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A B S T R A C T

Hydrophobic ambient pressure drying (APD) aerogels were prepared from hydrolysis of tetraethylorthosilicate
(TEOS) in solutions with different concentrations of poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (F127). APD was carried out after silylation of wet gels with 20% by volume of hexamethyldisilazane
(HMDZ) in n-hexane. The samples were analyzed by small-angle X-ray scattering (SAXS) and nitrogen adsorp-
tion. The APD aerogels obtained in this process were submitted to heat treatment at 300, 500, 700 and 900 °C to
study the pores stability. The samples were characterized by nitrogen adsorption. Wet gels are formed by mass-
fractal domains, with fractal dimension close to 2.1 and characteristic size (ξ) spanning from about 9 nm (for the
gel prepared without the addition of F127) up to values that exceed the maximum limit of the SAXS experi-
mental setup, with increasing the concentration of F127. Nitrogen adsorption data showed that the pore volume
(Vp) and the mean pore size (lp) of the aerogels increased with increasing the concentration of F127. The drying
process diminished the characteristic size ξ and increased the dimension D of the mass-fractal domains and the
size (r0) of the primary particles of the aerogels with respect to the wet gels. The characteristic size ξ of the mass-
fractal of the aerogels was found significantly larger with increasing the concentrations of F127. Thermally
treated aerogels exhibited a similar general behavior with temperature independent of the concentration of
F127. The porosity was found fairly stable up to about 500 °C. The porosity started to be eliminated at 700 °C and
it was found practically collapsed at 900 °C. The silylation layer on the silica surface of the present APD aerogels
was promptly eliminated at about 350 °C yielding complete loss of hydrophobicity.

1. Introduction

Since the discovery of the amphiphilic properties and of the micelles
formation in aqueous solution of the system copolymer tri-block poly
(ethylene oxide) – poly(propylene oxide) – poly(ethylene oxide) [1,2],
many scientific and technological advances have been achieved, using
this and others similar surfactants in the preparation of the mesoporous
silica, often resulting in interesting ordered pore structures [3,4]. In the
preparation of composites, the copolymers block are an interesting class
of structure modifier agents because the micelle structuration can de-
termine the formation of the organized molds during the synthesis of
the composites. These copolymers have advantage as their ordering
way can be tailored by factors as solvent composition, molecular weight
or copolymer architecture [3,4]. The use of the copolymer tri-block as
impregnate structure agent in the silica polymerization process has
allowed the preparation of ordered mesoporous silica with cubic ar-
rangement and others forms [4–6].

Mesoporous silica shows interesting structural characteristics,

including high specific surface area and pore volume, making this
material of great scientific and technological interest for applications in
many knowledge areas. Applications in catalysis, separation, adsorp-
tion, immobilization of enzymes, transport and controlled release of
drugs, and nanotechnology, as suitable matrices for preparation of
nanoparticles of advanced materials, are naturally areas of interest
[7–16].

The copolymer F127 when used as a structure modifier serves to
produce pores in the silica gels, not only with an ordered porous
structure, but with possibility of formation of various pore classes in the
gel. This copolymer also allows one to obtain pores with characteristic
size greater than those generated by surfactants of smaller molecular
weight.

The sol-gel process allows one to obtain silica particles of different
sizes through the variation of reaction parameters as temperature, pH,
reactant concentration, type and concentration of catalyst, etc. The
chemical nature of the particle surface can also be tailored in the sol-gel
process. The sol-gel process of silicon alkoxides and the chemistry
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involved in the process lead to a more control of the purity of the final
products.

The system silica/surfactant has attracted the attention of re-
searchers in the material area due to the facility in obtaining meso-
porous silica gels. This is due to the fact that the surfactant molecules
form micelles in acids solutions, which can be cylindrical, spherical or
lamellar, depending on the synthesis conditions [17], constituting a
wide range of structural possibilities in the gel formation. In this work,
copolymer F127 was used as an impregnate structure agent and HMDZ
as a silylation agent in the obtaining of hydrophobic ambient pressure
drying aerogels. The results were analyzed by small-angle X-ray scat-
tering (SAXS), nitrogen adsorption and thermogravimetric analysis.

2. Material and methods

A starting F127 solution was prepared by dissolving 4.0 g of copo-
lymer Pluronic F127 in 30ml of water and 120ml of HCl 2M, under
mechanical stirring for 20 h at ambient temperature. Sols of silica were
prepared from hydrolysis of a fixed amount of 25ml of TEOS and 8ml
of water mixed to different quantities of the F127 solution (0, 10, 20
and 30ml) to yield silica sols with different concentrations of F127. The
hydrolysis was carried out under mechanical stirring at 35 °C for 60min
in reflux conditions. The resultant sols were cast in sealed plastic con-
tainers for gelation followed by aging for 15 days at 40 °C to obtain very
consolidate monolithic wet gels. The wet gels were washed in ethanol
to remove the F127 to yield the washed wet samples named T0, T10,
T20, and T30, associated respectively with the volumes 0, 10, 20 and
30ml of the F127 solution used in the preparation of the gels. The wet
gels T0, T10, T20, and T30 were studied by SAXS.

Aerogels were prepared by ambient pressure drying (APD), after
silylation of the surface of the silica particles of the gels T0, T10, T20,
and T30 with a solution of 20% v/v of the HMDZ (Sigma-Aldrich, 99%)
in n-hexane. This procedure yields the set of APD aerogels AF0, AF10,
AF20, and AF30, from the set T0, T10, T20, and T30, respectively.
Samples of these aerogels were heated with a heating rate of 10 °C/min
and kept for 4 h at 300, 500, 700 and 900 °C. The aerogels were de-
gassed at 120 °C for 24 h prior to measurements of SAXS and nitrogen
adsorption.

Small-angle X-ray scattering (SAXS) patterns was carried out using
synchrotron radiation with a wavelength λ=0.1608 nm at the SAXS
beam line of the National Synchrotron Light Laboratory (LNLS),
Campinas, Brazil. The beam was monochromatized by a silicon
monochromator and collimated by a set of slits defining pinhole geo-
metry. A 2D position sensitive X-ray detector was used to obtain iso-
tropic SAXS intensity I(q) as a function of the modulus q = (4π/λ)sin
(θ/2) of the scattering vector, where θ is the scattering angle. The co-
herent scattering data (the incoherent scattering is neglected at small
angle) were corrected by sample attenuation and parasitic scattering
(the scattering produced without the sample in the same experimental
conditions). No additional background correction was carried out in the
SAXS data of the wet gels (neither even of the aerogels) because the
scattering from the silica particles is much more intense than the
background produced by the solvent (essentially ethanol at this stage of
the wet gels). The solvent background correction could be critical in
polymeric organic systems (as soft resorcinol-formaldehyde polymer
gels) [18] because the electronic density contrast between the organic
polymeric matrix and the solvent is not too large.

Nitrogen adsorption isotherms were obtained at liquid nitrogen
temperature (77 K), using a Micromeritics ASAP 2010 equipment. The
specific surface area SBET was determined using the BET method. The
total pore volume per mass unit Vp was measured as the total volume of
nitrogen adsorbed at a point close to the nitrogen saturation pressure.
The mean pore size lp was evaluated as lp= 4Vp/SBET.
Thermogravimetric analysis was carried out in atmospheric conditions
with a heating rate of 10 °C/min, using a Shimadzu Thermal Analyzer
TA50 equipment.

3. Results and discussion

3.1. Wet gels

Fig. 1 (on the left) shows the SAXS intensity I(q) as a function of the
modulus q of the scattering vector for the wet gels T0, T10, T20 and
T30. The curve of the wet gel T0 can be associated with that produced
by a system of mass-fractal clusters. The mass of a mass-fractal cluster
scales with the length scale r as m(r) ∝ rD in an interval ξ ≫ r ≫ r0,
where ξ is the characteristic length of the mass-fractal domain formed
by primary particles of characteristic size r0, and D is the dimension of
the mass-fractal structure, a value in the range 1 < D < 3. The scat-
tering intensity I(q) from such a system is a power-law on the reciprocal
space q, within the interval ξ−1 ≪ q ≪ r0−1, so that

I q q( ) .−D (1)

I(q) deviates from the power-law of eq (1) at low-q, at about q∼ 1/
ξ, due to the finite size ξ of the characteristic size of the cluster, and at
high-q, at about q∼ 1/r0, due to the finite size r0 of the primary particle
building up the mass-fractal structure [19]. The effects of the cut-offs at
low-q (∼1/ξ) and high-q (∼1/r0) have been treated by Freltof et al.
[20] and Teixeira [21] and the results could be resumed in following
equation

= + + + − + −
−I q A r q BΓ D D qξ q ξ D qξ( ) [1/(1 ) ][1 ( 1)sin[( 1)arctan( )]/(1 ) ( 1) ],D

0
2 2 2 2 2 ( 1)/2

(2)

where A and B are constants, [1/(1 + r02q2)2]= P(q) is Debye-Bueche
form and represents the scattering from a isolate primary particle, and
the last term in the brackets represents the interference function S(q)
between the scattering from all primary particles forming a cluster of
characteristic size ξ and fractal dimension D.

The SAXS pattern of the sample T0 [Fig. 1 (on the left)] exhibits a
crossover at low-q but no crossover at high-q, meaning that the char-
acteristic size ξ of the cluster could be resolved but the characteristic
size r0 of the primary particle could not be resolved, since the high-q
crossover (∼1/r0) would be above qm∼ 3.34 nm−1, being qm the
maximum experimentally accessible value for q in this experimental
setup. When r0 ≪ 1/qm ∼0.3 nm, the scattering from the primary
particle P(q) can be considered constant in the range q0< q< qm, so
that no crossover appears at high-q and the term 1 of the interference
function S(q) can be neglected in comparison with the second one, so eq

Fig. 1. (on the left) SAXS intensity of the wet gels prepared from hydrolysis of
TEOS in different concentrations of the copolymer Pluronic F127. (on the right)
SAXS intensity of the APD aerogels after silylation using HMDZ and ambient
pressure drying (APD).
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(2) could be approximated by

= + − + −
−I q CΓ D D qξ q ξ D qξ( ) ( 1)sin[( 1)arctan( )]/[(1 ) ( 1) ],D2 2 ( 1)/2

(3)

where C is a constant. Eq (3) has a crossover at low-q defined by the
parameter ξ and tends to the power-law I q q( ) −D [eq (1)] at inter-
mediary- and high-q values, which leads to the exponent D. The para-
meters ξ and D were obtained (Table 1) by fitting eq (3) to the ex-
perimental data of the sample T0.

The characteristic size ξ of the fractal domain of the sample T0
(∼9.5 nm) was found not very far from the order fairly allowed by low-
q limit of the present experimental setup (1/q0∼ 7.3 nm). With the
additions of F127, the mass-fractal domain size ξ grows further of this
experimental measurable max limit, so the power-law behavior
I q q( ) −D [eq (1)] extrapolates the experimental low-q limit ∼1/q0,
so the parameter ξ could not be determined. Besides that, for the
samples T10, T20 and T30, an additional contribution to the scattering
seems to superpose that of the fundamental mass fractal scattering
[I q q( ) −D ] at low-q shown in Fig. 1. Assuming that such an addi-
tional contribution could be described as the scattering from a homo-
genous particle with radius of gyration Rg, like as larger pores em-
bedded in the fractal structure originated by the F127 removal, for
which the Guinier law applies, thus the resulting scattering intensity
could be fitted by the equation

= − +
−I q G R q Fq( ) exp( /3) ,g

2 2 D (4)

where G and F are constants. Table 1 shows the fitted parameters Rg and
D for the samples T10, T20 and T30.

3.2. APD aerogels

3.2.1. SAXS
Fig. 1(on the right) shows the SAXS patterns obtained for the set of

APD aerogels AF0, AF10, AF20 and AF30 prepared by silylation with
HMDZ.

The SAXS curves of the APD aerogels [Fig. 1 (on the right)] differ
from those of the wet gels [Fig. 1 (on the left)] mainly by the presence
of a crossover at high-q, characterizing the development of a primary
particle with finite size r0>∼1/qm∼ 0.3 nm, along the process of the
aerogel obtaining. The SAXS curves of the APD aerogels also differ at
low-q from those of the wet gels, since the earlier additional con-
tribution due to the presence of larger pores with radius of gyration Rg

(formed by the F127 removal) disappears, while the characteristic size ξ
diminishes, since the low-q crossover ∼1/ξ shifts towards larger values
of q as the concentration of F127 increases. As a matter of fact, for the
sample AF30, the intensity at low-q is a power-law I q q( ) −D which
extrapolates the experimental limit q0 towards the low-q region,
meaning that ξ could not be determined and no additional effect due to
larger pores with Rg is apparent. These modifications could be ex-
plained by postulating that some porosity elimination occurred by the
overall process of silylation and ambient pressure drying. Coherently,
the SAXS intensity from the samples AF0, AF10 and AF20 were fitted by
eq (2), resolving for ξ, D and r0, and that from the sample AF30, re-
solving for D and r0, by the equation

= + +I(q) A q r F q[1/(1 ) ][1 ],2
0
2 ′ −D2 (5)

where F′ is a constant. Eq (5) is analogous to eq (2) except by the high-q
crossover that has not been neglected here by keeping the interference
function as S(q) = [1 + F′q−D], so that the term 1 could not be ne-
glected in comparison with F′q−D at high-q and S(q) ≈ F′q−D at low-
and intermediary-q. Table 2 shows the parameters fitted for the APD
aerogels.

The overall process of ambient pressure drying reduces the char-
acteristic size ξ of the mass-fractal clusters of the aerogels and increases
the characteristic size r0 of the primary particles building up the clusters
(Table 2), with respect to the corresponding values of the wet gels
(Table 1). The mass-fractal dimension D of the aerogels prepared with
additions of F127 (Table 2) exhibited values significantly larger than
those corresponding of wet gels (Table 1). The aerogel prepared
without addition of F127 (AF0) presented approximately the same
value for the mass-fractal dimension D as that of the corresponding wet
gel (Table 1), however, the mass-fractal range [1/ξ < q < 1/r0] was
found much more narrowed and ill-defined in the aerogel AF0. These
aspects demonstrate that the ambient pressure drying tends to compress
the mass-fractal structure, reducing ξ and increasing r0, and eliminating
most of the larger pores of radius of gyration Rg formed by the F127
removal, or at least bringing them into the mass-fractal range in the
aerogels. In the case of the aerogels prepared with additions of F127
(AF10, AF20, AF30), the ambient pressure drying increases the mass-
fractal dimension D (Table 2) with respect to the corresponding wet gels
(Table 1) and brings the characteristic size ξ [not defined in the wet gels
(Table 1)] into the apparent mass-fractal range of the aerogels, em-
phasizing the compressing effect of the ambient pressure drying on the
mass-fractal structure.

3.2.2. Nitrogen adsorption
Fig. 2 (on the left) shows the isotherms of nitrogen adsorption for

the aerogels prepared with different concentrations of F127 by silyla-
tion with HMDZ. The isotherms can all be classified as being of the type
IV in the general IUPAC classification [22], compatible with meso-
porous solids.

Table 3 shows the experimental values for the specific surface area
SBET, the total pore volume per mass unit Vp, and the mean pore size lp
obtained from the isotherms in Fig. 3. Table 3 also shows the estimated
values for the nitrogen bulk density ρN2, the mean silica particle size lS,
and the porosity ϕ for the aerogels, as evaluated through the relation-
ships (1/ρN2) = (1/ρS) + Vp, lS= 4/ρS SBET, and ϕ = (ρS−ρN2)/ρS,
where ρS is the aerogel skeleton density, assumed as the fused silica
density (2.2 g/cm3). The skeleton density could be minor than that
assumed (2.2 g/cm3), since the hydrophobic aerogels normally contain
a percentage of carbon that could reduce the skeleton density up to
values between 1.8 and 2.0 g/cm3. However, the assumption of
ρS= 2.2 g/cm3 is not so critical, since, for instance, the use of
ρS= 1.8 g/cm3 instead causes only a diminution between 3 and 6% in
the values estimated for ρN2 in Table 3.

The values of the specific surface area SBET measured for the APD
aerogels were found about 800m2/g. This is a typical value found in
aerogels prepared by supercritical process. The pore volume Vp and the
mean pore size lp increase regularly with increasing the amount of
F127. The mean silica particle size lS increases accompanying the slight
diminishing of SBET with increasing the concentration of F127, in

Table 1
SAXS structural parameters of the wet gels.

Sample ξ (nm) D Rg (nm)

T0 9.1 (1) 2.12 (2) –
T10 – 2.08 (2) 9.02 (8)
T20 – 2.13 (2) 10.1 (1)
T30 – 2.05 (2) 11.8 (1)

Numbers in brackets represent errors in the last of the significant figures.
The same applies to other Tables in the text.

Table 2
SAXS structural parameters of the APD aerogels.

Sample ξ (nm) D r0 (nm)

AF0 3.07 (4) 2.10 (7) 0.41 (2)
AF10 5.69 (5) 2.44 (3) 0.66 (3)
AF20 10.8 (1) 2.50 (3) 0.79 (3)
AF30 – 2.50 (3) 0.61 (3)
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accordance with the increase of the parameter r0 as observed by SAXS
(Table 2). The irregular decrease of Vp and lp in the sample AF30 was
assigned to the measurable maximum limit for the pore size associated
to the nitrogen absorption method.

The pore size distribution curves of the aerogels were determined by

Kelvin classical equation using Harkins and Jura isotherm for the ad-
sorbed layer thickness and a model of cylindrical pores [22]. Fig. 2 (on
the right) shows de pore size distribution for the APD aerogels silylated
by HMDZ. The pore size distribution of the aerogels widens while the
maximum in the pore size distribution shifts towards the macropore
region with increasing of the F127 concentration. For instance, the pore
size distribution exhibits a maximum at ∼7 nm for the pure sample
AF0, ∼15 nm for AF10, ∼40 nm for AF20, and the maximum is clearly
beyond the measurable maximum limit of pore size probed by nitrogen
absorption method for the sample AF30. As a matter of fact, the iso-
therm of the sample AF30 in Fig. 2 (on the left) was found rising up at
higher p/p0 with respect to the other samples. It has been pointed that
conventional nitrogen adsorption can underestimate the pore volume in
a sparse silica network, because the adsorbate/vapor interface can as-
sume a surface of zero curvature before much of the larger pores could
be fulfilled [23,24], or even because compliant samples, as sparse silica
networks, could contract upon nitrogen sorption analysis [25].We do
not think that silylated aerogels could contract easily upon nitrogen
sorption, so the apparent underestimation of the pore volume in the
sample AF30 should be due to the adopted zero curvature of the ad-
sorbate/vapor interface before larger pores could be filled. However,
we wish to emphasize that the results of the pore structure character-
ization by nitrogen adsorption for the samples AF0, AF10, and AF20, for
which it seem there be a typical mesoporosity well defined, are very
consistent among them and qualitatively in good agreement with the
SAXS data.

We wish yet to point that the variation of the structural properties of
the aerogels (and also by correlation of the wet gels) observed with the
additions of F127, mainly the properties related with the pore volume
Vp, could well have a component due the silica dilution effect, since the
volume of the F127 solution has been gradually increased in the pre-
paration of the samples to vary the F127 concentration. However, we
have reasons to claim that the silica dilution has a minor effect on the
pore structure compared to that due to the addition of the polymer in
the present system. The main reason resides in the fact that it was al-
ready studied the effects of additions of (i) a similar polymeric surfac-
tant (P123) [26] and (ii) a micellar system (sodium dodecyl sulfate)

Fig. 2. (on the left) Nitrogen adsorption isotherms for APD aerogels, prepared
with different F127 concentrations, after silylation with HMDZ. Open symbols
mean desorption branch. (on the right) Pore size distribution for the APD
aerogels.

Table 3
Structural parameters of the aerogels from nitrogen adsorption isotherms.

Sample SBET (m2/g) Vp (cm3/g) lp (nm) ls (nm) ρN2 (g.cm-3) ϕ (%)

AF0 844 (5) 1.08 (2) 5.1 (4) 2.1 (1) 0.65 (2) 70 (1)
AF10 823 (5) 1.73 (3) 8.4 (2) 2.2 (1) 0.46 (2) 79 (1)
AF20 765 (6) 2.44 (2) 12.7 (5) 2.4 (1) 0.34 (2) 85 (1)
AF30 773 (5) 1.55 (2) 8.1 (3) 2.3 (1) 0.50 (2) 77 (1)

Fig. 3. Nitrogen adsorption isotherms for APD aerogels after heat treatment at 300 °C, 500 °C, 700 °C and 900 °C. Open symbols mean desorption branch.
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[27] in the preparation of APD aerogels, starting from samples prepared
with essentially the same silica concentration. The results with respect
to the variation of the pore volume as a function of the additions of the
surfactants were found very similar to the present study. We think the
effect of silica dilution on the porosity is somewhat mitigated in the
present system because the syneresis degree increases with the silica
dilution, while the wet gels are kept embedded in water for con-
solidation before the polymer washing.

3.2.3. Heat treatment – nitrogen adsorption
Fig. 3 shows the nitrogen adsorption isotherms for the aerogels AF0,

AF10, AF20 and AF30 heat treated at 300 °C, 500 °C, 700 °C and 900 °C.
The isotherms can be classified in the general as that of the type IV,
compatible with mesoporous solids. Table 4 shows the experimental
values of SBET, Vp, and lp together with the estimated values of ρN2, lS,
and ϕ for this set of heat treated APD aerogels.

Table 4 shows that, in the general, the specific surface area SBET and
the pore volume Vp varied only discretely by heat treating up to about
500 °C. Indeed, SBET and Vp first increased a few at 300 °C, with respect
to the values observed at room temperature, and decreased again at
500 °C. The slight increase of SBET and Vp in the sample treated at 300 °C
was attributed to the thermal elimination of eventual residual F127,
since the burning of the silylated layer seems to occur only at about
350 °C, according to the thermogravimetric study presented in the next
section. As a matter of fact, the sample treated at 300 °C has kept its
hydrophobicity, while those treated at 500 °C and above have lost their
hydrophobicity. This matter will be better addressed in the next section
together with the thermogravimetric study. The diminution of the mean
particle size lS at 300 °C with respect to the sample at room temperature
(Table 4) is also compatible with the thermal elimination of residual
F127. SBET and Vp diminished drastically by heat treating at 700 °C and,
in the general, they were found almost vanished at 900 °C, mainly for
the samples prepared with F127. This may mean that the porosity in the
samples originated by the copolymer F127 could be more easily
eliminated by heat treatment, in comparison with the sample prepared
without F127.

The mean pore size lP was found varying slightly up to about 500 °C
and, in the general, it diminishing drastically with increasing tem-
perature by heat treatment at higher temperatures, except for the
sample AF30 treated a 900 °C, for which a high value (∼14 nm) for lp
have been found. This may mean the actuation of a mechanism of pore
elimination starting preferentially by the smaller ones.

3.2.4. Thermogravimetric study
Fig. 4 shows the thermogravimetric analysis (TGA) as a temperature

function carried out for the APD aerogels in synthetic air conditions
with a heating rate of 10 °C/min. The general characteristics of the TGA
curves in Fig. 4 are: (i) some mass loss below about 300 °C; (ii) a very
sharp (practically vertical) mass loss at about 350 °C (∼370 °C for the
sample AF30); (iii) and a gradual mass loss starting practically with
zero mass loss rate just after the sharp second event, going asymptoti-
cally up to about 900 °C. The first event was found more intense for the
samples prepared with F127 and it was attributed to the thermal
elimination of some residual F127 eventually remnant from the
washing processing. The second and extremely abrupt event at about
350 °C, detailed in Fig. 5, involves a quantity of about 4.4% of mass loss
(except for the sample AF10 for which it was found ∼4.9%) and it was
attributed to the burning and elimination of the organic part of the
silylation layer on the silica surface. The third and asymptotic event
was attributed to some elimination of eventual residual non hydrolyzed
organic groups encrusted in the silica structure, eventually remnant
from the early hydrolysis, and also to the very slow hydroxyl group
elimination from the silica surface as a result of the surface (and pore)
elimination with the heat treatment.

To assign the second and extremely sharp event at about 350 °C to
the burning of organic part of the silylation layer we start concerning
with the partially condensed silica species SiO3/2OH at the silica sur-
face. The net result of the silylation process with HMDZ substitutes the
hydrogen of the hydroxyl group by a group −Si(CH3)3, yielding a si-
lytated surface layer which could be written as SiO3/2O−Si(CH3)3.
Then, the combustion reaction on such a surface could be written as

− + → + +SiO O Si(CH ) 12O SiO SiO OH 3CO 4H O,3/2 3 3 2 2 3/2 2 2 (6)

restoring the hydroxylated surface, so that the net mass loss at the silica
surface would be equivalent to 3[(CH3)]−2[O]−1[H], which would
give Δm1= 12 g/mol= 2×10−23 g/molecule. The cross section σ of a
silylated specie −Si(CH3)3 was estimated as σ=[(1/2)Vm]2/
3= 22.1× 10−4 m2/mol= 3.69×10−19 m2/molecule, where Vm is
the HMDZ molar volume. Assuming a completely silylated surface with
typically SBET= 800m2/g (Table 3), we would have N = SBET/
σ=2.17×1021 molecule/g recovering the silica surface, yielding a
total expected mass loss Δm=NΔm1= 4.4× 10−2 g/g= 4.4%.

This estimative is in good agreement with the mass variation asso-
ciated with the extremely sharp (almost vertical) mass loss at about
350 °C (∼4.4%) found in the samples AF0 (prepared without F127),
AF20, and AF30 (Fig. 5). The agreement is even not too bad for the
sample AF10 (∼4.9%) if we realized that such an event was found more
left-slanted (not so abrupt) in this sample, suggesting that the

Table 4
Structural parameters of the aerogels from nitrogen adsorption isotherms after
heat treatment.

Sample T (oC) SBET
(m2/g)

Vp (cm3/g) lp (nm) lS (nm) ρN2 (g/
cm3)

ϕ (%)

AF0 Ambient 844 (5) 1.08 (2) 5.1 (4) 2.1 (1) 0.65 (2) 70 (1)
300 °C 960 (5) 1.04 (2) 4.3 (3) 1.9 (1) 0.67 (2) 69 (1)
500 °C 830 (4) 1.10 (2) 5.3 (5) 2.2 (1) 0.64 (2) 71 (1)
700 °C 647 (4) 0.76 (2) 4.7 (4) 2.8 (1) 0.82 (2) 63 (2)
900 °C 292 (5) 0.32(2) 4.4 (4) 6.2 (1) 1.29 (4) 41 (2)

AF10 Ambient 823 (5) 1.73 (3) 8.4 (2) 2.2 (1) 0.46 (2) 79 (1)
300 °C 871 (5) 1.92 (2) 8.8 (4) 2.1 (1) 0.42 (2) 81 (1)
500 °C 727 (4) 1.52 (2) 8.4 (5) 2.5 (1) 0.51 (2) 77 (1)
700 °C 421 (4) 0.32 (3) 3.1 (4) 4.3 (2) 1.29 (4) 41 (2)
900 °C 35 (5) 0.05(2) 5.3 (8) 52 (3) 1.98 (7) 10 (2)

AF20 Ambient 765 (6) 2.44 (2) 12.7 (5) 2.4 (1) 0.34 (2) 85 (1)
300 °C 842 (5) 2.80 (2) 13.3 (5) 2.1 (1) 0.31 (2) 86 (1)
500 °C 675 (5) 1.98 (2) 11.8 (5) 2.7 (2) 0.41 (2) 81 (1)
700 °C 446 (4) 1.10 (3) 9.8 (4) 4.0 (3) 0.64 (4) 71 (2)
900 °C 7 (2) 0.01 (1) 5 (5) 257(60) 2.15 (7) 2 (2)

AF30 Ambient 773 (5) 1.55 (2) 8.1 (3) 2.3 (1) 0.50 (2) 77 (1)
300 °C 949 (5) 1.77 (2) 7.5 (5) 1.9 (1) 0.45 (2) 80 (1)
500 °C 623 (5) 1.12 (2) 7.2 (5) 2.9 (3) 0.64 (2) 71 (1)
700 °C 424 (4) 0.89 (3) 8.4 (5) 4.3 (4) 0.74 (4) 66 (2)
900 °C 111 (6) 0.42 (2) 14 (1) 16 (2) 1.17 (5) 47 (4)

Fig. 4. Thermogravimetric analysis for the APD aerogels carried out in condi-
tions of synthetic air with a heating rate of 10 °C/min.
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elimination of the silylated alkyl groups (−CH3) could be more
smeared by some minor residual F127 elimination in this sample. The
fact of the sample AF0 (prepared without F127) to exhibit a clear sharp
mass loss of 4.4% at 350 °C is a strong argument in favor of the elim-
ination of the silylated groups −CH3, since there is no trace of polymer
in this sample that could smear the signal of the elimination of −CH3.
Such an event is extremely sharp because all groups −CH3 are
equivalent and are burned in an analogy with a true phase transition in
which the temperature is kept constant.

To better address the loss of the hydrophobicity by elimination of
the groups −CH3 at about 350 °C, monolithic samples of the aerogel
AF20 were heat treated with a heating rate of 1 °C/min and kept at
300 °C and 400 °C for 4 h under atmospheric conditions. Tests of hy-
drophobicity were carried out by dropping a water droplet (∼3mm-
diameter) on the surface of the monoliths. The water droplet did not
wet the as-prepared sample (Fig. 6a), nor that treated at 300 °C
(Fig. 6b), while the droplet was absorbed by the monolith treated at
400 °C (Fig. 6c), meaning complete loss of hydrophobicity.

4. Conclusions

Ambient pressure drying (APD) aerogels were prepared from the
hydrolysis of tetraethylorthosilicate in water solutions of poly(ethylene
oxide)–poly(propylene oxide)–poly(ethylene oxide) (F127), followed
by silylation of the silica surface using a solution of 20% volume of
hexamethyldisilazane (HMDZ) in n-hexane.

Wet gels can be described as mass-fractal structure, with mass-
fractal dimension close to 2.1 and characteristic size ξ spanning from
about 9 nm, for the gel prepared without F127, up to values that exceed
the maximum limit allowed by experimental SAXS setup, for samples
prepared with increasing quantity of F127. The addition of F127 also
originated larger pores embedded in the mass-fractal structure of the
wet gels, which were formed by the subsequent F127 removal.

The ambient pressure drying tends to compress the mass-fractal
structure, reducing the characteristic size ξ and increasing the char-
acteristic size r0 of primary particle of the fractal clusters, increasing in
general the fractal dimension D, and eliminating most of the larger
pores formed by the F127 removal. The specific surface area SBET of the
APD aerogels was found to be typically of about 800m2/g. This typical
value diminished slightly with the concentration of F127, while the
pore volume Vp and mean pore size lp increased drastically with the
concentration of F127.

Thermally treated APD aerogels showed a general similar behavior
with the heat treatment temperature, independent of the concentration
of F127. The porosity was found fairly stable up to about 500 °C. The
porosity started to be eliminated more effectively at 700 °C and it was
found practically collapsed at 900 °C.

The organic groups−CH3 of the silylation layer on the silica surface
of the present APD aerogels were promptly eliminated at about 350 °C,
losing completely their hydrophobicity.

Fig. 5. Detailing of the abrupt mass loss found at about 350 °C for the APD aerogels.

Fig. 6. Photograph of the monolithic aerogels after
dropping a water droplet on the surface: a) as-pre-
pared aerogel; b) aerogel treated at 300 °C/4 h in air;
c) aerogel treated at 400 °C/4 h in air (in this case the
droplet was absorbed by the aerogel meaning com-
plete loss of hydrophobicity). The contact angle
measurements were performed with an instrument
consisting of a digital photo camera connected with a
computer for digital image acquisition.
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