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Abstract - Biopolymer aerogels are an emerging class of materials with potential applications in drug 
delivery, thermal insulation, separation and filtration. Chitosan is of particular interest as a sustainable, 
biocompatible and abundant raw material. Here, we present urea-modified chitosan aerogels with high 
surface area and excellent thermal and mechanical properties. The irreversible gelation of an acidic 
chitosan solution is triggered by the thermal decomposition of urea at 80°C through an increase in pH 
and, more importantly, the formation of abundant ureido terminal groups. The hydrogels are dried using 
either supercritical (SCD) or ambient pressure (APD) methods to elucidate the influence of the drying 
process on the final aerogel properties. The hydrogels are exchanged into ethanol prior to SCD, and into 
ethanol and then heptane prior to APD. The surface chemistry and microstructure are monitored by 
solid-state NMR and FTIR spectroscopy, SEM, and nitrogen sorption. Surprisingly, large monolithic 
aerogel plates (70 mm2) can be produced by APD, albeit at a somewhat higher density (0.17-0.42 g/cm3). 
As prepared aerogels have thermal conductivities of ~24 and ~31 mW/(m·K), and surface areas of 160-
170 and 85-230 m2/g, for SCD and APD, respectively. For a primarily biopolymer-based material, these 
aerogels are exceptionally stable at elevated temperature (TGA) and char and self-extinguish after direct 
flame exposure. The urea-modified chitosan aerogels display superior mechanical properties compared 
to traditional silica aerogels, with no brittle rupture up to at least 80% strain, and depending on chitosan 
concentration, relatively high E-moduli (1.0-11.6 MPa) and stress at 80% strain values (σ80 of 3.5-17.9 
MPa). Remarkably, the aerogel monoliths can be shaped and machined with standard tools, e.g. drilling 
and sawing. This first demonstration to produce monolithic and machinable, mesoporous aerogels from 
bio-sourced, renewable, non-toxic precursors, combined with the potential for reduced production cost 
by means of simple APD, opens up new opportunities for biopolymer aerogel applications and marks 
an important step towards commercialization of biopolymer aerogels.  
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1. Introduction 
 
Aerogels are highly porous, predominantly mesoporous solids with exceptional properties and a rapidly 
growing market, particularly for silica aerogel as thermal superinsulation 1–4. Traditionally, aerogels are 
prepared by extracting a gel's pore fluid with supercritical CO2 drying (SCD) to circumvent the strong 
capillary forces that occur at liquid-gas interfaces during solvent evaporation. Supercritical drying 
however is a high pressure process that requires nontrivial equipment and is limited in terms of its 
economy of scale potential. Ambient pressure drying (APD) is a viable alternative to produce high quality 
silica aerogels if the gel surfaces have been hydrophobized 5, but is generally not feasible for hydrophilic 
aerogel systems because of excessive shrinkage and structural collapse.  
 

Biopolymer aerogels are a potentially more sustainable alternative to silica aerogel, and a wide variety 
of precursors are available, mostly polysaccharides (e.g. cellulose, alginate, chitin and chitosan, pectin, 
starch), but also proteins and lignin 6. Chitin and its deacetylated product chitosan are of particular 
interest because they are derived from shrimp and crab shell waste, of which six to eight million tonnes 
are produced per annum 7,8. In addition, chitosan's amino groups, from the (deacetylated) d-glucosamine 
units, can impart its corresponding aerogels with specific functionality, including CO2 sorption 9,10, metal 
ion absorption 9,11,12, dye absorption 13,14, trapping of contaminants15,16, catalysis 17–23, reinforcement of 
other (e.g. silica) aerogels 24, chitosan derivatives 25–27, use as an encapsulation matrix for small molecules 
and nanoparticles 25,28–30, in addition to the traditional thermal insulation application 13,31–33.  

 

The gelation of chitosan solutions can be induced either by means of i) physical mechanisms, e.g. by a 
pH or temperature change, ii) by coagulation in non-solvents, or iii) through (covalent) cross-linking with 
reactive cross-linkers. A first physical gelation mechanism uses pH, sometimes combined with 
temperature, to induce gelation. Dripping an acidic aqueous solution of chitosan into an alkaline solution 
causes coagulation due the pH inversion effect 34,35 and also a pH lowering gelation through pressurized 
CO2 induces chitosan gelation 36, but the gelation is reversible and chitosan can be dissolved again upon 
acidification 37,38. Physical gelation can also be induced by raising the temperature of a chitosan solution, 
buffered to a neutral pH by β-glycerolphosphate 39. Increased temperatures were also used to cross-link 
hemicellulose citrate with chitosan at low pH 40. Another physical gelation strategy involves coagulation 
of chitosan in a non-solvent 41 in a process akin to that for the production of regenerated cellulose 
aerogels 42. Immersion in ethanol facilitated the gelation of polysaccharide aerogels without further 
addition of cross-linkers, but the resulting aerogels had limited mechanical strength 43. Even for cross-
linked chitosan gels, solvent-chitosan interactions, including the solvent exchange into CO2 during 
supercritical drying, strongly affect the microstructure and properties 44.  

 

Although chitosan is a non-toxic, renewable precursor, gels and aerogels are often produced by cross-
linking the amino groups with "non-friendly" and often toxic cross-linkers, particularly formaldehyde 
13,15,31,32,45, glutaraldehyde 15,16,46, glyoxal 15, and diisocyanates 27, which negates some of the benefits of 
using a sustainable, bio-sourced precursor. However, there are effective techniques to eliminate the 
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remains of these cross-linkers, for example the removal of glutaraldehyde using a mixture of CO2 and 
ethanol during supercritical drying 47. In addition, more benign cross-linkers are available, but have been 
applied only sporadically to the synthesis of chitosan aerogels. Cross-linking amino groups with CO2 has 
not yet been applied to chitosan, but has been demonstrated successfully to produce polyurea from 
synthetic polyamines, either in pressurized reactors 48, or by bubbling CO2 through a polyallylamine 
solution 49. Urea is a possible cross-linker for amino groups that has been mostly overlooked in the latest 
non-isocyanate polyurea-polyurethane and aerogel literature. Before the advent of isocyanates, urea 
was the preferred cross-linker for polycondensation of polyurea, with a rich patent literature going back 
as far as the 1930s 50–52. Typically large diamines or alkanolamines were reacted with urea in bulk or in 
solution at relatively high temperature (~200 °C) through the reaction: 

2 R-NH2
 + H

2NCONH2
                          R NHCONH R + 2NH

3  

A recent study describes the urea-chitosan combination to produce gels 53, working with urease to 
accelerate the hydrolysis of urea 54. Very recently, Ganesan et al. demonstrated a facile method to 
synthesize ureido-modified chitosan gels and aerogels 55. 

 

In this study, we investigate the preparation of chitosan aerogels with high surface area and 
mesoporosity, and excellent mechanical and thermal properties using a urea modification. Both 
supercritical and, surprisingly, ambient pressure drying can yield large, defect-free monolithic aerogel 
plates. The gelation mechanism is probed using FTIR and solid-state NMR spectroscopic data which – in 
combination with complimentary characterization techniques - allows us to systematically map out the 
effect of chitosan concentration and drying conditions on shrinkage, density, microstructure, thermal 
conductivity and mechanical properties.   

 

 

2. Experimental  
 
2.1 Materials 
 
Chitosan from crab shells with high viscosity (> 400 mPa.s for 1% in acetic acid @20°C), high molecular 
weight (HW) (310000-375000 g mol -1) and a degree of deacetylation (DDA) of 77 %, urea BioXtra, a 320 
g mol-1 cetyltrimethylammonium chloride (CTAC) solution, and HCl ACS Reagent (HCl 37 %) were 
purchased from Sigma Aldrich (Switzerland). Ethanol (F25-AF-MEK ethanol denatured with 2 % methyl 
ethyl ketone) was sourced from Alcosuisse, Switzerland. Heptane (isomer mixture, UN 1206) was 
obtained from Brenntag (Switzerland). Deionized water was used for dilutions. All reagents and solvents 
were used as received without further purification. 
 
2.2 Synthesis of chitosan-urea aerogels 
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Let us explain the aerogel synthesis by example of a typical sample prepared from 10 % m/v chitosan 
solution (Fig. 1); preparations for other concentrations are summarized in Table S1. Aerogels were 
prepared by dissolving 4 g chitosan in 40 mL of a 1.12 M HCl aqueous solution under constant stirring 
at 70 °C in an oil bath for approximately 2 hours. The resulting, somewhat viscous, yellowish–transparent 
solution was taken out of the oil-bath and left to cool at room temperature for 5 minutes under stirring. 
After the dissolution of 9 g of urea, a very minor amount of surfactant (30 µL CTAC) was added to help 
eliminate bubbles. The solution was then centrifuged at 6000 rpm for 3 minutes to eliminate residual 
trapped air and possible insoluble solids which were removed by decantation. The chitosan-urea solution 
was poured into square silicone molds (25 ml of sol in 5x5x3 cm3 for SCD, 60 ml of sol in 9x9x3 cm3 for 
APD) and placed into a larger plastic polypropylene sample storage container. Gelation and aging took 
place at 80 °C for 24 h. Over the course of the gelation and aging process, the pH value changed from 
~0 to 7.   
 

 

Figure 1. Chitosan aerogel synthesis and gelation mechanism. 

 

The gels intended for SCD were exchanged into ethanol 3 times (gel:solvent ratio 1:10, 65 °C, 24 h each) 
and then dried from supercritical CO2 (SCD) in an autoclave (4334/A21-1 Separex, France). The ethanol 
pore fluid was exchanged into liquid CO2 at ~7 °C in a batch type autoclave. After several flushing steps 
with liquid CO2 during ~8h, the ethanol was exchanged with CO2. The chamber was isolated from the 
CO2 supply and the temperature was increased to 50 °C over the course of about 4 h, leading to an 
increase in pressure of typically 150 bar. Subsequently, the supercritical CO2 autoclave was depressurized 
within 1 h and allowed to cool to room temperature prior to removing the samples. A second set of 
samples was prepared by ambient pressure drying. Here, as prepared gels were washed thrice with 
ethanol (gel: solvent ratio 1:10, 65 °C, 24 h per washing step), and then exchanged into heptane 3 times 
(gel: solvent ratio 1:10, 25 °C, 24 h per exchange step). The samples were then allowed to dry at ambient 
pressure in open containers, either at room temperature or at 65 °C. 

 

2.3 Characterization 

 

The linear shrinkage of the gels for each of the processing steps was monitored by measuring the edge 
length of the square samples with a caliper, (L-L0)/L0, where L is the length of the sample after each 
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processing step and L0 is the length of the sample container. The size of the relatively weak hydrogels 
could not be determined accurately, but the shrinkage after gelation and aging was minimal (between 
0 and 2%) for all hydrogels. The apparent bulk density was calculated from the weight and the 
dimensions of the regularly shaped monolithic samples (square plates, cylinders). The skeletal density 
(ρskeletal) was measured by helium pycnometry (AccuPyc II 1340). No degassing was performed prior to 
the density measurements. The pore volume (Vpore) along with the porosity (%ϕ) was calculated from the 
bulk and skeletal density of the aerogel [Eq.1-2]. 

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 1
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

− 1
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 Eq.1 

% 𝜙𝜙 = �1 − 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

� ∙ 100 Eq.2 

Nitrogen sorption isotherms were measured at liquid nitrogen temperature on a Micromeritics TriFlex 
instrument after degassing the samples at 3.3x10-2 mbar and 80 °C for 40 h. The specific surface areas 
(SBET) were calculated from 4-6 data points in the linear range of P/P0 between 0.05 and 0.3  using the 
BET (Brunauer-Emmett-Teller) method. The SBET and C-values are listed in Table 1 and Table S10. The 
average pore diameter was calculated from the pore volume and surface area assuming cylindrical pores 
[Eq.3], rather than the classical BJH (Barrett-Joyner-Halenda) model for analysis 56, which for aerogel is 
affected by mechanical deformation in the desorption branch of the capillary condensation range 57. The 
precision of the BET surface area is approximately 10 m2/g, but the accuracy may be lower (around 50 
m2/g) because of model dependencies.  

𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 4∙𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵

  Eq.3 

Scanning electron microscopy (SEM) images were recorded with an FEI Nova NanoSEM 230 (FEI, 
Hillsboro, Oregon, USA) at an accelerating voltage between 5 and 10 kV and a working distance around 
5 mm. The samples were fixed using carbon pads and coated with Pt at a nominal thickness of 20 nm. 
Note that the actual thickness of the coating on the aerogel surfaces is much lower because of the 
extreme topography.  

 

Solid-state NMR spectra were acquired with a Bruker Avance III system equipped with a wide-bore 9.4 
T magnet, corresponding to Larmor frequencies of 400.2 MHz for 1H and 100.6 MHz for 13C, using 7 mm 
diameter zirconia rotors and a magic angle spinning (MAS) rate of 4 kHz. 1H-13C cross polarization 
spectra were acquired using a recycle delay of 3 s and a relatively long contact time of 2 ms to minimize 
the dependency of the relative spectral intensities on the hydrogen-carbon distance. Fourier Transform 
Infrared (FTIR) spectra were collected with a Bruker Tensor 27 FTIR spectrophotometer with a scan range 
from 400 to 4000 cm-1. Spectra were collected in Attenuated Total Reflectance mode (ATR) using a 
diamond crystal.  

 

The thermal conductivity (λ) was measured with a custom-built guarded hot plate device (protected 
zone: 50 mm x 50 mm, measuring zone: 25 mm x 25 mm) specifically designed to measure small low λ 
samples (Figure S1) 58. The thermal conductivity was determined from monolithic square-shaped plates 
(SCD plates around 50 mm x 50 mm x 10 mm, APD plates around 70 mm x 70 mm x 10 mm) after 
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preconditioning at 30% relative humidity (RH) and 25 °C for at least 24 h. Thermogravimetric analysis 
was carried out using a Netzsch TGA 209 F1 instrument in reconstituted air (80% v/v N2 and 20% v/v O2), 
from 30 °C to 900 °C with a heating rate of 20 °C/min.  

 

The mechanical properties were evaluated on cylindrical samples (15 mm diameter, 20–30 mm high) 
using a universal mechanical testing setup (Zwick/Z010, Zwick/Roell, Germany) to apply uniaxial 
compression with a 10kN force transducer (KAP-S, AST Gruppe GmbH, Germany) at a rate of 1 mm/min 
up to 80% strain in a controlled environment (23 °C and 50% RH). The elastic moduli were calculated 
from the linear region of the stress-strain curves (typically between 1 and 3% strain). 

 

 

3. Results and discussion 
 
3.1 Parameters affecting gelation and reaction mechanism 
 
The main parameters that affect gelation are temperature and urea concentration: gelation only occurs 
for reaction temperatures of at least 80 °C and urea/d-glucosamine molar ratios of at least 4 to 1 (Tables 
S2 and S3). The effect of temperature is particularly striking: no gelation is observed at 70 °C, even after 
48 h, whereas a strong gel that could be processed to an aerogel was obtained after just 5 h at 80 °C. 
The 80 °C required for gelation is consistent with the decomposition temperature of urea in aqueous 
solution for the two possible mechanisms, through hydrolysis 59–64 and/or through an isocyanate 
intermediate (Figure 2) 65,66. Note also that the thermal decomposition of urea represents the onset of 
the formation of ammonia, where the former is responsible for the neutralization of the acidic sol 
medium previously mentioned in the text. Mechanistically we are not able to discern which of the 
proposed reaction mechanisms dominates during the aerogel synthesis, primarily because of the short-
lived nature and correspondingly small effective concentrations of the intermediates. The results 
discussed above were obtained for a chitosan concentration of 10% m/v, but for the optimum conditions 
(80 °C, urea/d-glucosamine=6/1, 24h), gelation was observed for all investigated chitosan loadings (3, 
5, 8, 10, 12 % m/v). The effect of protonation of chitosan in the solution, i.e. the concentration of HCl, 
was also investigated (Table S4), but all data in the remainder of this manuscript correspond to a degree 
of protonation of 180%. Note that chitosan depolymerizes under these conditions through the hydrolysis 
of the glycosidic bonds 67–69, therefore dissolution temperatures and times need to be kept constant to 
obtain consistent results. The dissolution of different concentrations of HW chitosan in different acids 
was also investigated, without success (Table S6). Note that the experiments above were carried out with 
chitosan with high molecular weight (310'000 – 375'000 g/mol) and that no gelation was observed with 
chitosan with medium (190'000-310'000 g/mol) and low (50'000–190'000 g/mol) molecular weight. 
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Figure 2. Possible reaction mechanisms for the formation of end-capping ureido groups (dominant 
species) and, possibly, cross-linking ureylene groups (minor species). The full decomposition of urea with 
water into CO2 and NH3 is not shown. 

 

3.2 Aerogel chemistry and structure formation 
 
Solid-state NMR spectroscopy 
The 1H-13C CP MAS NMR spectrum of the chitosan-urea aerogel displays all the signatures expected for 
chitosan with a high degree of deacetylation (Figure 3a). Cross polarization spectra are not inherently 
quantitative because the relative peak intensities are modified by variable relaxation times and cross 
polarization efficiencies. Nevertheless, the reasonable agreement between the nominally expected 
(1.0/1.0/2.0/1.0/1.0) and measured (1.0/1.2/2.3/1.1/0.9) peak areas for C1, C2, C3+C5, C4 and C6 (Table 
S7) indicates that, for these samples and with these experimental conditions, the peak areas provide a 
reasonable approximation of the carbon abundances. The normalized intensities of the C7 (0.22) and C8 
(0.23) bands indicate a degree of acetylation of around 23%. The normalized intensity of 0.77 of the C9 
band, assigned to the C=O group of end-capping ureido groups, indicates that, within uncertainty, all 
of the deacetylated amino groups have reacted with urea to form ureido groups, i.e. few to no primary 
amino groups remain on the chitosan backbone. The presence of abundant end-capping ureido groups 
and the absence in the spectra of cross-linking urea groups is not unexpected. Because of the large urea 
excess at which the reaction is carried out (6:1 molar urea:d-glucosamine ratio), only 3% of ureylene 
cross-links would be expected based on a simple simulation that assumes equal kinetic rate constants 
for the end-capping (first step) and cross-linking (second step) reactions (Fig. S5). However, a parallel 
ongoing study in our laboratory on the reaction between ethanolamine and urea indicates that the 
probability of the ureylene cross-linking reaction is much lower than that of the ureido end-capping 
reaction. Thus, the 3% estimate represents an upper bound concentration of crosslinks. Because of the 
high molecular weight of chitosan, possible cross-links could still be expected to have a substantial effect 
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on gelation and structure formation, even at (very) low concentration. In other words, only few crosslinks 
would be needed to increase viscosity and promote gelation.  

 

Figure 3. (a) Solid-state CP-MAS 1H-13C NMR spectrum of chitosan-urea aerogel (GA067). Peak 
assignments are illustrated with a fragment of chitosan; peaks labeled with an asterisk (*) are spinning 
sidebands. The relative intensity of the acetyl groups (C7/C8), including spinning sidebands and 
normalized to the total intensity of the C1 band, amounts to 22/23%. The relative intensity of ureido (C9) 
groups is 77%. (b) ATR-FTIR spectra of pure chitosan, aerogel and urea.    

 
FT-IR spectroscopy 
The FTIR spectrum of the urea-modified chitosan aerogel closely resembles that of neat chitosan (Figure 
3b), apart from distinct changes in intensity and peak position in the 1550 to 1700 cm-1 region. Neat 
chitosan has two peaks in this region, one at 1590 cm-1 was assigned to the –NH2 groups and one at 
1650 cm-1 related to the acetyl group, i.e. –NHC(O)CH3. The vibrational band of the -NH2 groups at 1590 
cm-1 is absent from the chitosan aerogel spectrum, but the urea-modified chitosan aerogels display two 
peaks in this region, at 1650 cm-1 and 1560 cm-1 typical for amide I and amide II vibrations, i.e. from the 
–NHC(O)NH2 groups, that are too intense to arise entirely from the acetyl amide bands from the original 
chitosan. The experimental peak positions should not be over-interpreted as the bands are the sum of 
at least two overlapping sets of peaks (residual acetyl and newly formed ureido groups). Nevertheless, 
the relatively low frequency of the carbonyl stretching vibration (1650 cm-1) is indicative of moderate to 
strong hydrogen bonding as a result of the delocalization of electrons in the π-bonds 70. Compared to 
the neat chitosan spectrum, the peak at 1422 cm-1 related to CH2 bending disappears in the aerogel 
spectrum and the peak assigned to C-H bending at 1376 cm-1 and to a lesser extent also the peak at 
1309 cm-1 from C-N stretching (amide III) are more intense. The overlapping vibrational bands ascribed 
to C-O at 1030 and 1067 cm-1 display as two well-defined peaks in the aerogel spectrum. The vibrational 
bands of the O3-H and O6-H appear at relatively low frequencies in the aerogel spectrum (3361 cm-1 
and 3453 cm-1, respectively), indicating relatively strong hydrogen bonding. The complete peak 
assignments is listed in Table S8. 
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Structure formation 
The change from a clear solution to a white gel during aging and gelation (at 80°C) indicates that larger 
aggregates that scatter visible light have formed during gelation, i.e. before solvent exchange and 
drying. Aggregation can be related to multiple effects (Figure 1), namely i) ammonia released during 
urea decomposition neutralizes the acid and reduces chitosan solubility 60, ii) the grafting of ureido 
groups onto the chitosan backbone, which changes the solvent-chitosan and chitosan-chitosan 
interactions, and enables the establishment of a "ureido" based hydrogen bonding network, and iii) the 
actual crosslinking of chitosan by ureylene moieties. The change in pH alone is not sufficient to explain 
the structure formation here, since chitosan gelation through the addition of base is generally reversible 
37,49,71, which is not the case in our system: no dissolution of mass loss were observed after immersion of 
the urea-modified hydrogels in a pH2 HCl solution for 24 hours. In addition, gels produced by base 
addition to acidic chitosan solutions are mechanically much weaker than those prepared here. Thus, the 
microstructure and properties of the gels and aerogels produced here must be strongly linked to either 
or both of the remaining mechanisms, that is grafting of ureido groups and cross-linking with ureylene 
groups.  

 

3.3 Shrinkage, density, humidity uptake, thermal stability and thermal conductivity  

 
Shrinkage and density 
The importance of shrinkage of (bio)polymer aerogels during processing has been highlighted recently 
72. For all investigated processing steps (solvent exchanges, drying), there is a clear, inverse correlation 
between chitosan concentration and linear shrinkage (Figure 4a), as is typical for most aerogel systems 
and simply because the increased mechanical strength of more concentrated gels enables them to better 
withstand the stresses during processing. Compared to other biopolymer aerogel systems 72, the solvent 
exchange into ethanol and heptane leads to only a moderate linear shrinkage (between 2 and 12% for 
3% m/v chitosan, and between 2 and 4% for 12% m/v chitosan), despite the very low solubility of 
chitosan in ethanol and heptane. We interpret this as further proof that the microstructure/aggregation 
of chitosan occurred before washing and solvent exchange steps, i.e. during gelation and aging. 
Shrinkage is more pronounced after drying. For SCD, the higher linear shrinkage (20%) at low 
concentrations results in a relatively flat dependence of density on chitosan concentration, but the lowest 
densities are observed for the lowest chitosan concentrations (Figure 4b). In the case of APD, we see 
much higher shrinkage and also the dependence of shrinkage on chitosan concentration is even more 
extreme. The apparent density dependence is a complex function of chitosan concentration with the 
lowest APD densities being observed for the highest chitosan concentrations, contrary to the SCD 
samples. The faster drying at higher APD temperatures reduces the time for which the gels are exposed 
to drying induced capillary forces. The lower densities after APD at 65 °C, compared to room 
temperature, seem to confirm this hypothesis.  
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Figure 4. (a) Linear shrinkage as a function of chitosan concentration. (b) Density dependence on 
chitosan concentration. (c) Thermal conductivity versus chitosan concentration. (d) Thermal conductivity 
versus density. 

 
 
Thermal conductivity 
The thermal conductivity λ (Figure 4c) strongly correlates with aerogel density: The SCD and APD 
(RT/65°C) data define a single monotonously increasing function of aerogel density (Figure 4d). No 
minimum in thermal conductivity is observed at intermediate densities, as is typical for many aerogel 
systems 1,73, but the lowest thermal conductivity is observed for the lowest density samples. This indicates 
the important contributions of the solid conduction in shaping the density dependence of thermal 
conductivity over the investigated density range (0.094-0.423 g/cm3). Thermal conductivities as low as 
24.1 mW/(m·K) are reached for the lowest density SCD-dried aerogels (Table 1) and even lower 
conductivities were measured for aerogels processed at 90 °C (22.1 mW/(m·K), Table S3). These values 
are well below that of standing air (26 mW/(m·K) and much lower than for conventional insulation 
materials (e.g. mineral wool or EPS with ~33 mW/(m·K)), indicating that the gas phase conduction is at 
least partially suppressed through the Knudsen effect because of the mesoporous pore network. 
Presumably, the gas phase conduction is even lower for the higher density aerogels with their smaller 
pores, but this effect is masked by the higher solid phase conduction. The APD aerogels display higher 
densities and thermal conductivities, but still in line with those of conventional insulation materials. The 
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lower densities for APD at 65 °C (compared to room temperature) lead to lower thermal conductivities: 
a value of 30.9 mW/(m·K) is achieved for the lowest density APD-dried aerogel (Table 1).  
 
 
Moisture uptake and thermal stability 
The chitosan-urea aerogels are hydrophilic and display very substantial water uptake, even at low relative 
humidity (Figure S2). For example, the 10% SCD chitosan samples display a humidity uptake of 2.4, 6.1 
and 6.3% w/w after exposure to 30% relative humidity for 1 hour, 1 day, and 14 days, respectively. The 
APD samples show a similar behaviour. The relatively high moisture uptake is expected to negatively 
affect the thermal conductivity as lambda is known to increase through water uptake 74. 
Hydrophobization of the chitosan aerogels may help to decrease the thermal conductivity and/or reduce 
its dependence on relative humidity, but only a single study has reported on the hydrophobization of 
mesoporous chitosan aerogels 32,45. Generally the durable hydrophobization of biopolymer based 
aerogels remains a big challenge for the community. In addition, most hydrophobization protocols seem 
to only improve the (liquid) water contact angle while leaving humidity uptake relatively unaffected 75. 
  
The humidity uptake is reflected in the weight loss (2.6 to 5.5%) upon drying as seen during 
thermogravimetry between 50 and 150 °C for all investigated materials: chitosan starting material, SCD 
and APD aerogels (Figure 5a). A more pronounced, rapid loss of mass of 65 to 70% is observed with a 
maximum rate at ~350 °C, which is higher than for neat chitosan (~315°C), but with a lower onset 
temperature (200 °C). The good high temperature stability as observed by TGA is consistent with the 
aerogel's behaviour when exposed to a flame (Figure 5b, Figure S4, S5). Both the SCD and APD aerogels 
char and carbonize rather than burn when exposed to a flame, and retain their structural integrity 
throughout. Once the heat source is removed, the glow disappears immediately. The fire retarding 
properties of chitosan are well known, particularly in combination with phosphate chemistry 76,77. The 
nature of the degradation products after flame exposition was not investigated here. The decomposition 
of urea and urea derivatives is complex. In general, high temperature decomposition of urea generates 
isocyanic acid and biuret, which can be converted to CO2 and NH3, or back to urea, respectively. 78,79 
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Figure 5. (a) Thermogravimetry of neat chitosan and chitosan-urea aerogels (SCD and APD, 10% m/v 
chitosan); the analysis was conducted in reconstituted air. (b) Fire behavior of APD chitosan-urea aerogel 
(10% m/v chitosan).  
 
Table 1. Chitosan-urea aerogel properties. Additional properties are listed in Table S10. 

 Chit. 
[wt%] 

ρ 
[g/cm3] 

Porosity 
[%] 

Vpore 

[cm3/g] 
Vpore BJH Ads.  

[cm3/g] 
SBET 

[m2/g] 
C - value 

Dpore 

[nm] 
Dpore BJH Ads. 

[nm] 
λ 

[mW/(m·K)] 

 Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD 

SCD 
 

3  0.094 0.018 91.8 1.7 9.9 1.9 0.8 0.1 165 20 144 9 245 68 22.5 2.1 24.1 0.9 

5  0.121 0.024 90.0 2.0 8.1 2.0 0.8 0.1 172 17 173 40 190 51 21.7 0.9 25.7 0.2 

8  0.145 0.021 88.0 1.7 6.4 1.0 0.7 0.0 159 3 140 13 160 22 20.8 0.9 27.8 1.9 

10 0.144 0.013 87.5 1.1 6.0 0.6 0.7 0.1 160 8 154 30 152 21 20.2 1.4 27.9 2.9 

12 0.152 0.011 87.3 0.9 5.9 0.5 0.7 0.0 167 7 124 4 141 10 19.4 0.5 26.2 3.8 

APD 
dried 
at RT 

3 0.305 0.138 79.4 9.5 4.9 2.2 0.9 0.1 150 12 119 12 131 51 25.3 0.8 37.5 0.0 

5 0.361 0.142 66.3 11.1 2.8 1.2 0.7 0.0 127 14 117 12 87 26 25.1 1.1 62.5 19.8 

8 0.423 0.138 65.1 11.3 2.7 1.2 0.5 0.1 83 16 147 31 149 95 26.8 2.2 68.1 25.1 

10 0.278 0.026 75.9 0.5 3.4 0.1 0.7 0.0 134 0 125 8 102 3 22.3 0.6 41.6 3.1 

12 0.225 0.005 81.4 0.4 4.4 0.1 0.5 0.1 106 20 156 51 173 35 20.3 1.2 36.3 0.3 

APD 
dried 
at 65 

°C 

5 0.292 0.008 74.4 1.2 2.6 0.1 1.0 0.0 210 0 118 0 49 3 21.2 0.3 44.5 1.0 

8 0.304 0.000 76.3 0.0 2.9 0.0 0.4 0.4 174 2 135 4 65 0 21.2 0.7 55.6 4.0 

10 0.180 0.007 85.0 0.4 4.9 0.2 0.9 0.0 228 7 115 6 108 0 21.3 0.7 37.0 0.8 

12 0.167 0.006 86.2 0.4 5.3 0.2 1.0 0.0 227 5 139 16 94 6 19.2 0.1 30.9 1.0 

SD: standard deviation from N measurements on N different samples (�∑(𝑥𝑥−𝑥̅𝑥)
𝑁𝑁

). The number of 

measurements used to calculate the average and SD is listed in Table S10. 

Vpore calculated from envelope and skeletal density: 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 1
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

− 1
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

Dpore calculated from Vpore and surface area:  𝐷𝐷𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 4∙𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵
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3.4 Microstructure  

 

The chitosan-urea aerogels presented here display a particle-network type microstructure (Figure 6), 
which is somewhat unusual as (nano) fibrillary structures are more common for chitosan aerogels 31,55. 
Both the SCD and APD aerogels consist of linked particles of ~50 nm in diameter (ranging from 20 to 
90 nm), corresponding to a theoretical surface area of ~75 m2/g (ranging from 190 to 40 m2/g), 
calculated under the assumption of spherical particles and a skeletal density of 1.59 g/cm3 (Supporting 
Information) and consistent with those determined by nitrogen sorption analysis (80-230 m2/g, Table 1). 
The material displays local density variations between regions with predominantly mesopores domains 
separated by macropores. The largest observed pores are 150 and 650 nm in diameter for the SCD (Fig 
6a, 6c) and APD (Fig. 6b,6d) dried aerogels, respectively. The higher macroporosity for the APD samples 
is related to platelet-like structures that most likely were formed by a partial structural collapse during 
evaporative drying. (Fig.6b, 6d)  

 

Figure 6. SEM images of chitosan-urea aerogels. (a) SCD aerogel (30'000x). (b) APD aerogel (30'000x). (c) 
SCD aerogel (100'000x). (d) APD aerogel (100'000x). SCD and APD images are from gels prepared from 
a 5% m/v and 10% m/v chitosan solution, respectively.  

 

Nitrogen sorption analysis further confirms the presence of significant surface area and mesoporosity 
(Fig. 7). All samples (SCD, APD RT and APD 65 °C) display nitrogen sorption isotherms with a type IV 
hysteresis, according to the IUPAC classification. The strong increase of the volume of N2 adsorbed in 
the capillary condensation regime, combined with a narrow desorption hysteresis loop is characteristic 
of the material's mesoporosity. (Fig 7a, Fig S3). This can be also observed in the BJH pore size 
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distributions (Fig 7b, Fig S3), which are broad and include significant meso- and macroporosity for all 
samples. As is typical for aerogels, the BJH derived pore sizes are significantly lower than those derived 
from the envelope and skeletal density because of the inability for nitrogen sorption to sample larger 
pores, and the possible deformation of the aerogels upon desorption 57. The APD samples dried at room 
temperature display the highest densities and lowest surface areas and significant scatter in both density 
and surface area (Fig. 7c). The APD samples dried at 65°C give more consistent results and have 
intermediate densities and the highest surface areas. Finally, the SCD aerogels display the lowest 
densities and intermediate surface areas. The surface areas of the APD chitosan aerogels are in the same 
range as those for SCD, particularly for those dried at 65°C (Fig. 7c), in contrast to light-weight cellulose 
xerogels, where APD leads to a substantial decrease in surface area 80. 

 

Figure 7. Nitrogen sorption data. (a) Nitrogen sorption isotherms of 10% chitosan sample; (b) BJH 
desorption plots of 10% chitosan sample; (c) Surface area as a function of density for all different chitosan 
concentrations. Isotherms and pore size distributions for other chitosan concentrations are shown in 
Figure S3. 

 
3.5 Mechanical properties and machinability 
 

Regardless of chitosan concentration, all aerogels prepared in this study sustain compression stress 
without rupture up to at least 80%, and display relatively high E moduli and σ80 (Fig. 8). Not surprisingly, 
the best mechanical performance is found for the densest aerogels, prepared with 12% chitosan, with a 
compressive E modulus of 11.6 MPa (Table 2). The samples are not brittle and no dust release is 
observed. The samples can be compressed up to 80% strain without rupture, with a σ80 as high as 17.9 
MPa (for 12% chitosan). However, the compression is mostly irreversible, even at smaller deformations, 
and the samples appear as cohesive, compressed, flattened disks after testing and material properties 
such as density and thermal conductivity will start to deteriorate at much lower loads than the reported 
σ80 values (Fig. 8c). As is typical for aerogels, the E-modulus displays a power-law dependence on density 
E~ρα, with α=2.6, i.e. a linear dependence on density on a log-log plot (Figure 8b). Overall, the mechanical 
properties are in line with those observed for other biopolymer and biopolymer-silica hybrid aerogels 
6,75,81–84, but much better than traditional silica aerogels 73. Remarkably, and in stark contrast to many 
other aerogel systems, both the SCD and APD aerogels are non-brittle and machinable with standard 
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tools. A variety of samples prepared from different chitosan concentrations and dried by both SCD and 
APD were machined by drilling and sawing. Systematic tests were carried out only for samples prepared 
from 10%, both for SCD and APD. The samples resisted these tests without fracture (Fig. 9). 

Figure 8. a) Stress-strain curves of SCD samples for different chitosan concentrations. b) E modulus as a 
function of density (log-log plot). c) Stress at 80% strain. 

 

Table 2. Mechanical properties of chitosan aerogels. 

 
Chit. 
[%] 

 ρ 
[g/cm3] 

 
E 

[MPa] 
 

σ 80 
[MPa] 

 
N 

   Av. SD  Av. SD  Av. SD   

SCD 
Aerogels 

3 %  0.113 0.013  1.0 0.3  3.5 0.8  7 

5 %  0.130 0.008  1.9 0.5  5.9 1.0  5 

8 %  0.189 0.036  3.9 1.4  8.5 2.9  6 

10 %  0.204 0.045  5.9 1.6  12.5 1.8  4 

12 %  0.276 0.020  11.6 1.3  17.9 3.1  2 

SD: standard deviation from N measurements on N different samples (�∑(𝑥𝑥−𝑥̅𝑥)
𝑁𝑁

) 
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Figure 9. Machinability of the 10% chitosan aerogels and xerogels subjected to drilling and sawing. 

 

 

3.6 Comparison to other biopolymer aerogels 
 
Biopolymer aerogels prepared by freeze drying (FD) most often display low surface areas and (very) low 
envelope densities, whereas those prepared by SCD display higher surface areas and a wide range in 
density (Fig. 10a). Compared to other biopolymer aerogels prepared by SCD, the chitosan-urea SCD 
aerogels display moderately high surface areas and rather high envelope densities. Far fewer data have 
been reported for biopolymer aerogels prepared by APD, but the chitosan-urea APD aerogels presented 
here display relatively high surface areas, particularly those dried at 65°C (Fig. 10a). 
 
The last few years have seen a rapid increase in reported thermal conductivity data for biopolymer 
aerogels (Fig. 10b). Biopolymer aerogels with thermal conductivities below 20 mW/(m·K) cluster around 
densities of 0.100 g/cm3 and surface areas above 300 m2/g, and have all been prepared by supercritical 
drying. A minimum in thermal conductivity at intermediate densities is typical for aerogels: at higher 
densities, heat conduction through the solid skeleton increases rapidly; at low densities, there is not 
enough material available to partition the space into small enough pores to suppress the gas phase 
conduction by the Knudsen effect 1. Notable examples of superinsulating aerogels in this intermediate 
density range include pectin 85, cellulose 86 and chitosan aerogels 31. The SCD chitosan-urea aerogels 
from this study display thermal conductivities below 26 mW/(m·K) (standing air) and well below 30-35 
mW/(m·K) (mineral wool, EPS), indicative of a partial suppression of the gas phase conduction and 
consistent with the estimated pore sizes (Fig. 10b). The thermal conductivity is, however, above 20 
mW/(m·K), most likely because of the relatively high densities, the only moderately high surface areas 
and the only moderately small pore sizes. Thus, a reduction in thermal conductivity will require further 
optimization towards lower densities and/or higher surface areas.  
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The APD chitosan-urea aerogels are the first APD biopolymer aerogels for which thermal conductivity 
data are reported. They display thermal conductivities as low as 30.9 mW/(m·K), i.e. lower than natural 
insulation materials (e.g. wool or stray) and at the lower end of what is possible with conventional, air-
filled insulation materials (e.g. mineral wool or EPS), albeit with very different densities and pore 
structures. Given the estimated pore size, the gas phase conduction is expected to be partially reduced 
for the APD chitosan-urea aerogels, but not for conventional insulators. However, these benefits are 
negated by the higher densities of 0.167 to 0.304 g/cm3 compared to 0.015 to 0.050 g/cm3 for 
conventional insulators. With these similar thermal conductivity values, APD chitosan-urea aerogels are 
not competitive with inexpensive, conventional insulation products. However, the APD chitosan-urea 
aerogels provide the first demonstration that high-performance biopolymer aerogel insulation 
produced by ambient pressure drying may be within reach, a feat that for now remains exclusive to silica 
aerogel.      
  

 
Figure 10. Comparison to other biopolymer aerogels. a) Surface area versus envelope density, separated 
by drying technique. b) Surface area versus envelope density, separated by thermal conductivity. The 
contour lines denote average pore sizes (in nm) calculated from density and surface area, assuming 
cylindrical pores. Data source: 2018 review paper 6 augmented with more recent literature data (Table 
S11).  

 

4. Conclusions 
Sustainable biopolymer aerogels are produced from renewable, waste-derived chitosan and urea as a 
"green" modifier. The reaction of chitosan with urea in an aqueous medium grafts abundant ureido 
groups onto the chitosan backbone, possibly in addition to minor cross-linking ureylene. This 
modification alters the chitosan-chitosan and chitosan-solvent interactions and leads to irreversible 
gelation, without the need for toxic cross-linkers such as formaldehyde. The urea-modified chitosan 
aerogels display exceptional mechanical properties (no brittle rupture, easy machinability) and 
moderately high surface area and mesoporosity. The thermal conductivity reaches values below that of 
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standing air or conventional insulation materials. We also find a remarkable high-temperature stability 
and self-extinguishing behaviour during simplified fire testing. The simple and non-toxic synthesis 
process and excellent machinability broaden their application potential, for example towards insulation 
and biomedical applications. Remarkably, this class of chitosan-urea gels can be transformed into 
mesoporous, monolithic aerogels by evaporative drying. The ability to produce monolithic, mesoporous 
chitosan aerogels by ambient pressure drying, a first in the field of biopolymer aerogels, and represents 
an important milestone towards cost-effective biopolymer aerogel production. 
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