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ABSTRACT: The cellulose nanofibers of bacterial cellulose
aerogel (BCA) are modified only on their surfaces using a
trimethylsilylation reaction with trimethyichlorosilane in liquid
phase followed by freeze-drying. The obtained hydrophobic
bacterial cellulose aerogels (HBCAs) exhibit low density
(<6.77 mg/cm®), high surface area (>169.1 m*/g), and high
porosity (~ 99.6%), which are nearly the same as those of
BCA owing to the low degrees of substitution (<0.132).
Because the surface energy of cellulose nanofibers decreased
and the three-dimensional web-like microstructure, which was
comprised of ultrathin (20—80 nm) cellulose nanofibers, is

maintained during the trimethylsilylation process, the HBCAs have hydrophobic and oleophilic properties (water/air contact
angle as high as 146.5°) that endow them with excellent selectivity for oil adsorption from water. The HBCAs are able to collect a
wide range of organic solvents and oils with absorption capacities up to 185 g/g, which depends on the density of the liquids.
Hence, the HBCAs are wonderful candidates for oil absorbents to clean oil spills in the marine environment. This work provides
a different way to multifunctionalize cellulose aerogel blocks in addition to chemical vapor deposition method.
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B INTRODUCTION

With increasing offshore oil production and transportation, oil
and various petroleum products spillage and leakage at sea are
becoming more and more frequent.'~* These accidents (e.g,,
the Gulf of Mexico oil spill accident in 2010) can cause natural
disasters that have significant impact on the environment and
wildlife. Hence, cleaning oil spills under the marine environ-
ment is an urgent and challenging task.”~'*> Generally, current
strategies are classified into three groups: extracting the oil from
water surface; dispersing the oil in water by applying dispersant
agents to facilitate nature degradation; and burning the oil spill
in situ.!471¢ Among these, collection of oil from water with
sorbents is considered as one of the most promising approaches
due to the convenience of this method, which allows proper
disposal of the oil and does not create secondary pollution.'” >
Thus, it is vital to choose the appropriate material as the oil
absorbents for this method.**"® The sorbent should exhibit
high oil absorption capacity, high oil/water selectivity, high
uptake rate, high floatability (ie, low density), low cost,
environmental friendliness, and potential recyclability.

The traditional oil sorption materials can be categorized into
three major classes: mineral products” ' (e.g, zeolites,
sepiolite, and expanded perlite), natural materials**—** (e.g,
cotton, wooden chips, wool, silkworm cocoon waste, and
vegetable fibers) and synthetic polymers® ™" (e.g, rubber,
commercial polypropylene fiber mats, electrospun fibrous film,
and electrospun polystyrene—polyurethane fibrous mats and
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polyurethane foam). However, mineral products and natural
materials exhibit poor buoyancy, low sorption capacity, and
poor oil/water selectivity and are inconvenient to recycle. Even
though the sorption capacity and oil/water selectivity are
significantly higher than those of the two former materials, the
polymers degrade much more slowly, and their environmental
and ecological impact remains unclear. These drawbacks of the
traditional oil sorbents and the demand of novel, efficient, and
green materials drive the research community to find better
alternatives.

Aerogels as oil/water separation materials have drawn
significant attention owing to their low density, large specific
surface area, and large porosity.'®***® However, traditional
inorganic aerogels (e.g, silica aerogels) are too brittle for
utilization.** Although various new carbon-based aerogels*""**
based on carbon nanotube and graphene exhibit very high
sorption capacities and good recyclability, the expensive
equipment and complex technologies involved in their
manufacture restrict their practical applications. Hence,
researchers endeavor to explore new aerogel materials with
excellent properties and low cost for oil/water separation.

Recently, the novel cellulose aerogels (also designated as
cellulosic sponges or foam in the literature) based on

Received: January 28, 2015
Accepted: March 23, 2015
Published: March 23, 2015

DOI: 10.1021/acsami.5b00846
ACS Appl. Mater. Interfaces 2015, 7, 7373—-7381


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b00846

ACS Applied Materials & Interfaces

(<]
~
8w

CH,CI, contains TMCS

o]

S0
o o
1

HO
o]

O
o

(¢}

bacterial cellulose

HO-
S.

HO.

Figure 1. Schematic illustration of the trimethylsilylation of BCAs. (a) The image and contact angle test of BCA. (b) The image and contact angle
test of HBCA. (c) The schematic chemical structure of modified bacterial cellulose.

nanofibrillated cellulose (NFC) have aroused a wide research solvent which contain trimethylchlorosilane (TMCS) to
interests due to their renewability, good mechanical properties, trimethylsilylate the 3D web-like skeleton of BCA, followed
low density, high porositgr, natural biodegradability, and by freeze-drying to obtain the intact hydrophobic bacterial
environmental friendliness.”>™* These fascinating properties cellulose aerogels (HBCAs; Figure 1). Compared with CVD

make it possible to used them as oil sorbents. method,">**™>"%% the modifier which has uniformly dispersed
As ideal oil sorbents, cellulose aerogels have to be tailored to in liquid could diffuse into the pore with the dispersant rapidly.
convert the inherent hydrophilicity of aerogel skeleton to This process makes sure all the cellulose nanofibers in the
hydrophobicity and oleophilicity to make sure that they can aerogels are in the same reaction environment and then avoid
exhibit excellent oil/water selectivity. In recent years, the the heterogeneity in the obtained materials by the CVD
cellulose aerogels are mostly hydrophobization modified method. Furthermore, unlike the vapor with modifiers will take
directly via gas phase reactions. Tkkala et al.">** functionalized much time to diffuse into the inner of the cellulose aerogels
the native nanocellulose aerogels with a nanoscopic layer of when the size of the aerogels is large, the size of cellulose
titanium dioxide (TiO,) to create a hydrophobic but oleophilic aerogels will not affect the diffusion time of modifiers obviously
coating by chemical vapor deposition (CVD). Cervin et al.*’ in this work. It is also different from the method reported by
treated the hydrophilic cellulose aerogels with octyltrichlor- Tingaut et al.'* that the modifier could sol—gel among the
osilane through vapor phase deposition. Similarly, Heux et cellulose network and alter the microstructure obviously. In this
al>**" made the vapor of palmitoyl chloride diffused into the work, as the facile modification only occurred on the surface of
void of cellulose aerogels to initiate the esterification with the the bacterial cellulose nanofibers, the micromorphology of BCA
hydrophilic hydroxyl in cellulose, while they did not discuss the is unchanged. Hence, similar to BCA, HBCA are ultralight
oil/water separation properties in the literature. The prepara- (density <6.77 mg/cm®), highly porous (porosity, ~99.6%),
tion conditions (i.e, reaction temperature, vapor pressure, and have a surface area over 169.1 m*/g. Moreover, the HBCAs
reaction time and the initial quantity of reagent) of the gas have hydrophobic and oleophilic properties that endow them
phase reactions need to be controlled accurately. In fact, the with an excellent selectivity for oil adsorption from water. The
strict preparation conditions hamper the large-scale production HBCAs could collect a wide range of oils and organic solvents
of these hydrophobic cellulose aerogels for practical application. and showed the absorption capacities of up to 185X their own
Moreover, the grafting distribution within the material is not weight, which depended on the density of the liquids.
homogeneous. Very recently, to solve these problems, Tingaut
et al.'* prepared the hybrophobic cellulose aerogels by freeze- B EXPERIMENTAL SECTION

drying water suspensions of NFC in the presence of
methyltrimethoxysilane (MTMS) sols. However, the micro-
structure and some properties of the cellulose aerogels may be
remarkably affected by the silylation agent (i.e, MTMS) during

Materials. The foodstuff nata de coco (bacterial cellulose
hydrogel) was procured from Kuangquan Food Co., Ltd. (Tangshan,
China). TMCS (>98%) and triethylamine (TEA, >99%), paraffin
liquid, and chlorobenzene (>99%) were purchased from Sinopharm

this process. Chemical Reagents Co., Ltd. (Shanghai, China). Dichloromethane

In this study, we attempted to find a feasible way to (CH,CL,, >99.5%), ethanol (>99.7%), n-hexane (>95%), toluene
conformally modify the 3D web-like skeleton of cellulose (>99.5%), and acetone (>99.5%) were bought from Beijing Chemical
aerogels in liquid phase without CVD. Although many reports Reagents Co. (Beijing, China). tert-Butanol was produced by Tianjin
have shown how cellulose was hydrophobilized in liquid phase, Fuchen Chemical Reagents Factory (Tianjin, China). Gasoline and

diesel were obtained from Sinopec Corp. All chemicals and solvents
were used as received without further purification. Deionized water
was used in all experiments.

Preparation of BCAs. The pure BCAs were prepared from nata de
coco (e, bacterial cellulose hydrogel) directly via freeze-drying

to the best of our knowledge, all of them were focus on
tailoring the properties of the disperse cellulose nanofibers, not
the monolithic cellulose aerogels, because the hydrophobization
of cellulose nanofibers could enhance their dispersibility in

nonpolar media (e.g, organic solvents) and tl;g_ggmpatibﬂity according to a procedure previously published by our group.”® The
between cellulose and hydrophobic polymer. Here, we bacterial cellulose hydrogel was immersed in deionized water (4 h) to
immersed blocky bacterial cellulose aerogel (BCA) in organic wash out the sugar. The washed bacterial cellulose hydrogel was
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heated to 90 °C in a concentrated NaOH solution (6 h), then washed
with deionized water (10 h), followed by replacement of the deionized
water with a mixture of deionized water and tert-butanol, and then
freeze-dried to preserve the web-like structure of the bacterial cellulose
in the dry state.

Synthesis of HBCAs. First, different amounts (Table 1) of TMCS
and TEA were mixed with 30 mL dichloromethane in a 100 mL

Table 1. Amounts of Modifying Agent Used Here”

BCA HBCA-1 HBCA-2 HBCA-3
TMCS (mL) 1 2 3
TEA (mL) 1.32 2.64 3.96

“Washed cellulose blocks were solvent exchanged with a mixture of
deionized water and tert-butanol. Then, the gels were precooled for 8 h
at —20 °C, followed by freeze-drying for 15 h to obtain the dried
HBCAs.

round-bottom flask, stirring constantly (200 rpm) with a magnetic
stirrer. Then, BCA (ca. 0.03 g) was added to the flask and keep
stirring. The reflux apparatus was assembled and the flask was secured
to it. Heat the flask (60 °C) to make the mixture reflux for 4 h. Next,
the cellulose blocks were put in a beaker with 50 mL ethanol, and kept
stirring constantly to wash dichloromethane, residual reactants and
byproducts (triethylamine hydrochloride) out from the void of the 3D
web-like cellulose skeleton. The ethanol was changed every hour.

Fourier Transform Infrared (FTIR) Spectroscopy. The
attenuated total reflection (ATR) infrared spectra of BCA and the
HBCAs were obtained on a VERTEX 70 FT-IR spectrometer (Bruker,
Germany). All spectra were recorded between 4000 and 400 cm™
with a resolution of 4 cm™ and 16 scans per sample.

Morphology and Nanostructure. Field-emission scanning
electron microscopy (SEM) characterization of the aerogels was
performed by a Hitachi S-4800 (Japan) at accelerating voltage of 10 kV
and a working distance of 10 mm. Samples were stuck on the sample
holder with a carbon pad and coated with 7.5 nm of platinum.

Energy-Dispersive X-ray (EDX) Spectra. The content of the
relative elements of all the samples was determined by EDX spectra.
The test conditions are the same as those used for SEM
characterization, but the samples fixed on the carbon pad were thicker
(>2 mm) to avoid the interference of the carbon basement. In
addition, the samples were not sputtered with platinum to eliminate
the extraneous platinum signals.

Contact Angle Measurements. Static contact angles of these
samples were measured using the contact angle measuring system
(JC2000C1, POWEREACH). A droplet (5 L) of deionized water was
deposited on the surface of the samples. At least five measurements
were taken for each sample.

Density. The density of BCA and the HBCAs was determined by
measuring the weight and volume of each individual sample. The
weight of each aerogel block was measured by an analytical balance
(readability 0.00001 g, SARTORIUS). The dimensions of each aerogel
block were measured with a digital caliper at three different positions.
Five blocks were used for density determination for each sample.

Porosity. The porosity (P) of BCA was calculated using the bulk
density of BCA (p,,) and the skeleton density of cellulose aerogels (p,)
using eq 1, obtained from the simple rule of mixtures and assuming the
gas density was negligible. Herein, the p, was fixed at 1.59 g/cm?
based on literature data.

p(%):[l—ﬁ]xmo

A (1)

Nitrogen Physisorption Measurements. First, the sample was
degassed at 120 °C for 2 h. Then, the nitrogen physisorption
measurements at 77 K were performed with a Gemini V (Micro-
meritics, Norcross, GA). Brunauer—Emmett—Teller (BET) Analysis
from the amount of N, absorbed at various relative vapor pressures
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(six points 0.05 < p/p, < 0.3, nitrogen molecular cross-sectional area =
0.162 nm?) was used to determine the surface area.

Thermal Stability. The thermal degradation behavior of BCA and
HBCAs in nitrogen was investigated using thermogravimetry analysis
(TGA, SDT Q600). A sample weight of approximately S mg was used.
The sample was placed in a ceramic pan and heated from 50 to 650 °C
at a heating rate of 10 °C/min.

X-ray Diffraction (XRD) to Determine the Crystallinity of
BCA and HBCAs. The XRD pattern of each sample was characterized
by an MSAL-SD3 X-ray diffractometer (China) with Ni-filtered Cu Ka
radiation (4 = 0.1541 nm) in the range of 10—40° (26) at 40 kV and
40 mA. All the samples were cut into about 2 mm thickness and
pressed on the sample holder by a glass slide. To evaluate the
crystallinity of bacterial cellulose affected by the hydrophobization, we
used Segal’s method. This eq 2 is an empirical equation for estimating
the degree of crystallinity (y.) in cellulose.®

Ly — L "
}(c (%) — 200 amorphous % 100
Lo 2
where Iyy and I pophous 2r€ the intensity of the 200 reflection plane

and the amorphous phase, respectively.

The structure order of the 200 reflection was used to determine the
crystallite size (L,o) by eq 3.% In this equation, f is the full width at
half-maximum of the 200 reflection, @ is the Bragg’s angle in degrees,
and K = 091.

K1
Pcos 0

L =
200 3)
Mechanical Properties. The stress—strain curves of BCAs and
HBCAs were measured by Istron-3365 flexural strength testing
systems when all the samples were cut into the same cuboid form.
The similar tests for oil-filled HBCAs were also carried out.

Oil and Organic Solvent Absorption Capacities. The samples
were cut into slices (ca. 20 X 8 X 2 mm) and dipped into 10 mL of oils
or organic solvents. Then, we took the swollen samples out at certain
intervals to determine their weights and obtain the absorption kinetic
curves and the maximum absorption capacities (C,). C, was
calculated according to eq 4:

Cn (8/8) = (W, = W)/ W, (4)

where W, and W, are the weight of the HBCAs before and after oil
uptake, respectively.

Reusability. The reusability of the HBCAs was evaluated by three
steps. (1) Compression: The absorbed solvent was removed by
compressing the aerogels between parallel glass slides whereby >90%
strain was applied. The weight of the aerogels after compression
during each cycle was measured to ensure that more than 90% of the
absorbed solvent was removed. (2) Rinsing: The compressed HBCAs
were rinsed three times with 20 mL of tert-butanol to swell the samples
back to their initial shape and remove the residual absorbed solvent.
(3) Freeze-drying: Gels were precooled for 2 h at —20 °C followed by
freeze-drying for 3 h to obtain the dried HBCAs. Then, the dried
samples were weighed and used as oil-absorbing materials again.

B RESULTS AND DISCUSSION

Infrared Spectroscopy. ATR-FTIR spectra of the samples
are presented in Figure 2. Trimethylsilyl groups, abundant in
TMCS (agent for hydrophobization of cellulose) but not
present in cellulose, are distinguishable marker. After
modification with TMCS, the vibrations characteristic of the
CH; of silane was identified at 2970 cm™ (¢(C—H)) and 750
em™! (8(C—H))."**' Moreover, Si—CHj bending at 1254 cm™
and Si—C stretching at 840 and 870 cm™" were obvious.”” The
intensity of these bands increased with the increased amount of
chlorosilane in the reaction. While the O—H stretching at 3400
ecm™ did not vary obviously, which means the amount of
hydroxyl group (—OH) of the bacterial cellulose has no
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1. Cellulose: (O-H) 3346
2 TMCS: (C-H) 2959
3. TMCS: §(8i-C) 1251

1 4. TMCS: v(Si-C) 879 and 844
5. TMCS: 3(C-H) 749 3 4
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HBCAs-2
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Wave Length (cm'l)

Figure 2. ATR-FTIR spectra of BCA, HBCA-1, HBCA-2, and HBCA-
3.

significant change. Hence, the TMCS may not react with the
abundant hydroxyl group in the interior of the cellulose
nanofibers, and the degrees of substitution (DS) is in a low
range.’"** The strong peaks of pyranose ring stretching
between 1100 and 1000 cm™' were also unchanged, and
these peaks hid the weak peaks of Si—O—C stretching.

EDX Spectra and DS. The EDX spectra (Figure 3) were
performed to investigate the trimethylsilylation of bacterial

C HBCAs-3

Counts

HBCAs-1

ol B R R [Er——

0.2 04 06 08 1.0 1.2 1.4 16 1.8 2.0
Energy (keV)

Figure 3. EDX spectra of BCA, HBCA-1, HBCA-2, and HBCA-3.

cellulose. The BCAs display the carbon and oxygen peaks, no
silicon peak. Besides the carbon and oxygen peaks, the silicon
peak appears in the EDX spectra of HBCAs after
trimethylsilylation. These elements’ atomic percentage could
be calculated by element analysis (Table S1, Supporting
Information). With the increase of modifier concentration,
the carbon content increased from $3.82 to 54.92% when the
silicon increased to 1.13%, while the oxygen content decreased
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from 46.18 to 43.95%. Which can be attributed to that there are
three methyl groups (—CHj;) without oxygen in every TMCS
molecular.

Herein, the modifier with only one active group instead of
the modifier (e.g, titanium isopropoxide,'>** methyltrimethox-
ysilane,'* methyltrichlorosilane,*® etc.) contains three or four
active groups is used to accomplish the hydrophobization of
cellulose aerogels or the similar chitin aerogels. Then, the
modifier (TMCS) molecules will not condense with each other
modifier once they react with the hydroxyl group of the
bacterial cellulose. This makes it possible to employ the
contents of Si to evaluate the DS of HBCAs. The proportion of
carbon, oxygen, and silicon could be detected by EDX spectra.
Based on the proportion of the relative elements, the DS was
calculated as according to eq 5:
N;;

(Nc = 3Ng)/6  (Cc = 3Cg)/6
©)
where N,(om) represents the amount of hydroxyl group which
has reacted with TMCS in cellulose; N(c 4,0, represents the

N;on) Cs;

1

DS =

I\I(CEHIOOS)

amount of anhydroglucose unit of cellulose; and N¢ and Ny
represent the amount of carbon atom and silica atom in the
HBCAs, respectively. Cc and Cg; are the atomic percentage of
carbon and silica, respectively.

As shown in Table 2, the DS of the samples is varying from
zero to 0.132. Based on the theory of Heux et al. that the

Table 2. DS, Density, and BET Surface Area of Aerogel
Samples

sample DS density (mg/cm®) BET surface area (m?/g)
BCA 0 6.74 + 0.21 160.2
HBCA-1 0.075 6.69 + 0.27 169.1
HBCA-2 0.114 6.77 + 0.18 180.7
HBCA-3 0.132 6.75 + 0.22 179.3

modification just occurs on the surface of cellulose nanofibers
when the DS less than 0.4,%" it could be concluded that only the
surface molecule chains of the cellulose nanofibers in BCA are
reacted with TMCS.

Morphology. As presented in Figure 1, both the macro-
morphology of BCA before and after trimethylsilylation were
white and regular cuboid. This indicated that the trimethylsilyl
modification did little affect the shape of BCA.

On a micro level, a web-like structure of BCA consists of
disorderly and dispersive nanometer-sized cellulose nanofibers
(Figure 4). After trimethylsilylation, the web-like structure was
fully retained. Moreover, the apparent diameter of the
nanofibers of all the samples was in the range of 20—80 nm.
Compared with the cellulose nanofibers of BCA, the nanofibers
of HBCAs was not wider. This phenomenon is quite different
with the esterification of cellulose microfibrils with palmitoyl
chloride. This could be understood as that the size of the
modifier (i.e, TMCS) is much smaller than palmitoyl chloride.
In addition, based on the research of Heux et al,,>>" higher DS
increase the width of cellulose nanofibers more obviously due
to the incorporation of the modifier. Consequently, no lateral
expansion is observed in this work means that the
trimethylsilylation does not occur in the interior of the
cellulose nanofibers and the DS will be restricted to low
values. The low DS is beneficial to preserve the mechanical

DOI: 10.1021/acsami.5b00846
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Figure 4. SEM images of (a) BCA, (b) HBCA-1, (c) HBCA-2, and
(d) HBCA-3. The scale bar is 1 um.

properties of cellulose nanofibers as few damages to the fibers
and the crossing points. Hence, BCA could keep its original
macroscopic shape after the trimethylsilylation in the mild
reaction condition.

Density, BET Surface Area, and Porosity. As shown in
Table 2, the density of the HBCAs was similar to the density of
BCA, no obvious increase, because the DS is too low to affect
the bulk density of cellulose aerogels in this work. While the
amount of nitrogen physisorption (Figure S1, Supporting
Information) and the BET surface area (Table 2) of the
cellulose aerogel samples increased slightly. A possible
explanation is that the TMCS roughened the surface of
bacterial cellulose nanofibers through the trimethylsilylation.
The porosity of BCAs was about 99.6% which was calculated
according to eq 1. Because the DS is much too low, the density
and the microstructure of BCA are not changed obviously after
the trimethylsilylation, and thus, it is reasonable to believe that
the porosity is constant through the trimethylsilylation process.
Hence, like that of BCA, the approximate porosity of the
HBCAs was 99.6%.

XRD. The XRD patterns of BCA and HBCAs are shown in
Figure S. Crystallographically, bacterial cellulose had the
cellulose-1 structure. The peaks shown corresponded to the
diffraction planes of 170, 110 and 200, respectively.®*
Compared with BCA, no peak shifting or appearance of new
peaks was observed in the XRD patterns of HBCAs. This
indicated that the trimethylsilylation of BCA did not generate a
new phase.

1
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Figure 5. XRD spectra of the cellulose aerogel samples.
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The crystallinity (y.), which was calculated based on the
crystalline and amorphous intensity of cellulose aerogels, is
calculated following the method in ref 60. It was found that the
crystallinity has a slight decrease (Table 3). Nevertheless, the

Table 3. ¥, Lo, and d,yy of Cellulose Aerogel Samples

sample 2 (%) Ly (A) dyo (A)*
BCA 832 65.4 3.98
HBCA-1 80.7 63.2 3.97
HBCA-2 80.1 66.7 3.97
HBCA-3 79.8 65.8 3.98

“The d,, values were calculated following Bragg’s law.

crystallite size of reflection (L) and the interlayer distance
(dyo0) of BCA and HBCAs of these cellulose aerogel samples
did not show obvious variation after the trimethylsilylation
(Table 3). This may be because the modifier (TMCS) on the
surface of cellulose nanofibers enhanced the proportion of
amorphous phase, while the trimethylsilylation did not destroy
the crystal structure of bacterial cellulose. The increase of
amorphous phase did not damage the crystalline phase, which
can further suggest that the trimethylsilylation of BCA with
TMCS occurred essentially only on the surface of the cellulose
nanofibers.

Thermal Degradation Behavior. The TGA and DTG
curves of BCA and the HBCAs are shown in Figure 6.
Compared with the original cellulose aerogel, the TGA curves

100+
804
& 60
=
2
2 40+
60
204 BCAs
40
280 300 320 340 360
0 T T T T T T
100 200 300 400 500 600
Temperature (°C)
HBCAs-3
= HBCAs-2
€ | HBCAs-l f
xX t
= BCAs
Y
Q
B
Gy
=]
o
2
5 b)
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5
[a]
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Figure 6. (a) Thermogravimetry analysis (TGA) and (inset)
magnification of the part circled by dotted line, and (b) derivative
thermogravimetry (DTG) curves of BCA, HBCA-1, HBCA-2, and
HBCA-3.
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(Figure 6a) of trimethylsilylated cellulose aerogels exhibit a
certain difference. The thermal decomposition of cellulose is
known to be promoted by the modification of organic acids and
acyl chloride (e.g, acetic acid, dodecanoic acid, p-toluenesul-
fonyl chloride, oleic acid, stearic acid, etc.). The decomposition
temperature is lower when the longer carbon chain of modifier
is used. Bismarck et al.?° ascribed this to the reduced number of
effective hydrogen bonds between cellulose nanofibers, as the
nanofibers can then not be closely packed. In contrast, the
decomposition temperature of BCAs had a slight enhancement
after the trimethylsilylation, and the higher DS endowed the
sample with a higher decomposition temperature (shifted from
370 to 380 °C, Figure 6b). This observation shows that the
modifier (TMCS) has a stabilizing effect on bacterial cellulose.
The similar stabilizing effect is also demonstrated in cellulose-
silica composite aerogels.*”%*% Silica could raise the
decomposition temperature of cellulose. Compared with silica,
the TMCS has the same silicon, and Si—O bond will also form
after it reacts with cellulose. Hence, the silicon and Si—O bond
maybe significant to improve the thermal stability of cellulose.

Mechanical Properties. The compressive stress—strain
curves of BCAs and HBCAs are presented in Figure 7. These

200

= —— BCAs

g 150 —— HBCAs-1

& ———— HBCAs-2

8 ———— HBCAs-3

&

% 100+

2

2

g

g 50

]

o
0 T T T T
0 20 40 60 80 100

Compréssive Strain (%)

Figure 7. Compressive stress—strain curves of BCA, HBCA-1, HBCA-
2, and HBCA-3.

curves may be separated into two regions: a very slowly
increasing stress response below 70% strain and an
exponentially increasing stress response above 70% strain. At
70% strain, the compressive stress of cellulose aerogels was just
about 12 kPa. Because the web-like ultrafine nanofibers could
be preserved perfectly in the cellulose aerogels instead of being
crushed into lamellar structure by ice crystal, the BCAs and
HBCAs are flexible. Besides, the high porosity is also vital for
the excellent flexibility. Over 70% strain, it will exhibit higher
stress as most hollow parts have been compressed and the solid
cellulose nanofibers will touch with each other to increase the
compressive resistance. The difference between these curves are
caused by the nonuniform compactness of the aerogels as they
were produced by bacteria that were sensitive to the condition
culture medium. The nonuniformity has little effect on the
curves below 70% strain, while it was more obvious with higher
compressive strain, which separates the overlapped curves.
Wettability. The wettability of the cellulose aerogels are
shown in Figure 8. Droplets of water and gasoline were
successively deposited on the upper surface of the BCAs and
HBCAs blocks. Obviously, the BCAs displayed a strong
amphiphilic character, as both the water and gasoline droplets
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Figure 8. Water and gasoline were colored blue (Methyl Blue) and red
(Oil Red), respectively, and dropped on the surface of (a) BCA and
(b) HBCA-3. (c) The HBCA-3 floated on water, while BCA sank into
water.

were instantaneously absorbed. In contrast, the gasoline
immediately penetrated into the HBCAs, while water remained
at the surface, demonstrating the combined hydrophobic and
oleophilic properties of this material. The HBCAs displayed
high contact angles (as high as 146.5°% Figure S2, Supporting
Information), and the contact angles increased with the
increase of DS. According to Wenzel's theory,®”®® the
wettability of solid surfaces is governed by both the chemical
composition and the geometrical microstructure of the surface
as. At thermodynamic equilibrium, the apparent contact angle
of the sample surface and the roughness factor of the given
surface have the relationship:

(6)

where 6" corresponds to the apparent contact angle, r
represents the roughness factor, and 0 refers to Young’s
angle. Herein, the surface energy of the cellulose was effectively
decreased by the trimethylsilylation. Besides, the ultrafine
cellulose nanofibers which could be preserved completely after
the trimethylsilylation endow the HBCAs with high surface
roughness. Hence, the contact angle measured on the surface
was surprisingly high (137.1—146.5°) even at very low DS
(0.075—0.132). Compared with most hydrophobic cellulose
aerogels,"*'>*® the water contact angles of the samples in this
work are higher. This may be caused by the difference in their
microstructure. In this work, the HBCAs consist of disorderly
and dispersive nanometer-sized cellulose nanofibers, unlike the
cellulose network formed by the connected lamella in the
relative literature.'*'>** Hence, the HBCAs will possess higher
roughness and then show higher water contact angle.

The BCAs absorbed water and sank to the bottom
immediately when it was transferred to the surface of water
(Figure 8c). On the contrary, the HBCAs could float on the
surface of water owing to the hydrophobicity and ultralight
weight. The unique wettability of the HBCAs means that they
have the potential to be used as oil/water separation material.

Superabsorption Capacity. As shown in Figure 9, plant
oil and chloroform were dropped at the surface and bottom of
water, respectively. The HBCAs selectively absorbed the plants
oil and chloroform from water, and the oil-filled HBCAs could
be separated from water expediently (Movies S1 and S2,
Supporting Information) owing to the excellent mechanical
properties which make sure their integrity (Supporting
Information). By contrast, the BCA quickly saturated with
both water and plant oil, and it lost the oil-absorbing capability
once wetted by water (Movie S3, Supporting Information).

The absorption performance of HBCAs for different oils and
organic solvents was further investigated (Figure 10a). From

cos ¥ = r cos O
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plant oil with HBCAs-3

Figure 9. Removal of a red-colored plant oil spill (15 L) from water
with the slices (ca. 20 X 8 X 2) of (top row) HBCAs and (middle row)
BCA; (bottom row) removal of chloroform from the bottom of water
with the slice of HBCAs.
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Figure 10. (a) Plot of the mass-based absorption capacity for different
organic solvents and oils as a function of the density of the liquid. The
upper dashed line represents the theoretical volume-based absorption
capacity (v/v) corresponding to the case where aerogel is nominally
completely filled with the oils or organic liquids, and the lower one
dashed line represents the case where it is 80% filled. (b)
Demonstration of the reusability of HBCA-3 as an oil absorbent.
The absorption capacity (C,,) with regard to diesel was evaluated after
up to 10 rinsing—absorption cycles.

the absorption kinetics (Figure S3, Supporting Information), it
is found that the samples need about 20 s to reach absorption
equilibrium in paraffin liquid and plant oil, while they need just
about 12 s in the other oils or organic solvents. Because the
viscosity significantly affects the movement velocity of oil

7379

molecules, it takes different time to achieve the absorption
equilibrium.**® The mass-based maximum absorption capaci-
ties C,, for the oils were 86 to 185 g/g (Figure 10a). Generally,
the value of C,, is relevant to the density of the liquid, and it
increases with the density of the liquid. Compared with the
reported hydrophobic cellulose aerogels, the C, value was
enhanced significantly, likely because the high porosity, high
surface area, and ultralow density of BCA were preserved very
well and did not obviously affected by the modifier in this work.
On the contrary, the preparation methods reported in the
literature made these parameters of cellulose aerogels were
remarkably affected by the modifier, especially the density. For
example, the bulk density of the silylated cellulose aerogels is
twice as much as the pure cellulose aerogels when the water
contact angle achieve 136° in the work of Tingaut et al.'*
Because the volume-based absorption capacity is significant for
oil-absorbing materials, described by Ikkala et al,"® it was
investigated in this work (Figure 10a). It was found that the
volume-based absorption capacities of the HBCAs reached over
80%. This means that almost all of the hollow parts were
crammed by the oils/organics.

To test the reusability, the HBCAs contain diesel were
treated as three steps, which have been amply described in the
Experimental Section, to thoroughly remove the diesel. Then,
the HBCAs were used to absorb oil again. The cleaning—
absorption cycle was performed 10 times, and the C,, value
maintained at nearly 120 g/g after each cycle (Figure 10b).
Moreover, the macro-morphology of the HBCAs remained
unchanged. This means that the HBCAs have the potential to
be recycled. The compressive stress—strain curves (Figure S4,
Supporting Information), and the relative mechanical proper-
ties of oil-filled HBCAs have been discussed in the Supporting
Information.

B CONCLUSIONS

Surface-only modification of the 3D web-like skeleton of BCAs
was accomplished via a feasible liquid-phase reaction followed
by freeze-drying to obtain HBCAs without shape and
microstructure change. In this process, the hydroxyl groups in
the surface molecule chains of the cellulose nanofibers took part
in the trimethylsilylation with TMCS. Then, the surface energy
of the cellulose nanofibers was decreased effectively.
Furthermore, the 3D web-like microstructure, which was
comprised of ultrathin (20—80 nm) cellulose nanofibers, was
maintained because of the very low DS (<0.132) of the
HBCAs. Hence, the high roughness and low surface energy
endowed the HBCAs with hydrophobic and oleophilic
properties, and highly selective absorption of oils and nonpolar
liquids. Moreover, the surface-only modification of BCAs made
sure that the low density (<6.77 mg/cm?), high surface area
(>169.1 m*/g), and high porosity (~ 99.6%) were well
preserved in the HBCAs. Accordingly, the HBCAs exhibited
high mass absorption capacities for a wide variety of oils and
organic solvents (up to 185 g/g). This means that the HBCAs
are wonderful candidates for oil adsorption. In conclusion, the
surface only trimethylsilylation of BCA for oil absorbents was
achieved, which provided another way to multifunctionalize
cellulose aerogels in addition to CVD method.
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Elements atomic percentage calculated by element analysis
from EDX spectra; nitrogen adsorption—desorption isotherms
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and images of contact angle measurements of BCA and
HBCAs; absorption kinetic curves of different oils and organic
sorbents; compressive stress—strain curves of oil-filled HBCAs-
3 and the relative analysis of the mechanical properties of oil-
filled HBCAs-3; and movies showing the removal of plant oil
with HBCAs-3 from water surface, removal of chloroform with
HBCAs-3 from the bottom of water, and removal of plant oil
with BCAs from water surface. This material is available free of
charge via the Internet at http://pubs.acs.org.
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