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SUSTAINABLE AEROGELS AND USES
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 61/897,084, filed on Oct. 29, 2013, the
entire contents of which are incorporated herein by refer-
ence.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
11-JV-11111127-098 awarded by the USDA/FS. The gov-
ernment has certain rights in the invention.

TECHNICAL FIELD

The present technology relates generally to the field of
aerogels and to various methods for producing sustainable
aerogels. In addition, the present technology pertains to
applications of the sustainable aerogels, particularly super-
absorbent aerogels.

SUMMARY

The present technology provides sustainable aerogels that
incorporate renewable materials. Thus, the present acrogels
include at least cellulose fibrils and/or crystals (e.g., nano-
fibrils and/or crystals, and/or microfibrils and/or crystals),
optionally cross-linked, and organosilyl groups covalently
attached to one or more surfaces of the aerogel. In another
embodiment, the aerogels include a water-soluble organic
polymer, cellulose fibrils and/or crystals, and organosilyl
groups covalently attached to one or more surfaces of the
aerogel. The water-soluble polymer may be cross-linked to
itself and/or to the cellulose fibrils and/or crystals. In some
embodiments, the cellulose fibrils and/or nanocrystals are
cellulose nanofibrils and/or nanocrystals or microfibrils and/
or microcrystals. The aerogels exhibit a contact angle of at
least about 110°, or even at least about 120°. The organosi-
lane surface modifier may selected to render the aerogels
superhydrophobic and superoleophilic. These aerogels are
highly porous with large surface to volume ratios, have great
specific compressive strength compared to other types of
polymer-based aerogels with similar densities, possess
excellent elasticity and mechanical durability, and have
great affinity for oils, organic solvents and/or metals, espe-
cially heavy metals.

The present technology further provides methods of mak-
ing the organosilane-coated aerogels and articles incorpo-
rating such aerogels in various types of absorbents. In some
embodiments the aerogels are superabsorbents for substi-
tuted and unsubstituted hydrocarbons, such as, e.g., haloge-
nated hydrocarbons.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the
illustrative aspects, embodiments and features described
above, further aspects, embodiments and features will
become apparent by reference to the following drawings and
the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows the EDX spectrum of a non-silylated
glutaraldehyde-crosslinked  polyvinyl alcohol/cellulose
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2
nanofibril (PVA/CNF) aerogel. FIG. 1B shows the EDX
spectrum of an illustrative embodiment of a silylated PVA/
CNF aerogel.

FIG. 2 shows FTIR spectra of a PVA/CNF aerogel cross-
linked with glutaraldehyde without an organosilane coating
as well as an illustrative embodiment of a silylated PVA/
CNF aerogel crosslinked with glutaraldehyde.

FIGS. 3A-3D show SEM images of the bottom surface of
PVA and PVA/CNF aerogels crosslinked with glutaralde-
hyde. FIG. 3A shows the surface of uncoated PVA aerogel,
FIG. 3B shows the surface of silane-coated PVA aerogel,
FIG. 3C shows the surface of uncoated PVA/CNF aerogel,
and FIG. 3D shows the surface of silane-coated PVA/CNF
aerogel.

FIGS. 4A-4D show SEM images of cryofractured sur-
faces of the PVA and PVA/CNF aerogels crosslinked with
glutaraldehyde. FIG. 4A shows uncoated PVA aerogel, FIG.
4B shows silane-coated PVA aerogel, FIG. 4C shows
uncoated PVA/CNF aerogel, and FIG. 4D shows silane-
coated PVA/CNF aerogel.

FIGS. 5A and 5B illustrate contact angle measurements of
PVA/CNF aerogels (FIG. 5A) and silylated PVA/CNF aero-
gels crosslinked with glutaraldehyde (FIG. 5B).

FIG. 6A is a graph showing the absorption capacities of
illustrative embodiments of silylated PVA/CNF aerogels
crosslinked with glutaraldehyde for various organic solvents
and oils as demonstrated by weight gain. FIG. 6B is a graph
showing the absorption capacities of the same silylated
PVA/CNF aerogels crosslinked with glutaraldehyde normal-
ized by the density of the respective o0il or organic solvent.

FIG. 7A is a graph showing the absorption capacities of
PVA aerogels (i.e., non-silylated) crosslinked with glutaral-
dehyde for various organic solvents and oils as demonstrated
by weight gain. FIG. 7B is a graph showing the absorption
capacities of the same PVA aerogels crosslinked with glut-
araldehyde normalized by the density of the respective oil or
organic solvent.

FIG. 8 is a graph illustrating the heavy metal ion scav-
enging capabilities of an organosilane-coated PVA aerogel
crosslinked with glutaraldehyde (control) and illustrative
embodiment of an organosilane-coated PVA/CNF aerogel
crosslinked with glutaraldehyde.

FIG. 9 is a graph illustrating the thermogravimetric analy-
sis (TGA) curve of illustrative embodiment of PVA/CNF
aerogels crosslinked with glutaraldehyde with and without
an organosilane coating.

FIGS. 10A-10D show graphs illustrating the compressive
behaviors of illustrative embodiments of silylated PVA/CNF
aerogels crosslinked with glutaraldehyde. FIG. 10A shows
the compressive stress-strain curves of the organosilane-
coated PVA/CNF aerogels crosslinked with glutaraldehyde
subjected to different compressive strains, i.e., 40%, 60%,
and 80%. FIGS. 10B, 10C, and 10D show the cyclic
stress-strain curves of illustrative embodiments of organosi-
lane-coated PVA/CNF aerogels crosslinked with glutaralde-
hyde subjected to a compressive strain of 40%, 60%, and
80% during 100 compression cycles, respectively.

FIGS. 11A-11D show SEM images of cryofractured sur-
faces of the small-scale PVA/CNF aerogel crosslinked with
1,2,3,4-butanetetracarboxylic acid (BTCA). FIGS. 11A and
11B show the SEM image of uncoated PVA/CNF aerogel.
FIGS. 11C and 11D show the SEM image of silane-coated
PVA/CNF aerogel.

FIGS. 12A-12D show SEM images of cryofractured
surfaces of the large-scale PVA/CNF aerogel crosslinked
with BTCA. FIGS. 12A and 12B show the SEM image of
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uncoated PVA/CNF aerogel. FIGS. 12C and 12D show the
SEM image of silane-coated PVA/CNF aerogel.

FIG. 13A is a graph showing the absorption capacities of
illustrative embodiments of small-size silane-coated PVA/
CNF aerogels crosslinked with BTCA for different oils and
organic solvents. FIG. 13B is a graph showing the absorp-
tion capacities of illustrative embodiments of large-size
silane-coated PVA/CNF aerogels crosslinked with BTCA
for different oils and organic solvents.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identify similar
components, unless context dictates otherwise. The illustra-
tive embodiments described in the detailed description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here.

The technology is described herein using several defini-
tions, as set forth throughout the specification.

For the purposes of this disclosure and unless otherwise
specified, “a” or “an” means “one or more.”

As used herein, “about” will be understood by persons of
ordinary skill in the art and will vary to some extent
depending upon the context in which it is used. If there are
uses of the term which are not clear to persons of ordinary
skill in the art, given the context in which it is used, “about”
will mean up to plus or minus 10% of the particular term.

The embodiments, illustratively described herein, may
suitably be practiced in the absence of any element or
elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising,” “includ-
ing,” “containing,” etc., shall be read expansively and with-
out limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the
features shown and described, or portions thereof, but it is
recognized that various modifications are possible within the
scope of the claimed technology. Additionally, the phrase
“consisting essentially of” will be understood to include
those elements specifically recited and those additional
elements that do not materially affect the basic and novel
characteristics of the claimed technology. The phrase “con-
sisting of” excludes any element not specifically specified.

As used herein, the term “and/or” shall also be interpreted
to be inclusive in that the term shall mean both “and” and
“or.” In situations where “and/or” or “or” are used as a
conjunction for a group of three or more items, the group
should be interpreted to include one item alone, all of the
items together, or any combination or number of the items.

In general, “substituted” refers to an organic group as
defined below (e.g., an alkyl group) in which one or more
bonds to a hydrogen atom contained therein are replaced by
a bond to non-hydrogen or non-carbon atoms. Substituted
groups also include groups in which one or more bonds to
a carbon(s) or hydrogen(s) atom are replaced by one or more
bonds, including double or triple bonds, to a heteroatom.
Thus, a substituted group is substituted with one or more
substituents, unless otherwise specified. In some embodi-
ments, a substituted group is substituted with 1, 2, 3,4, 5, or
6 substituents. Examples of substituent groups include:
halogens (i.e., F, Cl, Br, and I); hydroxyls; alkoxy, alkenoxy,
aryloxy, aralkyloxy, heterocyclyloxy, and heterocyclylal-
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4

koxy groups; carbonyls (0x0); carboxyls; esters; urethanes;
oximes; hydroxylamines; alkoxyamines; aralkoxyamines;
thiols; sulfides; sulfoxides; sulfones; sulfonyls; sulfona-
mides; amines; N-oxides; hydrazines; hydrazides; hydra-
zones; azides; amides; ureas; amidines; guanidines; enam-
ines; imides; isocyanates; isothiocyanates; cyanates;
thiocyanates; imines; nitro groups; nitriles (i.e., CN); and the
like.

Substituted ring groups such as substituted cycloalkyl,
aryl, heterocyclyl and heteroaryl groups also include rings
and ring systems in which a bond to a hydrogen atom is
replaced with a bond to a carbon atom. Therefore, substi-
tuted cycloalkyl, aryl, heterocyclyl and heteroaryl groups
may also be substituted with substituted or unsubstituted
alkyl, alkenyl, and alkynyl groups as defined below.

Alkyl groups include straight chain and branched chain
alkyl groups having from 1 to 12 carbon atoms, and typically
from 1 to 10 carbons or, in some embodiments, from 1 to 8,
1to 6, or 1 to 4 carbon atoms. Examples of straight chain
alkyl groups include groups such as methyl, ethyl, n-propyl,
n-butyl, n-pentyl, n-hexyl, n-heptyl, and n-octyl groups.
Examples of branched alkyl groups include, but are not
limited to, isopropyl, iso-butyl, sec-butyl, tert-butyl, neo-
pentyl, isopentyl, and 2,2-dimethylpropyl groups. Represen-
tative substituted alkyl groups may be substituted one or
more times with substituents such as those listed above, and
include without limitation haloalkyl (e.g., trifftuoromethyl),
hydroxyalkyl, thioalkyl, aminoalkyl, alkylaminoalkyl,
dialkylaminoalkyl, alkoxyalkyl, carboxyalkyl, and the like.

Alkoxy groups are hydroxyl groups (—OH) in which the
hydrogen has been replaced by an alkyl group as defined
herein. Representative alkoxy groups include but are not
limited to methoxy, ethoxy, propoxy, isopropoxy, n-butoxy,
isobutoxy, and so forth.

Cycloalkyl groups include mono-, bi- or tricyclic alkyl
groups having from 3 to 12 carbon atoms in the ring(s), or,
in some embodiments, 3 to 10,3 to 8, or 3 to 4, 5, or 6 carbon
atoms. Exemplary monocyclic cycloalkyl groups include,
but not limited to, cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, cycloheptyl, and cyclooctyl groups. In some
embodiments, the cycloalkyl group has 3 to 8 ring members,
whereas in other embodiments the number of ring carbon
atoms range from 3 to 5, 3 to 6, or 3 to 7. Bi- and tricyclic
ring systems include both bridged cycloalkyl groups and
fused rings, such as, but not limited to, bicyclo[2.1.1]
hexane, adamantyl, decalinyl, and the like. Substituted
cycloalkyl groups may be substituted one or more times
with, non-hydrogen and non-carbon groups as defined
above. However, substituted cycloalkyl groups also include
rings that are substituted with straight or branched chain
alkyl groups as defined above. Representative substituted
cycloalkyl groups may be mono-substituted or substituted
more than once, such as, but not limited to, 2,2-, 2,3-, 2,4-
2,5- or 2,6-disubstituted cyclohexyl groups, which may be
substituted with substituents such as those listed above.

Cycloalkylalkyl groups are alkyl groups as defined above
in which a hydrogen or carbon bond of an alkyl group is
replaced with a bond to a cycloalkyl group as defined above.
In some embodiments, cycloalkylalkyl groups have from 4
to 16 carbon atoms, 4 to 12 carbon atoms, and typically 4 to
10 carbon atoms. Substituted cycloalkylalkyl groups may be
substituted at the alkyl, the cycloalkyl or both the alkyl and
cycloalkyl portions of the group. Representative substituted
cycloalkylalkyl groups may be mono-substituted or substi-
tuted more than once, such as, but not limited to, mono-, di-
or tri-substituted with substituents such as those listed
above.
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Alkenyl groups include straight and branched chain alkyl
groups as defined above, except that at least one double bond
exists between two carbon atoms. Alkenyl groups have from
2 to 12 carbon atoms, and typically from 2 to 10 carbons or,
in some embodiments, from 2 to 8, 2 to 6, or 2 to 4 carbon
atoms. In some embodiments, the alkenyl group has one,
two, or three carbon-carbon double bonds. Examples
include, but are not limited to vinyl, allyl, —CH—CH(CHj;),
—CH—C(CH,),, —C(CH;)—CH,, —C(CH,)—CH(CHs,),
—C(CH,CH;)—CH,, among others. Representative substi-
tuted alkenyl groups may be mono-substituted or substituted
more than once, such as, but not limited to, mono-, di- or
tri-substituted with substituents such as those listed above.

Aryl groups are cyclic aromatic hydrocarbons that do not
contain heteroatoms. Aryl groups herein include monocy-
clic, bicyclic and tricyclic ring systems. Thus, aryl groups
include, but are not limited to, phenyl, azulenyl, heptalenyl,
biphenyl, fluorenyl, phenanthrenyl, anthracenyl, indenyl,
indanyl, pentalenyl, and naphthyl groups. In some embodi-
ments, aryl groups contain 6-14 carbons, and in others from
6 to 12 or even 6-10 carbon atoms in the ring portions of the
groups. In some embodiments, the aryl groups are phenyl or
naphthyl. Although the phrase “aryl groups™ includes groups
containing fused rings, such as fused aromatic-aliphatic ring
systems (e.g., indanyl, tetrahydronaphthyl, and the like), it
does not include aryl groups that have other groups, such as
alkyl or halo groups, bonded to one of the ring members.
Rather, groups such as tolyl are referred to as substituted aryl
groups. Representative substituted aryl groups may be
mono-substituted or substituted more than once. For
example, monosubstituted aryl groups include, but are not
limited to, 2-, 3-, 4-, 5-, or 6-substituted phenyl or naphthyl
groups, which may be substituted with substituents such as
those listed above.

Aralkyl groups are alkyl groups as defined above in which
ahydrogen or carbon bond of an alkyl group is replaced with
a bond to an aryl group as defined above. In some embodi-
ments, aralkyl groups contain 7 to 16 carbon atoms, 7 to 14
carbon atoms, or 7 to 10 carbon atoms. Substituted aralkyl
groups may be substituted at the alkyl, the aryl or both the
alkyl and aryl portions of the group. Representative aralkyl
groups include but are not limited to benzyl and phenethyl
groups and fused (cycloalkylaryl)alkyl groups such as 4-in-
danylethyl. Representative substituted aralkyl groups may
be substituted one or more times with substituents such as
those listed above.

One aspect of the present technology provides aerogels
which include a water-soluble organic polymer, cellulose
fibrils and/or crystals, and organosilyl groups covalently
attached to one or more surfaces of the acrogels. The
resulting hybrid aerogels show drastically increased hydro-
phobicity compared to the unmodified polyvinyl alcohol/
cellulose nanofibril (PVA/CNF) aerogels and exhibit a con-
tact angle of at least about 110°. In some embodiments, the
water-soluble polymer is cross-linked to itself and/or to the
cellulose fibrils and/or crystals.

Any suitable water-soluble organic polymer which pos-
sesses desirable properties such as water solubility, biocom-
patibility, and biodegradability may be used in the present
aerogels. As used herein, the term “water-soluble organic
polymer” means an organic polymer, having a solubility of
at least 1 mg/ml in water at 25° C. In some embodiments the
water-soluble organic polymer has a solubility of at least 5
mg/ml, at least 10 mg/ml, at least 25 mg/ml, at least 50
mg/ml, at least 75 mg/ml, at least 100 mg/ml or at least 150
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mg/ml in water at 25° C. In some embodiments, the water-
soluble organic polymer has a solubility greater than or
equal to 100 mg/ml.

In some embodiments, the water-soluble organic polymer
is a thermoplastic polymer. Suitable water-soluble polymers
include, for example, polyvinyl alcohol, polyethylene gly-
col, polyacrylamide, polyacrylic acid, polymethacrylic acid,
cellulose, hydroxypropylmethyl cellulose, hydroxypropyl
cellulose, dextran, and dextran sulfate, or a combination of
any two or more thereof. In some embodiments, the water-
soluble organic polymer is polyvinyl alcohol, polyethylene
glycol, polyacrylamide, polyacrylic acid, polymethacrylic
acid, or a combination of any two or more thereof. In some
embodiments, the water-soluble polymer is polyvinyl alco-
hol (PVA).

In some embodiments, the water-soluble organic polymer
is a thermoset polymer. A thermoset organic polymer is an
organic polymer cross-linked at least to the extent that it
cannot be significantly softened or remelted by heat. Suit-
able thermoset polymers include, for example, polymerized
resorcinol-formaldehyde, phenol-formaldehyde, urea-form-
aldehyde, polyamic acid salt or a combination of any two or
more thereof. In some embodiments, the water-soluble poly-
mer is polymerized resorcinol-formaldehyde. In some
embodiments, the water-soluble organic polymer is cross-
linked with sodium borate, boric acid, organic dialdehyde, or
a combination of any two or more thereof. As used herein,
“organic dialdehyde” refers to compounds that include two
or more aldehyde groups (—CHO) and may include addi-
tional carbon atoms. For example, the water-soluble organic
polymer may be cross-linked with one or more of 1,2,3,4-
butanetetracarboxylic acid, glyoxal, glutaraldehyde, malon-
dialdehyde, succinaldehyde and phthalaldehyde. In some
embodiments, the water-soluble organic polymer is cross-
linked with 1,2,3,4-butanetetracarboxylic acid. In other
embodiments, the water-soluble organic polymer is cross-
linked with glutaraldehyde.

The water-soluble organic polymers of the present tech-
nology may have a molecular weight from about 500 to
about 200,000 Daltons (Da). In some embodiments, the
water-soluble organic polymer has a molecular weight of
greater than 10,000 Da. In another embodiment, the water-
soluble organic polymer has a molecular weight of about
10,000 Da to about 150,000 Da, about 15,000 Da to 100,000
Da, about 20,000 Da to about 50,000 Da, or about 25,000 Da
to about 35,000 Da. In some embodiments the water-soluble
organic polymer has a molecular weight of about 10,000 Da,
about 12,500 Da, about 25,000 Da, about 50,000 Da, about
100,000 Da, about 125,000 Da, about 150,000 Da, about
200,000 Da, or a range between and including any two of
these values.

A wide variety of cellulose fibrils and/or crystals may be
used in the present technology, including cellulose nanofi-
brils and nanocrystals (CNFs) or cellulose microfibrils and
microcrystals (CMFs), such as those prepared and/or char-
acterized in Saito et al. (Biomacromolecules, 2006, 7, 1687-
1691); Padkko et al. (Biomacromolecules, 2007, 1934-
1941); Zimmermann et al. (Carbohydrate Polymers, 2010,
79, 1086-1093); Postek et al. (Measurement Science and
Technology, 2011, 024005); Zhu et al. (Green Chemistry,
2011, 13, 1339-1344); Paakko et al. (Soft Matter, 2008, 4,
2492-2499); Henriksson et el. (Furopean Polymer Journal,
2007, 43, 3434-3441), the disclosures of which are hereby
incorporated by reference in their entireties and for all
purposes. The cellulose nanofibrils or nanocrystals may
have a suitable average diameter in the range of about 1 to
about 100 nanometers (nm). In some embodiments, the
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cellulose nanofibrils or nanocrystals are characterized as
having average diameters in the range of about 2 nm to about
100 nm. In various embodiments, cellulose nanofibrils or
nanocrystals may have average diameters in the range of
about 0.01 nm to about 100 nm, about 1 nm to about 90 nm,
about 2 nm to about 50 nm, about 5 nm to about 45 nm,
about 10 nm to about 40 nm, or about 20 nm to about 30 nm.
Examples of average diameters of cellulose nanofibrils and
nanocrystals include about 1 nm, about 5 nm, about 10 nm,
about 20 nm, about 30 nm, about 40 nm, about 50 nm, about
60 nm, about 70 nm, about 80 nm, about 90 nm, about 100
nm, and ranges between and including any two of these
values. In some embodiments, the cellulose nanofibrils or
nanocrystals is’/has a diameter of 5 to 30 nm.

The cellulose microfibrils or microcrystals may have
diameter in the range of about 100 to about 500 nanometers
(nm). In some embodiments, the cellulose microfibrils or
microcrystals are characterized as having average diameters
in the range of about 100 nm to about 300 nm. In various
embodiments, cellulose microfibrils or microcrystals may
have average diameters in the range of about 100 nm to
about 1000 nm, about 110 nm to about 500 nm, about 125
nm to about 400 nm, about 150 nm to about 350 nm, about
175 nm to about 300 nm, or about 200 nm to about 250 nm.
Examples of average diameters of cellulose microfibrils and
microcrystals include about 100 nm, about 150 nm, about
200 nm, about 250 nm, about 300 nm, about 350 nm, about
400 nm, about 450 nm, about 500 nm, about 550 nm, about
600 nm, about 650 nm, about 700 nm, about 800 nm, about
900 nm, about 1000 nm, and ranges between and including
any two of these values. In some embodiments, the cellulose
microfibrils and/or microcrystals have a diameter of 100 nm
to 250 nm.

The length of the cellulose nanofibrils or nanocrystals
and/or microfibrils or microcrystals can be optimized
depending on the desired characteristics of the aerogel. In
some embodiments, the cellulose nanofibrils or nanocrystals
and/or microfibrils or microcrystals have a length from
about 10 nm to several micrometers (ium), e.g., about 3 pm.
In some embodiments, the cellulose nanofibrils or nanoc-
rystals have a length of about 10 nm to less than 1000 nm.
In some embodiments, the cellulose microfibrils or micro-
crystals have a length of about 1000 nm to about 3000 nm.
In some embodiments, a mixture of microfibrils and/or
microcrystals with nanofibrils and/or crystals may be used.
In some embodiments, the cellulose nanofibrils or nanoc-
rystals have average lengths of about 10 nm, about 20 nm,
about 30 nm, about 40 nm, about 50 nm, about 75 nm, about
100 nm, about 200 nm, about 300 nm, about 400 nm, about
500 nm, about 600 nm, about 700 nm, about 800 nm, about
900 nm, less than 1000 nm, and ranges between and includ-
ing any two of these values. In some embodiments, the
cellulose nanofibrils or nanocrystals are characterized as
having average lengths of about 1000 nm, about 1500 nm,
about 2000 nm, about 2500 nm, about 3000 nm, and ranges
between and including any two of these values.

Depending on the application, the amount of water-
soluble organic polymer and cellulose nanofibrils/nanocrys-
tals and/or microfibrils/microcrystals may be varied. In
some embodiments the amount of polymer and cellulose
range from about 0:4 to about 4:1 by weight. In other
embodiments the ratios may be about 0:4, about 1:4, about
1:3, about 1:2, about 1:1, about 2:1, about 3:1, about 4:1
weight or any range between and including any two of the
foregoing ratios.

The aerogels of the present technology may be surface
modified with an organosilane such that organosilyl groups
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are covalently attached to one or more surfaces of the
aerogel. By “organosilane” is meant a compound that
includes carbon and silicon atoms, but may include other
types of atoms as well such as oxygen and halogens (F, Cl,
Br, I). Similarly, organosilyl groups (or “silyl groups™” for
short) are groups comprising silicon and carbon atoms, but
may also include oxygen, halogens or other types of atoms.
Organosilanes suitable for use in the present technology
include one or more leaving groups such as one or more
halogens or sulfonate esters, and a substituted or unsubsti-
tuted alkyl, alkoxy, cycloalkyl, cycloalkylalkyl, alkenyl,
aryl, aralkyl group, or a combination of any two or more
thereof. In some embodiments, the organosilane has one or
more leaving groups (e.g., halogen, tosylate, triflate, and/or
mesylate) attached to the silicon and/or attached to any
hydrocarbon groups that are attached to the silicon. In some
embodiments, the organosilane is halogenated with 1 or
more halogen atoms attached to the silicon and/or attached
to any hydrocarbon groups that are attached to the silicon.
For example, the organosilane compound may be fluorinated
and includes, e.g., 1 or more fluorine atoms or chlorine
atoms, e.g., 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,
17, 18, 19, or 20 fluorines or chorines or any number thereof
between and/or including any two of the preceding values.
For example, the organosilane may be a chloro-, dichloro- or
trichlorosilane with various carbon-containing substituents.
Substituents may be selected from alkyl, alkoxyk,
cycloalkyl, cycloalkylaryl, alkenyl, aryl, aralkyl, haloalkyl,
and (meth)acrylic groups, among others. Suitable organosi-
lanes thus include but are not limited to, methyltrichlrosi-
lane, tridecafluoro-1,1,2,2,-tetrahydrooctyl trichlorosilane,
trichloro(hexyl)silane, trichloro(octyl)silane, ethyltrichlo-
rosilane, allyltrichlorosilane, trichloro(phenethyl)silane,
3-bromopropyltrichlorosilane, trichloro(3,3,3,trifluoropro-
pyDsilane, (1-chloroethyl)trichlorosilane, (cyclohexylmeth-
yDtrichlorosilane, trichloro(phenyl)silane, trichlorododecyl-
silane, chlorotrimethylsilane, and dichlorodimethylsilane. In
some embodiments, the organosilyl groups include short
alkyl and/or alkoxy groups having 1, 2, 3, or 4 carbons (e.g.,
methyl, methoxy, ethyl, ethoxy, and so forth).

The present aerogels typically exhibit a contact angle of
at least about 110°, or at least about 120°. The contact angle,
as used herein, refers to the angle at which a liquid/vapor
interface meets a solid surface. In some embodiments, the
contact angle may be about 100°, about 110°, about 120°,
about 125°, about 130°, about 135°, about 140°, about 145°,
about 150°, about 155°, about 160°, about 165°, about 170°,
about 175°, about 180°, or a range between and including
any two of the foregoing values. For example the contact
angle may range from about 100° to about 180°, from about
110° to about 180°, from about 120° to 145°, and so forth.
The exact contact angle displayed by an aerogel of the
present technology will depend in part on the nature and
amount of the silyl groups covalently bound to the one more
surfaces of the aerogel. These contact angles are signifi-
cantly greater than the contact angles observed for PVA/
CNF aerogels alone. In some embodiments of the present
aerogels, the contact angle may be at least about 120°.

The aerogels of the present technology are strongly oleo-
philic. For example, they may exhibit an absorption capacity
for oil/organic solvents in the range of about 30 to about 140
times the weight of the aerogel. In some embodiments, the
absorption capacity is about 30 times, about 35 times, about
40 times, about 45 times, about 50 times, about 60 times,
about 70 times, about 80 times, about 90 times, about 100
times, about 110 times, about 120 times, or about 140 times
the weight of the aerogel and ranges between and including
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any two of these values. In some embodiments, the acrogels
have an absorption capacity ranging from about 45 to about
96 times the weight of the aerogel. In other embodiments,
the aerogels have an absorption capacity ranging from about
49 to about 118 times the weight of the aerogel.

The present aerogels also strongly absorb metal ions. The
scavenging capacity of the aerogels may, e.g., range from
about 50 mg/g to about 250 mg/g, about 100 mg/g to about
200 mg/g, about 120 mg/g to about 180 mg/g, about 140
mg/g to about 160 mg/g, and ranges between and including
any two of these values. In some embodiments, the aerogel
compositions have a scavenging capacity from about 110
mg/g to about 165 mg/g. In some embodiments, the present
aerogels scavenge heavy metal ions such as, e.g., Hg*,
Pb>*, Cu**, Ag+, or combinations of any two or more
thereof.

The organosilane-coated aerogel compositions have
remarkable specific compressive strength while maintaining
low density. For example, in various embodiments, the
aerogel compositions have a specific compressive strength
in the range of about 0.01 MPa'kg™'-m? to about 20.0 MPa
cm?/g, about 0.05 MPa cm’/g to about 10.0 MPa cm®/g,
about 0.1 MPa cm®/g to about 5.0 MPa cm®/g, or about 1.0
MPa cm®/g to about 2.5 MPa cm’/g. In some embodiments,
the aerogel compositions have a specific compressive
strength ranging from about 1.0 MPa cm?®/g to about 5.0
MPa cm®/g. In some embodiments, the aerogel composi-
tions have a maximal stress at 80% strain normalized by
density in the range of about 2.5 MPa cm®/g to about 6 MPa
cm?®/g, about 3 MPa cm®/g to about 5.5 MPa cm?/g, about
3.5 MPa cm?/g to about 5 MPa cm’/g, or about 4 MPa cm®/g
to about 4.5 MPa cm®/g. In some embodiments, the aerogel
compositions have a maximal stress at 80% strain normal-
ized by density of about 3.8 MPa cm’/g.

The present aerogels are very light weight due to low
density. For example, the acrogels typically have a density
of not more than about 500 kg/m?. In various embodiments,
the aerogel compositions have a density in the range of about
2 kg/m® to about 250 kg/m>, about 5 kg/m’ to about 200
kg/m?, or about 10 kg/m> to about 150 kg/m>. Examples of
densities of the aerogel compositions include about 2 kg/m?,
about 5 kg/m>, about 10 kg/m>, about 20 kg/m>, about 30
kg/m?, about 40 kg/m>, about 50 kg/m>, about 60 kg/m?>,
about 70 kg/m?>, about 80 kg/m?, about 90 kg/m>, about 100
kg/m?, about 110 kg/m>, about 120 kg/m>, about 130 kg/m®,
about 140 kg/m>, about 150 kg/m?, about 160 kg/m?>, about
170 kg/m>, about 180 kg/m>, about 190 kg/m?, about 200
kg/m?, about 210 kg/m>, about 220 kg/m>, about 230 kg/m?,
about 240 kg/m>, about 250 kg/m>, about 400 kg/m>, about
500 kg/m>, and ranges between and including any two of
these values. In some embodiments, the aerogel composi-
tions have a density of about 10 kg/m® to about 15 kg/m>.

The present aerogels are highly porous. For example,
aerogels of the present technology may display a porosity of
at least about 70%, at least about 75%, at least about 80%,
at least about 85%, at least about 90%, at least about 95%,
or at least about 99%. In certain embodiments, the aerogel
compositions have a porosity of at least about 90%. In some
embodiments, the aerogel compositions have a porosity of
greater than about 98%.

Aerogels of the present technology need not contain
graphene oxide or carbon nanotubes (such as, e.g., multi-
walled carbon nanotubes) in order to achieve their special
properties. Thus, in some embodiments, the present tech-
nology provides sustainable aerogels that include cellulose
nanofibers (CNF) and/or microfibers in combination with a
water soluble thermoplastic polymer (e.g., polyvinyl alcohol
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(PVA)) that is cross-linked to itself and/or the cellulose
fibers, the surfaces of which include covalently attached
organosilyl groups such as one or more of methylsilyl,
methylchlorosilyl, and methyldichlorosilyl groups.

In another aspect, the present technology provides meth-
ods of making sustainable aerogels. In certain embodiments,
the methods include covalently bonding organosilyl groups
to one or more surfaces of an aerogel to provide an aerogel
exhibiting a contact angle of at least about 110° or at least
about 120°. Such aerogels include cellulose fibrils and/or
crystals, a water-soluble organic polymer, wherein the
water-soluble polymer is cross-linked to itself and/or to the
cellulose fibrils and/or crystals. Methods of making the
present aerogels may also include combining a water-
soluble organic polymer and cellulose fibrils and/or crystals
in water; cross-linking the water-soluble organic polymer to
itself and/or the cellulose fibrils and/or crystals to form a gel;
removing the water from the gel to form an aerogel; and
heating the aerogel in the presence of a reactive organosilane
compound. The aerogels may be made of any of the cellu-
lose fibers and/or crystals as well as any of the water-soluble
organic polymers described herein. In some embodiments,
the weight ratio of water-soluble polymer to cellulose fibrils
and/or crystals ranges from about 1:4 to about 4:1. Similarly,
any of the cross-linking agents or organosilanes described
herein may be used in the present methods. For example, the
organosilane compound may include at least one halogen,
tosylate, triflate, and/or mesylate group and at least one
substituted or unsubstituted alkyl, alkoxyk, cycloalkyl,
cycloalkylalkyl, alkenyl, aryl, and/or aralkyl group. In some
embodiments, the organosilane is methyltrichlorosilane.

The water in the acrogel compositions prepared using the
above methods can be removed by several methods known
in the art. Examples of such methods include freeze drying,
vacuum drying, supercritical drying and the like. In some
embodiments, the water is removed by freeze-drying the gel
to provide the aerogel. Freeze drying is inexpensive, easy,
environmentally friendly, scalable, and capable of producing
high-quality components in any desired geometry.

The aerogel compositions of the present technology can
be tuned for specific applications by modifying the amount
and type of materials used, the processing conditions or
other parameters. For example, the aerogels can be tailored
using a variety of known post-treatment methods, giving
them a flexibility to be used in several applications such as
the those mentioned above.

These hybrid organic acrogels possess excellent proper-
ties such as enhanced robustness, improved deformability,
high compressive strain, ultra-low density, superhydropho-
bicity, and superoleophilicity. Because of their excellent
mechanical, thermal, and surface properties, these aerogels
are potentially useful for a wide range of applications. For
example, the aerogel compositions of the present technology
may serve as excellent absorbents. Thus, in another aspect,
the present technology provides an absorbent composition
which includes any of the acrogels disclosed above. In some
embodiments, the acrogel is an oil/organic solvent absorbent
or metal ion scavenger, including a heavy metal ion scav-
enger.

The methods described herein can be used to prepare
large-scale superhydrophobic and superoleophilic PVA/
CNF aerogels by an environmentally friendly freeze-drying
process followed by thermal chemical vapor deposition of
methyltrichlorosilane. The silane-treated PVA/CNF hybrid
aerogels have ultra-low densities (<15 kg m™), very high
porosities (>98%), and excellent oil/solvent absorption
capabilities (49 to 118 times their own dry weight). Thus,
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aerogels of the present technology are made of renewable/
sustainable materials through simple and green processes
and can be mass-produce to be used in various applications,
for example to purify water and clean up oil/chemical
spills/leaks.

In yet another aspect, the present technology provide
methods of using the aerogels described herein. Thus, in
some embodiments, water contaminated by metals (includ-
ing heavy metals) and/or non-polar compounds may be
purified by exposing the water to an aerogel of the present
technology. In some embodiments of such methods, the
water is contaminated by crude oil, diesel fuel, gasoline
and/or organic solvents. In certain embodiments the water is
contaminated by one or more of Pb>*, Hg**, Ag*, and Cu*.

All references cited herein are specifically incorporated
by reference in their entirety and for all purposes as if fully
set forth herein.

The present technology is further illustrated by the fol-
lowing examples, which should not be construed as limiting
in any way.

EXAMPLES
Example 1

Preparation of Cellulose Nanofibrillated Fibers
(CNFs)

The cellulose used for producing the CNFs was a com-
mercially supplied fully bleached eucalyptus Kraft pulp.
PVA (Mw-95000 g mol™"), glutaraldehyde (GA, crosslinker,
25 wt. % in H,0), 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO, 98 wt. %), methyltrichlorosilane (97 wt. %) and
Oil Red O were all obtained from Sigma Aldrich. 1,2,3,4-
Butanetetracarboxylic acid (BTCA, 98 wt %) was obtained
from Acros Organics. Sodium chlorite, sodium bromide,
sodium hypochlorite solution, and other chemicals were of
laboratory grade (Fisher scientific, USA) and used without
further purification.

The TEMPO-oxidized CNFs used in this study were
prepared according to the work reported by Saito et al.
(Biomacromecules, 2009, 10, 1992-1996). Briefly, bleached
eucalyptus pulp fibers were carboxylated using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), sodium chlorite,
and sodium hypochlorite as the reactants at 60° C. for 48
hours. TEMPO oxidized pulp fibers were then washed
thoroughly using distilled water and homogenized in a disk
refiner to break apart fibril bundles. The fiber slurry was
diluted to facilitate separation of coarse and fine fractions by
centrifugation at 12,000 G. Subsequently, the coarse fraction
was rejected. The nanofibril suspension was concentrated to
a solid content of approximately 0.65 wt. % using ultrafil-
tration. A final refining step was performed, in which the
nanofibril suspension was passed once through an
M-110EH-30 Microfluidizer (Microfluidics, Newton,
Mass.) with 200- and 87-um chambers in series. The
obtained CNF suspension was stored at 4° C. without any
treatment before future utilization. The carboxylate content
of the CNF's were measured via titration based on the TAPPI
Test Method T237 cm-98 protocol and was found to be 0.64
mmol COONa per gram of CNF suspension.

Example 2

Preparation of Crosslinked PVA Aeroels with
Glutaraldehyde

For comparison purposes, crosslinked PVA aerogels were
prepared. PVA solution (4.0 mL, 0.05 g mL™") and a desired
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amount of water were mixed together in a flask under
vigorous stirring for 1 h. Then, glutaraldehyde solution (80
ul, 25 wt. %) and sulfuric acid (80 pl, 1.0 vol %) were
added to the PVA solution. The resulting mixture was mixed
under stirring for another hour. At the final stage, the mixture
was sonicated in an ultrasonic bath for 1 h under vacuum to
obtain the aqueous gels. After being transferred into alumi-
num pans, the aqueous gel was crosslinked in a vacuum
oven at 75° C. for 3 h. The PVA aerogels were fabricated
using the freeze-drying process described herein and were
stored in a vacuum oven for further characterization.

Example 3

Preparation of Crosslinked PVA/CNF Aeroels with
Glutaraldehyde

Crosslinked PVA/CNF aerogels were also prepared for
comparison purposes by following a similar procedure as
described above. PVA solution (2.0 mL, 0.05 g mL™"), CNF
solution (15.4 g, 0.65 wt. %), and a desired amount of water
(depending on the specific density of the aerogels) were
mixed together in a flask under vigorous stirring for 1 h. The
weight ratio between the PVA and CNF was 1:1 for the
PVA/CNF aerogels. Glutaraldehyde solution (80 ulL, 25 wt.
%) and sulfuric acid (80 pL, 1.0 vol %) were added to the
PVA/CNF solution. The resulting mixture was constantly
stirred for another hour. At the final stage, the mixture was
sonicated in an ultrasonic bath for 1 h under vacuum to
obtain the aqueous gels. After being transferred into alumi-
num pans, the aqueous gels were crosslinked/cured in a
vacuum oven at 75° C. for 3 h. PVA/CNF aerogels were
obtained using the freeze-drying process described herein
and were stored in a vacuum oven for further characteriza-
tion.

Example 4

Preparation of Organosilylated Crosslinked
PVA/CNF Aeroels

The organosilyl surface modification of the PVA/CNF
aerogels was carried out by thermochemical vapor deposi-
tion (CVD). A small glass vial containing methyltrichlorosi-
lane (The amount of silane added was calculated by the
following equation: V=1+Vaerogel/1250 (ml)) together
with the aerogel samples was placed in a vacuum desiccator
operated at 80 kPa below atmospheric pressure, the desic-
cator was sealed and heated in a vacuum-assisted oven at 50°
C. for 10 h to 24 h. To remove the excess unreacted
organosilane and the by-product (HCl), the surface-treated
aerogels were kept in a vacuum desiccator under vacuum for
at least 1 h.

Example 5

Small-Scale Preparation of Crosslinked PVA/CNF
Aeroels with BTCA

The PVA solution (2.0 mL, 0.05 g mL™"), CNF solution
(154 g, 0.65 wt. %), and a desired amount of water
(depending on the specific density of the aerogels) were
mixed together in a flask under vigorous stirring for 1 h. The
weight ratio between the PVA and CNF was 1:1 for the
PVA/CNF aerogels. Then, 1,2,3,4-butanetetracarboxylic
acid (BTCA, 10.0 mg) and sodium hypophosphite (5.0 mg)
solution were added to the PVA/CNF solution. The resulting
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mixture was mixed under constant stirring for an additional
one hour. The resulting mixture was then vacuumed to
remove any bubbles that formed under agitation. The result-
ing aqueous gel was transferred into aluminum pans, and a
freeze-drying process was used to fabricate the PVA/CNF
aerogel. Specifically, the aqueous gel was precooled in a 4°
C. refrigerator overnight to avoid macroscopic fracture
during the freezing step. The precooled aqueous gel was
then frozen at —78° C. in a dry ice-acetone solution and the
resulting frozen sample was freeze-dried using a standard
laboratory freeze drier (Labconaco, 4 1) at a condenser
temperature of —87.0° C. under vacuum (0.0014 mBar) for
three days to produce the aerogel. The crosslinked aerogel
was obtained by heating the sample in a vacuum oven at
150° C. for one hour. The aerogel was stored at room
temperature for further coating and characterization.

Example 6

Large-Scale Preparation of Crosslinked PVA/CNF
Aerogels with BTCA

The PVA solution (100 mL, 0.05 g mL™"), CNF solution
(770 g, 0.65 wt. %), and a desired amount of water (depend-
ing on the specific density of the aerogels) were mixed
together in a flask under vigorous stirring for 1 h. The weight
ratio between the PVA and CNF was 1:1 for the PVA/CNF
aerogels. Then, BTCA (500 mg) and sodium hypophosphite
(250 mg) solution were added to the PVA/CNF solution. The
resulting mixture was mixed under constant stirring for an
additional one hour. The resulting mixture was then vacu-
umed to remove any bubbles that formed under agitation.
The resulting aqueous gel was transferred to plastic trays
(35x27x1.9 cm®) and was subsequently freeze-dried in a
general purpose freeze drier for 6 days; the temperature on
the first day ranged from —-4° C. to -20° C. without the
vacuum. After freezing the gel, the temperature was set to
-69° C. to =72° C. with the condenser for the following
days. The crosslinked aerogel was obtained by heating the
sample in a vacuum oven at 150° C. for one hour. The
aerogel was stored at room temperature for further coating
and characterization.

Example 7
Freeze-Drying Process

The crosslinked aqueous gels were precooled in a 4° C.
refrigerator overnight to avoid macroscopic fracture during
the freezing step and were then frozen at -78° C. in a dry
ice-acetone solution. The frozen samples were freeze-dried
in a lyophilizer at a condenser temperature of —87.0° C.
under vacuum (0.0014 mBar) for three days to produce the
aerogels.

Example 8
Characterization Methods

The mechanical (e.g., compressive strength and strain),
physical (e.g., organosilane bonding, density, and moisture
absorbance) and morphological properties of the aerogels
prepared using the methods described above were system-
atically characterized. For each type of characterization
described below, all tests were measured at least in triplicate
and the average results as well as the standard deviations
were reported. The densities of the aerogels were calculated

10

15

20

25

30

35

40

45

50

55

60

65

14

based on the measurements of their masses and dimensions.
The microstructures of the acrogels and elemental analysis
were studied using a scanning electron microscope (SEM,
LEO GEMINI 1530) equipped with energy-dispersive X-ray
spectroscopy (EDX). The SEM samples were coated using
gold sputtering. A contact angle goniometer (OCA 15/20,
Future Digital Scientific Corp., USA) was used for the
contact angle measurements that were carried out at room
temperature with water. The volume of water droplet was
fixed at 4.0 pl. and the contact angles were measured at five
different positions on each sample. The values reported were
measured at 10 s after deposition of the droplets. The
average value of the five measurements performed were
reported as the contact angle. The FT-IR spectra were
recorded using a tensor 27 spectrometer (Bruker, USA) with
4 cm™ resolution at room temperature. An ICP (inductively
coupled plasma) atomic emission spectrometer (Optima
2000, PerkinElmer Inc., USA) was used for the metal ion
analysis in aqueous solutions. Compression testing was
conducted using an Instron (model 5967) fitted with a 250 N
load. The compression strain rate was set to 10% min™'.
Cylindrical aerogels (with a diameter about 60 mm and
height about 10 mm) were used for the compression testing.
Thermal stability measurements were carried out using a
thermogravimetric analyzer (TGA, Q50 TA Instruments,
USA) from 30 to 800° C. at 10° C. per minute under a
nitrogen atmosphere.
Oil/Organic Solvent Absorption of the Aerogels

The oil and/or solvent absorption of the aerogels were
measured by immersing approximately 30 mg of the
organosilane-coated aerogels into various types of oil and/or
solvent and water with a 1:1 volume ratio except for
chloroform. The chloroform absorption was measured by
immersing the aerogel directly into the solvent because it
has a higher density than water. The absorption process
generally reached an equilibrium within a few minutes.
Once absorption was completed, the soaked aerogels were
removed from the oil/water mixture and weighed. The
aerogel surface was blotted using a filter paper to remove
excess surface solvent/oil and the absorption capacity (Q)
was calculated from mass gain using the following equation:

(W = Wp) x 100%
Wy

1
Q%) = @

where W and W, are the weights of the aerogels before and
after absorption, respectively. The weight measurements of
the aerogels with absorbed oil were conducted without delay
to avoid evaporation of the oil and/or solvent.
Porosity Calculation of Aerogels

The density of the solid materials (p,) was calculated
according to the solid density of each component and their
weight ratios used in the formulation, as the following
equation 2,

_ 1 2)
£s= Wewnr

Wiitane Wpya

Prsilane PCNF Prva

where W was the weight percentage of the different com-
ponents, and P05 P e and Py, Were the solid densities
of silane, CNF and PVA, respectively. The densities of the
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silane, CNFs and PVA used for this study were 1273, 1460
and 1269 kg m™>, respectively, according to the manufac-
turer’s data sheet.
The porosity of aerogels was calculated using equation 3,

Porosity = 1 - pﬁ) % 100% (©)

where p was the density of aerogel, p, was the density of
solid materials.
Heavy Metal Ion Scavenging

The scavenging capacity of the aerogels on heavy metal
ions including Pb**, Hg**, Ag* and Cu>* were investigated.
To measure the scavenging capacity, approximately 14 mg
organosilane-coated aerogels and 50 mL. of a heavy metal
ion solution (50 mg L") were stirred at room temperature
for 3 days to reach binding equilibrium. Prior to mixing, a
few droplets of ethanol were applied to the surface of the
aerogels. The heavy metal ion concentrations were mea-
sured with an ICP atomic emission spectrometer and the
binding capacity of the heavy metal ions to the aerogels were
calculated using the following equation:

(Cr = Ceg)XV
M

o . “
Binding Capacity =

where C; and C,, (mg L) are the initial and equilibrium
concentrations of the heavy metal ions in aqueous solution,
respectively, while V is the volume of heavy metal ion
solution (L) and M is the mass of the aerogels (g).

RESULTS

Organosilane Bonding Determined by EDX and FTIR
Crosslinked with Glutaraldehyde

The successtul silane coating of the PVA/CNF aerogels
crosslinked with glutaraldehyde was confirmed by energy
dispersive X-ray analysis (EDX) analysis (FIGS. 1A-1B)
and FTIR analysis (FIG. 2). The EDX spectrum of uncoated
PVA/CNF aerogel crosslinked with glutaraldehyde showed
carbon, oxygen, and sodium peaks, but lacked any silicon
detection (FIG. 1A). Following silanization, the EDX spec-
trum showed peaks for carbon, oxygen, sodium, chlorine,
and silicon (FIG. 1B). Silicon was detected at 4.44% (rela-
tive atomic % by element). Silanization of the porous
PVA/CNF aerogels crosslinked with glutaraldehyde was
further confirmed by FTIR analysis (FIG. 2). The detected
absorption bands at approximately 780 cm™ and approxi-
mately 1272 cm™ are ascribed to the characteristic vibra-
tions of Si—O—Si and C—Si asymmetric stretching in
C—Si—O units, respectively.
Microstructures of the Silylated Aerogels Crosslinked with
Glutaraldehyde

The organosilane-coated PVA/CNF aerogel crosslinked
with glutaraldehyde was successfully prepared using a
freeze-drying method. Under optimal processing conditions,
very little shrinkage was observed in the aerogels compared
to their initial hydrogel dimensions. While not wishing to be
bound by theory, it is anticipated that the coated aerogel
increased in hydrophobicity due to functionalization of the
PVA/CNF aerogel hydroxyl groups with methyltrichlorosi-
lane. Silylation occurred in the gaseous phase through a
simple thermal chemical vapor deposition method. The
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density of the uncoated PVA/CNF aerogels was 10.6 kg m™>
and increased to 13.0 kg m™ after organosilane coating.

FIGS. 3A-3D shows the microstructures of the bottom
surfaces of the PVA and PVA/CNF aerogels crosslinked with
glutaraldehyde before and after silane coating. FIGS. 3A and
3C show the uncoated PVA and PVA/CNF aerogels. FIGS.
3B and 3D show the coated PVA and PVA/CNF aerogels.
PVA and PVA/CNF aerogels before and after silane treat-
ment all exhibited an interconnected, highly porous cellular
structure with relatively uniform pore sizes (typically 2 to 6
um). In addition, more nanofiber-like structures appeared on
the surface of the cellular wall after silanization (FIGS. 3B
and 3D). Not wishing to be bound by theory, it is believed
more nanofiber-like structures appeared on the surface due
to the formation of silicone nanofilaments. Previous studies
have found that depending on the silane reaction conditions,
different types of coating may be formed. See Fedeev, A. Y.;
McCarthy, T. J. Self-Assembly Is Not the Only Reaction
Possible between Alkyltrichlorosilanes and Surfaces: Mono-
molecular and Oligomeric Covalently Attached Layers of
Dichloro- and Trichloroalkylsilanes on Silicon, Langmuir,
2000, 16, 7268-7274. Under relatively dry conditions (i.e.,
with a relative humidity below 35%), organosilanes form
either self-assembled monolayers (horizontal polymeriza-
tion) or covalently attached monolayers. Under relatively
wet conditions (i.e., with a relative humidity ranging from
35 to 65%), organosilanes form covalently attached cross-
linked polymeric fibers/layers (vertical polymerization).

FIGS. 4C and 4D show the microstructure of the PVA/
CNF aerogel crosslinked with glutaraldehyde cross-sections
at the middle of the aerogel samples before and after silane
treatment. The PVA/CNF aerogels again exhibited a rela-
tively uniform cellular structure with pore sizes typically in
the range of 10 to 20 um, which was several times larger
than the pore sizes on the bottom surface. The bottom
surface of the aerogels was in contact with the aluminum pan
that was immersed in the dry ice-acetone solution. Differ-
ences in pore morphology between the bulk structure and the
surface layers of acrogels were also reported in cellulose and
poly-(N-isopropyl acrylamide)/clay aerogels fabricated
using the freeze-drying process. See Sehaqui, H., et al.
Mechanical Performance Tailoring of Tough Ultra-high
Porosity Foams Prepared from Cellulose I Nanofiber Sus-
pensions, Soft Matter, 2010, 6, 1824-1832; Haraguchi, K ;
Matsuda, K. Spontaneous Formation of Characteristic Lay-
ered Morphologies in Porous Nanocomposites Prepared
from Nanocomposite Hydrogels, Chem. Mater, 2005, 17,
931-934. However, similar to what was observed on the
aerogel bottom surface, more nanofiber-like structures grew
randomly on the PVA/CNF aerogel cellular walls, which
was likely attributable to the formation of silicone nanofila-
ments (FIG. 4D). FIGS. 4A and 4B show the microstructure
of the PVA aerogel at the cross-section at the middle of the
samples. Unlike the microstructure of the PVA/CNF aerogel
cross-section, or that of the PVA aerogel bottom surface, the
PVA aerogel cross-section largely exhibited a lamellar struc-
ture. Not wishing to be bound by theory, it is believed this
may be attributed to the fact that the precursor solution for
the PVA aerogel had a low viscosity, thereby allowing the
PVA polymer chains to easily align along the direction of the
growing front of ice crystals during freezing. In contrast, the
PVA/CNF hydrogel solution used to prepare the PVA/CNF
aerogel had a much higher viscosity due to the formation of
a 3D network arising from the entanglement of high-aspect-
ratio CNFs and thus may have affected the nucleation and
growth of the ice crystals.
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Surface Wettability of the Aerogels Crosslinked with Glut-
araldehyde

The surface wettability of the PVA/CNF (organosilyl
coated and uncoated) aerogels crosslinked with glutaralde-
hyde were studied via contact angle measurements. As
shown in FIG. 5A, for the uncoated PVA/CNF aerogels,
water droplets were readily absorbed within 1 s. As shown
in FIG. 5B, the organosilane-coated aerogel became super-
hydrophobic with a highly increased water contact angle of
0=~150.3+1.2° at t=10 s. After 120 s, the water droplet on the
silylated acrogel maintained its initial contact angle as well
as its round shape.

When the superhydrophobic silylated aerogel was
immersed into water by applying an external force, the
aerogel became afloat immediately after releasing the exter-
nal force without any water absorption. This observation
implies that the superhydrophobic organosilane-coated
PVA/CNF aerogel can be used to absorb organic solvents
and/or oil on water. The organosilane-coated aerogel also
exhibited a low adhesion to water. When water droplets were
applied to the surface of the silylated PVA/CNF aerogel,
they easily rolled off the surface. In contrast, when gasoline
droplets were applied to the surface they were readily
absorbed by the organosilane-coated PVA/CNF aerogel.
Thus, organosilane-coated PVA/CNF aerogels are highly
oleophilic. The simultaneous superhydrophobicity and
superoleophilicity exhibited by organosilane-coated PVA/
CNF aerogels ensures their superior oil/solvent absorbance.
Oil/Solvent Absorption of the Aerogels Crosslinked with
Glutaraldehyde

Removal of oils and organic contaminants from water has
attracted immense academic and commercial interest,
because of the need to clean up industrial byproducts such
as oily waste water and/or oil/chemical spills/leaks. The
superhydrophobic and superoleophilic organosilane-coated
PVA/CNF aerogels crosslinked with glutaraldehyde may
make the technology an ideal absorbent material for remov-
ing such oil and organic solvents. An organosilane-coated
aerogel crosslinked with glutaraldehyde with a density of
13.0 kg m™ was used to investigate the oil absorption
performance. A mixture of oil/solvent with water was made
by stirring 10 mL of oil/solvent and 10 mL of water for 2
minutes. Following mixing, 30 mg of organosilane-coated
aerogel crosslinked with glutaraldehyde was placed on the
surface of oil/solvent and water mixture. The oil/solvent was
absorbed for 5 minutes by the aerogel without any water
absorption. Because chloroform is denser than water, the
aerogel was immersed directly in chloroform to test the
absorption of this solvent.

The absorption capacities for a wide range of organic
solvents and oils were studied resulting in absorptions
ranging from 45 to 96 times the organosilane-coated aerogel
weights. Such absorption is much higher than those of most
existing oil-absorption materials (e.g., polymeric, graphene-
based acrogels and natural absorbents). The absorption
performance of the organosilane-coated PVA/CNF aerogels
for different oils and organic solvents were measured and
reported in FIG. 6A. While not wishing to be bound by
theory, it is predicted that the excellent oil/solvent absorp-
tion capability can be attributed to the PVA/CNF aerogels’
highly porous structure and uniform superoleophilic and
superhydrophobic organosilane coating. The various
recorded oil/solvent absorption capacities were normalized
by dividing the weight gain by the density of the respective
oil/organic solvent (FIG. 6B). For comparison purposes, the
oil/solvent absorption capacities of the organosilane-coated
PVA aerogels crosslinked with glutaraldehyde with a similar
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density (14.2 kg m™>) were observed (FIGS. 7A-7B). The
absorption capacities of the organosilane-coated PVA/CNF
aerogels (FIG. 6B) were two to three times higher than that
of the organosilane-coated PVA aerogels (FIG. 7B). Simi-
larly, organosilane-coated CMF had excellent absorption
capacities. While not wishing to be bound by theory, the
significant absorption differences may be attributed to the
unique microstructure exhibited by the organosilane-coated
CMF and PVA/CNF aerogels including uniform pore size
and highly interconnected porous structure.
Heavy Metal Ion Scavenging Crosslinked with Glutaralde-
hyde

Organosilane-coated PVA/CNF and organosilane-coated
PVA aerogels crosslinked with glutaraldehyde affinities for
heavy metal ions were observed via their scavenging capaci-
ties (FIG. 8). The scavenging capacities of the organosilane-
coated PVA/CNF for Hg”*, Pb**, Cu?* and Ag* were 157.5
mg g7!, 110.6 mg g7*, 151.3 mg g7, and 1143 mg g7,
respectively. The scavenging capacities of the organosilane-
coated PVA for Hg?*, Pb>*, Cu*, and Ag* were 22.0 mg g™,
24.5mgg*,28.9mgg™!, and 39.5 mg g™, respectively. The
results were an extremely high heavy ion scavenging capac-
ity for the organosilane-coated PVA/CNF aerogel as com-
pared to the organosilane-coated PVA aerogel and other
materials previously reported in the literature. While not
wishing to be bound by theory, it is believed that metal ion
scavenging by porous materials, such as aerogels, in aque-
ous solution is mainly driven by the electrostatic interaction
and complexation between the metal ions and the carboxyl
groups present in the porous materials. One reason for the
much higher metal ion scavenging capability exhibited by
the organosilane-coated PVA/CNF aerogel may be attributed
to the fact that the CNFs in the PVA/CNF aerogel carried
many carboxyl groups. Such reasoning may also explain the
differences in the scavenging capacity for the different metal
ions, since the metal ions likely have different affinities to
carboxyl groups. The superior oil/solvent absorbing perfor-
mance and metal ion scavenging ability exhibited by
organosilane-coated PVA/CNF aerogels crosslinked with
glutaraldehyde makes it a versatile agent for water purifi-
cation.
Thermal Stability of the Aerogels Crosslinked with Glutar-
aldehyde

The thermal stability of the PVA/CNF aerogels cross-
linked with glutaraldehyde were measured before and after
organosilane treatment using thermogravimetric analysis
(TGA) in nitrogen from 30 to 600° C. (FIG. 9). Organosi-
lane-coating of the PVA/CNF aerogel did not change the
thermal stability up until about 270° C. However, from about
270° C. to about 495° C., the thermal stability of the
organosilane-coated aerogel was somewhat improved com-
pared to the noncoated PVA/CNF aerogel. For example, the
temperatures corresponding to a 30% weight loss were
320.7 and 302.5° C., for the organosilane-coated and
uncoated PVA/CNF aerogels, respectively. While not wish-
ing to be bound by theory, it is predicted that the thermal
stability difference may be attributed to the retardation of the
PVA thermal decomposition by covalent bonds formed
between the PVA and organosilane compounds.
Mechanical Properties of the Organosilane-Coated PVA/
CNF Aerogels Crosslinked with Glutaraldehyde

The compressive behaviors of the organosilane-coated
PVA/CNF aerogel crosslinked with glutaraldehyde are
shown in FIGS. 10A-10D. To determine the mechanical
properties of the silylated PVA/CNF aerogel, their compres-
sive stress as a function of strain and their cyclic compres-
sion behaviors were studied before and after organosilane
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treatment. Both the silylated and non-silylated aerogels
compressed by more than 90%, likely due to their high
porosity. However, the noncoated PVA/CNF aerogel was not
very elastic and deformed permanently when the compres-
sion stain was more than 20%. In contrast, the organosilane-
coated PVA/CNF aerogel completely recovered its original
shape with no mechanical failure after being subjected to
80% strain.

FIG. 10A shows the cyclic compression stress-stain curve
of the organosilane-treated PVA/CNF aerogels at a maxima
strain of 40%, 60%, and 80%. The organosilane-coated
aerogels completely recovered their original shape after
unloading at each strain. The maximal stress at 80% strain
normalized by the density was about 3.8 MPa cm® g™,
which is larger than the value measured for other polymeric
aerogels. The organosilane-coated aerogels were subjected
to a fatigue cyclic compression test (at 40%, 60%, and 80%
strain) with 100 loading/unloading cycles (FIGS. 10B, 10C,
10D). The compressive stress-stain curves did not change
significantly after 100 cycles, which demonstrated excellent
elastic recovery during the cyclic compression tests.
Although hysteresis loops were shown in the loading-un-
loading cycles, indicating dissipation, the organosilane-
coated PVA/CNF aerogels were significantly more elastic
(40-80%) than other aerogels at comparable compression
stains.

Large-Scale Preparation for PVA/CNF Aerogels Cross-
linked with BTCA

The scale-up process for large-size high performance
aerogels were developed and optimized using the industrial
size freeze drier (SP Scientific, general purpose freeze drier,
35 L). Both small- and large-scale PVA/CNF aerogels were
successfully prepared using a freeze-drying method. In order
to obtain hydrophobic aerogels, the hydroxyl groups present
on the porous surface of the acrogel were functionalized
with methyltrichlorosilane in a gaseous phase through a
simple thermal chemical vapor deposition method. The
densities of the small-scale and large-scale PVA/CNF aero-
gels before and after the silane treatment were 10.5/13.6 kg
m~ and 11.2/14.0 kg m~>, respectively. All aerogels exhib-
ited a very high porosity (>98%). The porosity of aerogels
was calculated using Equations 2 and 3.

Microstructures of the Silylated Aerogels Crosslinked with
BTCA

FIGS. 11A-11D shows the microstructures of the cryof-
ractured surfaces of the small-scale PVA/CNF aerogel cross-
linked with BTCA before (FIGS. 11A and 11B) and after
(FIGS. 11C and 11D) silane treatment. PVA/CNF aerogels
before and after silane treatment all exhibited an intercon-
nected, highly porous cellular structure with relatively uni-
form pore sizes (typically 2 to 6 um). In addition, more
nanofiber-like structures appeared on the surface of the
cellular wall after silanization, likely due to the formation of
silicone nanofilaments (FIGS. 11C and 11D). FIGS. 12A-
12D shows the microstructure of the cryofractured surfaces
of the large-scale PVA/CNF aerogel before (FIGS. 12A and
12B) and after (FIGS. 12C and 12D) silane treatment.
Similar to what we observed in the small-size PVA/CNF
aerogel crosslinked with BTCA sample, the large-size PVA/
CNF aerogels crosslinked with BTCA produced by using the
industrial size freeze drier again exhibited a relatively uni-
form cellular structure with pore sizes typically in the range
of 10 to 40 um (FIGS. 12A-12D), which was several times
larger than the pore sizes on the small-scale sample. This
observation may be attributed to different freeze-drying
process. The small-size aerogel were prepared by freezing
the aqueous gel in a dry ice-acetone solution (-87.0° C.),
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which freezes much more quickly than the large-size aerogel
in the chamber (up to ~-20.0° C.), thereby affecting the
nucleation and growth of the large ice crystals. Subsequent
sublimation of these large crystals led to the formation of
larger micron-sized pores in the aerogels.

Oil/Solvent Adsorption of the Large-Scale and Small-Scale
Produced Aerogels Crosslinked with BTCA

As discussed above, removal of oils and organic contami-
nants from water has attracted immense academic and
commercial interest. The silane-coated PVA/CNF aerogels
(both small-size and large-size) were used to investigate the
oil absorption performance. Once a piece of the silane-
coated aerogel was placed on the surface of the oil/solvent
and water mixture, the oil/solvent was quickly absorbed by
the aerogel within a few minutes, without absorbing water.
The oil/solvent (except chloroform due to its high density)-
filled aerogel could be left floating on water essentially
without any oil release or water absorption.

The absorption performance of both small-size and large-
size silane-coated PVA/CNF aerogels crosslinked with
BTCA for different oils and organic solvents was measured
and reported in FIGS. 13A-13B. The absorption capacities
of small-size aerogel for a wide range of organic solvents
and oils ranged from 52 to 118 times that of the aerogel’s
weight (FIG. 13A), which is much higher than most existing
oil-absorption materials. The excellent oil/solvent absorp-
tion capability exhibited by the PVA/CNF aerogel can be
attributed to its highly porous structure as well as the
uniform superoleophilic and superhydrophobic silane coat-
ing. The absorption capacities of PVA/CNF crosslinked by
BTCA are higher than the previous work, which the PVA/
CNF aerogel was crosslinked by glutaraldehyde (with a
typical weight gain ranging from 44 to 96 times their own
dry weight). The oil/solvent absorption capacities of the
silane-coated large-size PVA/CNF aerogels with a similar
density (14.0 kg m™) to that of the small-size PVA/CNF
aerogels were also measured and are presented in FIG. 13B.
Even though the absorption capacities of the large-size
PVA/CNF aerogels were slightly decreased compare to that
of the small-size silane-treated PVA/CNF aerogels, which
may be attributed to the unique microstructure exhibited by
the small-size PVA/CNF aerogels that included more uni-
form and smaller pore sizes and higher surface area, the
absorption capacities of the large-size PVA/CNF aerogels is
still much higher than most existing oil-absorption materials
(ranging from 50 to 112 times their own dry weight).

EQUIVALENTS

The embodiments, illustratively described herein, may
suitably be practiced in the absence of any element or
elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising,” “includ-
ing,” “containing,” etc., shall be read expansively and with-
out limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the
features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the claimed technology. Additionally, the phrase
“consisting essentially of” will be understood to include
those elements specifically recited and those additional
elements that do not materially affect the basic and novel
characteristics of the claimed technology. The phrase “con-
sisting of” excludes any element not specified.
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The present disclosure is not to be limited in terms of the
particular embodiments described in this application, which
are intended as illustrations of various aspects. Many modi-
fications and variations can be made without departing from
its spirit and scope, as will be apparent to those skilled in the
art. Functionally equivalent compositions, apparatuses, and
methods within the scope of the disclosure, in addition to
those enumerated herein, will be apparent to those skilled in
the art from the foregoing descriptions. Such modifications
and variations are intended to fall within the scope of the
appended claims. The present disclosure is to be limited only
by the terms of the appended claims, along with the full
scope of equivalents to which such claims are entitled. It is
to be understood that this disclosure is not limited to
particular methods, reagents, compounds, compositions or
biological systems, which can, of course, vary. It is also to
be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is
not intended to be limiting.

In addition, where features or aspects of the disclosure are
described in terms of Markush groups, those skilled in the
art will recognize that the disclosure is also thereby
described in terms of any individual member or subgroup of
members of the Markush group.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths,
tenths, etc. As a non-limiting example, each range discussed
herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one
skilled in the art, all language such as “up to,” “at least,”
“greater than,” “less than,” and the like, include the number
recited and refer to ranges which can be subsequently
broken down into subranges as discussed above. Finally, as
will be understood by one skilled in the art, a range includes
each individual member.

While certain embodiments have been illustrated and
described, it should be understood that changes and modi-
fications can be made therein in accordance with ordinary
skill in the art without departing from the technology in its
broader aspects as defined in the following claims.

The invention claimed is:
1. An aerogel comprising:
cellulose fibrils and/or crystals,
a water-soluble organic polymer, and
an organosilane coating comprising organosilyl groups
covalently attached to one or more outer surfaces of the
aerogel,
wherein:
the water-soluble organic polymer is cross-linked to
itself and/or to the cellulose fibrils and/or crystals,
each organosilyl group comprises one or more groups
selected from halogens, sulfonate esters, and C,-C,
alkoxy groups, and one or more substituted or unsub-
stituted alkyl, alkoxy, cycloalkyl, cycloalkylalkyl,
alkenyl, aryl, and/or aralkyl groups, or a combination
of any two or more thereof, provided that the
organosilyl group does not contain any fluorine
atoms, and
the aerogel exhibits a water contact angle of at least
about 110°, provided that the aerogel does not con-
tain graphene oxide.
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2. The aerogel of claim 1, wherein the aerogel has a water
contact angle of at least about 120°.

3. The aerogel of claim 1, wherein the aerogel has a
density ranging from about 5 kg m™ to about 100 kg m~.

4. The aerogel of claim 1, wherein the cellulose fibrils
and/or crystals are cellulose nanofibrils and/or nanocrystals.

5. The aerogel of claim 4, wherein the cellulose nanofi-
brils and/or nanocrystals have a diameter of 5 to 30 nm and
length of 10 nm to 3 micrometers.

6. The aerogel of claim 1, wherein the cellulose fibrils
and/or crystals are cellulose microfibrils and/or microcrys-
tals.

7. The aerogel of claim 1, wherein the water-soluble
organic polymer is a thermoplastic polymer.

8. The aerogel of claim 1, wherein the water-soluble
organic polymer is polyvinyl alcohol, polyethylene glycol,
polyacrylamide, polyacrylic acid, polymethacrylic acid, or a
combination of any two or more thereof.

9. The aerogel of claim 1, wherein the water-soluble
organic polymer has a weight-average molecular weight
ranging from about 500 to about 200,000 Da.

10. The aerogel of claim 1, wherein the water-soluble
organic polymer is polyvinyl alcohol.

11. The aerogel of claim 1, wherein the water-soluble
organic polymer is a thermoset polymer.

12. The aerogel of claim 1, wherein the water-soluble
organic polymer is polymerized resorcinol-formaldehyde,
phenol-formaldehyde, urea-formaldehyde, polyamic acid
salt or a combination of any two or more thereof.

13. The aerogel of claim 1, wherein the water-soluble
organic polymer is polymerized resorcinol-formaldehyde.

14. The aerogel of claim 1, wherein the water-soluble
organic polymer is cross-linked with sodium borate, boric
acid, organic dialdehyde, or a combination of any two or
more thereof.

15. The aerogel of claim 1, wherein the water-soluble
organic polymer is cross-linked with glutaraldehyde.

16. The aerogel of claim 1, wherein the water-soluble
organic polymer is cross-linked with 1,2,3,4-butanetetracar-
boxylic acid.

17. The aerogel of claim 1, wherein each organosilyl
group comprises one or more chlorine atoms or a C;-C,
alkoxy and one or more substituted or unsubstituted C,-Cq
alkyl groups.

18. The aerogel of claim 1, wherein the weight ratio of
water-soluble organic polymer to cellulose fibrils and/or
crystals ranges from about 1:4 to about 4:1.

19. The aerogel of claim 1, wherein the maximal stress at
80% strain normalized by density is from about 2.5 MPa
cm® g™! to about 6 MPa cm® g™,

20. A method of making an aerogel of claim 1, the method
comprising:

preparing an uncoated aerogel by combining a water-

soluble organic polymer and cellulose fibrils and/or
crystals in water;

cross-linking the water-soluble organic polymer to itself

and/or the cellulose fibrils and/or crystals to form a gel;
removing the water from the gel to form the uncoated
aerogel;

heating the uncoated aerogel in the presence of an

organosilyl group to provide an organosilane coating
on one or more of the outer surfaces of the uncoated
aerogel;

wherein each organosilyl group comprises one or more

leaving groups selected from halogens, sulfonate
esters, and C,-C, alkoxy groups, and one or more
substituted or unsubstituted alkyl, alkoxy, cycloalkyl,
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cycloalkylalkyl, alkenyl, aryl, and/or aralkyl group, or
a combination of any two or more thereof, provided
that the organosilyl group does not contain any fluorine
atoms;

wherein the organosilyl groups are covalently bonded to 5

the one or more outer surfaces of the uncoated aerogel
to provide an aerogel exhibiting a water contact angle
of at least about 110°; and

wherein the aerogel does not contain graphene oxide.

21. The method of claim 20, wherein the weight ratio of 10
the water-soluble organic polymer to the cellulose fibrils
and/or crystals ranges from about 1:4 to about 4:1.

22. The method of claim 20, wherein each organosilane
compound comprises one or more chlorine atoms or a C;-C,
alkoxy and one or more substituted or unsubstituted C,-C4 15
alkyl groups.

23. The method of claim 20, wherein the providing the
organosilane coating is carried out by thermal chemical
vapor deposition.

24. An absorbent comprising the aerogel of claim 1. 20

25. A method of removing heavy metals and/or non-polar
compounds from water using the aerogel of claim 1, com-
prising exposing water contaminated by heavy metals and/or
non-polar compounds to the aerogel.
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