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Abstract The experimental work has been carried out to
study the absorption—desorption properties of the hydro-
phobic silica aerogel for the application of oil spill cleanup.
Aerogels were synthesized by sol—gel route prior to ambient
pressure drying, by keeping TEOS:MeOH:Acidic H,O:
NH4F:NH,OH:HMDZ molar ratio constant at 1:16.5:0.81:
0.62:0.63:0.41, respectively. The absorption of organic liq-
uids by as-prepared aerogels has been carried out by adding
the aerogel samples in organic liquid, viz. three alkanes:
hexane, heptane, octane; the aromatic compounds: benzene,
toluene, xylene; the alcohols: methanol, ethanol, propanol,
and the three oils: petrol, diesel, and kerosene until it is
totally wetted. It was observed that surface-modified TEOS-
based aerogel absorbed the organic liquids and oils by nearly
12 times its own mass. After absorption, desorption time of
liquids from the aerogel at various temperatures, i.e., at 30,
60, 80, and 100 °C was measured. The 50% volume
shrinkage of the aerogel in case of oils and 20% in case of
organic liquid was observed, after total desorption of liquids.
No significant change in hydrophobicity of the aerogel was
observed and it can be reused two times.

Introduction

There is a growing worldwide concern about the urgent
need to control accidental and conscious release of oil

J. L. Gurav (X)) - H.-H. Park

School of Materials Science and Engineering,
Yonsei University, Seoul, Korea

e-mail: guravjyoti@yahoo.com

A. V. Rao - D. Y. Nadargi

Air Glass Laboratory, Shivaji University, Kolhapur,
Maharashtra 416004, India

e-mail: raouniv@yahoo.com

during transportation, storage, and safe disposal of oil and
other organic liquids effectively. A wide range of materials
for oil remediation has actually been employed such as
dispersants, absorbents, solidifiers, and skimmers [1-7].
Absorbent materials are attractive for some applications
because of possibility of collection and complete removal
of the oil from the oil spill site. Some good properties of
the absorbents such as hydrophobicity and oleophilicity are
primary determinants of successful absorbents; other
important factors include the amount of oil/organic liquid
absorbed per unit mass of absorbent, retention over time,
the recovery of oil/organic liquid from the absorbents, and
the reusability of the absorbent [4]. Aerogels are highly
porous sol-gel-derived materials. Their properties, which
are extremely fascinating as well as very promising for a
large number of applications, are due to their nanostruc-
tured and porosity. Because of large pore volume of
aerogels, a small weight of these solids can confine a large
volume of liquid. Due to these properties aerogels can be
used as good absorbents for oil spill clean up. In connection
to this, the results have been reported by our group using
MTMS precursor with supercritical drying method [8].
Though the results obtained are well, the commercializa-
tion of these aerogels for oil spill clean-up application was
found difficult because of high cost precursor and drying
methodology. Therefore, comparatively low cost precursor
(TEOS) and simple ambient pressure drying method, have
been adopted.

In the present study absorption—desorption of organic
liquids from the low density, superhydrophobic aerogels,
and usability of the aerogels as effective and efficient ab-
sorbents of the oils and organic liquids are reported. The
superhydrophobic silica aerogels were synthesized using
tetraethoxysilane (TEOS) as low cost precursor, by the
two-step sol-gel process dried at ambient pressure. The
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superhydrophobic silica aerogels were found to be
absorbers of oils and other organic liquids. The aerogels
showed a high uptake capacity of the organic liquids and
the aerogels could be re-used as absorbents. In all, 12
organic liquids—three alkanes, three aromatic compounds,
and three alcohols, and three oils have been used to study
the absorbing capacity and desorption time of the liquids
from the superhydrophobic aerogels.

Experimental procedures
Preparation of the superhydrophobic aerogels

In two-step sol-gel process tetracthoxysilane (TEOS) was
diluted in methanol (MeOH) solvent and was partially
hydrolyzed with water under acidic conditions with oxalic
acid (0.001 M). The sol was stirred for 1 h and kept for
hydrolysis for 12 h. In the second step, the condensation of
these hydrolyzed species was carried out by adding NH4F
drop by drop in the sol initially, followed by the drop wise
addition of NH,OH with constant stirring at room tempera-
ture, the gel was set within 5 min. Molar ratio of TEOS:
MeOH:oxalic acid (0.001 M):NH,F:NH,OH:HMDZ was
maintained at 1:16.5:0.81:0.62:0.63:0.41, respectively. The
gels were then aged for 1 h for strengthening the gel network.
The solvent exchange was carried out with hexane for 24 h.
Surface chemical modification to convert hydrophilic prop-
erty of the aerogel into hydrophobic was done with 5% hex-
amethyldisilazane (HMDZ) in hexane for 24 h and lastly the
unreacted HMDZ was removed by washing the gel with
hexane for 24 h. Then gels were dried at ambient pressure and
various temperatures at 50, 150, and 200 °C for 1,2, and 1 h,
respectively. The good quality aerogel in terms of low density
(0.065 g/cm?), superhydrophobicity (153%), high porosity
(97%), and high pore volume (15 cm?/g) was obtained.

Method of characterizations and absorption—desorption
study

The packing density of the aerogel was measured by mass-
to-volume ratio of the aerogel where the mass was mea-
sured with microbalance of 10~ g accuracy and volume of
the aerogel was measured by filling aerogel granules in
measuring cylinder of known volume. The percentage of
volume shrinkage (V %), porosity, pore volume was
determined using the formulae, which have been reported
elsewhere [9]. The contact angle (0) was measured with the
contact angle meter (Rame-Hart, Model 500 F-1, USA). It
was found that the aerogel sample was superhydrophobic
with a contact angle of 153°. The surface chemical
modification of the aerogels was studied using Fourier
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Transform Infrared Spectroscopy (Perkin Elmer Instru-
ments, Spectrum one, USA), which gave the information
about various chemical bonds such as O-H, C-H, and
Si—O-Si.

The surface-modified silica aerogel was kept in an
organic solvent until it was completely wetted by the
organic liquid. It was then removed and maintained at
various temperatures, such as room temperature (30 °C),
60, 80, and 100 °C in an oven (Termaks Company, Nor-
way). The absorption intensity of the aerogel sample was
studied by weighing the aerogel sample in a microbalance
(107> gm accuracy) before absorption, immediately after
absorption, and after total evaporation of the liquid from
the sample. Desorption time was observed both on a butter
paper and filter paper, and at different temperatures.

Results and discussion

Hydrolysis and condensation occurred as per the following
reactions:
Hydrolysis:

C,H,04
—

Si(OC2H5 )4+4H20 SI(OH)4 +4C,HsOH ( 1)

Condensation:

Si(OH) ,+(0C,Hs), Si e NLOT

(OC2H5)3—|—C2H50H

(OH);Si-0-Si )

Silylation:

The surface chemical modification process with Hex-
amethyldisilazane (HMDZ) in hexane was carried out. The
HMDZ provides the non-polar groups for the surface
chemical modification of the gel through the —Si—(CHj3)3 by
the replacement of H from Si—-OH group by Si-R groups,
where R = methyl groups according to the following
reactions:

0) + NH —»
_don (@5
Silica Surface HMDZ

=S|i— 0 -Si - (CHs)s
0 + NH; 3)
|

—Si—0-Si— (CHa)s

Modified silica surface by replacement
of H from OH group with -Si-(CH3)3

group
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Hydrophobic silica aerogels end capped with —(CHj3)s
groups in their structure shift their absorption affinity away
from polar molecules (like water) toward non-polar sub-
stances (like organic solvents, i.e., they are highly
organophillic).

Absorption intensity of organic liquids
by the superhydrophobic aerogels

The absorption intensity of the aerogel sample was quan-
tified in terms of the mass of the organic liquid absorbed by
unit mass (1 g) of the aerogel sample. For this study, all the
12 organic solvents, viz., three alkanes, three aromatic
compounds, three alcohols, and three oils were used. The
alkanes used were: hexane, heptane, octane; the aromatic
compounds were: benzene, toluene, xylene; the alcohols
were: methanol, ethanol, propanol; and the three oils used
were: petrol, diesel, and kerosene.

Figure 1 gives absorption intensity of aerogel sample for
various liquids. From the figure, it was observed that
the aerogel absorbed nearly the same amount (~ 12 g) of the
solvents, benzene, toluene and xylene. Among the oils, the
mass of petrol absorbed was minimum (10.09 g) and that of
diesel was maximum (11.02 g). Among the alkanes, the
mass of hexane absorbed was minimum (6.42 g), while that
of octane absorbed was maximum (8.68 g), and among
the alcohols, the mass of methanol absorbed was minimum
(~10 g) and that of propanol was maximum (~ 11 g).

As TEOS-based silica aerogel surface modified with
hexamethyldisilazane (HMDZ) changes its hydrophilic
properties into hydrophobic, the surface energy of the
aerogel sample becomes lower. The mass of the organic
liquid absorbed by an aerogel depends upon the surface
tension (y) of the corresponding liquid. As aerogel sample
has low surface energy (superhydrophobic 0 > 150°) it does

5

mass (1g) of the aerogel

Mass of the organic liquid / oil absorbed per unit

Liquids

Fig. 1 Absorption intensity of the different organic liquids by the
TEOS-based silica aerogel

not wet by water. But the organic liquids wet the surface and
also get absorbed by the aerogels. This is due to the fact that
the organic liquids are less polarizable than the solid aerogel.
The organic liquids have very low surface tension values and
therefore, they wet the aerogel surface completely and are
easily absorbed. Since aerogels are highly porous material
and absorption is due to the capillary action.

The mass (m) of a liquid that rises into the capillaries
(aerogel pores) is given by the formula [10]:

2nrycos =mg 4)

For the liquids that completely wet the surface, the contact
angle 0 is zero and for such surfaces:

2nry =mg (5)
or

y = km (6)
or

y=kVp

where r is the radius of the aerogel pores, V is the volume
of the liquid absorbed, p is the density of the liquid, and
k = g/2nr is a constant for the given aerogel sample.
Therefore, it follows from Eq. 6 that the mass of the liquid
absorbed increases linearly with an increase in the surface
tension of the liquid as shown in Fig. 2. Therefore, it was
observed that the mass of hexane (y = 18.4 mN/m) absorbed
was minimum and benzene (y = 29 mN/m) was maximum.

Desorption time of liquid from the aerogel sample
at various temperatures

The time taken by the liquid for complete evaporation from
the aerogel pores starting from the moment of absorption is

14

134

i

11 ¢
" %

Mass of the organic liquids absorbed (g)

15 17 19 21 23 25 27 29 31
Surface Tension ( mN /m)

Fig. 2 Mass of various organic liquids absorbed as a function of
surface tension
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called desorption time. To study the effect of temperature
on desorption time of the organic liquid from the aerogel,
the aerogel samples were immersed in organic liquid until
they are totally wet by liquid. These gels were then
maintained at various temperatures at 30, 60, 80, and
100 °C and desorption time was measured (i.e., total
evaporation of organic liquids from the aerogel sample)
after immediate absorption of the liquid.

Surface tension of the liquid decreased with rise in
temperature. When the difference of the temperature is
small, the decrease of surface tension varies almost linearly
with temperature.

7 = Yo (1 — o) (7)

where 7y and 7y, are surface tension at 0 and t °C, respec-
tively, o is the temperature co-efficient of surface tension
for the liquid. It was observed that with an increase in
temperature, desorption time decreased significantly.
Table 1 shows desorption time for the liquids at various
temperatures. From the table, desorption time for propanol,
for example, reduced from 150 min at 30 °C to 10 min at
100 °C. Similarly, for benzene, it reduced from 60 min at
30 °C to 5 min at 100 °C. Figure 3 shows change in
desorption time of the propanol at various temperature. It
was also, observed that desorption time increases from
shorter chain (hexane) to the longer chain (octane) organic
liquids. This is due to the fact that the evaporation of liq-
uids takes place in two stages. In the first stage, molecules
of liquid are brought from the interior up to the surface,
overcoming the surface tension effect. During the second
stage, they vaporize from the surface film depending on the
vapor pressure of the liquid. Therefore, lesser the surface
tension, easier for the molecules to come on to the surface
and hence faster would be the evaporation. Figure 4 shows
various stages of absorption and desorption of hexane from
the aerogel, at room temperature. Also, the vapor pressure
decreases with the increase in the chain length and the
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Fig. 3 Desorption time of petrol as a function of temperature

molecular weight of the organic liquid. The vapor pressure
(226 mmHg at 30 °C) for hexane is very high which led to
faster evaporation and that for octane, is very less
(24.05 mmHg at 30 °C), and hence desorption time is
more. Therefore, with increase in temperature the surface
tension of the liquid decreases and it is easy for liquid
molecules to come out of the aerogel pores at higher
temperatures due to higher temperature gradient.
Desorption study was also carried out keeping the wet-
ted gel on butter paper and ordinary filter paper at 30 °C.
Table 2 shows desorption time of organic liquids from the
aerogel kept on butter paper and filter paper. It was
observed that the desorption rate enhanced as desorption
time decreased when the aerogel was placed on the filter
paper. This is due to the fact that on the filter paper, there is
not only the evaporation but also the absorption of the
liquid by the filter paper from the bottom surface of the
aerogel. Thus, for the organic liquid clean-up purposes,
the aerogels can be used on a filter paper so that they can be

Table 1 Desorption time of

. Lo Liquid Surface Desorption time at different temperature (°C) in minutes

various organic liquids at tension (mN/m)

various temperatures, along ) 30 °C 60 °C 80 °C 100 °C

with the respective values of

surface tension Hexane 18.4 40 4 ~2
Heptane 20.3 55 6 3
Octane 21.62 60 5 3
Benzene 29 60 10 8 5
Toluene 29 90 15 12 8
Xylene 28.9 170 20 16 8
Methanol 22.5 140 25 22 8
Ethanol 22.3 145 30 26 ~10
Propanol 23.78 150 28 24 ~10
Petrol 26 24 h - - -
Kerosene 30 20 days - - -
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(c) (d)

(e)

Fig. 4 Photographs showing various stages of shrinkage and spring-back during desorption of hexane from the aerogel at room temperature.
a Before absorption, b immediately after absorption, t &~ 0 min, ¢ at t = 20 min, d at t = 30 min, e after desorption, t = 40min

re-used almost immediately. Aerogel shrinks after imme-  Infrared Spectroscopy, it is observed that there is no sig-
diate absorption of organic liquid and regains 80% of  nificant change in the bond formation before and after
volume after desorption of liquid. From Fourier Transform  desorption of the organic liquids. Figure 5a, b, c, and d
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Table 2 Comparison of the desorption time on a butter paper and
filter paper at room temperature (30 °C)

Liquid Desorption time (min) on

Butter paper Filter paper
Hexane 40 30
Heptane 55 40
Octane 60 35
Benzene 60 45
Toluene 90 60
Xylene 170 130
Methanol 140 90
Ethanol 145 95
Propanol 150 105
Petrol 24 h 16 h
Kerosene 20 days 10 days

shows the FTIR spectra of the as-produced aerogel, and of
the aerogels after desorption of hexane, benzene, and
methanol, respectively. The slight difference in the FTIR
for methanol solvent desorption (Fig. 5d) is due to the fact
that polar groups are present in the methanol solvent
leading to a relatively lower intensity of the C—H absorp-
tion at around 3000 cm ™', and higher intensity of Si—-OH
absorption around 3500 cm_l[l 1]. We measured the con-
tact angle of the liquid before absorption and after
desorption of the organic liquid. It was observed that there
is no significant change in hydrophobicity of the aerogel
sample after desorption of the liquid. Figure 6 shows the
FTIR spectra of the aerogel after the desorption of petrol
which shows an increase in the intensity of the C—H bonds

% of Transmission ( Arbitrary Units)

3000 2500 2000 1500 1000 400
Wavenumber (cm™)

4000 3500

Fig. 5 The FTIR spectra of the TEOS-based silica aerogel sample (a)
before absorption and after desorption of (b) hexane (c) benzene, and
(d) methanol
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Fig. 6 FTIR spectra of the aerogel after desorption of petrol

at 2950 and 1400 cm™' as compared to that before
absorption (Fig. 5a). This increase in the intensity of the
C-H bonds might be due to the presence of latent petrol in
the aerogel sample. As shown in Fig. 7, the lack of
springback in such aerogel samples might be due to the
surface tension induced microfracture of the ligaments. As
a result, the aerogels shrink more and do not regain the
original size after total desorption of the oil. Therefore, the
TEOS-based hydrophobic silica aerogels show ~50%
shrinkage after the total desorption of the oil.

Conclusions

TEOS-based silica aerogels were synthesized by two-step
sol-gel process and used as effective and efficient absor-
bents to study the absorption—desorption of organic liquids
for oil spill clean-up purpose. Nine organic liquids and
three oils were studied. The following are the foremost
findings of the present experimental studies:

1. Surface-modified TEOS-based aerogel absorbed the
organic liquids and oils by nearly 12 times its own
mass.

2. The mass of the organic liquids absorbed was found to
depend upon the density and the surface tension of the
organic liquid.

3. Desorption time of the liquid was found to depend
upon the temperature. The rate of desorption increased
with an increase in the temperature.

The aerogels were found to shrink and the shrinkage
was nearly 20% for organic liquids and 50% for oils
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(d)

Fig. 7 Photographs showing the various stages during desorption of petrol from the aerogel at room temperature. a Before absorption,
b immediately after absorption t ~ 0, ¢ during desorption t = 10 h, d after desorption t = 24 h

(petrol, diesel, and kerosene) after desorption of the
liquids.

5. After desorption of liquids, no significant change in
hydrophobicity was observed and it could be re-used at
least two times.

6. The rate of desorption could be enhanced by placing
the aerogel on an ordinary filter paper.

Thus, the TEOS-based superhydrophobic silica aerogels
could be used as efficient absorbents for the purposes of
storage, clean-up, transport, and safe disposal of organic
liquids and oils.
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