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Superhydrophobic  and  crosslinked  poly(vinyl  alcohol)  (PVA)/cellulose  nanofibril  (CNF)  aerogel  micro-
spheres  were  prepared  via  a  combination  of  the water-in-oil  (W/O)  emulsification  process  with  the
freeze-drying  process,  followed  by thermal  chemical  vapor  deposition  of  methyltrichlorosilane.  The  oil
phase  and  the  cooling  agent  were  judiciously  selected  to ensure  that  the  frozen ice microspheres  can
be  easily  separated  from  the  emulsion  system.  The  silanized  microspheres  were  highly  porous  with  a
bulk density  ranging  from  4.66  to 16.54  mg/cm3.  The  effects  of  the  solution  pH,  stirring  rate,  and  emul-
erogel microspheres
ellulose nanofibrils (CNFs)
mulsification process
reeze-drying
uperabsorption

sifier  concentration  on  the morphology  and  microstructure  of  the  aerogel  microspheres  were  studied.
The  highly  porous  structure  of  the  ultralight  aerogel  microspheres  demonstrated  an ultrahigh  crude  oil
absorption  capacity  (up  to  116  times  its  own  weight).  This  study  provides  a novel  approach  for  the  large-
scale  preparation  of polymeric  aerogel  microspheres  with  well-controlled  particle  sizes  that  can  be used
for various  applications  including  oil and  chemical  spill/leak  clean-up.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Aerogels, a family of highly porous solid materials, possess a
umber of unique characteristics including ultralow density, high
pecific surface area, and high porosity, as well as excellent ther-
al, acoustic, and dielectric properties (Husing & Schubert, 1998;

istler, 1931; Wu,  Xu et al., 2012). Therefore, aerogels can be
otentially used for various applications including absorbents (Bi
t al., 2012; Zheng, Cai, & Gong, 2014), supercapacitors (Bi et al.,
012; Zheng, Cai, Ma,  & Gong, 2015), energy storage (Su et al.,
013), gas sensors (Yavari, Chen, Thomas, Ren, Cheng, & Koratkar,
011), and catalysis supports (Wu,  Yang et al., 2012). However,
esearch on aerogels, particularly polymer-based aerogels, over the
ast few decades has been mainly focused on monolithic aerogels

Aegerter, Leventis, & Koebel, 2011; Antonietti, Fechler, & Fellinger,
014). Reports on polymer-based microspherical aerogels are rare
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144-8617/© 2016 Elsevier Ltd. All rights reserved.
(Alnaief, Alzaitoun, Garcia-Gonzalez, & Smirnova, 2011; Cai et al.,
2014; Garcia-Gonzalez & Smirnova, 2013).

Microspherical aerogels offer additional desirable features over
their bulky counterparts, such as controllable particle sizes and
tailorable pore structures, as well as alterable physical and
chemical properties. Therefore, microspherical aerogels, mostly
non-polymer based, have been explored for many applications
including as cell culture templates (Cai et al., 2014), super-
absorbents (Yun, Luo, & Gao, 2014), drug delivery templates
(Vazhayal, Talasila, Azeez, & Solaiappan, 2014), supercapacitors
(Liu, Zhang, Fu, Dresselhaus, & Dresselhaus, 2006), etc. Due to the
unique structure of aerogels, it is impossible to obtain spherical
microparticles from monolithic aerogels via crushing or milling
(Cai et al., 2014). Microspherical aerogels are typically derived from
the production of polymeric microspheres followed by appropriate
drying processes. The microsphere formation step determines the
shape and size of the resulting microspheres, while the subsequent
drying step controls the porous structure. Supercritical drying (El
Kadib & Bousmina, 2012) and freeze-drying(Chen, Yu, Li, Liu, & Li,

2011) are the two  most commonly used drying methods in the
production of polymer-based aerogels.

Generally, aerogels prepared using the supercritical drying pro-
cess possess a very high specific surface area and small pore sizes.

dx.doi.org/10.1016/j.carbpol.2016.04.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.04.065&domain=pdf
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lnaief et al. (2011) prepared an alginate microspherical aerogel
sing the sol-gel process combined with the emulsion method fol-

owed by supercritical drying. The Burnauer–Emmett–Teller (BET)
urface areas of these alginate aerogel microspheres were in the
ange of 318–680 m2/g. However, the supercritical drying process
s time-consuming and expensive (Hong, Yoon, & Hwang, 2012).
n contrast, the freeze-drying process is safe, less expensive, and
fficient. Cai et al. (2014) recently employed a spray-freeze-drying
ethod to prepare ultralight cellulose nanofibril (CNF) aerogel
icrospheres for cell culture applications. This method does not

nvolve any potentially toxic solvents to produce microspherical
erogels; however, there was only limited control over the particle
ize and distribution of the resulting aerogel microspheres.

The emulsification process, which is frequently used to pre-
are polymeric microspheres, can enable large-scale production
f microspheres with controllable particle sizes and distributions
Okubo, Katayama, & Yamamoto, 1991; Okubo, Shiozaki, Tsujihiro,

 Tsukuda, 1991). Therefore, the combination of the emulsifica-
ion process with the freeze-drying process can potentially offer an
fficient fabrication process to produce customizable microspher-
cal aerogels. However, to date, we have not found any relevant
eport utilizing such a process to produce polymeric aerogel micro-
pheres. The rarity of such work may  be attributed to the fact that
he emulsification process typically requires the use of organic sol-
ents; while the freeze-drying process is a very efficient and safe
ay to remove water, it is often less efficient and more hazardous

o remove organic solvents.
Here we present a new fabrication method combining the

ater-in-oil (W/O) emulsion process with the freeze-drying tech-
ique to prepare poly(vinyl alcohol) (PVA)/cellulose nanofibril
CNF) aerogel microspheres. CNFs are derived from cellulose, the

ost abundant renewable natural polymer, and are biodegradable
nd biocompatible (Klemm,  Heublein, Fink, & Bohn, 2005). More-
ver, CNFs all exhibit outstanding mechanical properties (Klemm
t al., 2011; Moon, Martini, Nairn, Simonsen, & Youngblood, 2011).
o address the aforementioned challenges related to removing
rganic solvents via freeze-drying, we judiciously chose to use
oluene with a freezing point of −95 ◦C as the oil phase during
he emulsion process and a dry ice/acetone solution with a freez-
ng point of −78 ◦C as the cooling agent during the initial freezing
rocess conducted before the freeze-drying process to ensure that
he aqueous phase can be completely frozen while the oil phase
till remains in a liquid state. Subsequently, the resulting suspen-
ion of the frozen water droplets, containing both PVA and CNFs, in
he oil phase (i.e., toluene) can be conveniently filtered to remove
he oil phase before the freeze-drying process, thereby eliminating
he need to remove the organic solvent during the freeze-drying
rocess. Water pollution from oil and chemical spills/leaks arising
rom accidents or disasters is catastrophic for aquatic ecosys-
ems (Adebajo, Frost, Kloprogge, Carmody, & Kokot, 2003).There
s a growing demand for innovative absorptive materials with
igh absorption capacities and efficiencies. In the present work,
he hydrophobic PVA/CNF aerogel microspheres were obtained by
ilane treatment. The PVA/CNF aerogel microspheres demonstrated
uperior oil absorption capacities and were capable of removing
oating oil.

. Experimental

.1. Materials
Bleached eucalyptus Kraft pulp purchased from Fibria Celulose
as used as the raw material for preparing the CNFs. Polyvinyl

lcohol (PVA, Mw: 89,000–98,000 g/mol, >99% hydrolyzed),
ethyltrichlorosilane (99 wt%), Span-80, and 2,2,6,6,-tetramethyl-
mers 148 (2016) 300–308 301

1-piperidinyloxy (TEMPO, 98 wt%) were all obtained from
Sigma–Aldrich. 1,2,3,4,-butanetetracarboxylic acid (BTCA) (purity
>98%) was  acquired from Acros Organics, USA. Sodium hypophos-
phite monohydrate (NaPH2O2·H2O) was purchased from Alfa Aesar,
USA. Sodium bromide, sodium chlorite, sodium hypochlorite solu-
tion, hydrochloric acid, and other chemicals were of laboratory
grade (Fisher Scientific, USA) and used without further purification.

2.2. Preparation of CNFs

The TEMPO-oxidized CNFs used in this work were produced
according to the procedures reported by Isogai’s group (Saito,
Hirota, Tamura, Fukuzumi, & Isogai, 2009). Fully bleached euca-
lyptus fibers were oxidized with sodium hypochlorite using
2,2,6,6,-tetramethyl-1-piperidinyloxy (TEMPO) as a catalyst at a
temperature of 60 ◦C for 48 h. The resulting fibers were then
thoroughly washed and refined in a disk refiner with a gap
of approximately 200 �m.  The coarse fibers were separated by
centrifuging at 12000 G, and the fine CNF dispersion was then
concentrated to 0.74 wt%  using ultrafiltration. The nanofiber sus-
pension was then refined by passing through an M-110EH-30
microfluidizer (Microfluidics, Newton, MA)  once with 200- and 87-
�m chambers in series. The resulting CNF suspension was  stored
at 4 ◦C without any treatment before future utilization.

2.3. Preparation of BTCA/NaPH2O2 solution

BTCA (100 mg)  and NaPH2O2·H2O (50 mg) were dissolved in
water and diluted with water to 100 mL  in a 100 mL  volumetric
flask.

2.4. Preparation of PVA/CNF aqueous solution

The PVA solution (8 mL,  0.1 g/mL), CNF suspension (108 g,
0.74 wt%), BTCA/NaPH2O2 solution (8 mL), and DI water (124 mL)
were mixed in a 500 mL  three-necked flask under moderate
mechanical stirring for 1 h. The weight ratio between the PVA and
CNF was fixed at 1:1. Dilute sulfuric acid (pH = 1) or sodium bicar-
bonate solution (pH = 13) were then added into the flask in order
to adjust the pH of the solution to the desired value (4.0, 4.6, and
4.9). After degassing, the PVA/CNF aqueous solution was  sealed in
a conical flask for future use.

2.5. Preparation of crosslinked PVA/CNF microspherical aerogels

Toluene (450 mL)  and Span 80 (0.5, 1.0, 1.5, or 2.0% of the aque-
ous phase) were mixed to serve as the oil phase. Under a desired
stirring speed (500, 750, or 1000 rpm), PVA/CNF aqueous solution
(50 mL)  was added dropwise into the oil phase at a volume ratio
of 1:9 (aqueous solution to oil) to produce the water-in-oil (W/O)
emulsion. The resulting emulsion was  continuously stirred for 1 h
and subsequently cooled in a dry ice/acetone solution (−78 ◦C) bath
for 20 min. During this initial freezing process prior to the freeze-
drying process, the aqueous droplets containing PVA and CNFs were
completely frozen and formed ice microspheres; however, the oil
phase, namely, toluene with a freezing point of −95 ◦C, remained
as a liquid at this temperature. Thereafter, the ice microspheres
were separated from the oil phase by simple filtration and were
then washed by hexanes (−40 ◦C). The washed ice microspheres
were freeze-dried immediately in a lyophilizer at a condenser tem-

perature of −87 ◦C under vacuum (0.0014 mbar) for three days to
produce uncrosslinked aerogel microspheres. Finally, the aerogel
microspheres were crosslinked after they were heated at 140 ◦C
for 5 min  to allow completion of the crosslinking reaction. The syn-
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Fig. 1. Schematic description of the synthesis route of the PVA/CNF aero

hesis route of the PVA/CNF aerogel microspheres is schematically
hown in Fig. 1.

.6. Preparation of hydrophobic PVA/CNF microspherical aerogels

A thermal chemical vapor deposition (CVD) method was  used
or the surface modification of the PVA/CNF aerogel microspheres
Zheng et al., 2014). Methyltrichlorosilane (1 mL)  stored in a glass
ial and PVA/CNF aerogel microspheres (∼200 mg)  stored in a 50 mL
entrifuge tube were placed in a vacuum desiccator. The desicca-
or was then vacuumed to 80 kPa below atmospheric pressure and
eated inside of a 50 ◦C oven for 48 h. After the silanization reac-
ion was complete, nitrogen gas was flushed into the desiccator to
emove any excess unreacted silane and by-products.

.7. Characterization

For each type of characterization described below, unless oth-
rwise stated, at least three specimens were measured for each
ata point and the average results were reported. The bulk den-
ities of the aerogel microspheres were calculated by measuring
he mass and volume of the aerogel microspheres. The mor-
hology and microstructure of the aerogel microspheres were

nvestigated using a scanning electron microscope (SEM, LEO GEM-
NI 1530). The microspherical aerogels were blown out of the
ontainer and fell onto the carbon tape separately. The surface
f the microspherical aerogels was then treated by gold sput-
ering. The Brunauer–Emmett–Teller (BET) specific surface area
as determined by N2 physisorption using a Gemini VII analyzer

Micromeritics Instruments, USA). The FTIR spectra were obtained
n a Tensor 27 spectrometer (Bruker Daltonics Inc., USA) with

 cm−1 resolution at room temperature. Thermal stability measure-
ents were carried out using a thermogravimetric analyzer (TGA,
50 TA Instruments, USA) from 30 to 800 ◦C at a 10 ◦C min−1 heat-

ng rate under N2 protection. The samples were pretreated at 100 ◦C
or 1 h to remove moisture before the TGA tests.

The density of the solid materials (�s) was calculated based on
he solid density of each component and their weight ratios accord-
ng to Equation (1):

s = 1(
Wsilane ⁄�silane

)
+

(
WCNF ⁄�CNF

)
+

(
WPVA⁄�PVA

) (1)

here W is the weight percentage of the different components, and
CNF , �PVA, and �silane are the solid densities of CNF, PVA, and silane,
espectively. The densities of the CNF, PVA, and silane used for this
tudy were 1460, 1269, and 1273 kg m−3, respectively, according
o the manufacturer’s data sheet.
The porosity (P) of aerogel microspheres was calculated accord-
ng to Eq. (2):

(%) =
(

1 − �⁄�s

)
× 100% (2)
crospheres via the emulsification process combined with freeze-drying.

where � is the density of the aerogel, and �s is the density of the
solid material.

2.8. Oil/solvent absorption capacity measurements

To measure the oil/solvent absorption capacities of the aero-
gel microspheres, the silane-coated microspheres (∼10 mg)  were
put into a small glass vial of which the weight was measured and
recorded before use. The oil/solvent was  added dropwise into the
vial containing microspheres using a dropper. The absorption pro-
cess was  very fast. A new drop of oil/solvent was added once the
previous drop was  completely absorbed. The addition of oil/solvent
droplets were stopped once the maximum absorption capacity was
reached. The maximum absorption capacity was reached when a
tiny oil/solvent liquid flow appeared after the glass vial was turned
upside-down. The absorption capacity (Q) was  calculated from the
mass gain using Eq. (3),

Q (%) = (W − W0)
W0

× 100 (3)

where W and W0 are the weights of the aerogel microspheres before
and after absorption, respectively. For each test, 5 parallel sam-
ples were used and the average value of absorption capacity with
standard deviation were reported.

3. Results and discussion

3.1. Formation of PVA/CNF aerogel microspheres

Emulsification is a well-known process that can allow for the
large-scale production of microspheres. Meanwhile, freeze-drying
is a safe, less expensive, and efficient drying technique that can be
used to form aerogels. The combination of these two  techniques is
a promising method for producing highly porous aerogel micro-
spheres. Fig. 1 shows the schematic fabrication process for the
PVA/CNF aerogel microspheres combining the emulsification and
freeze-drying techniques. In order to develop a “green” and sim-
ple process, several strategies were employed. First, by judiciously
selecting the oil phase (organic solvent) and the cooling agent for
the emulsion solution (Step 3 in Fig. 1) with different freezing
points, the oil phase required for the emulsification process can
be conveniently removed from the resulting emulsion solution via
filtration after the initial freezing process prior to freeze-drying,
thereby avoiding the need to remove any organic solvent by freeze-
drying. In this study, toluene with a freezing point of −95 ◦C and
dry ice/acetone solution with a freezing point of −78 ◦C were cho-
sen as the oil phase and cooling agent used to freeze the emulsion

solution prior to freeze-drying, respectively. Due to the freezing
point difference between the oil phase and the aqueous phase,
frozen ice microspheres containing PVA and CNFs can be readily
formed during the freezing process prior to the freeze-drying pro-
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Fig. 2. Esterification of the hydroxyl groups present on PVA molecules and CNFs with BTCA.

Fig. 3. Typical SEM images of the PVA/CNF aerogel microspheres prepared using different stirring rates: (a ) and (a ) 500 rpm, (b ) and (b ) 750 rpm, and (c ) and (c )
1 0, 10, 
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000  rpm. The scale bars for (a1), (b1), (c1), (a2), (b2), and (c2) were 200, 100, 50, 2

ess, while keeping the oil phase (toluene) in its liquid form. As
uch, the oil phase and the frozen ice microspheres can be easily
eparated via filtration (Step 4 in Fig. 1). Secondly, crosslinking the
erogel microspheres can enhance their mechanical properties and
mprove their stability in various liquid media. In this study, instead
f using a crosslinking agent such as glutaraldehyde that reacts in
n aqueous solution and may  also require a relatively long reac-
ion time, we  chose to use the crosslinking agent BTCA, which can
eact in a solid state instead of a solution thereby simplifying the
rocess. BTCA is a well-known nontoxic, formaldehyde-free, poly-
unctional crosslinking agent for fluff pulp crosslinking (Feczko,
okol, & Voncina, 2010; Lund & Brelid, 2013). It has four carboxylic
cid groups that can form ester bonds with the abundant hydroxyl
roups present on PVA and CNFs. Esterification can be achieved
y heat treatment and generally salts of weak acids are used as
atalysts for acceleration of the reaction (Cay & Miraftab, 2013).
he reaction of BTCA with hydroxyl groups is usually described
s proceeding via a cyclic anhydride intermediate as shown in
ig. 2 (Harifi & Montazer, 2012). Therefore, by using BTCA as the
rosslinking agent, the crosslinking reaction condition of the aero-
el microspheres can be rather simple. Namely, the freeze-dried
erogel microspheres were crosslinked after being heated at 140 ◦C
or 5 min.

The morphology and size distribution of the aerogel micro-
pheres produced by the combined emulsification and freeze-
rying processes can be influenced by many factors, such as the
ater-to-oil ratio, stirring rate, type of surfactant, and viscosity, etc.

Alnaief et al., 2011). In this work, the effects of three processing

arameters on the morphology and size distribution of the aero-
el microspheres were investigated including the pH value of the
VA/CNF solution, emulsifier concentration, and stirring rate.
1 2 1 2 1 2

and 5 �m,  respectively.

3.2. Effect of the pH value of the PVA/CNF solution on the
morphology of the aerogel microspheres

To prepare the aerogel microspheres with various particle sizes
and a well-defined spherical shape, the experimental parameters,
such as pH value of the PVA/CNF solution, emulsifier concen-
tration and stirring rate were optimized successively. The CNFs
prepared by the TEMPO-oxidation method were dispersed in an
alkaline aqueous suspension because deprotonated carboxylate
groups present on the TEMPO-oxidized CNFs can improve the
water suspension stability of the CNFs in an alkaline environment
(Saito, Kimura, Nishiyama, & Isogai, 2007). However, when the
sodium carboxylate groups present on the TEMPO-oxidized CNFs
are converted to free carboxyl groups by ion-exchange in an acid
environment, much stronger hydrogen bonding between the CNF
and PVA molecules can be formed which can help to enhance the
stability of the water droplets (i.e., the liquid microspheres) con-
taining the PVA and CNFs during the emulsification process. To
study the effects of the pH value of the PVA/CNF solution on the
morphology of the resulting aerogel microspheres, three different
pH values, namely, 4.0, 4.6, and 4.9, were investigated. The pH of
the PVA/CNF solution was  4.6 because the crosslinker (i.e., BTCA)
was acidic and was  mixed into the PVA/CNF solution before the
emulsification process. The other two pH values, namely, 4.0 and
4.9, were obtained by adding a dilute base or acid, respectively.
The surfactant content was  fixed at 1.0% and the stirring rate used
for this study was 1000 rpm. Fig. S1 shows the SEM images of the
aerogel microspheres prepared from the PVA/CNF solution with

different pH values. The variation of the pH value did not show
an obviously influence on the particle size of the microspheres.
But it is clear shown that the aerogel microspheres prepared from
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ig. 4. FTIR spectra of the PVA/CNF aerogel microspheres with and without silane
oating.

he PVA/CNF solution with a lower pH value (pH 4.0) had a more
pherical shape (Fig. S1(c1) and (c2)) in comparison with the micro-
pheres made from PVA/CNF solutions with higher pH values, (e.g.,
ig. S1(a1) and (a2) for pH 4.9 and Fig. S1(b1) and (b2) for pH
.6). This phenomenon indicated that stronger hydrogen bonds
ormed in an acidic condition could dramatically improve the sta-
ility of the liquid microspheres under vigorous stirring. However,
ith a decreasing pH value, the viscosity of the PVA/CNF solution

ignificantly increased, which led to degassing difficulties during
he preparation of the PVA/CNF solution. Therefore, the pH of the
VA/CNF solution was optimized to 4.0 for all other studies.

.3. Effect of the emulsifier concentration

Span-80 was used as the emulsifier/surfactant during the emul-
ification process to prevent coalescence of the droplets. Four
ifferent emulsifier concentrations were investigated in this study,
amely, 0.5%, 1.0%, 1.5%, and 2.0%. The concentration of the emul-
ifier was the weight percentage of the emulsifier relative to the
eight of the aqueous phase (i.e., the PVA/CNF solution). The pH

alue of the PVA/CNF solution was fixed at 4.0 as discussed earlier.
he stirring rate was set at 1000 rpm. As shown in Fig. S2, spherical
erogel microspheres could not be obtained when the emulsifier
oncentration was below 1.0%. Table S1 provides the average par-
icle sizes of the aerogel microspheres prepared using different
mulsifier concentrations. The average particle size of the aero-
el microspheres decreased from 54 to 31 �m when the emulsifier
oncentration increased from 1.0% to 2.0%. This can be attributed
o the fact that higher concentrations of emulsifier can minimize
he interfacial surface tension between the aqueous phase and the
il phase. Despite the fact that the variation of particle size can
e achieved by varying the emulsifier concentration, the particle
ize difference was relatively small. Moreover, high emulsifier con-
entrations could lead to the emulsifier removing difficulties. To
emove the emulsifier from the frozen microspheres, the micro-
pheres were washed by abundant hexanes (−40 ◦C) multiple times
efore freeze-drying. Because the emulsifier (Span-80) was soluble

n hexane at −40 ◦C, thus, most of it was washed away. However,
t a higher emulsifier concentration, it may  be possible that a small
raction of the emulsifier still stuck on the microspheres’ surface
ecause a longer dissolving time was needed. This would lead to
 residue emulsifier problem. As shown in Fig. S2(b) and (c), the
erogel microspheres formed with an emulsifier concentration of
.0% and 1.5% could be individually separated by blowing (see the
EM Experiment section). However, the microspheres formed with
Fig. 5. TGA curves of the PVA/CNF aerogel microspheres with and without silane
coating.

2.0% emulsifier tended to form aggregates (Fig. S2(d)). To mini-
mize the chance of a residue emulsifier problem, the emulsifier
concentration was  set to 1.0% for the rest of the studies.

3.4. Effect of the stirring rate

As shown in Fig. S3, the size of the aerogel microspheres
decreased dramatically when the stirring rate increased from 500
to 1000 rpm, indicating that the stirring rate had a significant influ-
ence on the morphology of the microspheres. The values of the
particle sizes and several other properties are listed in Table 1.
The numbers appearing in the sample names represent the corre-
sponding stirring rate. For example, Microsphere500 refers to the
microspheres prepared under 500 rpm. The particle size decreased
from 499 to 53 �m as the stirring rate increased from 500 to
1000 rpm. A higher stirring rate leads to a higher energy input to
the emulsion system, which helps to generate a larger interfacial
surface area, and hence, smaller droplets (Alnaief et al., 2011). How-
ever, when the stirring rate increased to 1500 rpm, no microspheres
with a desirable spherical shape were obtained. This suggests that
the current surfactant concentration (1.0 wt% of the aqueous phase)
was insufficient to stabilize the microspheres generated at a stir-
ring rate of 1500 rpm. Therefore, by varying the stirring rate, three
types of aerogel microspheres with remarkable differences in par-
ticle sizes were prepared. The physical properties as well as the
oil/solvent absorption properties of these three types of micro-
spheres were systematically investigated and discussed below.

Fig. 3 shows the microstructures of the aerogel microspheres
with different particle sizes. The spherical aerogel microspheres
had a highly porous structure. As shown in Table 1, the particle size
decreased from 499 to 53 �m and the pore sizes decreased from
33 to 0.74 �m as the stirring rate increased from 500 to 1000 rpm.
The variation of the pore sizes may  be attributed to the different
freezing rates/times experienced by the aerogel microspheres with
different particle sizes. The porous structure of the aerogels was
templated from the space occupied by the ice crystals. The sizes
of the ice crystals were affected by the freezing rate/time (Oetjen
& Haseley, 2004). A faster freezing rate or shorter freezing time
typically leads to smaller ice crystals, likely due to a shorter crys-
tal growth period among other possible factors (Oetjen & Haseley,
2004; Zhang & Cooper, 2007). Since the particle sizes of the large

microspheres (449 �m)  formed at 500 rpm were almost 8.5 times
larger than that of the small sized microspheres (53 �m)  formed
at 1000 rpm, the volume of the corresponding aqueous droplets
differed by almost 600 times. Therefore, during the initial freez-
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Table  1
The  bulk density, BET area, and porosity of the PVA/CNF aerogel microspheres with different particle sizes before and after silane coating.

Diameter (�m) Pore Size (�m) Bulk Density (mg/cm3) BET Area (m2/g) Porosity (%)

Uncoated Microsphere500 449 ± 64 33 ± 20 4.66 ± 0.11 43.8 ± 4.3 99.7
Coated  Microsphere500 5.98 ± 0.10 35.1  ± 2.5 99.6
Uncoated  Microsphere750 128 ± 64 7.5 ± 2.6 7.92 ± 0.14 92.8 ± 0.9 99.4
Coated  Microsphere750 11.47 ± 0.23 82.8 ± 1.7 99.1
Uncoated  Microsphere1000 54 ± 26 0.74 ± 0.29 8.89 ± 0.74 117.0 ± 1.4 99.3
Coated  Microsphere1000 16.54  0.61 106.1  1.9 98.7± ±

Table 2
Comparison of the absorption capacities of different materials.

Absorption materials Absorption Capacity (g/g) Reference

Silane-coated PVA/CNF aerogel microsphere 54–140 This work
Monolith  silane-coated PVA/CNF aerogel 44–96 Zheng et al. (2014) (Our previous work)
Reduced graphene oxide/polyurethane sponge 28–45 Tjandra et al. (2015)
Chitosan/silica composite aerogel 13–30 Ma et al. (2015)
Ethenol-based  polymeric microsphere 5–95 Deng et al. (2015)
Graphene-based aerogel 28–40 (Wu et al. (2013)
Spongy graphene 20–86 (Bi et al. (2012)
P(MMA-co-PETEA-co-BMA)-g-polystyrene 4–21 (Liang et al. (2013)
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ng step before the freeze-drying process, the time required for
reezing the smaller aqueous droplets formed under a high stir-
ing rate (e.g., 1000 rpm) was much shorter than that required for
reezing the bigger aqueous droplets formed under a low stirring
ate (e.g., 500 rpm). A shorter freezing time led to the formation
f aerogel microspheres with smaller pore sizes. These variations
n the microstructures of the aerogel microspheres led to differ-

nt physical properties, including differences in the density, BET
pecific surface area, and oil absorption capacities.

As shown in Table 1, the BET area of the smaller sized micro-
pheres obtained at a higher stirring rate was  obviously higher

ig. 6. Testing of the oil/solvent absorption abilities. (a) Absorption capacities of the PVA/C
eight  gain. **: p < 0.01; ***: p < 0.001. (b) Absorption capacities of the PVA/CNF aerogel m

s  indicated by weight gain. (c) A layer of crude oil on top of the water was absorbed by t
rude  oil were easily collected and removed from the water.
(Wu et al. (2014)

than  that of the larger sized microspheres obtained at a lower
stirring rate. This phenomenon can be attributed to the pore size
differences in these aerogel microspheres. Fig. 3(a2), (b2) and (c2)
clearly shows that the larger microspheres exhibited an intercon-
nected porous structure made of large gaps between the cell walls
(e.g., Fig. 3a2), while the smaller microspheres had a porous struc-
ture made of numerous tiny pores (e.g., Fig. 3(c2)). Different from

the trend of the BET surface area, the bulk density of the aerogel
microspheres decreased as the microsphere size increased, sug-
gesting that the porosity of the larger microspheres was higher
than that of the smaller ones. Microspheres with an interconnected

NF aerogel microspheres with different particle sizes for various oils as indicated by
icrospheres prepared using a stirring speed of 500 rpm for various organic solvents
he silane-coated PVA/CNF aerogel microspheres. The microspheres infiltrated with



3 e Poly

p
t
i
a
l
2

3

s
m
t
a
a
t
m
s
i
e
2
s
b
a
m
2

3

s
f
s
p
a
i
a
w
s
w
w
f

3
fl

e
&
(
o
s
b
(
t
w
s
a
c
p
s
2
b
a
f
b

06 T. Zhai et al. / Carbohydrat

orous structure and a high porosity are desirable for oil absorp-
ion applications. As shown in Table 1, as expected, silane treatment
ncreased the density and reduced the specific surface area of the
erogel microspheres due to the formation of the Si–O–Si coating
ayer on the surface of aerogel microspheres (Fadeev & McCarthy,
000; Zhai et al., 2015).

.5. FTIR analyses on the PVA/CNF aerogel microspheres

The hydrophobic modification of the PVA/CNF aerogel micro-
pheres was achieved via a thermal chemical vapor deposition
ethod. The highly mobile reactive precursor (i.e., methyl-

richlorosilane) can easily penetrate through the porous structure
nd reach the hydroxyl groups present on the surface of the
erogel microspheres. Under a dry reaction condition, methyl-
richlorosilane can covalently form a strong cross-linked Si–O–Si

onolayer coating by horizontal polymerization of self-assembled
ilane molecules (Fadeev & McCarthy, 2000). This monolayer coat-
ng not only makes the aerogel microsphere hydrophobic, but also
nhances the mechanical properties of the aerogel (Zhai et al.,
015). The silane coating layer on the surface of the aerogel micro-
pheres was confirmed by FTIR analyses (Fig. 4). The two  absorption
ands at ∼779 and 1271 cm−1 shown in the FTIR spectra were
scribed to the characteristic vibrations of Si–O–Si and C–Si asym-
etric stretching, respectively, in the C–Si–O units (Zhu et al.,

013).

.6. Thermal stability of the PVA/CNF aerogel microspheres

Fig. 5 shows the thermal stability of the PVA/CNF aerogel micro-
pheres (500 and 1000) before and after silane treatment by TGA
rom 30 ◦C to 800 ◦C. The thermal stability of the aerogel micro-
pheres obviously improved after silane treatment. Due to the
resence of the Si–O–Si coating layer, the residual weight of the
erogel microspheres before and after silane treatment at 800 ◦C
ncreased from 6.5% to 18% and 0.2% to 31% for microsphere500
nd microsphere1000, respectively. This can be contributed to the
eight gain difference of the aerogel microspheres with larger and

maller sizes before and after silane treatment. According to the
eight gain of the aerogel microspheres after silane treatment, the
eight percentages of the silane coating layer were 22% and 46%

or the larger and smaller size microspheres, respectively.

.7. Evaluation of the oil/solvent absorption capacities and
oating oil cleanup ability of the aerogel microspheres

Typical strategies for remediating accidental oil spills include
mulsification using dispersants (Ramachandran, Hodson, Khan,

 Lee, 2004), absorption using synthetic or natural materials
Wei, Mather, Fotheringham, & Yang, 2003), and direct burning
f surface oil (Walton and Mullin, 2003). The absorption of oil
pills using natural materials has recently received much attention
ecause it is cheap, effective, and more environmentally friendly
Adebajo et al., 2003). However, natural materials, such as cot-
on fiber (Deschamps, Caruel, Borredon, Bonnin, & Vignoles, 2003),
ool-based nonwoven materials (Radetic et al., 2008), and corn

talks (Husseien, Amer, El-Maghraby, & Hamedallah, 2009), etc.,
re hydrophilic materials in nature which limit their oil absorption
apacities. Materials with a three-dimensional porous structure
ossess very high oil absorption capacities because the porous
tructure provides an abundant space for oil uptake (Chu and Pan,
012). Among the various types of porous materials, those made of

iobased and biodegradable materials such as CNFs are most desir-
ble since they are more sustainable and more environmentally
riendly (Klemm et al., 2005). Therefore, silane-treated hydropho-
ic CNF-based aerogels with high porosities can be an ideal material
mers 148 (2016) 300–308

for cleaning up oil/solvent spills from water (Korhonen, Kettunen,
Ras, & Ikkala, 2011; Zheng et al., 2014).

The absorption capacities of the silane-coated PVA/CNF aerogel
microspheres for different oils were measured and are reported in
Fig. 6(a). Three common oils, namely, crude oil, diesel, and gasoline
were used for testing the oil absorption capacities of the aerogel
microspheres with different particle sizes. The oil absorption capac-
ities of the microspheres ranged from 54 to 116 times their initial
weights. It is apparent that the larger microspheres possessed a
significantly higher oil absorption capacity (Fig. 6(a)). For example,
the crude oil absorption capacity of the 54 �m microspheres was 70
times its own weight, while that of the 449 �m microspheres was
116 times its own weight. The statistical analyses of the oil absorp-
tion capacities of the microspheres with different sizes are shown
in Fig. 6(a). This can likely be attributed to the fact that the larger
microspheres had a higher porosity and a more interconnected
porous structure. The solvent absorption capacities of the larger
microspheres (449 �m)  ranged from 80 to 140 times their own
weights as reported in Fig. 6(b). The PVA/CNF aerogel microspheres
exhibited much higher oil and solvent absorption capacities than
most of the existing oil absorption materials (Table 2) (Bi et al.,
2012; Deng, Yang, Chen, & Liang, 2015; Liang, Liu, & Chen, 2013;
Ma,  Liu, Dong, Wang, & Hou, 2015; Tjandra et al., 2015; Wu,  Wu,
Yu, Zhang, & Zhu, 2014; Wu  et al., 2013; Zheng et al., 2014). Several
factors, including extremely high porosities, interconnected pores,
and highly hydrophobic aerogel surfaces, may  have contributed to
the high absorption capacities observed with these aerogel micro-
spheres.

3.8. Floating oil cleanup ability of the PVA/CNF aerogel
microspheres

The ability of the PCA/CNF aerogel microspheres for floating oil
cleanup was  also tested by using the microspheres to absorb a layer
of floating crude oil on water. As shown in Fig. 6(c), a layer of crude
oil (∼2500 mg)  was  poured into a beaker which was pre-filled with
water. The silane-coated aerogel microsphere powder (∼60 mg)
was then added on top of the oil layer. The crude oil was  totally
absorbed in 40 s and the microspheres infiltrated with crude oil
could be easily collected and removed from the water (Movie S1 in
the ESI). This test indicates that the hydrophobic PVA/CNF aerogel
microspheres have excellent floating oil clean-up capabilities.

4. Conclusions

Superhydrophobic crosslinked PVA/CNF aerogel microspheres
were prepared by combining the water-in-oil (W/O) emulsifica-
tion process and the freeze-drying process, followed by thermal
chemical vapor deposition of methyltrichlorosilane. The oil phase
required by the emulsification process was  conveniently removed
through a simple filtration process before the freeze-drying process
through judicious selection of the oil phase as well as the cooling
agent used in the initial emulsion freezing step prior to freeze-
drying. The aerogel microspheres had ultra-low densities ranging
from 4.66 to 16.54 mg/cm3. The effects of the emulsifier concentra-
tion, stirring rate, and pH value on the morphology of the aerogel
microspheres were carefully studied. The aerogel microspheres
prepared at a relatively low stirring rate (e.g., 500 rpm) had a
larger particle size, more interconnected pore structure, larger pore
size, higher porosity, and higher oil/solvent absorption capacities
in comparison with the aerogel microspheres prepared at higher

stirring rates. The hydrophobic crosslinked PVA/CNF aerogel micro-
spheres exhibited outstanding oil/solvent absorption capacities
and excellent floating oil cleanup property. This study provides a
novel approach for the large-scale production of high performance
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olymeric aerogel microspheres with controllable morphologies
hat can be used in a variety of applications.
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