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Green superinsulation materials are essential for net-zero &
sustainable building envelopes. Realizing such potential is indispensable for |
simultaneously achieving carbon-sequestration and superinsulation performance.
Here, we report the synthesis of a water glass-based silica aerogel exhibiting a Ig‘»’
thermal conductivity of 17.2 mW/m'K and a high porosity of 92%. We used = ———
carbon-sequestration wheat straw fiber to create a gradient cellulose-aerogel
composite to improve mechanical stability. The as-prepared gradient composite
exhibits a thermal conductivity of 27.1 mW/m'K and a flexural modulus of 824
MPa, while exhibiting superhydrophobicity (water contact angle of 135.4°) for

the development of green building insulation materials.
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Wheat straw, a readily available agricultural waste product, has
recently gained substantial recognition for its potential to
mitigate carbon emissions within the construction industry.' ™
This versatile crop residue, remaining in abundance after the
wheat harvest, emerges as a sustainable and environmentally
friendly resource for the sequestration of carbon dioxide, a
prominent contributor to the ongoing challenge of climate
change. Furthermore, the incorporation of agricultural wheat
straw into aerogel materials has shown significant promise.”®
In this context, wheat straw’s cellulose network plays a pivotal
role in enhancing the mechanical strength and durability of
aerogel/cellulose composites, while the aerogel itself serves as
the primary agent in lowering the thermal conductivity of these
innovative materials.”® This synergy between wheat straw and
aerogel opens up new avenues for the development of thermal
insulation materials that are not only eco-friendly but also
highly efficient in reducing heat transfer. As we continue to
seek sustainable solutions to combat climate change and
promote environmental responsibility, the utilization of wheat
straw in conjunction with advanced materials like aerogel
represents a compelling step forward in addressing the
multifaceted challenges of our times.

In this study, we report the incorporation of wheat straw-
derived cellulose into silica aerogel for the preparation of
gradient cellulose—aerogel composites to improve the
mechanical strength of the materials. The preparation of silica
aerogels via ambient pressure drying is demonstrated using
sodium silicate (water glass). Additionally, we investigate the
roles of sodium dodecyl sulfate, sodium bicarbonate, and
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mesitylene in enhancing the porosity and thermal insulation of
as-grown silica aerogels. The as-prepared gradient composite
shows low thermal conductivity (27.1 mW/m-K), mechanical
strength (824 MPa), and hydrophobicity (water contact angle
of 135.4°). This eco-friendly and cost-effective synthesis
method holds promise for the production of silica aerogels
and gradient cellulose-aerogel composites with low thermal
conductivity and high mechanical strength.

Aerogel is a highly porous and ultralight material, renowned for
its unique characteristics, including low density (<0.05 g/cm?),
high porosity (>80%), low dielectric constant (~1-2), and
ultralow thermal conductivity (<0.02 W/m-K).”™"* However,
silica aerogels are fragile,14 and recent studies have shown that
the presence of a fibrous network in aerogels reduces the
formation of “necks” in the skeleton, thus enhancing its
mechanical stability.'””~'” Figure la shows the schematic
diagram of the synthesis of sodium silicate-based silica
aerogels. Surfactants play a key role in improving the porosity
and reducing the thermal conductivity of silica aerogels. In the
synthesis of water glass-based silica aerogel, the anionic
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Figure 1. (a) Schematic diagram of the synthesis of water glass-based silica aerogel, (b) image of synthesized silica aerogel. (c) Schematic diagram
of the synthesis of gradient cellulose-aerogel composite, (d) image of raw wheat straw, and (e) image of gradient cellulose-aerogel composite (30 wt
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Figure 2. (a) Thermal conductivity of different waterglass-based aerogel. (b) Porosity of different water—glass based aerogel.

surfactant sodium dodecyl sulfate (SDS) serves as a templating
agent to prevent the collapse of the mesoporous structure
during gelation and drying. Moreover, mesitylene and sodium
bicarbonate improve the overall porosity of silica aerogels.
Figures 1b and S1 show the images of the waterglass-based
silica aerogel, demonstrating the successful gel formation.
Figure lc illustrates the schematic diagram of the fabrication of
gradient cellulose—aerogel composite from the mixture of
water glass-based silica aerogel and sodium hydroxide
pretreated wheat straw fiber. During the fabrication of
cellulose-aerogel composite smaller aerogel particles settle at

the bottom using a papermaking setup, creating a gradient
structure with a higher aerogel concentration on the lower side
of the composite. Figures 1d, S2, and le display images of the
raw wheat straw, sodium hydroxide-treated wheat straw, and
the gradient cellulose-aerogel composite, respectively. After
blending, sodium hydroxide treatment, and drying, the long
wheat straw becomes shorter (Figure S2a). The gradient
composite exhibits excellent shape and uniformity (Figure le
and Figure S2b).

Figure 2a shows the thermal conductivity of the as-prepared
silica aerogels. The thermal conductivity of SDS templated
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Figure 3. (a) FTIR spectra of gradient cellulose—aerogel composites with different aerogel wt %. (b) Plot of thermal conductivity vs aerogel wt %
for the gradient composite. (c) Plot of flexural modulus vs aerogel wt % for the gradient composite. (d—f) SEM images of the gradient cellulose—
aerogel composite with different aerogel wt % of (d) 10, (e) 30, and (f) SO wt %.
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Figure 4. (a) Thermal conductivity change between different layers of gradient composite. (b) Flexural modulus change between different layers of
gradient composite. (c—e) SEM images of (c) cellulose-rich layer, (d) intermediate layer, and (d) aerogel-rich layer of gradient composite,
respectively.

silica aerogel (SA1) is 22.9 mW/m-K. On the other hand, in mesitylene (SR3) further decreases the thermal conductivity to

the case of SDS and mesitylene-templated silica aerogel (SA2), 172 mW/m-K. This indicates that sodium bicarbonate and
the thermal conductivity decreased to 20.4 mW/m-K. mesitylene play an important role in lowering thermal
Moreover, adding sodium bicarbonate along with SDS and conductivity of the silica aerogels. To investigate the
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Figure S. Thermal conductivity for five samples with different aerogel wt % for both the original sample and the flipped composites: (a) finite
element results, (b) experimental results, (c) water contact angle of surface-coated gradient composite. (d) Change in water absorption capacity of

coated and uncoated coated gradient composite.

underlying reason for this, we conducted additional character-
izations of the porosity of the prepared aerogels. Figure 2b
reveals the porosity of the as-prepared silica aerogels. The
porosity of SAl, SA2, and SA3 is 87%, 90%, and 92%,
respectively, supporting the enhanced porosity in the case of
sodium bicarbonate and mesitylene-based silica aerogel.

As the thermal conductivity for SA3 is lower than that of
SA1 and SA2, we prepared a gradient cellulose aerogel
composite from the mixture of SA3 and sodium hydroxide-
treated straw fiber to improve the composite’s mechanical
stability (Figure S3). Figure 3a displays the Fourier-transform
infrared spectroscopy (FTIR) spectra of the different ratios of
the gradient cellulose aerogel composites. All the FTIR spectra
show a typical set of peaks for lignocellulose such as 3304 cm™
(O—H stretching vibrations), 2914 cm™' (C—H stretching
vibration), 1625 cm™' (bending vibration of C=0), and 1032
cm™' (bending vibration of C—O—C). Moreover, a peak
appeared for Si—O—Si bonds at 790 cm™' with increasing
aerogel concentration indicating the presence of SiO, in the
gradient composite. Figure 3b reveals the thermal conductivity
change with increasing aerogel concentration in the gradient
composites. At first, the thermal conductivity of the gradient
composites decreases from 32 to 27.1 mW/m-K with
increasing aerogel concentration from 10 to 30 wt % due to
the increased porosity and low density of the composites.
However, increasing the aerogel concentration above 30 wt %
leads to the aggregation of the aerogel particles into the
gradient composites, which results in increased thermal
conductivity due to increased density. The thermal con-
ductivity for the 40 and 50 wt % gradient composites are 32.8
and 34.1 mW/m-K, respectively. The flexural modulus of the

gradient composites is shown in Figure 3¢ and decreases with
increasing aerogel concentration from 10 to 30 wt % due to the
increase in its porosity. The optimum thermal conductivity and
flexural modulus of the as-prepared gradient composite are
found to be 27.1 mW/m-K and 824 MPa, respectively. Figures
3d—f and S4 show the scanning electron microscopy (SEM)
images of the different aerogel wt % of the gradient composites
which clearly reveal the aggregation of aerogel particles in the
case of 40 and 50 wt % composites.

Due to the gradient characteristics, the thermal conductivity
and flexural modulus of the gradient composite show an
orientation dependence behavior as shown in Figure 4a,b.
Gradient characteristics allow the aerogel particles to
accumulate in the bottom layer of the composite. When the
heat flows occur through the aerogel-rich side it results in
lower thermal conductivity. Figure 4a displays the difference in
thermal conductivity between the aerogel-rich layer and the
cellulose-rich layer which is around 1.8—2.3 mW/m-K. Similar
phenomena have been observed in the case of flexural
modulus. From Figure 4b it is clear that the aerogel-rich
layer shows higher flexural modulus than the cellulose-rich
layer of the gradient composite. A visible difference in flexural
modulus (80—120 MPa) has been observed between the
aerogel-rich layer and the cellulose-rich layer, which further
supports the gradient characteristics of the composites. Figure
4c—e shows the SEM images of the cellulose-rich layer,
intermediate layer, and aerogel-rich layer of 30 wt % gradient
composite, confirming the gradient distribution of the aerogel
particles along the depth of the composite.

Furthermore, the thermal behavior of aerogel—cellulose
composite has been studied via a finite element model which
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accounts for varying aerogel concentration through thickness.
To compare the finite element results with the experimental
observations, we compute the thermal conductivity of the
composite using the average solid and fluid temperature flux
through the material. Figure Sa shows the thermal conductivity
computed through the thermal model for both the original
sample and the flipped sample. The variation of thermal
conductivity with aerogel wt % from the finite element model
is nearly similar to the results obtained from the experiments
(Figure Sb). The finite element simulations in this work rely
on the multiphase heat transfer and mechanical models"
developed based on the continuum theory of mixture. The
governing equations of the heat-transfer model at steady-state
condition can be written as follows.

—V-(gx,V6) = —h(6, — 6)
V(¢ VO) = +h(6, — 6;)

In these equations 6§, and 6; are the solid and gaseous
temperatures, k&, = 33.5 mW/m-'K and x; = 0.08 mW/m-K are
the conduction coefficient of solid and gaseous phases, and h >
0 is called interstitial coefficient accounting for the interactions
among solid and fluid temperatures. The volume fraction of
the gaseous phase is described by ¢; (porosity) and the
combined volume fractions of the fibers and aerogel (solid
phase) by ¢, such that ¢¢ + ¢, = 1. To model the experimental
thermal measurements, we consider a rectangular domain of
the aerogel composite with length 70 mm and width 140 mm
and impose convective boundary conditions at the top and
bottom surfaces

ksve =h (9 - ecold)’ ksV9 = hair(a - ehot)

air

where 6, = 308.5 K and 6y = 288.5 K are the ambient
temperatures. In our numerical simulations, we explored two
scenarios involving gradient porosity distributions across the
thickness of the sample. In the first scenario, the highest
concentration of aerogel was positioned at the bottom of the
sample. This distribution was represented by a linearly varying
porosity ranging from 0.9 at the top to a range of 0.8—0.88. In
the second scenario (i.e, flipped sample), the aerogel
concentration was reversed, with the highest concentration
now situated at the top of the sample. In addition, we compute
the flexural modulus of the composite using the average stress
and strain through the material.'®

Moreover, we have also studied the flexural modulus
computed through the mechanical model for both the original
sample and the flipped sample (Figures SS and S6). The finite
element simulations are based on the multiphase mechanical
models proposed in ref 18. For modeling three-point bending,
we consider a static condition. Additionally, since gas is
trapped in the pore, we assume low permeability of the
composite with respect to gas flux. The governing equations of
the multiphase mechanical model'® can be written as

—-Vo6=0
o = Mr(e)I + 2ue

e= %(Vu + (Va))

where 6 is the stress in the solid phase, 4 and y are Lame’s
elasticity parameters of the composite, I is the identity tensor,
tr(-) is the trace operator, € is the solid strain, and u is the solid

displacement. The compressibility effect of the gaseous phase
(i.e., pore pressure) is viewed as dependency of the elastic
parameters to porosity, such that

2¢0. — 1
PRI ik
&

where A, and yi are the elasticity parameters of the solid phase,
and the constant K; is the bulk modulus of the air (fluid phase).
The values for the parameters are 4, = 480 MPa, u = 305 MPa,
and K; = 0.142 MPa.

The dirichlet boundary conditions with zero displacement
have been applied at the two points A and B and a point load
has been applied at the point C on the top surface as shown in
Figure SS5. In the first scenario, the highest concentration of
aerogel was positioned at the bottom of the sample. This
distribution was represented by a linearly varying porosity
ranging from 0.9 at the top to a range of 0.8—0.88. In the
second scenario (i.e., flipped sample), the aerogel concen-
tration was reversed, with the highest concentration now
situated at the top of the sample. Figure S6 shows the variation
of elastic modulus with aerogel wt % from the finite element
model is closely similar to the results obtained from the three-
point bending experiments.

Furthermore, water absorption capability and hydrophobic-
ity are the key factors for building insulation materials. The
wettability of trimethylchlorosilane (TMCS)-treated gradient
composite has been studied by water contact angle measure-
ments and is shown in Figure Sc. Figure Sc reveals the water
contact angle of TMCS surface-coated gradient composite is
135.4°, which indicates the super hydrophobicity of the coated
gradient composite after surface treatment. Moreover, the
water absorption capacity of the coated gradient composite is 8
times lower than the pristine composite (Figure Sd), which
implies surface treatment has significantly improved the
hydrophobicity of the gradient composite.

K u=n

In this study, we have synthesized water glass-based silica
aerogels using ambient pressure drying. The surfactants and
additives improve the porosity and decrease the thermal
conductivity of as-grown silica aerogels. Moreover, to improve
the mechanical stability of the material, we have prepared a
gradient cellulose—aerogel composite which shows excellent
low thermal conductivity along with mechanical strength and
superhydrophobicity. The gradient characteristics and thermal
behavior of the composite have been also studied via a finite
element model which accounts for varying aerogel concen-
tration through thickness. The as-prepared silica aerogels and
gradient composite show a promising way for the development
of future thermal insulation materials.

Sodium dodecyl sulfate (SDS), mesitylene, and water glass were
purchased from Sigma-Aldrich. Wheat straw was obtained from
Dumor straw. Hydrochloric acid (HCl), sodium bicarbonate, and
sodium hydroxide pellets (NaOH) were acquired from Fischer
Scientific.

At first, 3.0 g of sodium dodecyl sulfate was dissolved in 300 mL of
deionized (DI) water and agitated for 3 h at room temperature. After
that, 33 mL of sodium silicate solution was added, and the solution
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was stirred for an additional 15 min. Subsequently, a 2 M
hydrochloric acid (HCI) solution was slowly added to the mixture
until the pH of the solution reached 9.0. The resulting solution was
then placed in a preheated oven at 60 °C at ambient pressure
overnight for gelation. For the purification of the aerogel, 1 L of DI
water was added to the silica aerogel and thoroughly mixed using a
mechanical agitator. The mixture was left at 60 °C at ambient
pressure for 24 h. After phase separation, the upper transparent water
portion was carefully removed while ensuring that the gel portion
remained intact. This process was repeated twice until the water
portion of the phase separation became clear, indicating complete
purification.

3.0 g of SDS was dissolved in 300 mL of DI water and stirred for 1 h
at room temperature. Afterward, 3 mL of mesitylene was added to the
mixture and stirred for an additional 2 h. Next, 33 mL of sodium
silicate solution was added, and the mixture was stirred for an
additional 15 min. After that, a 2 M hydrochloric acid (HCI) solution
was slowly added to the mixture until the pH of the solution reached
9.0. The gelation and purification processes are the same as before.

3.0 g of SDS was dissolved in 300 mL of DI water, and then 3 mL of
mesitylene was added into it and stirred for 2 h. After that, 33 mL of
sodium silicate was added, followed by the addition of 2 M
hydrochloric acid to adjust the solution’s pH to ~9.0. Finally, 2.0 g
of sodium bicarbonate was added to the mixture and stirred for an
additional 1 h. The gelation and purification processes are the same as
before.

Initially, 40 g of straw fiber was blended with 500 mL of DI water
using a regular blender. Next, the blended fibers were poured into a
beaker, and 10 g of NaOH pellets (0.5 M) was added to the solution.
After the addition of NaOH, the mixture was stirred at 90 °C for 2 h.
After the treatment, the fibers were filtered and washed with DI water.

Cellulose—aerogel gradient composites with different wt % of aerogel
have been synthesized by varying aerogel concentration in the
precursor mixture. Initially, the dried 0.5 M NaOH-treated straw
fibers were blended with 300 mL of DI water and then mixed with the
required volume of aerogel using a mechanical agitator. After that, the
slurry was poured into a paper-making setup, kept between two
metallic perforated sheets, and clamped using screws to maintain the
thickness and prevent buckling. Finally, the as-prepared composites
were dried in a preheated oven at 60 °C at ambient pressure.

The microstructure of the gradient composites was examined using a
focused ion beam scanning electron microscope (FIB-SEM, Carl Zeiss
AURIGA Crossbeam). Fourier-transform infrared spectroscopy
(FTIR-Agilent carry 560) was employed to analyze the chemical
bonding state and interfacial bonding of finely ground gradient
composites. The porosity of the samples was determined using eq 1,
where p,, represents the bulk density obtained from the ratio of
weight to volume, and p, indicates the skeletal density determined
using the pycnometer system (Micromeritics Accu-Pyc II 1340). The
equation for porosity calculation is as follows.

Porosity(%) = (1 — p_/p) X 100 (1)

Thermtest HFM-100 has been used to measure the thermal
conductivity of the samples. The flexural modulus of the gradient
composites was measured using a universal test system (model
SSTM-20KN from United Testing Systems) for testing samples up to
500 N.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.3c00664.

Image of silica aerogel (Gel form), silica aerogel powder,
NaOH treated wheat straw, and gradient cellulose-
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aerogel gradient composites, Domain and setup for the
three-point bending test performed to find the elastic
modulus of the material, Flexural modulus for five
samples with different aerogel wt % for both the original
sample and the flipped composites (PDF)
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