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Abstract Experimental results on the influence of various
processing parameters on water-glass-based atmospheric
pressure dried aerogels for liquid marble purpose are
reported. Silica aerogels were prepared by varying the
parameters namely washing temperature of the gels with
water, washing period of the gels, protic solvents, and
drying method. The physical properties of silica aerogels
were studied by measuring granular bulk density, contact
angle with water, thermal conductivity, and thermal sta-
bility in the furnace. The elemental analyses were carried
out using Atomic Absorption Spectroscopy (AAS) and
FT-Raman spectroscopy. The structural studies were car-
ried out using Transmission Electron Microscopy (TEM).
Also, the effect of humidity on the silica aerogels was
studied in humidity chamber. Opaque silica aerogels with
hydrophobicity (150°), low density (0.053 g/cm?), and low
thermal conductivity (0.068 W/mK) have been obtained
for the molar ratio of Na,SiO3: H,O: citric acid: TMCS at
1:146.67:0.72:9.46. The hydrophobic powder of silica
aerogels can form the liquid marbles.

Introduction

Silica aerogels are a class of extremely low density (0.004—
0.500 g/lcm®) materials characterized by an open cross-
linked silica network with particles usually <10 nm and
pore size usually <50 nm in diameter. They have low
thermal conductivity (~0.005 W/mK) with high porosity
(80-99.8%) and large inner surface area (500-1200 mz/g)
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[1, 2]. Therefore, they have wide potential applications in
many fields such as Cerenkov detector [3], thermal insu-
lation [1], catalysts [4], gas filters and electronics [5], and
SO on.

Conventionally, silica aerogels were prepared by Kistler
via sophisticated and energy intensive supercritical drying
process which restricts the growing technology of the
aerogels [6]. Afterward, Teichner and Nicolaon [7] pro-
duced the silica aerogels using expensive precursors as
TEOS or TMOS. With the advancement in the aerogels
research, in 1995, Prakash et al. [8] reported the synthesis
of silica aerogel films using water-glass followed by sily-
lation of wet silica gels at atmospheric pressure. Therefore,
recently many groups are interested in the preparation of
the silica aerogels at atmospheric pressure using water-
glass and tetraethoxysilane (TEOS) precursors [9-12]. In
the atmospheric pressure drying method of the preparation
of silica aerogels, the silylation (surface chemical modifi-
cation) is the main step to reduce the capillary pressure
exerted by the liquid present in the pores of gel. In sily-
lation process, the surface silanol groups are replaced by
the alkyl groups so that gel springs back to its original
shape after shrinkage due to repulsion between the alkyl
groups [9]. It is accompanied by using the hydrophobic
reagent like trimethylchlorosilane (TMCS). Moreover,
TMCS causes the decrease in the surface tension of the
solvent and contact angle between the solvent and surface
of silica network [13]. The prerequisite of this step is to
wash the gel with protic solvents, because the protic sol-
vents (alcohols) have low surface tension. Hence, the
overall effect is the reduction in the capillary pressure that
arises in the pores of gel during evaporation [14]. The
as-prepared aerogels are opaque in nature due to trapping
of sodium citrate formed by crystallization of sodium ion
from water glass and citrate ion from citric acid in the
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pores of gel. Therefore, the attempts have been made to
minimize the opacity by varying the temperature and per-
iod of washing the gels with water. So, to produce low
density hydrophobic silica aerogels to form liquid marbles,
in the present paper, we have studied the influence of
various processing parameters on water-glass-based atmo-
spheric pressure dried aerogels.

Droplets capture both hydrophilic and hydrophobic
components, owing to capillarity if no stronger force such
as gravity is acting against it. For a liquid droplet, there
may be two possible motions: (1) if the droplet partially
wets the surface, it slides along it; (2) if the droplet is in
superhydrophobic state, it can roll on the surface [15],
much like a marble on a rough inclined plane, both needing
an external driving force such as gravity. It is known that
there are typically two states in which a droplet can reside
on a given surface [16] as explained by Cassie model [17]
and Wenzel model [18]. Generally, a droplet tends to reside
in the lowest energy state, i.e., the state in which apparent
contact angle is minimal. However, an energy barrier
separates the two states so that a droplet may reside in
Cassie state even though Wenzel state has a low energy,
and inversely [19]. He et al. [20] have demonstrated that
the Cassie state shows much less hysteresis compared to
Wenzel state and is therefore preferred for moving droplets
application. An interesting alternative to achieve these is to
encapsulating a liquid droplet with a hydrophobic powder.
The resulting liquid marbles are found to behave like a soft
solid showing dramatically reduced adhesion to a solid
surface [21]. Such extreme contact angles dramatically
reduce both hysteresis and viscous friction giving very high
speeds of motion to droplets which are theoretically pos-
sible. However, the solid-liquid area of droplets tends
toward zero so that one cannot exploit the surface energy as
a driving force. Therefore, the moving droplets are an
efficient way of transporting and/or collecting sensitive and
fragile material such as cells, nanotubes, and different
micro-/nano-objects. Taking these facts into account, we
prepared liquid marbles from superhydrophobic powder of
silica aerogel.

Experimental
Preparation of silica aerogels

The schematic presentation of the preparation of water-
glass-based atmospheric pressure dried silica aerogels is
shown in Fig. 1. Chemicals used were water-glass (Na,SiO3,
s-d fine chemicals, India, Na,SiO5 content 36 wt%, Na,O:-
Si0, = 1:3.33), citric acid-hydrate (C¢HgO7-H,0), metha-
nol (MeOH), ethanol (EtOH), propanol (PrOH), butanol
(BuOH), hexane (Merck, India), and trimethylchlorosilane

20 ml Sodium
silicate (1.05)

3 min. stirring and
v Gelation at 50°C

2 ml Citric
acid 3M)

Hydrogel

3 h aging at 50°C

Aged Gel

4 times washing with
y Waterin24h

Washed Gel

Immersion in solvent
y for24hat50°C

Alcogel

Silylated with mixture
of alcohol, hexane and
v TMCS for 24 h at 50°C

Silylated alcogel

Washing with hexane and RT
drying for 24 h then heating
v at 50 and 200°C for 1h

Hydrophobic Silica Aerogel

Fig. 1 Schematic presentation of the preparation of hydrophobic
silica aerogels

(TMCS, Fluka, Pursis grade, Switzerland). Double distilled
water was used for the preparation of solutions and for
washing the gels. Silica hydrosols were prepared by cata-
lyzing the water-glass precursor of specific gravity 1.05
(diluted from 1.39) with citric acid (3 M) in 125 mL glass
beaker using the molar ratio of H,O:Na,SiO3 at 0.67 as
following the earlier work [22]. The role of alcohol present in
the pores of alcogel is to reduce the surface tension causing
the shrinkage during drying. The modified alcogels were just
washed with hexane and then subjected to drying. Two
methods are followed for drying purpose viz. method A
(drying at room temperature (RT) for 24 h followed by
heating at 50 and 200 °C for 1 h each) and method B (heating
at 50 and 200 °C for 1 h each). The resulting hydrophobic
silica aerogels were used for the characterization after
cooling of oven to atmospheric temperature.

Method of characterizations

The granular bulk density of aerogels was calculated by
ratio of mass of aerogel to its volume where mass is
measured by microbalance (Dhona 100 DS, 10> accuracy)
and volume is measured by filling the granules of aerogel
in a cylinder of known volume. The % of volume shrink-
age, % of porosity, and pore volume were calculated from
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the formulae, which have been reported elsewhere [23].
The thermal conductivity of the aerogel sample was mea-
sured using C-T meter (Teleph Company, France, accuracy
1072 W/mK). The hydrophobicity of the aerogels was
tested by measuring the water contact angle using contact
angle meter (Rame-Hart, Model 500-F1, USA). Also, it is
confirmed by the FT-Raman spectroscopy (BRUKER
MultiRAM, Australia). The estimation of the sodium
present in the pores of the aerogels is carried out by using
the Atomic Absorption Spectroscopy (AAS, Perkin Elmer,
USA). The microstructure of the aerogels was studied
using Transmission Electron Microscopy (TEM, using FEI
TECNI SPRIT, accelerating voltage: 120 kV). The thermal
stability of aerogel was checked in the controlled furnace
(Vulcan TM 3-550, Norway). The humidity effect on
hydrophobicity of aerogels was carried out in humidity
chamber (Model CHM-38, REMI Instrumentation Ltd.) at
a relative humidity of 85% at 30 °C for 30 days.

Results and discussion

Influence of washing temperature of the gels
with water (T)

The washing temperature (7) of the gels with water pre-
dominantly affects in the exclusion of sodium salt from the
pores of the gel network. The influence of washing
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Fig. 2 Influence of washing temperature on the residual Na present
and packing density of silica aerogels

temperature of the gels with water on the physical prop-
erties of silica aerogels is studied by varying it from 30 to
80 °C (Table 1). Figure 2 shows the influence of washing
temperature of the gels on residual Na present (wt%) and
granular bulk density of the silica aerogels. It is observed
that as T increased, the residual Na present (wt%)
decreased from 0.14 to 0.03 wt%. The reason behind this
is, the movement of sodium citrate within the gel body is

Table 1 Effect of various

processing parameters on Variations % gf volume % of . Por% volume  Thermal conductivity = Contact
physical properties of silica shrinkage porosity  (cm’/g) (W/mK) angle (deg)
aerogels Variation in washing temperature of the gels with water (°C)
30 °C 47 94 8.2 0.108 140
50 °C 31 95.7 11.8 0.087 145
60 °C 45 94.8 9.6 0.097 142
70 °C 50 94.5 9.1 0.1 140
80 °C 70 90.8 52 0.116 130
Variation in washing period of gel with water (hours)
8h 70 93.7 7.9 0.11 130
16 h 70 94 8.2 0.108 130
24 h 31 95.7 11.8 0.087 145
32h 43 95 10 0.097 142
Variation in protic solvents
MeOH 31 95.7 11.8 0.087 145
EtOH 68 91 5.4 0.114 130
PrOH 77 87.6 3.7 0.139 128
BuOH 77 87.5 3.4 0.144 128
Variation in drying method
Drying method A 22 96.2 13.5 0.083 146
Drying method B 9 97.2 18.3 0.068 150
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considered to proportional to proceed through diffusion as
given in the following equation.

D = kT /6mnr (1)

where D is diffusion coefficient, k is Boltzmann constant, T
is temperature, # is viscosity of the medium, r is the par-
ticle radius. Since, D is directly proportional to 7, there-
fore, as T increases, the diffusion is faster, i.e., permeability
of salt and water through gel increases with temperature.
Also, the solubility of sodium citrate is 72 g/100 g of water
at room temperature, therefore, as T increases, more Na
will come out from the gel network. From Fig. 2, it is
observed that as T increased up to 50 °C, the bulk density
of the silica aerogels decreased then further increased for
T > 50 °C. This is because, the elevated temperature
crumbles the gel network which causes the shrinkage
during drying producing dense aerogels. Hence, washing
the gels at 50 °C produced the low density (0.080 g/cm?)
silica aerogels. Figure 3 shows the TEM images of the
silica aerogels for the gels washed with water at 50 and
80 °C which clarifies that for the gels washed at 80 °C,
aerogels have shrunk and dense network (Fig. 3b) whereas
for the gels washed at 50 °C, they have porous network
(Fig. 3a).

Influence of washing period of gel with water (7)

The influence of washing period (¢) of gel on the physical
properties of silica aerogels is studied by varying it from 8
to 32 h as shown in Table 1. Figure 4 shows the influence
of washing period () on the residual Na present (wt%) and
granular bulk density of the silica aerogels. It is observed
that as ¢ increased, the residual Na present decreased from
0.12 to 0.05 wt%. Again, the reason for this is explained by
diffusion process and it takes longer time to exclude
sodium citrate enough. The washing process is described as
the change in the concentration of sodium citrate, therefore,
the average concentration, C,,, of sodium salt in the gel is
given by the following equation.

Co 8 & 1 —(2n+1)* 2 Dt
G ™ ; ((2n+ 1)? eXp{ 4P
(2)

where C,, t, 2/ are initial concentration of sodium salt,
time, and thickness of the gel plate, respectively [24].
Hence, the washing period () necessary to remove sodium
salt enough as a function of the thickness (/) of the gel plate
is,

lZ

Since, the washing period is directly proportional to
thickness of the gel plate as a second order function and

Fig. 3 TEM images of the silica aerogels washed with water at
a 50 °C, b 80 °C

inversely proportional to diffusion coefficient, means as the
thickness of the gel increases, the washing period increa-
ses. Also, it takes long time to come out the salt from the
gel network. From Fig. 4, it is observed that as ¢ increased
from 8 to 24 h, the bulk density of the silica aerogels
decreased. This is because, the gel washing leads to an
increase in the stiffness accompanied by increase in the
pore radius of the gel network [25], which enables the gel
to withstand the capillary pressure better during the drying
stage. This leads to minimum shrinkage during drying and
hence low density silica aerogels. But, as washing period
increased to 32 h, the bulk density of aerogels increased.
The is due to, the excess washing with water may weak-
ened the gel network which causes the shrinkage of net-
work during drying, which is dependent on the stiffness of
the gel network [26]. Hence, washing the gels for 24 h
produced low density silica aerogel.
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Fig. 4 Influence of washing period on the residual Na present and
packing density of silica aerogels

Influence of various protic solvents (alcohols)

Gel washing with the alcohol prior to silylation enormously
affects the physical properties of silica aerogels. The sol-
ubility of alcohols in water is affected by the presence of
hydroxyl groups. Because the hydroxyl groups participate
in the hydrogen bonding with water molecules. Alcohols
are both hydrogen bond donors and hydrogen bond
acceptors. By participating in hydrogen bonds with water,
the solubility of alcohols increases immensely. So, the
water is completely replaced by alcohol which is required
for appropriate silylation.

The influence of the various alcohols on the physical
properties of silica aerogels is shown in Table 1 and the
physical properties of alcohols are shown in Table 2. From
the Fig. 5, it is observed that the granular bulk density of
silica aerogels increased with increase in the chain length
of alcohol. This is because, as the chain length increases,
the hydrophobic part (non-polar part) becomes dominant
over hydrophilic (polar part) one causing the decrease in
the solubility and increase in the viscosity as given in
Table 2. Also, it depends on the surface tension of the
solvent. It was observed that the aerogels prepared using
methanol have low density (0.080 g/cm®). Because, the
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0 T T T
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Protic solvents

Fig. 5 Influence of various protic solvents on the packing density of
silica aerogels

surface tension of methanol is lower, therefore the gel will
not experience shrinkage as long as capillary pressure (in
Eq. 1) is lower or equal to pristine gel strength assuming
that contact angle of pore liquid with pore wall is zero.
Figure 6 shows the TEM images of the silica aerogels
prepared using methanol and butanol solvents. It is
observed that for the aerogels prepared with methanol, the
network is porous (Fig. 6a) while with butanol the network
is shrunk and dense (Fig. 6b). The reason behind this is the
surface tension of solvent which affects the silylation of
alcogel and hence the density of silica aerogel.

Influence of drying method

Drying involves the evaporation of water, alcohols, and
other volatile components present in the pores of gel net-
work. Drying at high temperature causes the spring back of
the silylated gels and hence lowers the density of the silica
aerogels. The influence of drying methods on the granular
bulk density and thermal conductivity of silica aerogels is
compared in Fig. 7. From the Fig. 7 it is clear that method
B produced lower density (0.053 g/cm?) and lower thermal
conductivity (0.068 W/mK) silica aerogels as compared to

Table 2 Physical properties of

protic solvents (alcohols) Serial no. Protic solvents Solubility in water Viscosity (cP) (Srlrllrl\f]z/lrc;) tension
1 Methanol Fully miscible 0.54 22.5
2 Ethanol Fully miscible 1.07 223
3 Propanol Fully miscible 1.93 23.78
4 Butanol 9.1 mL/100 mL 3 24.6
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Fig. 6 TEM images of the silica aerogels prepared using a methanol,
b butanol

aerogels resulting from method A having density
0.070 g/cm® and thermal conductivity 0.083 W/mK. The
reason for the change in density and thermal conductivity is
the rapid expansion of pore gas in gel and lower gel-
permeability [27] in the drying method B. It is difficult to
escape the expanded gas from the gel, and the gas com-
presses the gel network leading to increase in the pore vol-
ume and hence decrease of the density of silica aerogels.
While for method A, the gels shrink due to the loss of pore
fluid maintaining the liquid—vapor interface at the exterior
surface of gel and they are affected by the moisture leading to
increase in the density of aerogels. Figure 8 depicts the
FT-Raman spectra of the aerogels dried by method A (a), and
method B (b) along with photograph of water droplets placed
on hydrophobic silica aerogel surface. The spectra clearly
demonstrate the differences of the vibrational behavior
depending on drying method of the aerogels. The peaks at
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0.08 B Thermal conductivity (Wimk)

A- Drying at RT, 50°C, 200°C
B- Drying at 50°C, 200°C
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Fig. 7 Influence of drying methods A and B on the packing density
and thermal conductivity of silica aerogels
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Fig. 8 FT-Raman spectra of the silica aerogels dried by method B
(a), and method A (b)

1596, 3409, and 1218 cm ™ 'arisen from H-OH [28], Si-OH
[29], and Si—O [30] stretching modes. The scattering modes
at 2909 and 2968 cm ™' are due to C-H stretching [31]. The
broad peak in between 2000 and 2500 cm ™" is considered as
aresult of shifting of C—H stretching band [32]. The OH peak
intensity is weak and C-H peak intensity is strong in the
aerogels dried by method B as compared to those by method
A, indicating that they are sufficiently silylated. Therefore,
the aerogels dried using methods A and B show contact
angles 146 and 150°, respectively as seen from Fig. 8. The
thermal stability of these aerogels was checked by heating
them in temperature controlled furnace and putting the
aerogel pieces in water. From Fig. 9, it is clear that beyond
the temperature 425 and 430 °C, the aerogels dried by
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Fig. 9 Measurement of thermal stability of the silica aerogel

Table 3 Effect of humidity on silica aerogels dried by methods A
and B

Serial no. No. of days Weight gain in the silica aerogels (mg) dried

using
Method B Method A
1 0 - -
2 10 1.03 1.17
3 20 2.59 2.28
4 30 3.96 3.28

methods A and B, respectively, transform to hydrophilic
nature. This is because of the decomposition of surface
methyl groups which are responsible for the hydrophobicity
of aerogels. It means that the aerogels dried by method B are
retaining their hydrophobicity up to 430 °C. The influence of
humidity on the as-prepared aerogels was studied by
exposing them to the water saturated air atmosphere, i.e.,
85% humidity at 30 °C (Table 3). As seen from the Table 3,
it is observed that with an increase in number of days, the
weight of aerogels increased causing an increase in the
density of aerogels. This is due to the fact that, with an
increase in the humidity period, the percentage of silanols on
the surface of aerogels increases causing absorption of water
from the humid surrounding. Therefore, the weight of
aerogels increased leading thereby density and slight
decrease in the hydrophobicity.

Formation of liquid marbles
Liquid marbles are liquid drops covered with micro- or

nano-particles with a low surface energy. They are formed
when hydrophobic grains self-organize on the liquid—vapor

@ Springer

interface of hydrophilic liquid [21, 33, 34]. From the work
carried out by Aussillous and Quere [21, 35] it is known
that hydrophobic powder particles can spread over a liquid
creating a surface film. The tendency of solid to spread
over or adhere to a liquid binder is called solid spreading
nucleation [36-38]. Liquid marbles are obtained by trying
to mix a hydrophobic powder with water, or with a solution
of water and glycerol. Liquid marbles could be used for
microfluidic applications [35]. Here, we chose the mixture
of water and glycerol in 1:1 volume ratio for the formation
of liquid marbles and hydrophobic powder of silica aero-
gel. The granular aerogels were crushed and made in a fine
powder then the mixture of water and glycerol was dropped
into the as-prepared fine aerogel powder. The grains con-
tinuously coat the drop and form the spherical-shaped
liquid marble with planar contact zone as shown in Fig. 10.
The exact shape of the drop results from a balance between
gravity (which favors the contact) and capillarity (which
opposes it because of the deformation it induces). For
R « k™', gravity is negligible and drop looks like a sphere,
where R is the radius of droplet and x " is capillary length.
The size [ of the contact between the marble and solid is
given by [35],

I = \2/3R«k (4)

It shows that the size / of contact between marble and
solid increases as R?, much quicker than for an uncoated
droplet of liquid in partial wetting, for which [ increases as
R (I = R sinf, where 0 is contact angle). Since, on the
superhydrophobic surfaces, the water cannot enter the
microscopic charms in the roughness because the pressure
required is too high. Therefore, it was considered that there
is no direct contact between liquid and solid and the liquid
marble really sits on the hydrophobic particle [21, 39, 40].
The force needed to move these marbles is extremely
small. The angle of inclination of the plane for liquid
marble to roll-off is measured to be ~3° which reveals the
least contact with the substrate to avoid contamination
problems and produces high displacement velocities, even
for viscous liquids like glycerol.

Conclusions

The TEM images of the silica aerogels clearly indicate the
influence of washing temperature and protic solvents on the
porosity. FT-Raman spectra of the silica aerogels dried at
RT, 50, 200 °C and 50, 200 °C clarify the difference in the
hydrophobicity. The opaque silica aerogels with low
granular density (0.053 g/cm?), low thermal conductivity
(0.068 W/mK), and better hydrophobicity (150°) were
obtained for the molar ratio of Na,SiO3: H,O: citric acid:
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Fig. 10 Photographs showing
a liquid marble on a glass plate
and b hydrophobic powder coat
on the surface of droplet to form
liquid marble

TMCS at 1:146.67:0.72:9.46 by washing the gels with
water at 50 °C for 24 h, using methanol as a solvent and
drying the silylated alcogels washed with hexane at 50,
200 °C. These aerogels were thermally stable up to 430 °C
and showed slight decrease in hydrophobicity after
I-month storage in 85% humidity at 30 °C. The hydro-
phobic powder of these aerogels forms the liquid marbles.
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