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ARTICLE INFO ABSTRACT

Keywords: We report monolithic aerogel foams as solid materials with hierarchical porosity created by a foam-like structure
Aerogels embedded in the skeletal framework of a regular aerogel. The foam-like structure is prepared without chemical
Foams

foaming agents or templates, resulting in a less expensive, more efficient, and more readily adaptable process.
Specifically, pressurized air (7 bar) is injected into a suitable sol, which is allowed to gel under pressure, followed
by slow depressurization. Voids are created from the air bubbles formed during depressurization. The model
material used for validation of the technique is based on poly(isocyanurate-urethane) aerogels (PIR-PUR) and
selected material properties of the resulted aerogel foams are compared with those of their pristine aerogel
counterparts. With an eye on scalability, all wet-gels were dried under ambient conditions. Aerogel foams exhibit
lower bulk densities by about 25%, and higher porosities by about 10% in comparison with their pristine PIR-
PUR aerogel counterparts. Interestingly, the thermal conductivities of aerogel foams were found reduced
significantly (by 25%) from 0.104 to 0.077 Wm 'K~ ! compared to the corresponding pristine aerogels. In
addition, aerogel foams absorb 36% w/w more oil and show better oil retention in comparison with regular PIR-
PUR aerogel samples made from the same sols. As this technique does not alter the chemical composition of the
aerogel, it is anticipated that it can be used for a variety of different types of aerogels and formulations in order to
lower their bulk density and improve desired physical properties such as thermal conductivity.

Porous materials
Pressurized sol-gel
Polyurethane

1. Introduction aerogel with the “closed” porosity of foams creating a novel multiscale,
random, yet hierarchical open-pore structure, in which larger voids

Aerogels are a class of porous materials characterized by their low (pores) are interconnected in all directions (3D) by the innate aerogel

bulk density, high open porosity and high specific surface area [1]. They
are typically synthesized through a sol-gel process at atmospheric
pressure followed by drying of the resulting wet-gels with a supercritical
fluid (SCF), most commonly CO5 [1,2]. On the other hand, solid foams
are a different class of porous materials formed by pockets of gas trapped
in a solid matrix, often again characterized by low bulk densities and
high macroporosity [3]. Foaming is an important industrial process,
which typically provides lighter and more cost-effective materials than
in their nonfoam state [4]. The result of an aerogel foaming process,
which we refer to as an “aerogel foam,” merges the open porosity of an
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pores. Existing manufacturing techniques utilize chemical foaming
agents and methods involving aerogel synthesis within the macropores
of prefabricated polymer templates, resulting in extremely specific
procedures not suitable for the industrial scale [5-7]. These procedures
can involve large amounts of sacrificial chemicals and therefore are
expensive [6,8].

Our approach for the synthesis of aerogel foams without the use of
chemical agents or templates involves gelation under high pressure
through air injection into a specially designed mold. High pressure in-
duces air dissolution into the sol, which generates bubbles and creates a
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foam-like structure during depressurization. Our procedure does not
alter the chemical composition of the aerogel, so it could potentially be
used for a variety of different aerogel types and formulations. Therefore,
without loss of generality, the method is demonstrated here with a
special type of a poly(isocyanurate-urethane) aerogel (PIR-PUR) [9,10].
The newly synthesized aerogel foams were characterized in terms of
bulk density, porosity, thermal conductivity and oil absorption capa-
bilities in comparison with their regular aerogel counterparts prepared
from the same sol under atmospheric pressure.
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2. Results and discussion
2.1. Pressurized sol-gel synthesis of PIR-PUR aerogel foams

The sol formulation (Fig. 1a) was adopted from Donthula et al. [10].
An aliphatic triisocyanate (Desmodur N3300A) and ethylene glycol (EG)
were separately dissolved in anhydrous acetone and acetonitrile (the
exact ratios are listed in Table S1 of the Supporting Information). A
schematic of the pressure vessel and the synthetic protocol are shown in
Fig. 1b and c, respectively. A photograph of the pressure mold is shown

®)

(1)
(2)

(1) Pressure vessel as a gelation mold
(2) High pressure ball valve

(3) High pressure flange

(4) High pressure air tank

(5) Air compressor inlet
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Fig. 1. (a) Reaction pathway to PIR-PUR aerogels; (b) Schematic of the pressure vessel used as a mold (for a photograph see Fig. S2 in Supporting Information); (c)

Preparation procedure of the PIR-PUR aerogel foams.
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Fig. 2. SEM images of an aerogel foam (PIR-PUR-P1 sample) in comparison with a regular PIR-PUR aerogel.



S. Malakooti et al.

Table 1
General material properties of regular PIR-PUR and aerogel foams®.

Polymer 208 (2020) 122925

Name Bulk Density (py, g/cm®) Skeletal Density (p,, g/cm>) Linear Shrinkage” (%) Porosity” (%)
Regular Aerogel (PIR-PUR) 0.345 + 0.009 1.215 + 0.003 19 72
Aerogel Foam (PIR-PUR-P-1) 0.250 + 0.007 1.244 £+ 0.003 20 80
Aerogel Foam (PIR-PUR-P-2) 0.263 + 0.014 1.240 + 0.003 21 79
Aerogel Foam (PIR-PUR-P-3) 0.247 + 0.002 1.236 + 0.002 21 80

@ Average of three measurements.

b Linear Shrinkage = 100 x [(Mold diameter — Sample diameter)/Mold diameter].

¢ Porosity = 100 x [(p;—pp)/ps]-

in Figure S2 of the Supporting Information. The two solutions were
combined and stirred for 5 min at room temperature. Next, the correct
amount of catalyst (dibutyltin dilaurate; DBTDL, see Table S1 in Sup-
porting Information) was added, and the resulting sol was stirred for an
additional 5 min. Subsequently, the sol was poured into the gelation
vessel, which was then pressurized with air to 7 bar, and it was allowed
to gel and age for 2 h at room temperature. A portion of the same sol (5
mL) was set aside in an unpressurized clear syringe for comparison. Both
kinds of gels were post-processed in the same way. After aging, the
high-pressure ball valve (see Fig. 1b) was loosened and tightened
repeatedly to allow the vessel to gradually depressurize in stages. The
sample was allowed to equilibrate for several minutes during each
depressurization step. The total depressurization process lasted for
approximately 45 min, and finally the gel was removed from the mold
into an acetone-acetonitrile mixture. The gelation solvent was
exchanged one more time with acetone, then with acetonitrile and
finally with pentane for a period of 8 h in each bath. Those wet-gels were
dried directly from pentane at room temperature under ambient pres-
sure. The drying process was completed by placing the samples in a
convection oven at 50 °C for 2 h.

2.2. General material and microstructural properties

The general material properties such as skeletal densities, bulk
densities and porosities are listed in Table 1. The bulk densities were
calculated from the sample dimensions and masses. The regular PIR-
PUR aerogel sample (gelled under atmospheric pressure) had a bulk
density of 0.345 g/cm®. At the same monomer concentration, foamed
samples had about 30% lower bulk densities, as low as 0.247 g/cm®. As
expected, the skeletal densities of the foamed samples were close to the
skeletal density of the regular aerogel sample. Linear shrinkage was
calculated by comparing the diameters of the samples with the inner
diameter of the molds and it was found similar (at about 20%) between
the regular and foamed samples. No significant syneresis was observed
during gelation and aging. For all samples, the main shrinkage event
took place during the ambient-pressure drying process. Porosities were
calculated using the bulk and skeletal densities. Following the trend in
bulk densities, the pressurized sol-gel approach increased the porosity
by approximately 10%.

It is noted that the materials we describe fall between aerogels and
xerogels: they have been prepared by ambient pressure drying, therefore
they might not be considered as aerogels, but they have not been dried
from the gelation solvent either, and therefore they may not be
considered as xerogels. A more appropriate classification would have
been as “ambigels,” [11]. However, based on Leventis’ previous work
using supercritical drying, this particular formulation has a bulk density
0.32 g/cm3. As the bulk density and porosity of the materials of this
study are close to the values of their supercritically-dried counterpart
(only about 6% higher), we have opted to refer to them as “aerogels” and
“aerogel foams.” It should also be noted that our aerogel foams have
even lower bulk densities than their supercritical dried counterpart.

The morphology of the foamed samples was studied using scanning
electron microscopy (SEM, Fig. 2 and Fig. S1 in the Supporting

Information). It is immediately apparent that the skeletal particle size of
the regular aerogel and the aerogel foam were approximately equal, and
therefore it was concluded that the mechanism of particle formation
(phase separation of liquid oligomers, followed by spherodization and
solidification [12,13]) was not affected by the sol pressurization.

Quantitatively, several random particles were selected from the SEM
images and the particle diameters were used in order to construct the
particle size distribution curves of Fig. 3. The particle size distribution in
the aerogel foam was slightly broadened compared to that of the regular
aerogel samples. However, the average particle diameter of both types of
aerogels was close to 8 pm.

The air dissolved in the sol during gelation formed bubbles during
depressurization, leading to the formation of macrovoids surrounded by
the pore structure of the regular aerogel. Based on Fig. 2, the size of a
typical macrovoid was around 25 pm. It is worth mentioning that the
processes of bubble nucleation (void formation) and growth (phase
separation) may both be affected by many factors including gas
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Fig. 3. Particle size distribution of a regular PIR-PUR and of an aerogel foam.



S. Malakooti et al.

solubility, diffusivity, and bubble surface tension, which are also func-
tions of the foaming temperature and pressure. However, the size of the
voids depends on the pressure difference between the inside of the
bubble and the surrounding medium. Therefore, either by increasing the
sol internal pressure or lowering the external pressure during the
depressurization stage, the size of the macrovoids can be potentially
controlled. Larger macrovoids either due to supercritical drying or by
increasing the pressure difference between the interior of the bubble and
the surrounding medium can lead to aerogel materials with higher
porosities.

SEM analysis of a material’s morphology is a qualitative character-
ization method and in most cases the results are simply articulated
verbally. A thorough quantitative analysis would require numerical
image processing which is outside the scope of this report. In order to
quantify the effect of the pressurized gelation on the pore morphology of
aerogel foams versus that of a regular aerogel, the SEM images in Fig. 2
were analyzed using the ImageJ software package (Radial Profile Plot)
[14] as follows (see Fig. 4): First, the integrated intensity at a given
distance from a randomly selected reference point was defined by the
sum of the pixel values around a circle with the reference point as its
center and the given distance as its radius (see Fig. 4, Inset); Subse-
quently, the integrated intensities were divided by the number of pixels
in the circle to obtain the normalized integrated intensities. Of course,
for this analysis to be valid, the SEM images had to be captured at the
same magnification, same brightness, same exposure time, etc. The
normalized integrated intensities were used as indicators of the radial
particle distribution as a function of the radial distance from the center
point of the SEM images. According to Fig. 4, there is a distinct peak in
the radial profile of the regular PIR-PUR aerogels at 10-20 pm. With 8
pm average particle diameter (see above), this peak shows that aerogel
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Fig. 4. Normalized integrated intensities of the regular aerogel and aerogel
foam (PIR-PUR-P1) as a function of the radial distance, r, from a randomly
selected center point (O) in the SEM - see Inset. (Data are used to quantify the
void space distribution.)
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particles, and therefore the porous space created in between, are
distributed evenly at the vicinity of the center point of the SEM image.
Since the selection of the center point was random, this assertion is valid
for the entire material. This conclusion is consistent with the SEM image
of the regular aerogels (Fig. 2). However, this picture is no longer valid
in the aerogel foams: as data of Fig. 4 show, in that case we have three
macrovoids around the SEM center point. Interestingly, the radial pro-
files of both the regular aerogel and the aerogel foam are converging as
the sampling radius increases above 60 pm. However, the converging
intensity value of aerogel foams is 34% lower than the corresponding
value of a regular aerogel. That percent difference between the
converged intensities is in the same range as the percent difference of
bulk densities between regular PIR-PUR aerogel and aerogel foams. This
observation suggests that the normalized integrated intensities can be
used to quantify morphology related differences in nanostructured
materials and we intend to explore it further.

2.3. Thermal properties

The thermal diffusivities, R, of a regular aerogel and aerogel foams
were measured using the laser flash method as a non-contact, non-
destructive, and highly accurate method [14,15]. The R values are listed
in Table 2. Due to the increase in porosity and the presence of new voids
in the aerogel foams relative to the regular aerogel, the air thermal
diffusivity is expected to be higher in aerogel foams relative to regular
aerogels. However, that increase in thermal diffusivities is apparently
moderated by a reduction of the amount of solid material in the skeletal
framework, and as a result the thermal diffusivities of the two materials
remain within error about equal to one another (Fig. 5a). Thermal
conductivities (k) were then calculated from the corresponding thermal
diffusivities (R) using the relationshipk = R x ¢, x p,, wherec,
and p, are the specific heat capacity and the bulk density, respectively.
Here, the specific heat capacity was considered equal for all materials
(1.711 £ 0.074 J g’l K1) [12]. The thermal conductivities of the reg-
ular aerogel and aerogel foams are included in Table 2. Signifying the
solid network contribution, the thermal conductivities of the aerogel
foams were notably lower (by 25%) compared to the corresponding
values of regular aerogels prepared with the same monomer concen-
tration (Fig. 5b). This further underlines the fact that heat transfer be-
tween pore-filling air and the PIR-PUR walls of the aerogel foam is
negligible [17]. Therefore, with a significant reduction in bulk density
(about 30%), the heat transfer contribution of the PIR-PUR phase is
significantly reduced and subsequently the total thermal conductivity in
the aerogel foams is also reduced proportionally compared to the regular
aerogel.

2.4. Oil absorption properties

Fig. 6 shows the percent mass gain of the regular aerogel and aerogel
foam (PIR-PUR-P1) as a function of time when corresponding samples
were submerged in engine oil (density of 0.8 g/cm®). The aerogel foam
shows a peak mass gain of 219%, which was reached in a little over 1
min. The peak mass gain for regular aerogel was 165%, which was
reached at roughly the same time. Both samples maintained this peak
mass gain. However, as it was expected, due to the higher porosity of
aerogel foams, those samples were 36% more absorbent (29%

Table 2
Thermal diffusivity and thermal conductivity of a regular PIR-PUR aerogel and aerogel foams at room temperature.
Name Thermal diffusivity, (mm?s™ 1) Thermal conductivity, (W m KD
Regular Aerogel (PIR-PUR) 0.177 + 0.006 0.104 + 0.006
Aerogel Foam (PIR-PUR-P1) 0.192 + 0.001 0.082 + 0.010
Aerogel Foam (PIR-PUR-P2) 0.169 + 0.011 0.076 + 0.007
Aerogel Foam (PIR-PUR-P3) 0.175 + 0.008 0.074 + 0.005
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Fig. 6. Percent mass gain of the regular aerogel and aerogel foam (PIR-PUR-P1)
upon submerging in engine oil as a function of time.

improvement in terms of volume uptake) than the regular aerogel
samples. In fact, that increase in oil absorption capacity far exceeds the
increase in porosity (10%), which might be attributed to greater
swelling due to lower density. It is interesting to note that aerogel foams
released a minimal amount of oil during the experiments, whereas the
regular aerogel sample released a significantly larger volume of oil.
Thus, aerogel foams demonstrate better oil retention and absorption
than regular aerogels.

3. Conclusions

In summary, polymeric aerogels with foam-like porosity surrounded
by regular structural characteristics of the corresponding aerogels were
prepared using a pressurized sol-gel approach. The procedure of
injecting high-pressure air into the gelation vessel containing a proper
sol is indeed an environmentally friendly and low-cost method for
producing aerogel foams. Aerogel foams exhibited significantly lower
bulk density, higher porosity, and lower thermal conductivity compared

to their regular aerogel counterparts. Further research will be conducted
to control the effects of gelation temperature and injected air pressure.
With aerogels demonstrating applications such as oil-spill cleaning, CO»
capturing, blood fractionating, air freshener release, mosquito repellant
release, filter for hemodialysis, and so on, it is speculated that aerogel
foams will demonstrate further quantitative improvements in all these
applications.

4. Experimental

Materials: Acetone, acetonitrile, and ethylene glycol were obtained
from Fisher Scientific (Hampton, NH). Desmodur N330A was supplied
by Covestro (Pittsburgh, PA). Dibutyltin dilaurate, 95% (DBTDL) was
obtained from Alfa Aesar (Haverhill, MA). Five-millimeter plastic vials
were used as molds. All purchased materials were used without further
processing.

Setup for gelation under pressure: A 6 threaded steel pipe was
attached to a high-pressure vessel via a ball valve and a flange. The other
end was closed with a steel cap. An air compressor was attached to the
vessel through a pressure gauge. To reach higher pressures, a more
powerful air compressor was attached to the gauge. Fig. S2 in the Sup-
porting Information shows the setup for the pressurized so-gel synthesis.
The sol is poured into the steel pipe when the ball valve is closed and
then sealed with the steel cap. The total volume of the gelation vessel is
roughly 100 mL. A total of 90 mL sol was used to allow space for the
expansion of the pressurized sample.

Synthesis: Monomeric compounds Desmodur N3300A and ethylene
glycol were dissolved separately in acetone and acetonitrile (exact
amounts are listed in Table S1 of the Supporting Information). The two
solutions were combined and stirred for 5 min at room temperature.
Dibutyltin dilaurate catalyst was then added, and the solution was
stirred for an additional 5 min. The solution was poured into the gelation
vessel, where it was pressurized with an air compressor and allowed to
gel and age for 2 h at room temperature. For sample removal, the cap of
the gelation vessel was loosened and tightened repeatedly to allow
gradual depressurization in stages. The sample was allowed to equili-
brate for several minutes during each depressurization step, totaling
approximately 45 min. The samples were then washed successively
twice with acetone, acetonitrile, and finally pentane for a period of 8 h in
each bath. Pentane-filled wet-gels were allowed to dry at room tem-
perature and pressure for 24 h. The resulting aerogels were cured in a
convection oven at 50 °C for 2 h. A 5 mL aliquot of each sol was set aside
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in an unpressurized clear syringe and was left for gelation. These control
samples were processed in the same way as the aerogel foams.

Basic material characterization: Bulk densities (pp) were deter-
mined from the weight and the physical dimensions of the samples.
Skeletal densities (p;) were determined with helium pycnometry using a
Micromeritics AccuPyc II 1340 instrument. Samples for skeletal density
measurements were outgassed for 24 h at room temperature under
vacuum before analysis. Porosities (/1) as a percent of empty space were
determined from the pp and p, values via I7 = 100 x [(p, — pp)/ p,].

Scanning electron microscopy: SEM images were captured from Au/
Pd (60/40) coated samples on a Hitachi Model S-4700 field emission

microscope.
Thermal conductivity: The total thermal conductivities of all sam-
ples were calculated at 23 °Cviak = R x ¢, X p, as has been

described recently [16]. The thermal diffusivity, R, of each sample was
determined at room temperature and atmospheric pressure with a
Netzsch NanoFlash Model LFA 447 flash diffusivity instrument using
disk samples (~1 cm in diameter, 2-3 mm thick) [9,18].

Oil absorption capability: Two small beakers filled with engine oil
(Castrol Ltd., Liverpool, UK) were prepared. The samples were lowered
into the beakers, then allowed to soak for an allotted time period. The
samples were then removed from the beaker and placed in Petri dishes,
where they sat to dry for 1 min. After this drying interval, the samples
were squeezed, and then were placed back into the oil.
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