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Abstract
Clay aerogel could potentially be ideal insulatioaterials for many industrial sectors
because of its natural resource, green and low mastuction. However, there is a
dilemma between thermal conductivity and integritfyich are also highly related to
density and microstructure. These could be manipdlathrough formulation
compositions and processing parameters. This pampgroys cellulose nanowhisker
(CNW) as the reinforcement to develop novel 3-congmbd systems of aerogel by
exploring optimum formulation and architectural mgtructure systems. The results
showes that fracture free clay aerogel can be dped| with solid content less than 4
wt%, enabling optimum thermal insulation performanaf 0.034 W/mK; optimum
micro-network and hence much more enhanced bonslstems can be built with
strategical interactions within and between clagtglets, PVA and CNW,; and an
architecture of ‘CNW-clay (mechanically)+CNW-PVA h@@mically)+CNW-clay’ 3-
component clay aerogels could be established, dolgiexcellent mechanical property
(e.g. compressive strength and shape recovery).

Key words: A. Hybrid; B. Mechanical properties; Bacture; B. Thermal properties.

1 Introduction|
Featured with low density (high porosity) and elar@l network systems at nano and

micro scales, aerogel has drawn tremendous attentiomany industrial sectors, such



as building construction [1, 2], water purificati¢®, 4] and catalyst [5, 6]. Clay, a
layered silicate, has owned its reputation in thi@forcement of nanocomposites [7].
Moreover, with house-card-like structure [8], abanidresource, easy-to-process [9]
and resistance to fire [10], clay is consideredidal candidate to fabricate aerogel,
especially for thermal insulation use of the clagéd materials.

There are two main approaches to fabricate aer@ye. is supercritical drying [11],
which is restricted to non-agueous solvent and Iyaised in inorganic aerogel
preparation. The other is freeze drying, which idely used in pharmaceutical [12] and
food industry [13, 14]. This process is potentiajyplicable for massive production of
aerogel. In super cold condition, pure ice crystat a preferred growth direction
parallel to the temperature gradient, and the saxisting in water are expelled from
the ice growth front and trapped within channelétwieen the ice crystals, which
together then forms the lamindf the freezing rate is fast enough, the impurites
entrapped within ice front and form bridges betwkssers. The lower temperature, the
more bridges and smaller pore size can be obtaifbdrefore, manipulating the
freezing rate is able to control the microstructuidter the sublimation of the ice
crystal, the resulting aligned layers form the pwranaterials-aerogel [15]. It is well
known that the mechanical property of aerogel ligtiépends on the interaction
between clays and the strength of bridges betwagrd [16]. Liquid nitrogen has been
considered an excellent freezing media to precisalgr the microstructure, but the
temperature is far below the glass transition @ arystals (around -123 °C) [17],
making the aerogel easy to crack in the procesieefzing, which is intolerable to
scale-up production. Alternatively, much work haei attempted to use freezing bath
with higher temperature, producing continuous pathich will make higher thermal

conducitivity [18, 19]. Moreover, thermal shock [2&&curred in the transition from one



to another stage of the process is another faabotributing to fractures during
production.

Therefore, polymers, e.g. casein [21], pectin [2RB]jtosan [22] and cellulose materials
[23-25], have been attempted to improve the mechamroperty of clay aerogel
through bonding neighbouring clays together, whitdkes the solid in the ice front
stable and form bridges between laminar, and swokiging the aerogel elasticity
through the flexible polymer chain. Among theseypwérs, poly (vinyl alcohol) (PVA)
is widely used for the strong hydrogen bonding leetvhydroxyl groups and the clay
surface [26].

However, the entanglement and poor mechanical gitieaf polymer chain require
sufficient loading of polymer to withstand the sseenerated by the transition of water
to ice. Raising the polymer content inevitably kedad the increase of density and
decrease of pore size, which are both unfavourabliaermal insulation. While it is
hard to make balance between thermal insulationna@chanical strength through this
approach, some researchers try to strengthen tbhgeddy primary cross-linking in wet
state before freezing and then conduct secondaiggcafter freezing-dry [27]. This
may incur complicated procedure and unwanted chamrieaction. From the
perspective of safety requirement for building mats, to fabricate aerogel in
environment-friendly way is more preferred. Insgitgy applying carbon nanotube to
reinforce the graphene giving an ultralight aerdgél, the incorporation of nanoscale
fibre with promising mechanical properties is aes=ity. In lieu of its low density, high
mechanical property [29, 30], environment-friendlyd abundant resources, cellulose
nanowhisker (CNW) has been tried as reinforcingrfiin many scientific applications
[31, 32]. Although CNW, PVA and clay have been @&iplto produce freeze-dried
aerogel [23], the mechanism of reinforcement hasbeen well understood. To well

establish the roles of components in the reinfoergnof aerogel, in this study, CNW



combined with PVA and clay, a 3-component systeas wsed to manufacture aerogel
by freeze-drying processing technology. The manufacprocess was evaluated by
recording the fracture development during prepanatlhermal property, porosity and
mechanical property were assessed and the meclsangsmd roles of aerogel
constituents were determined. The effectivenesghid 3-component system was
evaluated.

2 Materialsand methods

2.1 Materials

Commercial polyvinyl alcohol (Mw 31,000-50,000, 98% hydrolyzed, Sigma),
Cellulose microcrystal (Medium size, Sigma), sulphacid (98 wt%, Fisher Scientific)
and Poly(acrylic acid) (Mw ~100,000, 35 wt% in@® Sigma) were used as received.
Clay (Sodium bentonite from Tubofuro, Portugal) wéiered by sieving it through
60um mesh before use in order to remove the owepsigicles and impurities.

2.2 Preparation of CNW

Cellulose nanowhisker (CNW) was acid-hydrolysed.pi€glly, 5 g of cellulose
microcrystal was dispersed in 45 mL of distilledteraand then 50 mL Of concentrated
sulfuric acid was added drop by drop with the flpékced in water-ice mixture bath.
Afterwards, the suspension was heated up f€56r 1h. 4 L of distilled water was
added to slow down the process. Finally, the suspenwas centrifuged until pH
reaches 5.

SEM examination was carried out to ensure the tyuafithe developed CNW: A drop
of the processed CNW suspension was placed ora silefer and dried in ambient
atmosphere. The dried samples were then subjext®HN characterization.

2.3 Fabrication of aer ogel

Clay was fully exfoliated in Warrant Blender for Brmat the concentration of 5 wt%

before use. A certain amount of PVA solution wasw$}y added into the clay



suspension with gentle stirring. After 24 h, CNWspension was introduced and the
stirring lasted for another 2h to produce a homogsrsuspension. The final solution
was transferred to aluminium mould with foil wrapgpap on the surface and then
immersed into liquid nitrogen bath. After complgtélozen, the samples were placed in
vacuum chamber (Alpha 1-2 LD) to perform a thorotrgleze drying.

For a comparison, pure clay aerogel, CNW clay adregd PVA clay aerogel are

fabricated and evaluated in parallel.

2.4 Characterization

Definition of crack: Three samples were made forhetormulation. If one of them

cracks during preparation, aerogel with this foratioh is defined as“crack”.

The microstructure of the developed aerogel wagrdebhed by scanning electron
microscopy (SEM), using a Leo® 1430VP scanning ted@c microscope. Prior to
imaging, the samples were sputter-coated with gold.

Thermal conductivity of aerogel was measured on Rbg 200 with the minimum
required dimension of 75x75x10mm. The upper plads wet to be 0 °C and bottom
plate 20 °C. Each test was repeated for 3 time@gia average value.

X-ray diffraction (XRD) patterns of the preparedogucts were recorded using an
X'Pert PRO X-ray diffractometer with CuKradiation A=0.15406 nm).

The compressive strength measurement was perfoom@STRON 5900 at the speed
of 2 mm/min by using aerogel of 20 x 20 x 10 mrhe Bhape recovery of aerogel was
recorded starting from 10% or 40% compressive rst?dih after the removing of the
stress. Seven samples were tested for each foiomulat

The specific surface area was estimated by Micrait®ASAP 2000 gas adsorption
apparatus, where density and pore size determnsatiere based on the isotherms of
adsorption and desorption of nitrogen at 77 K owlhg the international standard-1SO

9277.



3 Results and discussion

3.1 Fracture development

As expected, cracks occur in all pure clay aerogdls different levels of clay loading
(from 1 wt% to 5 wt%) during freezing process. Toglly, the fracture starts from the
edges and propagates through the whole frozemiseveral seconds (Figure 1). After
freeze drying, the obtained aerogel breaks intollspiaces. It is so fragile that the
aerogel turns into powder under gentle squeezihg.ldw strength of pure clay aerogel
may be due mainly to the poor interaction betwdag platelets (Figure 4a. Although
the pure clay can be exfoliated into layering dtrces there is little connection between
the layers.

The incorporation of CNW into pure clay may notdi#e to improve the networking
structure of the developed aerogel, although CNW mark as a simple mechanical
reinforcement within individual clay platelets. Theis no improvement in crack
prevention and handling property of the developemtipcts (Figure 2). More detailed
mechanisms will be discussed in next sections.

The introduction of PVA results in an improved aglp The strength of aerogel
increases with increasing concentration of PVA,ogel showing better handling
property. However, the fracture cannot be prohibiietil the amount of PVA exceeds 3
wt% (Figure 3a and 3b).

A combination of CNW with PVA and clay results insaynificant improvement in
shape integrity and handling property of three congmt-systems. As showed in Table
1, at a low concentration level of PVA e.g. 1 wi8gen small amount of CNW is able
to prevent cracks substantially. However, whenRN& concentration is lower than 1
wt%, the developed aerogel tends to crack duriegzing. With the increase of PVA

concentration, the strength of the developed a¢riogeeases further. To CNW, the



concentration should be controlled below 1 wt%rewvpnt fracture. More details of the
roles in which CNW plays will be discussed in nggttions.

3.2 Morphology

Despite the clay platelets, negatively chargedlang and positively charged on the
edge, tend to form a house-card structure in smiwgtate, they are unlikely to keep this
structure under the push of ice front in considgskeleton wall of 1nm in thickness.
The interaction, mainly Van Der Waal force, betwdane to face is too weak to
compete with electrostatic repulsion. Accordindiitle bonding is built between clay
platelets and the solid in ice front is easy tornaaye. The final product tends to be
discontinuous layers full of holes, a sign of paderaction, and few bridges are built
between layers (Figure 4a).

The CNW-clay aerogel gives the similar structuréha&spure clay aerogel, as showed in
Figure 4b. The platelets are still full of holesiahere is little bridging between laminar,
suggesting poor interaction between CNW and clayef#ts. However, a scrutiny of
Figures 4a and 4b indicates that each single pla@fer seems to be more compact for
CNW clay aerogel than pure aerogel, this may betdube mechanical reinforcement
of CNW to clay. This can also be seen from Figucetiat CNW with length up to
micrometres are randomly attached onto the sudactay (white arrow in Figure 4d).
However, the size scale of CNW may not be suffictenmechanically bridge inter-
layers of the platelets without chemical reactibnerefore, the efficacy of CNW on the
reinforcement of aerogel is very limited.

An introduction of PVA into clay suspension resuitsa formulation of 3D networking
platelets within aerogel (Figure 4e, 4f and 4g)cdmparison of pure clay aerogel and
PVA-clay aerogel clearly indicates the generatibbradging channels between layers.
As the concentration of PVA increases, the numlbeéh@ bridging channels increases

and hence the integrity improves. Furthermore, @laith the increase of bridging



channels with the PVA concentration, the lamin@oabecomes thicker, which may
reduce the chance of cracking.

To take advantages of both CNW and PVA, 3-composgstiem has been developed;
CNW, PVA and clay were all formulated togethelislapparent that the integrity of the
produced aerogel was greatly enhanced. As depiotédgure 5a, 5b and 5d, while
raising the content of PVA, more bridges are baiid the aerogel becomes much
stronger. When the content of CNW keeps 0.5 wt%reths seldom bridges built
between laminar in aerogel with 0.7 wt% PVA. Hoegthe aerogel with 1 wt% PVA
shows the increased number of bridgings. With tihereiased loading of PVA, the
bridges seem to become thicker. By contrast, withihcreased loading of CNW, the
number of bridgings is declined and the aerogelwshdecreased tolerance to crack, the
reasons for this change are detailed in next se¢k@ure 5b and 5c). As illustrated in
Figure 5d, 5e, 5f and Figure 4f, when the contdr®\dA stays at 2 wt%, comparing
with the one without CNW, the aerogels with CNWslésan 1 wt% show improved
integrity and increased bridges. However, when CidWore than 1 wt%, the laminar
gradually loses its integrity and has decreasesractions. This is well in agreement
with the performance of aerogel during freeze.

3.3 Architectural mechanisms of 3-component clay aer ogel

The development of nano network system and henegrity of 3-component clay
aerogel are due mainly to the synergistic effectveen CNW, PVA and clay, which
can be simplified in Figure 6. Both negatively ded surfaces of clay and CNW do not
allow them to bond with each other. A special mediwith double functionalities
should be introduced and PVA was considered matgttde materials to play this role.
Due to the abundant hydroxyl groups on the surf&éA acts as a glue/bridging
medium between clay and CNW. With this strategomaicept, PVA is firstly absorbed

onto the surface of clay and partly screen thegehaf the clay. This means a decrease



of surface charge, which provides a suitable camtitor CNW to be absorbed on the
outer surface of clay platelets through hydrogemdotg provided by the PVA and clay.
A bridging connection between neighbouring claysstis generated. Furthermore, the
large in longtitude make CNW easier to bridge betwelay platelets than an entangled
polymer chain, and compared with polymer, the dgoeimechanical property of CNW
can provide the aerogel better resistance to cdmslelopment. Combined with the
flexible polymer chain, the frozen 3-component sumgon can withstand the
dimensional expansion caused by freezing and gaitierb elasticity. However,
increasing the concentration of CNW will inevitalsgsult in an increase in the surface
charge of nanocomposite, creating unbalanced dondinf negative and positive
charges within the suspension. Therefore, the atsagth 1.5 wt% or more CNW will
break automatically during preparation. In summéng, concentration of CNW greatly
affects the bonding between clay platelets androhétes whether the electrostatic
repulsion or hydrogen bonding will dominate thesmattion. It is worth to note that due
to the combined functionalities of 3-component eyst less solid content within the
suspension can be achieved, making the resultegeldess thermally conductible.

In this 3-component system, the PVA should be estbwufficient to occupy clay
platelets, otherwise, the electrostatic repulsioymf clay cannot be fully screened;
thereby, less CNW can be absorbed onto clay, thatess CNW bridges can be
established between clay platelets. This is whyemtihe PVA decreased down to 0.7
wt%, even the CNW content remains the same, 0.5,wifte bridges can be
recognized in SEM image compared to those aerag#ishigher load of PVA (Figure
5a) although each layer keeps its integrity andlprto each other in uniform distance.
To confirm this hypothesis, XRD was employed toreie the d-spacing change of
clay platelets before and after the incorporatibpaymer and CNW. The value obH2

in XRD spectrum enables the evaluation of the aisygaof the intercalated structures,



through evaluating how much expansion has occuiterdto the entry of the polymer
into clay platelets. As showed in Figure 7, theax-profile of the pure clay aerogel has
a characteristic diffraction peak #=26.8(d-spacing=1.3 nm), which does not emerge
in PVA clay aerogels. For the composition of 1 WB¢A in 2.5 wt% clay, this peak
shifts to lower value, but slightly higher thaé=3.8". It must be noted that due to the
overlapping of neighbouring peak, the angle carbeprecisely determined. For the
composition of 1 wt% CNW in 2.5 wt% clay, theressddom change of XRD spectrum,
indicating CNW fail to penetrate clay plateletsraedoAfter the incorporation of 0.5 wt%
of CNW into 2.5 wt% clay and 1 wt% PVA suspensithre corresponding peak shifts to
20=3.8° (d-spacing=2.3 nm), which is the same as thateobgel with 2.5 wt% clay
and 1 wt% PVA. This does indicate the failed peat&in of CNW because of the large
in width and small in number of CNW used.

The hypothesis was further confirmed through rep@€CNW by poly(acrylic acid)
[33], which has negatively charged surface anthriset fold larger in molecular weight
than that of PVA, as the third component to PVAyd&rogel. In a wide range of PAA
content from 0.1 wt% to 1 wt%, all of the aerogelade cracked during freezing or
transferring processes, indicating that much stidied longer CNW than PAA plays a
key role in building more and stronger bridges lestwlayers(Figure 5g).

3.4 Compressive strength of 3-component system aerogels

As aforementioned, the incorporation of polymepintay aerogel greatly prevent the
crack during freezing process, consequently thenar@cal strength of aerogels greatly
increases. As showed in Figure 8, the increasetenbof PVA in 3-component system
clay aerogel leads to the improvement of the cosgive strength both at 10% and 40%
compressive strain. The aerogel with 1 wt% PVA bibi 6.5 kPa at 10% of
compressive strain and 19.1 kPa at 40% of commessiain; the aerogel with 2 wt%

PVA achieves a compressive strength of 16.5 kPa 4ihkPa at 10% and 40%
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compressive strain respectively; the aerogel witlwt3 PVA had a compressive
strength of 26 kPa and 56 kPa at 10% and 40% ca@sigeestrain respectively.

An incorporation of CNW resulted in a significamiciease of compressive strength.
The compressive strength at 10% and 40% comprestaia are remarkable enhanced.
Especially, to the aerogel with 0.5 wt% CNW, 2 wBX¥A and 2.5 wt% clay, the
compressive strength reached to 34 kPa, which @8clicrease at 10% compressive
strain compared to that of aerogel without CNW. ldweer, further increase of PVA
gradually slows down the tendancy of reinforcemami the increase in compressive
strength seems to level off, indicating the efintieffect of CNW, especially at low
concentration of PVA. However, continuing to in@eaCNW from 0.5 wt% to 1 wt%
did not bring about the same effect as that froim 0.5 wt%. The compressive strength
of aerogel with 2 wt% PVA at 10% strain increasgbB% compared to aerogel with 1
wt% PVA, lower than that of aerogel with 0.5 wt% @N In principle, compressive
strength at 40% strain presents the similar tendewbich supports the fact that the
higher load of CNW leads to the increase of repulsbetween the 3-component
systems.

3.5 Shaperecovery

The flexibility of PVA chain may also help shapeaeery of the 3-component system
aerogel (Figure 9). It is apparent that an increaséhe PVA content consistently
improve the shape recovery of PVA-clay aerogelmfr65% to 86% when PVA
increases from 1 wt% to 3 wt%. Due to the increassudber of bridge built by CNW,
this efficacy was enhanced, especially when PVAease from 0 to 1 wt% for 0.5 wt%
loading CNW, the recovery increased from 67.8% 266% at the content of 1 wt%
PVA, but the recovery ability levelles off with tlwentinuing increase of PVA content.
However, increasing CNW from 0.5 wit% to 1 wt% résuh the shape recovery

property declining slightly from 94% down to 90% evh PVA stays at 2 wt%,
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suggesting the static electric repulsion may doteitle interaction, resulting in poor
interaction between hybrids.
3.6 Thermal conductivity
The thermal conductivity is a key parameter to $seased for the developed aerogel. In
lieu of the application in practice, the shape gntg should be maintain, therefore,
those cracked aerogels during preparation were Inging used for further
characterization.
Theoretically, thermal conductivity is closely rteld to the solid content. As a result,
the density of aerogel in some extent affects tenhal conductivity of aerogel. As
illustrated in Table 2, aerogel with 3 wt% PVA db&density of 0.078 g/ctnand
thermal conductivity of 0.044 W/mK which is overvitmengly higher than those of
fracture free aerogel with CNW. This demonstratest the incorporation of CNW
results in increased tolerance to the expansiomabér crystallization. The inpurity of
the clay material limits the improvement of thernredulation of resulted aerogel. To
diminish this effect, pure clay (Cloisite NaRockwood) was used to prepare aerogel,
and due to the high efficiency of exfoliation, igtated aerogel can be fabricated while
the clay content is decreased to 1 wt% by addingllssmount of CNW and PVA. The
decrease in solid content gives rise to the fimmbgel a thermal conductivity 0.034
W/mK, showing that it is achievable to lower thdidgaontent by incorporation of
CNW to produce fracture free aerogel with betterral insulation.
4 Conclusions
3-component systems, fracture free aerogels, haea buccessfully developed. Main
conclusions can be summarised as follows:
1) Cellulose nanowhisker (CNW) played key roles fornfalating/bridging clay
aerogel structures to prevent cracks and achiewd gwechanical property (strength

and shape recovery);
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2)

3)

The increase of PVA loading gave rise to an impnoset of compressive strength
and shape recovery, while CNW did adversely, intdigathat unbalanced level of
charges of 3 constituents might weaken the intenattetween the hybrids;

Optimum micro/network and hence much more enhammedling systems were
built within and between Ilaminar after strategicptopotional designs of
compositions and polarity characteristics of cdustits, developing fracture free

clay-based aerogel;

4) Architectural structure of the CNW reinforced claatlets mechanically (CNW-C)

5)

and PVA chemically CNW-P) together with the cherhlmanding between CNW-C
and CNW-P was established for the novel 3-compoclegtaerogels;

The reduction in solid content, enhancement in haeical property and
improvement in thermal insulation have been achieviéhis development could

provide a novel route for thescale-up productiorstobng fracture free clay-based

aerogel through freeze drying process.
Reference

[1] Richter K, Norris PM, Tien C-L. Aerogels: Applications, structure, and heat transfer
phenomena. Annual Review of Heat Transfer. 1995;6(6).

[2] Baetens R, Jelle BP, Gustavsen A. Aerogel insulation for building applications: a state-of-the-
art review. Energy and Buildings. 2011;43(4):761-769.

[3] Xu P, Drewes JE, Heil D, Wang G. Treatment of brackish produced water using carbon
aerogel-based capacitive deionization technology. Water research. 2008;42(10):2605-2617.

[4] Sanchez-Polo M, Rivera-Utrilla J, Salhi E, Von Gunten U. Ag-doped carbon aerogels for
removing halide ions in water treatment. Water research. 2007;41(5):1031-1037.

[5] Pajonk GM. Aerogel catalysts. Applied Catalysis. 1991;72(2):217-266.

[6] Schneider M, Baiker A. Titania-based aerogels. Catalysis Today. 1997;35(3):339-365.

[7] Manias E, Touny A, Wu L, Strawhecker K, Lu B, Chung T. Polypropylene/montmorillonite
nanocomposites. Review of the synthetic routes and materials properties. Chemistry of
Materials. 2001;13(10):3516-3523.

[8] An introduction to clay colloid chemistry. By H van Olphen. Interscience Publishers, Div. of
John Wiley & Sons, 605 Third Ave., New York 16, N. Y, 1963. xvi + 301 pp. 15.5 x 23 cm. Price
$10. Journal of Pharmaceutical Sciences. 1964;53(2):230-230.

[9] Utracki LA. Clay-containing polymeric nanocomposites: iSmithers Rapra Publishing; 2004.
[10] Gilman JW. Flammability and thermal stability studies of polymer layered-silicate (clay)
nanocomposites. Applied Clay Science. 1999;15(1):31-49.

[11] Tewari PH, Hunt AJ, Lofftus KD. Ambient-temperature supercritical drying of transparent
silica aerogels. Materials Letters. 1985;3(9):363-367.

[12] Tang XC, Pikal MJ. Design of freeze-drying processes for pharmaceuticals: practical advice.
Pharmaceutical research. 2004;21(2):191-200.

13



[13] Genin N, René F. Analyse du role de la transition vitreuse dans les procédés de
conservation agro-alimentaires. Journal of Food Engineering. 1995;26(4):391-408.

[14] Irzyniec, Klimczak J, Michalowski S. Freeze-Drying of the Black Currant Juice. Drying
Technology. 1995;13(1-2):417-424.

[15] Fukasawa T, Ando M, Ohji T, Kanzaki S. Synthesis of Porous Ceramics with Complex Pore
Structure by Freeze-Dry Processing. Journal of the American Ceramic Society. 2001;84(1):230-
232.

[16] Munch E, Saiz E, Tomsia AP, Deville S. Architectural Control of Freeze - Cast Ceramics
Through Additives and Templating. Journal of the American Ceramic Society. 2009;92(7):1534-
1539.

[17] Handa Y, Klug D. Heat capacity and glass transition behavior of amorphous ice. The Journal
of Physical Chemistry. 1988;92(12):3323-3325.

[18] Gawryla MD. Low density materials through freeze-drying: clay aerogels and beyond....
Case Western Reserve University, 2009.

[19] Pojanavaraphan T, Magaraphan R, Chiou B-S, Schiraldi DA. Development of biodegradable
foamlike materials based on casein and sodium montmorillonite clay. Biomacromolecules.
2010;11(10):2640-2646.

[20] Hasselman DPH. Unified Theory of Thermal Shock Fracture Initiation and Crack
Propagation in Brittle Ceramics. Journal of the American Ceramic Society. 1969;52(11):600-604.
[21] Gawryla MD, Nezamzadeh M, Schiraldi DA. Foam-like materials produced from abundant
natural resources. Green Chemistry. 2008;10(10):1078-1081.

[22] Chen H-B, Chiou B-S, Wang Y-Z, Schiraldi DA. Biodegradable pectin/clay aerogels. ACS
applied materials & interfaces. 2013;5(5):1715-1721.

[23] Gawryla MD, van den Berg O, Weder C, Schiraldi DA. Clay aerogel/cellulose whisker
nanocomposites: a nanoscale wattle and daub. Journal of Materials Chemistry.
2009;19(15):2118-2124.

[24] Finlay K, Gawryla MD, Schiraldi DA. Biologically based fiber-reinforced/clay aerogel
composites. Industrial & Engineering Chemistry Research. 2008;47(3):615-619.

[25] Bandi S, Bell M, Schiraldi DA. Temperature-responsive clay aerogel-polymer composites.
Macromolecules. 2005;38(22):9216-9220.

[26] Greenland D. Adsorption of polyvinyl alcohols by montmorillonite. Journal of Colloid
Science. 1963;18(7):647-664.

[27] Pojanavaraphan T, Liu L, Ceylan D, Okay O, Magaraphan R, Schiraldi DA. Solution cross-
linked natural rubber (NR)/clay aerogel composites. Macromolecules. 2011;44(4):923-931.

[28] Sun H, Xu Z, Gao C. Multifunctional, Ultra-Flyweight, Synergistically Assembled Carbon
Aerogels. Advanced Materials. 2013;25(18):2554-2560.

[29] Nishiyama Y. Structure and properties of the cellulose microfibril. J Wood Sci.
2009;55(4):241-249.

[30] Klemm D, Kramer F, Moritz S, Lindstrom T, Ankerfors M, Gray D, et al. Nanocellulosen:
eine neue Familie naturbasierter Materialien. Angewandte Chemie. 2011;123(24):5550-5580.
[31] Fukuzumi H, Saito T, lwata T, Kumamoto Y, Isogai A. Transparent and High Gas Barrier
Films of Cellulose Nanofibers Prepared by TEMPO-Mediated Oxidation. Biomacromolecules.
2008;10(1):162-165.

[32] Mahmoud KA, Male KB, Hrapovic S, Luong JHT. Cellulose Nanocrystal/Gold Nanoparticle
Composite as a Matrix for Enzyme Immobilization. ACS Applied Materials & Interfaces.
2009;1(7):1383-1386.

[33] Paakké M, Ankerfors M, Kosonen H, Nykianen A, Ahola S, Osterberg M, et al. Enzymatic
hydrolysis combined with mechanical shearing and high-pressure homogenization for
nanoscale cellulose fibrils and strong gels. Biomacromolecules. 2007;8(6):1934-1941.

Figure 1 Typical fracture development of aerogel with 1 w@h 2.5 wt% (b) and 5 wt%

(c) clay during freezing
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Figure 2 Morphology of aerogel with 2. 5 wt% clay and 1 w®llW.

Figure 3 Fracture development of aerogel with 2 wt% (a) amd% (b) PVA.

Figure 4 SEM image of pure clay aerogel (agrogel made of Clay and CNW with
different magnification(b) and (c), (Inserted (§EM image of CNW) and aerogel
made of 2.5 wt% Clay plus amounts of 1 wt% (e),t2wf) and 3 wt% (g) PVA.

Figure 5 SEM images of aerogel with 0.5 wt% CNW and 0.7 VR¥A (a), 0.5 wt%
CNW and 1 wt% PVA (b), 1 wt% CNW and 1 wt% PVA (6)5 wt% CNW and 2 wt%
PVA (d), 1 wt% CNW and 2 wt% PVA (e), 1.5 wt% CNWdb2 wt% PVA (f), 1 wt%
PAA and 2 wt% PVA(Q).

Figure 6 An example of interaction between PVA, CNW and ghatelets.

Figure 7 XRD spectrum of corresponding materials.

Figure 8 Compressive strengthen of aerogel with differemtent of CNW 0 wt% (A),
0.5 wt% (B) and 1 wt% (C) at 10 wt% (a) and 40 wWi®compressive strength.

Figure 9 Shape recovery of aerogel with CNW 0 wt% (A), @186 (B) and 1 wt% (C)
starting from 10 % compressive strain.

Table 1 Visual strength of aerogel during processing

Table 2 Porosity and thermal conductivity of aerogel.
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ACCEPTED MANUSCRIPT

Sample  Clay (%) PVA (%) CNW (%) Fracture
None

None

None

P10 2.5 2 15 l/




Thermal conductivity

Por osity (%) Density (g/cm®) (W/mK)

P2 80.9 0.050 -

P3 86.3 0.063 -

P4 795 0.081 0.044
P6 82.3 0.055 0.041
P7 81.6 0.062 0.042
P8 84.9 0.077 0.043
P9 83.6 0.108 0.044
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