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ABSTRACT 

Thermal superinsulating properties of biobased-materials are investigated via the structuration of 

aerogels through a biphasic system. Highly stable Pickering emulsions are produced using 

TEMPO-oxidized cellulose nanofibrils (NFC) adsorbed at an oil/water interface. NFCs form an 

entangled system of clusters of droplets that lead to excellent mechanical properties. The 

emulsions produced are strong gels that are further used as template to form aerogels. The 

freeze-dried emulsions result in porous bioaerogels with extremely low densities varying from 

0.012 to 0.030 g/cm3. We describe a hierarchical morphology with three levels of porosity: an 

alveolar organization of larger macropores due to ice crystals, spherical smaller macropores 
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induced by the emulsion template, and mesoporous domains localized at the pore walls level. 

The low-density bioaerogels have compression moduli as high as 1.5 MPa and show plastic 

deformation up to 60% strain before the structure collapse. NFC aerogels have thermal 

superinsulating properties, which means that they have a thermal conductivity below that of air 

in ambient conditions. The lowest thermal conductivity obtained is 0.018 W/(m.K). In the 

context of the development of sustainable materials, we demonstrate that NFC-stabilized 

Pickering emulsions are excellent templates to produce fully biobased, mechanically strong 

thermal superinsulating materials. 

INTRODUCTION 

Emulsions are mixtures of two immiscible liquids that require surface-active species to obtain 

stable interfaces. When the stabilizers are colloidal particles, the emulsions are referred to as 

Pickering emulsions.
1, 2

 These types of emulsions are more stable than classical ones that are 

stabilized with surfactants because the solid particles are irreversibly anchored at the drop 

interface. This results in a solid armor that prevents coalescence by steric repulsion. Moreover, 

such particle-stabilized emulsions are attractive from an environmental point of view because 

they globally reduce the amount of interfacial active agents required. Particles reported in the 

literature that are capable of stabilizing emulsions are very diverse. They have various chemical 

surface functions, natural or synthetic origins and different geometries and shapes.
3-7

 As a 

renewable material, cellulose has a high potential and is one of the main abundant, biodegradable 

and sustainable molecules found in nature. Moreover, it is a promising and valid option for 

replacing petroleum-based surfactants and polymers with renewable resources.
8, 9

 The use of 

microcrystalline cellulose to stabilize oil-in-water emulsions was first demonstrated by Oza et 

al.
10

 Since that publication, many examples of Pickering emulsions stabilized with various types 
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of nanocelluloses have been reported.
11

 For example, nanofibrillated celluloses (NFC),
12, 13

 

cellulose nanocrystals (CNC),
14-17

 and bacterial nanocellulose
18, 19

 have all shown their potential 

to stabilize emulsions. Interest in Pickering emulsions has been growing in recent years, 

especially for health and cosmetic applications where the use of surfactants is undesirable, and 

the use of Pickering emulsions as templates or intermediaries for complex structured materials is 

even more innovative. This concept has recently been used for the preparation of ultrastable wet 

foams
20-23

 and for the production of a wide range of low-density, porous materials.
24, 25

 

Aerogels are highly porous materials with very low densities in which the solvent of a gel is 

replaced by gas, leading to very moderate shrinkage of the solid network. Bioaerogels are 

aerogels prepared from biomass. The focus of a great deal of attention in recent years, they are 

mainly polysaccharide-based. Because polysaccharides are biocompatible and biodegradable, 

such aerogels are relevant in biomedical (scaffolds) and pharmacological (controlled release) 

applications.
26-31

 Moreover, since they are light-weight, they are suitable for use as materials for 

thermal insulation and packaging, which currently consist mainly of plastic foams made from 

polystyrene or polyurethane.
32

 

Some aerogels have thermal superinsulating properties: their conductivity is lower than that of 

air in room conditions.
33

 This extraordinary property is due to their specific structure. Their low 

density limits the heat conduction of the solid phase and the contribution of the gas phase is 

reduced by narrowing the pore size below the mean free path of gas molecules in the air 

(approximately 70 nm). Silica aerogels are the most effective thermal superinsulating materials. 

However, they are not widely used at this time because of their mechanical fragility and 

relatively high production cost. 
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Several polysaccharides have been used to make bioaerogels. Nevertheless, there are only a 

few publications that deal with nanofibrillated cellulose,
34, 35

 pectin,
36

 chitosan,
37

 alginate
38

 and 

starch
39

 aerogels with thermal conductivities of around 0.016−0.020 W/(m
.
K). These low values 

refer to the aerogel morphology, which is controlled by processing conditions. In general, 

bioaerogels are prepared via a three-step process, including dissolution of a polysaccharide, 

solution gelation, followed by drying processes. Highly porous cellulose aerogels have already 

been prepared from regenerated cellulose
27, 40-42

 or from native bacterial or nanofibrillated 

cellulose.
43-46

 Native cellulose is of particular interest because it does not require polymer 

dissolution. In addition, the long and entangled cellulose nanofibrils dispersed in aqueous media 

form a skeleton that prevents collapse during the solvent extraction. In all cases, the drying step 

is crucial as it determines the material’s morphology. Freeze-drying and drying in supercritical 

conditions are known to preserve the network structure. However, the morphology of the porous 

material obtained is very different. Freeze-drying is a process in which the solvent present in the 

pores of the three-dimensional network of the gel is first frozen and then dried by sublimation 

under vacuum.
47

 This process leads to the formation of large pores and channels ranging from 

several microns to tens of microns due to the growth of ice crystals.
48, 49

 In supercritical 

conditions, the liquid/gas surface tension is zero because there is no liquid/gas meniscus. Thus, 

supercritical drying better preserves fine network structure, leading to the formation of 

mesopores that can improve the thermal insulating properties of aerogels. However, the main 

disadvantage of this method is that a solvent exchange step is mandatory. 

The goal of the present work is to develop a new process to prepare a porous bioaerogel with 

high mechanical and thermal superinsulating properties. For this purpose, NFC-stabilized 

Pickering emulsion is used as a template in order to obtain hierarchical aerogel morphology. 
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Emulsions were first prepared and characterized. These emulsions serve as precursors for the 

formation of alveolar aerogels after freeze-drying. We thus demonstrate that the control of the 

emulsion’s architecture allows the preparation of aerogels with a specific morphology by a 

simple freeze-drying step. We performed a detailed analysis of the density, morphology, 

mechanical and thermal insulating properties of the bioaerogels, demonstrating that the present 

strategy is very promising for the production of mechanically strong thermal superinsulators. 

 

EXPERIMENTAL SECTION 

Materials 

An aqueous suspension of NFC at 1 wt% produced by TEMPO-mediated oxidation of spruce 

wood pulp was purchased from the Swiss Federal Laboratories for Materials Science and 

Technology (EMPA, Dübendorf, Switzerland). Dextran (100000 g/mol) and hexadecane were 

acquired from Sigma-Aldrich. 

Characterization of NFC and suspension preparation 

The 1.12 mmol/g carboxylate content was measured by conductometric titration with an 

automated Metrohm 905 Titrando system and TIAMO software (Metrohm, Switzerland). 

The NFC dimensions were determined by atomic force microscopy (AFM) with a multimode 

setup equipped with a Nanoscope III-a (Bruker Nano, Santa Barbara, CA, USA). The AFM was 

used in contact mode imaging. The cross-section and the length of the NFC were analyzed from 

100 height pictures with ImageJ software, version 1.6.0. The height of the NFC was considered 

so as to estimate the cross-section in order to limit the tip convolution effect. The NFC cross-

section and length distribution are shown in Figure S1. A NFC cross-section of 4 nm and a 

minimum length of 450 nm were measured. 
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Osmotic concentration was performed using dextran solutions at 100 g/L to concentrate the 

NFC dispersions. A dialysis membrane, Espectra/Por®, with a molecular cutoff of 12 to 14 kDa, 

was used. Final concentrations of NFC dispersions varied from 0.2 g/L to 30 g/L. NFCs in 

aqueous media produce translucent and viscous or gel dispersions depending on the 

concentration. 

Emulsion preparation and characterization 

Hexadecane and NFC aqueous suspension were sonicated for 3 min by intermittent pulses with 

a dipping titanium tip at amplitude 2 (4 W/mL applied power) to prepare oil-in-water (o/w) 

emulsions. All the emulsions were prepared using a 20/80 oil/aqueous phase volume ratio. 

Horiba LA-960 particle size distribution analyzer (Kyoto, Japan) was used to measure the 

individual average droplet diameters. A refractive index of 1.43 and 1.33 was used for 

hexadecane and water, respectively. The calibration for water as a reference was taken before 

each measurement. The measurements were carried out in duplicated. The diameter was 

expressed as the surface mean diameter D(3,2) (Sauter’s diameter). 

Transmission optical microscopy was used to visualize the droplets. Emulsions were diluted in 

distilled water, then poured onto a slide and observed with a BX51 Olympus microscope. 

Scanning electron microscopy (SEM) was used to visualize the interface of polymerized 

styrene-in-water emulsions. Hexadecane and styrene have similar surface tensions (27 mN m
-1

 

and 32 mN m
-1

, respectively) and the same average drop diameter. We therefore estimate that the 

visualized beads provide a good estimate of what occurs in the liquid state. Consequently, 

styrene–AIBN mixtures (ratio 100:1 w/w) were mixed with aqueous NFC dispersions and 

emulsions were made via sonication. The styrene-in-water emulsions were then polymerized at 
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65°C for 48 hours. The dried beads were metallized with gold and visualized with a JEOL 6400F 

instrument. 

Aerogel preparation and characterization 

Bioaerogels were prepared by freeze-drying. Pickering emulsions with NFC concentrations 

ranging from 10 to 30 g/L were poured into aluminum molds and placed in a deep-freezer at 

−80°C for 24 h. Drying was carried out for 48 h using a SRK-Systemtechnik GT2 – 90° freeze-

dryer. During drying process, the condenser temperature was of −50°C and the vacuum was 

below 0.01 mbar. 

The bulk density ρbulk of the aerogels was calculated by dividing their weight by their volume. 

The weight of aerogels was determined at 50% relative humidity with an analytical balance 

(Mettler Toledo XS) and their volume was measured with a digital caliper. Porosity was 

calculated using Equation 1,
36

 where the skeletal density ρskeletal is the density of cellulose: 1.6 

g/cm
3
.
50

  

ε (%) = (1 – (ρbulk / ρskeletal)) x 100        (1) 

A JEOL JSM 6460LV scanning electron microscope was used to visualize the structure of the 

bioaerogels. Aerogel cross-sections were prepared by fracture in liquid nitrogen and metallized 

with gold before visualization. 

The specific surface area was measured by nitrogen adsorption-desorption using the BET 

theory.
51

 The isotherms were obtained using a Micromeritics 3Flex apparatus. Before the 

experiments, a vacuum degassing of samples at ambient temperature for 15 h was carried out. 

The mechanical properties were characterized by uniaxial compression experiments in a MTS 

SYNERGIE 100. A loading cell of 100 N was used to obtain a complete stress-strain curve for 

each sample. The tests were carried out until the deformation of sample exceeded 70% and 
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displacement rate was 1 mm/min. Three cylindrical samples per formulation were tested 

(length/diameter ratio = 3/2). 

The hot strip technique was used to measure the thermal conductivity, λ, of the aerogels. This 

device has been used previously for thermal characterization of aerogels.
52, 53

 The calibration of 

the equipment is given in Figure S2. The tests were performed at atmospheric pressure in a 

temperature- and humidity-controlled room (21–22°C and 50% relative humidity). Five samples 

per formulation were tested. 

 

RESULTS AND DISCUSSION 

Emulsion architecture 

Hexadecane-in-water Pickering emulsions were successfully prepared by varying the NFC 

concentrations introduced from 0.2 to 30 g/L. Figure 1a shows various NFC stabilized 

emulsions. Since hexadecane has a density lower than water, the oil droplets tend to go up. 

However, despite this creaming process, no variation in the drop size was observed. Thus, all the 

emulsions showed remarkable stability since they remained unchanged for more than one year. 

Moreover, the emulsion volume increased regularly with the amount of NFC introduced. Above 

an NFC concentration of 2 g/L, the complete volume of emulsions was filled with droplets 

(Figure 1a). 

The average drop diameter as a function of NFC concentration is represented in Figure 1b, and 

the transmission optical micrographs of some emulsions are shown in Figure 1c. At low 

concentrations, the amount of NFC is too small to efficiently cover the small droplets produced 

by sonication. Consequently, the droplets coalesce, creating fewer larger ones. Thus, below 

0.7g/L, isolated drops with diameters of around 20 µm were obtained (Figure 1c). This limited 
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coalescence process, characterized by a sharp decrease in the drop diameter, has previously been 

reported for other Pickering emulsions.
19

 At higher concentrations, aggregates of interconnected 

small droplets are observed (Figure 1c). This behavior was previously reported in emulsions 

stabilized by unmodified NFC
54

 or Cladophora cellulose nanocrystals.
55

 This is due to the 

considerable length of NFC compared to the drop diameter. In addition, the small section and the 

presence of less organized domains confer high global flexibility to NFC, thus inducing a gel-

like network of droplets with diameters of around 1 µm, leading to higher emulsion volume 

(Figure 1a). That explains why, above 0.7 g/L, the average size increases slowly with the 

concentration until reaching a plateau (Figure 1b). In fact, the laser scattering particle size 

analyzer measures the size of the aggregate that increases with concentration, but not the 

individual drop size that actually decreases with concentration. For NFC concentrations higher 

than 4 g/L, the whole emulsion is a large entangled continuous network of droplets that cannot 

be measured by granulometry due to the large size of the aggregates. As a consequence, a plateau 

value is reached. However, similar clusters of droplets were observed by optical microscopy for 

these samples, even when prepared with up to 30 g/L. 
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Figure 1. (a) Photographs of Pickering emulsions for increasing NFC concentrations in the water 

phase, ranging from 0.2 to 30 g/L. (b) Average diameters of droplets as a function of NFC 

concentration in the water phase for the hexadecane-in-water Pickering emulsions. The dashed 

line is a visual guide. (c) Transmission optical micrographs of hexadecane-in-water Pickering 

emulsions stabilized by NFC, with the corresponding concentrations given in the images. The 

scale bar is 50 µm. 

 

The organization of NFC at the surface of the droplets was examined by scanning electron 

microscopy (SEM). SEM images of the polystyrene beads are shown in Figure 2, confirming that 

the entangled system of very small interconnected droplets was observed with a rather low 

coverage ratio of NFCs distributed at the surface of the droplets. The diameter of the droplets 

ranges from 100 nm to 1 μm. Such architecture with interconnected droplets in the submicron 

range has already been reported in a previous study
56

 in which the viscoelastic properties of such 

emulsions were characterized. The values of the elastic modulus (G’) of emulsions prepared at 6 

g/L are higher than 500 Pa. This high modulus compared to dispersed NFCs was attributed to the 
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architecture of NFC-stabilized emulsions. The network of highly stable clusters of droplets 

strongly increased the mechanical properties of the emulsions. Thus, these emulsions seem to 

offer a perfect template for preparing highly porous material with a low pore size, an ultra-light 

density and good mechanical properties. 

 

Figure 2. SEM images of droplets resulting from emulsions stabilized by NFC at 10 g/L. 

Preparation of aerogels from emulsions 

In order to obtain the whole emulsion under entangled aggregates of droplets with good 

mechanical properties and to avoid shrinkage during drying, Pickering emulsions with NFC 

concentrations ranging from 10 to 30 g/L were freeze-dried so as to form aerogels. 

Monolithic and homogeneous aerogels were effectively obtained, as shown in Figure 3. Their 

densities vary from 0.012 to 0.030 g/cm
3
 for NFC concentrations ranging from 10 to 30 g/L 

(Figure 3). As expected, the bulk density of the aerogels increases linearly with the NFC 

concentration. NFCs are naturally long and flexible and are entangled with each other. They 

form networks even at very low concentrations, making it possible to produce monolithic 

aerogels at lower concentrations than typical polysaccharide-based aerogels that involve a 

dissolution step.
43

 Figure 3 compares bulk densities of the present aerogels prepared from 

emulsions with those of aerogels prepared from NFC hydrogels by conventional freeze-drying 

(CFD)
57

 or by spray freeze-drying (SFD)
35

 from earlier studies. CFD and SFD lead to aerogels 
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with extremely low densities. However, the emulsion templating method results in even lower 

densities. This is attributed to the presence of the droplets surrounded by NFC that includes air in 

the system, simultaneously preserving a stable and strong network that more effectively resists 

shrinkage during drying. The calculated porosity varied from 99% for aerogels prepared with 1 

wt% NFC emulsion, to 98% for aerogels obtained from 3 wt% emulsion.  

 

Figure 3. Comparison of bulk densities of NFC aerogels prepared by spray freeze-drying (SFD) 

or conventional freeze-drying (CFD) as a function of NFC concentration in suspension. The 

dashed line indicates a linear dependence of densities as a function of concentration. Data are 

taken from the present study and from the literature.
35, 57

 Inset: Photo of a NFC aerogel. 

 

Structural characteristics 

Representative SEM images of aerogels prepared from Pickering emulsions stabilized by 

various concentrations of NFC are shown in Figure 4. Bioaerogels exhibited highly porous 

structures with an alveolar texture for all NFC concentrations. The cell size decreased with 
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increasing NFC concentration and aerogel density. The cell size decreased from 40 µm for the 

sample at 0.012 g/cm
3
 to 5 µm for the sample at 0.030 g/cm

3
. This specific morphology is a 

result of the drying process. The freeze-drying process consists of two steps: freezing and 

sublimation of the frozen liquids. The distribution of pore size, the pore shape and the 

connectivity of the porous network is the result of the shape of ice crystals that have been formed 

during freezing.
35

 The emulsions are formed from two liquids: a continuous phase of water with 

a network of stable droplets of hexadecane that are interconnected by NFC. The crystallization 

temperature of hexadecane is 18°C. Thus, hexadecane crystallizes before water and the ice 

crystals grow between the frozen drops of hexadecane. As mentioned before, the increasing NFC 

concentration allows the stabilization of a larger number of smaller hexadecane droplets (Figure 

4). This leads to the reduction of ice crystal size because of their confinement between the NFC 

network and the hexadecane droplets. Moreover, frozen hexadecane droplets may surround the 

ice crystals due to the fact that the growing ice crystals push the frozen hexadecane droplets to 

their edges. As a consequence, after sublimation, spherical porosity is visible in the walls of the 

alveolar cells (Figure 5). Furthermore, a second mechanism appears during the freezing process. 

Concentrated and confined at the interface, the NFCs undergo a lateral agglomeration upon 

freeze-drying, forming a 2D-sheet-like morphology. Attractive interactions such as hydrogen 

bonds and van der Waals forces hold the nanofibers together after the water is removed.
35
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Figure 4. SEM images of bioaerogels prepared from NFC-stabilized emulsions at NFC 

concentrations of (a) 1, (b) 2 and (c) 3 wt% 

 

Figure 5. SEM images of bioaerogel prepared from 2 wt% NFC-stabilized emulsion showing two 

levels of porosity due to ice and emulsion droplets. 

Nitrogen adsorption was used to determine the specific surface area and porosity 

characteristics of the NFC aerogels. This method has been widely used to study the 

microstructural characteristics of aerogels. However, it measures only a small fraction of the 

total pore volume.
34, 43

 Since a full evaluation of the porosity was not possible with this 

technique, we used models to assess the presence of mesoporous domains. The isotherms show a 

gradual increase in the quantity of adsorbed nitrogen with pressure and a type A hysteresis loop 

during desorption (see Figure 6a for a typical isotherm). This is typical for mesoporous 

adsorbents with a strong adsorbate–adsorbent interaction. However, according to IUPAC 

classification,
58

 the type IV isotherm is similar to the type II for low relative pressure, which is 

the case here. The isotherms therefore show the behavior of a hierarchical material with 

macropores, mesopores and micropores. The pore size of the aerogels estimated from the 

isotherms using the BJH approach
59

 ranged from a few nanometers to 100 nm, with a most 

probable value around 30 nm. Macropores visible in SEM images are not measurable using the 
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BJH approach, confirming that, in addition to macropores visible by microscopy, the pore walls 

also have an internal mesoporosity, which explains the high porosity of aerogels. 

The specific surface area SBET was determined from the adsorption isotherms using BET 

analysis.
51

 SBET of the bioaerogels are between 65 and 13 m
2
/g (Figure 6b). Higher densities 

corresponded to lower specific surface areas. The reason for this was that higher concentrations 

of NFC in the emulsion resulted in a higher degree of NFC aggregation. This is also in 

agreement with observations of the SEM micrographs in Figure 4. These values are significantly 

lower compared to those of regenerated cellulose aerogels (100-250 m
2
/g)

26, 27
 or native cellulose 

aerogels (500 m
2
/g)

34
 prepared by supercritical drying. The only reason for this difference is the 

drying method. Supercritical drying more effectively preserves the fine network structure 

formed.
60

 The SBET of such aerogels did not vary with the density, suggesting that the fibrils did 

not aggregate as the concentration increased. Consequently, aerogels prepared by supercritical 

drying have a fibrillar morphology with a specific surface area of several hundred m
2
/g.

27, 40
 In 

the case of freeze-drying, the ice crystal growth generate a pressure on pore walls that 

compresses the fibrils together, resulting in their aggregation. Yet, the prepared NFC bioaerogels 

have an extremely light-weight hierarchic architecture. 

To conclude, the bioaerogels formed from Pickering emulsions exhibited highly porous 

structures with an alveolar texture and a closed porosity in the walls of the alveolar cells. The 

cell walls showed a 2D-sheet-like morphology with internal mesoporosity resulting from the 

NFC aggregation. The present values of specific surface area are consistent with a cellular foam 

structure and porous cell walls. It is similar to those obtained for bioaerogels made by freeze-

drying.
43, 61

 The complete microstructural characteristics of bioaerogels are shown in Figure S3. 
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Figure 6. (a) Nitrogen adsorption–desorption isotherm of the aerogel. (b) Specific surface area of 

the aerogels estimated from the isotherms. 

Mechanical properties 

The mechanical properties of aerogels were studied by uniaxial compression. Figure 7a shows 

representative compression curves for the aerogels. The stress-strain curves show three defined 

regions. The first linear region results from the elastic and reversible deformation. Then, a 

gradual increase in the stress strain is observed that is attributable to a plastic deformation. 

Finally, a steep increase in the stress at strain > 50% is observed in the densification region 

where the opposing cell walls approach each other and eventually touch. The compressive 

modulus and the yield stress increase with the increase in bulk density. 

The compressive behavior of foams and aerogels is commonly described by the Gibson and 

Ashby model
32

 in which the compressive modulus follows the following power law as a function 

of density: 

                 (2) 
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Honeycomb and open-cell foam have     and    , respectively. However, in the case of 

aerogels, the exponent is higher,         (    for cellulose aerogels
62

 and enzymatic NFC 

foams,
63

 and       for silica aerogels
64

).  

Density controls the mechanical efficiency because it determines the network connectivity 

which is a key factor for the increase of the stiffness. In the open-cell foam model, the density 

changes by varying the thickness of the solid network but the network connectivity in not altered 

over the whole density range. This open-cell foam model (     is not appropriate to explain 

aerogel behavior. It was shown that increasing density leads to the decrease of the pore size and 

specific surface (Figure 6b), which means that there is an increase of the NFC network thickness. 

However, increasing density also leads to increase network connectivity (Figure 4). The 

resistance to wall bending and collapse is thus increased, resulting in a higher compressive 

modulus and yield stress. Therefore, the heterogeneous network structures of aerogels result in a 

strong dependence of the modulus on the density. As a consequence, the present aerogels have 

an expected    , which is similar to the one found for aerogels in the literature. 
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Figure 7. (a) Example of stress-strain uniaxial compression curves for bioaerogels prepared from 

1, 2 and 3 wt% (b) Compressive modulus of the aerogels as a function of bulk density. The 

dashed line corresponds to power law approximation (   ). 

In Figure 8, moduli for the present NFC aerogels are compared to data collected from the 

literature for aerogels produced from native cellulose, regenerated cellulose, other 

polysaccharides and silica. It is interesting to note that aerogels prepared from native cellulose 

have a much lower density than the others. The present NFC aerogels showed compression 

moduli much higher than those of similar densities did. Moreover, according to the strong 

dependence of the compression modulus on the density (     ), it is expected that denser 

aerogels will have higher moduli than in the bibliography. Their enhanced mechanical properties 

may be due to their hierarchical structure that can be understood as a mixture between aerogel 

and foam. The wall cells showed the erratic and heterogeneous network of structures typical of 

aerogels prepared by supercritical drying. However, the alveolar texture was consistent with a 

cellular foam structure, as demonstrated by the values of specific surface area. 
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Figure 8. Comparison of compression moduli as a function of density for aerogels prepared from 

native cellulose (dark circles), regenerated cellulose (open circles), pectin (dark squares), 

chitosan (dark triangles), starch (asterisk) and silica (x symbols). Data are taken from the present 

study and from the literature.
34-37, 43, 62, 65, 66

 The dashed line corresponds to the power law 

approximation (     ). 

Thermal insulating properties 

The heat transfer through porous materials can be described by three factors: the conduction in 

solid phase, λsolid; the conduction through gas phase, λgas; and the radiative heat transfer through 

the pores, λrad. The total equivalent thermal conductivity, λtot, of porous materials can be 

calculated by a parallel flux model as the additive sum of these three contributions:
67

 

                                   (3) 

The total thermal conductivity of aerogels was measured using the hot strip technique.
52, 53

  

 

Figure 9. Thermal conductivity of bioaerogels as a function of bulk density. The dashed line is a 

visual guide. Air thermal conductivity is represented by a solid red line at 0.025 W/(m K). 
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Thermal conductivity values, λtot, of the bioaerogels are given as a function of bulk density in 

Figure 9. λtot decreases with density down to a minimum and then increases. This behavior, 

already reported in the literature, is typical of light-weight insulation materials.
34

 The influence 

of solid conduction and radiation on the total equivalent thermal conductivity in porous materials 

strongly depends on the density. 

At higher densities, the contribution of solid conduction, λsolid, sharply increases, while that of 

radiative heat transfer, λrad, is reduced, inducing an optimum point where the sum of the 

contributions from radiation and solid conduction is at a minimum. On the other hand, the 

thermal conductivity of air (0.025 W/m.K) is independent of density and can be reduced by 

tuning the pore size. 

The current aerogels prepared from Pickering emulsions have a thermal conductivity that 

varies between 0.018 and 0.023 W/(m
.
K). The mesoporous domains of ultra-porous aerogels 

favor the Knudsen effect because the air molecules can remain confined inside the pores that are 

smaller than their mean free path. As a result, λgas decreases. λsolid was significantly reduced 

because of the ultra-low density of the aerogels. In addition, the close porosity also makes the 

radiative heat transfer, λrad, difficult within the structure because aerogels become more optically 

opaque, thereby minimizing this contribution. Consequently, all the aerogels have 

superinsulating properties, which means that their thermal conductivity is lower than that of air 

(0.025 W/(m
.
K)). The lowest thermal conductivity obtained was 0.018 W/(m

.
K). 

Figure 10 compares the thermal conductivity prepared in this study with other thermal 

insulating polysaccharides and silica aerogels found in the literature as a function of density. 

Aerogels prepared from polysaccharides have thermal conductivities lower than commercial 

thermal insulators as mineral wools (0.033 W/(m
.
K)) and polystyrene foams (0.030 W/(m

.
K)).

68
 



 21 

The thermal properties of the aerogels prepared in this study are comparable to those of silica 

aerogels, but they form a new generation of biomass-based thermal insulators. 

These high performance properties highly depend on morphology. Consequently, the fine-

tuning of the aerogel structure becomes a key stage in the preparation of insulation materials. 

The influence of the drying method on the morphology and properties of final porous materials 

has been widely studied and it has been demonstrated that supercritical drying preserves the 

inner porosity, whereas the growth of ice crystals during freezing leads to compact pore walls 

and large pores. It is for this reason that only aerogels prepared by supercritical drying have 

thermal superinsulating properties. However, as the results of the present study demonstrate, the 

use of an emulsion as a template for the preparation of porous materials constitutes a relevant 

approach for the control of the aerogel structure dried by conventional freeze-drying. As a result 

of this preparation process, the obtained aerogels combine similar or more effective thermal 

insulating properties with improved mechanical toughness. 

 

Figure 10. Comparison of thermal conductivity as a function of density for aerogels prepared 

from native cellulose (dark circles), regenerated cellulose (open circles), pectin (dark squares), 
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chitosan (dark triangles), alginate (dark rhombus), starch (asterisks) and silica (x symbols). Data 

are taken from the present study and from the literature.
34-3934-39, 69, 70

 

CONCLUSIONS 

NFC aerogels were successfully templated from Pickering emulsions. NFCs produced 

individual droplets at low concentrations and tended to form clusters of droplets at higher 

concentrations. These emulsions resulted in strong gels and served as precursors for the 

formation of aerogels by freeze-drying. The sublimation of such biphasic system is made 

possible due to the extreme resistance of the Pickering emulsions template that avoids shrinkage 

of the structure. The resulting NFC bioaerogels have an extremely light-weight hierarchical 

architecture. They exhibited highly porous structures with an alveolar texture and a closed 

porosity in the walls of the alveolar cells. The cell walls showed a 2D-sheet-like morphology 

with internal mesoporosity that resulted from the NFC aggregation. The bioaerogels exhibit a 

very low thermal conductivity of 0.018 W/(m
.
K), which is lower than that of stationary air. Such 

alveolar aerogels result in higher mechanical toughness than conventional silica aerogels. This 

strategy combines several levels of architectures, from a three-dimensional (3D) interconnected 

porous structure on the macroscale, down to a configuration of the walls at the nanoscale. It will 

definitely open a new route to the design of interesting biosourced alternatives such as 

superinsulating aerogels. 

 

ASSOCIATED CONTENT 

Figure S 1. NFC cross-section and length distribution. Figure S 2. Calibration of hot strip device. 

Figure S 3. Microstructural characteristics of bioaerogels. This material is available free of 

charge via the Internet at http://pubs.acs.org.  
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