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Abstract: Cellulose-based aerogels hold the potential to become a cost-effective bio-based solution for
thermal insulation in buildings. Low thermal conductivities (<0.025 W·m−1·K−1) are achieved
through a decrease in gaseous phase contribution, exploiting the Knudsen effect. However,
several challenges need to be overcome: production energy demand and cost, moisture sensitivity,
flammability, and thermal stability. Herein, a description and discussion of current trends and
challenges in cellulose aerogel research for thermal insulation are presented, gathered from studies
reported within the last five years. The text is divided into three main sections: (i) an overview of
thermal performance of cellulose aerogels, (ii) an identification of challenges and possible solutions
for cellulose aerogel thermal insulation, and (iii) a brief description of cellulose/silica aerogels.
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1. Introduction

Indoor space heating/cooling accounts for over 30% of all the energy consumed in buildings and
around 10% of the world’s energy consumption [1]. The building envelope thermal performance is a
prime factor dictating the amount of energy required for environmental comfort. The building envelope
is composed of different elements such as walls and roofs, which separate indoor and outdoor spaces.
In this regard, several studies conclude an improvement in energy consumption by the incorporation of
thermal insulation materials in walls and roofs as a passive strategy. For example, reductions in annual
cooling energy and peak cooling load of up to 20% and 30% were achieved for a building located in a
tropical region via implementation of the aforementioned strategy [2]. A thermal insulation material
could be defined as one that slows down the heat flow into or out of the building. For its selection,
thermal conductivity is the main property to look for. Table 1 lists the typical thermal conductivities of
selected commercial building insulation materials for reference. These commercial materials are either
derived from petrochemical sources or demand energy-intensive production processes, imparting
questions about their role in a future sustainable economy, thus motivating the development of a
family of renewable insulation materials and their corresponding low-energy demand processes [3].

Table 1. Thermal conductivity of selected building insulation materials [4].

Material Thermal Conductivity (W·m−1·K−1)

Expanded polystyrene 0.030–0.040
Polyurethane 0.020–0.030
Fiberglass 0.033–0.044
Mineral wool 0.030–0.040
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Cellulose is the most abundant bio-polymer on earth, recognized for its renewability,
bio-compatibility, and bio-degradability. Cellulose is a linear polysaccharide (β (1−4) linked D-glucose
units) generally found as a structural component of cell walls in plants and algae or as a biofilm
secretion of some bacteria species. Secondary interactions (van der Waals and hydrogen bonding)
between polymer chains promote parallel stacking and subsequent formation of fibrils with a diameter
around 5–50 nm containing crystalline and amorphous regions [5]. These fibrils have a density around
1.5 g·cm−3, an average Young modulus of 125 GPa, an average tensile strength of 2.5 GPa, and a
surface area close to 800 m2·g−1. Therefore, cellulose nanofibrils are suitable for the formation of
bio-based aerogels for thermal insulation [6].

According to the International Union of Pure and Applied Chemistry (IUPAC), an aerogel refers
to a gel comprising a microporous solid in which the dispersed phase is a gas [7]. An aerogel comprises
a solid-smoke look alike and highly porous solid (porosity >90% typically). The bulk density of
aerogels typically lies between 0.003–0.200 g·cm−3 and the surface area between 800–1000 m2·g−1 [8].
A distinction must be made between foams and aerogels. According to Sakai et al. [9], foams tend to
have microscale pores with a wall-like solid phase, whereas aerogels have nanoscale pores formed
with a network-like skeleton of interconnected nanoparticles (refer to Figure 1).
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Figure 1. (a) Physical appearance of a cellulose aerogel; (b,c) Scanning electron microscopy images of a
cellulose aerogel at different magnifications; (d) Physical appearance of a cellulose foam; (e) Scanning
electron microscopy images of a cellulose foam. Reproduced from Sakai et al. [9], licensed under a
Creative Commons Attribution 4.0 International License.

Cellulose aerogels are produced principally by a multistep sol−gel process involving dissolution
of cellulose into nanofibrils, solvent exchange, and solvent removal by either supercritical-drying
(SD) or freeze-drying (FD) [10–12]. The main technical challenge associated with this approach
is to preserve the distribution of the dispersed solids upon solvent removal in order to get a
porous material. During supercritical-drying, the solvent is substituted by a fluid at supercritical
conditions (CO2 is the common choice) to prevent the formation of a liquid/vapor interface, and thus,
capillary pressure-induced stresses during removal that could lead to collapse of the porous structure.
Freeze-drying involves rapid solidification of the dispersion typically by immersion in liquid nitrogen.
The solidified solvent (water is the common choice) is then removed by sublimation to prevent the
formation of a liquid/vapor interface (refer to Figure 2).
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The thermal conductivity of a porous material like an aerogel could be divided into three
contributions: conduction of the solid network, conduction of the gaseous phase, and radiation
through or within pores [13]. The contribution of the solid network decreases as the porosity increases
because a large quantity of pores restricts the propagation of phonons in the aerogel backbone [14].
The contribution of the gaseous phase is due to elastic collisions between gas molecules. The thermal
conductivity of the gaseous phase depends on the mean free path of the gas molecules enclosed in the
pores and the pore size. In principle, for the aerogel to be effective designed, its thermal conductivity
should be lower than the thermal conductivity of “free” atmospheric air (0.025 W·m−1·K−1 at 300 K
and 1 atm [15]). The aforementioned is achieved by the presence of pore sizes below the mean free
path of air molecules (70 nm at 300 K and 1 atm), thus inhibiting the thermal diffusion of the gas
(often call the Knudsen effect [16]). The ratio of the mean free path of gas molecules and the diameter
of the pore is known as the Knudsen number. The nanometric size of the pores suppresses gaseous
convective thermal transport and radiation.

2. Thermal Performance of Cellulose Aerogels

Cellulose nanofibrils, the building block of cellulose aerogels, present a natural variability
as a function of the feedstock and extraction process. Chen et al. [17] measured the
thermal properties of cellulose aerogels formed from fibrils extracted by four isolation methods:
high-intensity ultra-sonication, hydrochloric acid hydrolysis, (2,2,6,6-tetramethylpiperidin-1-yl)
oxidanyl (TEMPO)-mediated oxidation, and sulfuric acid hydrolysis. The highest thermal degradation
temperature (342 ◦C) was reported for the case of hydrochloric-acid hydrolysis-mediated isolation.
The lowest thermal degradation temperature (120 ◦C) corresponded to the case of sulfuric-acid
hydrolysis-mediated isolation, attributed to the presence of sulfate groups on the fibril surface. All the
aerogels reported thermal conductivities below 0.016 W·m−1·K−1 as a consequence of their low
densities (0.005 g·cm−3) and high porosities.

Surface properties of cellulose nanofibrils also affect the aerogel formation process and final
properties. For example, consistent gel formation with sulfated cellulose nanofibrils tends to be
more difficult than with carboxylated cellulose nanofibrils [18]. Therefore, aiming to mimic the
optical transparency and linear elasticity of silica aerogels, Kobayashi et al. [19] prepared aerogels
from surface-carboxylated cellulose nanofibrils dispersed in water in a nematic liquid-crystal order.
The lowest thermal conductivity reported was 0.018 W·m−1·K−1 for the case of an aerogel with a
density of 0.017 g·cm−3 and a pore size of approximately 30 nm. The key for obtaining such properties
was the preservation of the liquid-crystalline arrangements during the formation of the aerogels.
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Regarding the role of morphology on the thermal performance of aerogels, Sakai et al. [9]
compared cellulose foams and aerogels with a solid volume fraction ranging from 0.3% to 2.7% made
of crystalline cellulose nanofibers. For the case of the foam, the thermal conductivity decreased as the
solid volume fraction increased. In principle, the conductivity of air within a microscale pore is due to
convection, and thus, has the same conductivity as atmospheric air. However, heat transfer between
air and the solid phase plays a major role in the overall conductivity due to the non-interconnected
arrangement of the porous structure. Therefore, the tendency between thermal conductivity and solid
volume fraction is explained by an increase in the contribution of the interfacial heat transfer as the
pore size decreases with the rise in solid volume fraction. For the case of the aerogels, the thermal
conductivity increased as the solid volume fraction did. For this case, heat transfer between the gas
and solid phases is negligible due to the presence of open pores. Jiménez-Saelices et al. [20] also
evaluated the thermal properties of cellulose aerogels as a function of different pore organizations.
The aerogels were formed from cellulose nanofibril suspensions by freeze-drying, using two different
molds subjected to different temperature gradients. Two cases were evaluated: one aerogel with
oriented pore channels and an aerogel with no pore alignment. At a fixed density, aerogels with no
pore alignment had more efficient thermal insulating properties than aerogels prepared with oriented
pore distribution, and attained a minimal thermal conductivity of 0.024 W·m−1·K−1. Although, for the
former case, the pores are microscopic; the reduction in thermal conductivity was associated with a
decrease in heat transfer by radiation due to the absence of interconnecting channels between pores.
This effect is further evidenced in the difference between the thermal conductivity in the transverse
(0.030 W·m−1·K−1) and axial directions (0.060 W·m−1·K−1) of hierarchal aligned cellulose nanofibril
foams [21].

Bendahou et al. [22] obtained aerogels with a foam-like morphology; i.e., pores with a
wall-like solid phase. The team used nanozeolites and cellulose fibrils to form composite aerogels,
expecting a synergy between components. The thermal conductivity decreased 0.028 W·m−1·K−1 to
0.018 W·m−1·K−1 as the mass fraction of nanoparticles increased. The trend in thermal conductivity
was associated with the co-existence of nanozeolite pores and interfibrillar cellulose pores. The porous
zeolites were embedded in the mesoporous nanofibrillated structure, thus reducing the gas molecule
movement as the mass fraction of the former increased. It is worth noting that the thermal conductivity
is similar to the all-cellulose aerogels previously discussed. This behavior could be attributed to the
fact that microscopy observation reveaeds that nanozeolites were deposited on cellulose nanofibril
films and that the thermal conductivity was relatively high because of the solid conduction between
nanofibril films.

Seantier et al. [23] formed aerogels based on combinations of cellulose fiber and cellulose
nanofibrils aiming toward tuning the thermal and mechanical properties through aspect ratio and mass
proportion modification. The structure of the aerogels could be described as nanofibril films coated
upon cellulose fibers. The lowest thermal conductivity reported was 0.023 W·m−1·K−1. The insulation
performance was described as an interplay between meso- and nanopores. The nanopores were more
effective in confining air through the Knudsen effect.

Jiménez-Saelices et al. [24] claimed that the reason for limited reports of aerogels prepared through
freeze-drying showing thermal conductivities below 0.020 W·m−1·K−1 was due to the presence of
macropores in the aerogels prepared by such a method. The team tested a spray freeze-drying
technique in order to overcome the aforementioned issue. Aerogels showed a porous interconnected
morphology with a pore size ranging from a few tenths of nanometers to a few microns. The lowest
thermal conductivity reported was 0.018 W·m−1·K−1.

Coquard & Baillis [25] developed a numerical model for estimating the phonon thermal
conductivity of cellulose-based aerogels in order to gain a deeper understanding of its thermal behavior.
The model used a Kelvin cell representation of the porous structure whose size varied between 57
and 500 nm. At a fixed density, the aerogels with small cells reduced the phonon transport, and
consequently, the heat flux due to interactions between phonons and the boundary of the solid phase.
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Beyond 100 nm, phonon–phonon scattering events were predominant and the macroscopic laws of
heat conduction were then applicable.

Jiménez-Saelices et al. [26] also prepared aerogels from freeze-dried cellulose-stabilized Pickering
emulsions as gels (refer to Figure 3). It was claimed that the resistance of these emulsions to shrinkage
during sublimation was responsible for the formation of an alveolar morphology and a closed porosity
in the walls of such alveolar cells. The aerogels showed low thermal conductivities (0.018 W·m−1·K−1)
in the “super-insulating” range.
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Figure 3. SEM images of aerogels prepared from cellulose-stabilized emulsions at different
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3. Challenges for Practical Application of Cellulose Aerogels in Thermal Insulation

In addition to thermal performance-related requirements strictly associated with the main function
of thermal insulator materials, there are several challenges that need to be overcome for the practical
application of cellulose aerogels for such a function.

3.1. Moisture Sensitivity

The hydrophilic characteristic of cellulose is detrimental for the thermal performance of
the aerogels because it induces an eventual increase in thermal conductivity of the material
through densification of the matrix as air moisture is retained. In a study carried out by
Apostolopoulou-Kalkavoura et al. [27], the thermal conductivity of cellulose foams increased more
than threefold as the relative humidity (RH) did from 2% to 80%. The main strategy aiming to solve
the moisture sensitivity of cellulose involves modification of the surface of the aerogel.

Shi et al. [28,29] performed a hydrophobic modification of cellulose/silica aerogels using CCl4 as
plasma. The aerogels were prepared using NaOH/thiourea as a solvent system and the freeze-drying
method. The modification turned the surface of aerogels from hydrophilic to hydrophobic, reporting a
water contact angle of 132◦ for the cellulose/silica system.

Zhai et al. [30] formed poly(vinyl alcohol)/cellulose aerogels using a unidirectional freeze-drying
process followed by chemical vapor deposition of methyltrichlorosilane. The silane-coated aerogels
became hydrophobic, reporting a water contact angle of 141.8◦.

Li et al. [31] fabricated cellulose/silica aerogels surface-treated by immersion in a
trimethylchlorosilane/n-hexane solution. The aerogels reported a water contact angle of 139.6◦.
Trimethylchlorosilane reacts with water and Si–OH groups on the surface of the aerogels, substituting
the hydrophilic –OH groups with hydrophobic –CH3 groups.

Jiang et al. [32] aimed to simultaneously improve the mechanical properties and increase
hydrophobicity of cellulose nanofibril aerogels by cross-linking cellulose at their surface hydroxyls
with diisocyanate. Cross-linked aerogels reported a higher modulus (209 kPa) than their counterparts
(94 kPa).
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3.2. Flame-Retardant Performance and Thermal Stability

Cellulose by itself is a highly flammable biopolymer with a limiting oxygen index (LOI) near
18 [33]. Furthermore, the large surface area of cellulose aerogels facilitates the ignition process. LOI
is a measure of the limiting concentration of oxygen in an oxygen/nitrogen mixture necessary for
sustaining combustion once a material is ignited. Therefore, a material with an LOI value above 21
should not burn in air (at room temperature) unless there is a constant transfer of heat from a source.
The general strategy explored to overcome this issue is to create cellulose-composite aerogels either by
addition or in situ formation of flame-retardant agents. In this regard, inorganic nanoparticles are the
main choice.

Fan et al. [34] prepared an aerogel based on cellulose nanofibrils and aluminum oxyhydroxide.
Aluminum oxyhydroxide is a widely used inorganic flame-retardant additive because of its non-toxic
and non-volatile nature. When exposed to a flame, the aerogel did not burn, and kept an integrated
shape even after 60 s of continuous exposure. A control sample aerogel made only of cellulose
nanofibrils burned immediately upon contact with the flame.

Yang et al. [35] prepared an aerogel consisting of a cellulose nanofibril backbone encapsulated by a
layer of ultrathin MoS2 nanosheets. The nanocomposite aerogel reported an LOI of 34.7 and a thermal
conductivity of 0.028 W·m−1·K−1. A vertical burning test further demonstrated a self-extinguishing
capability of the aerogel. Evidence suggested the presence of bonding between MoS2 nanosheets
and the cellulose nanofibril as a result of chemical cross-linking between Mo4+ cations, and carboxyl
(–COOH) and hydroxyl (–OH) groups in the cellulose.

Han et al. [36] proposed an alternative approach to the conventional mixing of flame-retardant
additives with cellulose nanofibrils, aiming to avoid additive agglomeration. The team used a
three-dimensional nanoporous cellulose gel prepared by dissolution and coagulation of cellulose from
an aqueous NaOH/urea solution as template for the growth of magnesium-hydroxide nanoparticles.
Once ignited, the flame propagation slowed and extinguished within 40 s for the cellulose/MgOH
aerogel. A control pure cellulose aerogel completely burned after 10 s.

Köklükaya et al. [37] deposited nanometric films of cationic chitosan, anionic poly(vinylphosphonic
acid), and anionic montmorillonite clay on cellulose nanofibril aerogels through a layer-by-layer approach.
The aerogels showed a non-ignition behavior when exposed to heat flux, whereas an unmodified
sample ignited and burned completely. It was suggested that chitosan, poly(vinylphosphonic acid),
and montmorillonite promote char formation and reduce the release of flammable volatiles.

Kaya [38] prepared a cellulose nanofibril aerogel cross-linked with citric acid. The non-cross-linked
aerogel, once ignited, burned 25% of the sample after 34 s. The cross-linked aerogel was more slowly
ignited and 25% of the sample burned after 51 s.

The thermal degradation of cellulose in nitrogen is a one-step process involving a competition
between depolymerization and dehydration. In air, cellulose undergoes a two-step thermo-oxidation
process: (i) aliphatic char and flammable volatile formation (at 300–400 ◦C) and (ii) oxidation of
aliphatic char (at 400–600 ◦C) and release of carbon monoxide and dioxide [39]. Smith et al. [40] coated
cellulose nanofibril aerogel with aluminum oxide through atomic layer deposition aiming toward
improving the oxidation resistance of cellulose. The temperature of onset decomposition increased by
120 ◦C.

Silica layers were grown on the surface of bacterial cellulose nanofibrils in order to prepare
freeze-dried aerogels by Liu et al. [41]. The silica-coated cellulose nanofibrils were further exposed
to >400 ◦C, removing the cellulose cores and leading to silica nanotubes with internal dimensions
equivalent to the dimensions of the nanofibrils. The decomposition temperature shifted 70 ◦C, reaching
335 ◦C under nitrogen atmosphere. The coverage of silica on the cellulose restricted the accessibility of
oxygen and limited the degassing of degradation products.

Hydroxyapatite is an inorganic component found in bones making it an abundant and
non-toxic choice as a flame-retardant additive. This motivated Guo et al. [42] to fabricate a series
of cellulose/hydroxyapatite aerogels through a freeze-drying approach. Although the thermal
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conductivity was relatively high (0.038 W·m−1·K−1), the addition of the inorganic phase provided the
material a low peak heat release rate (20.4 kW·m−2) and total heat release (1.21 MJ·m−2) according to
cone calorimetry tests. It was believed that the layer of hydroxyapatite covering cellulose nanofibers
inhibited oxygen diffusion into the fibers, restricting the escape of volatile products.

3.3. Processing Energy Demand and Cost of Cellulose Aerogels

“Super-insulating” cellulose aerogels were reported promising half the material thickness for
thermal insulation panels compared to expanded polystyrene, polyurethane, fiberglass, or mineral
wool. However, the cost of an aerogel panel (silica for example) is up to 10 times that of those made
of traditional insulation materials [43]. Although cellulose aerogels are only developed and tested
at the lab scale so far, they are expected to have the same cost tendency as conventional aerogel
panels. The cost of the panel is partially dictated by raw materials and their processing toward
aerogel formation. In this regard, the main drawbacks of both supercritical-drying and freeze-drying
approaches are their high capital investment, high energy demand, and long processing times.

In principle, breakthroughs in cost reduction of cellulose aerogel production could be achieved
by performing the process at pressures and temperatures near atmospheric reference. Therefore,
ambient pressure drying (APD) was proposed as a suitable alternative to FD and SD. For this approach
to be effective, the collapse of the porous structure during drying due to capillary forces must be
avoided. The general strategy to accomplish the aforementioned goal involves surface modification
of cellulose into a hydrophobic nature. The techniques used to transform cellulose surfaces into
a hydrophobic nature during APD differ from those presented in Section 3.1 because the former
must be performed prior drying of the hydrogel. Surface modifications using trityl chloride [44],
anhydride [45], and octylamine [46] were reported. In addition to surface hydrophobization, enhancing
the hydrogel mechanical strength by means of cellulose nanofibril entanglement allowed the formation
of low-density (0.018 g·cm−3) APD aerogels [47].

APD requires solvent exchange prior to drying; examples in the literature include the use of
n-hexane [48], 2-propanol [47], ethanol [49,50], and 2-propanol followed by octane [51]. This represents
another opportunity for cost reduction: finding ways to incorporate solvents with low vapor pressure,
such as ionic liquids [52]. Upon finding a suitable ionic solvent for cellulose aerogel processing, the
main advantage will be the opportunity to reuse these solvents after the drying step.

De France et al. [53] identified other processing methods that could reduce the cost of aerogel
preparation by targeting scalability, including spray drying, freeze spray drying, and pressurized
gas-expanded drying.

4. Cellulose/Silica Aerogels for Thermal Insulation

Silica aerogels are recognized due to their low thermal conductivity (–0.012 W·m−1·K−1) and
low flammability [54]. Production costs and brittle mechanical behavior hinder their application for
thermal insulation. To overcome this, several strategies were reported involving cellulose nanofibrils
as cross-linkers or as a scaffold/template for aerogel formation. However, the improvement in
mechanical properties generally comes at the expense of an increase in thermal conductivity of the
resulting composite due to densification of the aerogel by the addition of a reinforcement phase.
For example, Sai et al. [55] used a freeze-dried bacterial cellulose fibrous mat impregnated with
silica-based sol to obtain a composite achieving a thermal conductivity of 0.037 W·m−1·K−1 compared
to 0.030 W·m−1·K−1 for cellulose aerogel alone.

Zhao et al. [56] formed an interpenetrating network of mesoporous silica within a silylated-
cellulose nanofibril template. The cellulose/silica system reported increases (relative to a control silica
aerogel) in the Young modulus and ultimate stress under compression of 55% and 126%, respectively,
while maintaining a thermal conductivity of 0.017 W·m−1·K−1.

Wong et al. [57] prepared a cellulose/silica aerogel by dispersing cellulose nanofibrils on a
poly(ethoxydisiloxane) sols prior to gelation. No significant enhancements in elastic modulus,
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compressive strength, or fracture strain could be identified or separated from the effects of increasing
density. However, the cellulose/silica aerogel reported tensile strengths 25%–40% higher than that
for a silica aerogel of comparable density. The thermal conductivity of the cellulose/silica system
increased by −11% relative to the silica aerogel.

Silica aerogels are formed through a two-step acid–base-catalyzed sol–gel route from
tetraalkoxysilane precursors. Therefore, Fu et al. [58] evaluated the effect of cellulose nanofibril
concentration, tetraethyl orthosilicate concentration, pH of the condensation process, and immersion
time on the physical and mechanical properties of cellulose/silica aerogels. Aerogels were prepared
by the impregnation of a cellulose aerogel with a solution of silica, and subsequent hydrolysis and
condensation at different pH values [59]. Optimal process parameters were determined through
response surface methodology based on a Box–Behnken experimental design. The compressive Young
modulus and the ultimate strength were 13–36 times higher and 8–30 times higher, respectively, when
compared with silica aerogel.

Demilecamps et al. [60] aimed to decrease the thermal conductivity of cellulose/silica aerogels by
“filling” their pores with silica and using cellulose as the backbone. The thermal conductivity decreased
from 0.033 W·m−1·K−1 for an all-cellulose aerogel to 0.027 W·m−1·K−1 for the cellulose/silica system.
The thermal conductivity remained above the “super-insulating” range possibly due to the increase in
skeletal heat conduction of the composite with the increasing load on silica.

Laskowski et al. [61] approached a strategy to get cellulose/silica aerogel composites in which
silica particles were added during the formation of a cellulose aerogel without disturbing the process
of gel conformation. The thermal conductivity lay between 0.040 and 0.052 W·m−1·K−1 due to the
fibrillary three-dimensional network continuously connected that allowed heat conduction through
the backbone.

5. Outlook

Cellulose aerogels with “super-insulating” performance (thermal conductivity <0.025 W·m−1·K−1)
can be produced through supercritical-drying or freeze-drying. However, the nature of such processes
lags the commercialization of the aerogels. The main reasons associated with the aforementioned
issue involves challenges in the industrial scalability of the processes, the slow-batch nature of the
methods, and the need for specialized equipment due to the temperatures and pressures required.
Furthermore, these processes are intensive in chemical usage (N-methylmorpholine N-oxide, alkali
hydroxide/urea, lithium chloride/dimethylacetamine, and lithium chloride/dimethyl sulfoxide to
name a few [62]) imparting questions about their sustainability. Therefore, there is a need for novel
sustainable cost-effective processes like APD. In addition to APD, other techniques were also reported,
although they were either less or not explored for thermal insulation, such as vacuum filtration [51]
and freeze-casting [63]. Other techniques used for porous scaffold synthesis for tissue engineering
could be explored in order to assess their feasibility in the fabrication of cellulose aerogels, including
electrospinning [64], additive manufacturing [65], gas-foaming [66], and compression-molding [67],
among others.

Cellulose by itself is an attractive choice as a raw material for aerogel construction because of
its natural abundance. However, cellulose nanofibrils, with a diameter of 5–20 nm, constitute the
backbone of reported aerogels. These nanofibrils are not widely commercially available because their
production is time-consuming and their yield is usually low [68]. Furthermore, depending on the
cellulose source and isolation technique, the resulting nanofibril can vary in crystal structure, degree
of crystallinity, morphology, aspect ratio, and surface chemistry [69]. Despite the concern, no detailed
studies could be found regarding the effect of these parameters on aerogel thermal performance.

Table 2 is a summary of the properties of cellulose aerogels reported within the last five
years. Direct comparison among aerogel properties is interfered with by the lack of standardized
characterization protocols. Furthermore, most studies focus on the characteristics of the aerogels
themselves. Inspection of Table 2 suggests that SD offers lower thermal conductivities than FD.
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This could be explained because the growth of ice crystals during FD leads to larger pores compared
to SD. A minimum in thermal conductivity is reached for a specific aerogel density. This is because the
contribution of solid-phase heat conduction increases with density, whereas, at really low densities,
pore size goes beyond 70 nm.

Table 2. Properties of interest for selected cellulose aerogels gathered from scientific articles published
within the last five years.

Material
Aerogel

Formation
Method

Density
(g·cm−3)

Young
Modulus

(MPa)

Ultimate
Strength

(MPa)

Thermal
Conductivity
(W·m−1·K−1)

TOnset
(◦C)

Water
Contact

Angle (◦)

LOI
(%)

Cellulose (HCl hydrolysis) [17] FD 0.005 − − 0.016 342 − −
Cellulose

(surface-carboxylated) [18] SD 0.017 0.40 − 0.018 − − −

Cellulose [18] − − − 13.000 0.030 − − −
Cellulose (TEMPO-mediated

oxidation) [22] FD − 0.10 − 0.018 − − −

Cellulose (TEMPO-mediated
oxidation) [9]

FD − − − 0.022 − − −
SD − − − 0.017 − − −

Cellulose (TEMPO-mediated
oxidation) [23] FD 0.035 0.18 − 0.023 − − −

Cellulose (TEMPO-mediated
oxidation) [24] Spray FD 0.022 − − 0.018 − − −

Cellulose (TEMPO-mediated
oxidation) [20] FD 0.020 − − 0.024 − − −

Cellulose/silica + cold plasma
modification [28,29] FD 0.023 − − 0.026 − 132.0 −

Cellulose [26] FD 0.020 0.60 − 0.018 − − −
Poly(vinyl alcohol)/

cellulose (TEMPO-mediated
oxidation) + chemical vapor

deposition of
methyltrichlorosilane [30]

Unidirectional
FD 0.018 10.4 − − 495 at N2 141.8 −

Cellulose(sulfuric acid
hydrolysis)/silica [31] APD 0.137 − − 0.035 253 at air 139.6 −

Cellulose cross-linked with
diisocyanate [32]

Freezing−
thawing − 0.209 0.066 − 200 at N2 − −

Cellulose/MoS2 [35] FD 0.005 0.326 − 0.028 300 at air − 34.7

Cellulose/MgOH [36] FD 0.400 − 0.467 0.081 225 at N2 − −
Cellulose/poly(vinyl

alcohol)/chitosan/
montmorillonite [37]

FD − − − − 273 at air − −

Cellulose/aluminum oxide [40] SD − − − − 295 at air − −
Bacterial cellulose/silica [41] FD − − − − 335 at N2 − −

Cellulose/silica [56] SD 0.122 1.750 0.375 0.017 − − −
Cellulose/silica [57] SD 0.143 2.200 1.500 0.015 − - −
Cellulose/silica [58] APD 0.100 6.570 1.37 0.023 − 152.1 −
Cellulose/silica [60] SD 0.225 11.500 − 0.027 − − −
Cellulose/silica [61] SD 0.150 2.000 − 0.045 − − −

Cellulose/hydroxipatite [42] FD − 0.253 0.060 0.038 − − −

FD: freeze-drying; SD: supercritical-drying; APD: ambient pressure drying; TOnset: initial decomposition
temperature; LOI: limiting oxygen index; TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl.

Regarding the composite-based strategies for overcoming moisture sensitivity, flammability,
and thermal stability, the main challenge is associated with the solution-based approach for
composite-cellulose aerogel formation. In particular, the question to be answered is how to get a fine
dispersion of the cellulose/host component into the viscous cellulose hydrogel without disrupting the
distribution of the dispersed solids during solvent removal. Similarly, the improvement in mechanical
properties of silica/cellulose aerogels comes at the expense of high loading of cellulose in the system.
However, increasing the cellulose content may lead to an increase in density and a subsequent decrease
in pore size, which will negatively impact thermal insulation performance.



Coatings 2018, 8, 345 10 of 13

6. Conclusions

Cellulose-based aerogels can have thermal conductivities as low as –0.015 W·m−1·K−1 falling
into the category of “super-insulating” materials. This range of thermal conductivities seems to
be a consequence of an interplay between different factors, such as a non-interconnected porous
morphology with an average pore size bellow 70 nm. Low density (<0.025 g·cm−3) is also required
to decrease the contribution of heat conduction through the solid matrix. However, a continuous
decrease in density will eventually lead to an increase in pore size beyond 70 nm, thereby increasing
the thermal conduction of the porous solid.

The following topics could be drawn as points of interest for further development of cellulose
aerogels as thermal insulators in buildings:

• In addition to cost reduction, the improvement of cellulose aerogel production techniques should
also point toward sustainability. Otherwise, the benefits from cellulose as a raw material will be
swept away by processing.

• Improvements in moisture sensitivity, flammability, and thermal stability of aerogels following
the current approaches will come at the expense of a densification of the porous matrix, increasing
the contribution of solid conduction.

• The effects of crystal structure, degree of crystallinity, morphology, aspect ratio, and
surface chemistry of cellulose nanofibrils on the cellulose aerogel thermal performance are
partially understood.

• Defining and adopting standardized aerogel characterization protocols is required to allow proper
comparison among research outcomes. In particular, for the determination of thermal conductivity,
the guarded hot-plate technique is considered the most accurate and reliable for such a matter,
although other techniques such as transient hot-wire/hot disk and laser flash analysis represent
suitable alternatives.
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