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Abstract An effectively mild solvent solution containing
NaOH/PEG was employed to dissolve the cellulose
extracted from the wheat straw. With further combined
regeneration process and freeze-drying, the cellulose
aerogel was successfully obtained. Scanning electron
microscope, X-ray diffraction technique, Fourier transform
infrared spectroscopy, and Brunauer-Emmett-Teller were
used to characterize this cellulose aerogel of low density
(about 40 mg-cm™) and three-dimensional network with
large specific surface area (about 101 m?*-g"). Addition-
ally, with a hydrophobic modification by trimethylchlor-
osilane, the cellulose aerogel showed a strong absorptive
capacity for oil and dye solutions.
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1 Introduction

Aerogel with a cross-linked three-dimensional network
structure has attracted intensive attentions from academic
communities and industrial fields, due to its low density
[1-3], high specific surface area [4], high porosity [5],
excellent thermal insulation [6] and extraordinary sound
insulation ability [7]. It would be a great promising
substance as adsorbing [8], heat barrier [9], acoustic
insulation [10] or catalyst carrier [11]. The synthesis of
aerogel could utilize a variety of raw materials such as
silicon dioxide [12], metallic oxide [13] and some carbon-
based materials [14], thus the aerogel derived from
different categories of materials could acquire respective
special property.

Cellulose, the most naturally renewable resource with
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high mechanical performance [15], superior optical
property [16] and active chemical reactivity, and has
been regarded as a most promising substitution for the
conventional materials. Among the newer cellulose-based
materials, cellulose aerogel has received attention because
of its high porosity, low density, fine flexibility and strong
absorptive capacity. However, a suitable method to
dissolve cellulose owing to its high crystallinity and
polymerization (DP) as well as ultra-strong inter- and intra-
molecular hydrogen bonds is pivotal for fabricating an
environmentally sustainable aerogel [17,18]. Many effec-
tive cellulose solvents have been proposed such asionic
liquid [19-21], N-methylmorpholine-N-oxide (NMMO)
[22], lithium chloride/N, N-dimethylacetamide (LiCl/
DMAC) [23], NaOH/urea [24,25] and NH;/NH,SCN
[26]. Nevertheless, most of these are limited by their
high cost, toxicity or volatility. Recently, mild and
environmentally-friendly aqueous solution containing
NaOH/PEG showed effective cellulose dissolution,
which could contribute to the fabrication various cellu-
lose-based products including cellulose aerogel.

Here we describe fabrication of a cellulose aerogel with
superior adsorptive capacity from the wheat straw through
dissolution, regeneration and freeze-drying. Furthermore,
absorptive capacity of this product for oil and dye solutions
was also investigated.

2 Materials and methods
2.1 Materials

Waste wheat straw was collected from the field and further
completely cleaned, ground to a powder and passed
through a 60-mesh sieve and dried at 60°C for 24 h. All
chemical reagents were supplied by Shanghai Boyle
chemical Co. Ltd.
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2.2 Extraction and purification of the cellulose from wheat
Straw

The processed wheat straw was first treated by a mixed
solution of benzene/absolute ethanol (2:1 v/v) in a Soxhlet
extractor at 90°C for 6 h. Then, the treated sample was air
dried and treated with a 10% NaClO, solution (pH4.5
adjusted by glacial acetic acid) at 75°C for 5 h. The next
step was to collect the sample by filtration and wash it three
times with deionized water, and then immediately treat it
with 2% NaOH at 90°C for 2 h. The product was again
collected by filtration and washed three times with
deionized water before treating it with 1% HCI at 80°C
for 2 h. Finally, the purified cellulose was collected by
filtration and washed three times deionized water and dried
at 60°C for 24 h.

2.3 Preparation of cellulose aerogel

Sub-samples of the purified cellulose was added to an
10% aqueous solution of NaOH/PEG (9:1 wt/wt) with
magnetic stirring for 5 h to form a homogeneous solution.
This was repeated at mass ratios of 1/100, 2/100, 4/100 and
8/100 cellulose to the NaOH/PEG solution (referred to as
C1, C2, C4 and C8, respectively, within this paper). These
solutions were frozen for 12 h at — 15°C then subsequently
thawed at ambient temperature with vigorous stirring for
30 min. This process was repeated at least 3 times. The
product was successively regenerated by 1 % HCl solution,
distilled water and tertiary butanol until the formation
of an amber-like hydrogel. Finally, the resultant
cellulose hydrogel samples were freeze-dried at —30°C for
48 h.

2.4 Hydrophobic modification of the cellulose aerogel

The prepared cellulose aerogel was modified using
trimethylchlorosilane (TMCS) through a chemical vapor
deposition method. TCMS (300 L) was dispensed into a
5SmL beaker and placed in a desiccator. Afterwards, the
cellulose aerogel samples were also put into the desicca-
toravoiding direct contact with the TMCS. Within the
desiccator, the sample and TMCS allowed to react for 24 h
at ambient temperature. This process successfully fabri-
cated hydrophobic aerogel.

2.5 Cellulose aerogel characterization

Sample morphology was examined by a scanning electron
microscope (SEM, Quanta 200, FEI). Crystalline struc-
tures were identified by X-ray diffraction technique
(Rigaku, D/MAX 2200) operating with Cu Ko radiation
(A = 1.5418 A) at a scan rate (20) of 4°-min”!, 40kV,
40 mA ranging from 5° to 40°. Chemical compositions
were recorded by Fourier transform infrared spectroscopy
(Magna-IR 560, Nicolet). Specific surface area and pore

size distribution of simples were characterized by
Brunauer-Emmett-Telleranalysis via an accelerated surface
area and porosimetry system (3H-2000PS2 unit, Beishide
Instrument S & T Co. Ltd.). Water contact angle (WCA)
was measured on an OCA40 contact angle system
(Dataphysics, Germany) at room temperature. The final
value of the WCA was obtained as a mean of five
measurements.

3 Results and discussion

Figure 1 shows stages in the fabrication of the cellulose
aerogels made from wheat straw. In Fig. 1a, the purified
cellulose was white with light yellow. When dissolved in
the NaOH/PEG solution and regenerated by HCl solution,
the cellulose turned into a transparent solution and then
formed a solid white column (Fig. 1b and 1c), indicating
the information of cellulose hydrogel via the regeneration
process. During this process, the hydrogen bonds between
the cellulose molecules and the solvent molecules of
NaClO, and PEG were significantly damaged by the
coagulator of HCl solution. The intra- and inter-molecular
hydrogen bonds between the cellulose chains were
reshaped and lead to the transformation of the hydrogel
[3]. In Fig. 1d, the multiporous and light cellulose aerogel
was formed after the freeze-drying. The bulk densities
of Cl, C2, C3 and C4 were 449, 56.7, 80.7 and
148.0mg-cm >, respectively. The bulk densities of the
samples increased with the enhanced cellulose concentra-
tions.

Figure 2 shows SEM images of the prepared cellulose
aerogels with different concentrations. Though with
obvious wide porous structures, there were still some
significant differences for each sample. Apparently, the
pore configurations of C1 and C2 in Fig. 2a and 2b were
dense, anfractuous and multi-layered. In Fig. 2c and 2d, the
pore distributions of C3 and C4 were relatively uniform.
Some larger sheet and blocky regions surrounding with
pore structures were observed. This might be attributed to
the existence of undissolved fractional cellulose at high
concentrations. It is concluded that the concentration had a
significant influence on the pore structures of the aerogels.

Figure 3 presents the N, adsorption-desorption iso-
therms of C1, C2, C3 and C4, respectively. All the curves
have inverse-S shape, which is type Il adsorption curve
according to IU-PAC classification [21]. Additionally, the
hysteresis loop in the range of about 0.4—1.0 belongs to
H3 type.

Furthermore, the pore diameter distributions of C1, C2,
C3 and C4 were evaluated and are shown in Fig. 4.
The pore sizes of all the samples are within the range 1 to
60 nm, and mainly consisted of micropores ( <2 nm) and
mesopores (2—50 nm). Most pores were at the central range
of 1 to 10 nm.

The detailed specific surface area and pore diameter
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Fig. 1 Steps in the preparation of cellulose aerogel. (a) Purified cellulose from waste wheat straw; (b) cellulose solution; (c) cellulose
hydrogel; (d) cellulose aerogel.
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Fig. 2 SEM images of cellulose aerogel samples fabricated with mass ratios of 1/100 (a), 2/100 (b), 4/100 (c) and 8/100 (d) cellulose to
the NaOH/PEG solution
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Fig. 3 N, adsorption-desorption isotherms of cellulose aerogel samples fabricated with mass ratios of 1/100 (a), 2/100 (b), 4/100 (c) and

8/100 (d) cellulose to the NaOH/PEG solution
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Fig. 4 Pore diameter distributions of cellulose aerogel samples fabricated with mass ratios of 1/100 (a), 2/100 (b), 4/100 (c) and 8/100

(d) cellulose to the NaOH/PEG solution
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distribution are shown in Table 1. Apparently, there were
negative correlations between specific surface area, mean
pore diameter and total pore volume, and the cellulose
solution concentration. Furthermore, the large specific
surface area, mean pore diameter and pore volume might
be able to adsorb considerable amours of gases or liquids.

Figure 5 shows X-ray diffraction patterns and Fourier
transform infrared spectroscopy spectra of the wheat straw,
purified cellulose and cellulose aerogel (C1, C2, C4 and
C8). As evident in Fig. 5a, the wheat straw and the purified
cellulose samples were typical cellulose I structure due to
the crystalline peaks at 15.8° and 22.2° [27]. However, for
Cl1, C2, C4 and C8, the crystalline peaks were shifted to
lower peaks at 12.1°, 20.0° and 22.0°, respectively. It
appears that the crystalline structure of the cellulose
transformed from cellulose I to cellulose II. The crystal-
linity calculated by Segal’s method [28] of the raw
material, cellulose, C1, C2, C4 and C8 were 53.7%,
67.6%, 70.1%, 69.6%, 69.1%, 68.8% and 69.1%,
respectively. It was observed that the cellulose aerogels
preparations had a higher crystallinity than that of the raw
material, presumably due to the removal of hemicellulose
and lignin when purified.

In Fig. 5b, the peaks at 3320 and 2883 cm ' attributed to
—OH and —CH stretching vibrations were observed in the
complete spectra for each sample. After the purified
process, the peak recorded for wheat straw at 1739 cm™

attributed either to the acetyl groups of the hemicellulose
carboxylic groups in lignin and/or hemicellulose almost
disappeared. This indicates that most of the hemicellulose
and lignin were removed from the wheat straw through the
chemical purification. A peak at 1631 cm™' contributed to
the H-O—H stretching vibration of absorbed water was still
observed in all the samples with a slight decrease in
intensity, which indicates that a small amount of
hemicellulose still exist in the purified cellulose and the
fabricated cellulose aerogel. Compared with the purified
cellulose, the peak at 1434 cm™ attributed to — CH, shifted
to lower value (1432cm™) observed for the aerogels
implying the crystalline transformation of the cellulose
from I to II [29].

Figure 6a shows water drops standing on the surface of
the modified aerogel by TMCS. For untreated cellulose
aerogel, the water drops were immediately absorbed due to
its inherent hydrophilicity and abundant pore structure.
Whereas, the water drops could stay on the modified
aerogel surface with a WCA of 138° (Fig. 6a insert). In
Fig. 6b, aerogel immersion into the water further
confirmed its hydrophobicity. The extraordinary hydro-
phobic performance of the treated cellulose aerogel could
be used to facilitate for the separation of oil-water.

Figure 7 shows the absorptive capacity of the cellulose
aerogel for oil and dye solutions. Oil, rhodamine B, methyl
orange and indigo blue were efficiently absorbed by the

Table 1 Specific surface area, mean pore diameter, total pore volume and nanoparticle size of cellulose aerogel samples fabricated with mass ratios
of 1/100, 2/100, 4/100 and 8/100 cellulose to the NaOH/PEG solution (C1, C2, C3 and C4, respectively)

Specific surface area Mean pore diameter

Total pore volume
3. 1

Nanoparticle size

/(m*-g ) /nm fem®-g ) nm
Cl 101.13 18.32 0.47 60.50
C2 68.34 16.54 0.28 87.80
C4 47.34 17.21 0.20 126.75
C8 36.46 16.27 0.15 164.57
@ (b)
w,/*\w__\w_‘ MM%\\/
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Fig. 5 X-ray diffraction patterns (a) and Fourier transform infrared spectra (b) of the wheat straw, the purified cellulose, and cellulose
aerogel samples (fabricated with mass ratios of 1/100, 2/100, 4/100 and 8/100 cellulose to the NaOH/PEG solution, C1, C2, C4 and C8,

respectively)
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Fig. 6 Water drops standing on the TMCS treated cellulose acrogel and water contact angle (insert) (a) and modified cellulose aerogel

immersed into the water under external pressure (b)

por— 1

Fig. 7 Absorbed performance of the hydrophobic cellulose acrogels in motor oil (a), Rhodamine B solution (b), methyl orange solution

(c), and indigo blue solution (d)

cellulose aerogel with respective absorptive capacities of
about 18.7, 17.3, 16.8 and 17.4 times by weight. Conse-
quently, the cellulose aerogel preparations could poten-
tially be widely used for separating wastewater or oil spills.

4 Conclusions

Cellulose aerogel was successfully fabricated from wheat

straw by an environmentally-friendly NaOH/PEG solvent
system. The cellulose aerogel revealed a dense and
interconnected three-dimensional network structure. In
addition, the hydrophobic modified cellulose aerogel
showed a strong and superior absorption capacity for oil
and dye solutions.
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