 98.9% GR) was  added
o a 20 mL  aqueous solution consisting of 1.6 g sodium salicylate
SS: 10 mmol, E-Merck, 99.5%). The solution was  stirred for 15 min.
hen 4 mL  ammonia solution (25% aqueous) was added and the
ixture was stirred again for 30 min. Then 1.33 g anhydrous AlCl3

10 mmol, E-Merck) was dissolved in 5.0 g distilled water and this
olution was slowly added to the above solution. The pH of the solu-
ion was adjusted to ca. pH = 10 by addition of ammonia solution
nd the resulting mixture were stirred for 3 h. Then the mixture
as transferred into a Teflon-lined stainless steel autoclave and
ydrothermally treated at 393 K for 24 h. The light yellow solid was
ollected through filtration, washed with water, dried at room tem-
erature under vacuum and the material has been designated as
A-1. Further, the syntheses were also carried out at two other

emperatures, at 353 and 273 K and, corresponding mesoporous
lumina samples are designated as MA-2 and MA-3, respectively.
ll the as-synthesized samples were calcined at 773 K for 6 h to
emove the template molecules and thus to generate mesoporos-
ty. Corresponding calcined materials were designated as MA-1C,
2C and -3C, and these samples were used in the adsorption studies.

Adsorption experiments were carried out over mesoporous �-
l2O3 materials using aqueous sodium arsenite solutions of known
trengths ca. 10–400 ppb. Apart from these stock solutions we  have
ollected three different ground water samples from the deep tube-
ells located in different parts of West Bengal, India and used

ur mesoporous alumina samples as adsorbent for the removal
f arsenic from these solutions. In all cases the adsorption exper-
ments are conducted for 6 h at room temperature (298 K) under
igorous stirring. For all these experiments 0.1 g sample (adsor-
ent, mesoporous �-Al2O3 material) was used. After removing the

dsorbent through filtration, the initial and the final concentration
f arsenic in these solutions were measured through AAS anal-
sis. Upon subtracting the final arsenic content from initial one,
he adsorption amounts for different samples has been calculated

able 1
dsorption of arsenic by mesoporous �-Al2O3 materials.

Sample Anion Anion content in solution (ppb) 

Before After

MA-1C AsO2
− 400 105.2 

200 74.3 

100 25.0 

10 2.1 

Sample 1b 257 39.2 

Sample 2c 50.45 6.89 

Sample 3d 27.28 4.58 

MA-2C AsO2
− 400 126.6 

200 85.1 

100 33.2
10 2.5 

Sample 1b 257 48.4 

Sample 2c 50.45 9.35 

Sample 3d 27.28 5.85 

Al2O3
e AsO2

− 100 47.32 

Distribution coefficient (Kd) between solid and aqueous phase = number of cations adsor
d = Csolid/Cwater (mol g−1/mol mL−1) = Csolid/Cwater (mL/g).
Ground water sample collected from the deep tube-wells located in South 24 Parganas.
Ground water sample collected from the deep tube-wells located in Jadavpur.
Ground water sample collected from the deep tube-wells located in Hooghly, West Beng
Commercial Al2O3.
aterials 201– 202 (2012) 170– 177 171

(Table 1). To understand the stability and efficiency of our self-
assembled mesoporous �-Al2O3 materials for repeated adsorption
studies, we  have collected the adsorbent after every experiment
(using MA-1C as representative) and washed with KCl solution to
remove the adsorbed arsenic (in the form of arsenite oxyanion)
from the materials, dried and characterized by powder XRD.

The adsorption kinetics for arsenic(III) and arsenic(V) were
studied over the mesoporous alumina sample MA-1C. In these
experiments 0.1 adsorbent was dispersed in 100 mL of ca.  100 ppb
arsenite solution and stirred vigorously for 1 h. After the 1 h, the
solution was filtered and the concentration of the solution was
measured through AAS analysis. We  have performed the similar
adsorption experiments by taking out the adsorbents after 2, 3, 4, 5
and 6 h from another five set of experiments. The adsorption kinet-
ics of arsenate was also studied similarly over MA-1C following
the same procedure. The arsenate solution was prepared from the
arsenite solution via oxidation in the presence of H2O2 as the oxi-
dizing agent. For oxidation of arsenite solution, 1 g H2O2 (Merck,
35%) was added in 250 mL  arsenite solution and stirred for 2 h
to get the corresponding arsenate solution. For the pH dependent
study, we have prepared 250 mL  ca.  104 ppb arsenite solution by
dissolving 4.33 mg  NaAsO2 in 250 mL  double distilled water. Now
for preparation of 100 ppb solution having pH = 4, 1.0 mL of this
solution was diluted with 99 mL  buffer solution (pH = 4) and the
resulting solution was  used for adsorption measurement. Similarly
the adsorption experiments were also performed at pH = 5–7 and
9, using the respective buffer solutions.

Powder X-ray diffraction patterns of the samples were recorded
on a Bruker D-8 Advance diffractometer operated at 40 kV voltage
and 40 mA  current using Cu K� (� = 0.15406 nm) radiation. TEM
images were recorded in a JEOL 2010 TEM operated at 200 kV. A
JEOL JEM 6700F field emission scanning electron microscope (FE
SEM) was  used for the determination of particle morphology. Nitro-
gen sorption isotherms were obtained using a Belsorp HP surface
area analyzer at 77 K. Prior to the measurement, the samples were
degassed at 393 K for 12 h. Thermogravimetric (TG) and differen-
tial thermal analyses (DTA) of the samples were carried out in a

TA Instruments thermal analyzer TA-SDT Q-600. Arsenic content in
different stock solutions and ground water samples were estimated
by using a Shimadzu AA-6300 atomic absorption spectrome-
ter (AAS) fitted with a double beam monochromator. UV–visible

Anion removal efficiency (%) Distribution coefficient (Kd)a (mL/g)

73.7 2.83 × 103

63.9 1.83 × 103

75.0 3.00 × 103

79.0 4.00 × 103

84.7 5.50 × 103

86.3 6.32 × 103

83.2 4.95 × 103

68.4 2.25 × 103

57.5 1.43 × 103

66.8 2.00 × 103

75.0 3.00 × 103

79.7 4.30 × 103

81.4 4.31 × 103

78.2 3.66 × 103

52.6 1.11 × 103

bed per g of the solid/number of cations present per mL  solution after exchange.

al, India.
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ig. 1. (A) Small angle XRD patterns of as-synthesized MA-1 (a), MA-2 (b) and MA-3
c).  (B) Small angle XRD patterns of calcined MA-1C (a), MA-2C (b) and MA-3C (c).

iffuse reflectance spectra were recorded on a Shimadzu UV
401PC with an integrating sphere attachment. BaSO4 was used
s background standard.

. Results and discussion

.1. Characterization of �-Al2O3 nanomaterials

Small angle powder XRD patterns of the as-synthesized and
alcined mesoporous Al2O3 samples are shown in Fig. 1A and
, respectively. One broad peak signifying the average particle-
enter-to-particle-center correlation length is observed for all
he samples. However, very interestingly increasing the synthesis
emperature from 273 to 393 K distance between particle-center-
o-particle-center drastically increased from 2.8 nm to 8.7 nm as
een from the respective powder diffraction patterns (Fig. 1B). The
ncrease of this interparticle distance is related to the increase
n particle size for the high temperature synthesis (see TEM
nalysis below). At higher temperature the condensation and
rowth of the particles is favored and this result agrees well with
ur self-assembled mesoporous TiO2 nanospheres templated by

odium salicylate template [27]. The wide angle XRD pattern of the
l2O3 nanoparticles (Fig. 2B) suggested that the �-Al2O3 nanoparti-
les are highly crystalline. Crystalline planes corresponding to the
eaks for �-Al2O3 have been indexed. All calcined samples show
Fig. 2. (A) Wide angle XRD patterns of as-synthesized MA-1 (a), MA-2 (b) and MA-3
(c). (B) Wide angle XRD patterns of calcined MA-1C (a), MA-2C (b) and MA-3C (c).

major peaks at 2� values of 19.45◦, 31.93◦, 37.60◦, 39.49◦, 45.86◦,
60.89◦ and 67.03◦, which correspond to �-Al2O3 (1 1 1), (2 0 0),
(3 1 1), (2 2 2), (4 0 0), (5 1 1) and (4 4 0) crystal planes, respectively
(JCPDS PDF No. 10-0425) [28]. Thus these powder XRD results
revealed that we  have synthesized highly stable and crystalline �-
Al2O3 spherical nanomaterials while using sodium salicylate as a
template.

On the other hand, while removing the template molecules
through calcination this d-spacing increases in contrast to con-
ventional surfactant-templated mesoporous materials, where
contraction of the pore wall (and d-spacings) occurred [29–32].
Here the positively charged �-Al2O3 spherical nanoparticles are
held together by the salicylate moieties at its periphery (Fig. 3).
Under the synthesis conditions alumina nanoparticles are pos-
itively charged and could interact with the negatively charged
carboxylate groups of sodium salicylate molecules through electro-
static interaction as shown in Fig. 3. Presence of the ortho phenolic
–OH group in the salicylate molecule under synthesis condition
in turn helps to form supramolecular assembly among the lig-
ated salicylate moieties via hydrogen bonding and hydrophobic

interactions [27]. This supramolecular assembly of the salicylate
molecules helps to form the cage like structure inside the �-
Al2O3 nanocrystals. Upon calcination these salicylate molecules get
removed and high temperature causes further condensation, and
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Fig. 3. Proposed templating pathwa

rowth of spherical nanoparticles. Further condensation and crys-
allization during calcination is supported by the fact that sample

A-3, which is amorphous before calcination, transforms into crys-
alline �-Al2O3 phase (Fig. 2B(c) vis-à-vis Fig. 2A(c)) on calcination.
his could cause the increase in particle size and thus consequent
nhancement in the d spacings.

TEM image of a representative self-assembled mesoporous
l2O3 nanomaterial is shown in Fig. 4A (MA-2C, calcined at 773 K).
s seen from the image that pores of dimension ca.  3–6 nm (white
pots) observed throughout the image for this sample. Further,
ach individual nanoparticle (of dimension 30–70 nm)  is seen to
e consisting of self-assembly of very tiny nanocrystals. Fig. 4B rep-
esented the respective high resolution TEM image. Lattice fringes
orresponding to the crystalline �-Al2O3 phase is quite clear. The
elected area electron diffraction (SAED) pattern of this sample
s shown in Fig. 4C. These results suggested the formation of
elf-assembled mesoporous Al2O3 nanospheres with well-defined
attice planes. The diffraction spots are indexed corresponding to
he �-Al2O3 structure [7].  In Fig. 5 FE SEM images of these sam-
les are shown. The samples are composed of very tiny spherical
anoparticles of 2–10 nm for different samples. Uniform and homo-
eneous particle size distributions are observed for all the samples.
s seen from the images that for samples MA-1 and MA-2 crystal
dges are sharper than that for MA-3. This could be attributed to
omparatively higher synthesis temperatures for MA-3, suggesting
hat at high temperature the crystallization is favored.

N2 adsorption/desorption isotherms of samples MA-1C and MA-
C are shown in Fig. 6. These isotherms could be classified as type
V isotherm characteristic of the mesoporous materials [28–33].  In
hese isotherms, for the relative pressure P/P0 in between 0.01 and
.60, the adsorption amount gradually increases for all the sam-
les. However, after P/P0 > 0.6 the N2 uptake get saturated. The BET

urface areas for the calcined samples MA-1C, MA-2C and MA-3C
ere 497, 403 and 231 m2 g−1, respectively. Their respective pore

olumes were 0.36, 34 and 0.23 cm3 g−1. Pore size distributions of
hese samples employing BJH model (N2 adsorption on silica as
the synthesis of mesoporous Al2O3.

reference) suggested that MA-1C synthesized at 393 K has an aver-
age pore width of ca.  3.6 nm vis-à-vis ca.  3.4 nm for sample MA-2C
synthesized at 353 K. Pore widths obtained from this N2 sorption
analysis agree well with those values obtained from TEM image
analyses independently.

UV–visible spectroscopy is one of the most important analytical
tools for characterizing the optical properties of the semicon-
ductor nanocrystals. UV–visible diffuse reflectance spectrum of
as-synthesized and calcined mesoporous �-Al2O3 samples are
shown in Fig. 7. The as-synthesized �-Al2O3 material showed
absorption maxima at ca.  253 nm and long absorption tail at ca
337 nm,  suggesting the chemical binding of the salicylate molecules
at the �-Al2O3 surfaces. For the mesoporous �-Al2O3 materials MA-
1, MA-2 and MA-3 after template removal this band is considerably
blue shifted. UV–visible diffuse reflectance spectra of calcined MA-
1C sample shows absorption band at 247 nm,  which corresponds
to the band gap energy of 3.43 eV (shown in the inset of Fig. 7). This
band gap energy is much lower than direct band gap of 6.31 eV
for bulk �-Al2O3 [34]. The respective as-synthesized composite
material showed band gap energy of 3.24 eV. Low band gap of the
composite material suggested the possible binding of the salicylate
molecule at the �-Al2O3 surfaces.

The thermal stability of the template-free mesoporous alumina
material was estimated quantitatively from the TG-DTA profiles
under air flow. When the as-synthesized sample was  heated in air,
three distinct weight losses were observed (Fig. 8). Initial weight
loss could be attributed to the removal of physically adsorbed water
molecules below 393 K. The gradual decrease in the weight in the
temperature range 400–950 K involved two  steps, which could be
attributed to dehydration of aluminum hydroxide, and burning and
subsequent removal of organic salicylate molecules present in the
mesoporous Al2O3 material. In the temperature range 730–830 K a

strong exothermic peak is observed in the DTA  curve. This could
be attributed to further condensation and dehydration to form
crystalline mesoporous aluminum oxide nanoparticles. Further
crystallization could also take place above the temperature 950 K.
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Fig. 4. TEM image of (A) self-assembled �-Al2O3 nanoparticles (A), respective
HRTEM image (B) and selected area electron diffraction (SAED) pattern (C) of cal-
cined mesoporous �-Al2O3 sample MA-2C.
Fig. 5. FE-SEM images of mesoporous MA-1C (a), MA-2C (b) and MA-3C (c).

3.2. Adsorption studies: arsenic removal over mesoporous
�-Al2O3

The arsenic contents in different aqueous solutions before and
after adsorption studies are shown in Table 1. As seen from Table 1
that the adsorption efficiency for MA-1C varies from ca.  64–86%

for different stock solutions and ground water samples, whereas
that for MA-2C it was  ca.  58–81%. Commercial Al2O3 showed
much lower adsorption efficiency for dissolved arsenic under
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Table  2
Compositions of deep tube-well waters.

Sample name Na+ (mg/L) K+ (mg/L) Ca2+ (mg/L) Fe2+/3+ (mg/L) AsO2
− (mg/L)

Sample 1a 105.20 3.21 65.96 3.75 2.57
Sample  2b 311.24 8.10 115.46 1.20 0.504
Sample  3c 35.15 2.25 43.87 7.06 0.272

argana
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materials absorb arsenic oxyanions to a large extent. The high
a Ground water sample collected from the deep tube-wells located in South 24 P
b Ground water sample collected from the deep tube-wells located in Jadavpur.
c Ground water sample collected from the deep tube-wells located in Hooghly, W

imilar reaction conditions. Our mesoporous �-Al2O3 materials also
howed much larger distribution coefficients (ca. 3.0–6.3 × 103)
or the removal of arsenic for all these adsorption experiments
is-à-vis commercial alumina. These values are comparable with
unctionalized mesoporous materials having anion exchange sites
n the frameworks [30,32,35].  The results of the recycling experi-
ent for the adsorption of dissolved arsenic are shown in Fig. 9.
rom this bar diagram it is clear that mesoporous �-Al2O3 material
an be used for repeated adsorption studies without much loss in
dsorption efficiency. The composition of these tube-well waters
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nd  MA-2C (b) at 77 K. Y axis of plot a has been enhanced by 30 for clarity. (B)
espective pore size distributions using BJH model.
s.

engal, India.

was  given in Table 2. Apart from arsenic, Na, K, Ca and Fe are the
major contaminant cations present in all these water samples.

Fig. 10 shows the adsorption kinetics for arsenic(III) and
arsenic(V) containing solutions studied at room temperature.
Experimental results suggested that initially mesoporous �-Al2O3
uptake of arsenic in first 2 h could be attributed to the monolayer
adsorption on the mesoporous surface of MA-1C. This is followed by

200 300 400 500 600 700 800

0.3

0.6

0.9

1.2

2 3 4 5 6
0

4

8

12

16

h
eV

2

h eV

b

a

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

b

a

Fig. 7. UV–visible diffuse reflectance spectra of as-synthesized (a) and calcined
mesoporous MA-1 (b).

60

70

80

90

100

400 600 800 1000

W
ei

gh
t (

%
)

Temperature (K)

En
do

Ex
o

a

b

Fig. 8. TG (a) and DTA (b) curves for as-synthesized sample MA-1.
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ig. 9. Arsenic removal efficiency cycles over mesoporous alumina MA-1C sample.

ultilayer adsorption on prolonged reaction times. So the adsorp-
ion amount gradually increased with time. It is interesting to note
hat throughout these adsorption studies adsorption amounts for
sO4

3− remained higher than that of AsO2
−, suggesting larger affin-

ty for As(V) over As(III) at the mesoporous alumina surface.
The pH dependent adsorption experiments (envelope) were car-

ied out at AsO2
− concentration of 100 ppb at room temperature

or 6 h under vigorous stirring with MA-1C. The results are shown
n Fig. 11.  The pH of the solutions was controlled by using com-

ercially available buffer solutions. The material showed highest
fficiency for the removal of arsenic at ca. pH = 6.0 and with increas-
ng or decreasing the pH, adsorption efficiency has been decreased.
his could be due to the fact that at high pH value the Lewis

cid sites of materials are blocked by hydroxide anion, whereas
t low pH values some oxyanions are present in the form of un-
issociated H3AsO4/H3AsO3. Thus our experimental observations
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ig. 10. The arsenic adsorption kinetics of both As(III) and As(V) as function of time
ver MA-1C material.
pH

Fig. 11. Arsenic removal efficiency of MA-1C material as a function of pH.

suggested that the arsenic removal efficiency over mesoporous �-
Al2O3 material remained stable after repeated adsorption studies
and at different pHs. Hence, these self-assembled tiny spherical
nanoparticles of mesoporous �-Al2O3 have huge potential to be
utilized as adsorbent for the removal of arsenic from polluted water.

4. Conclusions

From the above experimental results we  can conclude that
self-assembled mesoporous �-Al2O3 spherical nanoparticles can
be synthesized hydrothermally by using the supramolecular-
assembly of sodium salicylate as a template. Salicylate anions
ligated with the positively charged Al(III) centers through covalent
interaction during the synthesis process. Further, the H-bonding
interactions between the phenolic –OH groups could help to form
the supramolecular structure of salicylate moieties during synthe-
sis, which on calcination generate mesopores of dimension 3–6 nm
depending upon the synthesis temperatures. The synthesis strat-
egy described herein for high surface area mesoporous �-Al2O3
spherical nanoparticles and its excellent adsorption capacity for
dissolved arsenic from the respective aqueous solution may con-
tribute significantly in developing an efficient adsorption media
for the treatment of arsenic-contaminated water.
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