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Aerogels constitute one of the most effective superinsulation materials, typically featuring remarkably low
values of thermal conductivity due to their extremely high porosity comprised mostly of mesopores with an
average size of approximately 10 nm, as well as considerably high values of specific surface area, all
properties that give rise to an outstanding thermal insulator for applications related to energy-saving
purposes. However, two of their main disadvantages are (i) a relatively high cost, and (ii) a pearl-necklace
structure that result in inherent mechanical brittleness. Here, by leveraging the benefits of ion-exchange
sodium silicate solution as a silica source, as well as the use of surfactants, the resulting silica aerogel
precursor obtained using the ambient pressure drying (APD) technique is combined with the cellulose-based
fiber to produce a composite material that yields an extraordinary combination of significantly low thermal
conductivity (28.6 mW m™! K™% and high mechanical properties (~11 MPa maximum compressive stress
and Young's modulus of 13.5 MPa in compression at 50% strain). Such a combination of aqueous-based
material components and the ambient pressure drying process provides an exceptional low-cost alternative
for the production of aerogel-based, eco-friendly solutions that are suitable for energy efficient applications
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Introduction

Aerogels are renowned for being high-performance thermal
insulating materials (ultralow thermal conductivity values even
less than that of air) because of their remarkable low density, a
direct consequence of their high porosity (typically between
90 and 99%"?), and comprised mostly of mesopores with an
average size of approximately 10 nm.>! Other outstanding
properties of aerogels include extremely high values of specific
surface area (>500 m* g~ ), as well as low dielectric constant
and air-like refractive index.” While these significant advantages
of aerogels open up a vast range of applications - such as
composite materials, absorbents, sensors, catalysts, storage
media, and clothing, to name a few,’® aerogels are predominantly
related to energy-saving purposes, particularly as energy-efficient
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insulation when used in windows,””® as aggregates for lightweight
cement-based thermal renders,” and for acoustic purposes
amongst their most relevant usability.”

Metal oxides, metalloid oxides, polymers, and even noble
metals have been employed to produce aerogels.' > However,
one of the most popular materials used as a base component is
silica due to its proneness to form transparent-like products, as
well as relative ease of synthesis. Sodium silicate solution
(a.k.a. waterglass) has become a very popular and widely used
silica source in the synthesis of silica materials by virtue of its
significant low cost, which is highly anticipated to increase
both the feasibility and large-scale production in the industrial
sector. However, waterglass also contains a number of impu-
rities that negatively impact the thermal conductivity of the
resulting silica materials. Eradication of sodium ions, and
impurities in general, is expected to produce silica aerogels
with enhanced properties, mostly due to a more uniform pore
size and pore distribution, which could lead to the develop-
ment of continuous manufacturing processes from ion-
exchanged waterglass.'® On the other hand, the supercritical
drying (SCD) technique is indispensable for the manufacturing
of silica aerogels by appropriately removing the surface tension
of the solvent, as well as the capillary pressure gradient that
builds up within the pore walls of the wet gels to avoid the
potential pore collapse. Additionally, cracking and shrinking of
the gels are avoided as the solvent is effectively extracted
without developing stress on the pores, thus preserving the

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://orcid.org/0000-0001-9141-9365
http://orcid.org/0000-0002-9987-3316
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma01086g&domain=pdf&date_stamp=2022-01-31
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01086g
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003006

Open Access Article. Published on 18 January 2022. Downloaded on 2/7/2026 5:04:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
porous texture of the gels."”'® Such a supercritical drying
process, in some cases, would entail the need for high-cost
autoclaves operating at high temperature (260 °C) and pressure
(~100 bar) in order to heat and evacuate solvents that are
typically highly flammable,"® which could also represent a
safety hazard during the manufacturing of aerogel products.
Both surface modification treatments on the wet gels® and the
addition of compatible surfactants during synthesis, for
instance, are relatively simple approaches that could be
attempted in order to replace the costly supercritical drying
method in favor of the ambient pressure drying (APD) techni-
que. Surfactants, in particular, leverage the ability to form
micelles at certain concentrations during hydrolysis, which
would facilitate the incorporation of the aqueous phase into
the micellar domains in the organic phase that would result in
a sharp decrease of the interfacial tension to negligible
values,”' therefore allowing the use of APD procedures.

Furthermore, surfactants play a critical role in the sol-gel
process for the development of silica aerogels, with only a gel
skeleton of macroporous morphology being obtained in the
absence of any surfactant as a result of a noticeable phase
separation of the condensates of hydrophobic nature.>* Hence,
surfactants can be defined as a determinant factor that heavily
influences the porosity of the aerogels, while it has been
previously reported that a mixture of surfactants is acknowl-
edged to possess improved physicochemical properties due to
the synergic effects between cationic and anionic surfactants.”?
Cetyltrimethylammonium bromide (CTAB) for instance - one of
the most commonly used cationic surfactants - is responsible
for the change of the gel skeleton structure from a course
granular morphology to continuous fiber as its concentration
gradually increases.>® Another benefit of including CTAB dur-
ing the synthesis of silica aerogels is the decrease of the extent
of phase separation that would result from using precursors
from the siloxane groups and water as the solvent, with the
surfactant being accountable for promoting the miscibility of
water and the organic components present, therefore overcom-
ing the strong hydrophobicity of the siloxane networks.”> On
the other hand, surfactant induced self-assembly has been
reported to adequately control the morphology of porous
nanostructures in aerogels, which, in turn, regulates their
thermal insulation performance.>®

The improvement of the mechanical properties of aerogels
ranges from the development of aerogel-like monoliths by differ-
ent methods such as (i) cross-linking the aerogel particles with
polymer cross-linkers of the triacrylate family,*” (ii) the use of a co-
precursor approach®®*® as a way to control the cross-linking
density — and hence flexibility of the resulting aerogel, and (iii)
the use of silica aerogels as unique nanostructured fillers for
epoxy nanocomposites.** Another commonly applied technique
incorporates a fiber matrix in the preparation of fiber/aerogel
composite products.®* > Cellulose-based fibers, which can also be
referred to as “green” fibers, have become a rather popular
alternative over the past couple of years, not only because of their
relatively low-cost and environment-friendly nature, but also due
to their ease of production - typically obtained from 85% recycled
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paper - and versatility that has made them a viable alternative for
the production of sound absorbers,*® fire-resistant boards,*” and
other eco-friendly building materials.

The overall goal being pursued with this work is to capitalize
on the low-cost of both ion-exchanged waterglass as the silica
source and cellulose-based fiber as the matrix reinforcement
agent, as well as to leverage the synergic effect of anionic sodium
dodecyl sulfate (SDS) and cationic CTAB as surfactants in order to
accomplish aerogel-based solutions that (i) have improved ther-
mal performance, (ii) are commercially feasible for large-scale
industrial applications, and (iii) ensure high repeatability and an
advantageous performance/cost relationship. The ion-exchange
waterglass-based aerogel obtained shows a thermal conductivity
as low as 23.4 mW m ' K ', with a specific surface area of
412.83 m*> g, and a porosity of 97.4%. The developed aerogel
precursor/cellulose-fiber composite material possesses hydropho-
bic capabilities, in addition to an extraordinary combination of
significantly low thermal conductivity (28.6 mW m ™' K™ ) and
improved mechanical properties (~11 MPa maximum compres-
sive stress and Young’s modulus of 13.5 MPa in compression at
50% strain) that results in unique machinability attributes using
some of the standard tools as summarized in Fig. 1.

Materials and methods

For preparation of diluted ion-exchange sodium silicate
solution (waterglass)

A suggested volume ratio of approximately 0.75/1 would be used
for the diluted-sodium-silicate/Amberlite® TRC120 H - hydrogen

i

D-I WATER

N
N

AEROGEL

CELLULOSE
FIBER PRECURSOR

Fig. 1 (a) Opticalimage of cellulose-based fiber from 85% recycled paper.
(b) Optical image of the cellulose fiber/silica aerogel composite specimen
and outline of its main components. (c) Image showing the hydrophobic
capability of the composite specimen after in situ trichlorosilane surface
coating. (d) Main image showing different shapes obtained following basic
manufacturing operations and the image in the inset illustrating the
machinability attributes of the cellulose fiber/silica aerogel composite
specimen.
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form resin mix. Firstly, the required cation-exchange resin Sigma Aldrich] and cetrimonium bromide - CTAB -
(Amberlite® IRC120 H - hydrogen form | Sigma Aldrich) is [CioH,,BrN; High purity | VWR], with different surfactant
washed 4-5 times for 10 minutes with deionized water before ratios and an overall co-surfactant ratio of 0.12 mol L™, are
use. During the washing process of the cation-exchange, sodium added to the DI water-urea mixture, with continuous and
silicate solution (Technical Grade 40-42° B¢ | Fisher Scientific) is uniform stirring for at least 120 min or until a homogeneous,
diluted to approximately 10% v/v using deionized water (DI H,O) white-colour solution is achieved. This will be referred to as
in a beaker, followed by stirring of the solution with a magnetic ~ Solution A. Typically, the resulting solution will be mixed for
stirrer for at least 15 min. Finally, the diluted ion-exchange at least 6 hours or overnight before the next step. Once fully
waterglass is passed through an ion-exchange column that has mixed, the diluted ion-exchange sodium silicate obtained
been carefully loaded with the already washed cation- previously is added to the mixture at a proportion of 25 wt%
exchange resin. and stirring is continued for at least 2-3 minutes until
completely mixed with Solution A to form Solution B. While
the last previous step is taking place, hydrochloric acid
aerogel precursor [HCl(aq); 36.5-38.0% | Capitol Scientific] - 25% v/v HCl/
A flowchart of the synthesis of the ion-exchange-sodium- diluted ion-exchange sodium silicate ratio - is added to
silicate-based aerogel precursor including both an anionic deionized water [DI H,O] in a small beaker or graduated
(SDS) and a cationic surfactant (CTAB) is shown in Fig. 2. cylinder to a 50% v/v HCI/DI H,O ratio. Finally, the diluted
Initially, urea [CH4N,O; 98% | Beantown Chemical (BTC)] is HCI is added to Solution B and stirring is continued for
added to 400 mL of deionized water [DI H,O] in a beaker using approximately 2-3 additional minutes until fully blended in
five different molar ratios (namely 4.125, 5.5, 6.875, 11, and the resulting precursor. The pre-aerogel precursor is trans-
16.5 mol L™ "), and the solution is stirred with a magnetic stirrer ~ ferred to a sealed plastic container (target pH of solution ~
for at least 60 min until complete dilution takes place. Subse- 1.6-1.8), which is closed as tightly as possible before placing
quently, sodium dodecyl sulfate - SDS - [C;,H,5NaSO,; >90% | it into a pre-heated oven at 80 °C for a period of 24 hours.

For synthesis of the ion-exchange-sodium-silicate-based
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Fig. 2 Flowchart of the synthesis of the ion-exchange-sodium-silicate-based aerogel.
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Following the completion of the gelation stage, an aerogel
precursor of white colour and very smooth aspect - rather fine
texture, showing little water separation at the top of the con-
tainer has formed. The raw precursor is then transferred to a
beaker and fully immersed in DI water for washing and aging
purposes. The beaker will be placed on a hot plate at approxi-
mately 50-55 °C, and DI water should be completely replaced
4-5 times as part of the washing process during a period of at
least 24 hours, or until the DI water covering the aerogel
precursor is almost fully transparent and all ammonia, and
possible unreacted surfactant, have been removed. Upon com-
pletion of the washing and aging processes, and once the excess
of water is removed from the beaker, the precursor is ready for
post-processing. For this work, post-processing would include
(a) drying of the aerogel precursor using the ambient pressure
drying (APD) technique in a pre-heated oven at 60 °C, followed
by the respective calcination of the aerogel samples to 300, 400,
500 and 600 °C, as well as (b) the preparation of aerogel
precursor/cellulose-based fiber composite samples.

For preparation of sodium-silicate-based composite samples

Different amounts of cellulose-based fiber (Sanctuary Cellulose
Fiber by Greenfiber) have been used in order to study the effect
of the aerogel precursor/cellulose-based fiber ratio on the
physical, mechanical, and thermal properties of the composite
samples. The required amount of cellulose-based fiber is
blended with approximately 1.25 L of DI water - to ensure full
immersion of the fiber in the liquid - for about 30 seconds
using a blender. Following this, the blended fiber is transferred
to a larger container and the required volume of the aerogel
precursor is added to the mixture, which is thoroughly mixed
without any further reaction using an overhead liquid mixer,
while gradually adding DI water to complete a volume of
approximately 3 L to achieve adequate dispersion of the fiber.
A centrifugal-pump-operated composite sample making unit is
used to process the previously obtained aerogel precursor/
cellulose-based fiber mixture, and the resulting wet composite
specimens are afterwards dried in a pre-heated oven at 60 °C for
a period of 24-48 hours. Couch sheets are used on both sides of
the composite samples during the drying process, in order to
increase the water removal rate and ensure the integrity of the
samples.

Physical, structural, thermal, and mechanical property
characterization

The bulk or tapped density of the aerogel samples is calculated
from the relationship between the mass of the sample and the
volume containing such an amount of the sample, which can
be represented by eqn (1):

1)

<3

Po =

The skeletal density (ps) is measured by means of a pycno-
metry system (Micromeritics Accu-Pyc II 1340 Gas Pycnometer),
which employs the gas displacement method to measure the
volume, and hence determines the density of the solid matter

© 2022 The Author(s). Published by the Royal Society of Chemistry
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contained within the measuring chamber using highly pressur-
ized helium gas as the measuring medium. The values of
porosity of the aerogel samples are then calculated from

eqn (2):

Porosity (%) = (1 - p—b) *100 )

P

The specific surface area (SSA), pore size, cumulative pore
volume, and nanoparticle size of the aerogel samples are
determined by means of nitrogen sorption isotherm (adsorp-
tion/desorption) analysis using a surface area and porosity
analyzer (Micromeritics TriStar II). Previously calcinated aero-
gel samples (to 600 °C) are pre-treated by heating to 280 °C for 3
hours of degassing of a flowing gas used to remove any form of
impurities and contaminants. Samples are subsequently cooled
to cryogenic temperatures (—195 °C) under vacuum conditions
during the test. The specific surface area (SSA) is calculated
from the relative pressure (P/P, from 0.003 to 0.3) data obtained
from the adsorption isotherm plot and based on the Brunauer-
Emmett-Teller (BET) theory. The pore size and pore volume, on
the other hand, are calculated from the desorption branch of
the isotherm curve using the method of Barrett, Joyner, and
Halenda (BJH) based on the Kelvin model of pore filling.

The structure of the silica aerogel samples is investigated
through an X-ray diffraction system (XRD - Rigaku Ultima IV),
with copper as the target material for single-crystal diffraction
and the X-ray detector rotating at an angle of 20 from 5° to 80°,
these being typical values for data collection of powder pat-
terns. Fourier-transform infrared spectroscopy (FTIR - Agilent
Cary 630 FTIR spectrometer) is used to analyze the chemical
bonding state of the finely ground aerogel samples, as well as
the interfacial bonding of aerogel-based composite samples
that could be relevant in order to understand their mechanical
performance. The microstructure of both the aerogel and
aerogel/fiber composite samples is examined using a focused
ion beam scanning electron microscope (FIB-SEM, Carl Zeiss
AURIGA CrossBeam).

The thermal conductivity of both the aerogel and aerogel/
fiber composite samples is determined through measuring
instruments using the steady-state methodology. For aerogel
samples, an in-house setup that complies with the ASTM C518
standard, which applies to standard test methods for steady-
state thermal transmission properties by means of a heat flow
meter apparatus, is used. The PHFS-01e heat flux sensor from
FluxTeq has been fitted to the thermal conductivity measure-
ment setup, with the required calibration achieved by virtue of
a commercial, translucent aerogel as the reference. The values
of thermal conductivity can be calculated using the readings for
temperature of top and bottom plates, once steady heat flux
between and through the sample has been established. For
aerogel/fiber composite samples, on the other hand, the heat
flow meter - 100 series (HFM-100) thermal conductivity
measurement system from Thermtest - is used, which also
complies with the ASTM C518 standard. In a similar fashion,
pertinent calibration is accomplished by utilizing commercial

Mater. Adv., 2022, 3, 2726-2736 | 2729
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samples of extruded polystyrene of appropriate thickness and
with a known value of thermal conductivity. Upon insertion of
the aerogel/fiber composite sample between the upper and
lower plates, and following loading of the calibration file, the
system provides the value of thermal conductivity of the sample
once the heat flux between the plates, and through the sample,
has converged to a constant value over time. In regards to
evaluating the thermal stability of aerogel samples, thermogra-
vimetric analysis and differential scanning calorimetry (TGA/
DSC) tests were carried out using the TA Instrument DSC SDT
Q600. This test provides measurements of weight change (TGA)
and true differential heat flow (DSC) on the sample that are
heat-treated in a nitrogen atmosphere (with a purge rate of
100 mL per minute) from room temperature (RT - 15 to 25 °C)
to 800 °C at a rate of 25 °C per minute.

The mechanical property characterization of the aerogel/
fiber composite samples includes uniaxial compression tests of
specimens with bulk dimensions of 15 mm x 15 mm and
thickness in the region of 4 mm, using a universal test system
(Model SSTM-20KN form United Testing Systems) for testing
samples up to 20 kN (4500 1bf). Flexural (bending) and tensile
tests were also performed to determine both the ultimate
strength of the materials under each of the regimes and flexural
modulus/elastic modulus (tensile) respectively. For tensile
tests, a dog-bone shaped sample was implemented for the
determination of tensile strength, while a constant cross-
sectional sample was used for the elastic modulus analysis.

b
S645 2ats)
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The same approach (constant cross-section sample) was
employed for the flexural tests.

Results and discussion

The schematic drawing shown in Fig. 2 includes a flowchart of
the synthesis of the ion-exchange-sodium-silicate-based aerogel
precursor comprising both an anionic (SDS) and a cationic
surfactant (CTAB). It also highlights the difference between the
surfactant molecules, in particular, due to the dissimilar ionic
head groups, while confirming the self-association and for-
mation of spherical micelles - mixed micellization - once the
critical micelle concentration (CMC) has been reached. The
spherical mixed micelles formed in the aqueous solution
feature a typical colloidal structure, with the outer barrier
composed of perfectly arranged hydrophilic groups and the
hydrophobic groups gathering next to each other in the inner
core as a result of their amphipathic nature. Following the
addition of ion-exchange waterglass, part of the silica source
comes together in the inner core of the micelles due to its
hydrophobicity associated with a reasonable lack of defined
polarity, while the rest remains as suspended silica particles in
the solution. Incorporation of the acidic catalyst is expected to
trigger the aggregation of silica particles into clusters to initiate
the silica network structure, alongside the attachment of the
micelles to the formed chains that results in the development

BEFORE ION-EXCHANGE
ELEMENT | WEIGHT % ATOMIC %
CK 20.44 29.41
oK 4574 49.40
NaK 278 2,09
AIK 0.00 0.00
SiK 31.04 19.10
ciK 0.00 0.00

Totals | 100.00

AFTER ION-EXCHANGE

ELEMENT [ WEIGHT % ATOMIC %

CK 3231 43.37
oK 41.09 4141
NaK 0.00 0.00
AIK 0.00 0.00
SiK 26.21 15.05
(<13 038 0.47
Totals | 100.00
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Fig. 3 (a) Schematic of the ion-exchange waterglass procedure. (b) Elemental mapping (energy dispersive spectroscopy — EDS) analysis of aerogel

samples including waterglass before and after the ion-exchange procedure, respectively. (c) SEM image showing the microstructure of the ion-exchange
waterglass-based aerogel. (d) Thermal conductivity vs. sintering temperature for both non-ion-exchange and ion-exchange waterglass-based aerogels,
respectively. (e and f) Isotherm curve and pore volume plots from BET/BJH tests for both non-ion-exchange and ion-exchange waterglass-based
aerogels respectively. All results correspond to aerogel specimens (sintered to 600 °C) with a 1:1 SDS/CTAB ratio, and urea molar ratios of 4.125 mol L™*
(b—d) and 6.875 mol L™ (e and f) respectively.

2730 | Mater. Adv, 2022, 3, 2726-2736 © 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01086g

Open Access Article. Published on 18 January 2022. Downloaded on 2/7/2026 5:04:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of a reinforced network structure during an accelerated gela-
tion rate. The use of urea as an in situ foaming agent, on the
other hand, could promote pore formation due to its decom-
position in ammonia and carbon dioxide as a result of the
chemical reactions existing during solvent condensation under
APD conditions. The presence of ammonia would increase the
pH of the precursor during condensation, while also accelerat-
ing the polymerization of silicon alkoxides®* that could even-
tually deliver shorter gelation times as highlighted in Fig. S8
(ESIT). The silica aerogel is produced following the APD
method.

A key factor in improving both the thermal performance and
physical properties of waterglass-based aerogels is the imple-
mentation of an ion-exchange procedure prior to synthesis of
the aerogel precursor. As the diluted waterglass (in de-ionized
water) is passed through a bed of cation-exchange resin,
sodium ions contained in the aqueous waterglass solution are
replaced by hydrogen ions - present in the resin, hence giving
rise to an aqueous solution of active silicic acid as a result of the
ion-exchange mechanism that takes place. A simplistic scheme
of this procedure is shown in Fig. 3a, which typically yields an
acidic colloidal solution with pH values between 2 and 4 that
contains particles with a diameter of 2 nm or lower.*® Elemen-
tal mapping (energy dispersive spectroscopy - EDS) analysis of
the aerogel samples that have been synthesized using
waterglass-based solutions prior to and after the ion-exchange
procedure confirms effective removal of sodium ions from the
diluted waterglass, as shown in the tables of composition
included in Fig. 3b. Aerogels obtained by means of this purified
silica source tend to form a homogeneous bulk monolithic
configuration when compared to the non-ion-exchange water-
glass counterpart (Fig. S1b and S1a, ESIt), as well as featuring a
uniform, dense microstructure in the nanoscale range - as
shown in Fig. 3c, in part as a direct effect of the high contents
of silica nanoparticles. Furthermore, aerogels produced with
ion-exchange waterglass offer a better thermal performance, by
virtue of a lower value of thermal conductivity than the
non-ion-exchange waterglass specimen (24.9 mW m™"' K '
and 30.8 mW m~ " K ' respectively) - as seen from Fig. 3d,
which can be attributed to a refined structure skeleton and
superlative pore integrity due to the appropriate removal of
sodium ions and other impurities that could seemingly develop
blockage of the pores and a potential increment of the solid
phase of the thermal conductivity of the aerogel.

A thorough analysis of the values of thermal conductivity of
aerogel samples with different urea molar ratios and weight
percentage of ion-exchange waterglass suggests that, for a one-
to-one ratio (1:1) of the surfactants (SDS/CTAB), a urea molar
ratio of 4.125 mol L™" and 25 wt% ion-exchange waterglass
yield an optimum thermal performance by virtue of lower
values of thermal conductivity (24.9 mW m~" K™") as shown
in Fig. S2 (ESIt). Two opposite trends can be noticed for such a
surfactant ratio, with (i) values of thermal conductivity tending
to increase (24.9 mW m~' K™' for 4.125 mol L™" of urea, to
27.8 mW m ' K for 16.5 mol L™ " of urea) and (ii) values of
porosity decreasing as the quantity of urea increases (96.3% for
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4.125 mol L™ " of urea, to 87.3% for 16.5 mol L' of urea) - as
shown in Fig. S3 (ESIt), which could be the result of both a
concurrent increment of the average pore size of the aerogel
and a decrease in the number of pores that would presumably
introduce a simultaneous increase in the thermal conductivity
of the aerogel in the gas and solid phases, respectively.

On the other hand, an assessment of the specific surface
area (SSA) as a critical physical property of aerogels shows that
for the same one-to-one ratio (1:1) of the surfactants (SDS/
CTAB), the highest value of SSA (399.2 m” g” ') occurs at a urea
molar ratio of 6.875 mol L™' and 25 wt% ion-exchange water-
glass, results obtained from tests based on the Brunauer-
Emmett-Teller (BET) adsorption method. In a similar fashion
to the case of the analysis of thermal conductivity, this highest
value of SSA corresponds to one of the lowest values of porosity
(~89.4%) as shown in Fig. S4 (ESIt). The above highlights the
importance of both pore size and porosity on the volume of gas
adsorbed at standard temperature and pressure (STP) required
to produce an apparent monolayer on the surface of the
sample, this amount of the adsorbate gas being the most
critical factor when determining the SSA of a powder. Moreover,
Fig. 3e and f confirm that aerogels obtained from ion-exchange
waterglass would both (i) absorb a much higher quantity of gas
during the BET test, and (ii) have a larger pore volume than the
non-ion-exchange waterglass aerogel, respectively, which could
be a direct consequence of the urea present in the precursor
that acts as a polymerization accelerator of the purified water-
glass, hence freezing the structure prior to any macroscopic
phase separation taking place® and preserving structural
homogeneity during APD of the aerogels.

The results obtained from thermal conductivity tests at
room temperature (RT - 15 to 25 °C) of aerogel samples with
different surfactant ratios indicate that the lowest values occur
for a 1:2 ratio (SDS/CTAB) - as shown in Fig. 4a, which would
happen for both the original state and sintered specimens (to
300 °C, 400 °C, 500 °C, and 600 °C), respectively. Typically, the
SEM images of these aerogels show a three-dimensional type
network structure, which is particularly noticeable in speci-
mens that have been sintered to 600 °C as a mechanism to
remove the organic matter and preserve the mesoporous micro-
structure typical of silica aerogels as depicted in Fig. 4b and
Fig. S5 (ESIt). A CTAB ratio of 0.66/1 (i.e. 1:2 SDS/CTAB) yields
the lowest value of thermal conductivity at 23.4 mW m~ ' K™,
while a complete opposite trend is observed in regards to
porosity with significantly high values of 97.4% and 98.3%
for CTAB ratios of 0.66/1 and 0.75/1, respectively, as shown in
Fig. 4c, which highlights the direct, but inverse, relationship
that exists between these two properties. It is important to
notice that even though the overall molar ratio of the combined
surfactants remains the same (0.12 mol L"), only one parti-
cular ratio of the surfactants would yield superlative thermal
performance by virtue of the mixed micelle formation of the
anionic (SDS) and cationic (CTAB) surfactants that takes place
within the mixed SDS/CTAB system as a result of the attractive
interactions between the monomers.”> Moreover, mixed
micelles not only exhibit different physicochemical properties
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Fig. 4

(a) Thermal conductivity vs. sintering temperature for ion-exchange waterglass-based aerogels with different co-surfactant ratios. (b) SEM image

showing the typical mesoporous microstructure of ion-exchange waterglass-based aerogels. (c) Thermal conductivity and porosity vs. CTAB ratio;
(d) BET SSA and average particle size vs. CTAB ratio for silica aerogels with optimal quantities of ion-exchange waterglass and urea. (e) Pore volume plot
from BET/BJH tests, and (f) weight loss % vs. temperature curves (TGA test) for aerogel samples with different co-surfactant ratios and optimal quantities
of ion-exchange waterglass. All results correspond to aerogel specimens (sintered to 600 °C) with 6.875 mol L™ of urea and 25 wt% ion-exchange

waterglass.

according to their surfactants’ composition ratio, but these can
also host different amounts of silica from the waterglass in
their core that will eventually break through the barrier that has
been formed by the surfactants’ system and form the silica
aerogel backbone. Consequently, silica contents in the aerogel
will be determined by the nature of the mixed micelles, which
is, in turn, defined by the surfactants’ composition ratio.

In regard to the values of specific surface area (SSA), from
the lowest value obtained (271.96 m”> g~ ") for a CTAB ratio of
0.33/1 (or 2:1 SDS/CTAB), the SSA of sintered specimens
increases gradually until reaching a maximum value of
541.6 m> g~ for the CTAB only sample (control value) as shown
in Fig. 4d. Nevertheless, the values of the average particle size
indicate an opposite tendency, achieving the highest value of
approximately 22 nm for a CTAB ratio of 0.33/1, which then
decreases gradually to the lowest value of 11.08 nm for the
CTAB only specimen. The values of porosity, on the other hand,
increase steadily as the CTAB ratio also increases, although it
starts to decrease at a CTAB ratio of 0.75/1 (or 1:3 SDS/CTAB) -
after reaching a maximum value in the vicinity of 98%, to drop
to approximately 84% for the CTAB only sample as indicated in
Fig. 4c. The fact that the values of SSA keep increasing beyond
such a CTAB ratio of 0.75/1 where the values of porosity
decrease by almost 14% can be attributed to a significant
improvement of the pore volume values for specimens with a
CTAB ratio beyond this mark - as shown in Fig. 4e, which will
actually produce higher values of surface area of the pores, even
though the number of these seem to reduce by a considerable
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fraction. Data in connection with these relevant aerogel proper-
ties (namely thermal conductivity, SSA, pore width, average
particle size, and porosity) can be found in Table S1 (ESIf).
The thermal stability of the waterglass-based aerogels with
different surfactant composition ratios was investigated by
means of TGA/DSC analysis that was performed from RT
(15 to 25 °C) to 800 °C. In all cases, a congruent pattern could
be observed, with weight % vs. temperature curves shown in
Fig. 4f indicating that the initial weight loss occurs at around
70 °C due to the removal of water molecules that are still present
in the specimens. This is followed by a sharp weight loss that
begins at around 200-300 °C - depending on the composition
ratio of the surfactants in the aerogels, and that continues until
approximately 550 °C for all samples analyzed, which could be
attributed to the thermal degradation of organic matter existing in
the specimens. The thermal degradation of the aerogel samples
beyond 550 °C is almost negligible, with the resulting weight loss
totaling approximately 30% of their initial mass once the tem-
perature has reached 800 °C. This difference in weight loss could
be associated with the removal of different amounts of not only
organic molecules from the surfactants and urea resulting essen-
tially from the dissimilar chemical reactions present during the
sol-gel process, but also the residual, unreacted silica that had not
been effectively extracted during the washing stage of the aerogel
precursor. From the X-ray diffraction (XRD) spectra obtained —
and shown in Fig. S6 (ESIt), only a rather noticeable peak at 26
approximately equal to 22° is observed in all aerogel specimens,
which is typical of their amorphous structure and directly related

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the bonding angle of the Si-O-Si siloxane functional groups*’
that form the backbone of the silica aerogels.

Aerogels are renowned for their brittleness and fragility.
When produced in bulk, monolithic form, they possess some
inherent mechanical strength, although they can rapidly
collapse once the value of maximum allowable stress is
achieved due to their inability to withstand loads beyond the
elastic regime. Moreover, cyclic load schemes are rarely feasible
since their structure is substantially damaged when the load
range within the elastic regime is accomplished. One of the
most common practices to overcome such brittleness and
fragility is to mix fibers with the aerogel precursor - prior to
the drying stage - to produce composite specimens, in order
to (i) take advantage of the physical properties of the fiber to
introduce some degree of elasticity to the resulting product, as
well as (ii) improving the thermal performance of fiber-based
products by virtue of the aerogel precursor being used. Fig. 5a
shows the schematic of the methodology that has been used for
the preparation of cellulose fiber/aerogel composite specimens,
a scalable procedure that is thoroughly explained in the mate-
rials and methodology section. Since vacuum filtration is
implemented in order to remove all the liquid from the fiber/
precursor mix and allow for the effortless extraction of the
sample from the experimental setup, a rather neat layer-upon-
layer fiber/aerogel arrangement is typically achieved as revealed
by the SEM images of the cross-section of the specimens shown
in the insets to Fig. 5b and c. It is worth emphasizing that when
optimal quantities of the aerogel precursor are used, the

ceLLuLosE

MIXER

PRECURSOR/FIBER
COMPOSITE SAMPLE

VACUUM FILTRATION
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methodology reported promotes a superior cross-linking
between the fiber and aerogel as illustrated in the SEM images
included in Fig. 5¢ (both main and inset), while Fig. 5b, on the
other hand, shows the microstructure of both the surface and
cross-section (main and inset, respectively) of a composite
specimen with low thermal performance (high value of thermal
conductivity) due to a noticeably poor cross-linking between the
fiber and aerogel.

Fig. 5d, on the other hand, presents the results of thermal
conductivity in relation to the quantity of aerogels contained
for the entire group of samples - including the three different
aerogel precursors used, with the curves shown representing
each of the trends for the full set of datapoints obtained
following thermal conductivity tests. Logarithmic fit has been
used for curve fitting due to the nature of the dataset, which
only presents one substantial change in the trend (minimum
values of thermal conductivity) to then follow a definite increas-
ing tendency as the wt% of aerogel increases. Analysis of the
trendlines suggest that as the percentage of CTAB increases in
the aerogel precursor, the value of thermal conductivity of the
composite samples tends to decrease, with the lowest values
belonging to the CTAB only precursor (overall lowest value of
27.7 mW m~" K ') that has been used as a control value, while
specimens from the 1:2 SDS/CTAB ratio follow closely
with and overall lowest value of thermal conductivity of
28.6 mW m~ " K '. Such a tendency could be attributed to the
distinct effect of the different concentrations of cationic sur-
factant (CTAB) on the resulting silica aerogel structure for the
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Fig. 5

(a) Schematic of the fiber/aerogel composite specimen procedure. (b and c) SEM image showing the microstructure of surface and cross-

sectional area (inset) for composite specimens with poor and good thermal performance, respectively. (d and e) Thermal conductivity vs. aerogel
weight% for composite specimens with different co-surfactant ratios — includes the resulting trend for all samples produced and thickness dependence,
respectively. (f) Stress vs. strain curves of composite specimens with different co-surfactant ratios and monolithic aerogel samples, respectively.
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different aerogel precursors used, which may have interacted
distinctively with the cellulose fiber, hence producing different
fiber/aerogel morphologies that would in turn introduce dis-
similarity in the thermal performance of the specimens. Since
diverse concentrations of CTAB would have a direct effect on
the micelle being formed during hydrolysis, which in turn
would affect both the resulting silica nanoparticle, porosity,
and pore size of the aerogel amongst its most relevant physi-
cochemical properties, different cross-linking effects of the
fiber/aerogel duo would occur, hence affecting the thermal
conductivity of the produced specimen in both the gas and
the solid phase. Furthermore, the values of thermal conductiv-
ity versus weight percentage of the aerogel for groups of
composite samples with a similar thickness (~2.2 mm) for
the 1:2 SDS/CTAB aerogel precursor are shown in Fig. 5e,
which does not only fairly correlate with the results in
Fig. 5d, but also confirms that the best thermal performance
for the SDS/CTAB based precursor (1: 2 ratio) — by means of the
lowest values of thermal conductivity at 28.6 mW m ' K ' -
occurs for a weight percentage of the aerogel of approximately
42%, this value being in agreement with that reported by
research work previously carried out on surfactant-based
aerogels.”®

Uniaxial compression tests were performed to characterize
the mechanical performance, with stress vs. strain curves for
bulk and composite samples shown in Fig. 5f. In order to more
effectively acquire meaningful results from the data obtained
after the tests, any readings related to both slack and align-
ment/seating of the sample (which is not a true response of the
sample, but an artifact of its geometry) has been disregarded by
including a “toe compensation” portion of the curve that would
help us obtain more accurate values of the elastic modulus. The
calculation of the elastic or Young’s modulus has been per-
formed using the tangent modulus in the linear region of the
stress—strain curve up to 10% strain, hence ensuring that the
sample is still in the elastic regime. The bulk monolithic
aerogel sample fractured at approximately 15% strain with a
maximum stress of 1405 kPa. The composite specimens were
compressed to 50% strain and then unloaded, with the
obtained results indicating that all composite samples could
withstand at least 50% strain without collapsing. Even though
some of the composite specimens (namely 1:1 SDS/CTAB and
CTAB only) yield compressive stresses at 15% strain that are
lower than that of the monolithic aerogel specimen at the
fracture point, the composites can be compressed further and
remain still fully functional after going through a full cycle of
loading/unloading. Furthermore, all composite specimens
tested allow a maximum compressive stress that is notably
superior (up to about 11 MPa as presented in Table S2, ESI{) to
those previously reported - in the region of 20 kPa at 40%
strain — for composite samples using ceramic fibers.>*** This
can be attributed to the nature of the fibril used, with cellulose-
based fibers being highly hydrophilic in essence, hence promot-
ing a strong bonding with both adjacent threads and interfacing
the aerogel precursor during the drying stage. Similarly, improve-
ment in the Young’s modulus (in compression) when compared
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to composite specimens using ceramic fibers** has been
observed, with a maximum value of 13.5 MPa for the
cellulose-based samples (as reported in Table S2, ESIf) in
contrast to 55 kPa as the highest value for the former.

On the other hand, tensile and flexural (or bending) tests
were also carried out to understand the performance of the
cellulose-fiber-based materials under these different stress
regimes. From the plots shown in Fig. S10 (ESI}), the material
prepared using the 1:1 SDS/CTAB aerogel precursor shows
superlative mechanical properties under tensile and bending
loads (~ 1.3 MPa and 1.85 MPa for tensile and flexural strength,
respectively), when compared with those specimens produced
using the other precursors being analysed. Such a trend in both
tension and bending — where a portion of the sample is subject
to tensile stress, which is completely the opposite one during
uniaxial compression, emphasizes that the in-plane and out-of-
plane properties of the materials vary from one to the other,
thus suggesting that a different fiber/precursor cross-linking
mechanism may be present and could have an impact on the
structural properties of the fiber/aerogel compound. Neverthe-
less, these superior mechanical properties and rigidity of the
samples translate into outstanding machinability attributes by
easily enduring some of the standard manufacturing opera-
tions, specifically sawing as one of the most useful processes
(depicted in Fig. 1d), which undeniably opens up a vast range of
applications for aerogel-based products in a number of indus-
trial sectors.

Conclusions

An all-around low-cost strategy for the production of silica-
based aerogel composite materials is proposed in this research
work, which comprise purified sodium silicate solution (also
referred to as waterglass) and commercial cellulose-based
fibers (~85% newsprint) as fundamental components. An
economical, straightforward ion-exchange procedure has been
used for the purification of the waterglass, yielding a colloidal
solution with high contents of silica nanoparticles that result in
better thermal performance due to the presence of a refined
structure skeleton and superlative pore integrity following the
removal of sodium ions and other impurities. Optimizing the
quantities of urea and surfactants (i.e. both the anionic SDS
and the cationic CTAB), which were introduced as pore devel-
oping agents during the sol-gel process to allow for the
implementation of ambient pressure drying techniques of both
aerogels and composite specimens, proved to be instrumental
in accomplishing superior physicochemical properties such as
porosity, density, cumulative pore volume, and specific surface
area that would have a direct impact on the improvement of
values of the thermal conductivity of the aerogel-based
materials.

Through a scalable, vacuum-filtration-assisted procedure,
along with the inclusion of cellulose-based fibers generated
from recycled paper and widely available, composite specimens
have been produced, which not only achieved outstanding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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values of maximum compressible strength at relatively low
strain when compared with the ceramic-fiber-based counter-
parts, but also resulted in an improved balance between
elasticity and rigidity that allows for easy, safe machinability
of the generated fiber/aerogel products. Such attributes posi-
tion these functional materials as promising alternatives in the
development of thermal-performance-enhanced products with
a broad range of applicability at an industrial scale.
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