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PVA/CNF aerogels produced by an environmentally friendly freeze-drying process followed by
thermal chemical vapor deposition of methyltrichlorosilane exhibit excellent oil and solvent

absorption and remarkable heavy metal ion scavenging capability.

10000
~ 8000
s
<
A
= 6000
&0
-
=
i
S 4000
PVA/CNF
/ 2000 4
0




Journal of Materials Chemistry A Page 2 of 31

Green Synthesis of Polyvinyl Alcohol (PVA)—Cellulose Nanofibril

(CNF) Hybrid Aerogels and Their Use as Superabsorbents

Qifeng Zheng,*®, Zhiyong Cai,"® and Shaogin Gong™"*"*

& Material Science Program, University of Wisconsin—-Madison, Wl 53706, USA.
®Wisconsin Institute for Discovery, University of Wisconsin—Madison, W1 53715, USA
¢ Forest Product Laboratory, USDA, Madison, WI 53726, USA

9 Department of Biomedical Engineering, University of Wisconsin-Madison, W1 53706, USA

“Corresponding author: Zhiyong Cai. Email: zcai@fs.fed.us; Tel: +01 6082319446.
**Corresponding author: Shaogin Gong. Email: sgong@engr.wisc.edu; Tel: +01 6083164311.



Page 3 of 31

Journal of Materials Chemistry A

Abstract

Cross-linked polyvinyl alcohol (PVVA)—cellulose nanofibril (CNF) hybrid organic aerogels were
prepared using an environmentally friendly freeze-drying process. The resulting PVA/CNF
aerogel was rendered both superhydrophobic and superoleophilic after being treated with
methyltrichlorosilane via a simple thermal chemical vapor deposition process. Successful
silanization on the surface of the porous aerogel was confirmed by various techniques including
scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDS), Fourier transform
infrared spectroscopy (FTIR), and contact angle measurements. The silane-treated, cross-linked
PVA/CNF aerogels not only exhibited excellent absorption performance for various types of oil
(e.g., crude oil) or organic solvents (with a typical weight gain ranging from 44 to 96 times of
their own dry weight), but also showed a remarkable scavenging capability for several types of
heavy metal ions tested (e.g., Pb?*, Hg*"), making it a versatile absorbent for various potential
applications including water purification. Furthermore, these PVA/CNF aerogels demonstrated
excellent elasticity and mechanical durability after silane-treatment as evidenced by the cyclic

compression tests.

Introduction

Frequently occurring water pollution from oil and chemical spills/leaks as a result of accidents or
natural disasters have resulted in a shortage of fresh water in many regions of the world. Water
contaminants such as oil, organic solvents, and heavy metal ions can severely harm people and
other living things.! Thus, there is a growing demand for innovative absorptive materials
possessing high absorption capacity, high selectivity, and high efficiency.!? Various types of
absorption materials including cotton fibers,® carbon-based materials,*® metal oxide nanowire-

based composites,? and polymer-based materials’® (e.g., polyester and polypropylene) have been
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investigated in recent years. Among them, hydrophobic 3D porous materials appear to be the
most promising class of high-capacity absorbents due to their light weight, high porosity, and
large surface area, thus enabling them to rapidly absorb a large amount of oil and float on
water.*® 912 Nevertheless, several factors including complicated synthesis procedures and/or
high cost of raw materials has limited their wide-spread application. Therefore, there is still a
need to develop novel, sustainable/renewable, affordable, and robust high-capacity absorbent
materials.

Here we demonstrate such a material that is produced via an environmentally friendly freeze-
drying process,*? i.e., a polyvinyl alcohol (PVA)—cellulose nanofibril (CNF) hybrid organic
aerogel. Organic aerogels can exhibit many remarkable properties, including ultralow density (4
500 kg m™), high porosity, high specific surface area, and excellent mechanical properties (e.g.,
high modulus and high strength).***” Cellulose is the most abundant and renewable natural
polymer and is biocompatible and biodegradable.*® Cellulose nanofibrils (CNFs) have high
surface areas and high aspect ratios, thus they can easily form an entangled web-like
structure.®** CNFs can be fabricated using various methods including mechanical shearing, %
2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation,?*** enzymatic hydrolysis of

2526 or ultrasonication.?”?® CNF

macroscopic fibers followed by high-pressure homogenization,
aerogels usually exhibit ultralow densities, high surface areas, and reasonable mechanical
properties.?**! They have been used in a wide range of applications, such as antibacterial

agents, thermal insulation®® and oil absorbents.**** PVA is an inexpensive polymer which

possesses desirable properties such as water solubility, biocompatibility, and biodegradability.*

Superhydrophobic surfaces can generally be engineered by controlling the surface chemistry.

For instance, it is known that silanization using judiciously selected silanes can lead to
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superhydrophobic surfaces.®”* Silanes with hydrolyzable groups, such as chloride or alkoxide,
react with water to form silanols, which can then react with other silanols or the hydroxyl groups
present on the surface of solid materials (i.e., the PVA/CNF aerogels in this case), and may
subsequently polymerize to form monolayers or silicone layers depending on specific reaction
conditions.*®

The PVA/CNF hybrid organic aerogels had very low densities (<15 kg m™) and very high
porosities (>98%). The PVA/CNF aerogel became superhydrophobic and superoleophilic after
being treated with methyltrichlorosilane using a simple thermal chemical vapor deposition
process. The silane-coated PVA/CNF aerogels exhibited excellent absorption abilities for a
variety of oils and organic solvents (ranging from 44 to 96 times their own dry weight), but
strongly repelled water. Furthermore, the silane-treated PVA/CNF aerogels also showed a
remarkable scavenging capability for heavy metal ions, making it a versatile absorbent medium
for various applications. These aerogels also demonstrated excellent elasticity and high
mechanical durability. Therefore, this study provides a simple and inexpensive method for
fabricating robust superhydrophobic porous aerogels based on an abundant and renewable
natural polymer (i.e., CNF), which possess desirable absorption and mechanical properties for oil
and chemical spill/leak clean-up.
Experimental Section
Materials
The cellulose used for producing the CNFs was a commercially supplied fully bleached
eucalyptus Kraft pulp. Polyvinyl alcohol (PVA, Mw~95000 g mol™), glutaraldehyde (GA,
crosslinker, 25 wt.% in Hy0), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 98 wt.%),

methyltrichlorosilane (99 wt.%), and Oil Red O were all obtained from Sigma—Aldrich. Sodium
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chlorite, sodium bromide, sodium hypochlorite solution, and other chemicals were of laboratory
grade (Fisher Scientific, USA) and used without further purification.

Preparation of CNFs

The TEMPO-oxidized CNFs used in this experiment were prepared according to a procedure
described by Isogai’s group.”® Briefly, fully bleached eucalyptus fibers were oxidized with
sodium hypochlorite using TEMPO as a catalyst at a temperature of 60 °C for 48 h. The fibers
were then thoroughly washed and refined in a disk refiner with a gap of approximately 200 pum.
The coarse fibers were separated by centrifuging at 12,000 G, and the fine CNF dispersion was
then concentrated to 0.65 wt.% using ultrafiltration. A final refining step was performed in which
the nanofiber dispersion was passed through an M-110EH-30 microfluidizer (Microfluidics,
Newton, MA) once with 200- and 87-um chambers in series. The resulting CNF suspension was
stored at 4 °C without any treatment before future utilization. The carboxylate content of the
CNFs was measured via titration based on the TAPPI Test Method T237 ¢cm-98 protocol and was
found to be 0.64 mmol COONa per gram of CNFs.

Preparation of high density PVA solution

PVA (5.0 g, MW: 95000 g mol™) was dissolved in 100 mL of water and stirred for 12 h at 85°C

until the PVA was completely dissolved. Then, the PVA solution was used for the synthesis of
aerogels.

Preparation of crosslinked PVA aerogels

PVA solution (4.0 mL, 0.05 g mL™) and a desired amount of water were mixed together in a
flask under vigorous stirring for 1 h. Then, glutaraldehyde solution (80 pL, 25 wt.%) and sulfuric
acid (80 pL, 1.0 vol%) were added to the PVA solution. The pH of the aqueous solution was

controlled to be 4 to 6. The resulting mixture was mixed under stirring for another hour. At the
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final stage, the mixture was sonicated in an ultrasonic bath for 1 h under vacuum to remove any
bubbles. The resulting aqueous gel was transferred into aluminum pans and subsequently
crosslinked in a vacuum oven at 75 °C for 3 h. Thereafter, a freeze-drying process was used to
fabricate the PVA aerogel. Specifically, the crosslinked aqueous gel was precooled in a 4°C
refrigerator overnight to avoid macroscopic fracture during the freezing step. The precooled
aqueous gel was then frozen at —78 °C in a dry ice—acetone solution and the resulting frozen
sample was freeze-dried in a lyophilizer at a condenser temperature of —87.0 °C under vacuum
(0.0014 mBar) for three days to produce the aerogel. The final aerogel products were stored in a
vacuum oven for further characterization.

Preparation of crosslinked PVA/CNF aerogels

The PVA solution (2.0 mL, 0.05 g mL™), CNF solution (15.4 g, 0.65 wt.%), and a desired
amount of water (depending on the specific density of the aerogels) were mixed together in a
flask under vigorous stirring for 1 h. The weight ratio between the PVA and CNF was 1:1 for the
PVA/CNF aerogels. Then, a glutaraldehyde solution (80 pL, 25 wt.%) and sulfuric acid (80 uL,
1.0 vol%) were added to the PVA/CNF solution.”* The pH of the aqueous solution was
controlled to be 4 to 6. The resulting mixture was mixed under constant stirring for another hour.
At the final stage, the mixture was sonicated in an ultrasonic bath for 1 h under vacuum to
remove any bubbles. The resulting aqueous gel was transferred into aluminum pans and was
subsequently crosslinked/cured in a vacuum oven at 75 °C for 3 h. The PVA/CNF aerogel was
obtained using the freeze-drying process described above and was stored in a vacuum oven for
further characterization.

Preparation of superhydrophobic PVA/CNF aerogels
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A thermal chemical vapor deposition (CVD) technique was developed for the surface
modification of the PVA/CNF aerogels. A small glass vial containing methyltrichlorosilane (1
mL) was placed in a vacuum desiccator together with the aerogel samples and operated at 80 kPa
below atmospheric pressure. The desiccator was sealed and heated in a vacuum-assisted oven at
50 °C for 12 h. To remove the excess amount of unreacted silane and the by-product (HCI), the
surface-treated aerogels were kept in a vacuum desiccator under vacuum for more than 1 h.
Characterization

Unless stated otherwise, all tests described below were done in triplicate and the average results
as well as the standard deviations were reported. The densities of the aerogels were calculated by
measuring the mass and volume of the aerogels. The microstructure and elemental analyses of
the aerogels were studied using a scanning electron microscope (SEM, LEO GEMINI 1530)
equipped with energy-dispersive X-ray spectroscopy (EDX). The SEM samples were treated
using gold sputtering. The Brunauer—-Emmett-Teller (BET) specific surface area was determined
by N, physisorption using a Gemini analyzer (Micromeritics, USA). It was measured by
analyzing the amount of N, gas adsorbed on the samples with the relative vapor pressure (P/Po)
ranging from 0.05 to 0.3 at —196 °C. A contact angle goniometer (OCA 15/20, Future Digital
Scientific Corp., USA) was used for the water contact angle measurements at ambient
temperature. The volume of the water droplet was fixed at 4.0 pL, and the contact angle was
determined 10 s after the water droplet was deposited on the surface of the aerogel. The average
value of five measurements performed at different surface locations was reported as the contact
angle. The FTIR spectra were recorded on a Tensor 27 spectrometer (Bruker Daltonics Inc., USA)
with 4 cm™ resolution at room temperature. An inductively coupled plasma (ICP) atomic

emission spectrometer (Optima 2000, PerkinElmer Inc., USA) was used for metal ions analysis
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in aqueous solutions. Compression testing was conducted using an Instron (Model 5967) fitted
with a 250 N load. The compression strain rate was set at 20% min™ for the tests. Cylindrical
aerogels (with a diameter of 60 mm and a height of 10 mm) were used for these compression
testing. Thermal stability measurements were carried out using a thermogravimetric analyzer
(TGA, Q 50 TA Instruments, USA) from 30 to 600 °C at a 10 °C min™ heating rate under N,
protection.

Oil/Solvent absorption capacity measurements

To measure the oil or solvent absorption of the aerogels, the silane-coated aerogels (~30 mg)
were immersed into various types of oil (or solvent) and water with a 1:1 volume ratio except for
chloroform. The chloroform absorption was measured by immersing the aerogel directly into the
solvent because it has a higher density than water. The absorption process was very fast and
generally reached equilibrium within a few minutes. Once the absorption was complete, the
soaked aerogels were taken out and weighted after the aerogel surface was blotted using a filter
paper to remove excess surface oil/solvent.® The absorption capacity (Q) was calculated from the

mass gain using Equation 1,
(W — W,) X 100% (1)
Wo

Q (%) =

where W and W, were the weights of the aerogels before and after absorption, respectively. The
weight measurements of the aerogels with absorbed oil were done quickly to avoid evaporation
of the oil/solvent.

Heavy metal ion scavenging capacity measurements

The scavenging capacity of the aerogels on heavy metal ions including Pb?*, Hg**, Ag*, and Cu**
were investigated. To measure the scavenging capacity, the silane-coated aerogels (~30 mg) and

heavy metal ion solution (50 mL, 50 mg L™) were mixed under stirring at room temperature for 3



Journal of Materials Chemistry A

days to reach binding equilibrium. Before mixing, a few droplets of ethanol were applied onto
the surfaces of the aerogels.*? The heavy metal ion concentrations were measured with an ICP
atomic emission spectrometer and the binding capacities of these heavy metal ions onto the

aerogels were calculated using the Equation 2,

(C; = Cog) XV
— (2)

where C; and Ceq (Mg L) were the initial and equilibrium concentrations of the heavy metal ions

Binding Capacity =

in aqueous solution, respectively, while V was the volume of the heavy metal ion solution (L),

and M was the mass of the aerogels (g).

Results and Discussion

Silane coating of the aerogels

PVA/CNF aerogels, as well as the PVA aerogels used as a control, were successfully prepared
using a freeze-drying method. Under optimal processing conditions, very little shrinkage was
observed in these aerogels compared to their initial hydrogel dimensions. In order to obtain
hydrophobic aerogels, the hydroxyl groups present on the porous surface of the aerogel were
functionalized with methyltrichlorosilane in a gaseous phase through a simple thermal chemical
vapor deposition method. The physical properties of aerogels with and without silane coating are
summarized in Table 1. The densities of the PVA/CNF and PVA aerogels before and after the
silane treatment were 10.6/13.0 kg m™ and 11.7/14.2 kg m™, respectively. All aerogels exhibited
a very high porosity (>98%). The porosity of aerogels was calculated using Equations S1 and S2.
Fig. 1 shows the microstructures of the bottom surfaces of the PVA and PVA/CNF aerogels
before and after silane coating. PVA and PVA/CNF aerogels before and after silane treatment all

exhibited an interconnected, highly porous cellular structure with relatively uniform pore sizes
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(typically 2 to 6 um). In addition, more nanofiber-like structures appeared on the surface of the
cellular wall (Fig. 1 (b) and (d)) after silanization, likely due to the formation of silicone
nanofilaments.®* * Previous studies have found that depending on the silane reaction conditions,
different types of coating may be formed.**“*** Under relatively dry conditions, organosilanes
form either self-assembled monolayers (horizontal polymerization) or covalently attached
monolayers. Under relatively wet conditions (i.e., with a relative humidity ranging from 35 to
65%), organosilanes form covalently attached cross-linked polymeric fibers/layers (vertical
polymerization).3®434*

Fig. 2 (c) and (d) show the microstructure of the PVA/CNF aerogel cross-sections at the
middle of the aerogel samples before and after silane treatment. The PVA/CNF aerogels again
exhibited a relatively uniform cellular structure with pore sizes typically in the range of 10 to 20
pm, which was several times larger than the pore sizes on the bottom surface. The bottom
surface of the aerogels was in contact with the aluminum pan that was immersed in the dry ice—
acetone solution. Differences in pore morphology between the bulk structure and the surface
layers of aerogels were also reported in cellulose® and poly-(N-isopropyl acrylamide)/clay*
aerogels fabricated using the freeze-drying process. However, similar to what was observed on
the aerogel bottom surface, more nanofiber-like structures grew randomly on the PVA/CNF
aerogel cellular walls, which was likely attributable to the formation of silicone nanofilaments
(Fig. 2 (d)).5"*®

Fig. 2 (a) and (b) show the microstructure of the PVA aerogel at the cross-section at the
middle of the samples. Unlike the microstructure of the PVA/CNF aerogel cross-section, or that
of the PVA aerogel bottom surface, the PVA aerogel cross-section largely exhibited a lamellar

structure. This may be attributed to the fact that the precursor solution for the PVA aerogel had a
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low viscosity, thereby allowing the PVA polymer chains to easily align along the direction of the
growing front of ice crystals during freezing. In contrast, the PVA/CNF hydrogel solution used
to prepare the PVA/CNF aerogel had a much higher viscosity due to the formation of a 3D
network arising from the entanglement of high-aspect-ratio CNFs and thus may have affected the
nucleation and growth of the ice crystals.** As shown in Table 1, the specific surface areas of the
PVA/CNF aerogels was significantly higher than that of the PVA aerogels likely due to their

small pore sizes as well as the high surface area possessed by CNFs.*

Successful silanization on the porous surface of the PVA/CNF aerogels was also confirmed
by energy dispersive X-ray (EDX) analysis (Fig. 3). The EDX spectrum of the uncoated
PVA/CNF aerogel showed carbon, oxygen, and sodium peaks, but no silicon peak was detected.
After silanization, the EDX spectrum showed peaks for carbon, oxygen, sodium, chlorine, and
silicon. The relative silicon atomic percentage by element was 4.44. A silicon mapping image
shown in Fig. S1 indicated that the silane was uniformly coated on the porous surface of the
aerogel. This was attributed to the high mobility of the reactive precursors in the gas phase,

enabling them to easily penetrate through the porous structure of the aerogel.

Silanization of the porous PVA/CNF aerogels was further confirmed by FTIR analysis (Fig.
4). The absorption bands at ~780 cm™ and ~1272 cm™ were ascribed to the characteristic
vibrations of Si—O-Si and C—Si asymmetric stretching in C-Si—O units, respectively.*?
Surface wettability of the aerogels
The surface wettability of the PVA/CNF aerogel was studied via a contact angle measurement.
As shown in Fig. 5 (a), for the uncoated PVA/CNF aerogels, water droplets were readily
absorbed within 1 s, whereas the silane-coated aerogels became superhydrophobic (Fig. 5 (b)) as

indicated by the very high contact angle (6~ 150.3 + 1.2° at t = 10 s). The water droplet
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maintained its initial contact angle as well as its round shape on the silane-treated aerogel
surfaces after 120 s.

When the superhydrophobic aerogel was immersed in water by applying an external force,
the aerogel rose to the surface immediately after the external force was released, without
absorbing any water. This implies that the superhydrophobic PVA/CNF aerogel can be used to
absorb organic solvents or oil located on the surface of water. The silane-coated aerogels also
exhibited a low adhesion to water. As shown in Fig. 5 (c), water droplets easily rolled off the
surface of the PVA/CNF aerogel (cf. Movie S1 in the Supporting Information). In contrast,
gasoline droplets were readily absorbed by silane-coated PVA/CNF aerogels (Fig. 5 (d), also cf.
Movie S2 in the Supporting Information). Thus, the silane-coated PVA/CNF aerogels were
highly oleophilic. The simultaneous superhydrophobicity and superoleophilicity exhibited by the
silane-coated PVA/CNF aerogels ensures their superior oil/solvent absorbance.

Oil/Solvent absorption capacity of the aerogels

Removal of oils and organic contaminants from water has attracted immense academic and
commercial interest because of the need to clean up industrial byproducts such as oily waste
water and/or oil/chemical spills/leaks. The superhydrophobic and superoleophilic silane-coated
PVA/CNF aerogel may be an ideal absorbent material for removing oil and organic solvents
from water. The silane-coated PVA/CNF aerogels, which had a density of 13.0 kg m™, was used
to investigate the oil absorption performance. Once a piece of the silane-coated aerogel was
placed on the surface of the oil/solvent and water mixture, the oil/solvent was quickly absorbed
by the aerogel within a few minutes, without absorbing water (Fig. 6 (a), also cf. Movie S3 in the
Supporting Information). The oil/solvent (except chloroform due to its high density)-filled

aerogel could be left floating on water essentially without any oil release or water absorption.
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The absorption performance of the silane-coated PVA/CNF aerogels for different oils and
organic solvents was measured and reported in Fig. 6 (b). The absorption capacities for a wide
range of organic solvents and oils ranged from 44 to 96 times that of the aerogel’s weight, which

is much higher than most existing oil-absorption materials(cf. Table 2.%6812 4648

). The excellent
oil/solvent absorption capability exhibited by the PVA/CNF aerogel can be attributed to its
highly porous structure as well as the uniform superoleophilic and superhydrophobic silane
coating. The different absorption capacities observed among these oils and solvents were related
to the densities of the respective oils or solvents, which could be normalized by dividing the
oil/solvent weight gain by the density of the respective oil or organic solvent (Fig. 6 (c)). For
comparison purposes, the oil/solvent absorption capacities of the silane-coated PVA aerogels
with a similar density (14.2 kg m™) to that of the PVA/CNF aerogels were also measured and are
presented in Fig. S2. The absorption capacities of the silane-coated PVVA/CNF aerogels were two
to three times higher than that of the silane-treated PVA aerogels, which may be attributed to the
unique microstructure exhibited by the PVA/CNF aerogels that included more uniform and
smaller pore sizes, higher surface area, and higher degrees of interconnection within their highly
porous structures.

Heavy metal ion scavenging capability

Fig. 7 shows the heavy metal ion scavenging capacities of the PVA/CNF and PVA aerogels. The
scavenging capacities of the PVA/CNF and PVA aerogels for Hg®*, Pb®**, Cu*, and Ag" were
157.5and 22.0 mg g*, 110.6 and 24.5 mg g}, 151.3 and 28.9 mg g, and 114.3 and 39.5 mg g™,
respectively. Clearly, the PVA/CNF nanocomposite aerogels demonstrated extremely high ion
scavenging capacities, which were higher than the scavenging capacities of other materials

44, 49, 50

reported in the literature, as well as the PVA aerogel used as the control for this study. It is
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believed that metal ion scavenging in aqueous solutions by porous materials such as aerogels is
mainly driven by electrostatic interaction®* and complexation between the metal ions and the
carboxyl groups present in the porous materials.> ° The CNFs used in the PVA/CNF aerogels
carried a lot of carboxyl groups resulting from the TEMPO-oxidation process used to produce
the CNFs. This may explain the much higher metal ion scavenging capability exhibited by the
PVA/CNF aerogel in comparison to the PVA aerogel. As to the differences observed in the
acrogel’s scavenging capacities for different metal ions, this likely can be attributed to their
different affinities to the carboxyl groups and probably other functional groups. The superior
oil/solvent absorption performance coupled with the remarkable metal ion scavenging
capabilities exhibited by the PVA/CNF aerogels makes them a versatile material for various
applications such as water purification.

Thermal stability of the aerogels

The thermal stability of the PVA/CNF aerogels was measured before and after silane treatment
by TGA in nitrogen from 30 to 600 °C and is shown in Fig. 8. Silane-coating did not change the
thermal stability of the aerogels until around 270 °C. However, beyond 270 °C (up to 495 °C),
the thermal stability of the silane-coated PVA/CNF aerogel was somewhat improved. For
example, the temperatures corresponding to a 30% weight loss was 320.7 and 302.5 °C, for the
silane-coated and uncoated PVA/CNF aerogels, respectively. This might be because the thermal
decomposition of the aerogels was retarded by the silane coating on the porous surface of the
PVA/CNF aerogel.®

Mechanical properties of the PVA/CNF aerogels

To study the mechanical properties of the silane-coated PVA/CNF aerogels, we measured their

compressive stress as a function of strain as well as their cyclic compression behaviors (Fig. 9).
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The PVA/CNF aerogels before and after silane-treatment can both be compressed by more than
90% because of their high porosity. However, before silane coating, the PVA/CNF aerogel was
not very elastic and deformed permanently when the compression stain was more than 20%.
Strikingly, the silane-coated PVA/CNF aerogel completely recovered their original shape with
no mechanical failure after being subjected to 80% strain (Fig. 9 (a) and Movie S4 in the
Supporting Information).

Fig. 9 (b) shows the cyclic compression stress—stain curve of the silane-treated PVA/CNF
aerogels at a maxima strain of 40%, 60%, and 80%, respectively. The silane-coated aerogels
completely recovered their original shapes after unloading at each strain. The maximal stress at
80% strain normalized by the density was found to be 3.8 + 0.2 MPa cm® g™, which was higher
than the values reported for other types of polymeric aerogels.>****** The silane-coated aerogels
were subjected to a fatigue cyclic compression test (at 40%, 60%, and 80% strain) with 100
loading/unloading cycles (Fig. 9 (c), (d), and (e)). No obvious structural changes were observed
after the cyclic compression test. The compressive stress—stain curves did not change
significantly after 100 cycles, demonstrating excellent elastic recovery during the cyclic
compression tests. Although hysteresis loops, which are an indication of dissipation, were seen in
the loading—unloading cycles, the silane-coated PVA/CNF aerogels were significantly more
elastic (40 to 80%) than other types of aerogels at comparable compression stains.

Conclusion

Superhydrophobic and superoleophilic PVA/CNF aerogels were produced by an environmentally
friendly freeze-drying process followed by thermal chemical vapor deposition of
methyltrichlorosilane. The silane-treated PVA/CNF hybrid aerogels had ultra-low densities (<15

kg m®), excellent oil/solvent absorption capabilities (44 to 96 times their own dry weight), and
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remarkable metal ion scavenging capabilities, as well as superior elasticity and mechanical
durability. Thus, the PVA/CNF aerogels made of renewable/ sustainable materials through
simple and green processes may offer many promising applications including water purification
to clean up oil/chemical spills/leaks and heavy metal contamination, thereby protecting our

environment and all living species.
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Fig. 1 SEM images of the bottom surface of the aerogels: (a) uncoated PVA aerogel, (b) coated

PVA aerogel, (c) uncoated PVA/CNF aerogel, and (d) coated PVA/CNF aerogel.
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Fig. 2 SEM images of the cryofractured surfaces of aerogels: (a) uncoated PVA aerogel, (b)

coated PVA aerogel, (c) uncoated PVA/CNF aerogel, and (d) coated PVA/CNF aerogel.
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Fig. 3 EDX spectra of the PVA/CNF aerogels: (a) uncoated aerogel, and (b) coated aerogel.
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Fig. 4 FTIR spectra of PVA/CNF aerogels with and without silane coating.
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Fig. 5 Water contact angle measurements of the PVA/CNF aerogels: (a) uncoated aerogel and (b)
silane-coated aerogel. Optical images of (c) water droplets and (d) gasoline droplets squirted on a

piece of silane-coated PVA/CNF aerogel.
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Fig. 6 (a) A layer of diesel on top of the water was absorbed by the silane-coated PVA/CNF
aerogel in 90 seconds. The gasoline was labeled with Oil Red O for clarity. (b) Absorption
capacities of the PVA/CNF aerogels for various organic solvents and oils as indicated by weight

gain. (c) Absorption capacities normalized by the density of the respective oil or organic solvent.
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Fig. 7 Heavy metal ion scavenging capabilities of the PVA and PVA/CNF aerogels. The PVA

aerogel was used as a control for this test.
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Fig. 8 TGA curves of the PVA/CNF aerogels with and without silane coating.
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Fig. 9 Mechanical properties of the silane-coated PVA/CNF aerogels. (a) Optical images
showing that silane-coated P\VA/CNF aerogels recovered their original dimensions after being
subjected to more than 80% compression (cf. Movie S4 in the Supporting Information. The
sample used to take this movie had a different dimension (i.e., 25 mm in diameter and 55 mm in
height) compared to those used for the mechanical tests shown in Fig. 9 (b) to (e). A taller
cylindrical sample was used for the movie to demonstrate the elastic properties more clearly.) (b)
Compressive stress—strain curves of the PVA/CNF aerogels subjected to different compressive
strains; i.e., 40%, 60%, and 80%. Cyclic stress-strain curves of the PVA/CNF aerogels subjected

to a compressive strain of (¢) 40%, (d) 60%, and (e) 80% over 100 compression cycles.
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Table 1 Physical properties of the aerogels with and without silane coating.

Sample Density Porosity SBET
(kg m™®) (%) (m?g™h

uncoated PVA aerogel 11.7 99.08 9248

coated PVA aerogel 14.2 98.80 7616
uncoated PVA/CNF aerogel 10.6 99.22 195+18
coated PVA/CNF aerogel 13.0 99.01 172+13

Table 2 Comparison of the absorption capacities of different materials.

Absorption Absorption Reference
Materials capacity (g gl)
Silane-treated PVA/CNF aerogel 44~96 —
(this study)
Silicone-manganese oxide 6~20 2
nanowire membrane

Spongy graphene 20~86 6
Nonwoven polypropylene 10~16 8
Macroporous butyl rubber 15-23 8
Graphene-based aerogel 28~40 9
Polyurethane/polysiloxane sponge 15~25 12
Microporous conjugated polymers 7~23 47

Polydimethylsiloxane sponge 4~11 48




