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ABSTRACT: The effect of the catalyst concentration on the synthesis and textural properties of polyisocyanurate-polyurethane
aerogels is analyzed. The use of different catalyst amounts allows obtaining low-density aerogels (0.10−0.16 g/cm3) with high
porosities (85−91%). Their porous structures were analyzed by scanning electron microscopy and nitrogen adsorption−desorption
isotherm. A noticeable decrease in the size of the scattering centers, particles and pores, was achieved when reducing the catalyst
amount. In some samples, the small size of these features, much smaller than the wavelength of visible light, causes a bare light
dispersion, leading to the first transparent polyisocyanurate-polyurethane aerogels. Light transmittance measurements at 532 nm
have been made showing high values (ca. 76% for 1 mm thick samples) for the formulations with the smallest particle and pore sizes.
These aerogels presenting optical transparency have many potential applications such as solar collectors, glazing systems for
insulating windows, and sensors, among others.
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1. INTRODUCTION

Aerogels are ultralight materials that present highly nano-
porous structures with exceptional characteristics. Currently,
there is a growing interest in the synthesis and characterization
of these innovative materials due to their numerous
applications in different fields, such as pharmaceutical and
biomedical research,1 aerospace,2 building industry,3,4 etc.
Over time, much attention has been given to silica aerogels

because of their low bulk density (0.003−0.5 g/cm3), huge
specific surface areas (500−1200 m2/g), high porosity (more
than 80%), low thermal conductivities (0.01−0.1 W/(m K)),5

and high light transmittance (≈95%, λ < 2.7 μm)6 among
other excellent properties.7,8 Many solar-related applications
have been found by combining their sunlight transmittance
with their high insulating performance.6,9−11 Since their
refractive index is similar to that of air,12 silica aerogels have
been employed with improved efficiency for light trapping, as
monoliths13 or films,14 in solar collectors. They have been also
successfully used in glazing systems for insulating windows,
where a sheet of silica aerogel is placed between two PMMA
sheets15 or glass panes,16−18 thus obtaining a significant
reduction of heat loss and, hence, a reduction in the energy
consumption while maintaining a high solar light trans-

mittance. These interesting applications are only possible if
the aerogel is highly transparent. Although silica is the main
model of transparent aerogels, many efforts have been made in
recent years to achieve similar optical properties in aerogels
with organic matrices. Vivod et al.19 synthesized translucent
polyimide aerogels with low thermal conductivities. Some
examples involving cellulose aerogels with light transmittance
properties can be found in the literature.20,21 For instance,
flexible transparent cellulose aerogels having excellent
mechanical properties were fabricated by Mi et al.22 through
a dissolution-regeneration method. Kobayashi et al.23 reported
a three-dimensional (3D) nanofiber skeleton of liquid-
crystalline nanocellulose combining a controlled mechanical
toughness, transparency, and insulating performance. Naka-
nishi et al.24 reported the synthesis of colorless transparent
melamine-formaldehyde (MF) aerogels showing high light
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transmittance values. Aldehyde-free, chitosan aerogels were
presented by Takeshita et al.,25 showing a relationship between
the initial urea concentration and their final optical properties.
The combination of the exceptional properties of these organic
aerogels in one single material opens the way to a wide range
of potential applications in which the current materials used
(including silica aerogel) could be replaced. For instance, the
building sector is susceptible to significant energy efficiency
improvements through enhanced-performance insulating trans-
parent materials, where aerogels could play the main role.26

The widespread use of polyurethane (PU) foams as thermal
insulators in walls and roofs is well known due to their cost-
effectiveness and insulating capacity. Nevertheless, their
thermal insulating performance, which covers a range from
20 to 30 mW/(m K),27 presents room for improvement.
Polyurethane aerogels may satisfy the growing demands in this
field,28 fulfilling the lower thermal conductivity requirements
while keeping the excellent properties of this polymeric matrix
and its low cost. The first polyurethane and polyisocyanurate
(PIR) aerogels were synthesized in the 1990s by Biesmans et
al.29,30 reaching a thermal conductivity value of 22 mW/(m K)
for a density of 150 kg/m3. Since then, some attempts to
enhance their insulating performance and mechanical proper-
ties have been carried out. Rigacci et al.31 synthesized
polyurethane gels by employing two polyols of different
functionality and changing the solubility of the reaction media.
Thermal conductivity measurements were performed, and the
effect of solubility in this property was evaluated, reaching
values between 22 and 24 mW/(m K) at atmospheric pressure
and room temperature. Diascorn et al.32 changed the catalyst
concentration in the polyurethane aerogel formulations to
study the influence of this parameter on the final properties.
They found that an “optimum” density of 0.18 g/cm3 led to a
minimal thermal conductivity value of 17 mW/(m K).
Chidambareswarapattar et al.33 used different isocyanates and
polyols for the synthesis of PU aerogels, ranging from flexible
to rigid. They obtained a relationship between the functional
group density of the monomer and the structure−properties of
the final aerogels. Zhu et al.34 carried out a study based on the
influence of the gelation solvent on the final density, thermal
conductivity, and microstructures of PUR-PIR aerogels. The
employed solvent was found to have a dramatic effect on the
aerogel properties being a parameter to select carefully. To
conclude, the literature focused on PU-based aerogels is scarce,
and, as far as the authors know, the aerogels reported up to
now do not present transparency. Therefore, applications of
the materials so far described would be limited due to their
lack of transparency.
Herein, we report the synthesis of the first transparent

polyisocyanurate-polyurethane-based aerogels. The effect of
different catalyst contents on the nanoporous structure and on
light transmittance has been analyzed in detail. This procedure
allows a systematic approach to obtaining PIR-PUR aerogels
from opaque to transparent materials with tunable properties,
such as bulk density, controlled particle size, pore size, and
optical properties. The production of these materials would
allow the substitution of transparent silica aerogels for a much
more cost-effective system in applications such as glazing
systems or solar collector covers where silica aerogels are
already employed.18,35,36 In addition, the exciting combination
of properties of the materials produced in this paper could lead
to applications not still imagined.

2. EXPERIMENTAL SECTION
2.1. Materials. Tetrahydrofurane extra pure (purity > 99.5%)

stabilized with 250 ppm butylated hydroxytoluene (BHT), acetoni-
trile high-performance liquid chromatography (HPLC) grade (purity
> 99.9%), dimethyl sulfoxide synthesis grade (purity > 99.5%), and
acetone synthesis grade (purity > 99.5%) were supplied by Scharlab,
S. L. Pentaerythritol (purity > 98%) with a density of ρ = 1.396 g/cm3

(at 20 °C) was provided by Alfa Aesar.
Polymeric methylene diphenyl diisocyanate (p-MDI) correspond-

ing to the formulation 4,4′-diphenylmethane diisocyanate, IsoPMDI
92140 (ρ = 1.23 g/cm3 at 25 °C), was purchased from BASF
Polyurethane. Potassium octoate dissolved in ethylene glycol
commercialized as KOSMOS 75 MEG was provided by Evonik.41

2.2. Synthesis of Gels. PIR-PUR gels were synthesized through a
polycondensation reaction between isocyanate and polyol that occurs
in solution, forming a hyperbranched solid network (Figure S1).
Pentaerythritol (100 g/L) was added to the p-MDI solution (44 g/L),
keeping a relationship npolyol/nisocyanate = 0.43. Then, the
corresponding amount [1−20 wt %] of a potassium catalyst solution
(70 g/L) was added, and the initial sol was stirred at 500 rpm for 20 s
at room temperature and then poured into a polypropylene container.
The weight percentage of the catalyst is calculated from the total mass
of both precursors, polyol, and isocyanate. Once gels were obtained,
they were covered with acetonitrile for 24 h at room temperature to
allow aging. The gels thus obtained were washed twice with
acetonitrile every 24 h to remove the nonreacted chemicals. Synthesis
details can be found in Supporting Information Section 1. Regarding
the molar relationship between the two main components, an excess
of −NCO groups is always present. Therefore, the urethane bond
formation by the reaction with the polyol is accompanied by the
formation of secondary products during the polymerization step, such
as allophanates and isocyanurates through the isocyanate trimeriza-
tion reaction.40 To ensure the completion of the reaction, a
cyclotrimerization catalyst was chosen for the process.41 Finally, gels
were supercritically dried as described in Supporting Information
Section 2.

2.3. Aerogel Characterization Methods. 2.3.1. Gelation Time.
Gel time is the time required to obtain a material which does not flow
anymore. The initial sol presents a transparent yellowish appearance
and, when the polymerization reaction takes place, it turns out to be
transparent bluish in the case of a less amount of the catalyst or to
opaque white for the highest concentrations. As determining the
specific gel time visually is rather difficult, especially for the lower
catalyst amounts, the container is carefully tilted, so gel time is fixed as
that moment when the gel is not deformed by tilting.

2.3.2. Shrinkage. The linear shrinkage percentage is determined
between the gel formation and the final dried aerogel. It is calculated
by eq 1

d d% linear shrinkage (1 / ) 1000= − × (1)

where d0 and d are the diameters measured prior and after the drying
process.

2.3.3. Density. Geometrical density ρ was measured as described
by ASTM D1622/ D1622M-1437 by measuring the mass with an
AT261 MettlerToledo balance and the geometric volume with a
caliper.

Solid density or skeletal density ρs was determined through helium
pycnometry with an AccuPyc II 1340, Micromeritics. To guarantee
the replacement of the gas inside the aerogel pores, 200 purges with
helium were made. A pressure of 0.13 MPa was employed for the
measurements.

The solid fraction of the aerogels is described by the relative
density as the fraction between geometrical density (ρ) and skeleton
density (ρs) (eq 2).

r
s

ρ ρ
ρ

=
(2)
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2.3.4. Porous Structure. 2.3.4.1. Porosity. The apparent porosity
(Π), which accounts for the volume fraction of the gas phase, is
calculated from the relative density ρr (eq 3).

(1 ) 100rρΠ = − × (3)

2.3.4.2. Surface Area (BET). Nitrogen adsorption measurements
were carried out at −196 °C with a Micromeritics ASAP 2020
instrument at the University of Malaga (Spain). Samples were first
degassed under high vacuum at 50 °C for 24 h. Specific surface areas
(SBET) were obtained by the Brunauer−Emmett−Teller (BET)
method38 in the pressure range P/P0 0.05−0.30.
2.3.4.3. Pore Volume and Pore Size. Pore size distributions were

determined by the Barrett−Joyner−Halenda (BJH) method38

through the desorption branch of the N2-sorption isotherm, assuming
that pores have a cylindrical shape. Since macroporosity could not be
determined by this technique owing to capillary condensation, the
average pore diameter was estimated by taking into account the pore
volume as the free aerogel volume. Therefore, the total pore volume
per gram (Vp) was estimated through the difference between the total
volume (1/ρ) and the solid phase volume (1/ρs) for a unitary mass,
as defined by eq 4.

V
1 1

p
Sρ ρ

= −
(4)

This total pore volume and the specific surface area obtained by
BET were employed to determine the average pore size (φp) by eq 5

V

S

4
p

p

BET
Φ =

(5)

2.3.4.4. Particle Size. The aerogel’s structure was characterized
using an ESEM Scanning Electron Microscope (QUANTA 200 FEG,
Hillsboro, OR). Prior to the visualization, samples were cut with a
metal blade and then coated with a layer (5−10 nm thickness) of
iridium using a sputter coater (EMITECH K575X Sputter Coater).
This metal was used to prevent the formation of the aggregates that
occurs when gold is employed.
Once micrographs were obtained, particle size (d) was measured

through a software-based on Image J/FIJI,39 as shown in Figure 1.

More than 50 individual particles were used to estimate the average
diameter for each sample. The normalized standard deviation (NSD)
was calculated to evaluate the homogeneity of each particle size as the
standard deviation of the particle distribution divided by the average
particle diameter (SD/d).
2.3.4.5. Transmittance Measurements. To determine the trans-

mittance of the aerogels, a device consisting of a green laser was used
as a light source. The corresponding wavelength and intensity were
532 nm and 22 mW, respectively. The light detector was formed by a
photodiode joined to an integrating sphere with a 12.5 mm window
(PRW0505, Gigahertz-Optik), which was connected to a photometer
(X94, Gigahertz- Optik). The laser-detector distance was fixed at 133
mm. Transmittance is calculated as the ratio between the transmitted
intensity that reaches the detector (I) and the incident intensity
without the sample (I0).

Aerogels were placed in contact with the window of the integrating
sphere to collect the maximum intensity. Due to the difficulty of
obtaining samples with the same thickness, measurements were made
for the final aerogels having different thicknesses and a correction was
employed to compare transmittance values at equivalent thickness.
The relationship between the transmittances for two different
thicknesses is described by the following equation

T T L L
0

/ 0= (6)

3. RESULTS AND DISCUSSION
Aerogels were fabricated through a sol−gel process, as detailed
in Figure 2a. The Fourier transform infrared (FT-IR) spectra
of the final aerogels display the characteristic IR peaks for
polyurethane and polyisocyanurate (Figure S3): a broad
absorption band in the 3600−3200 cm−1 region assigned to
N−H stretching,42 the urethane and urea carbonyl stretching
absorptions at 1709 and 1597 cm−1, respectively, the N−H
bending coupled to the C−N stretching is detected at ca. 1513
cm−1, the isocyanurate carbon−nitrogen stretching is present
at 1412 cm−1,43 and the C−N stretch can be observed at ca.
1217 cm−1.
During the gelation step, the liquid yellowish sols start to

react during a gel time, which is that required to obtain a jelly-
like appearance, and it does not flow anymore. Gel times range
from 90 min (for the sample with 1 wt % catalyst) to 40 s (for
the sample with 20 wt % catalyst), as shown in Figure 2b. The
PIR-PUR aerogel reaction kinetics is controlled by the amount
of the catalyst added to the initial sol, which regulates a faster
or slower polycondensation reaction. The optical properties of
the gels are notably different depending on the amount of the
catalyst. Gels are opaque (higher amounts) or transparent
(lower amounts), as displayed in Figure 2c,d. These optical
differences must be related to the particle size of the primary
particles formed during the sol−gel process.29 Opaque gels are
formed by a 3D network where the particles size is large
enough to interact with visible light through scattering
mechanisms (20 and 18 wt %). On the contrary, the
transparent gels should consist of small primary particles,
which do not present a strong interaction with visible light
(mainly Rayleigh scattering) so they mainly transmit light. For
intermediate catalyst concentrations (10 and 15 wt %), gels
can be considered translucent. The catalyst concentration
affects different factors apart from reaction kinetics, such as
bulk densities and shrinkages, as well as the porous structure of
the final aerogels. The characterization techniques to analyze
these features are described in the Supporting Information
(section 5).
Bulk and relative densities are summarized in Table 1. Bulk

densities are very low for all of the aerogel samples, comprising
values between 165 and 101 kg/m3. The data show a strong
inverse relationship between bulk density (ρB) and the amount
of the catalyst. The maximum value of density is obtained for a
catalyst amount of 3 wt %, and from that point, the bulk
density notably decreases when a higher amount of the catalyst
is added. For the lowest values of the catalyst, 1 and 2 wt %, a
reduction of density can be observed, which might be related
to an incomplete chemical reaction for these lowest catalyst
ratios. The density data are supported by the linear shrinkage
values (Table 1), which clearly show the same tendency since
the shrinkage increases with higher densification of the skeletal
structure. The maximum total linear shrinkage is 26.46%. The
average solid density (ρS) was calculated by helium

Figure 1. Particle contour drawing using Image J/FIJI to estimate the
particle size.
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pycnometry, obtaining an average value of 1.17 ± 0.03 g/cm3.
Therefore, this value, which is similar to the values obtained in
previous studies with PU aerogels,44 was employed as the
skeletal density of the aerogels herein obtained. Taking this
data into account, relative density (ρr) ranges from 0.09, for
samples with a high catalyst amount, to 0.12 for the lower
concentrations.
The porous structure of aerogels plays the main role in their

final properties. Porosity values (Π) can be found in Table 1.
As expected, this parameter reaches higher values for samples
with lower densities, showing a maximum value of 91% for the
samples containing 15, 18, and 20 wt % catalyst. This could be
explained by the interparticle voids, which give rise to larger
porosities when they are more numerous and, therefore,
densities are lower. Porosity values for all of the produced

samples are high, the minimum value being 85.89% for the
sample with the greatest density (3 wt %).
The scanning electron micrographs reveal a pearl-necklace

structure for the PIR-PUR aerogels (Figure 3) formed by
interconnected particles that has a strong dependence on the
catalyst content. Particle size was measured from these pictures
by means of a software-based on Image J/FIJI.39 A clear trend
can be observed with the amount of the catalyst: when the
catalyst concentration is reduced, particle sizes are strongly
reduced reaching values as low as 23 nm.
Particle diameter values (d) are gathered in Figure 4a, where

three different regions can be observed: The first one
comprises the samples with lower catalyst amounts (1, 2, 3,
and 4 wt %), which present particle size values below 30 nm.
The second region is formed by samples with 6, 8, and 10 wt
%, with a particle size below 35 nm, and the third region is

Figure 2. PIR-PUR gels. (a) Sol and gel pictures for one of the samples under study. (b) Measured gel times for the different catalyst amounts (wt
%). (c) Photograph of two of the gels, containing different amounts of the catalyst (3 and 18 wt %), inside the drying reactor. (d) Gel appearance
for each catalyst percentage (wt %). CellMat logo used with permission of the Cellular Materials Laboratory (CellMat).

Table 1. Properties and Structural Parameters of the Final Aerogelsa

catalyst
wt %

ρB
(g/cm3) ρR

linear shrinkage
(%) Π (%)

SBET
(m2/g)

φp (nm) BJH
model

Vp
(cm3/g)

mean pore size φMEAN
(nm) d (nm) SD/d

1 0.142 0.12 21.22 87.86 289.82 6.74 6.18 85.24 25.40 0.25
2 0.141 0.12 19.48 87.99 294.11 6.79 6.25 85.04 24.63 0.22
3 0.165 0.14 22.92 85.89 288.15 6.67 5.19 72.08 23.04 0.26
4 0.154 0.13 26.46 86.84 242.09 6.95 5.63 93.05 25.58 0.25
6 0.141 0.12 22.92 87.97 274.12 6.98 6.24 91.09 31.96 0.22
8 0.131 0.11 22.53 88.84 197.10 7.12 6.79 137.85 34.12 0.23
10 0.114 0.10 18.44 90.23 224.28 6.88 7.88 140.57 32.55 0.21
15 0.101 0.09 17.09 91.38 145.21 7.08 9.04 249.14 45.67 0.27
18 0.102 0.09 16.46 91.31 49.70 6.72 8.97 721.94 78.60 0.20
20 0.102 0.09 17.53 91.27 64.67 6.92 8.92 551.94 81.76 0.23

aBulk density (ρB) measured as geometric density, relative density (ρR) obtained as ρR = ρB/ρs, linear shrinkage = (1 − d/d0) × 100, where d0 and
d are the diameters measured prior and after the drying process, porosity Π = (1 − ρR) × 100, SBET obtained by the nitrogen sorption technique,
pore size (ΦP) obtained by the BJH model, total pore volume per gram Vp = (1/ρB) − (1/ρs), mean pore size (ΦMEAN) calculated as ΦMEAN = (4 ×
Vp)/ SBET, d is the particle diameter obtained for more than 50 individual particles, and the SD/d is the normalized standard deviation of the
particle diameter.
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observed for samples 15, 18, and 20 wt %, which present the
highest particle size values, higher than 40 nm. Regarding the
normalized particle size distribution (SD/d) included in Table
1, it is similar for all of the aerogels, the values being very low,
in the range between 0.21 and 0.27. These results indicate that
the particle size distribution is homogeneous.
Porous structures were characterized by the nitrogen

sorption technique. The obtained isotherms correspond mainly
to type IV isotherms according to the IUPAC classification,45

typical of mesoporous adsorbents (2−50 nm) (Figure 4b).
However, as the catalyst amount increases, the isotherms tend
to resemble a type II-like isotherm, accounting for the presence
of macropores. Figure 4b depicts three nitrogen sorption
isotherms for a low catalyst content (2 wt %), adsorbing a large
amount of nitrogen, an intermediate content (10 wt %), and
the highest content (20 wt %), which shows a narrower
hysteresis and a significantly smaller quantity absorbed. The
SBET areas are plotted in Figure 4c, demonstrating the
significant difference between samples. It is evident that
samples exhibit a sharp decrease in the surface areas (BET)
when the gelation reaction is faster (Table 1). The aerogels
with the smallest amounts of the catalyst show larger specific
surface areas, 289.81, 294.11, and 288.15 m2/g for 1, 2, and 3
wt %, respectively, whereas the aerogels with the highest
catalyst concentrations present surface area values below 100
m2/g. These results are in agreement with particle size
measurements from the previous section, so aerogels with
larger particles show a lower SBET.
Regarding the pore size distribution, Figure 4d shows that all

of the samples present pores in the 5−25 nm range. However,
pores above 25 nm cannot be determined for these aerogels by
the sorption technique due to the capillary condensation

process or compression of the aerogels when nitrogen
condenses.46 To overcome the limitations of these measure-
ments, mean pore size was estimated by taking into account
the total pore volume obtained through geometric and solid
densities (Table 1). Since SEM micrographs confirm the
existence of bigger pores, this estimation is useful to obtain the
mean pore size trend. Table 1 shows the mean pore values,
which are smaller than 100 nm for samples with a catalyst
amount below 8 wt %. For higher contents, these values start
to increase, reaching higher pore sizes (500−700 nm), which
contribute to reducing the optical transmission of these
samples. For low contents of the catalyst, transparent aerogels
were obtained. To determine the optical transparency,
transmittance measurements were carried out employing a
green laser (532 nm) as a light source (Supporting
Information).
As indicated above, the particle diameters obtained for the

aerogels of this work (Figure 4a) display three different groups.
When particles are smaller than 30 nm (samples 1, 2, 3, and 4
wt %), light interaction would be minimized, these aerogels
being those which show the highest transmittance. Addition-
ally, a reduction of the particle size contributes to more
effective packaging and thus to smaller pores. Therefore,
transmittance follows a clear trend with the catalyst
concentration, as shown in Figure 5a. The aerogel with the
lowest wt. % reaches the highest transmittance value of 76% for
a sample with 1 mm of thickness. This transmittance value is
similar to that obtained for other organic aerogels at the same
wavelength. For instance, chitosan aerogels with a thickness of
1 mm showed 73%47 and 83%25 maximum transmittances. In
the case of cellulose aerogels, 70% transmittances were
reached22,48 for the same thickness at 500 nm. The

Figure 3. Representative scanning electron micrographs for each aerogel formulation.
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transmittance slightly decreases when the catalyst concen-
tration increases. For samples with 2, 3, and 4 wt % (Figure 5b,
samples 1, 2, and 3), the transmittance values are above 60%.
In the second group (6, 8. and 10 wt %), as the particle size
increases, transparency is progressively reduced (values
between 42 and 47%). The sample with 15 wt % presents
the limit of the particle size (45.67 ± 12.26 nm) to show slight
transparency (33% transmittance). For the last two samples,
particle diameters are above 50 nm, and the materials 1 mm in
thickness are opaque (Figure 5b, sample 5).
The relationships between transparency and the rest of

properties studied deserve a deeper insight. Aerogel’s trans-
parency mainly depends on three parameters: density, particle
size, and pore size.49 As discussed before, density increases
when the catalyst amount decreases, mainly due to strong
shrinkages. Although the porosity is slightly reduced with this
shrinkage, it also contributes to diminishing the mean pore
size. For this reason, samples with a low wt % catalyst show the
highest transmittances. Both particles and pores forming the
aerogel 3D network play a main role in the optical properties
since light scattering mechanisms are related to the presence of

these features and are stronger when these structures are
large.50 These scatters should present an average size below a
tenth of the visible wavelength (400−700 nm) where the
scattered light is mainly due to the Rayleigh mechanism51,52 to
have a small interaction with visible light, providing, in this
case, transparent materials.

4. CONCLUSIONS

Herein, we describe the fabrication of transparent PIR-PUR
aerogels for the first time. This transparency can be controlled
by the porous structure, which is tunable through the reaction
kinetics. Thus, a clear relationship is found between the
catalyst concentration and different parameters. Bulk density
and linear shrinkage decrease when the catalyst amount
increases. Particle diameters are larger for high catalyst
contents (above 50 nm for 18 and 20 wt %), reducing the
specific average surface area below 100 m2/g and increasing
the pore size of these aerogels, which display a reduction in the
final transparency reaching opacity. In contrast, the diameters
of the particles forming their solid network in aerogels with
lower amounts of the catalyst are below a tenth of the

Figure 4. Average particle size measured by SEM micrographs (a), nitrogen adsorption/desorption isotherms (b), specific surface area (c), and
calculated BJH graphs for the pore size distributions (d) for the aerogel samples with different catalyst amounts (wt %).
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wavelength of the visible light (40 nm). This fact, combined
with the small pore sizes that these aerogels show, allows them
to be highly transparent. Transmittance measurements were
carried out at 532 nm reaching a 76% transmittance for 1 mm
thick aerogels. The synthesis of PUR-PIR aerogels presenting
these optical transparency values together with the expected
low thermal conductivities opens a wide range of possible
solar-related applications such as aerogel insulating windows or
solar collectors and also glazing systems. Detailed studies of the
optical properties, thermal conductivity, and mechanical
properties of these novel aerogels are in progress.
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(1) Maleki, H.; Duraẽs, L.; García-González, C. A.; del Gaudio, P.;
Portugal, A.; Mahmoudi, M. Synthesis and Biomedical Applications of
Aerogels: Possibilities and Challenges. Adv. Colloid Interface Sci. 2016,
236, 1−27.
(2) Bheekhun, N.; Rahim, A.; Talib, A.; Hassan, M. R. Aerogels in
Aerospace: A Review. Adv. Mater. Sci. Eng. 2013, 2013, 1−18.

Figure 5. Aerogel’s transparency. (a) Transmittance as a function of the catalyst content for 1 mm thick aerogels. (b) Photograph of final aerogels
(1:2, 2:3, 3:4, 4:10, 5:20 wt %) of ca. 1 mm thickness. University of Valladolid emblem used with permission of the Rectorate of the Univesrity of
Valladolid.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c00712
ACS Appl. Polym. Mater. 2021, 3, 4607−4615

4613

https://pubs.acs.org/doi/10.1021/acsapm.1c00712?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00712/suppl_file/ap1c00712_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+Merillas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2995-6412
https://orcid.org/0000-0003-2995-6412
mailto:b.merillas@fmc.uva.es
mailto:b.merillas@fmc.uva.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Judith+Marti%CC%81n-de+Leo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6567-1783
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Villafan%CC%83e"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3230-3802
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+A.+Rodri%CC%81guez-Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00712?ref=pdf
https://doi.org/10.1016/j.cis.2016.05.011
https://doi.org/10.1016/j.cis.2016.05.011
https://doi.org/10.1155/2013/406065
https://doi.org/10.1155/2013/406065
https://pubs.acs.org/doi/10.1021/acsapm.1c00712?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00712?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00712?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00712?fig=fig5&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(3) Yu, C. H.; Fu, Q. J.; Tsang, S. C. E. Aerogel Materials for
Insulation in Buildings. Mater. Energy Effic. Therm. Comf. Build. 2010,
319−344.
(4) Ganobjak, M.; Brunner, S.; Wernery, J. Aerogel Materials for
Heritage Buildings: Materials, Properties and Case Studies. J. Cult.
Heritage 2020, 42, 81−98.
(5) Li, C.; Chen, Z.; Dong, W.; Lin, L.; Zhu, X.; Liu, Q.; Zhang, Y.;
Zhai, N.; Zhou, Z.; Wang, Y.; Chen, B.; Ji, Y.; Chen, X.; Xu, X.; Yang,
Y.; Zhang, H. A Review of Silicon-Based Aerogel Thermal Insulation
Materials: Performance Optimization through Composition and
Microstructure. J. Non-Cryst. Solids 2021, 553, No. 120517.
(6) Günay, A. A.; Kim, H.; Nagarajan, N.; Lopez, M.; Kantharaj, R.;
Alsaati, A.; Marconnet, A.; Lenert, A.; Miljkovic, N. Optically
Transparent Thermally Insulating Silica Aerogels for Solar Thermal
Insulation. ACS Appl. Mater. Interfaces 2018, 10, 12603−12611.
(7) Carraher, C. E. Silica Aerogels - Properties and Uses. Polym.
News 2005, 30, 386−388.
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