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ABSTRACT

Waterborne polyurethane (WBPUR) aerogels using acetone method and

freeze-drying procedure have been successfully synthesized. The morphology,

chemical structure, and thermal and mechanical properties of obtained aero-

gels were analysed by means of scanning electron microscopy, Fourier-

transform infrared spectroscopy, contact angle, thermogravimetric analysis,

differential scanning calorimetry and dynamic mechanical analysis. In addi-

tion, the influence of the solids content in the hydrogel (2–15 wt.%), obtained

by varying the amount of water added in the suspension, on the density and

thermal conductivity was evaluated. Obtained results demonstrated that the

properties of aerogels strongly depend on the solids content assayed in the

parent solution. As the solids content in the WBPUR aerogels increases, the

density and thermal conductivity for materials with 2.5 and 10% solids con-

tent follow an upward trend, while their elasticity decreases. Materials with

solids content below 2.5% and above 10% have not demonstrated adequate

processability due to their high deformity and hardness, respectively. The

drying methodology (freeze-drying) can be profitably used to prepare aero-

gels-like materials in a cost-effective way.
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GRAPHICAL ABSTRACT

Illustration of the alternative preparation process of WBPUR aerogels and its

potential industrial application.

Introduction

The current energy situation and the oil crisis gen-

erated in recent times have increased concern and

awareness about energy saving around the world. In

this sense, one of the crucial points to achieve these

savings is the correct insulation of buildings, reduc-

ing the conditioning needs to maintain the optimum

temperature inside. The past studies suggest that

estimated energy consumption in the building sector

alone could reach 35–40% of the total energy con-

sumed [1], being also the largest greenhouse gas

producer [2]. In this context, aerogels appear as very

light insulating materials, ideal for fulfilling this

mission without compromising the structure of the

insulated buildings. Aerogels are predominantly

mesoporous solid materials, characterized by a very

low density and high porosity, with a large surface

area and low thermal conductivity [3–7]. Due to their

physical and chemical characteristics, these materials

have excellent properties for various industrial

applications, such as thermal and acoustic insulation

in the construction sector, both in exterior and

interior walls and floors, catalysts, oil spill clean-up

agents, or CO2 capture agents, among others [8–12].

Aerogels can be prepared from different materials,

such as silica, polyurethane, polyurea, polyimide,

biopolymers, graphene, carbon nanotubes, various

metals, and their derivatives [5, 13–18] and can be

divided in 4 major groups: inorganic, organic, carbon

and hybrid aerogels. Inorganic aerogels are based

over metal or semi-metallic oxide structures, includ-

ing silica aerogels, which are the most researched to

date and the best insulators at ambient pressure

[6, 15, 16]. Organic aerogels stand out for having

structures based on organic polymers and usually

have better mechanical properties than inorganic

ones. In addition, their physical characteristics can be

adapted by making small changes in the proportions

of the reagents used during the synthesis of the

materials [19, 20]. Carbon aerogels consist of porous

materials obtained by carbonizing organic aerogels

prepared by the sol–gel method [21]. Finally, hybrid

aerogels are obtained by combining two of the pre-

viously mentioned types of aerogels, with the aim of

mitigating the disadvantages of organic and inorganic

aerogels when used separately [22]. Because their

9088 J Mater Sci (2023) 58:9087–9102



thermal conductivity is lower than that of air,

achieved due to the small pore sizes of the material,

many of these aerogels can be used in industry as

thermal superinsulators. As for the solid phase, the

conductivity is limited by the nanostructure and

tortuosity of the aerogel structure, as well as by the

low solid fraction that these types of materials usu-

ally have.

Among the organic aerogels, there are different

types depending on the polymer used for their syn-

thesis. The first organic aerogel was produced from

resorcinol–formaldehyde and melamine–formalde-

hyde [23] and nowadays are used as thermal insu-

lators or adsorbents [24]. Within this group,

polyurethane aerogels have been the focus of

research and scientific study in recent years [25] due

to their excellent properties and multiple applica-

tions. As a result of the improvements achieved with

these materials throughout history [26–30], materials

with very low thermal conductivities and densities

have been achieved [22, 31].

Polyurethane aerogels were first obtained by

Imperial Chemical Industries (ICI) in 1996, with some

good results regarding density (0.05–0.15 g cm-3) and

thermal conductivity (0.02 W m-1 K-1) [3]. Then,

Biesmans et al. [26] discovered the influence of heat

treatment on the subsequent physical properties of

the aerogel. Diascorn et al. [25] proposed a two-step

synthesis, achieving aerogels with very low thermal

conductivities (0.017 W m-1 K-1). Hye-Jin Yoo et al.

[27], firstly, observed the chemical structure of these

materials, while Teymouri et al. [28] implemented

doping with carbon nanotubes, obtaining materials

with densities between 0.18 and 1.17 g cm-3.

Sol–gel is one of the most used methodologies to

synthesize polyurethane aerogel, forming a colloidal

suspension [4, 30]. This suspension forms the final gel

after generating a three-dimensional lattice by inter-

lacing the polymer chains. During the sol–gel tran-

sition, the bonds formed by Van der Waals forces and

hydrogen bonds cause a continuous drastic change

from the liquid phase of the solution to a solid phase

[30]. Specifically, different polyurethane aerogels

were synthesized using acetone as organic solvent,

following a procedure known as the acetone method,

thus achieving a simple and environmentally friendly

synthesis procedure [32–34]. In this work, acetone

method was used to produce polyurethane hydrogels

and the water contained was removed using freeze-

drying. This drying method consumes less resources

during drying [4, 30, 35]. However, there are few

works using this methodology to produce poly-

urethane aerogels.

In addition, the properties of the aerogels were

analysed in detail to determinate their physicochem-

ical properties (density, thermal conductivity,

mechanical behaviour, porosity, hydrophilicity, ther-

mal stability). Finally, the influence of wt.% solids

content (depending on the water content addition)

was evaluated on the final properties of polyurethane

aerogels obtained to select the most suitable for future

industrial applications, such as the insulation for

buildings mentioned before, or as a thermal insulator

for the aerospace industry, among others.

Experimental

Chemicals

WBPUR aerogel synthesis: Polyethylene glycol [PEG,

number-average molecular weight (Mn)-

= 2000 g mol-1, Sigma-Aldrich]; 2,2-bis(hydrox-

ymethyl)propionic acid [DMPA, 98%; Aldrich

Chemicals]; 1-methyl-2-pyrrolidinone anhydrous

[NMP, 99.5%, Sigma-Aldrich)]; dibutyltin dilaurate

[DBTDL, 95%, Aldrich Chemicals]; 4,4’-

methylenebis(cyclohexyl isocyanate) [HMDI, 90%

mixture of isomers, Sigma-Aldrich]; ethylenediamine

[EDA, C 99%, Sigma-Aldrich]; triethylamine [TEA,

C 99%, Sigma-Aldrich]; acetone [HPLC grade, Lab-

kem]. Water was purified by distillation followed by

deionization using ion-exchange resins. PEG and

DMPA were dried at 60 �C under vacuum overnight

before use. To remove any traces of water in acetone,

molecular sieves [3 Å; Sigma-Aldrich] were intro-

duced to an acetone container a few days prior to

using it in the synthesis of the polyurethane disper-

sions. Other solvents and chemicals were used as

received unless stated.

Titrations and standardizations: dibutylamine

[C 99.9%, Sigma-Aldrich], toluene [C 99.7%, Sigma-

Aldrich], bromophenol blue ACS reagent, Sigma-

Aldrich], ethanol [99.5%, PanReac], methanol [99.8%,

Sigma-Aldrich], hydrochloric acid [ACS reagent,

Sigma-Aldrich], potassium hydrogen phthalate

[C 99.9%, Sigma-Aldrich], sodium hydroxide [98%,

Sigma-Aldrich], phenolphthalein [1% ethanolic solu-

tion, Sigma-Aldrich], methyl orange [85%, Sigma-

Aldrich].
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Synthesis of waterborne polyurethane
aerogels

In this study, waterborne polyurethane aerogels

(WBPUR aerogels) were synthesized following the

schematic process shown in Fig. 1 and Fig. S1. The

synthesis procedure was adapted from the study

carried out by Chidambareswarapattar et al. [36].

Here, PEG was used as polyol, HMDI as isocyanate,

NMP as anhydrous solvent, DMPA as ionic emulsi-

fier agent, DBTDL as catalyst, acetone as organic

solvent, TEA as neutralizer agent, EDA as chain

extender, and purified water as dispersion medium

for the formed polyurethane. Table 1 shows the

proportion of reagents used during the development

of the synthesis procedure of the WBPUR aerogels.

As can be seen from this summary table, the iso-

cyanate index (R) was 1.5 (mol mol-1). NCO content

at different reaction times during the synthesis

process was previously determined as in the previous

literature [37], following the UNE-EN 1242:2013

statement hoping to find a low isocyanate content

[38]. This evaluation was followed by titration and

FT-IR experiments (Fig. S2), being very concordant

between both. Thus, before the addition of the chain

extender, around 5 wt.% of free isocyanate moieties

would remain to start the polymerization.

First, PEG and DMPA (previously dried at 60 �C
under vacuum overnight) are melted under

mechanical stirring at 80 �C. Once these reagents are

melted, HMDI, NMP and DBTDL are added. The

mixture reacts for 3 h at 450 rpm, keeping the tem-

perature constant during this step. After this time,

temperature is lowered to 40 �C before adding the

required acetone. The mixture is left to stir for a

further hour before adding TEA to neutralize the

acidic groups coming from DMPA. This step takes

30 min to reach the complete neutralization of

Figure 1 Schematic illustration of the preparation process to synthesize WBPUR aerogels.

Table 1 WBPUR aerogels synthesis conditions

DMPA/NMP

(mol�mol-1)

Acetone/PUR

(wt.�wt.-1)

TEA/DMPA

(mol�mol-1)

EDA/HMDI

(mol�mol-1)

NCO/OH

(mol�mol-1)

DBTDL/PEG

(wt.�wt.-1)

1 1.25 1.2 0.33 1.5 0.5
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carboxylic groups. All the above steps were carried

out under a stream of N2 to create an inert atmo-

sphere. The next step is to add EDA in excess to the

mixture, which will elongate the polymer chains

giving another 30 min to the process. The last stage of

the synthesis process is reached by adding water and

dispersing the polymer. The amount of water added

depends on the desired solid content for the final

aerogel.

Once the mixture is completely dispersed in water,

the dispersion is transferred to steel trays, where it

will be aged for 1 day at 25 �C before being intro-

duced in the freeze-dryer. Finally, a freeze-drying

cycle with some different stages (congelation, pri-

mary and secondary drying) is launched, which will

eliminate the water from the mixture by sublimation,

thus generating the final aerogel. Specifically, the

conditions employed in this process are freezing for

5.5 h at - 40 �C, subsequently a primary drying is

carried out for 60 h at 25 �C and 200 lbar and, finally,
a secondary drying for 10 h at 40 �C. The cooling or

heating ramps required during the freeze-drying

process have a duration of 1 h.

Characterization techniques

The bulk density of materials was determined by using

an electronic scale (PCE-LS, PCE Instruments). The

methodology followed is based over the Archimedes

principle: the density is calculated comparing the

mass of the material measured in both air and water

and considering the density of the water used as fluid

[39].

Thermal conductivities of the aerogels were mea-

sured using a Heat Flow Meter (KD2Pro, Decagon

Devices Inc.). The KS-1 Sensor (a 6 cm long skewer)

was introduced in the material and the equipment

shows the thermal conductivity of the given material

on screen, in a range from 0.02 to 2.00 W m-1 K-1.

Sample dimensions used were 30 9 30 9 2 cm

(width 9 length 9 thickness), and an average of at

least three measurements was taken to report.

Chemical structure of the samples was studied using

an infrared spectrometer (Spectrum Two, Perki-

nElmer) in the range of 500–4000 cm-1.

The morphological structure was analysed using a

scanning electron microscopy (SEM, Model Phenom-

ProX, Phenom World).

The Young’s modulus was determined using

dynamic mechanical analysis (DMA, 1STARe System,

Mettler Toledo) by means of stress–strains analyses in

compression mode. Samples used to perform these

analyses were of ca. 1 9 1 9 0.6 cm

(width 9 length 9 thickness) dimensions. An aver-

age of at least three measurements was taken to

report.

Thermogravimetric analysis (TGA) using a thermal

analyser (TGA, 2STARe System, Mettler Toledo) was

carried out to evaluate the thermal stability of the

produced aerogels. Furthermore, the glass transition

temperature was determined on a differential scan-

ning calorimetry (DSC, 2STARe System, Mettler

Toledo) using a heating rate of 20 K min-1 from - 80

to 100 �C.
Contact angles were measured using an optical

tensiometer at 25 �C (Theta Lite, Biolin Scientific). For

that, two microlitres of water were dropped onto the

surface of polyurethane aerogels. The average contact

angle was obtained by measuring the real contact

angle between the drop and the sample at two dif-

ferent positions.

Results and discussion

Study of feasibility of the developed
WBPUR synthesis process

To check the feasibility of the proposed synthesis

process, the physicochemical characteristics of the

baseline WBPUR aerogel were thoroughly evaluated.

It should be noted that during the synthesis process,

it is of great importance to avoid hydration of the

reagents, as the isocyanate groups can react with the

water maybe present in the reagents as traces. Pre-

liminary experiments were performed using the

synthesis procedure described in Fig. 1. It is impor-

tant to note that, until a successful synthesis

Table 2 Quantity of reagents

used to synthesize the baseline

WBPUR aerogel

Reagent Quantity

HMDI (mL) 24.3

PEG (g) 32.9

DMPA (g) 6.6

TEA (mL) 8.2

EDA (mL) 2.2

NMP (mL) 4.8

Acetone (mL) 116.1

DBTDL (mL) 0.2

Water (mL) 904.8
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procedure was obtained with an aerogel of suit-

able properties, multiple tests were carried out

varying different parameters (not shown in this

work). The quantities of each reagent finally used are

shown in Table 2. Note that water content was

adjusted so that the solids content was 7.5%. Once the

recipe explained above had been experimentally

carried out, WBPUR aerogels were obtained, their

visual appearance can be seen in Fig. 2. As observed,

WBPUR aerogels obtained turned out to be robust

and highly resistant to being fold several times and

even twisted. Its handling and easy modelling in

particular forms demonstrate the great processability

of this material. These mechanical properties are

similar to that obtained from other authors (high

bendability and elasticity) [40, 41].

The morphology of synthesized WBPUR aerogel

was evaluated by means of SEM (Fig. 3a, b). SEM

micrographs displayed a porous network

microstructure, which was mainly achieved

Figure 2 Physical appearance of the baseline WBPUR aerogel.

Figure 3 a, b SEM

micrographs at two different

scales and c contact angle of

the baseline WBPUR aerogel.
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throughout the sublimation of water during freeze-

drying process. During the freeze-drying, the solvent

molecules entrapped between the polymer molecular

chains are gradually sublimated, creating a microp-

orous structure which could give the material insu-

lating properties [42, 43]. It can be observed in more

detail the microchannels created in Fig. 3b. The con-

tact angle depends on different issues and generally

enhances with increasing hydrophobicity, surface

roughness crosslink density and glass transition

temperature of the surface [44]. As shown in Fig. 3c,

the average contact angle of the baseline aerogel was

88.2 ± 1.0 �C (n = 2), less than 90 8C, indicating the

hydrophilic character of the obtained material [45].

Fourier-transform infrared spectroscopy (FT-IR)

analysis of reference sample is showed in Fig. 4. In

the spectrum, the band located at 1710 cm-1 is asso-

ciated with the stretching vibration of urethane and

allophanate groups, while bans located at

3040–2760 cm-1 are assigned to the stretching vibra-

tions of C-H from alkanes [5, 46]. In view of these

results, the absence of absorption peaks at

2470–2025 cm-1 region corresponds to stretching

vibrations of N=C=O functionalities (isocyanate),

indicating the complete reaction of the isocyanate at

the end of the synthesis process. Thus, it is demon-

strated the formation of the polyurethane, as well as

the elongation of the polymer chains before the freeze

drying.

DSC analyses were performed to examine the

crystalline phases in the PUR structure that are

formed by the hard and soft segments [47]. DSC

curves from the first and second heating scans of

WBPUR aerogel are shown in Fig. 5. These heating

profiles show the glass transition (Tg) of the soft

segments at approximately -50 �C and another slight

relaxation transition is observed at 55 �C corre-

sponding to hard segments [48].

Finally, thermal stability of the baseline aerogel

was tested by TGA analysis under an inert nitrogen

atmosphere. Figure 6 shows the pyrolysis process

alongside the derivative of the weight with respect to

the temperature. This sample exhibited three

decomposition stages. The first stage, which occurred

in the range 25–230 �C, corresponds to the evapora-

tion of residual solvents such as NMP and the

remaining adsorbed water [49]. The second stage,

which appeared in the range 230–440 �C can be

assigned to the thermal decomposition process of the

main chains of polyurethane molecules [50]. Around

15 wt. % remained at the end of this stage. Finally, the

third stage, which ranged 440–650 �C, indicated a

maximum weight loss of approximately 99% due to

the decomposition of ester groups [51, 52]. At the end

Figure 4 FT-IR spectra of

HMDI and the baseline

WBPUR aerogel.
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of this stage, 0.87 wt. % of the sample remained at

1000 �C. Thus, it can be confirmed that this material

is thermally stable up to 230 �C, temperature at

which the degradation of the polymeric network

starts.

Influence of solids content (wt.�wt.21)

Since the main application of the developed aerogels

is to act as thermal insulators mainly in the exterior

walls of buildings, both density and thermal con-

ductivity of these materials must be as low as possi-

ble, while maintaining their mechanical properties. In

Figure 5 DSC curve of the

obtained WBPUR aerogel.

Figure 6 TGA (black solid

line) and DTGA (blue dotted

line) curves of the baseline

WBPUR aerogel.
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this sense, the amount of solids dispersed in water

(solids content (wt.�wt.-1)) used to obtain the PUR

hydrogel was modified from 2 to 15% to evaluate the

mentioned properties in the final WBPUR aerogels.

The quantities of each reagent to prepared WBPUR

aerogels with different solids content are summa-

rized in Table S1. Solids content (wt.�wt.-1) relation

was calculated as shown in Eq. (1):

Solids content wt: �wt:�1
� �

¼
P

weight (HMDIþ PEGþDMPAþ TEAþ EDA)
P

weight (HMDIþ PEGþDMPAþ TEAþ EDAþwaterÞ

ð1Þ

Thus, solids content of the aerogels is calculated

with respect to the total amount of reactants that

participate in the formation of the polymer (PEG,

HMDI, DMPA, TEA and EDA), excluding the

reagents acetone, NMP and DBTDL.

The morphology of the materials can be predicted

from the SEM micrographs. The porous structure of

the different obtained aerogels depending on the

solid content can be shown in Fig. 7. Herein, the

porous amount clearly decreases with higher solids

content. Thus, different packing was observed as a

function of porosity, resulting in the observed chan-

ges in density values as detailed below. It can be

observed that, as such content decreases, there is a

more porous structure, while at higher contents,

between 10 and 15%, the structure of the aerogels is

practically non-porous, thus, being a much rigid and

less flexible material. On the other hand, a low solid

content is associated with very soft and brittle

materials that may even deformed.

Density and thermal conductivity values of syn-

thesized WBPUR aerogels are shown in Fig. 8 and

Table S1. A priori, aerogels synthesized using 2 and

15% of solid content were discarded due to the first

one is brittle and very weak, and the latter is just the

opposite. Therefore, they were not suitable for final

application. As expected, the density of the obtained

(a) (b)

(c) (d)

(e) (f)

Figure 7 SEM micrographs

of the prepared WBPUR

aerogels obtained using

different solids contents a 2%,

b 2.5%, c 5%, d 7.5% e 10%

and f 15%.
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aerogels increased with the solid content of the

sample, and so does the thermal conductivity. As

previously observed, this increase in density with

higher solids content leads to a noticeable reduction

in the pore quantity, contributing to an increase in

heat transfer [4].Therefore, in view of these results, it

can be confirmed that a higher porosity in the syn-

thesized aerogels structures is associated with a

lower thermal conductivity, thus favouring its

capacity as a thermal insulator.

As previously, the correct formation of the poly-

urethane was verified by FT-IR. All the samples

presented similar curves (Fig. 9), in which the

absence of a peak in the wavelength associated with

the -N=C=O group (2470–2025 cm-1) and the pres-

ence of the band associated with the stretching

Figure 8 Density and thermal

conductivity of WBPUR

aerogels obtained using

different % solids content.

Figure 9 FT-IR profiles of

WBPUR aerogels obtained

using different %

solids content.
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vibration of urethane and allophanate groups

appearing at 1710 cm-1, confirm the correct forma-

tion of the polyurethane after the synthesis and the

correct elongation of the polymeric chains before the

freeze-drying process.

To analyse the influence of the solids content on

the thermal stability of the final aerogel, TGA analy-

ses were performed on all valid samples showing the

results obtained in Fig. 10. All samples showed a

similar pattern, maintaining the thermal degradation

zones previously commented (Fig. 6), being all of

them stable up to 230 �C. Again, all synthesized

WBPUR aerogels showed three thermal degradation

stages: evaporation of solvents (25–230 �C), decom-

position of polyurethane chains (230–440 8C), and

degradation of ester groups (440–650 �C), with simi-

lar weight loss to the ones perceived with reference

sample. As all samples showed similar TGA and

DTGA behaviours, and based on the FT-IR results,

the correct formation of polyurethane can be con-

firmed for all synthesized samples.

Additionally, to check the mechanical behaviour of

the synthesized aerogels and to correlate it with their

physical properties, dynamic mechanical analyses

(DMA) were performed to the samples. These

experiments were carried out by following a stress–

strain method, carried out at a constant temperature

of 25 �C. Figure 11 presents typical stress–strain

curves for the aerogels obtained using the already

mentioned solid contents. Each curve represents the

experienced strain when small stresses (from 0 to 2

N) are applied. Although these curves could reveal

many properties of a material, these studies were

carried out by focusing on the Young’s modulus of

each sample, determined by the slope of the linear

part of the stress–strains curve, where an elastic

behaviour was observed (Table S1). As observed,

solid content has a marked effect on the mechanical

properties of polyurethane aerogels, with the slope of

the curves increasing with the amount of solid con-

tent dispersed in water during the synthesis process

[53]. Consequently, Young’s modulus experiences a

marked increase from 0.005 to 0.136 MPa (Table S1),

demonstrating the loss of mechanical capabilities and

stiffness of materials as their density and thermal

conductivity decrease. In addition, Fig. 11b shows the

power–law correlation between the elastic modulus

of the WBPUR aerogels with their density. As can be

seen, the elastic Young�s modulus (E) strongly

increases with the density (q) and this evolution fol-

lows a power law such as E a q3.6. This trend agrees

with the literature values [54, 55].

Figure 10 TGA (solid lines)

and DTGA (dotted lines)

curves of WBPUR aerogels

obtained using different %

solids content.
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Conclusions

WBPUR aerogels were successfully prepared via a

stepwise polymerization process followed by freeze-

drying method. The important dependence of the

solids content of this type of materials on their

physical properties can be highlighted. Depending on

this consideration, the porous materials obtained

have a density between 0.21 and 0.42 g�cm-3, thermal

conductivity between 0.035 and 0.052 W�m-1�K-1 and

Young�s modulus between 0.005 and 0.136 MPa

when using between 2.5 and 10% solids content,

(a)

(b)

Figure 11 a Compressive

stress–strain curves and

b relationship between the

Young�s modulus vs density

for WBPUR aerogels obtained

using different % solids

content.

9098 J Mater Sci (2023) 58:9087–9102



respectively. As these are light and insulating mate-

rials, the ideal sample for this application will be the

one containing 2.5% of solids present in the aerogel

structure. Based on these preliminary results, a

promising new route is proposed as a simple, effi-

cient, and low-cost alternative to the existing ones.
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