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14.1 Introduction
Oil spills are considered to be one of the most serious disasters threatening
the marine ecosystem. Recently, the explosion of a drilling rig in the Gulf of
Mexico caused significant environmental damage.1 Oil spills are usually
related to accidents during oil production, storage, and transportation. As
long as fossil fuels are needed, oil spills will remain a significant problem
that human beings will have to face.2–8 Therefore, it is essential to solve, or at
least alleviate, this environmental problem.
Several methods of oil spill–cleaning have been developed, and can be
classified as chemical, biological, and physical methods. Dispersion, in situ
burning, and solidification are considered to be chemical methods that are
complicated and expensive.9–11 The use of microorganisms via biological
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methods is eﬀective but requires a long time, and the microorganisms are
aﬀected by environmental factors, such as pH, temperature, and oxygen
content.12 Moreover, oil spills cleaned using chemical and biological
methods are diﬃcult to recover, and recoverability is a crucial factor for oil
spill–cleaning applications. With regards to the physical methods, booms
and skimmers are often used, but cannot remove oil from the sea eﬀectively.13 Of these methods, sorption has been considered one of the most
eﬀective ways for oil-spill cleaning, as it enables the collection and complete
removal of oil from oil-spill sites.2,11,14–20
Several materials have been used as sorbents for oil-spill cleaning in both
research and practical applications. The oil absorbents can be categorized
into inorganic minerals, natural organic materials, and synthetic organic
materials.11,16,17,19 Inorganic materials, such as clay, vermiculite, exfoliated
graphite, diatomite, and fly ash, have low oil absorption capacities
(4–20 g g!1).21–23 Furthermore, some of these inorganic materials, such as
clay and vermiculite, are harmful when inhaled by human beings under
windy conditions, due to the loose structures of these materials. Natural
organic materials from plant and animal residues, such as kapok fibre,
sugar-cane bagasse, rice husk, coconut husk, cotton, wool, sawdust, and
chitosan, have been examined for oil absorption capabilities.24–26 However,
most of the materials have low oil absorption abilities (3–15 g g!1), and also
absorb water.
On the other hand, synthetic organic materials, such as polypropylene,
polystyrene, and polyurethane, possess a high aﬃnity with oil and high oil
absorption capacities (4.5–100 g g!1), but cause waste problems after use due
to their slow rates of degradation.11,16,19 Therefore, there is high demand for
new environmentally friendly absorbents with a high oil absorption capacity,
good selectiveness, and low cost for oil-spill removal.
A combination of an aerogel structure and recycled cellulose fibres from
paper waste can be used to form an advanced material, called a recycled
cellulose aerogel, which is cost-eﬀective and a promising material for oil
absorption. Although some studies have investigated the use of cellulosic
materials for oil absorption, none have fabricated aerogels from paper-waste
cellulose fibres and investigated them as absorbents for crude oil-spill
cleaning.2,5,27–31
The increase in paper consumption has created huge amounts of paper
waste, which accounts for 25–40% of global municipal solid waste.32 In 2004
alone, 360 million tonnes of paper-related waste was generated worldwide.
Moreover, paper and paperboard consumption will increase the amount of
waste produced by 2.1% each year until 2020, which suggests that more than
500 million tonnes of paper waste can be expected in 2020.33 In addition,
incineration or landfill of the paper waste could damage the environment
further with toxic emissions and groundwater contamination.
Recycling paper waste will help to preserve forests and solve the environmental problem. Therefore, it is important to recycle or convert this
enormous amount of waste into useful products. Several eﬀorts have been
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made to solve this problem. For instance, in 2010, 63% of paper waste was
recycled in the US.34 Paper waste has also been investigated as a raw material
for production of bioethanol, polymer precursors, particleboard, and so
forth.32,35,36 Commercially, recycled paper is mainly converted into other
paper commodities of lower quality grades than the original products.37 In
addition, the maximum conversion rate from paper waste to other paper
products is only approximately 65%.37 This low conversion rate is due to the
length degradation of the cellulose fibres during the recycling processes,
which also compromises the quality of the end product.37 In addition,
waste fibres of short lengths generated during recycling are discarded,
as they are not suitable for further recycling.37 It is therefore necessary to
develop alternative commodities from paper waste. Although some studies
have examined the use of cellulosic materials for oil absorption, none have
covered the fabrication of aerogels from paper-waste cellulose fibres, and
investigated the aerogels as absorbents for the cleaning of crude-oil
spills.2,5,27–31
Recycled cellulose fibres from paper waste are a cheap and abundant
resource; the price of scrap paper was approximately $100/ton in 2015.38
A combination of the aerogel structure and recycled cellulose fibre constitute
a new material – called a recycled cellulose aerogel – which is cost-eﬀective
and has the potential for oil absorption.39–41 The recycled cellulose aerogel
and its silica composite aerogel can also potentially be used as thermalinsulation materials for buildings.41 Therefore, all the practical applications
developed may contribute to the recycling of paper-related waste. This book
chapter presents the basic facts about cellulose materials, and comprehensive information about cellulose aerogels and silica–cellulose composite
aerogels. Both the fabrication methods and properties of cellulose aerogels
and silica–cellulose aerogels are discussed in detail.
In recent years, the production of natural protein-based aerogels has
become a highly attractive subject in materials chemistry due to the
requirement of biodegradability and biocompatibility for pharmaceutical,
medical and food applications.42 Several types of proteins, including whey
protein,43–45 silk fibroin,46,47 egg white protein48 and soy protein,49–52 have
been exploited for the formation of aerogels. The eﬀects of various synthesis
conditions, such as drying methods,43 pH values,48 ionic strengths48 and
precursor concentrations47 have been investigated for optimizing the porous
structure and multi-properties of the resultant aerogels. These natural
aerogels are promising as drug carriers and encapsulation materials.

14.2 Recycled Cellulose Aerogels Using Kymene
Binder for Oil Spill–Cleaning Applications
14.2.1
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This section describes the successful development of an advanced
and cost-eﬀective method for the fabrication of recycled cellulose aerogels.
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This novel method synthesizes the recycled cellulose aerogels from paper
waste by using Kymene as a cross-linker, instead of using sodium hydroxide
and urea as in previous reports.53–55 This method can significantly reduce
the toxicity of raw materials, and reduce the entire synthesis duration
fromnine days, as in previous methods, to three days.40,41 After being
freeze dried and coated with methyltrimethoxysilane (MTMS) via chemical
vapour deposition, the recycled cellulose aerogels exhibited ultra-flexibility,
high porosity, super-hydrophobicity, and outstanding oil absorption
capability.
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14.2.2

Synthesis of Cellulose Aerogels Using a Kymene
Binder

Recycled cellulose fibres were directly purchased from the market because
the established raw–paper waste recycling methods are mature, and using
commercial recycled cellulose fibres is cost-eﬀective and time-saving. The
recycled cellulose fibres from paper waste (0.075–0.3 g) and Kymene (5–20 ml)
were first dispersed in 30 ml of DI water by sonicating the mixtures for
10 min. The suspensions were then placed in a refrigerator at !18 1C for
more than 12 h to allow the gelation. The cellulose aerogels were obtained by
freeze drying the obtained gels at !98 1C for two days using a Scan Vac
CoolSafe 95-15 Pro freeze dryer (Denmark). Thereafter, the cellulose aerogels
were further cured at 120 1C for another 3 h to completely cross-link the
Kymene molecules.
As the development of the recycled cellulose aerogels was hydrophilic, the
highly porous networks of the as-prepared cellulose aerogels were coated
with MTMS, to form super-hydrophobic cellulose aerogels for oil absorption
and thermal insulation. The proposed coating mechanism53,54 of the silanation reaction between the cellulose and MTMS is illustrated in Figure 14.1.
The cellulose aerogels and open glass vials containing MTMS (0.5 ml) were
placed in big containers. The containers were then capped and heated at
70 1C for 3 h for the silanation reaction. After the aerogel structure was
coated completely, excessive MTMS was removed by placing the aerogel in a
vacuum oven until the pressure decreased to below 0.03 mbar.
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Figure 14.1

The proposed silanation reaction between cellulose and MTMS, which
results in super-hydrophobic cellulose aerogels.
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Morphology and Hydrophobicity of the Recycled
Cellulose Aerogels

In this section, the morphologies and hydrophobic properties of the recycled
cellulose aerogels are discussed. The recycled cellulose aerogels exhibited
macropore structures. Moreover, the aerogel with the higher cellulose concentration (1.0 wt.%) had a more compacted network and lower porosity. The
aerogel with a high stability was also observed to have super-hydrophobicity.

14.2.3.1

Eﬀects of the Cellulose Concentrations

The photographs and SEM images of the developed recycled cellulose
aerogels are shown in Figure 14.2. The aerogel sample in Figure 14.2a had
dimensions of 45 mm (diameter)"11 mm (thickness), and the same shape
as that of its reaction container. As reported previously, the recycled cellulose aerogels were formed via hydrogen bonding between the self-assembled
cellulose fibres.40,54
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Figure 14.2

(a) Super-hydrophobic recycled cellulose aerogel. (b) Flexibility of the
large-scale cellulose aerogel (38 cm"38 cm"1 cm) containing 0.60 wt.%
of cellulose fibres, SEM images of the cellulose aerogels with diﬀerent
ratios of cellulose fibres (wt.%) and Kymene (ml): (c) 0.25:5, (d) 1.00:5,
(e) 0.60:5, and (f) 0.60:20.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T.
Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption
properties of superhydrophobic recycled cellulose aerogels, 168–175,
Copyright 2015,with permission from Elsevier).
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In addition, Kymene strengthened the cellulose aerogels by providing a
protection mechanism and reinforcement mechanism.56 For the protection
mechanism, some Kymene molecules reacted with other Kymene molecules,
and the formed Kymene networks wrapped the cross-linking points between
the cellulose fibres to improve the strength of the cellulose network.56
Moreover, Kymene molecules also bonded with the cellulose fibres to
enhance the strength of the cellulose network, providing the reinforcement
mechanism.56 The utilization of Kymene as a cross-linker ensured that the
resultant aerogels had a robust structure.56
In contrast to the mesopores (2–70 nm) of the aerogels formed by the
cellulose nanofibres, the cellulose aerogels with macropores (450 nm) had a
highly porous structure, which can be clearly observed in the SEM images in
Figure 14.2c–f.57–59 Their macropores were possibly caused by the larger size
of the recycled cellulose fibres, obtained from the paper waste.40 Figure 14.2c
and d show the morphologies of the cellulose aerogels with cellulose concentrations of 0.25 and 1.00 wt.%, respectively. The aerogel with the higher
cellulose concentration (1.0 wt.%) had a more compacted network and lower
porosity. However, an increase in the amount of Kymene from 5 to 20 ml in a
30 ml reaction mixture did not significantly impact the aerogel structures, as
shown in Figure 14.2e and f, as the amount of Kymene was small compared
to that of the cellulose fibres, and the possible minor structure changes
might not have been observed.

14.2.3.2

Hydrophobicity of the Cellulose Aerogels

In order to investigate the super-hydrophobicity of the developed cellulose
aerogels, the water contact angles were measured on both the external
surface and the cross-section of the MTMS-coated cellulose aerogels. As
shown in Figure 14.3a and b, large contact angles of 153.51 and 150.81,
respectively, were obtained, thus proving that the hydrophobic coating
successfully covered the whole aerogel network. The water contact angle
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Figure 14.3

Water contact angles on (a) the external surface and (b) the crosssection of the super-hydrophobic recycled cellulose aerogel.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T.
Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption
properties of superhydrophobic recycled cellulose aerogels, 168–175,
Copyright 2015,with permission from Elsevier).
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values of the external surface were slightly higher than those of the cross
section, possibly due to the greater accessibility of the external surface.
To examine the hydrophobic stability of the cellulose aerogels, they were
then exposed to the normal ambient atmosphere for five months. Their
water contact angles of 145–1551 over this period were examined. Interestingly, all the cellulose aerogels exhibited similar water contact angles of
approximately 1501, regardless of their cellulose concentrations or Kymene
amounts. It is well known that the water contact angles strongly depend
on the functional groups on the aerogel surfaces. Therefore, in this case,
such a small variation in the water contact angles may likely have been a
consequence of the identical functional groups (–Si–O–CH3–) induced by
the MTMS coating.40 Furthermore, the water contact angles of the cellulose
aerogels on the external surface and the cross-section did not show any
obvious change with time. The hydrophobic properties of the aerogels
discussed in this section demonstrate the excellent performance of the
MTMS coating on diﬀerent types of cellulose aerogels.

14.2.3.3
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Oil Absorption Properties of the Cellulose Aerogels

The oil absorption properties of the recycled cellulose aerogels are discussed
in this section. Several factors, such as the type of oil, the initial cellulose fibre
concentration, the temperature, and the seawater eﬀect with diﬀerent pH
values, were investigated with regard to their eﬀects on the oil absorption
capacity of the cellulose aerogels. The absorption kinetics and the activation
energy values of cellulose aerogels are also investigated in detail in this section.
14.2.3.3.1 Absorption Capacities with Diﬀerent Oils. A 5w40 motor oil
was used to investigate the oil absorption capabilities of the recycled cellulose aerogels listed in Table 14.1. This section focuses on motor oils
Table 14.1

Chemical compositions of the various recycled cellulose
aerogels. (Reprinted from Chemical Engineering Journal, 270,
J. Feng, S. T. Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption properties of superhydrophobic
recycled cellulose aerogels, 168–175, Copyright 2015, with
permission from Elsevier).

Sample label

Cellulose fibres (wt.%)

Kymene (ml)

Porosity (%)

Sample
Sample
Sample
Sample
Sample
Sample
Sample
Sample
Sample

0.25
0.50
0.75
1.00
0.60
0.60
1.00
2.00
4.00

5
5
5
5
5
20
10
20
40

99.4 # 0.0
98.9 # 0.0
98.1 # 0.0
97.2 # 0.1
98.4 # 0.0
98.4 # 0.0
97.4 # 0.0
96.9 # 0.0
96.1 # 0.3

A
B
C
D
E
F
G
H
I
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instead of crude oils, as it aims to show the excellent absorption
properties of cellulose aerogels with oil products containing additives.
When the Kymene amount was kept at 5 ml and the cellulose concentration was increased from 0.25 to 0.50 to 0.75 to 1.00 wt.%, the measured
absorption capacities of the aerogels (Samples A, B, C, and D in Table 14.1)
were 95, 73, 58, and 49 g g!1, respectively, at 25 1C. The maximum
absorption capacity of 95 g g!1 was achieved with the 0.25 wt.% cellulose
aerogel, because it had the lowest density (9"10!3 g cm!3) and the highest
porosity (99.4%).
The absorption capacities of all the MTMS-coated cellulose aerogels were
one order greater than those of the natural sorbents, two to ten times greater
than those of the commercial polypropylene sorbents, and five times
greater than those of the recycled cellulose aerogels (approximately 20 g g!1)
reported in previous works that used the sodium hydroxide/urea
method.11,19,25,40,41 The significant enhancement of the absorption capacity
may be largely ascribed to the reduced densities and increased porosities of
the cellulose aerogels.
The cellulose aerogels fabricated with a Kymene binder can achieve a high
porosity (up to 99.4%), while the cellulose aerogels using sodium hydroxide
and urea can achieve only 98.0% porosity. When the cellulose amounts were
further decreased in the syntheses mixture using sodium hydroxide and
urea, rigid aerogels could not be successfully formed.
Temperature is also a major factor aﬀecting the viscosity and the diﬀusion
capability of the oils into the porous aerogel structures. Therefore, the
absorption behaviour of the diﬀerent oils with each aerogel were examined
at three diﬀerent temperatures of 25, 50, and 70 1C. As shown in Table 14.2
and Figure 14.4, the maximum oil absorption capacity increased when the
temperature was increased from 25 to 50 1C, but then decreased when
the temperature was further increased from 50 to 70 1C. This trend holds
for the absorption behaviour of all the oils with the 0.50, 0.75, and 1.00 wt.%
cellulose aerogels.
The explanation for this may be that the temperature increase reduced the
oil viscosities (shown in Table 14.3), which in turn facilitated oil penetration
into the porous aerogel networks. However, the lower viscosities of the oils
also had a negative eﬀect on their ability to anchor to the pore walls,
reducing the amounts of oil retained in the porous absorbents during
drainage. Comparing the maximum oil absorption capacity with the tested
temperatures, it can be concluded that 50 1C is the optimum temperature
for maximizing the oil absorption performance of the recycled cellulose
aerogels.
Besides the temperature eﬀects, the porosity of cellulose aerogels also
significantly aﬀects their oil absorbency. Table 14.2 and Figure 14.4 show
that the oil absorption capacity of the aerogels was reduced when the initial
cellulose concentration increased from 0.50 to 1.00 wt.%. This can be
explained by the porosity of the cellulose aerogels. Table 14.1 shows that
the aerogel porosity reduced from 98.9 to 97.2% when the cellulose
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Singer machine oil

Pseudo-second-order

Maximum absorption
capacity, Qm (g g!1)
Pseudo-first-order

Pseudo-second-order

Maximum absorption
capacity, Qm (g g!1)
Pseudo-first-order

Cellulose concentration
(wt.%)
Temperature (1C)

R2
K1
R2
K2

R2
K1
R2
K2
58.2
0.980
0.351
0.999
0.012

61.0
0.978
0.311
0.999
0.010

59.3
0.983
0.297
0.994
0.008

0.972
0.355
0.998
0.009

0.970
0.324
0.996
0.008

0.986
0.293
0.996
0.006

70
59.2

50
64.9

62.6

0.50
25

46.3
0.966
0.367
0.996
0.015
47.6
0.994
0.343
0.999
0.015

0.954
0.319
0.998
0.010
48.8
0.956
0.306
0.995
0.011

0.977
0.254
0.995
0.008
46.1
0.981
0.273
0.996
0.008

70

53.8

50

48.1

0.75
25

46.2
0.944
0.357
0.998
0.013
42.4
0.987
0.425
0.996
0.016

0.993
0.287
0.995
0.007
43.1
0.970
0.377
0.994
0.009

0.986
0.218
0.996
0.005
40.4
0.978
0.278
0.993
0.007

70
46.5

50
45.9

1.00
25

Summary of the maximum oil absorption capacities and the absorption rate constants of the cellulose aerogels at diﬀerent
temperatures, with various cellulose fibre concentrations, using the pseudo-first-order and pseudo-second-order models.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T. Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil
absorption properties of superhydrophobic recycled cellulose aerogels, 168–175, Copyright 2015,with permission from
Elsevier).

5w50 motor oil

Table 14.2
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Figure 14.4

Maximum absorption capacities, Qm, of (a) the 5w50 motor oil and
(b) the Singer machine oil with the recycled cellulose aerogels with
various cellulose fibre concentrations of 0.50, 0.75, and 1.00 wt.% at
25, 50, and 70 1C.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T.
Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption
properties of superhydrophobic recycled cellulose aerogels, 168–175,
Copyright 2015,with permission from Elsevier).

concentration increased from 0.50 to 1.00 wt.%. As the aerogel porosity
was lower, there was less space in the aerogel network for oil occupation,
and therefore the oil absorbency was lower.
To evaluate the practical oil absorption performance of the recycled
cellulose aerogels in the sea, a 3.5% NaCl solution was prepared to imitate
seawater. Figure 14.5 illustrates the absorption process over several minutes.
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Table 14.3

The relevant viscosities of the tested oils at diﬀerent
temperatures. (Reprinted from Chemical Engineering
Journal, 270, J. Feng, S. T. Nguyen, Z. Fan, H. M.
Duong, Advanced fabrication and oil absorption properties of superhydrophobic recycled cellulose aerogels,
168–175, Copyright 2015, with permission from Elsevier).

Viscosity (Pa.s)
5w40 motor oil
5w50 motor oil
Singer machine oil

25 1C
0.140
0.160
0.026

50 1C
n.a.
0.054
0.009

1

5

70 1C
n.a.
0.029
0.006

10

15

20

Figure 14.5

Oil absorption process of the recycled cellulose aerogel with 0.5 wt.% of
cellulose fibres in artificial seawater (3.5 wt.% NaCl and pH ¼ 7) mixed
with 5w40 motor oil and dyed with Sudan Red G before testing.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T.
Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption
properties of superhydrophobic recycled cellulose aerogels, 168–175,
Copyright 2015,with permission from Elsevier).

The cellulose aerogel was loaded on top of the mixture, and quickly absorbed
most of the motor oil within 7 min.
In addition, the eﬀects of pH on the oil absorption capacities of the
cellulose aerogels were investigated using diﬀerent pH values prepared from
HCl or NaOH. The oil absorption capacities of the 0.50 wt.% cellulose
aerogels under pH ¼ 3, 5, 7, and 9 environments were measured to be 63.00,
62.85, 63.06, and 62.98 g g!1, respectively. The absorption results indicated
pH-insensitive behaviour of the aerogels during the oil absorption tests,
possibly because the oil capacities of aerogels are mostly controlled by
their porosities and tested oil viscosities, both of which are independent
of environmental pH values.
14.2.3.3.2 Absorption Kinetics with Diﬀerent Oils. The absorption kinetics of the 5w50 motor oil and Singer machine oil on recycled cellulose
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aerogels were investigated, and are summarized in Table 14.2. Although
sample A, with a cellulose fibre concentration of 0.25 wt.% (Table 14.1),
had the highest oil absorption capacity, it possessed a less rigid structure
and was easy to disintegrate after repeated draining and absorbing of
oil. Therefore, three diﬀerent aerogel samples, marked B, C, and D
(Table 14.1) and with cellulose fibre concentrations of 0.50, 0.75, and 1.00
wt.% respectively, were prepared for the oil absorption kinetics tests at
25 1C. As shown in Figure 14.6, the sorption capacity of each oil on the
cellulose aerogels was plotted as a function of absorption time. The sorption rate was fast during the first 10 s, and the absorption reached the
equilibrium state at 30 s for both of the two oils.
Figure 14.7 shows the absorption kinetics60,61 of the 5w50 motor oil and
Singer machine oil on the 0.50 wt.% cellulose aerogel at 25 1C, respectively.
The plots of ln[Qm/(Qm ! Qt)] versus time t using the pseudo-first-order
model pseudo-second-order models yield the sorption rate constants
k1 and k2, and the correlation coeﬃcient R2 are presented in Table 14.2. It
can be observed that the correlation coeﬃcient values of the pseudo-secondorder model are higher than those of the pseudo-first-order model for both
tested oils. Therefore, the pseudo-second-order model could better predict
the oil absorption behaviour. Most of the absorption rate constants (k1 and
k2) for the Singer oil were bigger than those for the 5w50 motor oil. In
addition, the absorption rate constants at a higher temperature were larger
than those of the same oil and sample at a lower temperature. These suggest
the oil absorption processes of the Singer oil, and those at the higher temperature occur faster. Figures 14.7a and b show the experimental absorption
kinetics data and the two fitted model curves for the absorption of the two
oils on the 0.50 wt.% cellulose aerogels, which show a good agreement.60,61
The values of k1 and k2 are generally much larger than those reported. This
phenomenon indicates that the absorption speed of the cellulose aerogels
described in this section, with 5w50 motor oil and Singer oil, were much
higher than those of the cellulose aerogels described with crude oils. This
may be explained by the high porosities of the cellulose aerogels.
The activation energy, Ea, is an important parameter in a thermodynamic
study.62 For example, during a successful absorption process, the activation
energy must be overcome by an absorbate to interact with functional groups
on the sorbent surface. The activation energy, Ea, can be determined from
the change in the absorption rate constant, k, with temperature, T (K), using
the Arrhenius equation:62,63
lnk ¼ ln A !

Ea
RT

(14:1)

in which A is the pre-exponential factor and R is the gas constant
(8.314 J mol!1 K!1). By plotting ln[k] against 1/T, Ea can be calculated from
the slope.
The activation energy values are presented in Table 14.4. It can be observed that the activation energy values of the pseudo-second-order model
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Figure 14.6

Absorption kinetics of (a) the 5w50 motor oil and (b) the Singer
machine oil on the recycled cellulose aerogels with various cellulose
fibre concentrations of 0.50, 0.75, and 1.00 wt.% at 25 1C. The magnified images show the absorption kinetics of the initial 2 min of the
absorption processes.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T.
Nguyen, Z. Fan, H. M. Duong, Advanced fabrication and oil absorption
properties of superhydrophobic recycled cellulose aerogels, 168–175,
Copyright 2015,with permission from Elsevier).

are higher than those of the pseudo-first-order model. This is because the
pseudo-second-order model was used for the absorption process controlled
by chemi-sorption, which involves higher forces than in physic-sorption.64
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Figure 14.7

Table 14.4

Experimental data fitted with the pseudo-first-order and pseudo-secondorder models for the absorption kinetics of (a) the 5w50 motor oil and
(b) the Singer machine oil on the aerogel with 0.50 wt.% of cellulose
fibres at 25 1C.
(Reprinted from Chemical Engineering Journal, 270, J. Feng, S. T. Nguyen,
Z. Fan, H. M. Duong, Advanced fabrication and oil absorption properties
of superhydrophobic recycled cellulose aerogels, 168–175, Copyright
2015,with permission from Elsevier).
Activation energies of the absorption of the cellulose aerogels with
various cellulose concentrations on the oils, using the pseudo-firstorder and pseudo-second-order models. (Reprinted from Chemical
Engineering Journal, 270, J. Feng, S. T. Nguyen, Z. Fan, H. M. Duong,
Advanced fabrication and oil absorption properties of superhydrophobic
recycled cellulose aerogels, 168–175, Copyright 2015, with permission
from Elsevier).

Activation
energies (J mol!1)

Initial cellulose
concentration (wt.%)

0.50

0.75

1.00

5w50 motor oil

Pseudo-first-order
Pseudo-second-order
Pseudo-first-order
Pseudo-second-order

3609.6
10682.7
3090.5
9354.9

6984.6
13120.3
4248.0
10610.3

9331.6
18612.6
8130.2
15240.4

Singer machine
oil
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In addition, compared with the 5w50 motor oil, the Singer machine oil
had lower activation energy values, which made the oil absorption on the
cellulose aerogels more eﬀective.

14.2.4

Summary

In conclusion, the advanced and cost-eﬀective fabrication method of the
recycled cellulose aerogels was further improved. The MTMS-coated cellulose aerogels exhibited stable hydrophobicity during a test period of over
five months. Their excellent oil absorption capacities were demonstrated
with motor oil and Singer oil. It was found that the initial cellulose fibre
concentration significantly aﬀected the oil absorption capability of the developed cellulose aerogels. The 0.25 wt.% cellulose aerogel yielded a maximum absorption capacity of 95 g g!1 with the 5w40 motor oil. The
maximum absorption capacity of the cellulose aerogels could be reached
at 50 1C, regardless of the pH values of the seawater/oil suspensions, and
decreased with an increase in the cellulose fibre concentration.
The pseudo-first-order and pseudo-second-order kinetics models were
applied to describe the oil absorption behaviour of the recycled cellulose
aerogels for the first time. The pseudo-second-order model was more suited
to the oil absorption kinetics study of the aerogels, due to its chemi-sorption
nature. Moreover, the recycled cellulose aerogels displayed excellent flexibility: the large-scale cellulose aerogel could be easily bent or rolled without
damaging its shape. All of the tested cellulose aerogels could also be compressed to up to 70% strain. The experimental results demonstrate that
the super-hydrophobic recycled cellulose aerogels could be very promising
sorbents for oil-spill cleaning.

14.3 Cellulose-based Aerogels for Heat-insulation
Applications
14.3.1
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The greenhouse eﬀect is gradually warming up the earth and potentially
threatening human life. It was found that CO2 emissions from buildings
contributed approximately 31% of global greenhouse-gas emissions in
2010.65,66 Improving thermal insulation of buildings is one of the most
eﬀective solutions for this issue. Therefore, many eﬀorts have been made
to develop new insulation materials.67 Silica aerogels have been investigated
as insulation materials for buildings.68 However, they are very brittle.
A flexible, aerogel-based insulation material has been developed by Aspen
Aerogels (USA), but it is much more expensive than conventional insulation
materials.68 As a result, there is considerable need for insulation materials
with reasonably low thermal conductivities and costs. These materials
should also have high thermal stability for fire safety.
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This section focuses on the thermal properties, such as thermal conductivity and thermal stability, of the recycled cellulose aerogels and their silica
composites.69 This is the first time that the benchmark data of the thermal
properties of recycled cellulose-based aerogels has been reported. Of the recycled cellulose-based materials, the recycled cellulose aerogels using sodium
hydroxide–urea aqueous solutions showed the lowest thermal conductivities
(0.032 W mK!1); however, the cellulose aerogels display a continuous
weight loss from below 100 1C, during the thermogravimetric (TGA) test.
The cellulose–silica composite aerogels displayed the best thermal stability;
however, their thermal conductivities (0.039–0.041 W mK!1) are much higher
than those of the cellulose aerogels using sodium hydroxide–urea aqueous
solutions (0.032 W mK!1). In summary, the recycled cellulose aerogels using a
Kymene binder (the aerogels with the lowest cost), exhibit lower thermal
conductivities (0.034–0.037 W mK!1) than those of the composite aerogels
(0.039–0.041 W mK!1), and a higher thermal stability (with a decomposition
temperature of approximately 300 1C) surpassing that of the cellulose aerogels
using sodium hydroxide–urea aqueous solutions. The recycled cellulose
aerogels are therefore the most promising thermal insulation material.

14.3.2

Synthesis of Silica–Cellulose Aerogels

The catalyst solution was prepared by mixing 10.250 g of ammonium
hydroxide and 0.927 g of ammonium fluoride in 50 ml of deionised (DI)
water. After that, 6 ml of MTMS solution was mixed with 11 ml of ethanol
and stirred for 5 min (forming an MTMS/ethanol solution). Then, 7 ml of
DI water, 11 ml of ethanol, and 0.5 ml of the catalyst solution were mixed in
another beaker (forming a water/ethanol/catalyst solution). While the
MTMS/ethanol mixture was still being stirred, the obtained DI water/
ethanol/catalyst solution was poured slowly into the MTMS/ethanol mixture
and stirred for another 15 min to form the sol. The sol was poured into a
mould that contained the cellulose aerogel, and the gelation and aging
process were conducted at room temperature (25 1C) for three days. After
solvent exchange between the gel and DI water, the obtained hydrogel was
frozen and dried using a Scan Vac CoolSafe 95-15 Pro freeze dryer (Denmark)
for 24 h. Diﬀerent silica–cellulose aerogels were synthesized from the different cellulose aerogel matrixes with varied cellulose fibre concentrations
inside the initial cellulose aqueous suspensions. The fabrication method of
pure recycle cellulose aerogel can be found in the section 14.2.2.

14.3.3 Thermal Properties of the Cellulose-based Aerogels
14.3.3.1 Thermal Properties of the Recycled Cellulose Aerogels
Using a Kymene Binder
The thermal conductivities of the aerogels were measured under ambient
conditions using a C-Therm TCi Thermal Conductivity Analyzer (C-Therm
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Table 14.5

Eﬀects of cellulose fibre concentrations on the thermal
conductivities of the cellulose aerogels using a Kymene
binder. (Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 506, J. Feng, D. Le, S. T. Nguyen,
V. T. C. Nien, D. Jewell, H. M. Duong, Silica cellulose hybrid
aerogels for thermal and acoustic insulation applications,
298–305, Copyright 2016, with permission from Elsevier).

Cellulose fibre
concentration (wt.%)
1.0
2.0
4.0

Density (g cm!3)

Thermal conductivity
(W mK!1)

0.0392 # 0.0005
0.0473 # 0.0004
0.0592 # 0.0032

0.0340 # 0.0003
0.0353 # 0.0006
0.0366 # 0.0003

Technologies, Canada), with the MTPS method. Using this approach, the
thermal conductivities of the recycled cellulose aerogels fabricated with a
Kymene binder were measured. The porosity of the cellulose aerogels using a
Kymene binder significantly aﬀected their thermal conductivities. Table 14.5
shows that the thermal conductivity of the aerogels using a Kymene binder
increased from 0.034 to 0.037 W mK!1 when the initial cellulose fibre concentration increased from 1.0 to 4.0 wt.%. Increases in the initial cellulose
fibre concentration led to decreases in the porosity of the resultant cellulose
aerogels. When the porosity is lower, there is more solid substance to promote thermal conduction and reduce thermal insulation.
The thermal stability of the cellulose aerogels using a Kymene binder was
much better than that of the cellulose aerogels fabricated from the sodium
hydroxide–urea aqueous solution. A weight loss of 6.5 wt.%, corresponding to
the water release, was observed in the temperature range of 25–150 1C for the
cellulose aerogel using a Kymene binder. Slow decomposition of the material
was observed between 150 and 300 1C, and 86.3 wt.% remained of the cellulose aerogel using a Kymene binder at 300 1C. In comparison, 40.7 wt.%
remained of the cellulose aerogel fabricated from the sodium hydroxide–urea
aqueous solution at the same temperature. The obvious diﬀerences suggest
that the thermal stability of the cellulose aerogel using a Kymene binder was
much better than that of the cellulose aerogel synthesized via the sodium
hydroxide–urea route. The diﬀerences between the thermal stabilities of these
two cellulose aerogels could possibly be explained by two major factors: (1)
there was no urea involved in the fabrication of the cellulose aerogels via
the Kymene route, and so there was no urea residue;39 and (2) the sonication
method applied with the Kymene route, as a mechanical approach, had an
advantage over the chemical treatment methods regarding thermal stability of
the cellulose materials.70,71

14.3.3.2
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Thermal Properties of the Silica–Cellulose Aerogels

The silica–cellulose composite aerogels were fabricated by immersing the
cellulose matrixes inside the solutions containing a silica precursor.
The cellulose matrixes were the recycled cellulose aerogels (obtained after
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hydrophobic coating) fabricated with a Kymene binder. The main purpose
of the development of the silica–cellulose aerogels was to further improve
the thermal stability and mechanical strength of the pure cellulose aerogels.
The diﬀerent silica–cellulose aerogels were synthesized from the varied
cellulose matrixes with diﬀerent initial recycled cellulose fibre concentrations (1.0–4.0 wt.%) in the initial cellulose suspensions.
14.3.3.2.1 Morphology and Hydrophobicity of the Silica–Cellulose Aerogels. The morphologies of the silica–cellulose composite aerogels were
investigated with FE-SEM. Figure 14.8a–c display the SEM images of the
silica–cellulose aerogels fabricated with the cellulose matrixes with diﬀerent cellulose fibre concentrations in the initial cellulose aqueous suspensions. The images in Figure 14.8a–c suggest that the cellulose matrix
served as the three-dimensional supporting frame.
The intersection points between the cellulose fibres were strengthened by a
great number of hydrogen-bond links, which helped the formation of the
strong supporting frame.72 The strong supporting frame restricted the silica
particles firmly within it by a confinement eﬀect.73 Meanwhile, the interconnected silica particles reinforced the cellulose matrix by attaching themselves to the matrix. As a result, a more rigid structure was formed. The
structures of the silica–cellulose aerogels using diﬀerent cellulose aerogel

1

5

10

15

20

25

30

35

Figure 14.8

SEM images of the silica–cellulose aerogels fabricated with the cellulose
matrixes with diﬀerent cellulose fibre concentrations (a) 1.0 wt.%,
(b) 2.0 wt.%, and (c) 4.0 wt.% in the initial cellulose aqueous suspensions.
(d) A typical image of the zoomed-in silica region of the composites.
(Reprinted from Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 506, J. Feng, D. Le, S. T. Nguyen, V. T. C. Nien, D. Jewell, H. M.
Duong, Silica cellulose hybrid aerogels for thermal and acoustic
insulation Applications, 298–305, Copyright 2016, with permission from
Elsevier).
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matrixes were compared. When the cellulose content was higher, silica particles with a smaller particle size and more uniform distribution were found.
This phenomenon might be explained by the following speculation. Before
the freeze drying, the cellulose fibres were embedded in the silica hydrogel.
During the freeze drying (including the freezing pre-treatment), the silica
particles further away from the cellulose fibres experienced less force from
the cellulose matrix than the silica particles next to the cellulose fibres. The
denser cellulose matrix led to a more uniform distribution of small silica
particles because of the more uniformly distributed force exerted by the cellulose matrix. On the other hand, the loose cellulose matrix with many large
pores yielded a number of large silica particles located away from the cellulose
fibres because of the small force exerted by the cellulose matrixes. At the same
time, inside the loose cellulose matrix, the large silica particles located away
from the cellulose fibres coexisted with the small silica particles that formed
near the cellulose fibres, yielding a less uniform distribution.
The mesostructure of the silica particles was similar to the findings of
other groups that developed silica–cellulose aerogels.73,74 The BET surface
areas of the silica–cellulose composite aerogels in Table 14.6 were between
approximately 198 and 296 m2 g!1, comparable to the surface areas found in
similar studies conducted by Demilecamps et al. (90–170 m2 g!1)75 and
Litschauer et al. (220–290 m2 g!1).76
As can be observed in Figure 14.9, the X-ray diﬀraction patterns of the
silica–cellulose composite aerogels seem to be the superposition of those of
the pure cellulose aerogels and the pure silica aerogels, which is similar to
the findings of Cai et al.77 This XRD finding implies that the extent of the
chemical reaction between the cellulose fibres and the silica components
was quite limited, as no new compound was detected. The XRD results
suggest that it was reasonable for the meso-porous structure of the silica–
cellulose aerogels to be controlled only by the silica components as the
cellulose matrix did not possess a detectable BET surface area, and no new
compound was formed. In addition, the XRD results indicate that the
attachments between the cellulose fibres and the silica particles observed in
the SEM images were physical instead of chemical.
According to Shi et al., the hydrophobicity of the composite could improve
the stability of the heat-insulation performance of the material.74 To date,
research on hydrophobic modifications of silica–cellulose composite aerogels
Table 14.6
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Morphology studies of the cellulose–silica composites.

Cellulose fibre
concentration inside
the initial suspension
for cellulose matrix
fabrication (wt.%)
1.0
2.0
4.0

1

40

Density
(g cm!3)

SiO2 in
composite
aerogel
(wt.%)

BET surface
area (m2 g!1)

Porosity
(%)

0.149 # 0.005
0.146 # 0.005
0.138 # 0.002

79 # 4
73 # 5
60 # 3

296 # 31
248 # 28
198 # 24

93.8 # 0.0
93.8 # 0.0
93.7 # 0.0
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Figure 14.9

XRD patterns of the silica aerogel, the cellulose aerogel, and the silica–
cellulose aerogels fabricated from cellulose matrixes with diﬀerent
cellulose fibre concentrations (1.0, 2.0, and 4.0 wt.%) inside the initial
suspensions.
(Reprinted from Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 506, J. Feng, D. Le, S. T. Nguyen, V. T. C. Nien, D. Jewell, H. M.
Duong, Silica cellulose hybrid aerogels for thermal and acoustic insulation Applications, 298–305, Copyright 2016, with permission from
Elsevier).

has been limited. In 2013, Shi et al. applied a CCl4 cold-plasma modification
approach using gas ionization.74 In the same year, Sai et al. proposed a
solvent-immersion method involving a 24 h aging followed by freeze drying.73
Both methods might be considered uneconomical because of either the expensive equipment or the large amount of chemicals and the long duration
involved. Moreover, the water contact angles of the modified composite
aerogels from the above two methods were similar (1321 and 1331), indicating
that the aerogels were not super-hydrophobic.73,74 However, the silica–
cellulose composite aerogels exhibited super-hydrophobic properties. The
average water contact angle was approximately 1511 for all three composites.
The excellent water-repelling property of the composites was inherited from
both the hydrophobic cellulose matrix and the silica precursor (MTMS).
Meanwhile, the stable methyl group of MTMS was responsible for the excellent hydrophobicity of the silica components.78 Further modification of the
fabricated composite aerogels was not required to achieve the superhydrophobicity, which could be considered a remarkable advantage.
14.3.3.2.2 Thermal Conductivity of the Silica–Cellulose Aerogels. The
thermal conductivities of the silica–cellulose aerogels (0.0385–0.0410 W mK!1)
increase with the increase in density (0.138–0.149 g cm!3). With references to
Table 14.5 and Table 14.7, the thermal conductivities and the densities of
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The thermal conductivities of the silica–cellulose aerogels fabricated
from cellulose matrixes with diﬀerent cellulose fibre concentrations in
the initial suspensions. (Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 506, J. Feng, D. Le, S. T. Nguyen, V. T.
C. Nien, D. Jewell, H. M. Duong, Silica cellulose hybrid aerogels for
thermal and acoustic insulation Applications, 298–305, Copyright 2016,
with permission from Elsevier).

Cellulose fibre concentration
in the initial suspension for
cellulose-matrix fabrication (wt.%)
1.0
2.0
4.0

Density (g cm!3)

Thermal conductivity
(W mK!1)

0.149 # 0.005
0.146 # 0.005
0.138 # 0.002

0.0410 # 0.0003
0.0390 # 0.0006
0.0387 # 0.0003
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Figure 14.10

The thermogravimetric analysis (TGA) curve of the silica–cellulose
aerogel, compared with that of the cellulose aerogel using a Kymene
binder. The composite aerogels were fabricated from cellulose
matrixes with diﬀerent cellulose fibre concentration of 4.0 wt.% in
the initial suspensions.
!1

!3

the silica–cellulose aerogels (0.0385–0.0410 W mK ; 0.138–0.149 g cm )
were higher than those of the cellulose aerogels using a Kymene binder
(0.034–0.037 W mK!1; 0.039–0.059 g cm!3). One possible reason is that the
thermal conductivities increase with density.79,80 The thermal conductivities of the silica–cellulose aerogels (0.0385–0.0410 W mK!1) were lower
than those of the silica–cellulose composites fabricated by other groups
(0.15 W mK!1), and comparable to those of conventional insulation materials, such as polyurethane foams (0.02–0.04 W mK!1) and insulation
boards (0.035–0.16 W mK!1).81
As shown in Figure 14.10, it is clear that the thermal stability of the composite was better than that of the pure cellulose aerogel without the silica
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embedment. A small weight loss of approximately 2 wt.% of the composites
before 150 1C corresponds to the water release. The cellulose aerogel using a
Kymene binder showed an approximately 7 wt.% weight loss up to 150 1C,
which is greater than that of the composite. This smaller weight loss from the
desorbed water was due to the super-hydrophobicity of the composite.
A 25 1C delay in the thermal degradation of the cellulose component of the
composite was observed at 325 1C, compared with 300 1C before the silica
modification. This increase in the degradation temperature might have been
due to an interaction between the silica and the cellulose matrix at higher
temperatures, and the interaction showed a positive eﬀect on the thermal
resistance of the composite.81,82 At 300 1C, 93 wt.% silica–cellulose aerogels
remained, as opposed to 86 wt.% of cellulose aerogels using the Kymene
binder, demonstrating a better thermal stability. The slow mass loss of the
residual substances, followed the rapid oxidative decomposition stage,
after which the oxidation of the charred residue occurred and continued to
the plateau. At the plateau, 51 wt.% of the silica–cellulose aerogel was
preserved, mainly containing the silica.
14.3.3.2.3 Mechanical Properties of the Silica–Cellulose Aerogels. The
silica modification did not impede the ductile behaviour of the silica–
cellulose aerogels. The compressive strain–stress curves of the silica–cellulose
aerogels fabricated from diﬀerent cellulose matrixes are displayed in
Figure 14.11.
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Figure 14.11

The compressive strain–stress curves of the silica–cellulose aerogels
fabricated from the cellulose matrixes with diﬀerent cellulose fibre
concentrations (1.0, 2.0, and 4.0 wt.%) in the initial suspensions.
The magnified section shows the compressive curves at the low strain
(up to 5%) for the composite aerogels.
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The Young’s modulus of the silica–cellulose composites and their
cellulose aerogel matrixes. (Reprinted from Reference [69] with permission from Elsevier).

Cellulose fibre concentration
in the initial suspension for
cellulose matrix fabrication
(wt.%)
1.0
2.0
4.0

Young’s modulus
of cellulose
matrix (KPa)

Density of
composite
(g cm!3)

Young’s
modulus of
composite
(KPa)

13 # 1
21 # 1
39 # 2

0.149 # 0.005
0.146 # 0.005
0.138 # 0.002

86 # 3
104 # 3
169 # 5

Silica embedment improved the mechanical strength of the aerogels
dramatically. The compressive Young’s moduli of the composites were three
to five times greater than those of their cellulose aerogel matrixes, as shown
in Table 14.8. One contributing factor to the high mechanical strength of the
silica–cellulose aerogels was their high densities compared with those of
the cellulose matrixes, which is typical for many material systems, as the
materials are more rigid and stiﬀ, with a higher density.83,84 From a microcosmic aspect, the silica particles restrained the bending of the cellulose
fibres, improving the mechanical strength of the silica–cellulose aerogels.
For the silica–cellulose aerogels, the Young’s modulus increased with
slight decreases in density, as suggested in Table 14.8. This might possibly
be explained by the increased cellulose content of the silica–cellulose aerogels. The cellulose matrix reinforces and constrains the silica granules, and
the higher cellulose content leads to a more rigid cellulose matrix; thus the
Young’s modulus of the composite increases with the increase in the cellulose content.

14.3.4

Summary

In summary, the three recycled cellulose-based aerogels with three diﬀerent
thermal property combinations have been discussed. The thermal conductivity of the cellulose aerogel using a sodium hydroxide–urea aqueous
solution was 0.032 W mK!1, which was the lowest among the recycled cellulose fibre-based aerogels. However, the cellulose content of this material
begins to degrade at 150 1C; therefore the material will require substantial
modifications if the thermal stability is a major concern.
The recycled cellulose aerogels using a Kymene binder with cost-eﬀective
fabrication displayed better thermal stability than the cellulose aerogels
using a sodium hydroxide–urea aqueous solution. However, the thermal
conductivities of the aerogels using a Kymene binder were between 0.034
and 0.037 W mK!1. These thermal conductivity values are slightly higher
than those of the cellulose aerogels using a sodium hydroxide–urea aqueous
solution.
To improve the thermal stability of the recycled cellulose-based aerogels
further, the silica–cellulose composite aerogels were successfully developed.
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A 25 1C delay in the cellulose degradation was also observed for the composites. The developed silica–cellulose aerogels also had better mechanical
strengths (compressive Young’s modulus: 86–169 KPa) than those of the
cellulose aerogels (compressive Young’s modulus: 13–39 KPa). Moreover, the
inherent super-hydrophobic property of the silica–cellulose aerogels is also
desirable for reliable and long-term thermal insulation. The thermal conductivities of the silica–cellulose aerogels were approximately 0.04 W mK!1,
comparable to those of commercial insulation products and lower than
those of the cellulose aerogels.
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14.4 Protein-based Aerogels and Their Applications
Recently, natural protein-based aerogels have attracted increasing research
interest due to their biocompatibility and biodegradability for food engineering and life science applications. A few proteins such as whey protein,43–45 silk fibroin,46,47 egg white protein,48 and soy protein49–52 have been
exploited for the formation of aerogels. This section introduces the fabrication methods and the multi-properties of the diﬀerent types of proteinbased aerogels and their potential applications.
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14.4.1

Whey Protein Aerogels

Whey protein is the collection of globular proteins isolated from whey,
which is the liquid remaining after milk has been curdled and strained for
cheese production. This protein is typically a mixture of beta-lactoglobulin,
alpha-lactalbumin, bovine serum albumin and immunoglobulins.85 Whey
protein is widely used in the food industry applications including processed
meats, bakery products, pasta, ice cream, and infant foods.44,86 As a byproduct of the manufacture of cheese or casein, the broad availability in
western countries makes whey protein promising for environmentally
friendly-materials.44
Betz et al. developed a novel whey protein-based aerogel for drug delivery
applications.43 Previous studies indicated that the water-insoluble whey
protein hydrogels were applicable for the encapsulation of drugs.87,88 The
use of supercritical drying and freeze drying techniques resulted in the
drying of covalently crosslinked hydrogels and generated a highly porous
aerogel. The obtained mechanically stable aerogels possessed a high BETsurface area (310–388 m2 g!1) and drug loading capacity (9.1–9.5%, w/w for
ketoprofen). The covalent disulphide bonds avoided the collapse of the
aerogel structure when placed in the presence of aqueous media and led to a
pH-controlled swelling behaviour upon rehydration. Due to the waterinsolubility of the whey protein aerogels, the drug-loaded aerogels showed
a sustained drug release at gastric (pH 1.2) and intestinal (pH 6.8) simulated
digestive pH conditions. Later, Chen et al. prepared whey protein aerogels
with enhanced mechanical properties.44 By blending with alginate, the
compressive moduli of the obtained aerogels were significantly enhanced by
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crosslinking and further increased with increasing aerogel densities.
Ahmadi et al. prepared whey protein aerogels blended with nanocrystalline
and microcrystalline cellulose particles and achieved increased Young’s
modulus and elastic character of the aerogels.45 It was found that the nanocrystalline and microcrystalline cellulose particles impacted the texture of
whey protein aerogels to diﬀerent extents. Blending with cellulose nanocrystalline particles reinforced the texture of protein aerogels and decreased
the sub-100 nm pore volume. The obtained protein aerogels were further
applied for fish oil encapsulation.
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14.4.2

Silk Fibroin Aerogels

Silk fibroin is a natural protein, derived from the Bombyx mori silkworm.
Due to their biocompatibility and biodegradability, silk fibroin based porous
materials have been extensively investigated for biomedical applications.47
Marin et al. developed silk fibroin aerogels as drug delivery devices for
the extended release of ibuprofen, a candidate drug.46 Ibuprofen, a candidate drug compound, was loaded into the silk fibroin aerogels using
supercritical CO2. The obtained aerogels demonstrated high surface areas of
424 # 75 m2 g!1 and low densities of 0.058 # 0.001 g ml!1. Phosphate buﬀer
solution soaking studies revealed that the silk fibroin aerogels did not
swell, nor exhibited any weight loss for up to 6 h. Release of ibuprofen from
SF aerogels was found to be governed by Fickian diﬀusion.
Later, Mallepally et al. applied silk fibroin aerogels as potential scaﬀolds
for tissue engineering applications.47 Silk fibroin aerogel scaﬀolds were
successfully fabricated using sol–gel and supercritical CO2 processing
protocols. The morphology and textural properties of the silk fibroin aerogels could be tuned by the starting concentration of the silk fibroin aqueous
solution. When the aqueous fibroin concentration increased from 2 to
6 wt.%, the surface area of the resultant aerogels increased from 260 to
308 m2 g!1 and the compressive modulus increased from 19.5 to 174 kPa.
Silk fibroin cryogels were also synthesised, in order to study the eﬀect of
hydrogels pretreatments on the morphological and textural properties.47 The
silk fibroin aerogels demonstrated a surface area of 266 m2 g!1 and pore
volume of 1.6 cc g!1, which was significantly higher compared to the freezedried silk fibroin cryogels with a surface area of 45 m2 g!1 and pore volume
of 0.05 cc g!1. These results make these silk fibroin aerogels promising for
cell culture and tissue engineering applications. In vitro cell culture studies
with human foreskin fibroblast cells showed that the silk fibroin aerogels
were cytocompatible with human cells and the aerogel scaﬀold promoted
their propagation.

14.4.3
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Egg White Protein Aerogels

As a high quality protein source with high nutrition, egg white protein oﬀers
versatile functional properties and it is widely used in the food industry.89
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Native egg white consists of about 10 wt.% protein and 90 wt.% water.89
When egg white is heated, the egg white proteins denature thermally and
form a gel whose structure is influenced by pH, ionic strength and the type
of added salt.90 Selmer et al. developed egg white protein-based aerogels as a
carrier material for food applications.48 The aerogels were prepared by gelation of pasteurized and spray-dried egg white solutions and subsequent
supercritical drying. The porosity and surface area of the aerogels could be
tailored by controlling the pH and ionic strength of the solution during the
gelation process. The largest BET-surface area of 380 m2 g!1 was achieved at
pH 2, while the most mechanically stable aerogels were obtained at alkaline
pH. In order to produce mechanically stable aerogels with high surface
areas, pH values above the isoelectrical point should be used. These proteinbased aerogels were suitable as microencapsulation materials for sensitive
or unpleasant tasting food additives.
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14.4.4

Soy Protein Aerogels

Soy flour, as a great source of protein, contains approximately 42% protein,
20% oil, 33% carbohydrates, and 5% ash on a dry basis. Protein from soy is
mainly composed of acidic amino acids such as aspartic and glutamic acids,
non-polar amino acids (glycine, alanine, valine and leucine), basic amino
acids (lysine and arginine), and less than 1% of cysteine.91 The soy proteinbased aerogels have been designed for diﬀerent applications.49–52 AmaralLabat et al. reported the first natural organic aerogels at the 91% level, which
were prepared from gelation of tannin–soy flour resin in aqueous solution,
followed by supercritical drying in CO2.49 The resultant aerogels presented a
low density of 0.19–0.25 g cm!3 and high mesopore volumes up to
2.3 cm3 g!1. The pore structures of the aerogels were tuneable by varying the
pH values in the synthesis processes. These soy–tannin aerogels have potential for various applications, such as catalyst supports, adsorption of
acidic species in liquids or natural super-insulators.
To improve the mechanical properties of the soy protein aerogels, Arboleda et al. developed the soy protein–nanocellulose composite aerogels.50
The nanofibrillar cellulose loading resulted in the morphology transition of
the aerogels from network- to fibrillar-like, with a high density of interconnected cells. With soy protein loadings as high as ca. 70%, the aerogels
showed a high compression modulus of 4.4 MPa. The developed aerogels
can absorb water and other solvents while maintaining their integrity. Due
to their low density and good mechanical properties, these soy protein based
aerogels are interesting candidates for applications including packaging,
thermal and acoustic insulation, and so forth.
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performances (0.032 W mK!1), and excellent water-repellent properties
(1511). Recycled cellulose-based aerogels utilizing paper waste are promising and economical candidates for several applications, such as oil-spill
cleaning and building thermal insulation. In addition, morphology
control of the recycled cellulose aerogels could be eﬃciently achieved by
changing the cellulose concentration. To obtain the hydrophobic coating, a
simple but eﬀective chemical vapour deposition method via MTMS was
developed, and the stability of the hydrophobic coating was tested. The
recycled cellulose aerogels generated from both fabrication methods
demonstrated stable hydrophobic properties over the tested time span of
five months.
The initial cellulose fibre concentration played a critical role in the absorption capacities: the decreases in the initial cellulose fibre concentration led to increases in the absorption capacities due to the reduced
porosities. The optimum temperature for high oil absorption capacity was
50 1C (of 25, 50, and 70 1C) because of the favourable viscosities of the oils
at this temperature, as the viscosities were low enough for the oils to efficiently penetrate the porous aerogel networks, and high enough for the
oils to eﬀectively anchor to the pore walls of the cellulose aerogels. In
addition, the pH values of the seawater/oil suspension had negligible effects on the oil absorption capacities of the cellulose aerogels, as the key
factors aﬀecting absorption capacity (the porosities of the cellulose aerogels and the viscosities of the oils) were independent of the environmental
pH values.
The most cost-eﬀective cellulose aerogels using a Kymene binder showed
an observable improvement in thermal stability over the previous cellulose
aerogels, because the Kymene method mainly applies a mechanical approach and no urea is involved. To improve the thermal stability further, the
silica–cellulose aerogels were successfully developed. The major DTA peak
also shifted from 352 1C for the cellulose aerogels to 530–550 1C for the
silica–cellulose aerogels, as the major DTA peak of the composites is caused
by the oxidation of the methyl group of the silica component. In addition,
the silica–cellulose aerogels displayed an inherent super-hydrophobic
property and better mechanical strength (Young’s modulus: 86–169 KPa)
than the cellulose aerogels using a Kymene binder (4–39 KPa). However, the
thermal conductivities (approximately 0.04 W mK!1) of the silica–cellulose
aerogels were higher than those of the cellulose aerogels using a Kymene
binder, due to their high density and low porosity.
Protein-based aerogels are novel biodegradable and biocompatible
materials for lightweight food engineering and life science applications. The
types of proteins, initial protein concentrations, processing techniques
and many environmental conditions demonstrate significant influences
on the structures and properties of the resultant aerogels. Further studies
are required to tailor the morphological and textural properties of these
protein-based aerogels with enhanced mechanical stability for practical
applications.
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