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ABSTRACT:

Hybrid aerogels have been prepared by freeze-drying technique after mixing water dispersions of cellulose
microfibers or cellulose nanofibers and silica (SiO,) of type SBA-15 (2D-hexagonal). The prepared composites
were characterized by different analysis techniques such as SEM, hot-filament, DMA, etc. These composites
are compared to those previously prepared using nanozeolites (NZs) as mineral charge. The morphology
studied by SEM indicated that both systems have different structures, i.e., individual fibers for cellulose
microfibers WP-based aerogels and films for nanofibrillated cellulose NFC-based ones.... These differences
seem to be driven by the charge of the particles, their aspect ratio and concentrations. These hybrid materials
exhibit tunable thermal conductivity and mechanical properties. The thermal conductivity values range
between ~18 to 28 mW.m™. K" and confirm the superinsulation ability of these fibrous aerogels. Synergism on
the thermal insulation properties and mechanical properties was shown by adjunction of mineral particles to
both cellulose-based aerogels by reaching pore size lower than 100 nm. It significantly reduces the thermal
conductivity of the hybrid aerogels as predicted by Knudsen ef al. Furthermore, the addition of mineral fillers

to aerogels based on cellulose microfibers induced a significant increase in stiffness.

KEYWORDS: Aerogels, cellulose microfibers WP, TEMPO-oxidized NFC, silica, lyophilization, porosity, superinsulation,

mechanical properties

1 INTRODUCTION

Nanostructured aerogel materials (silica aerogel, poly-
urethane, cellulose, etc.) offer the properties of thermal
superinsulation (thermal conductivity less than that of
the free air) potentially fascinating for the reduction of
the thermal losses of the envelopes, including those of
the buildings. Thus, they can considerably contribute
to the reduction of the energy consumption of this sec-
tor, which is very intensive [1, 2]. In fact, the pores of
nanometric sizes allow limiting the thermal transfers
via the gas phase (contained in the porosity) and thus
achieve very low thermal conductivities.

In the field of the thermal insulation of buildings,
nanostructured silica materials are the most studied. In
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addition, the pyrogenic silica and aerogel silica exhibit
thermal conductivities of the order 18 mW.m™".K™ in
normal atmospheric conditions [3, 4]. The pyrogenic
silica implemented in the form of “breads” (com-
pacted and binding) are currently being studied as the
core of panels under vacuum (VIP, vacuum insulation
panel) [5].

Aerogels can be either inorganic containing silica
[6-11] or organic, for example, resorcinol-formalde-
hyde [12, 13]. They have a very low thermal conductiv-
ity, often superinsulators, and relatively fragile (aerogel
of silica [14]) or made of toxic molecules (organic aero-
gel [15]). Mackenzie et al. [16] were first to develop
organic-inorganic hybrid aerogel. It consists of a silica
matrix consolidated by incorporation into the sol-gel
of silicone macromolecules. The mechanical charac-
teristics and thermal conductivities of the aerogels are
excellent (high densities). Other hybrid aerogels were
later developed [17-19]. Investigations on cellulose
containing aerogels (and cellulose derivatives or other
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polysaccharides) were reported in many recent papers
[20-23] and then a new way of research was carried
out with the aim of developing superinsulating aero-
gel materials from bioresources. The nanocellulose
used were prepared by means of TEMPO (2,2,6,6-tet-
ramethylpiperidine-1-oxyl) oxidative pretreatment
[24, 25].

On the other hand, Mobil oil company developed a
new class of silicates and mesoporous aluminosilicates,
so-called MCM [26, 27] and SBA-x. These materials are
potential candidates for applications belonging to very
varied fields such as those of catalysis, optics, sensors,
processes of separation, of the adsorbents and acousti-
cal and electrical insulation [28, 29]. The synthesis of
SBA-x (x =1, 2, 3...) and their structures (SBA: Santa
Barbara) were described in 1995 in the report [30].

The combination of cellulose nanofibrils and inor-
ganic nanoparticles yield hybrid materials with
expected synergistic effects obtained when the struc-
ture of the resulting hybrid material is controlled. This
synergistic effect has been widely demonstrated while
studying bulk materials. For example, Liu ef al. [31, 32]
combined Montmorillonite clay and cellulose nano-
fibril to prepare nanopaper with high oxygen barrier
properties. Other examples of synergetic properties
are reported in the literature on the combination of cel-
lulose nanofibrils and inorganic nanoparticles [33, 34].

In the present work, we propose a preparation
method to obtain nanoporous hybrid aerogels based
on cellulose nanofibers and silica (SBA-15) particles to
achieve lower thermal conductivity of these materials.
To the best of our knowledge, only a few studies [35,
36] in the literature have dealt with the application of
NFC-based aerogels as a thermal superinsulator, but
no studies on the combination of nanocellulose and
SBA-15 to prepare and study hybrid aerogels for ther-
mal insulation have been found.

2 MATERIALS AND METHODS
2.1 Materials

The rachis of date palm tree (Phoenix dactylifera L.) was
used in this work as the original source of cellulose.
Cellulose was extracted from the rachis following the
procedure well described in our previous work [37],
and the extracted cellulose will be referred to in the
coming text as white paste (WP). Prior to that, the cel-
lulose content was determined and conformed to that
published in the literature [38, 39].

TEMPO, sodium bromide, sodium hypochlorite
solution (15%), HCl, and NaOH were purchased from
Sigma-Aldrich and used without further purification.
The general procedure and reagent ratios employed by
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Wau et al. [40] were utilized for TEMPO-mediated oxi-
dation of cellulose fibers. About 2 g, i.e., 2.136 mmol
of equivalent anhydroglucose unit (AGU) of cellulose
was suspended in water (200 ml) and sonicated with
a Branson Sonifier for 5 min. TEMPO (32 mg, 0.065
mmol) and NaBr (0.636 g, 1.9 mmol) were added to
the suspension. An additional amount of the NaOCl
solution, corresponding to 40.5 ml, was versed drop-
wise in the cellulose suspension. The pH was adjusted
at 10 by addition of a 0.1 M aqueous solution of HCL
The pH of the mixture was maintained at 10 at 4 °C
by continuously adding 0.1M NaOH while stirring the
suspension. After 2 hours of reaction, the oxidation
was terminated by addition of methanol (5 ml) and the
pH was adjusted to 7 with 0.1M HCI. In the rest of the
article the NFC produced will be called NFC-2h.

After the pretreatment, a 2% fiber suspension in
water was subjected to homogenizing action using a
Panda 2K Laboratory Homogenizer (Gea Niro Soavi
S.p.A, Italy). To obtain nanofibrillated cellulose (NFC)
the oxidized cellulose was disintegrated by pumping
the suspension up to 15 times through the homoge-
nizer. Efforts were made to keep the pressure constant
at 650 MPa for all cycles and all samples. During the
process, the viscosity and temperature of the suspen-
sion was increased with increasing number of passes.
The maximum temperature reached was 70 °C.

Silica (SiO,) of type SBA-15 (2D-hexagonal) was
provided by the Materials with Controlled Porosity
team at the Institute of Materials Sciences of Mulhouse
(France) under the reference C500, of morphology A
(non-aggregated particles). It is formed of hexagonal
particles (rods) having a diameter of about 1 pm. Silica
(SBA-15) was calcined at 500 °C to eliminate the struc-
turing and thus release the porosity. The protocol used
for the synthesis of an organized mesoporous silica
(OMS) of type SBA-15 was inspired by the work of
Zhao et al. [41]. The obtained SBA-15 (2D-hexagonal)
will be denoted as SBA-15 in the rest of this article.

Nanozeolites (NaAlO,, SiO,) achieved by IRMA-
Ploemeur (France) under the reference A14872, were
used as raw material for the preparation of the hybrid
aerogels. Nanozeolites are supplied as dispersion in
water. The mass concentration of the suspensions is
about 20%, and the density of the zeolites is 0.3 g.cm™.
It is formed of cubic particles having an average diam-
eter of about 150 to 350 nm.

All chemicals utilized during this protocol had
an analytical grade and were used without further
purification.

2.2 Preparation of Aerogels

First of all, NFC-2h or date palm tree cellulose (WP)
were resuspended separately in 50 ml of distilled water.
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Silica (SBA-15) or Nanozeolites (NZs) were obtained in
water solution. Then NFC-2h (NFC TEMPO treated for
2 h) or WP dispersion (depending on the targeted mix-
ture) was passed through an Ultra-Turrax homogenizer
and mixed with a specific amount of SBA-15 or NZs
under magnetic stirring. The solutions were pulled in
a Petri dish for one night at —20 °C and finally freeze-
dried using a Christ Alpha 1-2 LDplus apparatus under
80 mBar pressure and a -52 °C temperature. Freeze-
drying is carried out for 24 h to remove water traces.
The elaborated aerogels were stored in an oven under
vacuum at 25 °C to limit water uptake. The concentra-
tion of WP or NFC-2h was maintained constant and the
SBA-15 or NZs amount varies in mass as follows: 0%,
1%, 2%, 5%, 10% and 20%. Table 1 presents the compo-
sitions of various aerogels prepared in this study.

2.3 Experimental Techniques

2.3.1 Scanning Electronic Microscope (SEM)

The SEM studies were carried out using a JEOL
JSM-6460/LV  microscope (Acceleration voltage:
20 kV, Working distance: ~10 mm). As the materials
observed were insulating, the surfaces were metalized
with an ultrathin layer of gold by sputtering with a
Scancoat Six sputtering machine from Edwards. The

SEM studies were carried out on a cross section of the
hybrid aerogel, where the morphology is homogene-
ous over 100 s of pm scale.

2.3.2 Zeta Potential Measurements

Zeta potential measurements were carried out using
the zeta-meter Zetasizer Nano ZS from Malvern
Instruments. It is a technique of light scattering.
Surface charge and the stability of the suspension of
all solutions were used (WP, NFC-2h, NZs and SBA-
15) and analyzed. The ionic strength of the dispersion
medium was the same for all measurements.

2.3.3 Thermal Conductivity Measurements

The system utilized to measure the thermal conductiv-
ity was the “hot-filament” technique (Figure 1). The
aerogel volume needed to fill the measurement cham-
ber is 1.65 cm®. It was composed of two cavities; one
with the sample (1) and the other containing polyure-
thane foam (2). Both parts symmetrically surrounded a
thin nickel/chrome heating filament (3). Both cavities
and the filament were maintained in an isothermal box
made of aluminum (4). The filament (3) was isolated
from the box (4) with polymer thin films (20 pm thick)
(5). The filament (3) was electrically alimented with

Table 1 Geometrical and physical characteristics of the used materials obtained at 25 °C.

Chemical | Pore size | Length mean + | Width mean | Aspect | Zeta potential Crystalline
Sample structure (nm) SD (nm) + SD (nm) ratio (mV) (pH 5-6) index
Pristine Cellulose WP Cellulose - (500 + 30).10° (25+6).10° | 20+5 -283+2.1 72%
Nanofibrilated Cellulose
oxidized 2 h NFC Cellulose - 300 + 20 20+ 4 15+5 —-639+4.3 58%
N lit Alumi
anozeotte.  Line <2 150-350 - 344+09 > 95%
(Slurry solution) Silicate
SBA-15 (2D-hex) Silica 7 micrometric size (~1 pm) - -1,3+0,7 -
1: Aerogel to be characterized
4
2: Polyurethane foam
5 1 ™~ 7 3:NiCr filament, 2um x 4mm x 20 mm
\ fol /

4: |sothermal box (aluminum)

5: Thermic insulator (polymer)

6: Metallic electrodes

7: Thermocouples, type K, diameter 0.1mm

Figure 1 Scheme of the thermal conductivity measurement system.
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two metallic electrodes (6). The temperature of both
sides of the sample (2) was measured with two type
K thermocouples (7) implemented in the system. The
box (4) was thermostated at 20.7 °C with water circuit.

The thermal conductivity of the sample (1) was
determined in steady state from the measurement of
the conductance ribbon-housing (W.K™). The conduc-
tance is evaluated by the ratio of the heating measured
in the center of the sample and the electric power dis-
sipated by the sample. In our protocol, the heating is
imposed and maintained at 10 °C.

The conductance is related to the sample ther-
mal conductivity and follows a linear law depend-
ing on the measurement system: K = A. A + B, with
K (WK™) being the conductance, A (W.m™.K™) the
thermal conductivity and A and B experimental con-
stants depending on the sample geometry, the cavities
and the thermocouples. Therefore, the first step of a
measurement was the calibration of the system done
by measuring the conductance of materials having a
known conductivity.

2.3.4 Mechanical Properties

The mechanical properties of the hybrid aerogel were
determined with dynamic mechanical analysis (DMA)
realized with a DMA 2980 from TA Instruments. The
compression modulus was measured on samples hav-
ing the following dimensions: 25 x 25 x 4 mm?®. The
tests were carried out in a controlled environment
room having an ambient temperature of 23.4 °C and
a humidity of 50%. The mechanical properties were
determined for a frequency of 1 Hz and displacement
of 0.05 mm. This technique has been used to character-
ize the compression modulus (E) and the yield stress
(,) of all hybrid aerogels.

2.3.5 Thermal Properties

Two techniques have been used to characterize the
thermal properties of the materials. First, thermogravi-
metric analysis (TGA) was utilized to determine the
loss of mass while increasing temperature. Differential
thermal analysis (DTA) measured the exchange of heat
during a temperature cycle. The ATG and ATD were
always coupled in order to carry out the two analyses
on the same sample. These analyses were conducted
using a Mettler Toledo TGA /DSC thermogravimetric
analyzer with 1STARe software. Approximately 50 mg
of the sample was deposited in a crucible in alumina
with a volume of 900 pl. Analyses were carried out
under inert atmosphere (under nitrogen). The sample
undergoes a rise in temperature of 20 to 600 °C with
a flow of heating of 10 °C/min. The loss of weight
caused by thermal degradation was recorded for each

302 J. Renew. Mater., Vol. 6, No. 3, April 2018

sample (against the initial weight) to identify the com-
ponents degraded.

2.3.6 BET Analysis

Nitrogen adsorption/desorption isotherms were
obtained using a Micromeritics ASAP 2420. The sam-
ples in the form of hybrid aerogel were placed in the
measuring cell to degas all water molecules adsorbed.
The degassing of the material was carried out accord-
ing to the following procedure: by heating at 50 °C
for 1 h and then at 100 °C for 15 h under 10> Torr. We
chose relatively mild degassing conditions in order
not to degrade the sample and to be sure to remove all
water molecules.

Subsequently, the measuring cell was placed into
an insulated tank filled with liquid nitrogen. This
allows maintaining the sample at ~196 °C throughout
the measurement, the temperature at which gaseous
nitrogen adsorption was possible on a solid surface. A
nitrogen adsorption/desorption isotherm represents
the evolution of the volume of nitrogen adsorbed per
gram of sample extrapolated to standard conditions of
temperature and pressure (STP cm?®/g) depending on
the relative pressure of nitrogen (p/p°). Using the BET
theory, it is possible to evaluate the specific surface
and obtain information on the hybrid aerogel struc-
ture such as the pore size.

2.4 Physicochemical and Structural
Characterization of Raw Material
Solutions

In this section we report on some characteristics and
physicochemical properties of the raw materials used
in this study. These properties, which were obtained
from previous reports we have published, are impor-
tant to discuss the results on the composites” aerogel
properties and structures we are presenting in the pre-
sent article. Table 1 compiles all these properties.

In fact, the morphology of NFC-2h and pristine
cellulose white paste (WP) was characterized by dif-
ferent analyses techniques (atomic force microscopy
and FE-SEM) in our article [42]. The fibers in WP sam-
ples had a diameter of about 25 pm and were some
hundreds of micrometers long. When oxidized for 2
hours under TEMPO treatment, fibrils obtained lower
diameter (around 20 nm) and lower length (about 300
nm). This drastic reduction of the fibril diameter is the
result of the homogenization step made by mechanical
treatment and enhanced by oxidation process.

On the other hand, the zeta potential was measured
and presented in our previous papers [24, 43]. The WP
solution has a negative zeta potential of 28 + 2 mV,
which is expected for cellulose and close to the values
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obtained in the literature. After 2 hours oxidation, the
zeta potential decreased to —64 + 4 mV. This is in good
agreement with the fact that the oxidation process pro-
duces negative surface charges.

Moreover, the crystalline index was determined
by X-ray diffraction. The pristine cellulose WP has a
crystallinity of 72%. This is close to the value obtained
by Benhamou et al. [24]. After oxidation, the crystal-
line index decreases to 58% [44]. The oxidation and
the mechanical homogenization destroys inter- and
intramolecular interactions of the cellulosic fiber. This
destruction might cause the reduction of the particle
crystallinity.

The silica particles SBA-15 (2D-hex) of micromet-
ric size (~1 pm) have a pore size between 2 and 30
nm (as characterized by the supplier) and their zeta
potential is close to -1.34 + 0.69 mV for a pH of 6.3.
Nanozeolite dispersions were characterized in terms
of particle size of zeolites, zeta potential and pH in
our paper previously published [45]. We also used the
analysis of X-ray diffraction (XRD) to confirm the pres-
ence of crystallinity of zeolite. A pore size distribution
between 150 to 350 nm was determined and confirmed
by SEM cliché for nanozeolites [42, 45]. The aggrega-
tion process is restricted by a negative zeta potential
(-34.43 = 0.85 mV for a pH of 6.26) (Table 1) below -30
mV. This potential is sufficiently high to avoid particle
interaction and to stabilize the particle suspension [46].

3 RESULTS AND DISCUSSION

3.1 Structural Characterization of the
Aerogel Monoliths

In this section, our aim is to study the structure of the
generated aerogel monoliths prepared by the freeze-
drying of a mixture of (cellulosic materials) and (NZs
or SBA-15).

After the release of ice by sublimation, the aerogels
were without solvent and they looked relatively homo-
geneous in terms of surface smoothness. Repeatedly,
streaks were visible on the surface of the obtained
aerogel monoliths (Figure 2) due to the growth of ice
crystals during the freezing step. After the first mac-
roscopic observations, the aerogels appear to be rel-
atively stiff. The films can be easily compressed by
hand and return to the original position after a few
minutes, showing a high elastic behavior. Neither loss
nor deposition of volatile or fragile matter on hands
when handling the obtained materials is observed
(Figure 2). It is worth noticing that all aerogels show
densities in the range of 22-24 kg.m~, which makes
the comparison of their properties meaningful.

The dispersion of mineral fillers in the various cel-
luloses has been the subject of many studies [47]. A

J. Renew. Mater., Vol. 6, No. 3, April 2018

Figure 2 Photograph of aerogels dried by freeze-drying.

better dispersion of the reinforcement would signifi-
cantly improve the mechanical properties of materi-
als. The quality of the dispersion and distribution of
mineral charges in the various celluloses (WP and
NFC-2h) were assessed through observation by SEM.

Figure 3 shows the SEM micrographs of the binary
systems studied in this article. The cross section of
aerogels obtained from pristine cellulose WP fibers of
date palm tree and those mixed with 5 wt% and 10
wt% SBA-15 are depicted in Figure 3a,b and ¢ respec-
tively. All images are given in the same scale to facili-
tate the observation of the effect of dispersion based
on different concentrations of SBA-15 on the pristine
cellulose WP fiber surface.

Figure 3a shows the morphology for pristine cellu-
lose WP aerogel (reference). One can estimate an aver-
age diameter of about 25 pm for individual fibers. In
magnification 200x corresponding to WP (Figure 3a),
it is possible to observe thin cellulose films connect-
ing two fibers (white arrows in Figure 3a,b,c). These
films result from the process and are due to the peeling
of fibers during grinding and bleaching processes. We
have to recall here that the structure of the WP fibers
is similar to that of the cell wall fibers of wood, which
consists of a multilayer structure. The SEM micrograph
for the aerogels made of WP and 5 wt% SBA-15 is pre-
sented in Figure 3b. It is clearly shown in the figure
that a similar structure is obtained with this mixture
(WP fibers network with remaining peeled films from
the process [white arrows in Figure 3b,c]). However,
while zooming in on individual fibers, it’s possible to
observe that SBA-15 is grafted onto the WP fibers sur-
face. Figure 3b,c highlights a good dispersion of the
SBA-15 on pristine fiber surface with the presence of
a few aggregates. However, beyond the 5% in weight
of SBA-15 (Figure 3c), we have noticed the presence of
more aggregates. In this structure, the SBA-15 is fixed
to the WP fibers surface by the hydrogen bonds. On the
surface of the amorphous silica walls, silanol groups
have been characterized, which makes possible the

; © 2018 Scrivener Publishing LLC 303
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Figure 3 SEM micrographs of (a) Raw pristine cellulose WP, (b) and (c) are loaded respectively with 5 wt% and 10 wt% of SBA-
15, (d) represents raw NFC-2h, (e) and (f) show NFC-2h mixed respectively with 5 wt% and 10 wt% SBA-15. White arrows show

the NFC films coming from residual NFC left after purification.

formation of hydrogen bonds. On the other hand, it’s
well known that carboxylate groups provide emulsify-
ing properties to the molecules or polymers that carry
them. This property helps by offering good dispersion
of inorganic particles in general.

Figure 3d,e,f shows the SEM micrographs of aerogel
cross section made of NFC obtained after 2 hours oxi-
dation of date palm tree fibers (NFC), SBA-15 (5 wt%
and 10 wt%), respectively. For a bettter understanding,
a single scale of observation has been used to highlight
the dispersion effect of the SBA-15 concentration in
NFC. These figures show that instead of having indi-
vidual fibers, the NFCs are organized in films. This is
classical for aerogels made from NFC hydrogels hav-
ing a concentration higher than 0.5 wt%. The chemical
groups carried by the NFC surface due to the oxida-
tion of NFC allow forming H-bonding. This bonding
allows the cellulose nanofibers to interact and to form
such a uniform structure. These films can have a large
area (more than 5000 pm? [insert in Figure 3d]). The
NFC sheets are interacting together, forming a 3D net-
work with cavities. As depicted in the micrographs, a
good dispersion of SBA-15 on the NFC/SBA-15 film
surface, especially at 5 wt% SBA-15, was obtained. We
have noticed the presence of more and larger aggre-
gates at concentration of 10 wt% of SBA-5 (Figure 3f).
Interestingly, it seems that the concentrations of the
SBA-5 particles on the NFC-2h films are higher than

304 J. Renew. Mater., Vol. 6, No. 3, April 2018

on the WP fibers at the same concentration of SBA-
15. This may come from the zeta potential of the cel-
lulosic fibers, which is related to the concentration of
carboxylate groups on their surface. The potential of
the WP (= —28 mV) is higher than the potential of NFC
(=—64 mV). It means that the surface charge density is
higher for NFC than WP (NFC surface contains many
more carboxylate groups than WP). Therefore, the
electrostatic interactions between SBA-15 and NFC are
greater and a better adsorption of the SBA-15 into NFC
is observed when compared to WP.

We can draw a few conclusions based on this study.
The adsorption of SBA-15 is easier on NFC compared
to WP. The aggregation of SBA-15 particles is observed
only when their concentration exceeds 5 wt%. The
morphology of both systems is different: individual
fibers of WP and films of NFC. These differences in
morphology might be driven by the charge of the par-
ticles, their aspect ratio and concentrations. We also
discussed how the properties of each constituent influ-
ences the structure of the hybrid aerogels. Now, the
study will focus on the influence of the specific struc-
tures on the thermal and mechanical properties.

3.2 Thermal Characterization of Aerogels

We are interested in having tunable thermal properties
from designed hybrid materials.
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3.2.1 Effect of SBA-15 on the Thermal
Conductivity of WP and NFC-2h-Based
Aerogels

Prior to discussing the effect of SBA-15 on the ther-
mal conductivity of the studied cellulosic aerogels, it is
worth having a global discussion on the thermal con-
ductivity of the two families of materials (WP-based
materials and NFC-based materials) based on their
morphologies. In fact, the thermal conductivity is
the combination of several contributions [48, 49]. The
measured thermal conductivity is the sum of the con-
vective thermal conductivity (negligible in the case of
mesopores, but higher with macropores), the radiative
thermal conductivity (that depends on the opacity of
the material), the solid thermal conductivity (com-
ing from the density of the material and the thermal
conduction through the solid skeleton) and the gase-
ous thermal conductivity (related to the pore size via
Knudsen effect and the collision of gas molecules).
Figure 4 depicts the evolution of thermal properties of
aerogels formed from cellulosic mixtures of WP or NFC
with the various concentrations of SBA-15 (density ~22
kg.m™). From this figure, it is interesting to notice that
globally the aerogels based on cellulosic microfiber
(WP) show higher thermal conductivity compared to
the aerogel based on nanofibrillated cellulose (NFC).
From a morphological point of view, this behavior was
predictable since the morphologies and the sizes of the
porous structures are different. This also is in agree-
ment with the results we have published recently [42,
44]. In fact, Figure 3a,d highlights two very different
organizations. From WP, the cellulose fibers generate
a 3D network having macropores (roughly between
200 to 300 pm determined by SEM image analysis).
The pores are formed by the space between fibers. For
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Figure 4 Influence of the SBA-15 concentration of various
solutions on the thermal properties of the WP and NFC
aerogels. Arrow indicates similar thermal conductivity of
WP and NFC without SBA-15.
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NEFC, the structure obtained is films stacked on top of
each other, which form cavities having a smaller size
than that observed between the WP fibers. The high
thermal conductivity obtained for the WP-based aero-
gel probably arises from the fact that convective pro-
cesses are possible in the macropores. There is also a
huge gas conduction contribution as the air molecules
can interact with pore sizes higher than their mean
free distance. However, in the case of NFC-based aero-
gel, the lower size of the pore reduces the convective
contribution. Therefore, the thermal conductivity is
relatively lower than that of the WP-based aerogels.
It’s also possible that some mesopores would be pre-
sent in the structure. It was reported that the films
forming the cavities in NFC-based aerogel should con-
tain pores of nanometric sizes [50]. This would further
lower the gas conduction contribution and contribute
to the decrease in the effective thermal conductivity.

At a temperature equal to 22 °C and for a density
close to 176 kg.m=, the thermal conductivity of silica
SBA-15 is equal to 32.51 mW.m™".K”, close to that of
zeolites (31.68 mW.m™.K™) and nanozeolites (31.64
mW.m™.K™). This slight difference in the conductiv-
ity is due to the morphology and pore size of particles
(presence in silica SBA-15 of pores larger than 2 to 30
nm and superior to zeolites) [51]. In Figure 4, plain
and dashed lines show the evolution of the thermal
conductivity of aerogels based on WP/SBA-15 and
NFC/SBA-15. The fraction of nanoparticles has been
varied from 1 to 20 wt%. Interestingly, the thermal
conductivity of the hybrid aerogel based on cellulose
WP with a 1 wt% concentration of SBA-15 increased
compared to neat cellulose WP aerogels. However,
for the aerogels with contents of SBA-15 of 2 wt% or
more, a decrease of the effective thermal conductivity
is observed when silica SBA-15 content increases. The
same trend is observed for NFC-2h/SBA-15 aerogels:
an increase followed by a decrease appeared when
adding silica SBA-15 to the hybrid aerogel. However,
we found that their thermal conductivities are inferior
to that of WP /SBA-15 aerogels. From these results, we
can conclude that the larger the cellulosic fiber is, the
higher the thermal conductivity. This comes from the
arrangement discussed above, which is governed by
the interactions and the charge of the used cellulosic
particles.

Moreover, the decrease of the thermal conductiv-
ity observed in the systems based on cellulose WP
is because of the presence of silica SBA-15 particles,
which have internal pores in their structure (presence
of mesoporosity) which decrease the gas conduction
contribution (Figure 5a). However, the decrease of the
thermal conductivity for the NFC-2h-based aerogels is
due to both the internal porosity of silica SBA-15 (mes-
oporosity), to the tighter entanglement of the fibers
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Figure 5 Theoretical diagram of hybrid aerogel based on: (a) Pristine long fibers WP (black) with macroporosity and SBA-15
(blue); and (b) Cellulose nanoparticles NFC-2h (red) and SBA-15 (blue) with mesoporosity.

and the smaller size of nanofibers NFC-2h (Figure 5b).
The latter create pores of smaller size than the mean
free path of air molecules (~70 nm at atmospheric
pressure and ambient temperature), which allows sig-
nificant reduction of the contribution of the gas phase,
by Knudsen effect, and the achievement of interesting
thermal properties.

The formulation NFC-2h/SBA in the range of
15-20 wt% has a thermal conductivity much lower
(28.17 mW.m".K™") compared to other hybrid sys-
tems. Thus, the nanostructured network based on
nanofibers NFC-2h shows the best thermal insula-
tion properties. The values of thermal conductiv-
ity of these hybrid aerogels based on nanofibers are
very interesting and are almost in the same order of
magnitude of those obtained for polymeric aerogels
[52]. These experiments certainly open the way for
new applications of NFC-based aerogels as insulating
materials. Most aerogel materials used in insulating
applications show thermal conductivity higher than
20 mW.m.K1 [53, 54]. The obtained values (from
28 to 32 mW.m™.K™) of the thermal conductivity for
the hybrid aerogel-based WP/SBA-15 and NFC-2h/
SBA-15 are very close to that obtained for cellulose
aerogels from paper waste reported by Nguyen et al.
[55]. The thermal conductivity of NFC-2h/SBA-15
and WP/SBA-15 hybrid aerogels is comparable to
other composite aerogels reported elsewhere [56, 57]
and conventional thermal insulators such as mineral
wools and polymer foams.

3.2.2 Comparison Between the Effects of NZ-
and SBA-15-Based Aerogels

In this section, the thermal conductivities of hybrid
aerogel NFC/SBA-15 are compared to those based on
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Figure 6 Influence of the NZs and SBA-15 concentration of
various solutions on the thermal properties of the NFC-2h
aerogels.

NFC and nanozeolites. We have determined the min-
eral load for the composite which gives the best insu-
lation property. The values of the thermal conductivity
of the NFC/NZ hybrid aerogels are reported from our
previous studies [65].

Figure 6 depicts the evolution of thermal properties
of aerogels formed from cellulosic mixtures of NFC
with the various concentrations of NZs or SBA-15,
whose density is known (d ~ 20 kg.m™). From this fig-
ure, it is interesting to notice that for the system based
on NFC-2h, the thermal conductivity of the binary
formulation NFC-2h/20%-NZs is equal to 18.67
mW.m.K™!, which is lower than that of the air (~ 25
mW.m™.K™). The introduction of nanozeolites induces
an insulating effect much more important than the
silica particles SBA-15 with the NFC-2h. This effect is
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due to the pore size of the mineral charges. Zeolites are
microporous materials with pore sizes < 2 nm [58] and
silica SBA-15 presents pore sizes larger than zeolites
(from 2 to 30 nm). As a result, the dominant conduc-
tion for the two systems (NFC-2h/NZs and NFC-2h/
SBA-15) is gaseous conduction (a strong confinement
of free air between the NFC-2h films and meso- or
microporosity of mineral charges), which directly con-
trols the overall conductivity.

The thermal conductivity values (~18 to 28
mW.m".K") obtained for these hybrid aerogels
are lower than those obtained by Nguyen et al. (32
mW.m'.K?") [59] for cellulose aerogels prepared
from paper waste or wool (3040 mW.m™K).
However, they are comparable to those having the
best thermal insulation such as the silica aerogel (26
mW.m'.K™"), and aerogels produced by the Aspen
group (21 mW.m™.K™) [60, 61]. This low value of
thermal conductivity leads to a promising material for
thermal insulation. The studied aerogels are classified
as thermal superinsulators because they have less
thermal conductivity than the air (~25 mW.m™".K™).

To verify the influence of the NFC aerogels’ pore size
on thermal conductivity, Nitrogen adsorption experi-
ments were carried out. From the results obtained by
this technique, the porosities of all formulations devel-
oped were determined. Also, the specific surface area
has been conventionally estimated by the method of
Brunauer, Emmett and Teller BET (S;;,) [62, 63]. The
general trend for the evolution of the specific surface
area is: S, of cellulose microfibers (WP)-based aero-
gels are higher than those estimated for NFC-based
ones. For WP, the specific surface is close to 195 m?/g
when adding 20 wt% of nanozeolites, while for nano-
fibrillated cellulose (NFC) it is close to 100 m?/g when
adding 20 wt%, and similar results are obtained by
the system based on SBA-15. However, in light of spe-
cific surface areas and mean diameters of the particles
constituting the fibrillary mesoporous network (rang-
ing from 2 to 50 nanometers), one can qualitatively
conclude that the solid skeleton of hybrid aerogels is
nanostructured. This effect is not intuitive. In order
to explain this observation, we conjecture that the
NEFC films are surrounding NZs and SBA-15 particles,
which reduces the accessibility of nitrogen molecules
to the internal porous structure of the nanozeolites
and silica particles. The low thermal conductivity val-
ues for NFC/NZs and NFC/SBA-15 are interpreted
by the coexistence of the nanozeolites and silica pores,
which are non-accessible to nitrogen, and interfibrillar
cellulose pores that nitrogen can easily probe.

However, compared with most other aerogels
(silica and resorcinol-formaldehyde aerogels), these
specific surface values appeared to be relatively low.
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It suggests the existence of a small proportion of nano-
pores or poor accessibility to the latter. Macropores
observed by SEM (Figure 3a) on the cross section of
the aerogels dominate the hybrid aerogel structures
as suggested previously. The results obtained from
the specific surface area by BET for our materials are
superior to those described by Silva et al. [64] for cel-
lulose aerogels obtained after freeze-drying. However,
they are close to those gained by Sehaqui et al. [65] for
aerogels based on nanofibrillated cellulose prepared
by 6-step solvent exchange followed by CO, super-
critical drying.

3.3 Aerogel Mechanical Properties

Many aerogels have good insulation properties, but
their mechanical properties are not good enough to
make them industrially utilizable. In this section, we
are interested in having tunable mechanical proper-
ties from the designed hybrid materials. Also, one
of the very interesting properties of such a monolith
compared to other inorganic materials is its elasticity.
Therefore, it is necessary to optimize the interactions
and improved mechanical properties.

3.3.1 Effect of SBA-15 on the Mechanical
Properties of WP- and NFC-2h-Based
Aerogels

From compression stress-strain tests the mechanical
characteristics such as compression modulus E and
the yield stress have been deducted according to the
article published by Gibson and Ashby [66]. Figure 7
shows the evolution of the mechanical properties of
hybrid aerogels based on WP and NFC-2h with silica
SBA-15 used as nanofillers. The fraction of nanofillers
has been varied from 1 to 20 wt%.

The stiffness measured by the compression modu-
lus E is higher for the aerogel formed by the NFC-2h
than from the WP without SBA-15. To explain this dif-
ference, one should refer to the structural differences
of the two aerogels. For WD, the system is organized as
a fiber network and the possible interactions are there-
fore due to the interaction between two micrometric
fibers (cylinders). Then the contact area can be assimi-
lated to a point. However, for the NFC-2h aerogel, in
which the system formed as films where the contact
area is the contact of two plans, the contact area between
neighboring NFCs can be assimilated to a curve. The
contact area is then higher for NFC-2h system than for
WP system. This indicates that the induced cohesive
forces are higher for the NFC-2h system, the network
then is more difficult to compress. It has also been
shown that the pore size is bigger for WP and allows
more compressibility of the system before reaching the
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Figure 7 (a) Evolution of the compression modulus (E) and (b) the yield stress (6s) with the wt% of the silica SBA-15 added for

the hybrid aerogels based on WP and NFC.

network rupture force. This is in agreement with the
observations made by other groups working on nano-
papers [67]. The reinforcement in these aerogels seems
to be governed more by the strength of the interactions
between the various components.

At the micrometric scale (WP), the silica particles
(SBA-15) provide a mechanical reinforcement in the
cellulose up to 10 wt% (compression modulus moves
from 13.5 kPa to 136.4 kPa). These developments high-
light that the mechanical performance is determined
based on reinforcement provided by the silica (SBA-
15) to cellulose. Good mechanical properties are also
observed for the WP /SBA15-10 wt% formulations. By
contrast, a negative effect on the mechanical properties
has been observed by the introduction of silica (SBA-
15) in the formulations based on NFC-2h. These results
for the systems based on NFC-2h are unexpected, i.e.,
the strain increases slightly (results are not shown here)
while the yield stress and the module decrease when
the percentage of mineral load increases. According
to the literature [68-70], when the organic polymer is
filled by aggregates of mineral charges, the hardness
of the aerogel, the modulus of elasticity and the stress
fall significantly. Therefore, aggregations of silica par-
ticles SBA-15 and their micrometric size have a nega-
tive and strong influence, especially on the mechanical
properties for the binary system based on NFC-2h.
This loss of mechanical properties of the hybrid aero-
gels is not prohibitive for the commercial use of the
aerogels as insulators. However, it is worth noticing
that these hybrid aerogels show similar elastic behav-
ior against compression as the PMSQ-CNF composite
aerogels [52]. The values of the compression module
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for the hybrid aerogels (13-136 kPa) are higher than
those obtained by Nguyen et al. (11 kPa) [71].

3.3.2 Comparison Between the Effects of NZ-
and SBA-15 Based Aerogels

In order to compare the effect of loading and nature
of the mineral load on mechanical properties, hybrid
aerogels are represented in Figure 8. The results
reported for the nanozeolite (NZ)-based hybrid aero-
gels are reported from our previous studies [42].

For the hybrid aerogels based on cellulose WD, the
addition of the mineral charges, NZs or silica SBA-
15, led to a significant increase in the modulus. These
evolutions highlight the phenomenon of mechanical
reinforcement provided by these mineral charges to
the cellulose WP. As a comparison, we have noticed
that the silica particles have an effect of reinforcement
much larger than nanozeolites in the case of aerogel
based on cellulose WP, especially beyond 4 wt% of the
mineral filler. Moreover, above this weight fraction,
although higher than unfilled aerogel, the modulus
decreases strongly for the aerogel-based WP/NZs in
comparison to the WP /SBA-15-based ones.

However, in the case of NFC-based aerogel the vari-
ations of the modulus observed with the increase of
the nanozeolites’ load have very little significance (or
even negligible). Furthermore, the modulus decreases
strongly by the addition of silica (SBA-15) in the mate-
rial. In this latter case, this evolution may be due to
the clustering of SBA-15 silica particles in the form of
aggregates in the hybrid aerogels. In the case of NFC-
based aerogels the agregates are significantly smaller
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Figure 9 Evolution of (a) % of the sample mass corresponding to the physisorbed water determined by TGA as a function of
time, and (b) of the thermal conductivity as a function of time in a free atmosphere (50% HR and 23 °C).

[42], which could explain ther negligible effect on the
modulus.

3.4 Influence of Moisture on the Thermal
Conductivity of the Hybrid Aerogel in
a Free Atmosphere

This section of the study was performed on the hybrid
aerogel based on WP fibers filled with 20 wt% of inor-
ganic filler (NZs and SBA-15). The TGA experiment of
the hybrid aerogel shows two mass-loss events cor-
responding to two endothermic peaks for the lost of

J. Renew. Mater., Vol. 6, No. 3, April 2018

physisorbed water (T < 100 °C) and for the decomposi-
tion of the organic matter (especially cellulose) under
inert atmosphere in higher tempeatures.

From these analyses, performed on WP/NZs and
WP /SBA-15, we were able to construct the curve of
evolution of the amount of water absorbed over time
(Figure 9a). We have observed that the hybrid aerogels
absorb the water especially during the first months.
Indeed, during the first month, these materials exhibit
a sharp increase in the percentage of adsorbed water
to achieve a quantity of 2 wt%. The water continues to
adsorb on the surface of the material up to 3 months,
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when we observed that the system was saturated after
adsorption of a fraction of 3 wt%. Therefore, the water
saturation of the hybrid aerogel in a free atmosphere
varies from 8 to 12 weeks. However, even the initial
amounts of the adsorbed water for both aerogels were
different; the same amount of water has been adsorbed
after conditioning at 50% RH and 23 °C. The higher
amount of adsorbed water by WP/NZs composite
before conditioning could be explained by the low size
of the NZs that confers on them a higher surface and
then higher contact surface with water molecules.

In parallel to the measurements of water absorp-
tion, the thermal conductivity has been measured and
the results are shown in the graph in Figure 9b.

After one month, the amount of sorbed water for
WP /NZs-20 hybrid aerogels increased from 6 wt% to
8 wt%, which has a significant impact on its thermal
conductivity, which increased from 29.4 mW.m.K™' to
39.8 mW.m™ K. Similar results are observed for the
WP /20%SBA-15 hybrid aerogel for which the thermal
conductivity increased from 31.6 mW.m™.K™ to 36.6
mW.m™. K™ after having adsorbed an additional 1.4
wt% of water. Beyond one month of exposure to 50%
HR at 23 °C, no significant increase of the adsorbed
water has been registered for the two aerogels and
their thermal conductivities remain stable. Therefore,
the performance of the insulating materials is clearly
degraded by moisture.

The influence of moisture on the thermal transfers
differs depending on the state of the water present in
the matrix of the material gaseous state (water vapor)
or condensed state (water adsorbed on the surface of
the material). Many teams [72-75] have studied the
impact of moisture content on the thermal conductiv-
ity of the insulating materials, more particularly with
materials that have a hydrophilic character such as
precipitated silica and pyrogenic silica. These research-
ers measured the thermal conductivity as a function of
the water quantity present in the material using the
hot-plate method [72, 73]. According to their results,
it appears that the thermal conductivity increases lin-
early with the increase of the quantity of water present
in the matrix of the silicic material. This enables them
to determine a proportionality coefficient “B” accord-
ing to the Equation 2:

04,
—t — B ()
ou

where “A,_ " is the thermal conductivity and “u” is the
amount of water in the materiels.

The coefficient B represents in a comprehensive
manner the degree of influence of the water content
(water vapor + condensed water) on the thermal con-
ductivity. The larger this proportionality factor is, the

310 J. Renew. Mater., Vol. 6, No. 3, April 2018

greater is the impact of water present in the mate-
rial on the thermal conductivity. This also reflects the
strong hydrophilic character of the material. Quénard
et al. [76] have calculated a value of 1.4 mW.m™.K".%
for this proportionality factor for a pyrogenic silica
sample of a density of 162 kg.m™ at 296 K under atmo-
spheric pressure.

The linearity between the thermal conductivity
and the mass quantity of water is always maintained
even under a high vacuum. Heinemann [77] has con-
firmed this linearity between the thermal conductiv-
ity and the mass quantity of water in the material.
He has calculated the proportionality coefficient for
a pyrogenic silica sample of a density of 170 kg.m™
at a temperature of 293 K, and the coefficient is
much lower than under atmospheric pressure, 0.3
mW.m*.K™.%.

In our case, we measured the thermal conductivity
using the hot-ribbon method and as a function of the
quantity of water present in the material. According
to the results, we have noticed that the thermal con-
ductivity increases linearly with the increase of the
quantity of water present in the mineral charges (NZs
and SBA-15). The proportionality coefficient under
atmospheric pressure for the hybrid aerogel based on
WP/20 wt% SBA-15 is around 7.4 mW.m™.K™".% and
hybrid aerogel based on WP /20 wt% NZs has a value
of coefficient much lower, about 4.8 mW.m*.K".%, at
296 K. This significant variation of the thermal con-
ductivity reflects the degradation of the thermal insu-
lation performance that may occur in these materials
in contact with moisture (free atmosphere of 50% HR
and 23 °C).

4 CONCLUSION

The structures of designed hybrid aerogels were gov-
erned by the aspect ratio of the suspended particles,
their charge via electrostatic forces, zeta potential and
hydrogen bond. We observed two particular organiza-
tions for WP fibers and NFC-2h, which are individual
fibers and thin films, respectively. The properties of the
used mineral particles (NZs or SBA-15) greatly influ-
ence the aerogel thermal behavior through morpho-
logical changes. The resulting NFC films embed min-
eral charges porous structure and yield a decrease in
the specific surface measured by BET. Enclosing the
mineral particle pores into the mesoporous network
is beneficial to the thermal insulation properties of
the NFC-2h aerogels, and the mechanical properties
of WP-based aerogels are positively affected by the
mineral particles. Finally, we showed that the moisture
negatively affects the thermal insulating properties of
these aerogels.
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