“ \

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Cellulose Nanofibril Stabilized Pickering Emulsion Templated
Aerogel with High Oil Absorption Capacity
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ABSTRACT: Nanocellulose-based aerogels, featuring a three-dimensional porous structure, are considered as a desirable green
absorbent because of their exceptional absorption performance as well as the abundance and renewability of the raw material.
However, these aerogels often require hydrophobic modification or carbonization, which is often environmentally harmful and
energy-intensive. In this study, we introduce a Pickering-emulsion-templating approach to fabricate a cellulose nanofibril (CNF)
aerogel with a hierarchical pore structure, allowing for high oil absorption capacity. n-Hexane—CNF oil-in-water Pickering emulsions
are prepared as an emulsion template, which is further lyophilized to create a hollow microcapsule-based CNF (HM-CNF) aerogel
with a density ranging from 1.3 to 6.1 mg/cm’® and a porosity of >99.6%. Scanning electron microscopy and Brunauer—Emmett—
Teller analyses reveal the HM-CNF aerogel’s hierarchical pore structure, originating from the CNF Pickering emulsion template, and
also confirm the aerogel’s very high surface area of 216.6 m*/g with an average pore diameter of 8.6 nm. Furthermore, the aerogel
exhibits a maximum absorption capacity of 354 g/g and 166 g/g for chloroform and n-hexadecane, respectively, without requiring
any surface modification or chemical treatment. These combined findings highlight the potential of the Pickering-emulsion-
templated CNF aerogel as an environmentally sustainable and high-performance oil absorbent.

B INTRODUCTION

on its flexibility and high aspect ratio, have garnered much

Cellulose nanofibrils (CNF) are a type of nanocellulose with a
diameter ranging from 15 to 40 nm and an aspect ratio greater
than 50.'”* Plant and woody biomass are this fiber-like
material’s main source of extraction, in which plant and/or
wood fibers are first pretreated chemically or enzymatically to
ease a defibrillation process and then subjected to a mechanical
treatment to produce CNFE.*” The unique physicochemical
properties of CNF—low density, high aspect ratio, mechanical
flexibility, biodegradability, and biocompatibility—have drawn
a lot of research attention.””® Thus, a wide range of
applications have been proposed for CNF, including composite
reinforcement, food packaging, textile dyeing, coatings, thermal
insulation, as well as biomedical, electronic, and energy storage
devices.'*™'°

An aerogel is a highly porous and low-density material in
which a solvent in the gel's network is replaced with a gas
without significant shrinkage of the gel network."” Aerogels can
be made from an array of precursors, such as organic and
synthetic polymers, silica, and metal oxides. In particular,
nanocellulose-based aerogels, especially using CNF capitalizing
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interest because of their mechanical flexibility, abundance,
renewability, biocompatibility, and facile biological degrada-
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tion.

CNF-based aerogels feature low density, large
porosity, and a high specific surface area that make them
suitable for many functional applications, which include
biomedical scaffolds, high-capacity absorbents for water
treatment, thermal insulation, pressure sensing, and energy
storage.”' ~>* CNF aerogels can be prepared through several
techniques, including supercritical drying,” unidirectional or
isotropic freeze casting,zs_28 and Pickering emulsion templat-
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A Pickering emulsion is an emulsion stabilized by
amphiphilic solid particles that can readily partition at the
oil—water interface to reduce surface tension.”' Compared to
conventional surfactants, Pickering emulsions have recently
been chosen by many researchers due to their lower toxicitz,
lower cost, and higher stability against coalescence.”” ™"
Instead of surfactants, Pickering emulsions may utilize
numerous inorganic particles, including silica, montmorillonite,
laponite, calcium carbonate, and carbon graphite.35 More
recently, biobased particles such as cellulose, chitin, chitosan,
and starch are being utilized for the formation of Pickering
emulsions.’””” Nanocelluloses have also been used to create
Pickering emulsions, e.g.,, bacterial nanocellulose (BNC),*®
CNF,*~" and cellulose nanocrystals (CNC),"** due to their
amphiphilicity, nanoscale size, and low environmental and
safety concerns.

When it comes to constructing an aerogel structure, an
emulsion-templating method has been reported to fabricate a
variety of aerogels.”*™® This method starts with the
preparation of an oil-in-water (O/W) or water-in-oil (W/O)
Pickering emulsion. The liquid core (either oil or water) is
then removed by sequential solvent exchange or freeze-drying,
leaving a hollow microcapsule structure or an associated
aerogel structure where the porosity and pore size distribution
resemble those of initial emulsion droplets. Specifically, the
Pickering-emulsion-templating approach was employed to
construct CNF- or CNC-based aerogels with low density
and a hierarchical porous structure.””*”**~> Jiménez-Saelices
et al. investigated thermal superinsulation properties of CNF-
based materials via the structuration of aerogels through the
Pickering emulsion templating.”” In another study by Song et
al, a strong, flexible, and super thermal insulating CNEF/
emulsion composite aerogel with quasi-closed small pores was
developed.” Due to the unique hierarchical morphology and
extremely low density arising from the emulsion template,
these emulsion-templated CNF aerogels particularly showed
superior thermal insulation performance, whose thermal
conductivity was even lower than that of air. Tasset et al
prepared a CNC-based aerogel by freeze-drying O/W
emulsions stabilized with CNC. Removal of cyclohexane as
an oil phase in this CNC-based O/W Pickering emulsion by
lyophilization led to a lightweight cellular foam whose pore size
remained similar to the size of emulsion droplets.’
Considering the lightweight and hierarchical morphology
arising from the Pickering emulsion template, the Pickering
emulsion-templated aerogels may be useful as a green, high-
capacity absorbent. In addition, we note that the Pickering-
emulsion-templating approach allowing for the control of the
overall porosity and morphology of the resultant aerogel may
help improve the absorptive performance of the aerogel.
However, there is little knowledge about Pickering emulsion-
templated aerogels as an absorbent.

Indeed, many nanocellulose-based aerogels using CNF and
BNC have shown excellent oil-absorption performance because
of their high porosity, low density, and three-dimensional
network featuring interconnected cellulose fibrils.”*>> Despite
their high oil absorption capacity, these nanocellulose-based
sorbents are usually prepared by modifying the surface of the
aerogel with hydrophobic agents such as alkoxysilanes,
chlorosilanes, and metal oxides. The extra hydrophobization
step often requires complicated and time-consuming processes,
e.g., chemical vapor deposition, atomic layer deposition, and
high-temperature carbonization, which would incur negative

environmental effects.””*****” Moreover, these processes are
often energy- and equipment-intensive. Hence, a simple and
facile method is desired that enables CNF aerogels to function
as a biobased, high-capacity oil absorbent without compromis-
ing sustainability.

Herein, we report a Pickering-emulsion-templating method
to fabricate a hollow microcapsule-based CNF (HM-CNF)
aerogel with a high oil absorption capacity. n-Hexane—CNF
O/W Pickering emulsions were used as the template for the
aerogel. After freeze-drying, which led to the hollow CNF
microcapsule-like morphology, the HM-CNF aerogel exhibited
low density (1.3 to 6.1 mg/cm®), high porosity (99.6 to
99.9%), and a hierarchical pore structure arising from the
emulsion template, supported by scanning electron microscopy
(SEM) and Brunauer—Emmett—Teller (BET) analyses. With-
out any surface modification of CNF or hydrophobic treatment
of an aerogel, the HM-CNF aerogel achieved an ultrahigh oil
absorption capacity of 354 g/g for chloroform, demonstrating
the potential of the Pickering-emulsion-templating method to
produce a biobased, high-capacity oil absorbent.

B EXPERIMENTAL SECTION

Materials. Microfibrillated cellulose (Exilva F 01-V) was
kindly provided by Borregaard in Norway. n-Hexane (95%,
Fisher Scientific Co., USA), n-hexadecane (99%, Alfa Aesar),
chloroform (99.5%, Merck), and Nile red (Chem-Impex
International, Inc.) were used without further purification.

Preparation of CNF Suspensions. Microfibrillated
cellulose was subjected to a mechanical treatment, and then
the resultant slurry was centrifuged to remove large aggregates
from nanosized cellulose fibrils. In a typical example, 8.0 g of
Exilva microfibrillated cellulose (10 wt % dry CNF in water)
was diluted to 0.2 wt % with deionized water. The suspension
was then placed in a mechanical blender (Vitamix TNC 5200,
Vitamix Corporation, USA) at 22,500 rpm for S min. The
blending process was closely monitored to prevent overheating
of the suspension that may cause thermal degradation of CNF.
The resultant aqueous dispersion was then poured into a
centrifuge tube and allowed to centrifuge (Beckman Coulter,
Avanti 95 JE 14.50 Rotor) at 1500 rpm for 15 min.
Supernatant and residue were collected separately, whereby
the residue was completely oven-dried at 105 °C for 24 h and
its weight was measured to calculate the concentration of CNF
in the supernatant. The supernatant was further centrifuged at
9,000 rpm for 15 min to remove excess water.

Characterization of CNF Suspensions. To determine
the presence of residual hemicelluloses and lignin in the neat
Exilva microfibrillated cellulose, the Fourier transform infrared
(FTIR) spectrum of the freeze-dried microfibrillated cellulose
(0.1 wt % aqueous suspension) was taken by using a
PerkinElmer Spectrum Two spectrophotometer over the
range of 400 to 4000 cm™' with a resolution of 0.5 cm™'.
Atomic force microscopy (AFM) with a tapping mode
(Dimension Icon Bruker, USA) was used to determine the
width and length of individual fibrils of CNF. To do so, a
single drop of the diluted CNF aqueous suspension (0.001 wt
%) was placed on a glass microscope slide and vacuum-dried.
AFM scan was performed with a silicon cantilever (Bruker,
UK) having a nominal tip radius of 8 nm and a spring constant
of S N/m with scan areas of 20 X 20 and S X § ,umz. To
determine the level of residual surface charge in CNF, the
carboxylic acid content of CNF was estimated by using a
conductometric titration method. In a typical example, S0 mL

https://doi.org/10.1021/acsomega.3c03871
ACS Omega 2023, 8, 36856—36867


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.

acs.org/journal/acsodf

Scheme 1. Schematic Illustrating the Preparation of a HM-CNF Aerogel Consisting of (1) Mixing of n-Hexane and a CNF
Suspension in Water, (2) Emulsification by Ultrasonication to Createn-Hexane—CNF Pickering Emulsions, and (3) Freeze

Drying to Produce the HM-CNF Aerogel

Y
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of 0.2 wt % aqueous CNF suspension was mixed with 2 mL of
0.1 M HCl to adjust pH to 3. Then, 1 mL of 50 mM NaCl was
added to the solution, and the mixture was stirred prior to
titration to enhance the dynamic distribution of ions. The
mixture was titrated with 0.1 M NaOH at a rate of 0.1 mL/
min. In the titration, the conductivity was measured with a
conductometer (Oakton PC2700), and the carboxylate
content of CNF was calculated by using eq 1

V, -V
Content of —COOH (mmol/g) = Cy,on X =W

(1)
where Cy,oy is the concentration (in mM) of NaOH, V, and
V, (in mL) are the volumes of the NaOH solution determined
from a titration curve, and m is the mass of the dry CNF (in g).

Preparation of CNF-Stabilized Pickering Emulsions.
O/W Pickering emulsions were made by using n-hexane and
the CNF aqueous suspension as the oil and water phases,
respectively. All of the emulsions were prepared with a water-
to-oil ratio of 2:1. In a typical example, 20 mL of an aqueous
CNF suspension (0.01—0.5 wt % of dry CNF in water) was
topped with 10 mL of n-hexane. A probe of the Tekmar
Ultrasonic Processor (TM 750, 13 mm probe, 750 W) was
placed at the oil—water interface, and ultrasonication was
performed at a 50% power level in a 9 s pulse and 1 s standby
mode for S min. In a minute, the solution became cloudy,
indicating the formation of Pickering emulsions. After the
ultrasonication, the solution was centrifuged at 2,000 rpm for 3
min, which sped up the formation of a creamy emulsion layer
between aqueous (bottom) and oil (top) layers. The middle
layer containing the n-hexane—CNF emulsions was carefully
collected and stored in a sealed container for further analysis.

Characterization of CNF-Stabilized Pickering Emul-
sions. For an optical microscope analysis, 0.1 mL of the
Pickering emulsion and 1 mL of distilled water were mixed by
vortex. One drop of the mixture was placed onto a glass
microscope slide and observed by a BX51 Olympus micro-
scope under the magnifications of 4X to 20X. Using at least
105 droplet measurements for each sample, the size of the
emulsion droplets was estimated by Image] software. To
visualize the microscopic structure of the emulsion droplets,
confocal laser scanning microscopy (CLSM) was used. A stock
solution of Nile red (0.1 wt % in n-hexane) as a lipophilic

fluorescent stain was prepared and used for the synthesis of n-
hexane-CNF Pickering emulsions, following the same
procedure described above. A LSM510 confocal microscope
(Zeiss, Gottingen, Germany) was used to acquire CLSM
images through a 40X water immersion lens with an optical
section thickness of around 2 ym. The excitation wavelength in
the CLSM spectra was 543 nm. The surface coverage (Cg) of
the CNF-stabilized Pickering emulsions was estimated by the
following eq 2.%%°*

mPD

~ 6hpVy ()

S

where m,, represents the dry mass of CNF particles, D denotes
the diameter of the emulsion droplets, 4 is the thickness of the
CNF particles obtained from AFM, p represents the density of
CNF particles (1.6 g/cm®),*” and V, refers to the volume of n-
hexane included in the emulsion after centrifugation.

Preparation and Characterization of Hollow Micro-
capsule-Based CNF Aerogels. Scheme 1 illustrates all of the
steps for the preparation of the HM-CNF aerogel. The freshly
prepared n-hexane-CNF Pickering emulsion was placed in a
centrifuge tube, which was initially frozen in liquid nitrogen
and then transferred into a freeze-dryer (Labconco FreeZone
Plus 4.5 Liter) at —80 °C under 0.018 mbar for 2 days to yield
a hollow microcapsule-based CNF (HM-CNF) aerogel.

For investigating the morphology of the as-prepared HM-
CNF aerogel with a field emission scanning electron
microscope (JSM-129 6500F, JEOL USA) at a § kV
accelerating voltage, a 5 nm thick platinum layer was sputtered
onto the specimen. To determine the density of the HM-CNF
aerogel, the diameter and height of the aerogel were measured
by a digital caliper, while its weight was determined by using a
digital balance. The density, p, of the HM-CNF aerogel was
calculated according to eq 3

p=m/v 3)

where m and v are the mass and volume of the aerogel,
respectively. The porosity, P, of the HM-CNF aerogel was
calculated according to eq 4

p(%):[l—i]xwo

C

(4)
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where p_, and p. are the density of the aerogel and cellulose
(1.6 g/cm®), respectively.”” A surface area and porosity
analyzer (Autosorb iQ, Quantachrome Instruments) was
used to determine the specific surface area and pore size
distribution of the aerogel. To measure N, adsorption, aerogel
samples were degassed at 60 °C under vacuum for 2 h. Based
on the linear region of experimental isotherms at 77 K and
relative pressures ranging from 0.01 to 0.3, Brunauer—
Emmett—Teller (BET) theory was used to calculate the
specific surface area of the aerogels. Using the Barrett—
Joyner—Halenda (BJH) method, the distribution of the pores
in the sample was estimated using the desorption curve of the
isotherm. A modified Kelvin equation can be used to relate the
removed amount of nitrogen to pore size when relative
pressure decreases.”’ Thermogravimetric analysis (TGA, Q600
SDT, TA Instruments) was conducted on a specimen of
approximately 10 mg placed in an alumina crucible. With a
heating rate of 10 °C/min and a flowing nitrogen atmosphere
0f 99.99% at 100 mL/min, a thermal scan was conducted from
25 to 600 °C.

Measurement of Oil Absorption Performance of the
HM-CNF Aerogel. Prior to the oil absorption test, the initial
weight of the HM-CNF aerogel with varying CNF
concentrations was measured. Subsequently, the aerogel
specimen was completely immersed in #-hexane, n-hexadecane,
cyclohexane, or chloroform until it became fully saturated.
Afterward, the aerogel specimen was held on the side of the
tube to drain excessive and unabsorbed liquid, and then its
weight was taken. The absorption capacity, Q (g/g), was
calculated using eq 5

_wW-w)
W (5)

where W; and Wr are the initial and final weights of the HM-
CNF aerogel before and after the oil absorption, respectively.
To test the reusability and regeneration of the HM-CNF
aerogel, a loaded aerogel sample with n-hexane, cyclohexane,
or chloroform was distilled at 40 °C under vacuum. The
complete evaporation of the absorbed liquid was inferred by
the recovery of the initial weight. The retention, R, was
determined using eq 6

R (%) = % x 100
Q, (6)
where Q, and Q; are the initial absorption capacity and the

capacity after each recycling cycle of the aerogel. The recycling
performance of the aerogel was measured for up to five cycles.

B RESULTS AND DISCUSSION

Formation and Characterization of n-Hexane—CNF
Microcapsules. The FTIR spectrum of the Exilva micro-
fibrillated cellulose (Exilva F 01-V) showed no significant peak
at 1738 and 1505 cm™, indicating most of the lignin and
hemicelluloses were removed from the material (see the inset
in Figure $1).%%% Microfibrillated cellulose was mechanically
treated with a blender (Vitamix standard blender), and the
diameter and length of the resultant fibers were estimated to be
around 40 nm and up to a few tens of micrometers,
respectively (see AFM images in Figure S2). These
individualized cellulose fibers were reported to be effective in
making stable emulsions.”> The carboxylate content obtained
from the conductometric analysis of the aqueous CNF

suspension was 0.0S mmol/g (Figure S3). This level of surface
charge density may arise from residual carboxylic acid on the
surface of cellulose, indicating minimal chemical treatments of
Exilva microfibrillated cellulose as our starting material.”* As a
comparison, it was reported that CNC particles with a low
sulfate surface charge density (<0.03 charge/nm?) effectively
stabilized O/W Pickering emulsions, while the highly sulfate-
charged counterpart did not.** Thus, the low charge density on
the surface of CNF particles (0.0S mmol/g) in our case is
expected to result in reduced electrostatic repulsions between
the particles, thereby fostering the stabilization of the CNF
particles at the oil—water interface.’>*®

Optical microscope (OM) images of n-hexane—CNF
microcapsules are shown in Figure S4. A cloudy and creamy
layer showed up within 1 min of ultrasonication, indicating the
formation of emulsions. We believe ultrasonication created
metastable, spherical oil droplets dispersed in water, which
were immediately stabilized by CNF particles, as shown in the
OM images of the microcapsules in Figure S4. We also note
that the number density of the microcapsules was lower for the
emulsions created with <0.03% CNF in water (Figure S4a,b)
than the other conditions (Figure S4c—i), suggesting two
separate types of microcapsule yield. Figure S5 shows the
CLSM images of the microcapsules, displaying n-hexane dyed
in red as the core of the microcapsule. Amphiphilic CNF
particles may orient themselves at the oil—water interfaces to
lower the surface tension between the oil and water, thereby
forming stable O/W emulsions.”° CNF particles may function
as an interfacial stabilizer for the O/W Pickering emulsion
because each anhydroglucose unit has polar hydroxyl groups in
the equatorial plane while the axial plane is relatively nonpolar,
which corresponds to the surfaces of (110) and (110) cellulose
crystal planes, respectively.”’ =

The average size of the microcapsules and its standard
deviation as a function of the CNF concentration are shown in
Figure 1. At CNF concentrations <0.03%, the microcapsule
yield was quite low, indicating the microcapsule formation was
not efficient, as shown by the low number density of the
microcapsules in Figure S4a,b. For the CNF concentrations of

E 401 ab 2
[ bc
) b c
GE, 30 C
cd
S 9
T de ®
g 20 o o
3 e
S 104 %
o
} =
L
= 9

o 092 o5 01° ot 0 02 ok o
CNF conc. in water (%)

Figure 1. Average size and its standard deviation of n-hexane—CNF
microcapsules as a function of the CNF concentration in water at the
water-to-oil ratio of 2:1. Data were obtained by Image]J from the OM
images partially shown in Figure S4. Letters on top of the individual
data points represent statistical grouping (p < 0.0S) in the mean
microcapsule diameter based on one-way analysis of variance
(ANOVA) at a 95% confidence interval.
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Table 1. Surface Coverage of the n-Hexane—CNF Microcapsules with Respect to the Concentration of CNF in Water”

CNF concentration (%) 0.01 0.03 0.05 0.075 0.1 0.2 0.3 0.4 0.5
Surface coverage 6% 21% 44% 67% 88% 83% 154% 156% 181%
“The water-to-oil ratio was 2:1.
Neat CNF aerogel
100 —— HM-CNF aerogel
Hexane-CNF microcapsule . ---- Neat CNF aerogel
G 4 - : ---- HM-CNF aerogel
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Figure 2. (Left) Weight loss and (right) derivative weight loss profiles of the neat CNF aerogel (in black), the HM-CNF aerogel (in red), and the
n-hexane—CNF microcapsule (in blue). For both aerogels and the n-hexane—CNF microcapsule, the concentration of CNF in water was 0.075%.

0.0S, 0.075, and 0.1%, the average microcapsule diameter was
similarly around 25 pm, with the surface coverage increasing
from 44 to 88% (see Table 1). The similar microcapsule
diameter in this range of the CNF concentration may be
explained by the balance between the coalescence of
metastable O/W emulsions and the stabilization of them by
CNF particles, in which only the surface coverage of the
microcapsule increased. A similar trend has been reported in
BNC-stabilized Pickering emulsions.*®

At CNF concentrations above 0.1%, the average micro-
capsule diameter decreased with increasing CNF concen-
trations. This could be explained by a limited coalescence
process whereby the higher the number of particles present in
the suspension, the better the stabilization of droplets.”** In
other words, as the CNF concentration increases, the
irreversible adsorption of CNF particles at the oil—water
interface would likely prevent oil droplets from further growing
by coalescence. Another reason for the decreased microcapsule
diameter could be attributed to the viscosity of the suspension.
An increase in the CNF concentration leads to a greater
number of CNF particles with an increasing viscosity of the
CNF solution, in which steric hindrance caused by CNF
particles would further prevent the coalescence of the oil
droplets.”” The limited coalescence process seemed to
dominate at the CNF concentration >0.1%, with a smaller
standard deviation of the average microcapsule diameter for
0.4 and 0.5% CNF than the other CNF concentrations.

Table 1 displays the estimated surface coverage of the n-
hexane—CNF microcapsules calculated by eq 2. At a low
concentration of CNF up to 0.03%, the surface coverage was
even less than 25%. Although stable emulsions with the surface
coverage of less than 30% have been reported in the
literature,*”’%”" these microcapsules may suffer limited
stability due to a lack of enough CNF particles to fully cover
n-hexane droplets dispersed in water. When the CNF
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concentration was from 0.05 to 0.1%, the surface coverage
scaled with the CNF concentration, suggesting that the system
had enough CNF particles to produce microcapsules with
presumably high stability. At this range, the average diameter
of the microcapsules remained close to 25 ym with increasing
surface coverage. As the CNF concentration became greater
than 0.2%, the surface coverage went beyond 100%, which may
imply the stacking of extra CNF particles on the surface of the
microcapsules or the presence of extra CNF particles
connecting individual microcapsules.*”*

Thermogravimetric analysis (TGA) was used to characterize
the thermal properties of the n-hexane—CNF microcapsule and
the HM-CNF aerogel. TGA thermograms of the freshly
prepared microcapsule in Figure 2 (in blue) show significant
weight loss before 100 °C, whose derivative weight loss
maximum was at 87 °C with a shoulder peak at around 66 °C.
These data indicate the encapsulation of n-hexane in the core
of the microcapsule. After 100 °C, the remaining weight was
less than 2% after water and n-hexane evaporated, which is in
agreement with the dry weight of CNF in the microcapsule.
TGA thermograms of the neat CNF (in black) and the HM-
CNF aerogels (in red) were nearly identical, which strongly
suggests that the HM-CNF aerogel contained only CNF after
the removal of the core n-hexane during freeze-drying. Both
samples exhibited the weight loss of around 10% up to 250 °C,
which was due to the evaporation of bound water to CNF.
Thermal degradation and char formation of cellulose in the
aerogels occurred between 250 and 400 °C. It is worth noting
that the residual weight of the HM-CNF aerogel at 600 °C was
slightly lower than that of the neat CNF aerogel. The
difference can be attributed to the higher specific surface area
of the HM-CNF aerogel, which will be further discussed in the
BET analysis. The increased surface area would facilitate the
thermal degradation of cellulose, especially considering both
aerogels were composed of pure cellulose.

https://doi.org/10.1021/acsomega.3c03871
ACS Omega 2023, 8, 36856—36867


https://pubs.acs.org/doi/10.1021/acsomega.3c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03871?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Characterization of the HM-CNF Aerogels. Freshly
prepared n-hexane-CNF microcapsules were lyophilized to
yield the HM-CNF aerogel. Figure 3 shows the density and
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Figure 3. Density and porosity of HM-CNF aerogels as a function of
the CNF concentration in water. The standard deviation of density is
displayed with an error bar. The density of neat CNF aerogel at 0.1%
CNF concentration is also shown as a hollow dot. A dotted line shows
the linear fit of the HM-CNF aerogel density as a function of the CNF
concentration. The inset photograph shows the 0.3% HM-CNF
aerogel being attracted toward a plastic tube by the electrostatic force
due to its lightness.

porosity of the HM-CNF and neat CNF aerogels as a function
of the CNF concentration in water. The photograph of the
HM-CNF aerogel in the inset of Figure 3 demonstrates the
lightness of the aerogel. The density of the HM-CNF aerogel
increased from 1.3 to 6.1 mg/cm?, and the porosity decreased
from 99.9 to 99.6% with an increasing CNF concentration
from 0.01 to 0.5%. Overall, the density of the aerogel scaled
with the CNF concentration. The porosity and density of the
HM-CNF aerogels are consistent with the values reported in
the literature for cellulose-based aerogels, including the density
of the 0.1% neat CNF aerogel shown in Figure 3 as a hollow
dot 535473

Once the core n-hexane and the surrounding aqueous phase
in the n-hexane-CNF O/W Pickering emulsions were removed
by lyophilization, a hollow microcapsule-based CNF (HM-
CNF) aerogel emerged. Along with the ordinary morphology
of a CNF-based aerogel, i.e.,, individual and entangled CNF,
aggregated and/or assembled sheet-like CNF, and intercon-
nected pores,”®’* the HM-CNF aerogels exhibited a porous,
hollow microcapsule-like structure as shown in the SEM
images in Figure 4. We note the size of the hollow
microcapsules in the aerogel is similar or slightly smaller
than that of the n-hexane-CNF Pickering emulsion droplets
shown in Figures 1, S4 and S5, which is in agreement with
other Pickering-emulsion-template-based CNF aerogels.””**""'

At the CNF concentration <0.03%, the HM-CNF aerogel
appeared to be composed of aggregated CNF with many
irregularly shaped, open fibrous structures, whose morphology
would likely be inherited from that of n-hexane-CNF Pickering
emulsions (see Figure 4a for 0.03% HM-CNF). Due to the low
surface coverage of the emulsion (see Table 1), it is highly
likely that most of the microcapsules were broken during
lyophilization, in which the microcapsules would collapse or
burst when ice crystals grew during the freezing of water,
leading to such porous and irregular morphology.

A microcapsule-like morphology was well preserved for the
aerogels at CNF concentrations from 0.05 to 0.1% [Figure
4b—d (low resolution) and h,i (high resolution)], which was
possibly due to the high surface coverage, conferring structural
integrity to the microcapsules. On the other hand, at the CNF
concentration >0.1% (Figure 4e,j), the microcapsule-like
morphology in the HM-CNF aerogel was neither obvious
nor easily seen. Pickering emulsions stabilized by high-aspect-
ratio cellulose nanoparticles such as CNF are known to form a
cluster-like structure consisting of Pickering emulsion droplets
interconnected to each other by fiber-like cellulose nano-
palrticles.“’%’75 Thus, at the high CNF concentration, we
believe the majority of hollow microcapsules were embedded
and hidden in the matrix of entangled and/or sheet-like CNF,
thereby making them obscure.

The microcapsule-like morphology of the HM-CNF aerogel,
which resembles that of the Pickering emulsion as the template
for the aerogel, with the combination of fiber-like CNF
particles interconnecting the microcapsules, created a unique
hierarchical pore structure. In particular, the SEM images of
0.075 and 0.1% HM-CNF aerogels (Figure 4c,d and h,i for
low- and high-resolution images, respectively) showed that
hollow capsule-like globules were loosely connected to each
other by individual and entangled CNF particles. Based on the
high-resolution SEM images of 0.1% HM-CNF aerogel in
Figure S6a—c, we believe there are three different levels of
porosity in the HM-CNF aerogels: (1) pores on the surface of
the hollow microcapsules (sub-100 nm to a few micrometer),
(2) pores from entangled/assembled CNF particles connecting
the hollow microcapsules (up to a few micrometers), and (3)
pores from the cavity of the hollow microcapsules (bigger than
a few micrometers). It should be noted that the microscopic
pores arising from the surface and the cavity of the hollow
microcapsules were not seen in ordinary CNF aerogels (see
Figures 4f,gk,] and S6g—I), indicating that the mechanism of
liquid absorption for the HM-CNF aerogel would be different
than that of the ordinary CNF aerogel. Such hierarchical pore
structure seemed more prevalent for the HM-CNF aerogels,
with the CNF concentration of up to 0.1% than the other
aerogels. At the CNF concentration higher than 0.1%, due to
overcrowding of CNF particles, the distinction between the
first and second levels of porosity—sub-100 nm to a few pm
and up to a few pym pores—would become blurred. The
overcrowding of CNF particles in the 0.3% HM-CNF aerogel
can be seen in Figures 3e,j and S6d—f.

The specific surface area and pore characteristics of HM-
CNF and neat CNF aerogels are shown in Figure 5. BET
nitrogen adsorption/desorption curves for the 0.1% HM-CNF
and neat CNF aerogels in Figure Sa can be classified as mixed
type I and type IV isotherms with a clear hysteresis loop,
implying adsorption on mesoporous adsorbents exhibiting
strong adsorbate—adsorbent interactions.’>’®”” The HM-CNF
aerogel exhibited a steep, almost vertical H1-type hysteresis,
indicating a narrow range of uniform mesopores in the aerogel.
The shape of the hysteresis loop of the neat CNF aerogel was
close to a type H4, which is often associated with narrow slit-
like pores, indicating that the pore network consists of nonrigid
aggregates of plate-like particles with some macropores that are
not entirely filled with pore condensate.”®

Table 2 summarizes the BET specific surface area (SSA) and
average pore diameter of 0.1% HM-CNF and neat 0.1% CNF
aerogels, which were estimated by using the BET nitrogen
adsorption/desorption isotherms in Figure Sa. The surface area
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Figure 4. SEM images of the HM-CNF aerogels with the CNF concentrations of (a) 0.03, (b) 0.0, (c) 0.07S, (d) 0.1, and (e) 0.3%. Neat CNF
aerogels with the CNF concentrations of (f) 0.1, (g) 0.3%. High-resolution images for the HM-CNF aerogels: (h) 0.075, (i) 0.1, and (j) 0.3%.
High-resolution images for the neat CNF aerogels: (k) 0.1 and (1) 0.3%. 300 ym scale bars for (a—g) and 30 um for (h—1).

of the neat CNF aerogel (37.0 m?/g) falls within the range of
SSA values from CNF aerogels without any surface
modification or solvent exchange in the literature.”® It has
been reported that during the freeze-drying of a CNF hydrogel,
water becomes ice crystals that nucleate and grow in a way that
CNF located in between the ice crystals will self-assemble,
which leads to a formation of thin cell walls made of the
assembled CNF.>*”* Such a characteristic morphology of CNF
aerogels is clearly seen in Figures 41 and SSj—L. In contrast, the
SSA of the 0.1% HM-CNF aerogel (216.6 m*/g) was 5.9 times
higher than that of the neat CNF aerogel, which can be
attributed to the hierarchical morphology of the HM-CNF
aerogel arising from the Pickering emulsion template. We note
that the HM-CNF aerogel in this study marks one of the

highest SSAs from CNF-based aerogels to the best of our
knowledge.54

Although the BJH model has been widely employed to
estimate the pore size distribution of CNF aerogels, there is a
clear limitation of the method, assuming all pores are rigid and
of a regular shape, which may not always hold true.”*’” With
that in mind, we used this model to compare the differences in
the average pore diameter between the HM-CNF and neat
CNF aerogels. As shown in Table 2, the average pore diameter
of the 0.1% HM-CNF aerogel (8.6 nm) was much smaller than
the neat CNF aerogel (30.0 nm). As discussed earlier with the
SEM images in Figure 4h,i, the hierarchical pore structure of
the HM-CNF aerogels, arising from the Pickering emulsion
template, may lead to the smaller average pore diameter.
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Figure S. (a) N, adsorption/desorption isotherms and (b) pore diameter distributions of neat CNF (0.1%) and HM-CNF (0.1%) aerogels.

Table 2. BET Specific Surface Area and Average Pore
Diameter of the HM-CNF and Neat CNF Aerogels

BET specific surface area Average pore diameter

Aerogel type (m*/g) (nm)
HM-CNF, 0.1% 216.6 8.6
Neat CNF, 0.1% 37.0 30.0

However, we note that these estimates are based on
geometrical assumptions. In addition, it is very likely that
large pores are not included in our N, adsorption measure-
ments. Overall, the notable differences in SSA and the average
pore diameter suggest the overall micropore structure of the
HM-CNF aerogel was substantially different from that of the
neat CNF aerogel.

Oil Absorption Performance of HM-CNF Aerogels. To
examine the potential of the HM-CNF aerogels as an oil
absorbent, the absorption capacity of the aerogels against
chloroform and n-hexadecane, whose densities are 1.49 and
0.77 g/ cm’, respectively, was investigated. During the test, the
HM-CNF aerogels from the CNF concentration of 0.01 to
0.5% were compared with the neat CNF aerogels (0.1 and
0.3%). The absorption capacity results in Figure 6a show that
all of the HM-CNF aerogels outperformed the neat CNF
aerogel except for the 0.01% HM-CNF, in which the
microcapsule yield was very low due to the low surface
coverage (see Table 1). In addition, 0.03% HM-CNF aerogel
exhibited the largest standard deviation, which can be
attributed to the low surface coverage of the emulsion

template and associated instability of the resultant aerogel.
The absorption capacity for chloroform was very high for 0.03
to 0.1% HM-CNF aerogels, particularly reaching 354 g/g for
0.05% HM-CNF, which makes the HM-CNF aerogel as one of
the best-performing biobased oil absorbents to the best of our
knowledge (see Table S1 for comparison).””>> The maximum
absorption capacity of the HM-CNF aerogel for chloroform
was 2.6 times higher than that of the neat 0.1% CNF aerogel
(138 g/g). The absorption capacity for chloroform significantly
decreased for the HM-CNF aerogels when the CNF
concentration went beyond 0.1%, with gradually reduced
capacity as the concentration rose. However, the absorption
capacity of 0.3% HM-CNF aerogel, 161 g/g for chloroform,
still surpassed that of neat CNF aerogels (106 g/g for 0.3%
CNF, data not shown in Figure 6a). It should be noted that
most of the high-performance nanocellulose-based aerogels
require TEMPO oxidation and/or surface modifications of the
aerogels to maximize the oil absorption capacity. In contrast,
our HM-CNF aerogel is not involved with any extensive
chemical modification of cellulose particles or the hydro-
phobization of an aerogel, which makes our approach unique
and sustainable.

Absorption capacity for n-hexadecane also followed the same
trend to chloroform, in which 0.03 to 0.1% HM-CNF aerogels
marked the highest performance, yielding a maximum
absorption capacity of 166 g/g for 0.05% HM-CNF aerogel.
There was a reduction in absorption capacity at the higher
CNF concentration >0.1%, which was the same case to
chloroform. We note that the ratio of maximum absorption
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Figure 6. (a) Absorption capacity (g/g) and its standard deviation of the HM-CNF and neat CNF (0.1%) aerogels to chloroform and n-
hexadecane at the various CNF concentrations. (b) Retention of absorption capacity of the HM-CNF aerogels (0.1—-0.3%) up to S cycles of
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capacity (354 g/g for chloroform to 166 g/g for n-hexadecane)
remained close to the density ratio of the two liquids.

The superior oil absorption performance of the HM-CNF
aerogel can be attributed to its hollow microcapsule-like
hierarchical morphology that brought about a high SSA (216.6
m?/g). In addition, we note that the HM-CNF aerogel was
fabricated from the O/W Pickering emulsion template,
conferring hydrophilic and hydrophobic surface properties to
the outer and inner parts of the hollow microcapsule,
respectively. Although these microcapsules are connected to
each other by amphiphilic CNF particles, as shown in Figure
4h,i, the overall surface property of the HM-CNF aerogel is
expected to be different from that of a neat CNF aerogel. In
fact, as shown in Video S1, the absorption of red-dyed mineral
oil on the surface of 0.1% HM-CNF aerogel was slower than
that of 0.1% CNF aerogel, suggesting less hydrophobic HM-
CNF aerogel than neat CNF aerogel. The absorption speed of
water appeared to be the same for both aerogels (Video S2).

The absorption capacity of the HM-CNF aerogels (0.1 to
0.3%) for n-hexane, cyclohexane, or chloroform up to five
cycles of absorption—distillation is shown in Figure 6b. All of
the HM-CNF aerogels displayed a substantial reduction in
retention in the second cycle, followed by rather marginal
capacity loss in the following cycles up to 5, as shown in Figure
S7a for 0.1% HM-CNF aerogel with n-hexane. Neat CNF
aerogels exhibited the same trend (Figure S7b). The higher the
density of the HM-CNF aerogel, the higher the retention of
absorption capacity. For n-hexane, the highest retention of 38%
after S cycles came from the 0.3% HM-CNF aerogel. We
suspect the HM-CNF aerogel may undergo structural
deformation after the first cycle, possibly due to the collapse
of pores, which would reduce the pore volume of the aerogel.
Thus, the lowered pore volume of the aerogel led to lower
absorption capacity.”’ Since absorption capacity after the
second cycle did not reduce significantly, we believe no further
structural deformation occurred.

B CONCLUSIONS

A Pickering emulsion-templating method was used to create a
CNF-based aerogel featuring a hierarchical pore structure with
an ultrahigh oil absorption capacity. n-Hexane-CNF O/W
Pickering emulsions with a CNF concentration from 0.01 to
0.5% were prepared and used as the emulsion template for the
aerogel. Lyophilization of the emulsions resulted in the hollow
microcapsule-based CNF (HM-CNF) aerogel with a density of
1.3—6.1 mg/cm’ and porosity of >99.6%. SEM investigation
revealed the unique hierarchical pore structure of the aerogel
arising from the emulsion template, which was believed to lead
to a very high BET surface area of 216.6 m*/g with an average
pore diameter of 8.6 nm. Because of the hierarchical pore
structure, the HM-CNF aerogel obtained the maximum
absorption capacity of 354 and 166 g/g for chloroform and
n-hexadecane, respectively, without any surface modification or
chemical treatment. Due to the O/W Pickering emulsion-
dictated surface property, the HM-CNF aerogel was overall
less hydrophobic than the neat CNF aerogel, which was
confirmed by the slower absorption of hydrophobic mineral
oil. Probably due to the low density of the HM-CNF aerogel,
the retention of absorption capacity remained less than 40%
after five cycles of absorption—distillation. Combined data
suggest the potential of the CNF Pickering emulsion-templated
aerogel as a biobased, high-capacity oil absorbent without the
need for an extra hydrophobization process.
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