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CELLULOSE ACETATE AEROGELS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 62/281,364
filed on January 21, 2016, which is incorporated fully herein by reference.

FIELD OF INVENTION

[0002] The disclosure provided herein relates to mechanically strong, biodegradable and
reusable aerogels made with a cross-linked cellulose ester, which have a low density and high
porosity. The aerogels disclosed herein may be used as sorbent materials and can be

functionalized with a hydrophobic agent.

BACKGROUND

[0003] Uncontrolled events such as oil, waste or chemical spillage into fresh water
triggers a cascade of events which can include the contamination of water supplies and food
resources. Such events and contamination are undesirable for the ecosystem. Known
methods to address oil spills include skimming the oil, in situ burning, mechanical
containment, and the use of dispersants, solidifiers and/or degrading microorganisms.
However, these methods are generally inefficient or environmentally unfriendly. The need
for efficient oil spill cleaning technology was apparent in the 2010 Deep Water Horizon spill,
where oil gushed into the Gulf of Mexico for 87 straight days, pouring out over 200 million
gallons of crude oil.

[0004] The use of strong, biodegradable and/or reusable sorbent material for oil, waste
or chemical spill remediation is attractive as it is easy to implement and does not generate
byproducts. Ideally, the spilled oil or chemical can be recovered, and the sorbent material
reused. There is a need for strong and efficient sorbent materials which can be reused and are

compatible with the environment.

SUMMARY

[0005] The present disclosure provides an aerogel which is made from a cellulose ester
polymer having a degree of substitution (“DS™) of from about 1.0 to about 2.8, such as
cellulose acetate, which is cross-linked, and which has a bulk density of from about 1 mg/cc

to about 500 mg/cc. The aerogel can also include a hydrophobic agent.
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[0006] The present disclosure also provides methods of adsorbing a non-polar liquid
from a mixture of a non-polar liquid and a polar liquid, including the step of contacting the
mixture with an aerogel made from a cross-linked cellulose ester polymer that includes a
hydrophobic agent, and which has a bulk density of from about 1 mg/cc to about 500 mg/cc.
The non-polar liquid can be oil and the polar liquid can be water.

[0007] Also provided is a method for preparing an aerogel which has a bulk density of
from about 1 mg/cc to about 500 mg/cc, comprising a cellulose ester polymer having a DS of
from about 1.0 to about 2.6 which is cross-linked, where the method includes the steps of
forming a homogenous solution of a cellulose ester in a solvent, adding a cross-linking agent
to the homogenous solution to form a cellulosic intermediate cross-linked via an ester, ether
or urethane linkage, exchanging the solvent with water to obtain a hydrated cellulosic
intermediate, freezing the hydrated cellulosic intermediate; and lyophilizing the frozen
cellulosic intermediate to obtain the aerogel. The method can also include the step of
functionalizing the aerogel with a hydrophobic agent to form a hydrophobic cross-linked
aerogel. The aerogel can be functionalized by chemical vapor deposition with an alkyl,
cycloalkyl or aromatic silanating reagent, such as trichloro(octyl)silane (TCOS), to provide a
modified aerogel. Alternatively, the aerogel can be functionalized using solution phase
techniques.

[0008] Other aspects of the disclosure will become apparent by consideration of the

detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] This patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawing(s) will be provided
by the Office upon request and payment of the necessary fee.

[0010] The drawings below are supplied in order to facilitate understanding of the
Description and Examples provided herein.

[0011] FIG. 1 shows two photographs of an aerogel containing 4 wt% cellulose acetate
(Eastman; CA-394-608, referred to as “CDA”), in the non-gelled state (left photo) and the
gelled state (right photo).

[0012] FIG. 2 is a photograph of the synthesis of a modified aerogel containing 4 wt%
CDA, using a bottle in a bottle technique.
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[0013] FIG. 3 is a schematic drawing of, and a photograph showing the experimental
setup for, the tensiometry analyses used to characterize aerogels.

[0014] FIG. 4 shows Fourier Transform Infrared (FTIR) spectra of CDA (upper trace),
and an aerogel containing 4 wt% CDA (lower trace).

[0015] FIG. 5 is a graph of the measured and calculated density of four aerogels made
from varying amounts of cellulose acetate, showing the calculated density (solid line) and the
measured density (black squares).

[0016] FIG. 6 is a graph of the density of three aerogels made from varying amounts of
cellulose acetate, showing the calculated density (circles), the hydrogel density (triangles),
and the aerogel density (squares).

[0017] FIG. 7 is a scanning electron microscopy (SEM) image and a photo (inset) of an
aerogel.

[0018] FIG. 8 is a graph of stress and strain for three aerogels made from varying
amounts of cellulose acetate, for an aerogel made with 4% CDA (solid line), 6% CDA
(dashed line), and 8% CDA (dashed-dotted line).

[0019] FIG. 9 is a graph of the water uptake in gram/gram of gel, for four aerogels made
from varying amounts of cellulose acetate.

[0020] FIG. 10 is a graph showing the volume sorbed/pore volume per gram of aerogel,
for four aerogels made from varying amounts of cellulose acetate.

[0021] FIG. 11 shows photographs of a water droplet on an unmodified aerogel (upper
photo), and water droplets on two modified aerogels (lower photographs).

[0022] FIG. 12 shows XPS survey scans for an aerogel (upper scan), the top surface of a
modified aerogel (middle scan), and a cross-sectional inner surface of a modified aerogel
(lower scan). The oxygen (O), carbon (C) and silicon (S1) energies are labeled.

[0023] FIGS. 13(a)-13(b) are photographs of the side view of a water droplet on a
modified aerogel immediately after silanation (FIG. 13(a)), and four months after silanation
(FIG. 13(b)).

[0024] FIG. 14 is a series of photographs showing the water absorbance of an
unmodified aerogel in a beaker (left sample in each beaker) and a modified aerogel (right
sample), at time = 0 (left photo), time = 2 hours (middle photo), and time = 12 hours (right
photo).
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[0025] FIG. 15 is a graph of the liquid (water) uptake in grams per gram of aerogel, over
time, for a modified aerogel (squares) and a unmodified aerogel (circles). The unmodified
aerogel can absorb a significantly larger amount of water than the modified aerogel.

[0026] FIG. 16 is a graph of the liquid (water) uptake in grams per gram of aerogel, over
time, for a modified aerogel immediately after modification (circles; t = 0) and after 4 months
of storage (circles; t = 4 months). The amount of water absorbed stays relatively consistent
over time.

[0027] FIG. 17 is a series of photographs showing the process of selective sorption of a
non-polar liquid by a modified aerogel over time.

[0028] FIG. 18 is a graph showing the mass balance of liquids before and after exposure
to a modified aerogel.

[0029] FIG. 19 is a graph showing the reusability of a modified aerogel, as measured by
liquid uptake in grams per gram of aerogel, over 10 sorption/desorption cycles.

[0030] FIG. 20 is a series of photographs showing the process of selective sorption of a
non-polar liquid (kerosene) containing a dye by a modified aerogel over time.

[0031] FIG. 21 is a series of photographs showing the selective sorption by a modified
aerogel in a stirred motor oil in water system over time.

[0032] FIG. 22 is a graph of the liquid uptake in grams per gram of a modified aerogel,
over time, for four solvents: n-hexane (dashed-dotted line), 1,2-dichlorobenzene (dashed
line), ditodomethane (dotted line), and water (solid line).

[0033] FIG. 23 is a graph of the liquid uptake in grams per gram of a modified aerogel,
for solvents with varying surface tension.

[0034] FIG. 24 shows the experimental values for sorption of the solvents of FIG. 23 by
a modified aerogel.

[0035] FIG. 25 is a graph showing the volume of liquid sorbed/pore volume for a
modified aerogel, for nine different liquids.

[0036] FIG. 26 is a graph of the relative energy difference (RED) between CDA and a
solvent blend of acetone and water.

[0037] FIG. 27 is a graph showing the turbidity measurement of 4 and 8 wt% CDA
solutions in acetone/water solvent. Images show solutions of CDA in the solvent blends of

different acetone volume fractions.
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[0038] FIG. 28 is a graph showing the swelling behavior of a cross-linked organogel as a
function of acetone volume fraction. Inset shows dimensions of an organogel used for
swelling studies.

[0039] FIG. 29 is a graph showing the equilibrium volumetric swelling ratio of gels after
water exchange.

[0040] FIG. 30 is a schematic of the hypothesized swelling phenomenon for cross-linked
CDA gels (black chains — CDA polymer, red dash- cross-links, blue dots — water molecules,
grey represents acetone and blue represents water).

[0041] FIG. 31 is a characterization of unidirectional freezing for disclosed aerogels: a)
schematic of unidirectional freezing of hydrogel; b) an image showing the unidirectional
freezing arrangement (Inset shows the CDA hydrogel); ¢) an SEM image of out-of-plane
view, cross-section perpendicular to the freezing direction (Inset shows the magnified SEM
image); d) an SEM image of in-plane view, cross-section in direction to the freezing
direction.

[0042] FIG. 32 is a graph showing the density and porosity of CDA aerogels synthesized
from organogels that were obtained after solvent exchange with different acetone volume
fractions.

[0043] FIG. 33 is a graph showing the compressive stress-strain curve for CDA aerogels
that were obtained after solvent exchange with different acetone volume fractions (inset
shows compression direction, out-of-plane compression).

[0044] FIG. 34 is a series of SEM images showing the pore walls of aerogels for varying
solvent exchange volume fractions.

[0045] FIG. 35 is a graph showing the volumetric swelling ratio kinetics for organogels
immersed in 0.9 acetone volume fraction (0.9A).

[0046] FIG. 36 is a graph showing the swelling ratio normalized with maximum
swelling observed at 48 h for cross-linked organogels immersed in 0.9 acetone volume
fraction (inset shows images of organogel over time).

[0047] FIG. 37 is a graph showing the swelling ratio of gels measured after immersing
in water for 72 h (following swelling in 0.9 acetone volume fraction).

[0048] FIG. 38 is a graph showing the density and porosity of aerogels synthesized after
varying solvent exchange times.

[0049] FIG. 39 is a graph showing the compressive stress vs strain curves for aerogels

obtained after varying solvent exchange time.
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[0050] FIG. 40 is a graph showing the compressive stress vs strain curves for 0.9A
aerogels when compressed in-plane and out-of-plane.

[0051] FIG. 41 is a series of SEM images showing out-of-plane views of 0.9A aerogels
when, uncompressed (left), compressed out-of-plane (middle) and compressed in-plane
(right). Inset shows the camera image of bulk aerogel samples.

[0052] FIG. 42 is a graph of a frequency sweep demonstrating elastic modulus (G”) of
hydrogels obtained after solvent exchange for 4, 12 and 24 h.

[0053] FIG. 43 is a series of SEM images of the out-of-plane axis of aerogels when the
acetone volume fraction in solvent exchange is varied. Inset shows the camera image of the
bulk aerogels.

[0054] FIG. 44 is a series of SEM images of the out-of-plane axis of aerogels when
solvent exchange time is varied. Inset shows camera image of the bulk aerogels.

[0055] FIG. 45 is a schematic of a method used to prepare cellulose ester aerogels,
namely CDA, cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB)
aerogels.

[0056] FIG. 46 is a pair of images showing the pore structure of a CAP aerogel.

[0057] FIG. 47 is a pair of images showing the pore structure of a CAB aerogel.

[0058] FIG. 48 is a graph showing the liquid uptake of CDA, CAP and CAB aerogels.
[0059] FIG. 49 is a graph showing the volume uptake per available volume of CDA,
CAP and CAB aerogels.

DETAILED DESCRIPTION

[0060] There are three broad categories of sorbent materials: organic (including
milkweed, wood chips, rice straw); inorganic (including organo-clays, perlite, sand, zeolites);
and synthetic (including non-woven polypropylene mats). However, they all suffer from low
sorption abilities (typically less than 10 grams per gram of substrate), not being buoyant
(which makes them difficult to separate), and/or not being biodegradable.

[0061] Aerogels are useful sorbent materials because of their light weight and high pore
volume. Conventional silica aerogels are very brittle, making them difficult to remove from a
mixture of o1l and water, thus risking secondary contamination. Silica-chitosan composite
aerogels have better mechanical properties, but have a low porosity (< 96%) and high density

(> 58 mg/cc), which results in low sorption. Carbon nanotube and graphene based aerogels
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exhibit relatively high sorption of non-polar solvents (500-600 g/g), but they are not
biodegradable and their synthesis involves expensive materials and high temperatures.
[0062] The use of cellulose derivatives as potential sorbents opens up a new area of
biodegradable aerogels that are relatively easy to synthesize and have better mechanical
properties than conventional silica, carbon or graphene based aerogels. Herein, light and
highly porous aerogels made with cellulose diacrylates are disclosed, with maximum
compressive strengths as high as 350 kPa. The inventive aerogels can separate oil from a
simulated oceanic oil spill without observable disintegration. The cellulosic aerogels were
synthesized via sol-gel cross-linking followed by solvent exchange with water and freeze
drying, then were rendered hydrophobic by chemical vapor deposition of a chlorosilane. The
silanated cellulosic aerogels separated viscous motor oil (170 cP) from water within 2
minutes.

1. Definitions

[0063] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will control. Preferred methods and
materials are described below, although methods and materials similar or equivalent to those
described herein can be used in practice or testing of the present invention. All publications,
patent applications, patents and other references mentioned herein are incorporated by
reference in their entirety. The materials, methods, and examples disclosed herein are
illustrative only and not intended to be limiting.

[0064] The term “modified” as used herein to describe the inventive aerogels, means
that the aerogel is functionalized to incorporate at least one hydrophobic and/or oleophilic
chemical group. Generally, this occurs by reaction of a hydroxyl group on the cellulose with
an activated hydrophobic and/or oleophilic group, such as a substituted alkyl chloride, to
form an ether linkage between the cellulose and the hydrophobic/oleophilic group.
Exemplary activated hydrophobic and/or oleophilic groups include trichloro(octyl)silane.
Other examples include a C,-Cy alkyl silane, a C5-C- cycloalkyl silane, an aromatic silane,
an (C,-Cyp)alkyl, a (Cs-Cr)cycloalkyl, an (C»-Cyg)alkyl urethane, a (Cs;-Cr)cycloalkyl
urethane, an (C,-Cyo)alkyl ester, a (C5-Cr)cycloalkyl ester, an (C,-Cag)alkyl carbonate, a (Cs-
C-)cycloalkyl carbonate, or any mixtures of the foregoing. In an embodiment, the

hydrophobic and/or oleophilic group is a Cs-Cyo alkyl silane, such as octyl silane.



WO 2017/127828 PCT/US2017/014607

[0065] As used herein, the term ““alkyl” is a branched or unbranched saturated
hydrocarbon group of 1 to 20 carbon atoms, such as methyl, ethyl, n-propyl, isopropyl, »-
butyl, isobutyl, #-butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl, tetradecyl, hexadecyl,
eicosyl, and tetracosyl. The alkyl group can be substituted or unsubstituted. The alkyl group
can be substituted with one or more groups including, but not limited to, alkyl, aromatic,
cycloalkyl, halide, nitro, hydroxy, carboxylic acid, or alkoxy.

[0066] The term “cycloalkyl” as used herein is a C3 to C; cyclic hydrocarbon group of 3
to 7 carbon atoms. Examples of cycloalkyl groups include, but are not limited to,
cyclopropyl, cyclobutyl, cyclopentyl, and cyclohexyl. The cycloalkyl group can be
substituted or unsubstituted. The cycloalkyl group can be substituted with one or more
groups including, but not limited to, alkyl, aromatic, cycloalkyl, halide, nitro, hydroxy,
carboxylic acid, or alkoxy.

[0067] The term “aromatic™ as used herein is any carbon-based aromatic group
including, but not limited to, benzene, naphthalene, etc. The term “aromatic” also includes a
heteroaromatic group,” which is defined as an aromatic group that has at least one heteroatom
incorporated within the ring of the aromatic group. Examples of heteroatoms include, but are
not limited to, nitrogen, oxygen, sulfur, and phosphorus. The aromatic group can be
substituted or unsubstituted. The aromatic group can be substituted with one or more groups
including, but not limited to, alkyl, cycloalkyl, halide, nitro, hydroxy, carboxylic acid, or
alkoxy.

[0068] The term “substituted hydroxyl group™ as used herein is a hydroxyl group where
the hydroxyl proton is replaced with an organic group such as, for example, an alkyl group, a
cycloalkyl group, or an aromatic group.

[0069] The term “silane™ as used herein means any compound which includes a
tetravalent silicon atom bound to a hydrogen, a halogen, an alkyl group, a cycloalkyl group,
an aromatic group, or any mixture of the foregoing. A “silane” is analogous to an alkane,
which includes a tetravalent carbon atom. Exemplary silanes include trichlorosilane
(SiHCl5), trichloro(octyl)silane (TCOS), and trialkyl silyl halides (R;Si-halogen).

[0070] As used herein, the term “sorption” includes both absorption and adsorption,
meaning that it includes the processes of a material (here, an organogel, a hydrogel or an
aerogel) incorporating a liquid into the gel in any manner, including into its surface and bulk
volume. Unless specifically indicated otherwise, the words sorption, absorption and

adsorption are used interchangeably.
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[0071] Before any embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of being
carried out in various ways. Also, it is to be understood that the phraseology and terminology
used herein is for the purpose of description and should not be regarded as limiting. The use

2% ¢

of “including,” “comprising,” or “having” and variations thereof herein is meant to
encompass the items listed thereafter and equivalents thereof, as well as additional items.
[0072] It also should be understood that any numerical range recited herein includes all
values from the lower value to the upper value. For example, if a concentration range is
stated as 1% to 50%, it i1s intended that values such as 2% to 40%, 10% to 30%, or 1% to 3%,
etc., are expressly enumerated in this specification. These are only examples of what is
specifically intended, and all possible combinations of numerical values between and
including the lowest value and the highest value enumerated are to be considered to be
expressly stated in this application.

[0073] The modifier “about™ used in connection with a quantity is inclusive of the stated
value and has the meaning dictated by the context (for example, it includes at least the degree
of error associated with the measurement of the particular quantity). The modifier “about™
should also be considered as disclosing the range defined by the absolute values of the two
endpoints. For example, the expression “from about 2 to about 4™ also discloses the range
“from 2 to 4.” The term “about” may refer to plus or minus 10% of the indicated number.
For example, “about 10%” may indicate a range of 9% to 11%, and “about 1” may mean
from 0.9-1.1. Other meanings of “about” may be apparent from the context, such as rounding
off, so, for example “about 1” may also mean from 0.5 to 1.4.

2% ¢

[0074] Reference throughout this specification to “one embodiment,” “an embodiment,”
or similar language means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the invention
provided herein. Thus, appearances of the phrases “in one embodiment,” “in an
embodiment,” and similar language throughout this specification may, but do not necessarily,
all refer to the same embodiment.

[0075] Furthermore, the described features, structures, or characteristics of the methods
and compositions provided herein may be combined in any suitable manner in one or more

embodiments. In the following description, numerous specific details are provided, to
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provide a thorough understanding of embodiments. One skilled in the relevant art will
recognize, however, that the embodiments may be practiced without one or more of the
specific details, or with other methods, components, or materials. In other instances, well-
known structures, materials, or operations are not shown or described in detail to avoid
obscuring aspects of the embodiments.
2. Aerogels
[0076] In one aspect, the disclosure provides aerogels comprising a crosslinked-cellulose
ester having a degree of substitution of from about 1.0 to about 2.8, wherein the aerogel has a
bulk density of from about 1 mg/cc to about 500 mg/cc, and wherein the cellulose ester is a
(C1-Cp)alkyl-C(O)-functionalized cellulose. The aerogel may include a cellulose ester that is
cross-linked by a cross-linking agent. The aerogel may also include a hydrophobic agent. In
addition, the disclosed aerogels have advantageous properties that allow them to be used in a
number of different applications.

a. Cellulose Ester
[0077] The aerogel may include any type of cellulose ester that is suitable for production
of the aerogel (e.g., can be cross-linked). The cellulose ester may be functionalized with
different substituents, and these different substituents may impart certain characteristics to the
aerogel. For instance, the cellulose ester may be a (C;-Cyo)alkyl-C(O)-functionalized
cellulose, such as a (C;-Ce)alkyl-C(O)-functionalized cellulose or a (C;-Cs)alkyl-C(O)-
functionalized cellulose. The cellulose ester may be functionalized with a plurality of (C;-
Ci0)alkyl-C(O) groups, which may be the same or may be different. In some embodiments,
the cellulose ester is cellulose acetate, cellulose acetate propionate, cellulose acetate butyrate,
or a combination thereof.
[0078] The cellulose ester has a degree of substitution. For instance, a cellulose acetate
repeating unit with a degree of substitution of 2 has one hydroxyl group per unit on average.
By varying the degree of substitution of the cellulose ester, different properties of the aerogel
may be modified. In addition, the degree of substitution may affect the crosslinking reaction
used to provide the disclosed aerogels. Once cross-linked, the cellulose ester has the same
degree of substitution as the cellulose ester prior to cross-linking. The cellulose ester may
have a degree of substitution of from about 1.0 to about 2.8, such as from about 1.2 to about
2.8 or from about 1.8 to about 2.6. For example, the cellulose ester may have a degree of
substitution of about 1.0, about 1.1, about 1.2, about 1.3, about 1.4, about 1.5, about 1.6,
about 1.7, about 1.8, about 1.9, about 2.0, about 2.1, about 2.2, about 2.3, about 2.4, about

10
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2.5, about 2.6, about 2.7 or about 2.8. In some embodiments, the cellulose ester has a degree
of substitution of about 2.5.
[0079] In some embodiments, the cellulose ester may have a degree of substitution of
greater than about 1.0, greater than about 1.2, greater than about 1.4, greater than about 1.5,
greater than about 1.6, greater than about 1.7, greater than about 1.8, or greater than about
2.0.
[0080] In some embodiments, the cellulose ester may have a degree of substitution of
less than about 2.8, less than about 2.7, or less than about 2.6.
[0081] The aerogel may include varying amounts of the cellulose ester, such as from
about 85 wt. % to about 99 wt. % (wt. % of the aerogel). For example, the aerogel may
include the cellulose ester at about 85 wt. %, about 86 wt. %, about 87 wt. %, about 88 wt. %,
about 89 wt. %, about 90 wt. %, about 91 wt. %, about 92 wt. %, about 93 wt. %, about 94
wt. %, about 95 wt. %, about 96 wt. %, about 97 wt. %, about 98 wt. %, or about 99 wt. %.
[0082] In some embodiments, the aerogel may include the cellulose ester at greater than
about 85 wt. %, greater than about 86 wt. %, greater than about 87 wt. %, greater than about
88 wt. %, greater than about 89 wt. %, or greater than about 90 wt. %.
[0083] In some embodiments, the aerogel may include the cellulose ester at less than
about 99 wt. %, less than about 98 wt. %, less than about 97 wt. %, less than about 96 wt. %,
less than about 95 wt. %, or less than about 94 wt. %.

b. Cross-linking Agent
[0084] The cellulose ester may be cross-linked through its pendant hydroxyl groups
present on its cellulose ring via a cross-linking agent (which can refer to the cross-linking
agent prior to cross-linking the cellulose ester or to the cross-linking molecule present in the
cross-linked cellulose ester). Various cross-linking agents may be used in the synthesis of the
cross-linked cellulose ester aerogels. For example, the cellulose esters can be cross-linked via
an ester, ether or urethane linkage. In some embodiments, the cross-linking agent may be a
C7-Cy aromatic anhydride, a (Cs-Cyo)cycloalkyl anhydride, a bis(halo(C;-C;)alkyl)-(Cs-
Cao)aromatic, a bis(thalo(C;-Cs)alkyl)(C;-C5)evcloalkyl, a bis(isocyanato(C,-C3)alkyl)(Cs-
Cyo)aromatic, or a bis(isocyanato(C;-C;)alkyl)(C;-C7)cycloalkyl. In some embodiments,
PMDA is used to cross-link the cellulose ester via an ester linkage.
[0085] The aerogel may include varying amounts of the cross-linking agent, such as
from about 1 wt. % to about 15 wt. % (wt. % of the aerogel). For example, the aerogel may
include the cross-linking agent at about 1 wt. %, about 2 wt. %, about 3 wt. %, about 4 wt. %,
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about 5 wt. %, about 6 wt. %, about 7 wt. %, about 8 wt. %, about 9 wt. %, about 10 wt. %,
about 11 wt. %, about 12 wt. %, about 13 wt. %, about 14 wt. %, or about 15 wt. %.
[0086] In some embodiments, the aerogel may include the cross-linking agent at greater
than about 1 wt. %, greater than about 2 wt. %, greater than about 3 wt. %, greater than about
4 wt. %, greater than about 5 wt. %, or greater than about 6 wt. %.
[0087] In some embodiments, the aerogel may include the cross-linking agent at less
than about 15 wt. %, less than about 14 wt. %, less than about 13 wt. %, less than about 12
wt. %, less than about 11 wt. %, or less than about 10 wt. %.

¢. Hydrophobic Agent
[0088] The disclosed aerogels may include a hydrophobic agent. The hydrophobic agent
may increase the aerogels capacity to adsorb hydrophobic liquids from, e.g., an aqueous
environment. In some embodiments, the hydrophobic agent is selected from at least one of a
C,-Cy alkyl silane, a C5-C5 cycloalkyl silane, an aromatic silane, an (C,-Cyg)alkyl, a (Cs-
Cr)cycloalkyl, an (C,-Cyg)alkyl urethane, a (Cs;-Cr)cycloalkyl urethane, an (C»-Cyp)alkyl
ester, a (C;-Cy)cycloalkyl ester, an (C,-Cyp)alkyl carbonate, a (C;-C5)cycloalkyl carbonate or
any mixture thereof. In some embodiments, the hydrophobic agent is a Cs-C) alkyl silane.
[0089] In some embodiments, the hydrophobic agent may be present in a uniform
concentration throughout the aerogel. In other embodiments, the hydrophobic agent may be
present in a non-uniform concentration throughout the aerogel, e.g., the hydrophobic agent
may be present at higher concentrations at the surface of the aerogel relative to the center of
the aerogel, and vice versa.

d. Properties of Aerogels
[0090] The disclosed aerogels may have many unique properties that make them
advantageous for a number of different applications (e.g., oil decontamination). These
properties include, but are not limited to, bulk density, porosity, compressive strength, strain,
compression modulus, pore size, Brunauer-Emmett-Teller (BET) value, and surface tension.
[0091] The aerogel may have a bulk density of from about 1 mg/cc to about 500 mg/cc,
such as from about 10 mg/cc to about 100 mg/cc or from about 15 mg/cc to about 85 mg/cc.
For example, the aerogel may have a bulk density of about 1 mg/cc, about 5 mg/cc, about 10
mg/cc, about 15 mg/cc, about 20 mg/cc, about 30 mg/cc, about 40 mg/cc, about 50 mg/cc,
about 60 mg/cc, about 70 mg/cc, about 80 mg/cc, about 85 mg/cc, about 90 mg/cc, about 100
mg/cc, about 150 mg/cc, about 200 mg/cc, about 250 mg/cc, about 300 mg/cc, about 350
mg/cc, about 400 mg/cc, about 450 mg/cc or about 500 mg/cc.

12
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[0092] In some embodiments, the aerogel may have a bulk density of greater than about
1 mg/cc, greater than about 5 mg/cc, greater than about 10 mg/cc, greater than about 15
mg/cc, greater than about 20 mg/cc, greater than about 30 mg/cc, greater than about 40
mg/cc, or greater than about 50 mg/cc.

[0093] In some embodiments, the aerogel may have a bulk density of less than about
500 mg/cc, less than about 400 mg/cc, less than about 300 mg/cc, less than about 200 mg/cc,
less than about 150 mg/cc, or less than about 100 mg/cc.

[0094] The aerogel may have a porosity equal to or greater than 90%, equal to or greater
than 91%, equal to or greater than 92%, equal to or greater than 93%, equal to or greater than
94%, equal to or greater than 95%, equal to or greater than 96%, equal to or greater than
97%, or equal to or greater than 98%.

[0095] The aerogel may have a maximum compressive stress of from about 50 kPa to
about 400 kPa. For example, the aerogel may have a maximum compressive stress of about
50 kPa, about 60 kPa, about 70 kPa, about 80 kPa, about 90 kPa, about 100 kPa, about 150
kPa, about 200 kPa, about 250 kPa, about 300 kPa, about 350 kPa, or about 400 kPa. In some
embodiments, the aerogel may have a maximum compressive stress of greater than about 50
kPa, greater than about 60 kPa, greater than about 70 kPa, greater than about 80 kPa, greater
than about 90 kPa, or greater than about 100 kPa. In some embodiments, the acrogel may
have a maximum compressive stress of less than about 400 kPa, less than about 350 kPa, less
than about 300 kPa, less than about 250 kPa, less than about 200 kPa, less than about 150
kPa, or less than about 100 kPa.

[0096] The aerogel may have a maximum strain of from about 15% to about 100%, such
as from about 25% to about 95% or from about 35% to about 90%. For example, the aerogel
may have a maximum strain of about 15%, about 20%, about 25%, about 30%, about 35%,
about 40%, about 45%, about 50%, about 55%, about 60%, about 65%, about 70%, about
75%, about 80%, about 85%, about 90%, about 95%, or about 100%. In some embodiments,
the aerogel may have a maximum strain of greater than about 15%, greater than about 30%,
or greater than about 50%. In some embodiments, the aerogel may have a maximum strain of
less than about 100%, less than about 95%, or less than about 90%.

[0097] The aerogel may have a compression modulus of from about 20 kPa to about 500
kPa. For example, the aerogel may have a compression modulus of about 20 kPa, about 50
kPa, about 100 kPa, about 150 kPa, about 200 kPa, about 250 kPa, about 300 kPa, about 350
kPa, about 400 kPa, about 450 kPa, or about 500 kPa. In some embodiments, the aerogel may
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have a compression modulus of greater than about 20 kPa, greater than about 25 kPa, or
greater than about 30 kPa. In some embodiments, the aerogel may have a compression
modulus of less than about 500 kPa, less than about 450 kPa, or less than about 400 kPa.
[0098] The aerogel may have an average diameter pore size of from about 20 um to
about 100 um. For example, the aerogel may have an average diameter pore size of about 20
um, about 25 um, about 30 um, about 35 um, about 40 um, about 45 um, about 50 um, about
55 um, about 60 um, about 65 pm, about 70 um, about 75 um, about 80 um, about 85 um,
about 90 um, about 95 um, or about 100 um. In some embodiments, the aecrogel may have an
average diameter pore size of greater than about 20 um, greater than about 25 pm, or greater
than about 30 um. In some embodiments, the aerogel may have an average diameter pore size
of less than about 100 um, less than about 95 um, or less than about 90 um.

[0099] The aerogel may have a BET (a measure of surface area) of from about 2 m*/g to
about 5 m’/g. For example, the aerogel may have a BET of about 2 m*/g, about 2.2 m*/g,
about 2.4 m?/g, about 2.6 m%/g, about 2.8 m*/g, about 3 m*/g, about 3.2 m%/g, about 3.4 m*/g,
about 3.6 m’/g, about 3.8 m%/g, about 4 m”/g, about 4.2 m*/g, about 4.4 m%/g, about 4.6 m*/g,
about 4.8 m/g, or about 5 m*/g. In some embodiments, the aerogel may have a BET of
greater than about 2 m%/g, greater than about 2.5 m*/g, or greater than about 3 m%/g. In some
embodiments, the aerogel may have a BET of less than about 5 m%/g, less than about 4.5
m?/g, or less than about 4 m%/g.

[0100] The aerogel may have a surface tension of from about 30 mN/m to about 60
mN/m. For example, the aerogel may have a surface tension of about 30 mN/m, about 35
mN/m, about 40 mN/m, about 45 mN/m, about 50 mN/m, about 55 mN/m, or about 60
mN/m. In some embodiments, the aerogel may have a surface tension of greater than about
30 mN/m, greater than about 35 mN/m, or greater than about 40 mN/m. In some
embodiments, the aerogel may have a surface tension of less than about 60 mN/m, less than
about 55 mN/m, or less than about 50 mN/m.

[0101] In certain embodiments, an aerogel exhibits at least one of the following
properties: a porosity equal to or greater than about 98%, a maximum compressive stress of
from about 50 kPa to about 400 kPa, a maximum strain of from about 15% to about 100%, a
compression modulus of from about 20 kPa to about 500 kPa, an average diameter pore size
of from about 20 micrometers to 80 micrometers, a BET of from about 2 m?/g to about 5

m*/g, and a surface tension of from about 30 mN/m to about 60 mN/m. In some
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embodiments, the aerogel exhibits more than one of the properties listed above; in some
embodiments, the aerogel exhibits all of the aforementioned properties.

3. Methods of Making the Aerogels

[0102] Also disclosed herein are methods for preparing the aerogel comprising a cross-
linked cellulose ester. In some aspects, the methods may include forming a homogenous
solution of a cellulose ester having a degree of substitution of from about 1.0 and about 2.8 in
a solvent; adding a cross-linking agent to the homogenous solution to form a cellulosic
intermediate cross-linked via an ester, ether or urethane linkage; exchanging the solvent with
water to obtain a hydrated cellulosic intermediate; freezing the hydrated cellulosic
intermediate, and lyophilizing the frozen cellulosic intermediate to obtain the aerogel. The
methods produce a cross-linked cellulose ester gel intermediate (e.g., organogel) that is
solvent exchanged to obtain a hydrated cellulosic intermediate (e.g., hydrogel), where the
hydrogel is frozen and lyophilized to provide the disclosed aerogels. The method may
provide an aerogel with properties (e.g., bulk density) as described above. Steps such as the
cross-linking reaction, solvent exchange and freezing may be utilized to tailor properties of
the aerogels.

[0103] The cellulose ester may be dissolved in a solution at varying amounts to form the
homogenous solution, which may be combined with the cross-linking agent to provide the
cross-linked cellulose ester. The cellulose ester used to produce the cross-linked cellulose
ester may be present in the homogenous solution at from about 1 weight/volume (w/v) % to
about 15 w/v %, such as from about 2 w/v % to about 12 w/v % or from about 2 w/v % to
about 8 w/v %. For example, the cellulose ester used to produce the cross-linked cellulose
ester may be present at about 1 w/v %, about 2 w/v %, about 3 w/v %, about 4 w/v %, about 5
w/v %, about 6 w/v %, about 7 w/v %, about 8 w/v %, about 9 w/v %, about 10 w/v %, about
11 w/v %, about 12 w/v %, about 13 w/v %, about 14 w/v %, or about 15 w/v %.

[0104] In some embodiments, the cellulose ester used to produce the cross-linked
cellulose ester may be present in the homogenous solution at greater than about 1 w/v %,
greater than about 2 w/v %, greater than about 3 w/v %, greater than about 4 w/v %, greater
than about 5 w/v %, or greater than about 6 w/v %.

[0105] In some embodiments, the cellulose ester used to produce the cross-linked
cellulose ester may be present in the homogenous solution at less than about 15 w/v %, less
than about 14 w/v %, less than about 13 w/v %, less than about 12 w/v %, less than about 11

w/v %, or less than about 10 w/v %.
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[0106] Any solvent suitable to dissolve the cellulose ester may be used in the disclosed
methods. In some embodiments, forming a homogenous solution of cellulose ester is
performed in acetone for a period of about 24 hours. Additionally, and as mentioned above,
the cellulose ester may have a degree of substitution of from about 1.0 to about 2.8. The
degree of substitution and weight percentage of the cellulose ester solution may be used to
alter the cross-linking reaction of the cellulose ester with the cross-linking agent to form a
cellulosic intermediate cross-linked via, e.g., an ester, an ether, or a urethane linkage.
Examples of cross-linking agents that can be used for forming the cross-linked cellulose
intermediate are listed above. In some embodiments, a catalyst (e.g., triethyl amine) may be
used in the cross-linking reaction.

[0107] The cross-linking agent can be used in varying amounts to cross-link the
cellulose ester. The cross-linking agent used to cross-link the cellulose ester may be added to
the homogenous solution at from about 0.1 w/v % to about 0.5 w/v %. For example, the
crosslinking agent used to cross-link the cellulose ester may be added to the homogenous
solution at about 0.1 w/v %, about 0.2 w/v %, about 0.3 w/v %, about 0.4 w/v %, or about 0.5
w/v %. In some embodiments, the crosslinking agent used to cross-link the cellulose ester
may be added to the homogenous solution at greater than about 0.1 w/v %, greater than about
0.2 w/v %, or greater than about 0.3 w/v %. In some embodiments, the cross-linking agent
used to cross-link the cellulose ester may be added to the homogenous soliton at less than
about 0.5 w/v %, less than about 0.4 w/v %, or less than about 0.3 w/v %.

[0108] The cross-linked cellulosic intermediate may be solvent exchanged with water in
order to provide a hydrated cellulosic intermediate, which can then have water removed via
freezing and lyophilization steps to obtain the disclosed aerogels. The step of exchanging the
solvent may be used to obtain aerogels with varying properties. For example, using different
solvent volume fractions for variable amounts of time may allow for control of aerogel
properties as described above (e.g., density, porosity, etc.). It is hypothesized that the solvent
volume fraction and the amount of time used to exchange the solvent can affect swelling
properties of the cross-linked cellulosic intermediate (and hydrated intermediate thereof),
which in turn may be used to control mechanical properties of the obtained aerogels.

[0109] The exchange of solvent may be performed over a series of solvent exchange
steps. Or in other words, the solvent exchange may be repeated a number of times. The
solvent exchange may follow a gradual progression of having a decreased amount of solvent

in each subsequent exchange (e.g., solvent volume fraction decreases with each exchange). In
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some embodiments, the solvent exchange step is performed 1x to 10x. For example, the
solvent exchange may be performed 1x, 2x, 3x, 4%, 5x, 6%, 7x, 8x, 9x, or 10x. Additionally,
exchanging the solvent may be done at a solvent volume fraction of from about 1 to about 0.
For example, exchanging the solvent may be done at a solvent volume fraction of about 1,
about 0.9, about 0.8, about 0.75, about 0.6, about 0.5, about 0.4, about 0.3, about 0.25, about
0.2, about 0.1 or about 0. The exchange of solvent can be performed for a period of time,
such as from about 1 hour to about 48 hours. In addition, each solvent exchange step may be
performed for a period of time, such as from about 1 hour to about 48 hours. In some
embodiments, the first exchange of solvent with water is done for a time of equal to or less
than 48 hours. In some embodiments, exchanging the solvent with water is done at least 2x at
a solvent volume fraction of from about 1 to about 0. In some embodiments, the final
exchange of solvent with water is done in water (e.g., solvent volume fraction of 0).

[0110] The step of freezing the hydrated cellulosic intermediate can be performed in
different manners. For example, in some embodiments the hydrated cellulosic intermediate
may be frozen in a dry ice/ethanol bath for a period of time (e.g., for about 10 minutes to
about 30 minutes). In other embodiments, the hydrated cellulosic intermediate may be frozen
in one direction (FIG. 31), which may be used to align the pore structure of the obtained
aerogels. After being frozen, the cellulosic intermediate may be lyophilized to obtain
aerogels.

[0111] The method may further comprise functionalizing the aerogel with a hydrophobic
agent to form a hydrophobic aerogel. Functionalizing the aerogel with a hydrophobic agent
may be performed after the frozen cellulosic intermediate has been lyophilized. Hydrophobic
agents that can be used to functionalize the aerogel have been described above. In some
embodiments, the functionalizing step is performed by chemical vapor deposition.

[0112] In some embodiments, the method does not include sonication. In some
embodiments, the step of forming a homogenous solution of polymer does not include
sonication.

4. Uses of the Aerogels

[0113] The disclosed aerogels may be useful in a number of different applications,
including the sorption of liquids, shock absorbers, thermal insulation and acoustic insulation.
[0114] The aerogels may have the capacity to sorb aqueous liquids, such as water. In
some embodiments, the aerogels may have the capacity to absorb at least about 20 grams of

water per gram of aerogel.
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[0115] Additionally and as detailed above, the aerogels may be modified (e.g., to
increase hydrophobicity), which may be beneficial for sorption of a wider range of liquids, in
addition to water. For example, hydrophobically-modified aerogels may adsorb at least about
20 grams of oil per gram of aerogel.

[0116] Hydrophobically-modified aerogels may be used to adsorb non-polar liquids
from a mixture of a non-polar and a polar liquid by contacting the aerogel with the mixture.
In some embodiments, the non-polar liquid may be oil or hexane, and the polar liquid may be
water. In some embodiments, the aerogel may adsorb between about 25 grams and about 60
grams of non-polar liquid per gram of aerogel. In addition, the aerogels may sorb more than
one liquid after contacting a mixture of liquids. For example, in a mixture including oil and
water, hydrophobically-modified aerogels may be capable of adsorbing oil and water at a
ratio of (oil:water) of from about 1:5 and about 1:50.

[0117] The disclosed aerogels are advantageously robust, in the sense they can be used a
number of times in an application without losing its intended function for said application.
For example, the aerogels can adsorb at least about 10 grams of oil per gram of aerogel after
5 cycles of adsorption and compression.

[0118] Exemplary embodiments of the present disclosure are provided in the following
examples. The examples are presented to illustrate the inventions disclosed herein and to
assist one of ordinary skill in making and using the same. These are examples and not

intended in any way to otherwise limit the scope of the inventions disclosed herein.

5. EXAMPLES

Example 1: Synthesis and Characterization of Aerogels

Methods

[0119] Materials. Cellulose acetate flakes, referred herein as “CDA,” were obtained
from Eastman Chemical Co. (catalog number CA-394-60S) with a degree of substitution of
about 2.5, and were used as received. Acetone (99%), ethanol, triethyl amine (TEA),
trichloro(octyl)silane (TCOS; 99%), and the cross-linking agent 1,2,4,5-
benzenetetracarboxylic acid, also known as pyromelletic dianhydride (PMDA), were
purchased from Sigma Aldrich. Deionized (DI) water was used for all water purposes. Dry
ice was prepared in the lab using a liquid CO; cylinder with siphon tube from Airgas. All

solvents used for wicking measurements were 99% pure and bought from Sigma Aldrich.
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[0120] Gelation of Cellulose Esters. Aerogels made with different amounts of cellulose

acetate were synthesized using PMDA as a cross-linking agent, as shown below. Four
solutions containing CDA were prepared: 2 wt%, 4 wt%, 6 wt% and 8 wt%. The weight
percentages for CDA indicated in Examples 1-3 are per volume (i.e. w/v) of solution, and
accordingly are also referred to with the same nomenclature in the Drawings and Brief
Descriptions thereof. For each cellulose acetate solution, a homogeneous solution of
cellulose acetate in acetone was formed by stirring the cellulose acetate in a 100 ml Pyrex
bottle for 24 hours. Generally, a stock solution of cellulose acetate in acetone (100 or 200
mL) was prepared and used for further experimentation.

[0121] A cellulose acetate repeating unit with a degree of substitution of 2 has one
hydroxyl group per unit on average and, assuming that one PMDA molecule will react with
the hydroxyl groups from two different cellulose acetate chains, the amount of PMDA needed

for complete crosslinking can be calculated. The crosslinking step is shown in Scheme 1,

below:
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Scheme 1. Crosslinking of Cellulose Acetate with PMDA.
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[0122] A cellulose acetate: PMDA molar ratio of 2:1 is required for complete cross-
linking, but for these studies, a cellulose acetate:PMDA molar ratio of 8:1 (i.e. an excess of
cellulose acetate) was used to prevent formation of a very rigid cross-linked structure and to
have free hydroxyl groups available for further modification. To each of the homogeneous
cellulose acetate solutions was added PMDA, and the solution was stirred for approximately
5 hr to ensure complete dissolution. For example, for 10 mL of a 4 wt% CDA solution, 0.04
gm of PMDA was added. To each of these solutions, 0.5 vol% of triethyl amine (TEA) was
added as a catalyst, while stirring for another 30 seconds. For example, for the 4 wt% CDA
solution, 0.5mL of TEA was added. Each solution was then transferred to molds of different
shapes and sizes and allowed to gel for 24 h.

[0123] Images of a sample of the gelation are shown in FIG. 1. FIG. 1 shows a 4 wt%
CDA solution in a flask with a stir bar in the left photograph, and the gelled material after
being allowed to set for 24 hours in the right photograph.

[0124] Solvent Exchange. The acetone-gelled cellulose acetate was subjected to
sequential solvent exchange steps to gradually replace the acetone with DI water. The gel
was placed in a mixed solution of acetone and DI water which was 5 times the volume of the
gel and was replaced every 12 hours to allow adequate time for the gels to reach equilibrium
with the solution. Generally 10 mL of gel and 50 mL of a solvent mixture was used. A total
of 6 such exchanges were performed with following ratios of acetone: DI water: 90:10,
75:25, 50:50, 25:75, 10:90, 0:100. After the final exchange, each gel was kept in DI water
for 24 hours. This gel in water is referred to as a hydrogel.

[0125] Aerogel Svnthesis. The hydrogels were frozen by completely immersing each

gel in a dry ice/ethanol bath. Generally, a 10 mL sample of gel was used and the gel was
immersed for 20 minutes. The frozen hydrogels were then transferred to lyophilizer
(Labconco FreeZone 2.5 Freeze Dryer) operating at -53°C and 0.113 mbar, which is lower
than the triple point of water. Each of the frozen hydrogels was dried for about 24 hours to
provide a cellulose acetate aerogel.

[0126] Density and Porosity Measurements. The aerogel density (p,) was calculated by

measuring the mass and volume of each aerogel. The mass of the aerogel was measured with
an analytical balance (Fisher Scientific Accu-225D), which measures to 0.1 mg, and the
volume was calculated by measuring the aerogel dimensions with digital Vernier calipers.

The average density is reported from calculating the density of 5 aerogels.
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[0127] The density calculation for the aerogels was calculated using the following

equation:
M cpy . _{i ~M ey
;}{TB& }i}ts-‘amr

where pcq 1s the calculated density, Mcpa is the weight percentage of the cellulose acetate
added for the aerogel synthesis; pcpa is the density of the cellulose acetate flakes (1.3 gm/cc);
and pwater 1S the density of DI water (0.998 g/cc). It is assumed that there is no swelling or
shrinkage of the aerogel during the solvent exchange.
[0128] The surface area calculation for the cellulose acetate aerogels is determined as
follows. Assuming that the aerogel is composed of cylindrical pores with an average
diameter of 50 um, the surface area is calculated based on 1 gram of an aerogel containing
4% CDA (also referred to as a 4% aerogel) having a volume V:

Vo= :
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The total surface area is A = 2rnrAN, where » = the pore size radius (25 um), /# = the height of

one cylindrical pore, and N = the total number of pores. The volume V is then:

o } e
0.0234

and A can be calculated as:

which gives A = 3.42 m*/g. The surface area calculation is performed for comparison of the
result with the experimental BET area.

[0129] The porosity of these aerogels was calculated using the following equation
(Equation 1):

Porositv =(1- -£---} ¥100%4

2
Feng , (Equation 1)
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where p, is the bulk density of the aerogel and pcpa is the bulk density of the cellulose acetate
flakes (1.3 g/cc).

[0130] Fourier Transform Infrared Spectroscopy (FTIR-ATR). The FTIR spectra were
recorded using a Perkin Elmer FTIR spectrophotometer. Samples were analyzed in
attenuated total reflectance mode (ATR) using the Pike Miracle accessory equipped with a
GE crystal. The spectrum was collected for 256 scans and corrected for background noise.
The multipoint baseline correction was realized for each spectrum.

[0131] BET Analysis. The Brunauer-Emmett-Teller (BET) surface area was measured
by N, absorption and desorption isotherms using a Micrometrics ASAP 2020 instrument.
The 0.1-0.2 gram sample was first degassed for 3 hours at 115°C prior to the analysis. BET
analysis was done at a relative pressure of 0.01- 0.3 at -196°C.

[0132] Scanning Electron Microscopy. The imaging was done with a Field Emission

Scanning Electron Microscope (FESEM), FEI Verios 460L. The aerogels were fractured
under liquid N, using a sharp clean blade to image the radial cross-section. The samples
were fixed on the metal stub using double sided carbon tape. The as-prepared SEM samples
were coated with a 5 nm layer of gold and platinum to capture secondary electrons from the
surface and thus reduce charging.

[0133] Mechanical Compression Testing. The freeze dried aerogels synthesized for

compression testing were molded in 20 mL syringes with height:diameter ratio of 2:1. The
top and bottom part of cylindrical aerogel was made smooth using a sharp clean blade. The
compressive stress-strain curves were obtained via an Instron Series IX instrument using
compressive loads of 0.5 N which were lowered at the rate of 5 mm/min.

[0134] Sorption Testing. The aerogel was immersed in a liquid and allowed to saturate

for 12 hours. After immersion, the surface of the saturated aerogel was blotted with a lab-
grade disposable tissue to remove surface liquid and weighed. Liquid uptake was calculated

using the following equation (Equation 2):

W

T siied ke =
23 {E b 3.-!‘.‘&,? FETRE —

, (Equation 2)

where Wy, and W, are the weight of the saturated aerogel and the weight of dry aerogel,
respectively. In the cases where organic solvents were used, the blotting step was avoided to
prevent wicking of solvent into the tissue. Instead, the saturated aerogels were weighed

immediately.
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[0135] Spin Coating. The silica wafers were coated with a 1 wt% CDA solution in
acetone according to the following procedure. The 1 cm x 1 ¢m silica wafers were cleaned
by washing them in a piranha solution for 5 minutes. The silica wafers were then immersed
in DI water for 5 minutes and thoroughly washed with DI water three times followed by
drying with compressed N, gas. The cleaned silica wafers were spin coated with CDA
solution at 4000 rpm for 40 sec at an acceleration of 2400 sec™.

[0136] Some of the aforementioned methods are also applicable to Example 2.

Results

[0137] The proposed cross-linking of the free hydroxyl groups of CDA with the
anhydride group of PMDA to form an ester linkage is shown in Scheme 1, above. The
formation of the ester linkage was confirmed via FTIR spectroscopy (FIG. 4). In FIG. 4, the
upper spectrum shown is for cellulose acetate flakes (“CDA™), and the lower spectrum is for
the corresponding aerogel made with 4 wt% CDA. The aerogel spectrum shows the
additional aromatic peaks from the cross-linking PMD A moiety

[0138] The main difference between the two FTIR curves are a) the out of plane angular
vibrations of aromatic sp> C-H bends from 690 cm™ to 900 cm™, and b) the aromatic C=C
stretch at around 1500 cm™. These two peaks indicate the presence of the aromatic cross-
linker in the aerogel. Also, the lack of paired bands for the C=0 stretch (indicative of
anhydride groups) between the 1800 cm™ - 1830 cm™ & 1740 cm™ - 1775 cm™ regions
indicates that all of the PMDA has reacted with hydroxyl groups in the cellulose acetate. A
slight broadening of the O-H stretch at 3476 cm™ is likely due to an increase in the number of
O-H bonds present in the carboxylic acid groups formed. The strong acyl C-O and alkoxy C-
O peaks at 1220 cm™ and 1032 cm™, respectively, indicate the presence of C-O-C stretching
in the glucopyranose ring. These peaks combined with the prominent carbonyl peak (C=0
stretch) at 1736 cm™, confirms the presence of ester groups in the cellulose acetate aerogel.
The peaks at around 2950 cm™ are due to the sp® C-H stretch, and the peak at 1368 cm’™
corresponds to the C-H bend. The formation of a self-standing gel at the relatively low
concentration of cellulose acetate used here (4 wt%) is also indicative of successful cross-
linking, as shown in FIG. 1.

[0139] The difference between the calculated density (solid line), as described above,
and the measured density (black squares) of four aerogels is shown in FIG. 5, with each
aerogel containing a different amount of cellulose acetate. The bulk density for the aerogels

made with 2% and 4% CDA was measured as 4.3 £ 0.7 mg/cc and 23.4 + 1.0 mg/cc,
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respectively, which is much lower than their calculated densities. The opposite behavior was
observed for the aerogels made with 6% and 8% CDA. This is attributed to the combination
of swelling/shrinkage of the gels during gradual solvent exchange with water along with
shrinkage during freeze drying.

[0140] FIG. 6 shows the density values for three samples, one with a CDA concentration
of 4% by weight, one with a CDA concentration of 6% by weight, and one with a CDA
concentration of 8% by weight.

[0141] The calculated and measured densities of the aerogels are shown in FIG. 6, for
the two steps of aerogel synthesis: the gel and the hydrogel. The density for the hydrogel
stage is termed its “hydrogel density.” The hydrogel density was calculated by assuming that
all the liquid was replaced with air without changing the volume of the gel. The graph in
FIG. 6 demonstrates that in the 4% aerogel, there is not much shrinkage in the freeze drying
step as compared to the 6% and 8% aerogels. Also, the 8% aerogel does not swell during
solvent exchange, but rather seems to shrink, whereas the 4% and 6% aerogels swell during
the solvent exchange step. This is likely due to strong intermolecular hydrogen bonding
exhibited by the cellulose network which is expected to be stronger at higher concentrations
of cellulose acetate, which makes it difficult for solvent to penetrate.

[0142] For each sample in FIG. 6, the calculated density of the gel is shown in black
circles, the hydrogel density is shown in solid blue circles, and the aerogel density is shown
in blue circles. The volume of hydrogel was measured via volume displacement using
deionized water in a flat based beaker. The gel made with 2% CDA was too weak to be
handled for the volume measurements. The data demonstrates the effect of solvent exchange
and freeze drying on the final density of the aerogels.

[0143] The porosities of these aerogels were measured, and ranged from 99.7 + 0.1% to

91.5 £ 0.1% as calculated from Equation 1, above, and shown in Table 1, below.

Table 1: Material Properties for the 4%, 6% and 8% CDA aerogels.

. Compress. Specific Yield | Highes Maximum_ Maximum
density . - compressiv | stress at
Modulus Modulus strai | t strain .| Reference
(g/cc) (kPa) (MPalgiee) | n (%) | (%) e stress 60% strain
(kPa) (kPa)
0
% 0.0234 | 38 1.6 NA |92 350° 335
aerogel
0
6% 0.0772 | 225 2.9 30 60 70 169
aerogel
0
8% 0.1102 | 445 4.0 25 25 150 NA
aerogel
CNF 0.0081 [ 545 6.7 19 80 2 15 (Jiang &
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acrogel Hsieh,
2014)
Yang &
Eeljoc o | 00217 | 40 18 NA |80 7! 10 Cranston,
2 2014)
Graphen | 5058 | 2.3 04 NA |95 10! 1.5 (Xuctal,
e 2015)
Carbon i\?’u, Li,
nanofibe | 0.006 | 10 17 NA |90 64! 6 le“g’
r en, &
Yu, 2013)

'The material showed no yield stress. The elastic region was followed by the densification region.

The values represent compressive stress, i.¢. the stress at maximum strain.

[0144] It should be noted that the densities of the 2% and 4% CDA aerogels are low,
particularly when starting with relatively high concentrations (2%, 4%) of cellulosic polymer
solution.

[0145] FIG. 7 shows a SEM image of the radial cross-section and a photo (inset) of an
aerogel made with 4 wt% of CDA. The SEM image shows irregularly-shaped pores formed
by the film-like walls of the assembled cellulose acetate. The image suggests that the pore
size is determined by the rate of freezing. Without being bound by theory, it is believed that
the water in the hydrogels starts to nucleate, forming ice crystals and squeezing out the cross-
linked cellulose diacetate polymer and compressing them into thin walls. The crystals then
sublimate during the drying process, leaving behind cylindrical pores with an average
diameter of about 50 um.

[0146] The cellulose acetate aerogels exhibit a BET area of 3.4 m?’/g, as measured by N,
adsorption/desorption analysis (described above), which is low when compared to the BET
surface area of aerogels obtained from other cellulosic materials. This is attributed to the
large pore size of the aerogels and a lack of micro porosity. Assuming that the cellulose
acetate aerogel is composed of cylindrical pores with an average diameter of about 50 um
running throughout the aerogel along the radial axis, the calculated surface area is 3.4 m*/g
(calculated as described previously). This suggests the lack of micro porosity in the aerogel.
[0147] The porous morphology, including the self-assembled walls, of the cross-linked
cellulose acetate results in highly compressible aerogels, as demonstrated in the compressive
stress-strain curves shown in FIG. 8, with the aerogel made using 4% by weight of CDA in
the solid trace, the 6% aerogel in the dashed trace, and the 8% aerogel in the dashed-dotted
trace.

[0148] It is noted that the synthesis of the 2% aerogel in a mold with the desired size
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was difficult due to breakage of the gel during the solvent exchange process. Hence,
compression testing of the 2% aerogel was not performed. The 4% aerogel exhibited a high
compression strain of 92% without crumbling or showing any cracks, in contrast to the
behavior seen with brittle silica aerogels. The high compression strains are generally
comparable to carbon nanofiber aerogels and higher than those of nanocellulose aerogels.
[0149] As is shown in FIG. 8, the 4% aerogel does not show any vield strain, unlike the
6% and 8% aerogel which yield below 30% strain. This suggests that a high concentration of
cellulose acetate (greater than 4%) renders more stiffness to an aerogel and provides ductile
behavior, i.e. the ability to compress decreased with increasing concentrations of cellulose
acetate. However, even a 4% cellulose acetate concentration is considered high for aerogels,
and cross-linking a gel with this relatively high polymer concentration gives an aerogel with a
maximum compressive strain of 350 kPa, which is approximately 100 times higher than the
values for known aerogels, and which allows for a higher loading capacity. Due to the
relatively high concentration of polymer in the 6% and 8% cellulose acetate gels, the final
aerogel product for these gels have artifacts after solvent exchange and freezing, hence their
compression stress-strain curves were not perfectly reproducible. It was found that all the
curves for the 6% and 8% aerogel yielded below 30% strain.

[0150] Due to their high porosity and closed celled morphology, these aerogels were
tested for water sorption, as shown in FIG. 9. The 2% aerogels showed the highest sorption,
of 91 grams of water per gram of aerogel, as calculated from equation 2. However, during
evaporation of the water, the 2% aerogel collapsed under the capillary forces of water. The
4%, 6% and 8% CDA aerogels were strong enough to sustain the capillary forces.

[0151] FIG. 10 shows a graph of the uptake of water relative to the pore volume
available. The marginally higher liquid uptake compared to the available pore volume in the
4%, 6%, and 8% aerogels suggests that the combination of absorption in the pores and
adsorption by the polymer chains may be occurring, which could be due to hydrogen
bonding. However, the 2% aerogel showed a very low uptake compared to the available pore
volume. This may be due to the 2% aerogels being unable to retain relatively high amounts
of water.

[0152] Sorption Studies & Surface Energy Analysis. The mass of the liquid sorbed is
related to the interfacial surface tension of the corresponding liquid with the surface.
According to the Zisman theory, a critical surface tension v, is attributed to the modified

aerogel. If the surface tension of the liquid is such that yiiq > y., partial wetting of the aerogel
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is observed. If the surface tension of the liquid is such that yiiq <1, the liquid shows
complete wetting. Since the aerogel surface is not perfectly flat, the contact angle
measurements are not a perfectly accurate representation of the surface tension. Thus,
contact angle measurements of an aerogel surface were generally avoided as a means to test
the Zisman theory. Instead, wicking tests were performed on the modified cellulose acetate
aerogels using solvents of different surface tension. Surface tension data for a variety of

solvents 1s shown below in Table 2.

Table 2. The surface tension, viscosity and density of various solvents.

surface tension @ 20 Viscosity density
Solvent

deg C (mN/m) mPa-s gl/ce
Diethyl ether 16.7 0.22 0.708
n-hexane 18.4 0.3 0.655
1-propanol 20.9 1.95 0.802
Ethanol 221 1.07 0.787
Cyclohexane 24.7 0.89 0.773
Octanoic acid 279 5.02 0.903
Toluene 27.9 0.56 0.865
1.2-dichlorobenzene 35.7 1.32 1.301
Methyl lodide 50.8 2.6 3.306
water 72.8 0.89 1

[0153] A plot of the amount of liquid sorbed over time for a TCOS-modified 4% CDA
aerogel for four solvents is shown in FIG. 22 (methods for making a TCOS-modified aerogel
are described in Example 2). As seen in FIG. 22, the modified aerogel exhibits a nearly
instantaneous sorption of the low surface energy liquid n-hexane, and shows negative values
for the liquid uptake of water and diitodomethane.

[0154] A negative value of liquid uptake is explained as follows, with reference to the
graphical representation of the wicking setup that is shown in FIG. 3. As the aerogel sample
is lowered towards the surface of the liquid, the instrument records the mass gain (Mg) as a

function of distance and time. Once a certain fraction of the aerogel sample is immersed into
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the solvent, there is a buoyant force exerted in the upward direction which is not negligible
with respect to the aerogel. In the situation where the aerogel is hydrophobic, the buoyant
force and surface tension both act in an upward direction while there is very little solvent
sorption, and Mg (for water and diiodomethane) acts downwards. So, the tensiometer
records a negative weight gain, which indicates resistance to the penetration of the liquid into
the pores of the aerogel which in tur demonstrates that the surface tension of the liquid is
greater than the critical surface tension of the aerogel surface (y.).

[0155] A indicated by FIG. 22, the Y. < Ydiiodomethane> and the instantaneous sorption of n-
hexane indicates that Ypexane < yo. However, 1,2-dichlorobenzene (with a surface tension of
35.7 mN/m), shows a sorption gradient which implies that initially the aerogel surface resists
penetration of 1,2-dichlorobenzene, but as soon as the liquid penetrates the aerogel surface,
the aerogel is saturated within a minute due to capillary action. This means that vy, ».
dichlorobenzene < Yo From this analysis, it can be concluded that the surface tension (y.) of the
modified aerogel lies between about 35.7mN/m and about 50.8mN/m.

[0156] Once the liquid is sorbed, its mass will depend on the capillary force due to the

microporous structure of the aerogel, and the mass of liquid sorbed (M) can be related as

Mg = 2nry cos 6, (Equation 3)

where ‘1° is the radius of the pore, “y is the surface tension of the liquid, and ‘6’ is the
contact angle made by the liquid with the pore wall of the aerogel.

[0157] In the case of low surface energy liquids that completely wet the surface, a
contact angle of zero is assumed. Since r is constant, the mass of the liquid sorbed is directly
proportional to the surface energy of the liquid: this is shown in FIG. 23, which demonstrates
the linear relationship of the mass of liquid sorbed to the surface tension of the liquid. The
mass of low surface energy n-hexane (18.4 mN/m) sorbed is lower than that of 1,2-
dichlorobenzene (35.7 mN/m). The amount of liquid sorbed by the TCOS-modified 4%
CDA aerogels for a variety of solvents is shown in FIG. 24, with the solvents listed in
increasing surface tension values on the x axis, in units of mN/m.

[0158] The volume of liquid sorbed by the aerogels, however, does not change. FIG. 25
shows the volume of liquid sorbed relative to the available pore volume with TCOS-modified
4% CDA aerogels. The data shows a ratio which is greater than 1 for most of the solvents

measured, which suggests that they are chemically interacting with the cellulose ester
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polymer. However, completely non-polar n-hexane has a ratio of less than 1, which may
suggest that it is not interacting with the polymer at all.

[0159] Calculation of Surface Energy using the Fowkes Model. The interfacial surface
energy of a modified aerogel is governed by surface groups, surface roughness and tortuosity.
Since the measured contact angle of liquid on the modified aerogels using a camera image is
not a correct representation of the aerogel’s actual surface properties due to the difficulty in
obtaining a perfectly even surface for the inventive aerogels, the change in surface energy of
an aerogel due to surface modification was analyzed. For this analysis, a Fowkes model was
used to identify the dispersive and polar components of the surface energy of a TCOS
modified cellulose ester film, which was obtained by spin coating cellulose acetate on a
silicon wafer as explained above. The spin-coated cellulose acetate was subjected to
chemical vapor deposition of TCOS using the same procedure as described for the aerogels.
Water and diiodomethane were the two probe liquids used.

[0160] Table 3 shows the average contact angle measured for the probe liquids, along
with the corresponding surface energy values. Diiodomethane has no polar component for its
surface tension, and the dispersive part of the surface energy can be obtained using the

contact angle value of diiodomethane.

Table 3. Contact angles and surface energy values for the two probe liquids.

Probe liquid Contact angle 0(degree) IPolar v" |Dispersive [Total y'
Untreated CDA |[TCOS modified (mN/m) ,Yd (mN/m) |(mN/m)
'Water 45 30 51 21.8 72.8
Diiodomethane 26 38 0 50.8 50.8
[0161] Using the Fowkes model, the surface energy of the untreated cellulose acetate

surfaces and the TCOS modified cellulose acetate surfaces were calculated to be 64.1 mN/m
and 43.9 mN/m, respectively, as shown in Table 4, below.

[0162] The dispersive component of the surface energy is responsible for the ability of
the surface to take part in induced dipole interactions, whereas the polar component of the
surface energy represents dipole interactions, hydrogen bonding and ionic interactions. Here,
the dispersive part of the surface energy is dominating: it is 71.4% in the untreated cellulose
acetate surfaces and 92.5% in the TCOS-modified cellulose acetate surfaces. This is likely
because cellulose acetate is primarily composed of a non-polar carbon backbone, which is

responsible for induced dipole interactions (i.e. London forces). The polar component of the
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surface energy for cellulose acetate is mainly due to the surface hydroxyl groups that are
present. Upon modification of the cellulose acetate, the polar component drops from 18.3
mN/m to 3.3 mN/m. Also, as predicted from the Zisman theory, the surface energy of the
modified surface lies between about 35.7 mN/m and about 50.8 mN/m. However, the
apparent surface energy of the aerogels is likely lower than the calculated surface energy for

the thin films, due to the effect of surface roughness of the aerogels

Table 4. Surface Energy values as Calculated with the Fowkes Model.

Polar ¥’ (mN/m)Dispersive y* (mN/m) Total y' (mN/m)
Untreated CDA 18.3 45.8 64.1
TCOS modified CDA 3.3 40.6 43.9

Example 2: Use of Aerogels for Adsorbing Non-Polar Materials
Methods
[0163] Aerogel Modification. Chemical vapor deposition (CVD) was used to modify

the cellulose acetate aerogels into hydrophobic and/or oleophilic aerogels. A bottlein a
bottle set up was used for the purpose, as shown in FIG. 2, where trichloro(octyl)silane
(TCOS) was kept in the smaller bottle and a sample of aerogel was suspended in the wire
mesh hanging in the top portion of the bigger bottle, allowing the aerogel to be placed over
the smaller bottle. The aerogel shown in FIG. 2 contains 4 wt% CDA. The amount of TCOS
used was 2 times the weight of the aerogel. Generally, a 50-60 mg sample of aerogel was
treated at a time, using 100-120 uL of TCOS. The system was kept in an 80°C oven for 2
hours.

[0164] X-rav Photospectroscopy (XPS). XPS analysis was done using a SPECS

FlexMod system with the PHOIBOS 150 hemispherical analyzer. The base pressure in the
analysis chamber was in the 107 mbar range. The samples were excited via Al ka excitation
(1486.7 eV) with the electron beam incident at about 30° from the surface normal. Energy
calibration was established by referencing to adventitious carbon (Cls line at a 285.0 eV
binding energy). Survey scans were taken with 0.5 eV steps, a 0.04 sec dwell per point and
an Epass setting of 24, and high resolution scans were taken with 0.1 eV steps, a 0.5 sec
dwell per point and an Epass setting of 20.

[0165] Contact Angle Measurements. A SEO Phoenix goniometer was used for the

contact angle measurements. The contact angle data reported for each aerogel is for a
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qualitative representation of the modification of aerogels after treatment with a hydrophobic
agent, as shown in the illustrations of FIG. 3. Each value of the contact angle for the flat
surface (average of 5 measurements) was recorded after drop deposition for 30 seconds. The
Fowkes model was used to calculate the polar and dispersive part of the solid surface energy
using this contact angle data.

[0166] Wicking Measurements. A CAHN Dynamic contact angle analyzer (DCA-312)

was used for the wicking measurements. Each aerogel was cut into a cuboid shape and
lowered into the liquid, as shown in FIG. 3.

[0167] FIG. 3 shows an illustration of the expected wicking and contact angles for a
hydrophilic aerogel (left) and a hydrophobic aerogel (right), and the inset photo shows the
experimental setup for the tensiometry analysis. Extreme care was taken to cut the aerogels
in one direction to ensure that pore alignment was the same in all the measured samples. The
aerogels were immersed 1.5 mm below the surface of the liquid to ensure complete
immersion of the aerogel into the solvent during the course of the analysis.

[0168] Reusability test. N-Hexane was determined to be representative of low surface

energy oil, and was used to test the reusability of modified aerogels. The saturated aerogels
were mechanically compressed between two lab-grade disposable tissues to remove the
solvent and weighed again to ensure that at least 70% of the solvent was squeezed out. The
aerogels were compressed mechanically between two glass slides, parallel to the major axis.
The process of sorption and compression was repeated until the modified aerogel lost its
mechanical integrity, which was defined as when the aerogel was unable to recoil after
compression, as observed by the unaided eye. The average data with standard deviation is
reported after repeating the test on three separate samples.

Results

[0169] The mechanical properties and high sorption values of the aerogels suggested
their use for absorbing a non-polar material, such as for an oil spill cleanup. To separate oil
from water, the cellulose acetate aerogels were rendered hydrophobic by a chemical vapor
deposition (CVD) process with a chlorosilane. The presence of the free hydroxyl groups and
the carbon backbone renders the cellulose acetate aerogels generally amphiphilic. To
increase the hydrophobicity and oleophilicity of the aerogels, CVD with trichloro(octyl)silane
(TCOS) was used to cap the free hydroxyl functionalities with hydrophobic chains, as was
confirmed by contact angle measurements. The 4% CDA aerogel was selected to test for

separating oil from water, due to its ease of handling during synthesis as compared to the 2%
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aerogel, and its favorable mechanical properties with a relatively high sorption as compared
to the 6% and 8% aerogels.

[0170] As shown in the upper photo of FIG. 11, a water droplet completely wicked
through the surface of the unmodified 4% CDA aerogel. In the lower photos of FIG. 11, it is
seen that a modified aerogel showed a high water contact angle, on both the surface of the
aerogel (left photo) and from an internal cross-section of the aerogel (right photo). Also, the
fact that the radial cross-section of the interior of the modified aerogel exhibited a high water
contact angle (right photo) indicates that the TCOS is diffusing below the surface of the
aerogel, rendering the bulk aerogel hydrophobic. In general, all observed contact angles for
the modified aerogels were greater than 120 degrees, although it was determined that the
reliability of contact angle measurements was low due to the uneven gel surfaces present.
[0171] An XPS survey scan of the surface and a radial cross-section of a 4% CDA
modified aerogel is shown in FIG. 12, with the scan of the untreated (unmodified) aerogel
shown in the upper trace, the top surface of the sample of the modified aerogel shown in the
middle trace, and a sample from a cross-section (middle) of the sample shown in the lowest
trace. This data confirms that the TCOS has diffused into the bulk of the aerogel during the
modification process. Based on the XPS data, the calculated Si/O % at the top of the
modified sample is about 19% (18.9%), and is about 2% (1.8%) in the middle of the sample.
It is likely that the diffusion of TCOS inside the bulk of the aerogel can be further increased
by lengthening the time that the CVD step is performed.

[0172] The modified aerogels were found to retain their hydrophobicity for at least about
4 months, as is shown in FIGS. 13(a) and 13(b). The aerogels were modified by exposing
them to TCOS for 2 hours by CVD. The photograph on the left (FIG. 13(a)), shows a water
droplet with a high contact angle on the aerogel immediately after modification of a 4% CDA
aerogel with TCOS, and the photograph on the right (FIG. 13(b)) shows a water droplet on
the same aerogel sample after 4 months of storage at ambient temperature. The low water
uptake shown by the modified aerogel, even after keeping the sample in ambient conditions
for 4 months, as indicated by the high contact angle, reflects the stability and durability of
modified aerogels over a long period of time.

[0173] Samples of an unmodified and a modified aerogel containing 4% CDA were
subjected to a water sorption test for 48 hours (as described above in Example 1), with their
behavior monitored after placing the samples on the surface of water in a beaker. FIG. 14

shows a series of photographs of the water sorbance of a 4% CDA unmodified aerogel (left

32



WO 2017/127828 PCT/US2017/014607

sample in each beaker) and a 4% CDA aerogel modified with TCOS (right sample) in a
beaker of water, immediately after placing the samples into the water (left photo; t = 0), two
hours after placing the samples in the water (middle photo; t = 2 hrs), and twelve hours after
placing the samples in the water (right photo; t = 12 hrs).

[0174] Looking at the photographs in FIG. 14, it is clear that the sample of unmodified
aerogel began sinking below the surface of the water within 2 hours, but that the sample of
modified aerogel remained floating even after 12 hours.

[0175] FIG. 15 and FIG. 16 show the ability of unmodified and TCOS-modified
aerogels to sorb water, and that the modified aerogel retains its hydrophobicity after at least
about 4 months, respectively. FIG. 15 shows a graph of the liquid uptake in grams of water
sorbed per gram of aerogel, over time. The unmodified 4% CDA aerogel quickly sorbed
between about 35 and 40 grams of water per gram of gel over about 48 hours, whereas the
TCOS-modified 4% CDA aerogel was hydrophobic and sorbed less than 5 grams of water per
gram of gel during the same time period. Thus, the modified aerogel sorbed only about 3
times its weight of water over 48 hours, whereas the unmodified aerogel sorbed about 40
times its weight. This data demonstrates that the modified aerogel is stable and retains its
hydrophobicity even after 48 hours of constant exposure to water.

[0176] FIG. 16 shows the water uptake in grams per gram of aerogel, over time, for a
TCOS-modified 4% CDA aerogel immediately after modification and after 4 months of
storage (the “aged” aerogel). The amounts of water sorbed by the two samples is similar and
very low, with only about 2.5 grams of water sorbed for the aged aerogel after 48 hours, and
only about 1.75 grams of water sorbed in the same time period for the non-aged aerogel.
[0177] The TCOS-modified 4% CDA aerogel was tested in the various models of an oil
in water system to evaluate their sorptive properties and mechanical integrity. The model oil
used in these studies was a spent kerosene grade oil (with a viscosity of about 1-2 ¢P) which
was obtained from cleaning a laboratory vacuum pump, which is representative of an oil
fraction with an equivalent alkane number of 9. A sample of approximately 0.3 grams of the
modified aerogel was placed into a jar which contained about 10.5 grams of the model oil and
about 60 grams of water. The photographs of FIG. 17 show the process of the selective
sorption of the oil from the oil-water mixture by the modified aerogel over time. The aerogel
was saturated with oil within a minute, as shown in FIG. 17 ii) to iii). The oil-loaded aerogel
was pressed by hand, as shown in FIG. 17 iv) to recover the oil, and it can be reused to

remove the oil remaining in the oil-water mixture, as shown in FIG. 17 v) to vi).
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[0178] The mass balance of the liquids from the separation shown in photographs 1) to
ii1) of FIG. 17, is shown in FIG. 18. The weight of the water, oil and aerogel was measured
before the experiment, and the weight of the oil pressed out from the aerogel was measured
after the experiment. The weight of the used aerogel and the remaining water was measured
to complete the mass balance. The data shown in FIG. 18 shows that about 83 wt% of the
model kerosene oil was recovered, with the unrecovered oil staying trapped in the aerogel
pores. Also, the water sorption by the cellulose acetate aerogel was negligible (about 0.02
wt%), which suggested that the recovered oil can be reused.

[0179] It was found that there were no major changes in the aerogel structure after
multiple cycles of sorption and mechanical compression. The reusability of modified
aerogels was tested via n-hexane sorption and desorption by mechanical compression, and is
shown in FIG. 19. It was found that a TCOS-modified 4% CDA aerogel can be subjected to
10 cycles of sorption and compression before it undergoes structural failure. As shown in
FIG. 19, the modified aerogel can sorb over 25 times its weight of n-hexane in the first cycle,
and can still sorb about 10 grams of a n-hexane per gram of gel even after 9 cycles of
sorption/compression.

[0180] The modified aerogels were further tested in a stirred oil in water emulsion
system. The spent model kerosene oil was dyed red with Qil red O for better visual
observation. The following conditions were used: 6 grams of kerosene oil, 100 grams of
water, 0.25 grams of aerogel and a trace amount of Oil Red O dye were stirred at
approximately 500 rpm. FIG 20 shows photographs of this study, with the upper photographs
showing the aerogel being added to a beaker containing an oil-water emulsion at the instant
it’s added (t = O; upper left photograph) and 15 seconds after the addition of the aerogel (t =
15 sec; upper right photograph), and the lower photographs showing the beaker at the 30
second (t = 30 sec; lower left photograph) and 45 second (t = 45 sec; lower right photograph)
time intervals. As indicated by the photographs, a clear solution was obtained within a
minute, as nearly all of the dyed oil is soaked up by the modified aerogel. Also, it was found
that the modified aerogel retained both the oil and its mechanical integrity even in the stirred
media, which indicates its utility for oil spills in an oceanic environment.

[0181] To simulate an oil spill in a turbulent ocean environment, a stirred oil in water
system was prepared, where the model oil used was spent motor oil obtained after an oil
change (with a viscosity between about 100-200 cP). Here, 7 grams of motor oil, 100 grams

of DI water, and 0.35 grams of the aerogel were stilled at approximately 500 rpm. FIG 21
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shows photographs of this study, with the upper photographs showing a side view of the
beaker used for the study prior to addition of the modified aerogel (“initial system™; upper
left photograph), and an overhead view of the instant that the aerogel was added to the beaker
(t = 0 sec; upper right photograph). The middle photographs of FIG. 21 show the study at 30
seconds after the addition of the aerogel (t = 30 sec; middle left photograph) and 50 seconds
after the addition of the aerogel (t = 50 sec; middle right photograph), and the lower
photographs show the beaker at the 90 second (t = 90 sec; lower left photograph) and final
120 second (t = 120 sec; lower right photograph) time intervals. As indicated by the
photographs of FIG. 21, the modified aerogel absorbed all of the motor oil within 2 minutes,
even in the stirred media.

[0182] It is likely that modified aerogels with 2% CDA can also be used for oil
separation with a higher sorption capacity. However, they likely cannot be reused after their
first sorption/desorption cycle due the fact that they cannot sustain the capillary forces
exerted from the liquids.

[0183] In summary, Examples 1 & 2 demonstrate that cellulose ester aerogels have been
synthesized which exhibit a low density (about 24.3 mg/cc) and a high porosity (99%). The
covalent cross-linking of a relatively high concentration of cellulose acetate (4 wt%) in the
aerogels via sol-gel chemistry provides a high compressive strength of up to about 350 kPa,
and a maximum strain of about 92%. The aerogels can be modified to render them
hydrophobic and/or oleophilic. The modified aerogels do not fall apart, sorb oil within 2
minutes, and retain oil in turbulent media. These properties make them suitable for potential

use to clean up oil spills in rough oceanic environments.

Example 3. Tuning Mechanical Properties of Aerogels

Methods

[0184] Materials: Cellulose acetate (CA, which is also referred to as CDA herein) flakes
provided by Eastman Chemical Co. with degree of substitution of 2.45 and acetyl content of
39.7% were used as received. Reagent grade acetone (99.5%), Triethyl amine (TEA) and the
cross-linking agent 1,2,4,5-benzenetetracarboxylic acid (also known as Pyromelletic
Dianhydride, PMDA) were purchased from Sigma Aldrich. Deionized (DI) water with pH
6.74 was used. Liquid N, cylinder was bought from Airgas (NC).

[0185] Organogel synthesis: Cellulose acetate gels were synthesized as reported above.

Briefly, a homogeneous solution of 4 wt% CA in acetone was formed by stirring it in a 100
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ml Pyrex bottle for 24 hours. Assuming one PMDA molecule reacts with two hydroxyl
groups on different CA chains, implies the CA: PMDA molar ratio of 2:1 was required for
complete cross-linking. In the present example, the CA: PMDA molar ratio of 8:1 was used,
where the molecular weight of one unit of CA with degree of substitution 2.45 was
calculated as 264.6 g/mol. CA solution was stirred with PMDA cross-linker, for
approximately 5 h to ensure complete dissolution. 0.05 vol% of the catalyst triethyl amine
(TEA) was added to the previous solution, while stirring for another 30 s. A 10 ml of the
solution was then transferred to a cylindrical mold and allowed to set into gel for 24 h. The
obtained gel in acetone is termed as organogel.

[0186] Solvent exchange and swelling studies: The organogel was cut into cuboidal

shape of 1cm x 0.8cm x 0.5cm. To analyze the effect of acetone volume fraction on gel
swelling behavior, the organogels were immersed in a solvent with acetone volume fraction
of 1,0.9, 0.75, 0.5, 0.25 and 0 for 48 h. To analyze the effect of solvent exchange time on gel
swelling behavior, the organogels were immersed in a solvent with acetone volume fraction
of 0.9 and the organogels were sampled at the interval of 4, 12, 24 and 48 h. The volume of
the gels was measured via volume displacement method. The volumetric swelling is reported
by normalizing the volume of the swelled/shrunk organogel at time ‘t’ with the initial
organogel volume. A total of 5 such experiments were done for each solvent concentration
and each time interval. The average values of swelling along with the standard deviation is
reported. The swelled organogels were immersed in DI water for 72 h, where DI water was
replaced every 24 h. Thereafter, the obtained gels in water is referred to as hydrogels. The
gels are abbreviated as fA, where, ‘f” is the acetone fraction of the solvent in which organogel
was immersed. For e.g., 0.9A means, organogel was immersed in solvent with acetone
volume fraction of 0.9 and the resulting hydrogel and aerogel is referred as 0.9A hydrogel
and aerogel respectively.

[0187] Aerogel synthesis: The hydrogels were frozen in one direction (FIG. 31) to

ensure pore alignment. This was achieved using a computer controlled Linkam LTS350
which gives a precise working temperature, where the base plate was cooled using liquid N,
and the temperature of the base plate was controlled using electrically heated coils to
maintain the temperature at -80 °C. The frozen hydrogel were then transferred to lyophilizer
(Labconco FreeZone 2.5 Freeze Dryer) operating at -53 °C and 0.113 mbar which is lower
than the triple point of water. The frozen hydrogel were dried for ~24 h to give CA aerogel.

The aerogels are abbreviated according to solvent exchange in which the corresponding
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organogel were immersed. For e.g., aerogel prepared after immersing organogel in acetone
volume fraction of 0.9 is referred as 0.9A aerogel.

[0188] Density and Porosity: Aerogel density (p,) was calculated by measuring its mass

and volume. The mass of the aerogel was measured by analytical balance, Fisher Scientific
Accu-225D, which has least count of 0.1 mg and the volume was determined by measuring
the dimensions (digital Vernier caliper). Average density is reported after 5 measurement for
3 different aerogels. The porosity of the aerogels was calculated using Equation 1.

[0189] Turbidity measurements: Turbidity measurements were done using Thermo

Scientific turbidity meter (Orion™ AQ4500). The instrument was calibrated using 5 USEPA
approved primary calibration standards. The samples were measured in transmittance mode.
The values are reported in turbidity units (NTU).

[0190] Scanning Electron Microscopy (SEM): The imaging was done by Field Emission

Scanning Electron Microscope (FESEM), FEI Verios 460L. The aerogels were fractured
under liquid N, using a sharp clean blade to image the in-pane and out-of-plane cross-section.
The samples were fixed on the metal stub using a double sided carbon tape. The as prepared
SEM samples were coated with a 5Snm layer of gold and platinum to capture secondary
electrons from the surface and thus reducing charging.

[0191] Mechanical Compression testing: The compressive stress-strain curves were

obtained via Instron Series IX using compressive load of 0.5 N which was lowered at the rate
of Smm/min. The aerogels were compressed in-plane (parallel to freezing direction) and out-
of-plane (perpendicular to freezing direction) directions. The compression modulus was
obtained as the slope of initial linear region (at 1% strain). The energy of absorption was
calculated as the area under the curve from 0 to 70% strain. The compressive strength was
reported as the stress obtained at 70% strain and the densification strain was found as x-
intercept of the tangent from the densification region.

Results

[0192] The solubility theories are based on the basic principle, “like dissolves like”, i.e.,
the solvent should have the same physiochemical properties as the solute. The
physiochemical properties of a material can be identified by its cohesive energy density
(E/V), where ‘E’ is the energy of vaporization and “V’ is the molar volume of the material.
The square root of cohesive energy density of the material is defined as Hildebrand solubility
parameter (3). If the & of a solvent and a solute are similar, then they mix well. The

Hildebrand solubility parameters works well for non-polar hydrocarbon systems but fail for
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polar solvents and the solvents that exhibit hydrogen bonding. Hansen further improved upon
Hildebrand solubility theory by dissociating cohesive energy density into thee components;
dispersion component (8q), polar component (5,) and hydrogen bonding component (5y) that
arise due to Van der Waals interactions, dipole interaction and hydrogen bonding interactions
respectively. These three components, called Hansen solubility parameters (HSPs) can be

calculated or measured. The equation most commonly used to correlate HSP is Equation 4:

Ra = ‘/4((5;1 - 5;2)+ (5;1 - 5;2)+ (5;1 - 5;2 » (Equation 4)

[0193] where, Ra is the modified difference between the HSPs of a solvent (1) and a
polymer (2). The constant 4 is an empirical correlation. The solubility is maintained, if Ra is
less than Ry, the interaction radius of the polymer which is measured experimentally. A
Relative Energy Difference (RED) is defined as Ra/Ry A value of RED less than 1 implies

good solubility for the polymer in the solvent system.

Table 5. Hansen solubility parameters of the polymer and the solvents

84 (MPa)"? 3, (MPa)" o (MPa)"? R, (MPa)"?
Cellulose acetate 18.6 12.7 11.0 7.6
Acetone 15.5 10.4 7.0 -
Water 15.6 16.0 423 --

[0194] In this example, the polymer is cellulose acetate (CA) with acetyl content of
39.7% and the solvent system is a blend of acetone and water. The values of their HSPs and
Ry of the polymer is displayed in Table 5. The HSPs of the solvent blend of small molecules,
such as acetone and water can be calculated by simple rule of mixing. FIG. 26 shows the
RED as a function of acetone volume fraction in the solvent blend. It is evident from the
graph that the blend with 0.9 acetone volume fraction theoretically may be the best solvent
for CA. The claim is corroborated experimentally with the turbidity analysis of the solutions
of 4 wt.% and 8 wt.% CA in solvent blends of acetone fraction 1, 0.9 and 0.75. As can be
seen from FIG. 27, the CA solution in 0.9 acetone volume fraction exhibits the lowest
turbidity, which implies enhanced solubility. The corresponding images of the solutions are

also shown in the FIG. 27.
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[0195] The understanding for behavior of CA in the solvent blend of acetone and water
can be employed to tune the swelling behavior of CA gels. It is hypothesized that CA
organogels will exhibit a maximum swelling in the solvent blend with 0.9 acetone volume
fraction represented as 0.9A. It is worth mentioning that swelling behavior of gels also
depends on the cross-linking density. Therefore, to isolate the effect of solvent concentration,
the cross-linking density was kept constant.

[0196] The volumetric swelling ratio shown in FIG. 28 for CA organogel in various
acetone volume fractions exhibits a maximum for 0.9A. However, there is no appreciable
difference between the organogel swelling in 0.9A and 0.75A. This is most likely due to the
chemical cross-linking of CA, which may cause slight shift in the good solvent concentration
for CA organogels. Nevertheless, a range of acetone volume fraction was found in the solvent
blend, 0.9 to 0.75, for which the CA organogels exhibit a maximum swelling. Solvent blends
below 0.5 acetone volume fraction are poor solvents for CA and they do not show any
appreciable swelling.

[0197] The swelled organogels were dipped in DI water for 72 hours and the water was
exchanged two times to remove the acetone. Interestingly, even after immersing in the poor
solvent (water), the swelled organogels do not shrink back to the original state, in fact, they
equilibrate at a final swelling ratio, as can be seen from FIG. 29. The final swelling ratio
ranges from 1.4 to 2.7 for acetone volume fraction of 1 to 0.75. The organogel in 0.5A
solvent blend does not show any further shrinkage after immersing in water. The fact that
swelled organogel does not revert back to its original volume or shrink further when
immersed in poor solvent can be explained by the elastic behavior of the cross-linked
networks. A hypothesis is illustrated in FIG. 30. The black chains denote CA polymer, red
lines denote cross-links, blue dots represent water molecules and grey and blue represent
acetone and water respectively. Immersing organogel in a good solvent blend (0.9A) causes
swelling and allows water molecules to seep into the network along with acetone. These
water molecules may hydrolyze some of the ester bonds, thus reducing the elasticity of the
cross-linked network. Upon immersing swelled organogel in poor solvent (water, 0A) for a
certain period of time, entire acetone diffuses out but the water molecules remain trapped
inside due to hydrogen bonding interaction with the hydroxyl groups on CA polymer chains.
The ester bonds hydrolysis should cause weakening of the elastic network that can be
qualitatively correlated with lowering of elastic modulus (G’) of the gel. To test this, three
hydrogel samples were prepared by immersing the organogel in 0.9A for 4, 12 and 24 h
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followed by water immersion for 72 h. A frequency sweep (1-100 rad/s) was performed on
the resulting hydrogels using a serrated flat plate geometry. The result is shown in FIG. 42,
which indicates a 3 times decrease in G” upon increasing the immersion time for the gel from
4 10 24 h, thus indirectly confirming the hypothesis.

[0198] The mechanical properties of an aerogel may rely on the pore structure that
includes pore volume, pore alignment and pore wall thickness. It has been shown that
freezing conditions heavily determines the pore structure of the resulting aerogel. Therefore,
to isolate the effect of freezing conditions on the mechanical properties of the aerogels,
unidirectional freezing was performed to target uniform pore alignment and pore structure.
The procedure and setup is demonstrated in FIG. 31 a,b. The hydrogel was placed on a
copper plate which was kept at a constant -80 °C. Rest of the faces of the hydrogel were kept
open to atmosphere at 25 °C. The frozen hydrogel was freeze dried at -56 °C and 0.113 mbar,
to give the aerogel as shown in inset of FIG. 31 b. The out-of-plane (cross-section
perpendicular to the freezing direction) and in-plane (cross-section along the freezing
direction) view of SEM micrographs of CA aerogels are presented in FIG. 31 c¢,d
respectively. The out-of-plane view of CA aerogel (FIG. 31 ¢) exhibits a honey-comb kind of
structure with cell size ranging from 50-100 um. The closed pore structure resembles a
morphology that is reminiscent of sublimated ice crystals. Since, the growth rate of ice
crystals is highly anisotropic in one direction, the CA polymer is forced to align along the
solidification front. The CA polymer gets concentrated and squeezed on to the crystal
boundaries giving a highly ordered honeycomb structure. The inset in FIG. 31 ¢ shows the
magnified SEM image of the out-of-plane view. The in-plane view, shown in FIG. 3d,
exhibits a directionality in the pores. Most of the CA polymer was aligned in the direction of
ice crystal growth and no honeycomb structure was observed in this view.

[0199] The CA aerogels were analyzed for their structural and mechanical properties. As
seen from the FIG. 32, 0.9A and 0.75A aerogels have minimum density and highest porosity.
It was previously observed that 4 wt% CA hydrogels undergo minimal shrinkage during
freeze drying step. Hence, the difference in densities and porosities is attributed to the
swelling behavior of CA organogels when immersed in various acetone volume fractions.
The organogels immersed in 0.9A and 0.75A exhibited maximum swelling, resulting in
aerogels with lowest densities and highest porosity. The organogel immersed in 0.5A (poor
solvent for CA) did not exhibit swelling, which resulted in aggregation of the polymer chains

even before freezing, thus producing an aerogel with highest density and lowest porosity.
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FIG. 43 shows SEM images of the 1A-0.5A aerogels. The 1A, 0.9A and 0.75A aerogels
exhibit a honeycomb pattern that spans the entire aerogel. The 0.5A aerogel, on the other
hand shows pores that do not span the entire aerogel.

[0200] The mechanical properties of these aerogels were analyzed via measuring
compression stress as a function of strain. FIG. 33 shows the out-of-plane compressive stress-
strain curve for the CA aerogels as demonstrated in inset of FIG. 33. The curves resemble a
compression curve of an elastomeric foam. The elastomeric foams are characterized by a
linear elastic region followed by a plateau region and a final densification region. The linear
elastic region is controlled by cell wall bending. A small linear elastic region is observed (less
than 3 % strain) for CA aerogels, which is due to low relative density of the aerogels (less
than 0.09). The 1A, 0.9A and 0.75A aerogels have extremely low relative density (0.03 -
0.02), that indicates presence of thin cell walls and edges as seen in FIG. 34. The cell wall
thickness of 1A, 0.9A and 0.75A aerogel is 1.3+0.3, 0.8+0.1 and 0.8+£0.1 um respectively.
Furthermore, a honeycomb pattern (FIG. 43) of the thin cell walls induces a large pore
volume and provides an added strength to the aerogel structure.

[0201] The linear elastic region is followed by an extended plateau region (for 1A, 0.9A
and 0.75A aerogels, up to 70% strain), which is associated with collapse of the cells walls by
elastic buckling. The arrangement of thin cell walls in a honeycomb pattern gives an
excellent load bearing capacity to the aerogel structure and allows 1A-0.75A aerogels to be
compressed to large strains (more than 80%) without failure. The 0.5A aerogel, in contrast
has high relative density of 0.09 resulting in thick cell walls and edges (40+12 pum). Also, the
honeycomb structure of 0.5A aerogel does not span the entire aerogel (FIG. 43), which
generates structural defects in the 0.5A aerogel, exhibited in the form of kinks on stress-strain
curve.

[0202] When the cells are completely collapsed, a further strain causes the cell walls to
touch each other resulting in sudden rise of stress. This region is termed as densification
region which is very distinct for 1A-0.75A aerogel due to a large pore volume, whereas, 0.5A
aerogel have a short plateau region that transitions quickly to densification region due to a
low pore volume.

[0203] Generally, the mechanical properties of an aerogel such as compression modulus,
energy of absorption, compressive strength and densification strain is highly dependent on
relative density of an aerogel. Usually aerogel density is tailored by varying the polymer

content. However, reducing the polymer content compromises mechanical performance of the
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aerogels. In this example, the density was tuned in a novel approach by controlling the
swelling behavior of the preceding CA organogel. By using the controlled swelling approach,
not only the density and desired mechanical properties of the aerogels can be tuned, but also
the mechanical integrity of the aerogels can be maintained. As can be seen from Table 6,
there is a wide range of values for stiffness (compression modulus: 14-340 kPa), toughness
(energy of absorption: 4-103 kPa) and strength (compressive strength: 22-373 kPa) of these
aerogels. A wide range of densification strain (35-87 %) was also observed. The densification
strain gives an indication to the compressibility of an aerogel that arises due to large pore
volume and elastic pore walls arranged in honeycomb pattern. The values imply the
flexibility this solvent exchange approach provides, to synthesize aerogels with
comprehensive range of mechanical properties without undergoing any chemical or physical

modification.

Table 6: Mechanical properties of CA aerogels

1A 0.9A 0.75A 0.5A
Density, pa(g/cm®) 0.039 0.025 0.026 0.113
Porosity (%) 97.0 98.1 98.0 91.3
Relative density (p./pca) 0.030 0.019 0.020 0.087
Compression Modulus (kPa) 110 14 32 340
Energy of Absorption (kPa) 18 4 6 103
Compressive strength (kPa) 71 22 24 373
Densification strain (%) 78 86 87 35
[0204] Building on the understanding that swelling characteristics of a gel influences the

morphology and mechanical properties of the resulting aerogel, it can be hypothesized that
the swelling kinetics of the gel (e.g., organogel and/or hydrogel) may influence the aerogel’s
properties. This section analyses the swelling kinetics of the gel along with the properties of
the corresponding aerogels. FIG. 35 shows swelling kinetics of the organogel for a period of
48 hours, when immersed in 0.9 acetone volume fraction. The organogel reached maximum
swelling ratio of about 6. The values in this figure, when normalized with the swelling ratio at
48 h, gave values in FIG. 36, which indicates that the swelling reaches an equilibrium value
at 24 h. This further implies that any appreciable change in the aerogel properties is not
expected after 24 h of swelling. The inset in FIG. 36 shows initial organogel (extreme left)
and swelled gels after 4, 12 and 24 h respectively. When the swelled gels were immersed in

pure water, a shrinking was observed, which equilibrated at the volumetric swelling ratio of
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around 1.5-2.3 (FIG. 37). The density and porosity of the aerogels synthesized from these
hydrogels is demonstrated in FIG. 38. The density decreases as the solvent exchange time for
the organogel increases and consequently, the porosity of the aerogel increases. This is due to
swelling of the organogel, which increases as a function of time.

[0205] The compressive stress vs strain curve generated from out-of-plane compression
of the aerogels is shown in FIG. 39. A similar curve is observed as found in the previous
section, with short linear elastic region, a long plateau region followed by densification
region. It is noteworthy that the stress-strain curve for the aerogels obtained after 24 h of
solvent exchange does not vary significantly. This is most likely due to the extremely low
relative density (~0.02) and high porosity (98%) observed for aerogels obtained after 24 h of
swelling. The swelling reaches an equilibrium within 24 h and hence the corresponding
aerogels from 24 and 48 h of swelling have the highest porosity and lowest relative density,
achievable by the solvent exchange approach for this polymer concentration. The SEM
micrographs of the out-of-plane view for the aerogels obtained after varying solvent
exchange time is shown in FIG. 44. All the samples show a honeycomb pattern. The
comparison of the mechanical properties of the aerogels is listed in Table 7. It is evident from
the values in the table that the properties of aerogels can be fine-tuned to a great degree by
varying the time period for solvent exchange. The compression modulus ranges from 13-160
kPa, energy of absorption ranges from 4-35 kPa, and the compressive strength ranges from
22-151 kPa. A wide densification strain is also observed ranging from 65-88%. These wide
range of values for mechanical properties of the aerogels again demonstrate that the aerogels
of the desired mechanical properties (stiffness, toughness and strength) can be synthesized

via novel solvent exchange approach.

Table 7: Properties of the aerogels obtained after varying time period for solvent exchange

4h 12h 24h 48h
Density, pa(g/cms) 0.049 0.038 0.030 0.025
Porosity (%) 96.2 97.1 97.7 98.1
Relative density (p./pca) 0.038 0.029 0.023 0.019
Compression Modulus (kPa) 160 54 13 14
Energy of Absorption (kPa) 35 10 7 4
Compressive strength (kPa) 151 40 26 22
Densification strain (%) 65 82 88 86
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[0200] The pore alignment of these aerogels due to unidirectional freezing gives them an
anisotropic behavior. FIG. 40 compares the compressive stress vs strain curve of 0.9A
aerogel in two planes, namely out-of-plane and in-plane. The in-plane compression which is
in direction of the pore axis shows a very distinct elastic regime followed by a plateau and
densification regime. The aerogel exhibits a yielding behavior (at around 15% strain), which
is a characteristic of plastic foams. The pore walls when compressed along the axis elastically
buckle until 15% strain and collapse when strained further resulting in a yielding and a
constant stress of around 20 kPa. The out-of-plane view of SEM micrographs of the
uncompressed and compressed (out-of-plane, in-plane) 0.9A aerogel sample is shown in FIG.
41. The samples were compressed till 85% strain. The out-of-plane compressed image mainly
shows pore walls bending at the hinges. There are few pore walls that are cracked under the
strain. The in-plane compression, in contrast shows a complete structural collapse with loss
of pore morphology. As can be seen from inset images, out-of-plane compression allows
aerogels to bounce back whereas, in-plane compression causes a structural failure, when
compressed till 85%. The compression modulus for in-plane compression is 112 kPa
compared to 14 kPa for out-of-plane compression. The energy of absorption is 14 kPa while
compressive strength is 35 kPa for in-plane compression, compared to 4 kPa and 22 kPa
when the same aerogel is compressed out-of-plane. The densification strain is 74% for in-
plane compression and 86% for out-of-plane compression. This data indicates highly
anisotropic behavior of these aerogels, which can behave as elastic foam and plastic foam
based on the axis it is compressed.

[0207] A novel approach to synthesize ultralight, anisotropic aerogels with tunable
mechanical properties is demonstrated in this example. The use of solubility parameter theory
to control swelling behavior of the gels gave a tremendous control over the final mechanical
performance of the aerogels. The solvent exchange approach allowed for the synthesis of
aerogels with densities as low as 0.025 g/cm’® without lowering the polymer concentration,
which resulted in aerogels with wide range of mechanical properties, such as stiffness (13-
340 kPa), toughness (4-103 kPa), strength (22-373 kPa) and compressibility (35-88 %).
Furthermore, a unidirectional and controlled freezing approach introduced anisotropy in the
aerogels inducing both elastic and plastic nature, based on the axis in which the property is
measured. With tunable mechanical properties along with anisotropy, these aerogels can

potentially be used as shock absorbers, or in thermal and acoustic insulation.
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Example 4: Synthesis and Characterization of CAP & CAB Aerogels

[0208] Cellulose acetate propionate (CAP; Eastman catalog no. CAP-504-0.2) and
cellulose acetate butyrate (CAB; Eastman catalog no. CAB-553-0.4) aerogels were
synthesized using the same approach as described for CDA aerogels, and as shown in FIG.
45. CAP and CAB aerogels were characterized via SEM and for their capacity to sorb
different liquids, as shown in FIGS. 46-49.

[0209] CAP aerogels had a density of 13 £ 0.9 mg/ml and a porosity of 99 + 0.1%. CAB
aerogels had a density of 27.9 + 3.2 mg/ml and a porosity of 97.7 + 0.3%. From the
adsorption characterization, it can be seen that water uptake for CAP and CAB aerogels is
substantially lower relative to CDA aerogels. Additionally, these results suggest that CAP
aerogels may be better suited for oil-cleanup due to high oil uptake and low water uptake

(without any modification).
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CLAIMS

1. An aerogel comprising a cross-linked cellulose ester having a degree of substitution
of from about 1.0 to about 2.8,
wherein the aerogel has a bulk density of from about 1 mg/cc to about 500 mg/cc, and

wherein the cellulose ester is a (C;-Cjg)alkyl-C(O)-functionalized cellulose.

2. The aerogel of claim 1, wherein the degree of substitution of the cellulose ester is

from about 1.8 to about 2.6.

3. The aerogel of any one of the preceding claims, wherein the cellulose ester is
cellulose acetate, cellulose acetate propionate, cellulose acetate butyrate or a combination

thereof.

4. The aerogel of any one of the preceding claims, wherein the cellulose ester is cross-

linked via an ester, ether or urethane linkage.

5. The aerogel of claim 4, comprising a cross-linking agent at from about 1 wt. % to

about 15 wt. %.

6. The aerogel of either claim 4 or 5, comprising the cellulose ester at from about 85

wt. % to about 99 wt. %.

7. The aerogel of any one of the preceding claims, wherein the cross-linking agent is
selected from at least one of a C;-Cyy aromatic anhydride, a (Cs-Cyo)cycloalkyl anhydride, a
bis(halo(C;-Cs)alky1)-(Cs-Cyg)aromatic, a bis(thalo(C;-Cs)alkyl)(C;-Cr)cycloalkyl, a
bis(isocyanato(C;-C;)alkyl)(Cs-Cyg)aromatic, or a bis(isocyanato(C;-Cs)alky)(C;-
C-)cycloalkyl.

8. The aerogel of claim 7, wherein the cross-linking agent is PMDA.

9. The aerogel of any one of the preceding claims, wherein the aerogel has the capacity

to absorb at least about 20 grams of water per gram of aerogel.
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10. The aerogel of any one of the preceding claims, further comprising a hydrophobic
agent.
11. The aerogel of claim 10, wherein the hydrophobic agent is selected from at least one

of a C,-Cy alkyl silane, a C3-C5 cycloalkyl silane, an aromatic silane, an (C»-Cao)alkyl, a (Cs-
Cr)cycloalkyl, an (C,-Cyg)alkyl urethane, a (Cs;-Cr)cycloalkyl urethane, an (C»-Cyp)alkyl
ester, a (C;-Cy)cycloalkyl ester, an (C,-Cyp)alkyl carbonate, a (C;-C5)cycloalkyl carbonate or

any mixture thereof.

12. The aerogel of claim 11, wherein the hydrophobic agent is a Cs-C alkyl silane.

13. The aerogel of any one of claims 10-12, wherein the bulk density of the aerogel is

from about 15 mg/cc to about 85 mg/cc.

14. The aerogel of any one of claims 10-13, wherein the aerogel exhibits at least one of
the following:

(a) aporosity equal to or greater than 90%,

(b) amaximum compressive stress of from about 50 kPa to about 400 kPa,

(c) amaximum strain of from about 15% to about 100%,

(d) acompression modulus of from about 20 kPa to about 500 kPa,

(e) apore size average diameter of from about 20 um to about 100 um,

(f)  aBET of from about 2 m%/g to about 5 m*/g, and

(g) asurface tension of from about 30 mN/m to about 60 mN/m.

15. The aerogel of any one of claims 10-14, wherein the aerogel adsorbs at least about

20 grams of oil per gram of aerogel.

16. The aerogel of claim 15, wherein the aerogel adsorbs at least about 10 grams of oil

per gram of aerogel after 5 cycles of adsorption and compression.

17. The aerogel of either claim 15 or 16, wherein the ratio of oil:water capable of being

adsorbed per gram of aerogel is from about 1:5 to about 1:50.
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18. A method of adsorbing a non-polar liquid from a mixture of a non-polar liquid and a
polar liquid, the method comprising contacting the mixture with the aerogel of any one of

claims 15-17.

19. The method of claim 18, wherein the non-polar liquid is hexane or oil and the polar

liquid is water.

20. The method of either claim 18 or 19, wherein the aerogel can adsorb from about 25

grams to about 60 grams of non-polar liquid per gram of aerogel.

21. A method for preparing an aerogel comprising a cross-linked cellulose ester, the
method comprising the steps of:

a)  forming a homogenous solution of a cellulose ester having a degree of
substitution of from about 1.0 to about 2.8 in a solvent;

b)  adding a cross-linking agent to the homogenous solution to form a cellulosic
intermediate cross-linked via an ester, ether or urethane linkage;

¢)  exchanging the solvent with water to obtain a hydrated cellulosic intermediate;

d)  freezing the hydrated cellulosic intermediate; and

e) lyophilizing the frozen cellulosic intermediate to obtain the aerogel,

wherein the aerogel has a bulk density of from about 1 mg/cc to about 500 mg/cc.

22. The method of claim 21, further comprising the step of
f) functionalizing the aerogel with a hydrophobic agent to form a hydrophobic

aerogel.

23. The method of claim 22, wherein the hydrophobic agent is selected from at least one
of a C,-Cy alkyl silane, a C;-C- cycloalkyl silane, an aromatic silane, an (C,-Cyg)alkyl, a (Cs-
Cr)cycloalkyl, an (C,-Cyg)alkyl urethane, a (Cs-Cr)cycloalkyl urethane, an (C,-Cyp)alkyl

ester, a (C;-Cy)cycloalkyl ester, an (C,-Cyp)alkyl carbonate, a (C;-C5)cycloalkyl carbonate or

any mixture thereof.

24, The method of either claim 22 or 23, wherein the functionalizing step is performed

by chemical vapor deposition.

51



WO 2017/127828 PCT/US2017/014607

25. The method of any one of claims 22-24, wherein the method does not comprise

sonication.

26. The method of any one of claims 22-25, wherein the bulk density of the aerogel is

from about 15 mg/cc to about 150 mg/cc.

27. The method of any one of claims 21-26, wherein exchanging the solvent with water

1s done at least 2x at a solvent volume fraction of from about 1 to about 0.

28. The method of claim 27, wherein the first exchange of solvent with water is done for

a time of equal to or less than 48 hours.

29. The method of any one of claims 21-28, wherein the hydrated cellulosic intermediate

1s frozen 1n one direction.

30. The method of any one of claims 21-29, wherein the cross-linking agent is added to

the homogenous solution at from about 0.1 w/v % to about 0.5 w/v %.

31. The method of any one of claims 21-29, wherein the cellulose ester is present in the

homogenous solution at from about 1 w/v % to about 15 w/v %.
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Remark on Protest |:| The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - wo-search-report
	Page 104 - wo-search-report

