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Thermal insulation materials by recycling pulp and paper wastes play an important role in environmental
sustainability of green buildings. As society is pursuing the goal of zero carbon emissions, it is highly
desirable to use eco-friendly materials and manufacturing technologies for building insulation envelopes.
Here we report additive manufacturing of flexible and hydrophobic insulation composites from recycled
cellulose-based fibers and silica aerogel. The resultant cellulose-aerogel composites exhibit thermal

Received 17th January 2023 conductivity of 34.68 mW m™ K%, mechanical flexibility with a flexural modulus of 429.21 MPa, and
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superhydrophobicity with water contact angle of 158.72°.
manufacturing process of recycled cellulose aerogel composites, providing enormous potential for high
energy efficiency and carbon-sequestration building applications.
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Introduction

The demand for cellulose-based insulation is growing contin-
uously while sustainability in its production becomes the
primary concern regarding fossil fuel consumption and
chemical waste." Cellulose is one of the most abundant poly-
mers as a structural component of carbon-storing natural
plants, which is also a viable alternative to fossil fuel-derived
materials.> Apart from natural sources like plants or wood,
cellulose fibers can be obtained from recycling pulp or paper
waste.>* Recycling one ton of pulp paper could be equivalent to
saving 17 trees, 3.3 cubic yards of landfill space, 360 and 100
gallons of water and gasoline, as well as 10 megawatts of
electricity.® Therefore, recycling pulp and paper instead of
landfill could be a new value-added application of cellulose-
based insulation materials. Moreover, unlike petroleum-
based insulation materials, recycled cellulose materials do
not rely on non-renewable resources and produce chemical
waste and pollution in the manufacturing process.® However,
the low-performing characteristics of cellulose such as low
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Moreover, we present the additive

thermal and mechanical performance, and hygroscopicity
restricts its potential for the development of cellulose-based
building insulation materials.”

Along with the eco-friendly strategy of producing recycled
materials, a cost-effective manufacturing process with low
environmental impacts is required. Additive manufacturing
(AM), also known as 3D printing, can add enormous value to the
production of carbon-storing and carbon-negative products
through on-demand manufacturing, zero-waste fabrication,
and shortening supply chains.® Different from the conventional
manufacturing of subtracting materials from the building
block, AM assembles the printable materials in a layer-by-layer
fashion without wasting raw materials, thus making AM an eco-
friendly manufacturing process.®'® However, challenges such as
preparing the printable materials and reliable manufacturing
process are bottlenecks of 3D printing the recycled cellulose
pulp and paper.

Here, to enhance the mechanical strength and thermal
insulation behavior of recycled cellulose fibers, we introduce
superinsulation silica aerogel for the additive manufacturing of
recycled cellulose aerogel composite materials. Incorporating
cellulose fibers with silica aerogel,"*™ could also compensate
for the effect of fragility, while delivering high mechanical
strength and thermal insulation properties.” We report both
one-step precursor gelation (in situ) and two-step physical
mixing for the manufacturing of flexible and superhydrophobic
cellulose-aerogel composites, with the capability of additive
manufacturing through extrusion-based 3D printing. The in situ
method presents the formation of cross-linked structure which
significantly improves the mechanical strength of the compos-
ites, while exhibiting thermal conductivity of 34.68 mW m™"
K, a flexural modulus of 429.21 MPa, and hydrophobicity with
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Fig. 1 () Schematic diagram of the in situ and physical mixing synthesis process of aerogel-cellulose composites, (I1) (a) optical image of clean
fiber, (b) 3D printing image of the composite, (c) image of the hydrophobic capability of the composite after trichlorosilane surface coating and
(d) images showing different shapes and machinability of the aerogel-cellulose composite.

the water contact angle of 158.72°. We demonstrate 3D-printed  paper. The proposed additive manufacturing strategy provides
insulation composites as the first attempt of using additive a solution for efficient and flexible design, lower costs, and zero-
manufacturing technologies to fabricate recycled pulp and waste production process.
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Fig. 2 (a) SEM images of 20 wt% cellulose-aerogel nanocomposites prepared from in situ method, (b) SEM images of 20 wt% cellulose-aerogel
nanocomposites prepared from physical mixing method, (c) FTIR spectra of different wt% of cellulose-aerogel composite, (d and e) thermal
conductivity vs. density plot for different wt% of the cellulose fiber reinforced aerogel nanocomposites prepared from in situ and physical mixing
method respectively.
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Results and discussion

Fig. 1 represents the schematic diagram of the physical mixing
and the in situ methods for the manufacturing of recycled
cellulose and aerogel composites. Route A shows the flowchart
of the synthesis of the sodium-silicate-based aerogel via the
physical mixing method. In this method, different concentra-
tions of silica gel precursor are added with cellulose fibers for
the preparation of the aerogel-cellulose composites under
ambient pressure drying. For the in situ method as shown in
route B, cellulose fibers are treated with the urea, sodium
dodecyl sulfate (SDS), and water glass before the gelation to
prepare the cellulose-silica gel precursor, which then
undergoes a gelation process to enhance and maintain the 3D
network. The gelation behavior in the aerogel cellulose
composites is facilitated by its cross-linking nature. The aerogel
is crosslinked by weak interactions through hydrogen bonds,
van der Waals forces, or electrostatic interactions.”®*” The in
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situ gelation of cellulose fiber-aerogel composite is resulted
from synergistic complexation between cellulose fiber and silica
network upon aging, possibly through hydrogen bonding
between the free hydroxyls on the silica and hydroxyls group on
the cellulose fiber. The as-synthesized fibrous cross-linked
aerogel-cellulose composite not only can survive the subse-
quent ambient pressure drying process but also improve the
mechanical properties of the composites. The aerogel-cellulose
composite exhibit superhydrophobicity, the capability of 3D
printing, and machinability as shown in Fig. 1(II), and S1-S4.F

The structural and morphological features of as prepared
aerogel-cellulose composites are studied using scanning elec-
tron microscopy (SEM, Fig. 2a and b). The SEM images for the in
situ method (Fig. 2a and S51) show a highly porous crosslinked
structure where aerogel consists of an interconnected network
with cellulose fibers and the fibers having a rod-like structure
with an average diameter of 45-120 um to form an open pores
network. The aerogel-cellulose composite with a crosslinked
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Fig. 3

(a) Three-point bending test of the composites, (b and c) porosity vs. flexural modulus plot for different concentrations of the cellulose

fiber reinforced aerogel nanocomposites prepared from in situ and physical mixing method respectively.
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structure can be formed via in situ method due to the produc-
tion of material in the gel framework of cellulose fibers. On the
other hand, the SEM images of cellulose-aerogel composite in
the case of the physical mixing show hierarchically porous
structures (Fig. 2b) and the formation of aggregation which
increases upon aerogel concentration from 10 to 50 wt%
(Fig. S6t). Furthermore, Fourier-transform infrared spectros-
copy (FTIR) has been used to evaluate the formation of aerogel-
cellulose composites. Fig. 2c shows the FTIR spectra of
composites prepared from the in situ and physical mixing
methods. In the FTIR spectrum, the typical absorption peaks for
cellulose were observed at 3310 cm ' (O-H stretching),
2884 cm ' (C-H symmetric stretching), 1423 cm ™' (-CH,
stretching), 1365 cm™" (-CH stretching) and 1332 cm ™" (C-O
stretching). The peaks at 1632 cm ™" represent the vibration of
H,O molecules absorbed in cellulose. Moreover, the peaks at
3313 and 1160 cm ' in the aerogel-cellulose composite related
to the overlapping effect between cellulose and silica which
corresponds to the O-H stretching vibration and Si-O-Si
asymmetric stretching vibration respectively, and indicate that
silica is impregnated into the aerogel-cellulose composites. On
the other hand, a peak around 790 cm™* resulted from Si-O-Si
symmetric vibration along with an adjacent peak at 960 cm™*
for rocking bending vibrations of the Si-OH group in the case of
the in situ method indicates the cross-linking nature between
the SiO, and cellulose fibers in the aerogel-cellulose composites
Fig. 2d and e reveal the change in the thermal conductivity with
increasing aerogel wt% in the cellulose fiber composites. As
increasing aerogel up to 20 wt% in both methods, thermal
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conductivity has been decreased and reaches 35.2 mWm ™' K *
for the in situ and 34.68 mW m~' K~ ' for physical mixing
method. It is interesting to note that thermal conductivity
increases after increasing the aerogel above 20 wt%. The reason
behind this phenomenon is when the aerogel concentration
increases from 0 to 20 wt% its leads to lower density and higher
porosity resulting lower thermal conductivity (Fig. 2d and e).
However, increasing the aerogel concentration beyond 20 wt%,
the aggregated microstructure leads to a decrease in porosity
and an increase of density resulting in higher thermal
conductivity (Fig. S5 and S6t). The thermal insulation property
of the as-prepared composite is better than few previously re-
ported materials as shown in Table S1.7

The mechanical properties of the recycled cellulose aerogel
composite immensely affect the application of building insu-
lation materials. Fig. 3a-c shows the bending test and mechan-
ical behavior of the composites prepared from the in situ and
physical mixing methods. It is worth noting that the flexural
modulus for the samples prepared from the in situ method
(Fig. 3b) is higher (210-430 MPa) than that of the composites
prepared from the physical mixing (40-180 MPa) (Fig. 3c).
Moreover, the compression modulus is also higher in case of the
in situ method than the physical mixing method as shown in
Fig. S7.1 This is mainly due to the crosslinking behavior in the in
situ method which forms a robust structure and significantly
improves the mechanical strength of the composites.

Hydrophobicity is another key factor for cellulose based
building insulation materials. The surface wettability of tri-
chloro silane coated cellulose reinforced aerogel composite is
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Fig. 4 Additive manufacturing of recycled cellulose pulp and paper. (a) Photograph of extrusion-based 3D printing setup, (b) close-up view at
the nozzle region, (c) schematic diagram of fiber alignment during extrusion printing, (d) and (e) 3D-printed specimens with different thicknesses
of the composites, (f) and (g) SEM images of 3D-printed composites, (h) thermal infrared (IR) image of the thermal insulation under 60 °C thermal

heating.
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studied by water contact angle measurement, shown in Fig. S8.f
Fig. S8at reveals when the water droplet comes into contact
with the composite without surface treatment, the droplet is
absorbed instantly suggesting its hydrophilic nature due to the
presence of a large number of hydroxyl groups in cellulose. On
the other hand, surface treated composite shows a water contact
angle of 152.78° which indicates the aerogel-cellulose
composite of a highly hydrophobic surface after trichloro
silane treatment (Fig. S8bt). The humidity-dependent thermal
insulation test using a programmable humidity and tempera-
ture chamber is shown in Fig. S8c.f Fig. S8ct revealed the
comparison of increment of thermal conductivity values of
composites with and without surface treatment, while a higher
increase in thermal conductivity (18% increase) is shown in the
composite without surface treatment. The surface-treated
composite displays a change in the thermal conductivity of
around 4%, which implies that the hydrophobic treatment of
the aerogel-cellulose composite could significantly affect its
water absorption capacity.

Rapid prototyping of thermal insulation composite plays an
important role in building applications. A pneumatic pressure-
based extrusion printing setup is used for printing the recycled
cellulose and aerogel composites. The prepared ink is loaded
into a 10 cc syringe barrel and mounted onto a customized 3-
axis printer platform as shown in Fig. 4a, while an air pressure
regulator is connected to the syringe barrel and controls the
extrusion pressure. The printing flow speed and the layer height
are 10 mm s~ ' and 0.8 mm, respectively. The ink is subjected to
a shear pressure during the printing, as the ink is printed along
the lateral path (Fig. 4b and c), shear pressure orientates the
fiber in the lateral direction. The SEM images in Fig. 4f and g
reveals the orientated fibers. Fig. 4d and e shows the 3D-printed
insulation composites with different thicknesses. Fig. 4h shows
the top surface temperature of thermal insulation composites
under 60 °C heating. Under the same temperature, specimens
with different thicknesses have a noticeable temperature
difference, and the top surface temperature decreases when the
sample thickness increases. Moreover, the composites with
aerogel with the same thickness exhibit a higher top surface
temperature than the non-aerogel sample, indicating a better
thermal performance. This is the first attempt of using additive
manufacturing technology to fabricate recycled cellulose pulp
and paper. The future efforts will be focused on improving the
shape fidelity of the printed specimen and increasing the
throughput of thermal insulation composites.

Conclusion

We report the manufacturing of aerogel-containing recycled
cellulose insulation composites. The in situ method shows the
formation of crosslinked aerogel-cellulose nanostructure which
significantly improves the mechanical strength of the compos-
ites compared to the physical mixing method. The as-prepared
fiber-aerogel composite exhibits a thermal conductivity of 34.68
mW m~" K, a flexural modulus of 429.21 MPa, and super-
hydrophobicity with the water contact angle of 158.72°. Due to
the superior thermal conductivity performance, this highly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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porous, and super hydrophobic composite has the potential for
versatile applications such as thermal insulating materials,
mesoporous scaffolding, and oil adsorbents. Using additive
manufacturing can fabricate cellulose composites with high
efficiency, low costs and waste, providing an eco-friendly
manufacturing process for future building envelop materials.

Experimental section
Chemicals and materials

The recycled cellulose fiber is acquired from the Clean Fiber.
Urea and sodium dodecyl sulfate (SDS) are obtained from J. T.
Baker. Sodium silicate solution (water glass) and hydrochloric
acid (HCl) are purchased from Ward's Science and VWR
Chemicals, respectively. Hexa-decyl trimethylammonium
bromide (CTAB) and cation-exchange resin (Amberlite
IRC120H, hydrogen form) are provided by Sigma-Aldrich. The
hydrophobic coating is carried out by using 1H,1H,2H,2H-per-
fluorooctyltrichlorosilane (PFOTCS), 97%, purchased from
Thermo Scientific.

Synthesis methods

Physical mixing method

Synthesis of the ion-exchange-sodium-silicate-based aerogel
precursor. At first, 4.1 molar urea is added to 100 mL of DI water
and then stirred for one hour until complete dilution. Next, SDS
and CTAB with an 0.12 mol L™ " co-surfactant ratio are added to
the urea-DI water mixture, followed by stirring for 2 hours until
the solution becomes semi-transparent. Then, the
exchanged water glass, which has been prepared using the
previously reported method'® was added to the mixture at
a 25 wt% proportion and stirred for at least 5 minutes until
a homogeneous solution is achieved. Subsequently, HCl and DI
water with a 1: 2 volume-to-volume is added to the solution and
then stirred for 5 minutes. Finally, the precursor is placed into
a preheated oven at 80 °C for at least 24 hours until gelation is
completed.

Synthesis of the aerogel-cellulose composite. Different wt% of
aerogel-cellulose composites have been synthesized by varying
aerogel concentrations into the precursor mixture. At first, the
cellulose fiber is blended with 1 liter of de-ionized (DI) water.
After that, the blended fiber is transferred to a large beaker and
thoroughly mixed with the required volume of the aerogel using
an overhead stirrer. Next, an additional volume of approxi-
mately 2 liter DI water is added to achieve adequate fiber
dispersion. After that, a sample-making unit with vacuum
filtration is used to process the fiber-aerogel slurry, and the
resulting wet composite membranes are dried in a preheated
oven at 60 °C for 24 to 48 hours. Multiple layers of metal mesh
on both sides of the wet samples and additional load are
applied during ambient drying to ensure the sample quality and
increase the water removal rate.

In situ method

Synthesis of clean fiber-based silica aerogel precursor. In this
process at first, 10 g of dried fibers were taken in a beaker and
100 mL of distilled water was added to it. After that, 1.0 g

ion-
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sodium dodecyl sulfate (SDS) and 0.15 mol urea (9.0 g), were
added and the mixture was stirred for 3 h to get a homogenous
solution. Next, reagent-grade sodium silicate solution (11 mL)
was added to the precursor mixture, followed by the addition
of 2 M HCI until the pH of the solution becomes 9.0. After
that, the solution mixture was kept in the oven at 60 °C for
gelation.

Purification procedure. The cellulose fibers-based silica aero-
gel precursor was first taken into a beaker, and 2 L of DI water
was added to it. After that, the precursor mixture was homog-
enized by using an overhead mechanical agitator and kept at
60 °C for phase separation. After the phase separation, the top
layer was drained, and this process was repeated 4-5 times until
a clear phase of water was obtained above the precursor
mixture.

Synthesis of the aerogel-cellulose composite. For the synthesis
of the aerogel-cellulose composite, 2 L of DI water was added to
the cleaned aerogel precursor and mixed with an overhead
mechanical agitator. Next, the homogenized solution was
transferred to paper making setup. After that, the composite
was taken out and kept between the perforated stainless sheets
and kept drying inside a preheated oven at 60 °C.

3D-printing

Ink formulation. The 3D printable colloidal ink is prepared
by mixing the aerogel and fiber suspension with a 2 wt%
dispersing agent (propylene carbonate) at room temperature for
12 hours. Then the cellulose nanofiber is added to the ink at
1.5 wt% as a viscosity modifier, followed by 6 hour mixing using
a blender (Cole-Parmer). Finally, the colloidal ink is degassed
using a vacuum desiccator. All the chemicals are used as
purchased without any modification.

Physical measurements. The density of the cellulose-aerogel
composite is calculated from its weight-to-volume ratio. The
microscopic morphology of the cellulose-aerogel specimen is
observed using Carl Zeiss AURIGA scanning electron micro-
scope (SEM). The Agilent Cary 630 Fourier-transform infrared
spectroscopy (FTIR) spectrometer is used to investigate the
chemical bonding of the cellulose-aerogel composite specimen.
The thermal conductivity and the thickness of the composite
membranes are measured using a heat flow meter from
Thermtest HFM-100. Infrared images are captured using Fotric
225 Pro Thermal Camera.

In addition, the porosity of the cellulose-aerogel samples is
calculated from bulk and skeletal densities following eqn (1):

Porosity (%) = (1 - &> x 100 (1)
Ps

where py, is the bulk density determined by weight-to-volume
ratio and p; is the skeletal density assessed with the pycnom-
etry system Micromeritics Accu-Pyc II 1340.
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