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Abstract: Silica aerogels are excellent thermal insulators, but
their brittle nature has prevented widespread application. To
overcome these mechanical limitations, silica-biopolymer
hybrids are a promising alternative. A one-pot process to
monolithic, superinsulating pectin—silica hybrid aerogels is
presented. Their structural and physical properties can be
tuned by adjusting the gelation pH and pectin concentration.
Hybrid aerogels made at pH 1.5 exhibit minimal dust release
and vastly improved mechanical properties while remaining
excellent thermal insulators. The change in the mechanical
properties is directly linked to the observed “neck-free”
nanoscale network structure with thicker struts. Such a design
is superior to “neck-limited”, classical inorganic aerogels. This
new class of materials opens up new perspectives for novel
silica—biopolymer nanocomposite aerogels.

Silica aerogels are attractive candidates for thermal, cata-
lytic, pharmaceutical, and chemical applications!! because of
their exceptional physical properties, such as low density
(0.1 gem™®) and thermal conductivity (12-15mWm 'K™)
and high porosity (>95%) and specific surface areas (800
1000 m°g~").! However, the widespread use of silica aerogels
has been prevented by their poor mechanical properties® and
concerns about dust release.! Silica aerogels are inherently
fragile because of the weak pearl-necklace-like structure: the

[*] Dr. S. Zhao, Dr. W. ). Malfait, Dr. S. Brunner, L. Huber,
Dr. M. M. Koebel
Building Energy Materials & Components Lab, EMPA
Swiss Federal Laboratories for Materials Science and Technology
CH-8600 Diibendorf (Switzerland)
E-mail: matthias.koebel@empa.ch
Dr. Y. Zhang
Electron Microscopy Center, EMPA
Swiss Federal Laboratories for Materials Science and Technology
CH-8600 Diibendorf (Switzerland)
Dr. P. Tingaut
Wood Laboratory, EMPA
Swiss Federal Laboratories for Materials Science and Technology
CH-8600 Diibendorf (Switzerland)
Dr. A. Demilecamps, Dr. T. Budtova
MINES ParisTech, PSL Research University
CEMEF - Centre de Mise en Forme des Matériaux
UMR CNRS 7635, CS 10207, 06904 Sophia Antipolis (France)
E-mail: tatiana.budtova@mines-paristech.fr

Dr. A. Rigacci
MINES ParisTech, PERSEE - Centre Procédés, Energies Renouvel-
ables et Systémes Energétiques, CS 10207
rue Claude Daunesse, 06904 Sophia Antipolis Cedex (France)
(@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201507328.

Wiley Online Library

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

three-dimensional network consists of silica nanoparticles
with diameters of 3-10 nm connected by narrow inter-particle
necks.”!

The preparation of silica aerogels with improved mechan-
ical properties is well-documented. Three common routes to
strengthen the gel network are: 1) chemical crosslinking with
reactive molecules or polymers,® 2) impregnating or dispers-
ing individual micro/nanoscopic secondary phases, such as
polymers,” nanoparticles,”® nanotubes,”’ or fibers,"”! into the
silica matrix, and 3) using macroscopic fibrous templates
made from polyester,™! non-woven polypropylene, fiber-
glass,™™ polyamide,"¥ or electrospun polyurethane.”’’ Among
these strategies, chemical crosslinking with synthetic poly-
mers (route 1) achieves the most significant improvement in
the mechanical properties (ca. 40-900 MPa compressive
modulus, 8-500 MPa compressive strength), but this rein-
forcement comes at the cost of a higher density (0.3-
0.8 gcm ), a decrease in porosity and surface area (150-
300 m’g"), as well as a substantial increase in the thermal
conductivity (40-130 mWm™'K ™).l Macroscopically
reinforced polyethylene terephthalate and fiberglass (e.g.,
commercial Pyrogel) silica aerogel blankets (route 3) with
thermal conductivities as low as 14 mWm 'K are the most
widely used aerogel-based products on the market today with
an estimated market volume of $137.5 million per year."!
However, some of today’s commercial aerogel products can
be dusty and offer only limited mechanical strength.

The use of bio-derived materials from renewable resour-
ces, such as proteins, polysaccharides, or plant oils,['7!
decreases the overall carbon footprint of the products and
reduces their environmental impact. Thus far, few reports
have been published on the thermal conductivity of such bio-
aerogels. Aeropectins are obtained by pectin dissolution,
coagulation, and supercritical CO, drying. They display
thermal conductivities between 16 and 22mWm 'K™!
under ambient conditions."®! Surface-carboxylated nanofi-
brillated cellulose aerogels display thermal conductivities as
low as 18 mWm 'K LIl Several attempts were made to
combine polysaccharide and silica phases with the goal of
engineering nanostructured, strong, and thermally super-
insulating aerogels. Cellulose-silica composite aerogels pre-
pared by impregnation of a wet coagulated cellulose matrix
with tetraethyl orthosilicate display increased specific surface
areas!" and Young’s moduli,'™® but also thermal conductiv-
ities above 25 mWm 'K~'. More recently, nanofibrillated
cellulose was dispersed in or impregnated with silica-based sol
and hydrophobized, and the resulting materials displayed
excellent thermal properties, but only a moderate mechanical
reinforcement.”” Furthermore, a surface modification of the
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cellulose nanofibers was necessary to improve the compati-
bility at the cellulose-silica interface.[””)

Herein, we prepare nanoscale interpenetrating pectin—
silica hybrid aerogels by dissolving pectin with a high methoxy
(HM) content directly into an aqueous, water-glass-derived
silicic acid solution, cogelation, solvent exchange, hydro-
phobization, and drying with supercritical CO, (Supporting
Information, Figure S1). We systematically varied the pectin
concentration and solution pH value, and designed a new
class of pectin-silica hybrid aerogels with low thermal
conductivity, tailored mechanical properties, and minimal
dust release.

The success of this approach depends on controlling and
matching the gelation kinetics of both phases (silica and
polysaccharide), which depend on the pH value (Figure S2).
Ton-exchanged sodium silicate solutions (silicic acid) are
stable at pH <3 (the gelation time at pH 1.5 is ca. 14 days),
but gel within minutes at pH > 4. The gelation of HM pectin
solutions with an esterification degree of 72 to 74 % is very
slow below pH2.0 and takes 3-7 min®! at 2<pH<3,
whereas no gelation occurs above pH 3.5. In this study, we
prepared hybrid pectin-silica gels
at pH 1.5 with very slow gelation
of both components, at pH 3.0
with gelation of HM pectin
within 10 min followed by slower
gelation of the silicic acid
phase,”!! and at pH 5.0 with no
gelation of pectin but rapid gela-
tion of the silica sol within
10 min.”?! The pectin/silica mass
fractions were 5:100, 10:100, and
20:100, and the initial silica con-
centration was 7 wt%. After
mixing, gelation, and aging, all
samples were washed with etha-
nol, hydrophobized with hexame-
thyldisilazane  (HMDS), and
finally dried with supercritical
CO, (see the Supporting Informa-
tion for details on the overall
procedure). The nomenclature of
the samples is as follows: RS-X
denotes the reference silica aero-
gels gelled at pHX, PecS-Y-X
stands for the pectin-silica
hybrids with pectin/silica weight
ratios of Y:100 and gelled at
pH X. The pectin loadings in the
hybrids were confirmed by semi-
quantitative Fourier transform
infrared spectroscopy (Figure S3)
and thermogravimetric analysis
(Figure S4). Selected physical
properties of all aerogels are
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decreases the porosity, and increases the specific surface area,
except for the formulations prepared at pH 5 (Figures S5, S6
and Table S1). For the same pectin loadings, the hybrids
prepared at pH 1.5 have slightly higher p,,, and Sggy values
than the pH 3 and pH 5 samples (Table S1).

Scanning electron microscopy (SEM) revealed a 3D open
porous network consisting of particle aggregates of tens of
nanometers in size; fibrous structures could also be detected
for some formulations (Figure 1). Neat silica aerogels are
composed of aggregates of colloidal silica particles linked
together in a pearl-necklace-type network structure.”! Pure
pectin aerogels display a network of polymer “strands” or
“nanofibers” with diameters of a few tens of nanometers
primarily with mesopores and small macropores.'”! The
hybrids gelled at pH 1.5 do not show evidence of visible
pectin “fibers” at all studied pectin concentrations (Fig-
ure la,d,g). At this pH, pectin most probably did not
completely gel within the preparation time. Hybrid aerogels
prepared at pH 3 and pH 5 show a coarser microstructure
than aerogels prepared at pH 1.5 for a given pectin loading.
Aerogels with pectin concentrations above 10 wt% at pH 3

listed in Table S1. In comparison
with the reference silica aerogel,
the presence of pectin increases
the aerogel bulk density, slightly

contact angles.
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Increasing phase separation

Figure 1. SEM images of the reference silica (0 wt% pectin) and pectin—silica hybrid aerogels prepared
at various pH values and pectin concentrations. Scale bar: 500 nm, inset numbers are the water
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and 5 contain pectin nanofibers. At the highest pectin
concentrations and pH values, the material segregates into
biopolymer-rich and silica-rich domains (compare Figure 1b
and c). For all investigated acidities, increasing the pectin
content leads to finer microstructures with smaller silica
secondary particles and pores, in agreement with the pore size
analysis (Table S1, Figure S6).

The differences in the microstructure of the neat silica
versus hybrid aerogels were clarified by high-resolution
transmission electron microscopy (HRTEM). The pure
silica aerogel displays a typical pearl-necklace structure with
distinct quasi-spherical silica nanoparticles of 2-5nm in
diameter (Figure 2a). The cogelation with pectin at pH 1.5
leads to a drastic morphological change of the network
structure (Figure 2b) towards a structure free of necks and

Figure 2. HRTEM images of a) the reference silica aerogel, b) PecS-20-1

with thicker and continuous struts. The formation of a poly-
mer-silica hybrid with such a microstructure leads to
a mechanically strong hybrid aerogel (see below). The
hybrid gelled at high pH displays an inhomogeneous micro-
structure (Figures 2c¢ and S8), consistent with the phase
separation observed by SEM (Figure 1c). The PecS-20-1.5
hybrid aerogel features pore sizes on the order of a few tens of
nanometers with pore wall thicknesses around 10 nm.

We employed 'H-*Si heteronuclear correlation
(HETCOR) solid-state NMR spectroscopy to confirm the
homogenous distribution of silica and pectin in the PecS-20-
1.5 sample (Figure 3). The spectrum displays the peaks typical
for a silylated silica aerogel.” Furthermore, there is a corre-
lation between the pectin protons (at 5-7 ppm) and Q* (Q" is
a tetrahedral Si atom with n bridging O atoms). The relative
intensity of the pectin proton resonances is higher in the 'H
projection of the 'H-*Si HETCOR spectrum than in the
quantitative 'H spectrum. This increase in intensity is similar
to the ethoxy (CH,) protons where covalent =Si—O—CH,—
linkages exist. Compared to the spectrum of the pH 1.5 hybrid
(Figure 3), these pectin Q* cross-peaks are less intense and
absent in the spectra of the pH 5 hybrid and a macroscopic
pectin-silica mixture, respectively (Figure S7). Thus, although
the '"H-*’Si HETCOR spectrum cannot, by definition, provide
direct evidence for covalent silica—pectin bonds, it does
provide unambiguous evidence that pectin and silica are
interspersed on the molecular scale for samples gelled at low
pH. The fine dispersion of pectin and silica is also evident
from the TEM element maps (Figure S9).

To summarize the structural data, the morphology of
pectin-silica hybrid aerogels is controlled by both pH value

.5, and c) PecS-20-5.0.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and pectin content. Slow gelation of both silica and pectin at
pH 1.5 results in a homogenous spatial distribution of both
components and a finer microstructure. At pH 3, pectin gels
quickly®®' and forms a 3D network. This network can be seen
in the SEM images of hybrids containing > 10 wt % of pectin
(Figure 1b,e). At pH 5, silica gels quickly, and pectin does not
gel at all. The quick gelation of at least one of the components
at pH > 2 results in heterogeneous hybrids with biopolymer-
rich and silica-rich domains with larger pores (Figure 1c¢ and
Table S1) and, as will be shown later, less favorable mechan-
ical properties when compared to hybrids prepared at pH 1.5.
The presence of pectin reduces the size of the silica secondary
particles and pores, most likely owing to the stabilizing
complexation interaction of the biopolymer with the hydro-
philic silica surface.

The pronounced alteration of
the microstructure with pectin
addition dramatically changes
the physical and mechanical prop-
erties (Figures S9-S11). Unlike
reference silica aerogels, hybrid
aerogels prepared at pH 1.5 can
sustain uniaxial compression to at
least 80 % strain without rupture
(Figure S10). The compressive
elastic modulus (E), the final
strength (0,,,), and the fracture
strain (g;) strongly depend on the
pectin loading and the gelation pH, with the most significant
improvement observed for the hybrids prepared at pH 1.5
(Figures 4a,b and S11). The mechanical reinforcement at
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Figure 3. "H->Si heteronuclear correlation NMR spectrum for
PecS-20-1.5.

pH 1.5 is also evident from the BET isotherms (Figure S5a):
the hybrid materials present almost no mechanical-deforma-
tion-induced hysteresis, which indicates that the hybrids
maintain their morphological integrity during liquid nitrogen
desorption.”!

Another major advantage of the pectin—silica hybrids is
their limited dust release, which is lower than that of the

Angew. Chem. Int. Ed. 2015, 54, 1428214286
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35 12 san, and cellulose at comparable densities

§ w0 | EI o El (Figure 5)[3,6a,18—19,20b,28].
=3 Apart from the mechanical strength and
§ =15 R + thermal conductivity, durability is another key
£ 20 % ’ feature for aerogel applications. Thermogravi-
g 75 ] E €1 . - metric analysis (Figure S4) demonstrates that
g o s § 4] " wpH3 the pectin-silica h}./brlds are.stable up to 250°C,
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- o S . ‘ . . ; ‘ . tively. Hydrophobicity is another key parame-
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N 800 1 %20 Wt %, pH1.5 s B EI =pH3 pectin-silica hybrids: high contact angles (6 >
S 7001 0 Whid%. pHIZ5 § :p:zs 130°) are maintained at pH 1.5 (Table S1,
T;’ 600 1 %17 ! p/_' Figure 1), but a significant loss of surface
§50° 1 % _— hydrophobicity (6 <90°) occurs for hybrid
g’ 40071 /+ 216 - - aerogels prepared at pH 3 and pH 5 at higher
Rk _— 3 | pectin concentrations, most probably because
el R %15 1 of the presence of pectin-rich domains. In
104 = contrast, the humidity uptake is independent
by—a e e L 1Y I % E g of pH, but strongly depends on pectin content

Stirring speed (rpm)

Figure 4. a) Final compressive strength (0,,,). b) Compressive modulus (E). c) Submi-
crometer (<500 nm) particle dust release during mechanical grinding of RS-2.5 and
PecS-20-1.5. d) Thermal conductivity. The pH 2.5 silica aerogel was used as a reference

because the pH 1.5 silica aerogel was extremely fragile.

reference silica aerogel by a factor of two to ten (Figures 4¢
and S13). The mechanical reinforcement and minimal dust
release correlate well with the microstructural observations,
with the best properties observed for the pectin-rich, homo-
geneous, neck-free hybrids synthesized at pH 1.5 (Figures 2
and 3). Aside from this morphological change, well-dispersed
pectin molecules may strengthen the material through hydro-
gen bonding to silanol groups. Hybridization at higher pH
does not improve the mechanical properties because of pectin
aggregation and the formation of fibrous network structures
(Figure 1).

One of the main applications of aerogels is in high-
performance thermal insulation. The thermal conductivity (1)
was measured on monolithic 48 x 48 x (6-8) mm? tiles at 25°C
and 50% relative humidity (RH).”! At pH 1.5, the sample
with a minimal pectin loading of 5 wt% showed the lowest
conductivity of the whole series, 14.2 mWm ' K™, Increasing
the pectin content increases the thermal conductivity owing to
the higher solid conductivity and water uptake (Figure 4d),
but this increase is very minor, and all hybrid aerogels are
superinsulating ~ with A values between 14  and
17mWm™ 'K ' This outstanding thermal performance
places this new class of hybrids amongst the best thermal
insulators under ambient conditions, but with drastically
improved mechanical properties. Pectin-silica hybrids pre-
pared at pH 1.5 thus present a unique combination of very
low thermal conductivity and superior final compressive
strength. Importantly, the pectin-silica hybrids offer a far
superior insulation performance compared to state-of-the-art
silica hybrid aerogels reinforced by isocyanate, epoxy, chito-
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(Figure S14a). The pectin-silica hybrids dis-
play a moderate humidity uptake of 5-6% at
80% RH compared to non-hydrophobized
silica and pure pectin aerogels, with about 20—
30 % moisture uptake (Figure S14b). The con-

0.06
PU-silica hybridsi6a: 28a,28b, 26c]
PU aerogels?8d. 28e]
__0.05 . \+
o
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Figure 5. Thermal conductivity versus final compressive strength for
aerogel-like materials. The compressive strengths of NFC foams,
aeropectin, and part of PU aerogels and aerocellulose were taken at
50% strain.

trasting pH dependence of the contact angle and humidity
uptake indicates that the hydrophobicity is linked both to the
pH-dependent microstructure (Figure 1) and to the inherent
chemical hydrophobicity.

In conclusion, the homogenous, mesoporous, neck-free
structure of pectin-silica hybrids prepared in a one-pot
process at pH 1.5 leads to high compressive strength, high
stiffness, and minimal dust release without compromising the
thermal superinsulating properties. The resulting materials
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not only surpass current state-of-the-art composites with their
unique hydrophobic, thermal, and mechanical properties, but
are also derived from bio-based precursors through an
attractive aqueous “green” process. As a broad library of
polysaccharides are commercially available, this study not
only opens up new prospects for developing high-perfor-
mance, commercially scalable hybrid aerogels for engineering
and biological applications, but also offers insight into
structure—property aspects of three-dimensional nanoscale
interpenetrating hybrid aerogel materials.
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