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ABSTRACT: Brewery spent grain (BSG), the main waste of the
brewery industry, is often disposed of or sold as an animal feed at
low prices, neglecting the potential for further valorization. In this
work, BSG was used for the first time to produce cellulose
nanofiber aerogels for green thermal insulating applications.
Cellulose nanofibers (CNFs) were extracted from BSG through
microfluidization with and without TEMPO-oxidation pretreat-
ment to obtain bio-based building blocks for aerogels. The
TEMPO-treated CNFs exhibited a finer diameter (5.4 nm) with a
more homogeneous size distribution (2−10 nm) than that of
nonoxidized samples. All of the produced aerogels demonstrated
low densities (0.009−0.031 g/cm3), low thermal conductivities
(32.3−37.7 mW/mK), and a compressive Young’s modulus in the
range of 4−311 kPa. Unidirectional freezing and TEMPO-oxidation showed a distinct improvement in the thermal conductivity and
mechanical properties of the aerogels compared to the random frozen samples. Specifically, the unidirectional frozen aerogel with the
highest investigated CNF concentration of 3 wt % exhibited the lowest thermal conductivity (32.4 mW/mK), highest Young’s
modulus (311 kPa), and good thermal stability. These results show that the BSG-derived nanocellulose is a valuable resource for
producing eco-friendly, biodegradable, and thermally insulating aerogels.
KEYWORDS: aerogel, cellulose nanofiber, brewery spent grain, thermal insulator, industry waste valorization

■ INTRODUCTION
Annually, large amounts of food waste are produced within the
supply chain, causing negative economic and ecological effects.
The majority of this waste is also forecasted to increase due to
both economic and population growth, especially in develop-
ing countries.1 In this respect, beverage industries, especially
breweries are major bio-waste producers.2 The main byproduct
of the beer-brewing process (85% w/v) is the so-called brewery
spent grain (BSG), which consists of malted grain husks,
different layers of the seed coat, and some parts of the pericarp.
It has been estimated that the production of every hectoliter of
beer generates about 20 kg of wet BSG,3 leading to total annual
residuals of more than 180 million tons worldwide, with 3.4
million tons of residuals being produced annually in Europe
alone.4 While this high volume of low-cost waste is a rich
source of fibers (30−50 wt %), proteins (19−30 wt %),
polyphenols, vitamins, and antioxidants, it is usually sold as
low-value fodder to the animal feed industry or directly
disposed of as waste.5 BSG has a significant role (about 30−
60%) in the biochemical oxygen demand (BOD) generation of
breweries and is prone to microbial spoilage because of the
high amount of water (77−81 wt %) and sugar content,

making it a problem from an environmental perspective.6

Managing and finding ways to valorize this waste is one of the
concerns of food industries. In spite of some attempts to
reduce waste through bioactive compound extraction for
nutraceutical and food concepts, the retained fiber after
extraction is still considered waste without any high-value
application.7 BSG can be considered an attractive source of
cellulose (16−25 wt %) and nanocellulose materials.3

Typically, wood is the most common source of cellulose
extraction in the industry. However, considering its applica-
tions in the construction, furniture, pulp, and paper industries,
it is a relatively expensive source.8 Furthermore, there is a
general trend, for CO2 and sustainability reasons, to keep wood
in its solid form and use it in applications for long-term use
rather than disintegrating it to its biopolymeric constituents.
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Therefore, the focus on using food and agricultural wastes as
an alternative source of cellulose extraction has considerably
increased in recent years.9

Cellulose nanofiber (CNF) is an abundant and natural eco-
friendly material with a width range of 5−70 nm and a length
between 500 nm and several micrometers.10 It can be
produced at large scales and is used in many different
applications. Different methods can be used to extract or
produce CNF, including (i) mechanical processing such as
grinding,11 homogenization/microfluidization,12 and twin-
screw extrusion (TSE) methods13 or (ii) the combination of
mechanical processing and chemical/enzymatic treatments
such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-medi-
ated oxidation.14

CNF has the potential to be used as the building block for
multifunctional materials, such as aerogels, whose properties
can be tuned by its three-dimensional network structure and its
modifiable surface chemistry.15 Being one of the major classes
of biopolymer aerogels,16 cellulose aerogels may find
applications in several disciplines including medicine and
tissue engineering,17 sensors,18 adsorbents,19 drug and nutrient
delivery,20 and thermal insulation.21

The low thermal conductivity of aerogels can be attributed
to their low density and small pore sizes. It is well known that
total thermal conductivity in porous materials is the sum of
thermal conductivity through solids, gas, and radiation.22 In
solids, conduction decreases thanks to the existence of more air
in more porous material structures. Meanwhile, if the pore size
is smaller than the mean free path of gas molecules (70 nm),
gas thermal diffusion is also hindered.23 Furthermore, heat
transfer through radiation is negligible at room temperature.
Recent research has shown that a combination of supercritical
drying and material density can be used to tune thermal
conductivity to reach super-insulating properties (lambda < 20
mW/mK) at densities of around 65−70 mg/cm3 in line24 or at

higher densities25 than those previously reported. Taken
together, these properties make it possible to tune the thermal
conductivity by both the processing method and material
density, thereby making cellulose aerogels promising materials
to use as a thermal insulator in food packaging.

Freeze drying and supercritical drying are the most
widespread methods of aerogel production. Whereas freeze
drying is easier to operate and has the advantage of reducing
the need for solvent exchange, the freezing process typically
influences the microstructure as well as the resulting physical
properties of the porous material. As recent studies have
shown, the freezing process can also be used to control the
aerogel pore size and distribution by controlling the ice growth
rate and direction.26

In this work, the potential use of beer industry waste
materials as a source of CNF has been explored to produce
high-value-added nanocellulose and nanocellulose aerogel
materials as thermal insulators in packaging applications. The
CNF from beer waste was extracted using microfluidization
with and without TEMPO-oxidation pretreatment. The
properties of aerogels obtained from the extracted CNF were
then compared with respect to the processing method, CNF
concentration, and microstructure induced by unidirectional or
random freeze casting. Specifically, the morphology, thermal
conductivity, mechanical properties, density, porosity, and
thermal properties of the resulting aerogels were analyzed.

■ EXPERIMENTAL SECTION
Materials. BSG was supplied by a local brewery in Dübendorf

(Pentabier, Switzerland). Obtained materials were immediately frozen
at −21 °C (The dry content of the material was 25.49%). Sodium
chlorite (80% purity) and acetic acid were purchased from VWR
International Company.
BSG Pretreatment. Two kinds of CNFs were produced through

microfluidization independently and in combination with TEMPO-

Table 1. Sample Coding of Materials According to the Different Treatments and Processing Methodsa

microfluidization

sample name alkaline treatment bleaching TEMPO-oxidation 5 passes 10 passes

BSG − − − − −
BSG-A + − − − −
BSG-AB + + − − −
BSG-ABM5 + + − + −
BSG-ABM10 + + − + +
BSG-ABTM5 + + + + −

aThe abbreviations are representative of A: alkaline treatment, B: bleaching, M: microfluidization (5 passes and 10 passes), and T: TEMPO-
oxidation.

Figure 1. Schematic image of different treatment steps during the CNF extraction (red dashed arrows indicate TEMPO-treated CNF production
stages).
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oxidation to assess the influence of different building blocks on the
final aerogel properties (Table 1). The BSG was also pretreated with
alkali and bleached before processing according to the Berglund et al.
procedure with some modifications,27 including elimination of the
washing stage and reducing the number of bleaching times from three
to one.
Alkaline Treatment. For this purpose, frozen BSG was initially

defrosted and dispersed (2 wt %) in a sodium hydroxide aqueous
solution (2 wt %). The obtained dispersion was treated for 2 h at 80
°C, under gentle agitation (80 rpm) in a glass 10 L reactor with a
heating jacket and an electric mixer (LaboTechSystems LTS AG,
Reinach, Switzerland). The dark brown slurry obtained from alkaline
treatment was filtered and washed several times with distilled water to
remove sodium hydroxide completely. Figure 1 illustrates CNF
production schematically.
Bleaching. For the next step, the alkaline-treated BSG (2 wt %)

was subjected to bleaching with 6 L of a solution consisting of equal
volumetric parts of sodium chlorite (1.7 wt %) and acetate buffer. The
treatment was carried out for 2 h at 80 °C under gentle agitation in
the glass reactor. Once a yellow color was observed in the solution, it
was allowed to cool down and was subsequently filtered/washed with
distilled water several times to completely remove sodium chlorite.
The bleached pulp showed a white color, which was the result of
lignin, hemicellulose, pectin, and other impurities removal during the
chemical treatments (Figure 1). The calculated yield of extraction
based on the dry content of the initial sample was 16.24% ± 2.00.
TEMPO-Oxidation. This treatment was performed based on the

procedure described by Saito et al. with minor modifications.28 First,
TEMPO (0.1 mmol/g cellulose) and sodium bromide (1 mmol/g
cellulose) were dissolved in distilled water and then added to the
cellulose dispersion (1 wt %). The pH was kept at 10−11 by the
addition of sodium hydroxide (2 wt %) and after reaching the stable
pH, a 14% NaClO solution (10 mmol/g cellulose) was added while
stirring at room temperature. The reaction continued for 2 h after
adding the whole NaClO solution. Finally, the TEMPO-oxidized
cellulose was filtered and completely washed with distilled water until
the conductivity reached less than 100 μS/cm.
CNF Extraction. The treated/bleached and TEMPO-oxidized

BSG was microfluidized to prepare the CNF suspension. A
concentration of 1 wt % of each sample as shown in Table 1 was
prepared and completely mixed by an Ultra-Turrax for 15 min at
10,000 rpm (Ultra-Turrax T25, IKA GmbH & Co, Staufen, Germany)
prior to microfluidization. The bleached sample was then passed
through a microfluidizer (8 bar, M110Y, Microfluidics Corporation,

Newton, Massachusetts) for 10 passes. For the primary 5 passes, 400
and 200 μm interaction chambers were used and the operation was
continued for the secondary 5 passes with 200 μm and 100 μm
chambers. For the TEMPO-oxidized fibers, the Ultra-Turrax mixing
was omitted and the sample only received 5 passes of micro-
fluidization in the 200 and 100 μm chambers. BSG-ABM10 had a
milky appearance, while BSG-ABTM5 showed a transparent
appearance and higher viscosity (Figure 1).
Aerogel Preparation. Samples were prepared using freeze casting

and subsequent freeze drying. The obtained porous materials, which
based on the preparation method could also be classified as cryogels
or xerogels, are here referred to using the general term aerogels. To
compare the effect of the different building blocks and freezing
methods on the aerogel properties, aerogels were prepared using
freeze casting and subsequent freeze drying from BSG-ABM and BSG-
ABTM5 (Table 2) using two kinds of molds, as shown in Figure 2,
promoting unidirectional or random microstructures.

For the preparation, BSG-ABM in concentrations of 1, 2, and 3 wt
% was poured into the unidirectional and random molds, and the
whole molds were placed in a polystyrene box to add liquid nitrogen.
The level of liquid nitrogen was kept constant over a total freezing
period of 20 min. Different aerogels from BSG-ABM10 were prepared
via both freezing methods. From the TEMPO-treated sample, BSG-
ABTM5, only aerogels by the unidirectional freezing method were
prepared.
Characterization. To study the BSG structure before and after

different treatments, optical microscopy (Zeiss Axioplan, Germany)
was used. Dilution in water to 0.01 wt % was performed prior to the
investigation. Scanning electron microscopy (SEM, Fei Nova
NanoSEM 230) was used to study the microstructures of CNFs
and aerogels at an acceleration voltage of 5 kV. For CNF samples,
dilution in water to 0.01 wt % was carried out. Samples were clamped
on sample holders and the coating was done with a thin layer of
platinum (7 nm). Aerogel samples were frozen in liquid nitrogen and
then broken into small pieces, which were clamped on the sample
holder and coated with platinum. Atomic force microscopy (AFM,
Bruker Icon 3 equipped with Bruker RTESPA-150 probes) in tapping
mode was used for further evaluation of fibrillation. BSG-ABM10 and
BSG-ABTM5 were first diluted in MilliQ water (0.001 wt %). Mica
was then modified by pouring 0.05 wt % (3-aminopropyl)-
triethoxysilane (APTES) and drying with pressured air to create a
positive charge and better deposition of negatively charged CNFs. A
drop of a diluted CNF suspension was poured on mica and
investigated after drying. ζ-Potential measurement carried out for

Table 2. Sample Coding of Aerogels According to Different Concentrations and Freezing Methods

concentration (wt %) freezing method

sample name BSG-ABM10 BSG-ABTM5 1 2 3 random directional unidirectional

aerogel-R1 + − + − − + −
aerogel-R2 + − − + − + −
aerogel-R3 + − − − + + −
aerogel-U1 + − + − − − +
aerogel-U2 + − − + − − +
aerogel-U3 + − − − + − +
aerogel-TU1 − + + − − − +

Figure 2. Different molds were used for (a) unidirectional and (b) random freezing. (c) Photograph of Aerogel-TU1.
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stability evolution of the CNF dispersion by a Zetasizer Nano ZS
(Malvern, U.K.) at a wavelength of 633 nm and a detection angle of
173°. A dispersion of 0.01 wt % BSG-ABM10 and BSG-ABTM5 in 10
mM NaCl was prepared and samples were sonicated (5 min) before
testing. All of the measurements were done at 25 °C. XRD patterns
after each treatment have been analyzed with a PANAlytical lMPD
instrument using a Bragg−Brentano setup to determine the effect of
treatments on the crystalline structure of samples. Data collection was
performed at room temperature using Cu Kα radiation (λ = 1.5406
Å) in the 2θ range of 2−100°. The crystallinity (%) of a sample is
defined by the area ratio of the crystalline peaks and the sum of all
measured area (eq 1)29

= ×
+

A
A A

crystallinity (%) 100 C

C a (1)

where AC and Aa represent the total crystalline peak area and the total
amorphous peak area, respectively.

Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27
FTIR spectrometer, Switzerland) with a ZnSe crystal attenuated total
reflectance (ATR) cell was run to explore chemical composition

changes after each treatment. The wavenumber range of 400−4000
cm−1 with a resolution of 4 cm−1 and 32 scan rate was used for the
examination of freeze-dried samples. The steady-state shear viscosity
as a function of shear rate was measured to study the flow properties
of CNF suspensions. An aqueous dispersion of BSG-ABM5, BSG-
ABM10, and BSG-ABTM5 at 1 wt % was prepared. Measurements
were performed at 23 °C with a Physica MCR 302 rheometer (Anton
Paar) equipped with a cone-plate geometry (d = 2.5 cm, angle of
2.008°) and an operation gap of 0.105 mm. The applied shear rate
ranged between 0.01 to 100 s−1 and data were collected over 20 min.
In order to avoid undesirable shear effects during the sample loading,
it was rested for 5 min before starting the test. The standard hood
cover was used to avoid water evaporation overall measurements.

The porosity of the aerogels was calculated according to the
following equation

= ×
i
k
jjjjjj

y
{
zzzzzzporosity 1 100b

s (2)

Figure 3. Optical microscopy images of (a) BSG, (b) BSG-A, (c) BSG-AB, (d) BSG-ABM5, (e) BSG-ABM10, and (f) BSG-ABTM5 (Table 1).

Figure 4. SEM and AFM images and diameter distribution of (a) BSG-ABM5, (b, d, f) BSG-ABM10, and (c, e, g) BSG-ABTM5, respectively. The
inset images show higher magnifications.
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where ρb is the bulk density of the aerogel and ρs represents the
skeletal density of cellulose (1.5 g/cm3). The average and standard
deviation were determined through triplicate measurements. A
compression test was carried out to investigate the effect of CNF
types and freezing methods on the mechanical properties of aerogels.
For this purpose, cubic samples with a width/height ratio of 1:3 and a
thickness range of 0.8−1 cm were prepared. A universal testing
machine (Zwick 1484, Zwick GmbH, Germany) with a 100 N load
cell and a speed of 1 mm/min was used. Preload was set at 0.1 N with
a speed of 5 mm/min. At least five measurements for each sample
were performed. Thermogravimetric analysis (TGA) was conducted
to study the thermal properties of CNFs and aerogels using a Netzsch
TG 209F1 thermogravimetric analyzer. The measurements were
carried out under a nitrogen atmosphere by heating the samples from
room temperature to 600 °C at a heating rate of 5 °C/min. Thermal
conductivity data were collected through a special lab-scale device
equipped with a hot plate at the upper part (30 °C) and a cooling unit
at the bottom (20 °C). Samples with dimensions of 50 mm × 50 mm
× 10 mm were put between two plates and a unidirectional heat flow

was generated by an electric heater with a constant heating rate, which
passed through the sample. The temperature difference over the
sample was caused by heat flow and served as the measure of its
thermal conductivity. Measurement was performed for a total run
time of 45 min and thermal conductivity was calculated by measuring
the steady-state heat flow and correction factors.30 The mean thermal
conductivities with standard deviation were presented for triplicate
measurements.

■ RESULTS AND DISCUSSION
BSG-ABM and BSG-ABTM5 cellulose nanofibers were
extracted from the industrial beer waste using alkaline,
bleaching, and microfluidization treatment independently or
in combination with TEMPO-oxidation. The fibrillation of
cellulose fibers during the different steps of the process was
investigated by optical microscopy. The raw BSG possessed a
tough and rigid structure. As shown in Figure 3a, it had a

Figure 5. (a) XRD patterns, (b) percent of crystallinity, and (c) FTIR spectra of BSG after each treatment step; (d) shear viscosity behavior of
BSG-ABM5, BSG-ABM10, and BSG-ABTM5 (1 wt %) at 23 °C; and (e) TGA and (f) differential thermogravimetric (DTGA) curves of BSG-
ABM10 and BSG-ABTM5 (Table 1).
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particle size of several millimeters before and alkaline
treatment converted it into microsized bundle structures
(Figure 3b). Lignin acts as an adhesive between cellulose
fibers, but bleaching can break down these adhesive bonds,
resulting in water-soluble components.31 As can be seen in
Figure 3c, bundle structures disappeared after bleaching.
Moreover, with the use of microfluidization, several microscale
fibers can still be observed and, significantly, some agglom-
erated regions appeared in the image background (marked
with red circles) with their number increasing after 10 passes.
The presence of these regions might be a sign of nanofiber
formation (Figure 3d,e). Few visible structures were observed
for the combination of TEMPO and microfluidization (Figure
3f), indicating a well-fibrillated material with a predominant
material fraction in the nanoscale.
To further elucidate the materials’ morphology, the cellulose

nanofibers were also investigated by SEM (Figure 4). A
comparison of the SEM of BSG-ABM5, BSG-ABM10, and
BSG-ABTM5 confirmed that five microfluidization cycles were
not enough to achieve complete fibrillation of the samples
without TEMPO-oxidation (Figure 4a), while BSG-ABM10
showed a web-like structure and complete fibrillation (Figure
4b). Furthermore, the combination of TEMPO-oxidation and
microfluidization resulted in finer fibrils (Figure 4c), likely as a
result of the carboxyl groups on the surface of these CNFs,
which are well known to facilitate fiber individuation due to the
charge-induced repulsive forces between the CNFs.
Figure 4d,e shows the AFM images of BSG-ABM10 and

BSG-ABTM5. From the AFM images, produced CNFs
exhibited long and entangled structures, making estimation
of the exact length of nanofibers impossible. However, their
average diameters could be estimated based on the height data
from AFM by measuring at least 50 fibers. It was found that
the BSG-ABM sample contained two groups of fibrils: thicker
fibrils with an average diameter of 16.1 nm and finer fibrils with
an average size of 5.7 nm (Figure 4f). TEMPO-treated CNF
possessed a finer diameter with an average size of 5.4 nm and a
completely homogeneous size distribution (Figure 4g).
The ζ-potential is a key parameter in determining the

suspension stability of CNFs and gives a representation of the
surface charge and repulsion degree between the fibers. Good
suspension stability of the CNFs is desirable for producing
well-structured aerogels. It has been reported that suspensions
with ζ-potentials of less than −30 mV have good stability.32

Highly negative ζ-potential values lead to more repulsive forces
between the similarly charged fibers and consequently help to
prevent fiber aggregation.33 The average ζ-potential of BSG-
ABM10 was −27.9 mV, which was lower than BSG-ABTM5’s
average ζ-potential of −48.16 mV. The greater absolute value
of the ζ-potential of the BSG-ABTM5 sample originated from
the TEMPO-oxidation treatment’s introduction of a negatively
charged carboxyl group over the cellulose surface.
X-ray diffraction (XRD) patterns of raw and treated BSG are

shown in Figure 5a. Raw BSG exhibited a broader peak than
treated samples and had its main peak at around 2θ = 20.5°.
Two peaks around 2θ = 16 and 22° were observed for treated
samples, which were typical of cellulose I34 and became more
clear after chemical treatments and the removal of impurities.
The crystallinity index (CI) of the samples is presented in
Figure 5b. The CI increased continuously by chemical
treatments, indicating the elimination of disordered parts by
applied treatments. A small decrease in crystallinity was
observed after mechanical treatment. It has been reported that

intense mechanical processing can break down crystalline
cellulose structures due to high frictional and shear forces,
leading to decreasing CI.35 In one of the few studies done on
BSG nanofibers, the CI of raw, alkaline, and bleached BSG was
calculated to be 27.3, 46.7, and 56.5%, respectively.36

In order to track the chemical changes of BSG after each
treatment, FTIR analysis was conducted. FTIR spectra of the
raw and treated BSG are shown in Figure 5c. The bands near
3340 and 2930 cm−1 represented the stretching vibrations of
O−H and C−H groups in cellulose, respectively.37 The peaks
around 1040 and 895 cm−1 corresponded to the C−O
stretching and C−H vibrations of cellulose, respectively, which
increased after chemical treatments.36 Another peak at 1640
cm−1 was associated with absorbed water.38 The peak in 1740
cm−1 was ascribed to the ester and acetyl groups of
hemicellulose or carbonyl groups in the lignin structure39 or
COO groups after oxidation. The small shoulders at 1520 and
1240 cm−1 in the spectrum of raw BSG can be attributed to
C�C in the aromatic rings and aryl−alkyl ether groups of
lignin, respectively.39 The peak at 1520 disappeared after
bleaching, indicating the successful removal of lignin.

Figure 5d represents the flow properties of BSG-ABM5,
BSG-ABM10, and BSG-ABTM5 at a concentration of 1 wt %.
Rheological measurement provides better insights into the
degree of fibrillation in the bulk state. Fiber size and
homogeneity, aspect ratio, fibrillation degree, and surface
chemistry are the main factors affecting CNF flow behavior.
BSG-ABTM5 exhibited higher viscosity and yield stress due to
its higher surface charge. It has been argued that by increasing
surface charge, shear viscosity increases. Higher charge density
leads to higher fibrillation levels and consequently higher
surface area, which can adsorb more water and provide more
robust network structure formation.40 Furthermore, BSG-
ABM10 showed higher viscosity than BSG-ABM5 due to its
higher degree of mechanical fibrillation. Optical microscopy
and SEM images clearly supported the obtained data from the
shear viscosity test. The rheological data further indicates that
all samples showed shear-thinning behavior that can be
attributed to network disruption and interaction breakdown
of nanofibers due to the applied shear stress.

The TGA and DTGA curves of BSG-ABM10 and BSG-
ABTM5 are shown in Figure 5e,f. The obtained results
revealed that the CNF dimension and preparation method
significantly affected the thermal stability of CNF. The
TEMPO-treated CNF showed lower thermal stability due to
its smaller dimension and higher amounts of the carboxylic
group. The initial weight loss (2−5%) for both samples, which
started from temperatures below 100 °C, was attributed to the
evaporation of adsorbed water.41 A significant weight loss was
observed at temperatures between 200 and 320 °C for BSG-
ABTM5 and 200 and 360 °C for BSG-ABM10. This weight
loss occurred due to cellulose degradation through dehy-
dration, depolymerization, and secondary bond cleavage
mechanisms.42 The lower thermal degradation at 281.6 °C
and higher solid residue (21.55%) at 599.3 °C were observed
for BSG-ABTM5, while the thermal degradation peak of BSG-
ABM10 was at 327.3 °C with solid residue (6.01%) at 599.3
°C. The lower thermal stability of TEMPO-treated CNF could
be attributed to the smaller dimension of BSG-ABTM5, which
can result in a higher surface area. Furthermore, it has been
reported that the carboxyl content of cellulose can affect the
thermal stability of CNF. For instance, CNFs from different
sources with similar carboxylic group content showed similar
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thermal stability.43 It has been argued that decarbonation of
anhydroglucuronic acid units, formed during the TEMPO
treatment, decreases the thermal stability of TEMPO-oxidized
CNF.43 Mahendra et al. obtained lower thermal stability for
TEMPO-treated CNF in comparison with α-cellulose.44 They
interpreted that TEMPO-oxidation might reduce the polymer-

ization degree of cellulose, leading to molecular weight
reduction and thermal decomposition, therefore, occurring at
lower temperatures. Lower thermal stability and a higher
residue amount (28%) were reported for TEMPO-treated
CNFs.

Figure 6. SEM images of Aerogel-TU1, perpendicular to cross section (a) and in the longitudinal direction (b). Aerogel-U3, perpendicular to the
cross section (c) and in the longitudinal direction (d). Aerogel-R3 in both directions (e).

Figure 7. (a) Thermal conductivity of aerogels with different concentrations and freezing methods (Table 2). (b) Thermal conductivity versus
density of conventional thermal insulators and silica aerogel53 in comparison with the current study. (c) TGA and DTGA curves of Aerogel-U3,
Aerogel-R3, and Aerogel-TU1. (d) Stress−strain curves of aerogels in vertical and (e) radial directions. (f) Young’s modulus of the aerogels in both
vertical and radial directions.
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The microstructure of the obtained aerogels was investigated
by SEM (Figure 6). The freezing methods (unidirectional and
random) were used to manipulate the microstructure and final
properties of obtained aerogels. Aerogel-TU1 demonstrated an
anisotropic porous structure as a result of following the ice
crystal growth direction during unidirectional freezing (Figure
6a). Moreover, the pores showed circular cross sections with
thin pore walls. It seems that CNF entanglement restricted
large ice crystal growth and lamellar structure formation;
therefore, a circular pore shape was formed.45 The longitudinal
view of Aerogel-TU1 also showed an oriented layered structure
toward the direction of ice crystals’ growth (Figure 6b).
Aerogel-U3 showed a denser structure with a smaller pore size
(Figure 6c). Unlike Aerogel-TU1, oriented pores can hardly be
observed in the cross section of Aerogel-U3. The reason
should be explored in different CNF dimensions and
concentrations used to produce these two aerogels. The
CNF produced via a microfluidizer and used in Aerogel-U3
had a greater fiber diameter, which restricted the fiber diffusion
due to the higher weight. Moreover, the microfluidized CNF
dispersion with a concentration of 3 wt % exhibited lower flow
ability than a 1 wt % TEMPO-treated CNF dispersion.
Therefore, the fibers’ rotational freedom was restricted, and
consequently, the structure will not be consistently generated
with ice crystals’ growth (Figure 6d). Aerogel-R3 showed a
similar dense structure in both directions (Figure 6e).
All of the produced aerogels exhibited low densities in the

range of 0.009−0.030 g/cm3 and high porosity from 97.92 to
99.35%. Similar results were also reported by several
researchers.46−48

The thermal insulation performance of the produced
aerogels is presented in Figure 7a, ranging from 32.3 to 37.7
mW/mK. The obtained thermal conductivities for the samples
were better than or in the range of alginate-CNF aerogel (31.5
and 34.8 mW/mK), polyamide-bacterial cellulose aerogel
(23−44 mW/mK), and starch-clay aerogel (41.5−48.3 mW/
mK), which also used freeze drying.49−51 Supercritical drying,
which has also often been used, generates smaller pore sizes
and consequently lower thermal conductivity. The total
thermal conductivity of a porous material is the sum of
thermal conductivity through the solid backbone, gas phase,
and radiation. By decreasing the pore size, heat transfer
through the gas phase (thermal convection) decreases, leading
to diminishing total thermal conductivity. Figure 7b shows a
comparison between the thermal conductivity of produced
aerogels and traditional thermal insulation materials as a
function of density. As can be seen in the figure, the obtained
aerogels showed comparable thermal conductivity values to
EPS, rock wool, polyethylene, and loose-fill cellulose.
Regardless of the preparation method, increasing the

concentration led to an increasing density. The thermal
conductivity of the aerogels decreased as a result of the
smaller pore size and higher tortuosity of the solid paths. On
the other hand, the thermal conductivity of unidirectional
freezing samples was measured in the longitudinal direction
and all of the unidirectional freezing aerogels showed lower
thermal conductivity than their corresponding random
counterparts. Thermal gas convection in the radial direction
was restricted in the unidirectional frozen tubular structure,
which led to a reduction of heat propagation through the gas
phase. Moreover, the heat transfer via thermal radiation was
reduced as a result of several emissions and refractions
between the walls. Both of them led to lower thermal

conductivity of unidirectional samples than that of random
samples.

By comparing the thermal conductivity of the samples at a
concentration of 1 wt %, it can be seen that Aerogel-TU1
exhibited lower thermal conductivity (33.7 mW/mK) than
Aerogel-U1 (35.36 mW/mK) and Aerogel-R1 (37.73 mW/
mK). Since Aerogel-TU1 and Aerogel-U1 had similar
concentrations and freezing methods, it can be concluded
that TEMPO-oxidation could improve the thermal insulation
performance of the obtained aerogel. Figure 7c represents the
thermal properties of produced aerogels. Aerogel-U3 and
Aerogel-R3 showed three weight losses by increasing temper-
ature, while Aerogel-TU1 exhibited four steps. The first
negligible weight loss, 1−3%, in all of the samples occurred
around 100 °C and corresponded to water evaporation, which
is a common phenomenon in hydrophilic samples like
cellulose. The second weight loss, around 80%, for Aerogel-
U3 and Aerogel-R3 was observed at 200−380 °C with a
degradation peak at around 320−330 °C. This weight loss was
ascribed to the degradation of polymer chains. Aerogel-TU1
demonstrated two main degradation peaks around 240 and
280 °C with 18.58 and 41.46% weight losses, respectively. The
lower degradation peak of Aerogel-TU1 than those of Aerogel-
U3 and Aerogel-R3 might be the result of cellulose degradation
and decarboxylation of sodium anhydroglucronate units during
the TEMPO-oxidation, which is in agreement with previous
studies.52 Moreover, Aerogel-TU1 demonstrated a higher
amount of retained char (21.55%) at 600 °C, while it was
about 9.79 and 1.35% for Aerogel-R3 and Aerogel-U3,
respectively. Overall, it seems that unidirectional or random
freezing did not have a significant effect on the thermal stability
of produced aerogels, since Aerogel-U3 and Aerogel-R3
showed approximately similar thermal degradation trends. In
contrast, the chemical treatment of CNF was more effective on
the thermal stability of the aerogel such that Aerogel-TU1
exhibited lower thermal stability with a higher amount of
residue.

Four aerogels with different concentrations (1 and 3 wt %)
and freezing methods were selected to verify the effect of
concentration and unidirectional/random freezing on the
mechanical properties of aerogels. Figure 7d,e represents the
strain−stress curves of aerogels in vertical and radial directions,
respectively. Moreover, Young’s modulus (Figure 7f) calcu-
lated from the slope of the linear part at 0−2% strain (Figure
7d,e) was used to compare the mechanical properties of the
samples. As shown in Figure 7d,e, by increasing the CNF
concentration, mechanical strength increased as a result of
forming a denser structure, which was more resistant to
collapse. Unidirectional freezing had a distinct effect on
improving the mechanical properties, for instance, the Young’s
modulus of Aerogel-U3 (311 kPa) in the vertical direction was
higher than that of Aerogel-R3 (21.93 kPa), corresponding to a
174% increase. The lower mechanical strength of Aerogel-R3 is
attributed to the disordered orientation of pores in the
structure. Furthermore, all of the unidirectional freezing
samples exhibited higher Young’s modulus in the vertical
than that in the radial direction. The pore wall alignment is the
main reason for higher mechanical strength in the vertical
direction. Overall, the combination of higher concentration
and unidirectional freezing led to more mechanical resistance
of Aerogel-U3 than those of the other samples. It is noteworthy
to consider the effect of TEMPO-oxidation on the mechanical
improvement of the obtained aerogels. By comparing the
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Young’s modulus of Aerogel-U1 with that of Aerogel-TU1, a
considerable enhancement from 4.33 to 30.5 kPa (about 7-
fold) can be detected. Moreover, Aerogel-TU1 demonstrated
even better mechanical properties than Aerogel-R3 with a
higher concentration. It can be concluded that the smaller
building blocks that were used to produce Aerogel-TU1
facilitated better fiber alignment with ice crystal growth during
the unidirectional freezing and led to the formation of a more
robust structure in the vertical direction.

■ CONCLUSIONS
In this work, extracted CNF (TEMPO and non-TEMPO)
from industrial waste BSG was used to produce CNF aerogels
with low thermal conductivity, low density, and desirable
mechanical properties by different freezing methods. Although
both CNFs demonstrated nanometric size, TEMPO-treated
CNF exhibited a finer diameter (5.4 nm) with a more
homogeneous size distribution, which produced a more
positive effect on the final properties of the produced aerogels.
The smaller size of TEMPO-treated CNF made fibril
alignment more convenient during the unidirectional freezing.
Therefore, the unidirectional frozen aerogel from TEMPO-
treated CNF showed an anisotropic porous structure with a
circular cross section that resulted in lower thermal
conductivity and higher mechanical strength than those of
the other aerogels at the same concentration. The effectiveness
of TEMPO-treated CNF used in combination with unidirec-
tional freezing on thermal conductivity and mechanical
strength became clearer by comparing the thermal conductivity
(33.7 mW/mK) and Young’s modulus (30.5 kPa) of the
unidirectional frozen aerogel (1 wt %) with those of the
random frozen aerogel (36.06 mW/mK and 21.93 kPa,
respectively) with a higher concentration (3 wt %). However,
the lowest thermal conductivity (32.27 mW/mK) and the
highest Young’s modulus (311 kPa) were observed for the
unidirectional frozen aerogel with 3 wt % non-TEMPO-treated
CNF. Finally, this study highlighted that brewery industry
waste can be considered a good and cheap source of CNF
extraction for producing high-added-value aerogels with a
facile, eco-friendly procedure without adding any harmful
chemicals. The produced aerogels can be used as a bio-friendly
insulator in the food packaging of temperature-sensitive
materials like meat. This approach not only is advantageous
from an environmental perspective but also has potential
economic benefits, especially when combined with energy-
efficient processing.54
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