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and can be placed on existing structures when the building has a proper design (i.e., roof live load
considered as indicated in design codes). Its weight varies from 60 to 140 kg/m? [17].

(b)

Figure 2. Extensive green roofs: (a) Icelandic house [18]; (b) Nanyang Technological University,

Singapore [19].

(b) Intensive: The green roofs belonging to this type have the possibility of using a great variety
of plants and even tree species (Figure 3). Hence, they generally require substratum of great depth,
usually superior to 15 cm. Based on the last aspect, these coatings can allow pedestrian access, require
artificial water irrigation systems, and are placed on structures specifically designed to bear these
additional loads. Their weight varies from 250 to 400 kg/m? [20].

@) (b)
Figure 3. Intensive green roofs: (a) Chicago City Hall, Illinois [21]; (b) apartment building, New

York [22].

(c) Semi-intensive: This type of green roof considers an intermediate system between intensive
and extensive systems with species that grow over a 10 to 30-cm-deep substratum (Figure 4). It allows
partial pedestrian access and requires artificial irrigation systems. Its weight varies from 60 to
140 kg/m? [23].

() (b)

Figure 4. Semi-intensive green roofs: (a) Buenos Aires, Argentina [24]; (b) High Line park building,
New York [25].
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3. Hydraulic Performance

Based on the non-permeable large areas generated by conventional urban development, green
roofs might reduce the negative environmental impact, particularly by partially recovering the natural
water cycle in a basin. These biological coatings on buildings have the ability to store water in the
substratum, in which a fraction is absorbed by plants and returned to the atmosphere via evaporation
and transpiration processes [26,27]. In addition to the efficient management of the evapotranspiration
water fraction, another water fraction is absorbed, infiltrated, and stored inside the system layers.
Depending on the precipitation intensity, substratum type, and depth, studies showed that green roofs
have the capacity to store between 40% and 80% of annual precipitation that falls on them. Additionally,
it was reported that a 12-cm layer takes 12 h to start releasing the stored water during a rain event, and
it continues releasing it during the next 21 h, approximately [28]. Based on Kok et al. (2016) [29] and
Masseroni and Cislagi (2016) [30], the discharge peak from a storm can be reduced by 26% to 35%.
Hence, it is deduced that green roofs, in addition to reducing the magnitude of water volume captured
by rain drainage systems, also delay the water discharge time, because the substratum and other layers
require time to saturate and discharge the stored water, reducing potential flood impacts when used
intensively at the urban scale [26]. In Germany, Spain, Holland, England, and the United States, the
performance of different green roof types was evaluated toward the quantity and quality of urban
runoff water. For example, van Woert et al. (2005) [14] indicated that the implementation of green
roofs reduces the excess of runoff water, and Stovin (2009) [17] found 34% rainwater retention in the 11
precipitation events monitored. In this article, the retention capacity, measured as the water percentage
stored in different green roofs compared with the water that passes through them, is presented in
Table 2. From the results, it can be observed that retention capacities can range from 45% to 78% for
different green roof systems. The variation in the results is associated with the substratum depth, initial
water content, vegetation age and type, and precipitation intensity and distribution.

Table 2. Retention capacity from different green roof systems evaluated worldwide [31].

Rainwater
Retention (%),
Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring Short Description and References Taken
Time from Reference [31]

Bengtsson et al. (2005) [32] studied a hydrological
function of a Sedum moss thin vegetated roof from
Malmo, Sweden (roof slope 2.6%, substrate thickness
30 mm). The real rain events (mid July 2001 through

46 - 17 months December 2002) and artificial storms were
investigated both on the study in real scale and on
the smaller model of the green roof, designed
identically to the original roof but with the possibility
of changing the slope and the drainage material.

Van Woert et al. (2005) [14] investigated vegetated
roof water retention and its dependence on roof
surface type, slope, and media depth. Three roof
platforms were constructed in a model scale with a
slope of 2%: gravel, vegetated, and un-vegetated
(study period: August 2002 through October 2003).
Vegetated roofs consisted of the following layers:
drainage (15 mm), water retention fabric (7.5 mm),
additional retention fabric as vegetation carrier

(7.5 mm), and 25 mm of growing media. Twelve
additional roof platforms were used to examine roof
slope (6 with slope 2% and 6 with slope 6.5%) and
media depth (for 2% slope 25 mm and 40 mm; for 6%
40 mm and 60 mm).

61 - 15 months
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Table 2. Cont.

Rainwater
Retention (%),
Average during
Study Period

Rainwater Retention
(%), Range for
Studied Events

Monitoring
Time

Short Description and References Taken
from Reference [31]

45

19-98 2 months

De Nardo et al. (2005) [33] investigated stormwater
retention by three green roofs located in
Pennsylvania, United States of America (USA).

The roofs consisted of the following layers:
waterproof membrane, drainage layer of 12 mm,
growing medium 89 mm, plant support medium
25 mm. Rainfall and runoff data were collected for
seven rain events during October-November 2002.

63—Roof 1

- 18 months

55—Roof 2

- 15 months

Moran et al. (2005) [34] monitored two green roofs
installed in North Carolina, USA (in Goldsboro:

soil depth 75 mm, flat, and in Raleigh: soil depth
100 mm, slope of 7%) to estimate water retention and
peak flow reduction. Two different commercially
available drainage systems were used: one in
Goldsboro with negligible storage and one in Raleigh
with water storage capacity of 2.4 L/m?2. The runoff
data were collected at Goldsboro during April
2003-September 2004 and in Raleigh during July
2003-September 2004. To investigate water quality
(P-tot, N-tot) runoff water samples were collected
during 11 rain events from the Goldsboro green roof
(soil mix consisting of 55% expanded slate, 30% sand,
and 15% compost).

78

39-100 13 months

Carter and Rasmussen (2006) [35] investigated water
retention of a newly constructed green roof plot in
Athens, Georgia, USA. The construction followed a
design of a commercial product. In total,

31 rainfall-runoff events were registered during a
study period of 13 months (November
2003-November 2004). The roof layers included a
root protection sheet of negligible thickness,
4.8-mm-thick moisture retention mat with water
retention capacity of 5 L/mz, 38.1-mm-thick synthetic
drainage panel with water retention capacity of
41/m? (both layers provided about 9-mm retention).
The growing medium was 76.2 mm thick.

49

- 4 storm events

Monterusso et al. (2004) [36] performed a pilot
investigation of water retention (calculated for
individual rainfall events) and water quality of
runoff among combinations of various commercial
growing systems and vegetation types in Michigan,
USA. Twelve roof platforms were installed, each
divided into 3 parts with different vegetation.

All platforms duplicated typical commercial green
roof construction; 4 commercial drainage systems
were installed. Platforms were set at a slope of 2%.
The substrate depth was 100 mm for three types of
drainage systems and 20 mm (Sedum) or 60 mm
(natives) for the fourth drainage system. The soil mix
consisted of 60% heat-expanded slate, 25% grade
sand, 5% aged compost, and 10% peat. Three groups
of vegetation were used, the first consisting of seven
Sedum spp. propagated from seed, the second from
two Sedum spp. planted from plugs, and the third
consisting of 18 species of region (Michigan) native
plants planted from plugs.
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Table 2. Cont.

Rainwater Rainwater Retention
Retention (%), o Monitoring Short Description and References Taken from
. (%), Range for .
Average during . Time Reference [31]
Studied Events

Study Period

Bliss et al. (2009) [37] monitored a prototype green
roof in Pittsburgh, Pennsylvania, USA. The 1150-m?
extensive green roof consisted of a bitumen built-up
membrane with root barrier, drainage, and filter
fabric layer beneath 140-mm-thick synthetic growing
medium made of expanded shale, perlite, and
coconut husk. Regarding water quantity

- 5-70 6 months investigation, the data were obtained for 13 storms
(August 2006-January 2007). Water quality tests
(phosphorus, sulfate, nitrogen, chemical oxygen
demand (COD) for unfiltered and filtered samples,
pH and turbidity for unfiltered samples and lead,
cadmium, and zinc for filtered samples) were
reported for one of the two selected storms
(17 October 2006 or 1 December 2006).

On the other hand, as mentioned previously for the drainage layer, recent research is evaluating
new material sources to replace natural aggregates traditionally used on green roofs. In this case,
drainage systems composed of PEAD plates (recycled high-density polyethylene), reused PET bottles
(polyethylene terephthalate), and vulcanized recycled rubber particles were evaluated and compared
with basal gravel, the conventional system used as a drainage system (Figure 5). The results indicated
that, for low-intensity precipitations (simulations of 1 and 4 mm) and duration of a couple of hours,
granular drainage systems (rubber and gravel) were very efficient, as they kept almost all precipitation
water, and retention coefficients were about 100%. For the same conditions, reused PET bottles and
PEAD plates retained half of the simulated precipitation, while retention coefficients were about 50%.
For higher-intensity precipitations (simulations around 50 mm), the retention coefficients were near
30% for all green roof systems, except for the system composed of PET bottles, which had a retention
capacity near to 0% [15].

Using the same experimental methodology but including a simulation for the Singapore
precipitation regime, extensive green roofs of 12 cm were not enough to obtain a significant retention
coefficient. The authors concluded that a proper green roof design has to be done for each precipitation
condition [38]. Hence, more research has to be conducted to improve the retention coefficients in
green roofs.

Figure 5. Cont.
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()

Figure 5. Cross-transversal sections of green roof prototypes evaluated using reused and recycled
materials as their drainage systems: (a) roof with basal gravel (reference); (b) roof with vulcanized
recycled rubber particles; (c) roof with PET (polyethylene terephthalate) bottles; (d) roof with PEAD
(recycled high-density polyethylene) plates [15].

4. Thermal Performance

In general, green roof systems produce a high thermal isolation effect in buildings by increasing
thermal inertia. This interesting property is mainly due to the green roof components which work as
thermal isolation chambers, preventing and delaying the temperature amplitudes due to their high
thermal capacities in hot regions, as well as heat winter loss reduction in cold regions. Indeed, a green
roof can reduce energy consumption from air conditioning in buildings to 50% [39]. In addition to the
good thermal performance of green roofs, they also reduce the surrounding environment’s temperature
via vegetative physiological processes such as evapotranspiration, photosynthesis, and ability to store
water [39]. Scale experiments in outdoor conditions on different green roof systems developed in Cali
(Colombia) showed that, during days where the environmental temperature was high (over 35° C),
there was a temperature reduction between 10.6 and 11.7 °C below the green roof prototypes [15].
These results are similar to those reported in the literature for tropical climates. More details about the
prototype evaluation can be seen in Figure 6.

Figure 6. Green roof prototypes evaluated using reused and recycled materials in their drainage
systems [15].
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Table 3 summarizes results from several researchers about the thermal performance of different
green roof systems. From these results, a trend to evaluate the thermal behavior of green roof systems
during warm and cold seasons can be identified. Although some researchers showed a more efficient
behavior in hot weather compared to cold weather, some others showed almost the same behavior.
Based on the review, more research should be conducted when the substratum is in saturated conditions
during cold weather; then, the isolating effect of green roofs seems to be significantly reduced [40].

Table 3. Relevant work related to the thermal performance of green roofs.

Approach Proposed Major Findings Reference
Long-term experimental ~ Under typical Mediterranean climate conditions, the green roof
analysis to compare system provides different behavior according to the season.
thermal performance The green roof performance is meaningful during warm seasons, [41]
from a conventional roof ~ while this technology does not show a significant difference with
respect to a green roof. a conventional roof during cold seasons.
Model . . -
odel based on energy During the exposure to warm environmental conditions, the
balanced equations o . - - .
. ., evapotranspiration provides evaporative cooling that increases [42]
expressed for foliage soil .
. . ; the thermal resistance of a green roof system.
media and simulations.
. . During the winter season, the green roof provides further
Analysis of transmittance . . . .
isolation even in saturated conditions. In the summer, the green [43]
and heat flux. . . o
roof decreases incoming heat fluxes and ceiling temperatures.
During warm periods, the evaluated green roof reduced heat
Study during warm and  gain over 90%. During the cold period, the evaluated green roof
cold periods with 3 system reduced heat loss between 70% and 84%. These results [44]
different roof conditions.  are comparable to those obtained with conventional ceramic and
metallic roofs.
Numerical model and . . .. . . .
R C After evaluating extensive, semi-intensive, and intensive green
experimental validation . . . .
for enerey savings roofs, the extensive one involved higher cooling energy demand [45]
4 5 than semi-intensive (2.8-fold) and intensive ones (5.9-fold).
(comparison approach).
Mathematical model and Cooling potential of green roofs can b'e éround 3.02 kWh per day
. . for an LAI (leaf area index) of 4.5. This is enough to maintain an [46]
experimental validation. o
average room temperature of 25.7 °C.
E i 1 f . . . .
xperlrr.lenta study for Energy savings (16.7%) for cooling and an increase in energy
measuring energy . . o
. . . consumption for heating (11.1%) were observed compared to
savings in cooling for [47,48]

conventional flat roofs. These results correspond to a 20% to

Medit .
canerrancan >85% area covered by vegetation.

continental climate.

5. Certifications for Sustainable Construction

In order to evaluate the impact of green roof system implementation on major sustainable
construction certifications, a preliminary qualitative impact analysis must be developed to assess the
decision process. A suggested impact of the green roof system that varies from not related to high is
presented in Tables 4 and 5, which summarize the impact of green roofs on the overall certification
systems based on the degree of relevance of green roof benefits concerning the main criteria for
each system. Thus, criteria regarding energy and water involve a strong (high impact) relationship
(efficiency, cost reduction), while indoor and outdoor environment improvements involve indirect
benefits (medium impact). Finally, innovation is considered as a less relevant criterion since its
measurement in buildings is still subjective in terms of green roofs, and it can be interpreted as an
indirect benefit or consequence.
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Table 4. Suggested impact of green roof systems in sustainable construction certifications.

Impact Description

In this level, a green roof has a direct influence on the evaluation criteria providing points
High in relation to conventional roofs. There is a strong relation to energy and water efficient
use criteria.

Although, in this level, the implementation of green roof systems has an impact on the criteria,

Medium complementary technologies are required to be explicitly valued.

At this level, the green roof implementation is related to the criteria, but it does not necessarily

Low R
mean a performance improvement.

Not related  The implementation of green roof systems has no impact on the evaluation criteria in this level.

Table 5. Impact of green roof systems on different sustainable construction certifications.

BREEAM— CASBEE— BEAM
Building Research LEED—Leadership =~ Comprehensive s .
# . Plus—Building ESGB—Evaluation
Establishment in Energy and Assessment .
. . . Environmental Standard for
Environmental Environment System for Built Jg
. . Assessment Green Building
Assessment Design Environment Method
Method Efficiency etho

Management Sustainable sites

Water efficiency Quality of service Material aspect Energy use

Energy and
atmosphere
Material and
resources

Energy Energy use Water use

Water use Material use

Transport

Off-site
environment

Innovation in
design

Operation

Material
eriats management

Waste Regional priority
Land use and
ecology

Pollution
Innovation

High impact: .; medium impact: B 0w impact: ©; not related: O

From the analysis of the impact of green roofs on construction certifications, it is clear that the
British Accreditation, BREEAM (Building Research Establishment Environmental Assessment Method),
considers the use of this technology more relevant. BREEAM assumes a high impact of green roofs
in energy, water, pollution, land use, and ecology. Contrary to BREEAM, the Japanese Accreditation,
CASBEE (Comprehensive Assessment System for Built Environment Efficiency), does not consider
the use of green roofs crucial for sustainable construction. However, this accreditation system gives
a reasonable importance to green roofs regarding energy resources and materials and in outdoor
environments. On the other hand, LEED (Leadership in Energy and Environment Design), BEAM Plus
(Building Environmental Assessment Method), and ESGB (Evaluation Standard for Green Building)
give a medium impact of using green roofs in their accreditation systems.

In general, for the accreditation systems, green roofs are considered as a low-level innovation,
unless they are integrated with other technologies such as renewable energies, cogeneration, and so on.
That is due to the fact that green roof systems were implemented in many projects worldwide in the
past. However, the real fact is that the impact of the implementation was never properly quantified
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for the hydraulic and thermal performances. Thus, other environmental benefits such as reduction
of the heat island effect and sewage system load, improvement of runoff water and air quality, and

reconstruction of natural landscapes remain to be estimated for each green roof case.
As a reference for the reader, a description of major construction certifications is included in

Table 6.

Table 6. Description of major sustainable construction certifications based on Park et al. (2017) [49] and

Lee (2013) [50].

Certification Systems

Characteristics

Measuring Method

BREEAM—Building
Research Establishment
Environmental
Assessment Method

Most used certification used worldwide to
measure, organize hierarchically, and certify a
building’s sustainability. More than 250,000
buildings in more than 70 countries have this
certification. Origin: United Kingdom.

Hierarchical criteria credit
system in the following
categories: fulfilling, good,
very good, excellent, and
outstanding.

LEED—Leadership in
Energy and
Environment Design

This certification includes measuring and
hierarchical organizing systems for design,
construction, maintenance, and operation of
green buildings that use some type of related
technologies. More than 80,000 buildings
worldwide have this certification.

Origin: USA.

Certification system based
on points as follows:
platinum: more than 80
gold: between 60 and 79
silver: between 50 and 59
certified: between 40 and 49

CASBEE—Comprehensive
Assessment System for
Built Environment
Efficiency

This certification system was designed to
measure the impact on people’s life quality,
resource consumption, and environmental
loads caused by buildings. This certification
system is supported by the national
government in Japan. Origin: Japan.

Valuation scale from 1 to 5.
The minimal condition
required by law is 3.

BEAM Plus—Hong
Kong Building
Environmental
Assessment Method

This certification covers a wide variety of
building impacts on local, global, and indoor
scales. Origin: China.

The evaluation system has
four levels:

bronze: over 40% credits
silver: over 55% credits
gold: over 65% credits
platinum: over 75% credits

ESGB—Evaluation
Standard for
Green Building

This certification was designed to evaluate
new and existing buildings during the design
and construction stages. Origin: China.

This certification has 3
levels:

1 start: over 33% marks
2 starts: over 67% marks
3 starts: over 80% marks

6. Conclusions and Research Challenges

Although green roofs were used in major ancient buildings, their implementation in modern
infrastructure was restricted until Le Corbusier included them among the main building conceptual
design points. However, green roofs became more a landscaping action rather than a technical solution
with significant environmental, technical, economic, and social benefits. This is mainly due to the fact
that there was no proper design, construction, and maintenance of these biological coatings. Intensive,
semi-intensive, and extensive green roofs require a proper conceptualization that allows identification
of each component and their functions for the overall performance.

Currently, the economic benefits from reducing building energy consumption and sewage system
load attracted the attention of urban developers for implementing green roofs on buildings. This review
showed that, only regarding the hydraulic performance, retention capacities vary from 45% to 78%
for different green roof systems reported in the literature. Thus, more research has to be conducted
to estimate the real impact of substratum depth, initial water content, vegetation age and type, and
precipitation regime on the hydraulic performance. Similarly, although thermal gradients up to
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10° were reported using green roofs in tropical climates, more research on the application of green
roofs in cold climates has to be done. In this case, when the substratum is saturated, the isolating
effect is significantly reduced. Therefore, combined models that integrate hydraulic and thermal
performances should be developed. Thermal and hydraulic performances mostly control the complete
green roof system.

Even though most accreditation systems for sustainable constructions do not give significant
importance to green roof implementation, an accurate quantification of the environmental, technical,
economic, and social benefits of green roofs might help to improve this situation, as well as address the
lack of legislation for this technology in most countries.

Finally, from this review of the state of the art, research challenges that can be undertaken in the
short or medium term toward an effective implementation of green roofs are presented in Table 7.

Table 7. Research challenges facing green roofs reported in the literature.

Component Research Topics

(a) Study the vegetation behavior under different climate conditions.

(b) Generate robust databases for plant analysis and its selection. Include CO,
Vegetation layer ~ sequestration performance.

(c) Study of influence of vegetation on green roof thermal and hydraulic performances.

(d) Analyze the relationship and effect on wildlife.

(a) Develop growth media mixtures able to reduce erosion and increase water content for
Substratum low-depth substratum.
(b) Develop growth media using renewable local materials.

(a) Improve root resistance from waterproof membrane and anti-root barrier.
(b) Increase water retention capacity from the drainage layer materials.

I (c) Include reused, reduced, and recycled materials in all components of green roofs.
(d) Durability strategies to increase life span.
a) Design and implementation of robust policies to promote massive use.
gn p p p
Others (b) Evaluate green roof implementation using the life-cycle analysis (LCA) methodology.

(c) Analyze the overall performance from a multidisciplinary perspective.
(d) Develop local design and construction guidelines.
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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.

Keywords: cellulose; aerogel; thermal insulation; building envelope; silica

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 (3 (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-em 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 m?-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).

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 (CO; 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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Figure 2. Phase diagrams of freeze-drying (a) and supercritical-drying (b) superposed on water
and CO,, respectively. Reproduced from from Lavoine & Bergstrom [10], licensed under a Creative
Commons Attribution Non-Commercial 3.0 Unported License.

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~! 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~! 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~! 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~!-K~! to
0.018 W-m~1.K~! 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~!.K~!. 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~!-K~! 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~ 1K)
in the “super-insulating” range.

Figure 3. SEM images of aerogels prepared from cellulose-stabilized emulsions at different

concentrations: (a) 1 wt %, (b) 2 wt %, and (c) 3 wt %. Reprinted with permission from [26]. Copyright
2018 American Chemical Society.

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 CCly 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 -CHj3 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 MoS; 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 MoS, nanosheets
and the cellulose nanofibril as a result of chemical cross-linking between Mo** 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.

Kokliikaya 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~!-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~!.K~! compared
to0 0.030 W-m~1-K~! 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~! for an all-cellulose aerogel to 0.027 W-m~!-K~! 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~! 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.

Aerogel Densit Young Ultimate Thermal T Water LOI
Material Formation ( _Cm,g’) Modulus  Strength  Conductivity (‘3‘5“ Contact (%)
Method & (MPa) (MPa)  (W-m—1.K- 1) Angle (°) o
Cellulose (HCI hydrolysis) [17] FD 0.005 — — 0.016 342 — —
Cellulose
(surface-carboxylated) [18] sb 0.017 040 - 0.018 - - -
Cellulose [18] - - - 13.000 0.030 - - -
Cellulose (TEMPO-mediated
oxidation) [22] FD - 0.10 - 0.018 - - -
Cellulose (TEMPO-mediated FD - - - 0.022 - - -
oxidation) [9] SD _ _ _ 0.017 — — —
Cellulose (TEMPO-mediated
osidation) [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 N N 0.024 - - -
Cellulose/silica + cold plasma -~ - -~ B
modification [28,2] FD 0.023 0.026 132.0
Cellulose [26] FD 0.020 0.60 - 0.018 - - -
Poly(vinyl alcohol)/
cellulose (TEMPO-mediated Unidirectional
oxidation) + chemical vapor FD 0.018 10.4 - - 495 at Np 1418 -
deposition of
methyltrichlorosilane [30]
Cellulose(sulfuric acid ;
hydrolysis)/silica [31] APD 0.137 - - 0.035 253 at air 139.6 -
Cellulose cross-linked with Freezing—
diisocyanate [32] thawing B 0-209 0.066 B 200at N, B B
Cellulose/MoS; [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 Np - -
Cellulose/poly(vinyl
alcohol)/chitosan/ FD - - - - 273 at air - -
montmorillonite [37]
Cellulose/aluminum oxide [40] SD — — — - 295 at air - -
Bacterial cellulose/silica [41] FD - - - - 335 at Ny = —
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 6.570 137 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.
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6. Conclusions

Cellulose-based aerogels can have thermal conductivities as low as —0.015 W-m~1.K~! 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~2) 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:

e Inaddition 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.

e 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.

o 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.

e 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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