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a b s t r a c t

Alumina nanoparticles in the size range of 2–30 nm and surface area 375 m2/g were synthesized using
aerogel route and then characterized using N2–BET, SEM, TEM, XRD, FTIR and TGA techniques. Thereafter,
these were impregnated with reactive chemicals and tested for their potential by conducting studies
on kinetics of adsorption of 2-chloroethylethylsulphide (2-CEES) under static conditions. Kinetics was
studied using linear driving force and Fickian diffusion model. The kinetics parameters such as equilibra-
eywords:
etal oxide nanoparticles

mpregnation
dsorption kinetics
egradation

tion constant, equilibration capacity, diffusional exponent and adsorbate–adsorbent interaction constant
were also determined. AP-Al2O3 with 10% impregnation of MoVPA (V3) and NaOH showed the maxi-
mum (574 mg/g) and minimum (88 mg/g) uptake of 2-CEES among impregnated systems respectively. All
impregnated systems except NaOH impregnation showed the values of diffusional exponent to be <0.5,
indicated the diffusion mechanism to be Fickian, whereas AP-Al2O3 with and without NaOH impregna-

al me
echni
-Chloroethylethylsulphide (2-CEES) tion showed the diffusion
(identified using GC/MS t

. Introduction

In recent years, the scientific community has shown increasing
oncern to find out the safe and effective ways to detoxify chem-
cal warfare (CW) agents without endangering the human life or
he environment. One of the important ways to achieve protec-
ion against these agents is to utilize suitable material, which can
erform the function of both physisorption followed by chemisorp-
ion, i.e., initially the adsorbate molecules are physically adsorbed
hen they follow dissociative chemisorption to such an extent that
he chemical integrity of the adsorbate molecule is completely
estroyed [1,2].

Nanoparticles of metal oxides have received enormous interest
n recent years because of their unique physical and chemical prop-
rties [3]. These high surface area materials have been synthesized
ia soft chemistry by sol–gel process [3], which is the most common
nd widely used “bottom-up” wet chemical method. First, Utama-
anya et al. [4] in 1991 described the modified hypercritical drying

rocess for the preparation of inorganic metal oxide nanoparti-
les by sol–gel process utilizing aerogel route. Fig. 1 provides a
chematic with brief detail of the synthetic procedure in general.
emarkable contributions have been made by Klabunde and co-

∗ Corresponding author. Fax: +91 751 2341148.
E-mail addresses: amsa888@rediffmail.com (A. Saxena),

eerbs5@rediffmail.com (B. Singh).
1 Fax: +91 751 2341148.

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.03.112
chanism to be anomalous. Hydrolysis and dehydrohalogenation reactions
que) were found to be the route of degradation of 2-CEES.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

workers [5–7] for the preparation, characterization and application
of nanosize metal oxide particles alone and in association with
other oxides. Metal oxide particles alone show promising results
against CW agents, but their efficiency can further be increased by
loading/impregnating them with those reactive compounds, which
have already been proven to be active against toxic agents [8–11],
however, the possibility of new compounds for impregnation also
exists. The use of polyoxometalates (POMs) for impregnation of
nanosize metal oxides can be explored with confidence as these
have already been proven to be useful for the degradation of toxi-
cants [9–12].

Contaminated air can be made breathable by allowing it to come
in contact with nanoparticles based systems under dynamic (flow
of gas) or static (no flow of gas) conditions. Under static conditions
kinetics of adsorption and diffusion of adsorbate over adsorbent
have widely been investigated [8,13,14]. Several researchers [8,13]
have used various models, such as Fickian [15], linear driving force
(LDF) [16], a combined barrier resistance/Fickian diffusion and
Langmuir type second order kinetics [17] to describe the adsorp-
tion kinetics in porous materials and carbon molecular sieves [18].
Saxena et al. [8] studied the kinetics of adsorption of dimethyl-
methylphosphonate in gas phase on carbon systems under static
conditions and determined various kinetics parameters such as

equilibration time (t), equilibration capacity (Mt), rate constant (k),
diffusional exponent (n) and constant (K).

The analysis of reaction/degradation products is equally impor-
tant as that of kinetics study. In order to find out reaction products
these either have to be investigated directly using MAS–NMR

ghts reserved.
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50–200 mg pellets with the density of 0.1–0.3 g/cm were also
prepared using manual pelletting machine by applying a pressure of
Fig. 1. General schematic for the synthesis of metal oxide nanoparticles.

echnique [1,2] or by extracting them in organic solvent and
nalyzing through GC–MS [8]. The literature indicates that nano-
rystals of metal oxides can degrade CW agents by variety of
eactions, such as oxidation, hydrolysis, elimination and dealkyla-
ion [1,2,19].

It is always recommended to study the reactive systems with
imulant of CW agents as simulants are less toxic and their use
nvolves low risk than actual agents. Therefore, in the present
tudy AP-Al2O3 nanoparticles with and without impregnants were
ynthesized and explored to adsorption kinetics of 2-CEES (a less
oxic simulant of sulphur mustard). The objective of the present
tudy was to identify the best impregnated AP-Al2O3 nanoparticles
ased system to remove 2-CCES and to understand mass transfer
henomena, mode of diffusion and adsorption characteristics of
-CEES on AP-Al2O3 nanoparticles with and without impregnants.
uitable nanoparticles based systems can be used in decontamina-
ion devices, i.e., Handecon (an equipment under development to
emove chemical warfare agents available as gases/vapors in the

tmosphere) or filtration systems (by converting nanoparticles to
ranules by mechanical compression techniques) to remove chem-
cal warfare agents.

Fig. 2. (a) AP-Al(OH)3 gel, (b) fluffy AP-Al(OH)3 after supercritical drying and (c) po
Materials 169 (2009) 419–427

2. Experimental

2.1. Synthesis of AP-Al2O3 nanoparticles

In order to synthesize AP-Al2O3 nanoparticles 10.0 g of alu-
minum powder cleaned with acetone immediately before the
reaction was taken with 500 mL of methanol in 1000 mL round-
bottom flask and connected to water condenser. The reactants were
stirred at room temperature for 24 h under inert atmosphere of
nitrogen gas. To this 425 mL of toluene was added and the solu-
tion was stirred for 30 min. A solution of stoichiometric amount,
i.e., 20 mL (1.2 M) of triple distilled and deionized water in 230 mL
of methanol and 675 mL of toluene was prepared. This solution was
slowly added to the solution made in earlier with vigorous stirring
in a 3.0 L round-bottom flask. The solution was covered with alu-
minum foil and stirred for 24 h. This resulted into slightly grey liquid
like gel (Fig. 2a).

600 mL of thus produced aluminum hydroxide gel was trans-
ferred to 1000 mL capacity parr autoclave. The gel was first
flushed with nitrogen, and the reaction was carried out under
nitrogen, with an initial pressure of 100 psi. The reactor was
slowly heated from room temperature to 265 ◦C at the rate of
1 ◦C/min. The reactor was maintained at 265 ◦C for 10 min and
the system was quickly vented to the atmosphere for over a
1 min period, the furnace taken off and the aluminum hydroxide
flushed with nitrogen for 15 min to remove the remaining sol-
vent vapors. This produced fluffy light grey powder of AP-Al(OH)3
(Fig. 2b).

20 g of thus produced nano-aluminum hydroxide powder was
placed in 500 mL capacity thermal reactor. This was evacuated for
30 min at room temperature. Later, it was slowly heated for 6 h from
room temperature to 500 ◦C under dynamic vacuum of 10−2 Torr
and kept under this condition for 10 h. This resulted into the fine
light grey powdery AP-Al2O3, which was due to the conversion of
residual organic groups (–OCH3) on AP-Al(OH)3 to carbon during
heat treatment of AP-Al(OH)3 to AP-Al2O3 at 500 ◦C. Finally, the
material was cooled to room temperature under vacuum, flushed
with nitrogen and stored in air tight bottles till further use.

3

5.0–15 × 105 N/m2. These pellets of different sizes (3–8 mm diam-
eter and 5–15 mm height) were made and also broken down to
granules of different sizes (Fig. 2c). Thus produced metal oxide gran-

wder, granules and pellets of prepared alumina nanoparticles based system.
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Table 1
Surface area, pore size distributions, bulk density and moisture content of prepared nano-adsorbents.

Prepared adsor-
bent + impregnation
percentage

Surface area
(N2 BET) (m2/g)

Micropore volume
(N2 DR) (cm3/g)

Cumulative desorption pore
volume (N2 BJH) (cm3/g)

Pore maxima for micro- and
mesopores (Å)

Bulk density
(g/mL)

Moisture
content (%)

Micro Meso

AP-Al(OH)3 + nil 563 0.21 1.12 8.2 34.5 0.05 1.9
AP-Al2O3 + nil 375 0.16 0.57 15.3 27.5 0.04 0.6
AP-Al2O3 + 10%
NaOH

141 0.06 0.18 15.2 60.3 0.06 1.8

AP-Al2O3 + 10%
MoVPA (V3)

318 0.14 0.44 14.7 27.5 0.05 0.7

A
A
K
C

u
m
c
s
s

2

2

n
m
u
fi
a
a
g
w
R
t
(
p
f
u
f
F
s
A

P-Al2O3 + 10% PTA 312 0.14 0.41
P-Al2O3 + 10%
2OsO4

300 0.13 0.41

M-Al2O3 + nil 105 0.04 0.16

les and pellets represent a new family of mesoporous inorganic
aterial where pore structure can also be roughly controlled by

ompression technique. Thus produced material may have the pos-
ibilities of application in filtration/purification/decontamination
ystems.

.2. Characterization of AP-Al2O3

.2.1. Surface area and porosity
Surface area and pore size distribution of AP (aerogel produced

anoparticles) aluminum hydroxides/oxides and CM-Al2O3 (com-
ercially available aluminum oxide particles) were determined

sing Autosorb-1-C from Quantachrome, USA. The samples were
rst outgassed under dynamic vacuum (10−2 Torr) for 8 h at 200 ◦C
nd then allowed to cool to room temperature. After that, the N2
dsorption–desorption isotherms were obtained at liquid nitro-
en temperature, i.e., 77 K. Surface area and micropore volume
ere determined using Brunauer–Emmet–Teller (BET) and Dubinin
adushkevich (DR) methods respectively. Cumulative desorp-
ion pore volume was determined using Barrett–Joyner–Halenda
BJH) method. Pore maxima for micropore (<2 nm) and meso-
ore (2–50 nm) were determined considering BJH and DFT (density
unctional theory) methods. The surface area, micropore vol-

me, cumulative desorption pore volume and pore maxima
or micropores and mesopores have been given in Table 1.
igs. 3 and 4 describe the nitrogen adsorption isotherms and pore
ize distributions of AP-Al(OH)3, AP-Al2O3 and CM (commercial)-
l2O3.

Fig. 3. Adsorption isotherms of AP-Al(OH)3, AP-Al2O3 and CM-Al2O3.
14.6 27.8 0.05 3.1
13.9 59.4 0.05 1.9

13.9 31.5 0.90 3.4

2.2.2. Scanning electron microscopy/transmission electron
microscopy and X-ray diffraction

For SEM characterization, the powder samples were first
mounted on brass stubs using double sided adhesive tape and
then gold coated for 8 min using ion sputter JEOL, JFC 1100 coating
unit. The surface texture of metal oxide nanoparticles was observed
using FEI ESEM Quanta 400. Figs. 5 and 6 represent the SEM images
of AP-Al(OH)3 and AP-Al2O3 respectively.

TEM studies were performed to find out the particle size of the
synthesized aluminum hydroxide and oxide nanoparticles. For that
10 mg of AP-Al2O3 powder sample was mixed in 10 mL of pentane
and sonicated for 2 h to achieve a better separation of the particles.
A drop of supernatant of the solution was placed on the copper
grid of 200 mesh size followed by carbon coating. TEM images
were recorded using JEOL, JEM-1200 Ex. Figs. 7 and 8 represent
the images of AP-Al(OH)3 and AP-Al2O3 respectively.

For XRD studies the powder samples were heat treated under
vacuum before placing onto the sample holder. The instrument
used was Philips XRD PW 3020. Cu K� radiation (� = 0.154 nm) was
the light source used with applied voltage of 40 kV and current of
40 mA. The 2� angles ranged from 20 to 80◦ with a speed of 0.05◦/s.
The crystallite size was then calculated from the XRD spectra using
Scherrer equation. Fig. 9 shows the XRD pattern of AP-Al(OH)3 and
AP-Al2O3.
2.2.3. Fourier transform infra-red spectroscopy and
thermogravimetric analysis

Fourier transform infra-red study of AP-Al2O3 was performed
to find out the complete solvent removal after heat treatment. For

Fig. 4. BJH pore size distributions of AP-Al(OH)3, AP-Al2O3 and CM-Al2O3.
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Fig. 5. SEM of AP-Al(OH)3.

Fig. 6. SEM of AP-Al2O3.

Fig. 7. TEM of AP-Al(OH)3.
Fig. 8. TEM of AP-Al2O3.

that a few of the particles of powder nanosize alumina was mixed
with 200 mg of potassium bromide, ground to make pellets, dried
and finally recorded the IR spectra (Fig. 10).

TGA was used to study the conversion of nano-metal hydrox-
ides to nano-metal oxides and make a comparison with commercial
metal oxides. Thermograms for materials were recorded from 30 to
800 ◦C in air using thermogravimetric analyzer, TGA-2950 from TA
Instruments, USA. The initial sample weight was always 10 mg and
the heating rate was 20 ◦C/min. Fig. 11 shows the TGA profile.

2.2.4. Bulk density and moisture content
The bulk density of synthesized and commercial materials were

measured by weighing a known volume (20 mL) of material and
expressed in g/mL. The moisture content of the material was deter-
mined by heating a known amount (1 g) of sample in oven at 120 ◦C
for 6 h, cooling in desiccators for 1 h and finally weighing. The
weight loss in sample per 100 g was taken as moisture content of

the material. The bulk density and moisture content results have
been described in Table 1.

Fig. 9. XRD pattern of AP-Al(OH)3 and AP-Al2O3.
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Fig. 10. FTIR of AP-Al(OH)3, AP-Al2O3 and CM-Al2O3.

.3. Loading of impregnants on alumina nanoparticles

In order to prepare impregnated alumina nanoparticles
P-Al2O3 was separately impregnated (10%, w/w) with 9-molybdo-
-vanadophosphoric acid [{MoVPA (V3)}:H6[PMo9V3O40]·34H2O],
odeca tungstophosphoric acid {(PTA): H3PW12O40·xH2O}, NaOH
nd K2OsO4. For impregnation the solution of impregnants in water
corresponding to incipient volume of AP-Al2O3 nanoparticles, i.e.,
00 �L/100 mg of AP-Al2O3) was prepared and the technique used
or this was incipient wetness technique [8]. This technique allows
he impregnant solution to just wet the adsorbent and allows the
omplete adsorption of impregnant on solid adsorbent. Thereafter,
mpregnated systems were dried at 110 ◦C for 4 h, cooled in des-
ccators and finally stored in airtight bottles till further use. These

ere also characterized (Table 1 and Figs. 12 and 13) for surface
rea, pore size distributions, bulk density and moisture content.
.4. Static adsorption studies

In order to carry out the adsorption of 2-CEES under static con-
itions, 50 mg each of AP-Al2O3 with and without impregnants was
aken separately in gooch crucibles and placed on perforated disc

Fig. 11. Thermograms of AP-Al(OH)3, AP-Al2O3 and CM-Al2O3.
Fig. 12. Adsorption isotherms of AP-Al2O3 with and without impregnants.

in a closed glass chamber in which 5.0 mL of 2-CEES was placed
at the bottom of chamber. To maintain constant temperature, the
glass chamber along with weighing balance was housed in an oven
kept at 33 ± 1 ◦C. Vapor pressure of 2-CEES in the glass chamber
was measured and found to be 3.35 mm Hg at 33 ◦C. The kinetics
of adsorption of 2-CEES was studied by monitoring the percentage
of weight gain every hour. Since moisture free air was not used to
monitor the kinetics of adsorption of 2-CEES, the possibility of co-
adsorption of atmospheric moisture cannot be ruled out. However,
the co-adsorption of water will be insignificant and will not affect
the adsorption of 2-CEES due to very little influence of humidity on
adsorption of toxicants [20].

Of the above, the concentration of gas was considered to be
constant at atmospheric pressure in the glass chamber. As the
adsorption of toxicant by the nanoparticles based adsorbents starts
it causes the depletion in vapor phase concentration of toxicant
in the glass chamber. The depletion in concentration is compen-
sated by liquid phase toxicant, which was placed at the bottom of
the glass chamber. Therefore, the concentration of toxicant vapor

in the glass chamber remains constant and it ensures a continuous
supply of toxicant to the adsorbent. Figs. 14, 15 and 16 represent the
kinetics of uptake, diffusion and adsorption of 2-CEES on prepared
systems respectively. Table 2 represents the kinetics parameters.

Fig. 13. BJH pore size distributions of AP-Al2O3 with and without impregnants.
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Table 2
Kinetics parameters for the adsorption of 2-CEES on prepared nano-adsorbents.

Prepared adsorbent + impregnation percentage Equilibration
time (h)

Equilibration
capacity (mg/g)

Diffusional
exponent (n)

Constant (K) (h−1) Rate constant (k)
(h−1) ×10−2

AP-Al2O3 + nil 170 1694 0.74 0.11 1.8
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P-Al2O3 + 10% NaOH 28 88
P-Al2O3 + 10% MoVPA (V3) 45 574
P-Al2O3 + 10% PTA 46 520
P-Al2O3 + 10% K2OsO4 31 326

.5. Identification of reaction products

In order to investigate the reaction products 10 mg of 2-CEES
xposed alumina nanoparticles were extracted with 2.0 mL of ace-
onitrile for 2 h in a well stoppered test tube. The extracts were
entrifuged, transferred to another tube and purged with nitrogen
as to concentrate the extracted reaction products and finally sub-
ected to product identification using GC/MS (gas chromatograph
oupled with mass spectrometer) instrumental techniques. GC/MS
6890N GC coupled with 5973 inert MS detector) of Agilent Tech-
ologies, USA was used for characterization of reaction products. It
as equipped with HP-5 MS column of 30 m × 0.25 mm × 0.25 �m
imensions. Temperature programming [50 (2 min hold) to 280 ◦C
10 min hold) at 10 ◦C/min] with split injection technique (10:1) was
sed to perform the study. Injection port and GC/MS interface, MS
ource and quadrupole analyzer were kept at 280, 230 and 150 ◦C
espectively. The mass spectra of reaction products were compared
ith the standard mass spectra from existing libraries (Wiley and
IST) of GC/MS instrument.

. Results and discussion

.1. Characterization of alumina nanoparticles based adsorbents

Nitrogen adsorption–desorption isotherms and BJH pore size
istributions of AP-Al(OH)3, AP-Al2O3 and CM-Al2O3 have been
epresented in Figs. 3 and 4. AP-Al(OH)3 showed highest uptake of
itrogen and exhibited broad hysteresis loop, which are character-

stic of adsorption possessing a high portion of mesopores. Fig. 3
learly indicated that AP-Al(OH)3, AP-Al2O3 and CM-Al2O3 have
he similar type of pore size distributions with mesopore maxima
t 34.5, 27.5 and 31.5 Å (Table 1) respectively. Apart from meso-
orous characteristic AP-Al(OH)3 and AP-Al2O3 were also found
o be having micropores with DR micropore volume of 0.21 and
.16 cm3/g respectively. The surface area of AP-Al(OH)3 was found to
e 563 m2/g. On heat treatment of AP-Al(OH)3 to AP-Al2O3 at 500 ◦C
he surface area decreased to 375 m2/g. Micropore and cumulative
esorption pore volume were also found to be decreased. Moreover,
his decrease was due to the dehydration process, which causes
evere sintering and damage to the pore structure [4]. Surface area
f AP-Al2O3 was found to be 3.6 times of that of the material com-
ercially available (CM-Al2O3).
Figs. 5–8 show the SEM and TEM images of AP-Al(OH)3 and

P-Al2O3. SEM images of AP-Al(OH)3 (Fig. 5) and AP-Al2O3 (Fig. 6)
ndicated the material to be having a multitude of thin strands to
ive fluffy and porous weblike structure with wide particle size
istributions. TEM images of AP-Al(OH)3 (Fig. 7) and AP-Al2O3
Fig. 8) indicated these materials consist of weblike structure [5]
ith the particle diameter in the range of 4–30 (maximum particles

f 20 nm diameter) and 3–14 (maximum particles of 10 nm diame-
er) nm respectively. Imaging at different scales was performed to

stimate correctly the proportion of small particles (2–10 nm) and
mbedded in agglomerates (10–100 nm). Furthermore, the parti-
les overlapping in agglomerates lead to quite noisy images making
he determination of proportion and size of the smallest particle
opulation a very difficult task. Synthesized nanoparticles showed
0.54 0.45 7.6
0.43 0.39 6.9
0.42 0.48 10.0
0.13 0.77 14.5

the decrease in particle diameter on conversion from hydroxides to
oxides. Smallest particles were of 3 nm diameter, however, three to
four crystallites aggregate into ∼10 nm particles, and these parti-
cles weakly agglomerate into a mass with large pores, where the
pores are actually the space between the particles (as opposed to
holes and channels in the particles themselves). XRD spectra of
AP-Al(OH)3 and AP-Al2O3 indicated an amorphous pattern due to
peak broadening with the particle diameter in the range of 2–17 nm
(Fig. 9). Moreover, the study of synthesized nanoparticles using
SEM/TEM and XRD has clearly indicated them to be nanoparticles
of diameter in the range of 2–30 nm.

Fig. 10 represents the IR spectra of prepared and commercially
available samples. IR spectrum of AP-Al2O3 indicated two absorp-
tion peaks at 3600 cm−1 corresponding to associated OH groups and
at 3700 cm−1 corresponding to isolated surface OH groups [5]. Less
intensity of peaks at 1080 and 2800–2950 cm−1 with AP-Al(OH)3
and AP-Al2O3 clearly indicated the removal of methoxide groups
by heat treatment at 500 ◦C for the conversion of AP-Al(OH)3 to AP-
Al2O3. Fig. 11 shows the TGA profile of AP-Al(OH)3, which indicated
the weight loss of 8.2% between 30 and 170 ◦C (due to the des-
orption of physisorbed water and organic moieties). Desorption of
chemisorbed water and organic groups occurred between 170 and
310 ◦C and it produced a weight loss of only 1.2%. The pronounced
weight loss of 10.2% observed between 310 and 600 ◦C was pro-
duced by dehydroxylation of AP-Al(OH)3 to AP-Al2O3 [5]. The total
loss was 20.5%, whereas the conversion of Al(OH)3 to Al2O3 should
yield a weight loss of 35 and conversion to AlOOH would be 23% [5].
Therefore, lesser value of weight loss, i.e., 20.5% indicated that AP-
Al(OH)3 also contain some part of AP-Al2O3, which remains as such
on heat treatment and does not result decrease in weight. AP-Al2O3
indicated the weight loss of ∼6.0% up to 110 ◦C due to adsorbed
water.

Subsequently, the material was also characterized for bulk den-
sity, which was found to be much less than the material available
commercially. This was because of their fluffy and powdery nature.
All prepared alumina nanoparticles based systems indicated bulk
densities within 0.04–0.06 g/mL (Table 1). Bulk density of AP-Al2O3
was found to be 0.04 g/mL, which is 1/22 of that of commercially
available CM-Al2O3 (0.90 g/mL). Moisture content of synthesized
and commercial particles was found to be <3.1% (Table 1).

Figs. 12 and 13 represent the nitrogen adsorption–desorption
isotherms and BJH pore size distributions of AP-Al2O3 with and
without impregnation. Table 1 represents the surface area, pore
size distributions, bulk density and moisture content of all impreg-
nated AP-aluminum oxides. AP-Al2O3 impregnated with MoVPA
(V3) and NaOH [10% (w/w)] showed the highest and lowest uptake
of nitrogen among impregnated nanoparticles respectively (Fig. 12).
AP-Al2O3 when was impregnated with MoVPA (V3) [10% (w/w)],
surface area decreased from 375 to 318 m2/g. This decrease was
due to impregnants, which during impregnation travel through the
macropores and gets deposited in the mesopores or the pore open-

ing of micropores to cause the blocking of the meso/micropores
[8–10]. Decrease in surface area after impregnation was found with
all samples (Table 1). AP-Al2O3 with NaOH impregnation (10%,
w/w) showed maximum reduction in surface area, i.e., from 375
to 141 m2/g (∼1/3 of unimpregnated nanoparticles). This was due
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a straight line at shorter intervals of time and the plots deviated
from linearity for all the systems at higher t values. This deviation
can be ascribed to the wide pore size distribution of prepared sys-
tems (Fig. 13). The diffusional exponent (n) values were computed
by using the slope of straight line in Fig. 15. AP-Al2O3 with and
ig. 14. Kinetics of uptake of 2-CEES on prepared alumina nanoparticles based adsor-
ents.

o the impregnation of NaOH, which results similar to lump for-
ation and give rise to the reduction in volume of the system, i.e.,

ecrease in surface area and pore volume. Pore maxima for micro-
ores of AP-Al2O3 with impregnation were found to be ∼14 Å. The
esopore maxima for NaOH and K2OsO4 impregnated AP-Al2O3
as found to be to be ∼60 Å, which was higher than other systems

Table 1 and Fig. 13). Aerogel prepared and commercial aluminum
xides indicated the increase in bulk densities after impregnation
ue to the reason that impregnants sit in the pores, the volume of
he material remains same, whereas weight increases, hence den-
ity increases. Surface area and cumulative desorption pore volume
f pellets/granules of AP-Al2O3 were found to be within the range of
28–368 m2/g and 0.60–0.64 cm3/g respectively. These values are

esser than the values of corresponding metal oxide nanoparticles.
his decrease is because of the compression, which collapses the
ores within/between nano-aggregates of nanoparticles [21]. This
as indicated that the pore structure and surface area of nanopar-
icles based adsorbents can roughly be controlled by compression
echnique.

.2. Kinetics of adsorption of 2-CEES

To illustrate the kinetics of adsorption of 2-CEES, percentage
eight gain of adsorbate was plotted versus time (t) and repre-

ented graphically in Fig. 14. Fig. 14 shows the similar shape of
-CEES adsorption uptake curves and different adsorption rates for
tudied nanoAP-Al2O3 based adsorbent systems. Fig. 14 was used
o compute the equilibration time (the time at which the adsorp-
ion ceases, i.e., no change in weight gain with respect to time)
nd equilibration capacity (amount of adsorbate in mg/g of adsor-
ent at equilibration time), and the values have been tabulated

n Table 2. At initial stage the rate of adsorption was fast, which
radually slowed down to a steady state at later intervals of time.
ighest value of equilibration time (170 h, Table 2) was found with
nimpregnated AP-Al2O3 system, whereas with other systems the
quilibrium reached within 50 min. AP-Al2O3 system also showed
he highest equilibration capacity (1694 mg/g) among studied sys-
ems. This was slightly in agreement with the values of surface area,
s higher the surface area higher will be the adsorption capacity. The

alues of equilibration capacity/surface area were found to be 4.5
nd 1.8 for AP-Al2O3 and AP-Al2O3 + MoVPA (V3) systems respec-
ively. High value with AP-Al2O3 system indicated the possibilities
f condensation of 2-CEES.
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When AP-Al2O3 (surface area = 375 m2/g) was impregnated with
impregnants (e.g. NaOH), it showed a decrease of ∼62% in sur-
face area, whereas the adsorption capacity for 2-CEES adsorption
decreased by ∼95%. Decrease in adsorption potential with impreg-
nated systems was because of impregnants, which work as a barrier
and resist the movement of adsorbate molecules [8–10]. Among
impregnated systems AP-Al2O3 + MoVPA (V3) and AP-Al2O3 + NaOH
systems showed the highest (574 mg/g) and lowest (88 mg/g) values
of equilibration capacity respectively. Lowest adsorption poten-
tial with AP-Al2O3 + NaOH system clearly indicated that it was
due to the destructive reaction of NaOH with alumina nanoparti-
cles. Moreover, the study (Table 2) indicated that polyoxometalate
(MoVPA (V3) or PTA) impregnated alumina nanoparticles favors the
adsorption of 2-CEES, whereas sodium hydroxide impregnation to
alumina nanoparticles is not supportive.

The study indicated that the transport of 2-CEES into nano-
adsorbent systems is a complex process. It is quite evident from the
fact that alumina nanoparticles contain wide pore size distribution,
which makes the analysis of adsorption kinetics more complex.
The adsorption process involves diffusion in slit shaped microp-
ores with pore widths considerably smaller than the mean free path
of the gas molecules at atmospheric pressure [18]. It is likely that
processes such as molecular diffusion, Knudsen diffusion, surface
diffusion, diffusion in micropores and the chemical interaction of
2-CEES with the functional groups of nanoparticles and the impreg-
nants in it could all make contributions to the adsorption kinetics.

Modeling of kinetic process being difficult due to wide pore size
distribution, the two simple approaches are to use either Ficks dif-
fusion laws for homogeneous materials or to describe the process
by Phenomenological model. Although, the particles under study
are not homogeneous and spherical, if we assume surface concen-
tration of gas to be constant and that diffusion is controlled by the
concentration gradient through the granule then the kinetics of
the diffusion can be expressed by the following empirical diffusion
equation [18,22].

Mt

Me
= K tn (1)

where Mt = gas uptake at time t, Me = gas uptake at equilibrium,
K = constant, t = time and n = diffusional exponent.

A graph of log Mt/Me against log t (Fig. 15) was found to be
Fig. 15. Kinetics of diffusion of 2-CEES on prepared alumina nano-adsorbents.



426 A. Saxena et al. / Journal of Hazardous Materials 169 (2009) 419–427

F

w
0
w
T
c
T
l
K
A
A
k
t
t
A
c
t

p
a
w
c

w

l
m
m
t
o
i
m
e
a
U
o
2
c
s
M
f
(
w
v

ig. 16. Kinetics of adsorption of 2-CEES on prepared alumina nano-adsorbents.

ithout NaOH showed the diffusional exponent n being in between
.5 and 1.0, it indicated the diffusion mechanism to be anomalous,
hereas other system showed Fickian diffusion mechanism [15].

he value for constant K, adsorbate–adsorbent interaction coeffi-
ient was determined from the intercept of straight line on Y-axis.
he K values were more or less the result of adsorption kinetics at
ower t values. In present study the highest and lowest values of

(0.77 and 0.11 h−1) were shown by AP-Al2O3 + K2OsO4 and AP-
l2O3 + nil systems respectively. Highest values of constant K with
P-Al2O3 + K2OsO4 system indicated the fastest initial adsorption
inetics (Fig. 14). AP-Al2O3 system with least value of K indicated
he overall slowest adsorption kinetics with maximum adsorp-
ion potential (equilibration capacity). AP-Al2O3 + MoVPA (V3) and
P-Al2O3 + PTA systems with nearer values of equilibration time
apacity showed a small difference in K value, which may be within
he experimental precision.

The gas uptake into nanoparticles may be considered as a
seudo-first order mass transfer between the gas phase and the
dsorption sites [18,22]. The following phenomenological model,
hich is equivalent to a linear driving force mass transfer model,

an represent the rate of uptake of toxicant.

Mt

Me
= 1 − ekt (2)

here k is rate constant.
Plots of ln (1 − Mt/Me) against time t (Fig. 16) result a straight

ine, which clearly indicated that the adsorption of 2-CEES on alu-
ina nanoparticles with and without impregnants follows LDF
ass transfer kinetic model. Pore size distribution being wide in

he studied systems could not adversely affect the applicability
f the LDF model at initial intervals of time; however, at longer
ntervals of time, the curves obtained by making use of the LDF

odel deviated from linearity, questioning its applicability. Nev-
rtheless, the initial linear portions can be used to evaluate the
dsorption parameters, which make the LDF model persuasive.
sing LDF model the adsorption kinetics can be compared in terms
f the rate constant (k), which indicates the rate of adsorption of
-CEES as the system approaches to equilibrium. Rate constant, k
an either be determined from the gradient of the kinetic plot as
hown in Fig. 16 or by fitting the adsorption uptake curves to Eq. (2).

aximum and minimum values for rate constant k (Table 2) were

ound to be in similar order as that of K values. Lowest value of k
1.8 × 10−2 h−1) with AP-Al2O3 + nil system was because of Fig. 16,
hich more or less represents the adsorption kinetics at lower t

alues. Higher equilibration time with this system also lowered the
Scheme 1. Degradation products of 2-CEES on alumina nanoparticles based adsor-
bents.

rate constant. AP-Al2O3 + MoVPA (V3) system showed the lowest
value of k (6.9 × 10−2 h−1) among impregnated systems. Based on
these results it can be inferred that AP-Al2O3 + MoVPA (V3) system
(with maximum adsorption potential among impregnated systems
and considerable values of k/K) is the best system for the removal
of 2-CEES from simulated contaminated zones (as 2-CEES vapors in
closed glass chamber).

3.3. Identification of reaction products

Results indicated that on the surface of AP-Al2O3 with and
without impregnants 2-CEES undergoes the hydrolysis reaction
(Scheme 1) with the formation of intermediate sulphonium ion
[23]. Sulphonium ion is formed due to the attack of sulfide on the
� carbon atom of 2-CEES and is considered to be SN1 reaction with
anchimeric assistance. Sulphonium ion is highly unstable, because
of which it could not be extracted and detected. Subsequently, the
sulphonium ion undergoes hydrolysis with the water (as indicated
in TGA pattern of AP-Al2O3 nanoparticles) available with nanopar-
ticles under study (moisture content, Table 1) (no more water is
added prior to the reaction) and results to 2-hydroxyethylethyl sul-
fide (2-HEES) as a reaction product. Dehydrohalogenation reaction
was also found to be occurring to decontaminate 2-CEES to its
corresponding vinyl product (ethylvinyl sulfide). Apart from that,
bis[2-(ethylthio)ethyl] ether was also identified as a reaction prod-
uct, which is formed either via the combination of two 2-HEES
molecules with removal of one water molecule or the combina-
tion of 2-CEES and 2-HEES (one molecule each) with the removal
of HCl. All studied systems showed the similar reaction products.

4. Conclusions

AP-Al2O3 nanoparticles were found to be mesoporous materials
with little microporous characteristics. SEM/TEM and XRD analysis
clearly indicated the material to be nanoparticles of diameter rang-
ing from 2 to 30 nm. AP-Al2O3 + MoVPA (V3) and AP-Al2O3 + NaOH
systems showed the maximum and minimum equilibration capac-
ities among impregnated systems respectively. For AP-Al2O3 + 10%
NaOH and AP-Al2O3 + nil systems, diffusional exponent (n) values
were found to be in between 0.5 and 1.0, indicating the diffusion
mechanism to be anomalous, where as other systems indicated the
values of n being <0.5; this depicted the diffusion mechanism to be

Fickian. AP-Al2O3 + MoVPA (V3) system showed the lowest value of
K and k with maximum uptake (574 mg/g) of 2-CEES among impreg-
nated systems. Alumina nanoparticles impregnated with MoVPA
(V3) degraded 2-CEES to 2-hydroxyethylethyl sulfide, ethylvinyl
sulfide and bis[2-(ethylthio)ethyl] ether. Based on these results,
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t can be inferred from that 9-Molybdo-3-vanadophosphoric acid
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