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Abstract Reed is one of the widely available aquatic plant
resources, and its applications are generally limited to some
traditional areas like papermaking and animals’ fodder.
Besides, most of reed is wasted or directly burned every
year causing serious air pollution (like atmospheric haze).
Therefore, it is worth to further develop new forms of high-
value applications of reed. Herein, natural reed was col-
lected to fabricate ultralight adsorbents namely nanofibril-
lated cellulose (NFC) aerogels via an easily operated
method, which includes chemical purification, ultrasonica-
tion, and freeze drying. The NFC aerogels with an ultra-low
density of 4.9 mg cm > were characterized by scanning
electron microscopy, energy-dispersive X-ray spectrome-
ter, Fourier transform infrared spectroscopy, X-ray
diffraction, and thermogravimetric analysis. For acquiring
good hydrophobicity, the NFC aerogels were subjected to
a hydrophobic treatment by methyltrichlorosilane. The
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superhydrophobic NFC aerogels with contact angles of as
high as 151°-155° have excellent adsorption efficiency
(53-93 g g~ ) for various organic solvents and waste oil.
More importantly, the aerogels also exhibit favorable
adsorption recyclability, which can maintain more than
80 % of the initial adsorption efficiency after the five
cycles.

1 Introduction

With the rapid consumption of oil resource day by days, it is
necessary to use green, economic, and renewable resources
to exploit new materials to substitute for traditional
petrochemical products. Cellulose is one of the most
abundant reproducible natural polymers on earth. Espe-
cially, the individual cellulose nanofibrils have gained
increasing attentions. Besides their nanosize dimensions,
cellulose nanofibrils have other advantages like outstand-
ing mechanical properties, low density, biocompatibility,
and high reactivity [1, 2]. As a result, cellulose nanofibrils
can be useful in various fields, such as reinforcement
components in flexible display panels [3], biodegradable
packaging materials [4], and oxygen-barrier layers [5]. In
recent decades, several techniques have been proposed to
extract highly purified nanofibrils from various cellulosic
resources, such as high pressure homogenization [6], high-
speed shearing [7], and TEMPO-mediated oxidation com-
bined with mechanical treatment [8]. All these methods can
obtain different types of nanofibrils, primarily depending
on both raw materials and disintegration process. Among
the existent approaches, ultrasonic technique has been
extensively examined for materials synthesis and consid-
ered as one of the most powerful tools to isolate cellulose
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nanofibrils [9, 10]. Such powerful ultrasonic environments
provide a unique platform to break the firm hydrogen
bonding between nanofibrils, allowing individual nanofib-
rils to be gradually separated. Apart from the remarkable
merits, it is also worth to mention that the ultrasonication
causes cellulose degradation to some extent. To date, the
effect of ultrasonication in degrading polysaccharide link-
ages has been well described [11-13].

Reed is a kind of annual herb plant which is distributed in
temperate and tropical zone. It mainly grows in irrigation
canals, river near swamps, etc. Reed is composed of about
49.4 % cellulose, 31.5 % hemicellulose, 8.8 % lignin, and
other substrates [14]. The applications of reed are generally
limited to some traditional areas like papermaking and
animals’ fodder. Besides, most of reed is wasted or burned
every year. Therefore, it is important to further develop new
forms of high-value application of this resource. The cell
walls of plant usually consist of rigid cellulose microfibrils
embedding in the soft hemicellulose and lignin matrix
[15, 16]. Cellulose microfibrils consist of numerous cellu-
lose nanofibrils which are tightly hooked to one another by
multiple hydrogen bonds. Thus, it is difficult to split cellu-
lose nanofibrils only by mechanical treatments. Many
researchers [17, 18] reported that the matrix substances can
be removed using chemical methods before the fibrillation
process. As a result, the narrow cellulose nanofibrils can be
obtained by the combination of chemical treatment and
ultrasonication. More interestingly, a class of aerogels can
be prepared from the aqueous or alcohol dispersion of cel-
lulose nanofibrils using freeze-drying technique. Paikkd
et al. [19] firstly reported cellulose I nanofiber aerogels with
a specific surface area of 66 m? g, which was fabricated
by freeze-drying treatment of NFC dispersion. Sehaqui et al.
[20] then prepared nanofibrillated cellulose (NFC) aerogels
with high specific surface area (153-284 m” g~'), high
porosity (93-99 %), and low density (14-105 mg cm™>) via
the multiple-stage solvent exchange technique followed by
freeze drying. Also, the NFC aerogels were used as tem-
plates to combine with hydrophobic silanes [21], Fe;04/Ag
[22], polypyrrole [23], and N-(2-aminoethyl)-3-amino-
propylmethyldimethoxysilane [24] for some advanced
applications including oil-water separation, catalyst,
antibacterial agent, CO, capture from air, and electro-
chemical devices. It is well-known that silica aerogels
[25, 26] and carbon aerogels (typically like carbon nanofiber
aerogels [27, 28], all-carbon aerogels containing graphene
sheets and carbon nanotubes [29], and carbon aerogels from
the carbonization of organic aerogels [30]) have been
extensively used as absorbent materials to treat with organic
pollutants. However, there are not plentiful reports focusing
on the adsorption property of biodegradable NFC aerogels
for toxic organic liquids and their adsorption recyclability.
Therefore, it is desirable to carry out these researches.
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In this study, we used waste natural reed as raw material
to fabricate ultralight NFC aerogels following the proce-
dures of chemical purification, ultrasonication, and freeze
drying. Compared with the commercially available cellu-
losic feedstocks such as wood pulp and dissolving pulp,
reed is cheaper and widely available. Moreover, the uti-
lization of reed is consistent with our objective of achiev-
ing high-value utilization of low-value bioresources. The
effects of the chemical purification and ultrasonication on
the morphology, chemical composition, crystal structure,
and thermal stability were investigated. After the modifi-
cation by methyltrichlorosilane (MTCS), the aerogels
acquired superhydrophobicity with contact angles of as
high as 151°-155°. In addition, their adsorption efficiency
for various common organic solvents and waste oil can
reach up to 53-93 g g~ '. For measuring their adsorption
recyclability, we put the aerogels into a thin and light-
weight nonwoven cloth bag considering the poor
mechanical property of the aerogels, and the bag filled with
the samples were dipped into various organic liquids. Two
simple methods (i.e., squeezing—vacuum drying and air
drying) were used to separate the liquids from the bag,
dependent on the type of pollutants. The results show that
the adsorbent can maintain more than 80 % of the initial
adsorption efficiency after the five cycles. These make the
aerogels alternative biodegradable adsorbents to treat with
organic pollutants.

2 Experimental
2.1 Materials

The reed powder was sieved through a 60 mesh screen and
used as the raw material. All the chemicals including
benzene, ethanol, sodium chlorite, potassium hydroxide,
hydrochloric acid (37 %), and tert-butyl alcohol were
analytically pure, supplied by Tianjin Kermel Chemical
Reagent Co. Ltd. (China) and used without further
purification.

2.2 Separation of NFCs from reed

The separation process involves chemical purification and
ultrasonication [31, 32]. For the chemical purification, the
dried reed powder (2 g) was firstly extracted with benzene/
ethanol (2:1, v:v) in soxhlet at 90 °C for 24 h to remove
pectin and waxes and then dried in an oven for 24 h at
50 °C. Secondly, lignin was removed by mixing the
resulting sample with acidified sodium chlorite solution at
75 °C for an hour. This process was repeated five times.
Thirdly, hemicellulose was removed by an alkaline treat-
ment (2 wt% potassium hydroxide solution) at 90 °C for
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2 h. Finally, the samples were treated with the hydrochloric
acid (1 wt%) at 80 °C for 2 h, and subsequently filtered
and rinsed with a large amount of distilled water. The
purified cellulose was dried at 50 °C to constant weight.
The yield of cellulose is around 22.5 %, which was roughly
calculated by dividing the product dry weight by the weight
of the dried reed powder.

For the ultrasonication process, the purified cellulose
was firstly dispersed in distilled water to form a 0.05 wt%
aqueous suspension (300 mL), and the suspension was then
placed into an ultrasonic generator. Sonication was per-
formed at 20-25 kHz with a sonifier cell disruptor (JY99-
IID, Scientz Technology, China) with a 1-cm>-diameter
titanium horn under a 50 % duty cycle (i.e., a repeating
cycle of 0.5 s ultrasonic treatment and 0.5 s shutdown).
The sonication was conducted for 1 h with an output power
of 900 W in an ice/water bath. After that, the NFC sus-
pension was obtained.

2.3 Preparation of NFC aerogels

The NFC suspension was subjected to a solvent exchange
with tertiary butanol by dipping the dialysis tubing con-
taining the suspension into tertiary butanol until the volume
of the suspension was reduced to approximately one-fifth.
The concentrated NFC suspension was collected and
poured into molds and then freeze-dried to sublimate ter-
tiary butanol directly from solid phase to gas phase. The
cold trap temperature and pressure are around —55 °C and
25 Pa during the whole freeze-drying process.

2.4 Hydrophobic treatment of NFC aerogels

The hydrophobic NFC aerogels were obtained by the
treatment of MTCS through the vapor phase deposition. In
a typical process, the aerogels were placed in a glass des-
iccator, and a small glass vial containing 300 pL. MTCS
was then added into the desiccator. The desiccator was
sealed, and the samples and the reagent were allowed to
react at room temperature for 24 h.

2.5 Characterizations

The morphology was characterized by scanning electron
microscopy (SEM, FEI Sirion 3030) operating at 15.0 kV.
Elemental analysis was conducted by an energy-dispersive
X-ray (EDX) spectrometer. Fourier transform infrared
(FTIR) spectra were recorded on a FTIR instrument (Ni-
colet 6700, Thermo Fisher Scientific., USA) in the range of
400-4000 cm™" with a resolution of 4 cm™'. The crystal
structures were characterized via X-ray diffraction (XRD,
Rigaku D/MAX 2200) operating with Cu Ka radiation
= 1.5418&) at a scan rate (20) of 4 min ™" ranging from

5° to 40°. Thermogravimetric analysis (TGA) was per-
formed with a synchronous thermal analyser (TA, Q600)
from room temperature to 800 °C at a heating rate of 10 °C
min~" under a nitrogen atmosphere. The surface wettabil-
ity was evaluated by contact angle measurement, using a
Powereach JC2000C contact angle analyser. N, adsorp-
tion—desorption measurements were implemented at
—196 °C using an accelerated surface area and porosimetry
system (3H-2000PS2 unit, Beishide Instrument S&T Co.
Ltd.). The specific surface area was calculated over a rel-
ative pressure range of 0.05-0.30 from the multipoint
Brunauer—Emmett—Teller (BET) method. The nitrogen
adsorption volume at the relative pressure (P/Py) of 0.99
was used to determine the pore volume. The pore diameter
distributions were calculated from the data of the adsorp-
tion branch of the isotherm using the Barrett—Joyner—
Halenda (BJH) method.

2.6 Adsorption tests for various organic liquids

The adsorption tests were conducted by dipping the MTCS-
treated NFC aerogels into various organic liquids for
1 min. The sample weight was measured before and after
the tests. The adsorption property was characterized by
adsorption efficiency, which was calculated by dividing the
wet weight of the sample after the adsorption tests by the
initial weight.

2.7 Cyclic adsorption tests

We firstly put the MTCS-treated NFC aerogels (ca. 0.05 g)
into a thin and lightweight nonwoven cloth bag
(6 cm x 8 cm, 0.25-0.35 g). Then the bag was sealed and
dipped into methylbenzene (or ethyl alcohol) for 1 min.
The adsorbed methylbenzene (or ethyl alcohol) was sepa-
rated from the adsorbent by squeezing—vacuum drying (or
air drying). The adsorption—desorption process was repe-
ated five times. The weight of the bag was measured before
and after each period.

3 Results and discussion
3.1 Morphology observation and elemental analysis

The SEM images of the reed, purified cellulose, and NFC
aerogels are presented in Fig. la—c. As shown in Fig. 1a,
the microstructure of reed outer epidermis is provided, and
a plenty of pits can be clearly seen. Besides, according to
the EDX analysis (Fig. 1d), the elements including C, O,
Si, Cl, K and Na were detected for the reed, and the cor-
responding proportions are 54.64, 25.33, 17.49, 0.91, 0.88,
and 0.75 wt%, respectively. The Au element is originated
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Fig. 1 a—c SEM images of the reed, purified cellulose, and NFC aerogels, respectively. Inset of (c¢) is the corresponding enlarged image.
d—f present the EDX spectra of the reed, purified cellulose, and NFC aerogels, respectively

from the coating layer used for electric conduction during
the SEM observation. Through the removal of non-cellu-
losic substances (such as waxes, pectin, hemicellulose, and
lignin) by the purification, it can be seen that the
macrofibrils composed of a bundle of microfibrils are dis-
integrated [33], and the numerous microfibrils were suc-
cessfully isolated (Fig. 1b). In addition, from the EDX
spectrum in Fig. le, there are only three elements here (i.e.,
C, O and Si), which indicates that the most mineral sub-
stances had been removed by the chemical purification.
As mentioned above, cellulose microfibrils are com-
posed of numerous tightly connected cellulose nanofibrils
which are hard to be split. Ultrasonication can provide
local hot spots with high temperature and pressure as well
as rapid heating/cooling rate, which can effectively destroy
the intermolecular hydrogen bonding between the linear
polymers. Although ultrasonication is a powerful tool to
isolate cellulose nanofibrils, ultrasonication causes cellu-
lose degradation. Sonication of cellulose in aqueous sus-
pension leads to the depolymerization of cellulose. It is
found that changes in the molecular structure of cellulose
are attributed to the hydrolysis (chain cleavage) [11].
Figure 1c shows the morphology of NFC aerogels formed
by the self-assemble of abundant NFCs. The cross-linked
3D network can be identified. Moreover, the inset of
Fig. 1c confirms that the nanoscale NFCs were success-
fully separated. We drew the frequency distribution his-
togram of NFCs diameters (see Fig. S1 in the Supporting
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Information), and the plot exhibits a Gaussian-like distri-
bution. The diameter of NFCs ranges from 10 to 37 nm,
similar to that of some previously reported cellulose
nanofibers obtained by ultrasonic method in literatures [34]
(1040 nm), [35] (30-100 nm), and [36] (2-50 nm). In
addition, it can be found that the NFCs in our paper have
narrower diameter distribution. Moreover, the average size
(d) and standard deviation (o) were calculated as 22.67 and
5.79 nm, respectively.

3.2 Chemical composition, crystal structure,
and thermal stability

FTIR was carried out to clarify the differences in chemical
compositions. The FTIR spectra of reed, purified cellulose,
and NFC aerogels are presented in Fig. 2, and their main
signals are illustrated in Table 1. For the reed, the
absorption at 3329 cm™' is attributed to the O-H stretch-
ing, and the bands at 2917 and 2850 cm ™! are attributed to
C-H asymmetric and symmetric stretching vibrations [37],
respectively. The bands at 1421, 1369, 1315, and
1234 cm™! originate from CH, scissoring, C—H stretch in
CHj;, CH, rocking vibration, and C—O-C stretching. The
C-0O-C pyranose ring skeletal vibration gives a prominent
band at 1029 cm™'. A small sharp peak at 891 em™! cor-
responds to the glycosidic C;—H deformation with ring
vibration contribution, which is characteristic of f-glyco-
sidic linkages between glucose in cellulose [38]. The band
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Fig. 2 FTIR spectra of the reed, purified cellulose, and NFC
aerogels, respectively

at 803 cm ™' is due to pyran vibration. Compared with the
spectrum of the reed, there are small differences in the
spectra of purified cellulose and NFC aerogels. The peak at
1507 cm™" attributed to aromatic skeletal vibrations of
lignin [39] disappears completely after chemical purifica-
tion. The outstanding peak at 1735 cm™"' also disappears,
which is derived from either the acetyl and uronic ester
groups of the hemicellulose or the ester linkage of the
carboxylic groups of the ferulic and p-coumaric acids of
lignin and/or hemicellulose [40]. Therefore, these results
suggest that hemicellulose and lignin were effectively
removed by the chemical purification. In addition, com-
paring the purified cellulose and the NFC aerogels, there is
no remarkable difference in some bands (typically at 1421
and 897 cmfl) sensitive to crystal form [41], which reveals
that the ultrasonication did not change the cellulose crystal
form.

Reed

Purified cellulose

Intensity/a.u.

NFC aerogels

5 10 15 20 25 30 35 40
2 Theta/degree

Fig. 3 X-ray diffraction patterns of the reed, purified cellulose, and
NFC aerogels, respectively

For further investigating the changes in crystal structure,
the XRD patterns of the reed, purified cellulose, and NFC
aerogels are compared. In Fig. 3, we can see that all
samples exhibit a sharp peak at around 22.3° from the
(002) plane and a broad peak at around 16.5° due to the
mixture of peaks from (101) and (101), corresponding to
typical cellulose I crystal structure with parallel up
arrangement of cellulose chains [42]. It indicates that the
chemical purification and ultrasonication did not change
the crystal form of cellulose. However, these treatments
significantly affect the peak intensity, suggesting the
probable variations in crystallinity. The crystallinity index
(Crl) was calculated as the ratio of the area arising from the
crystalline phase to the total area, and the fitting of XRD
patterns is provided in Figure S2 (see Supporting Infor-
mation). Compared to the reed, the crystallinity index of
the purified cellulose increases by 8.81 % (from 58.61 to

Table 1 Frequencies (cm™") of

. —1
the main signals of the reed, Absorption band (cm™")

Assignment

purified cellulose, and NFC 3329

aerogels, respectively 2917-2850

1735
1507
1421
1369
1315
1234
1108
1029
891

803

Valence vibration of hydrogen bonded OH-groups
CH, valence vibration

C=0 valence vibration of acetyl or COOH-groups
Aromatic skeletal vibrations;

CH, scissoring

C-H stretch in CHj

CH, rocking vibration

C-0O-C stretching

Ring asymmetric valence vibration

C-O-C pyranose ring skeletal vibration

Anomer C-groups, C;—H deformation, ring valence vibration
Pyran vibration
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Fig. 4 a TGA and b DTG curves of the reed, purified cellulose, and NFC aerogels, respectively

67.42 %), due to the removal of hemicellulose and lignin
which exist in the amorphous substances. Nevertheless, the
crystallinity index of NFC aerogels (62.88 %) was 4.54 %
lower than that of the cellulose. Li et al. [12] attributed the
decrease in crystallinity index to the non-selective effect of
ultrasonication, meaning that it can remove both amor-
phous and crystalline cellulose.

The thermal stability of the reed, purified cellulose, and
NFC aerogels was studied by TGA and derivative ther-
mogravimetry (DTG) in Fig. 4. The reed shows two main
exothermic peaks. The former (200-310 °C) is mainly
associated with the hemicellulose decomposition, which
exhibits a pronounced shoulder [43]. The latter
(310400 °C) is principally assigned to cellulose degra-
dation [44]. Owing to the wide decomposition temperature
and slow decomposition rate of lignin, no characteristic
peak related to lignin can be seen in the whole pyrolysis
process [45]. In addition, it is worth to mention that cel-
lulose decomposition is expressed by two competitive
degradation reactions, one ascribed to the formation of tars
(mainly levoglucosan) and char, the other to the light gases
[46]. The formation of levoglucosan from cellulose
pyrolysis has been proposed as the cleavage of the 1,
4-glycosidic linkage in the cellulose polymer followed by
intramolecular rearrangement of the monomer units [47].
Recent literatures [48] confirm that the thermal decompo-
sition of levoglucosan is extended over a wider temperature
range (200-800 °C) according to the interaction of hemi-
cellulose or lignin upon the pyrolysis of cellulose. Com-
paring the reed and the purified cellulose, it is not hard to
see that the purified cellulose displays more superior
thermal stability. The strongest peak of the cellulose is
located at 361.7 and 15.3 °C higher than that of the reed
(346.4 °C). The removal of amorphous substances con-
tributes to this improvement. In addition, the fast heating
rate and the different thermal conductivity of substances
extracted from the reed possibly create a more remarkable
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heat transfer problem between the sample and the instru-
ment [49], as compared to the purified cellulose. Thus, the
maximum degradation rate of the reed might shift to a
higher temperature. In contrast, the NFC aerogels have a
poorer thermal stability, whose strongest peak is centered
at 337.9 °C much lower than the others. It is well-known
that crystallinity plays an important role in thermal prop-
erties of cellulose products [50]. Therefore, this decline can
be explained by the damage of crystal structure by the
ultrasonication.

3.3 Hydrophobic modification and adsorption
property

After a series of treatments including chemical purification,
ultrasonication, and freeze drying, we can obtain the
ultralight NFC aerogels with an ultra-low bulk density of
4.9 mg cm . Table 2 summarizes some lightweight cel-
lulose aerogels. The density of the NFC aerogels reported
in this paper is much higher than that reported by Chen
et al. (0.2 mg cm ™) [51], but comparable to or slightly
lower than others [19, 20, 52-55]. Nowadays, lightweight
materials have attracted great interests from numerous
advanced areas, especially for adsorbing materials. Herein,
as an example of potential application, the NFC aerogels
were adopted as adsorbents to adsorb various organic sol-
vents and waste oil. Prior to the adsorption, the aerogels
were subjected to a facile hydrophobic modification by
MTCS for enhancing the interfacial compatibility between
hydrophilic cellulose and hydrophobic organic liquids. The
hydrophobicity was evaluated by the contact angle mea-
surement. It is obvious that the MTCS-treated aerogels
have good hydrophobic property for various liquids
(Fig. 5a), from up to down, including Coca-Cola, methyl
orange, indigo carmine, rhodamine b, and milk. Figure 5b
presents the corresponding images of contact angle tests.
The untreated NFC aerogels show strong hydrophilicity,
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Table 2 Bulk density of some lightweight cellulose aerogels

Materials Feedstock Method Bulk density (mg/cm?) Reference
NEFC aerogels Dissolving pulp Freeze drying 7-30 [52]
NFC aerogels Hardwood Freeze drying 9.8 [53]
NFC aerogels Cellulose fibers Supercritical drying 10-60 [54]
NEFC aerogels Wood pulp Freeze drying 14-105 [20]
Bacterial cellulose aerogels Gluconacetobacter xylinum Supercritical drying 8 [55]
Cellulose I nanofibers aerogels Softwood cellulose pulp Freeze drying 20 [19]
Cellulose I nanofibers aerogels Wood fibers Freeze drying 0.2 [51]
NEFC aerogels Reed Freeze drying 5 This work
a b H,0 Coca-Cola  Methyl orange

(]

NFC aerogels

MTCS-treated NFC aerogels

Transmittance / a.u.
1273

-1
Wavenumber / cm

4000 3500 3000 2500 2000 1500 1000 500

Treated

cl

Fig. 5 a Liquid drops on the MTCS-treated NFC aerogels surface. b Contact angle measurements and ¢ FTIR spectra of the untreated and
MTCS-treated NFC aerogels. d Possible reaction mechanism between cellulose and MTCS

and cannot support water drop on the surface. After treated
with MTCS, the aerogels acquired a high hydrophobicity
and the contact angle values reach up to 151-155° for these
liquids. The FTIR spectrum in Fig. 5c further confirms the
formation of hydrophobicity for the treated aerogels. The
two new strong peaks at around 1273 and 776 cm ™' are

attributed to the stretching vibrations of the Si—C bonds and
the —CH; deformation vibrations [56]. Moreover, the pos-
sible reaction mechanism between the cellulose and the
reagent is given in Fig. 5c.

N, adsorption—desorption isotherms can provide much
useful information about the pore structures of the MTCS-
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Fig. 6 a N, adsorption—desorption isotherms and b pore size distribution of the MTCS-treated NFC aerogels

treated NFC aerogels. As shown in Fig. 6a, the aerogels
display an IV-type adsorption isotherm according to the
IUPAC classification and the obvious hysteresis loop
between the adsorption and desorption isotherms was
originated from capillary condensation. Moreover, the pore
size distribution shown in Fig. 6b exhibits that the pore
sizes are within the scope of 1-106 nm, indicating the
existence of micropores (<2 nm), mesopores (2—-50 nm)
and macropores (>50 nm). BET and BJH analyses give
specific surface area and pore volume of 55.2 m* g~ and
0.18 m® g~ for the aerogels. The value of specific surface
area is much lower than that reported by Sehaqui et al. [20]
(249 m* g~ "), but comparable to or even slightly higher
than that in literatures [19] (66 m” gfl), [21] (42 m? gfl),
[53] (18.4 m? g_l), and [52] (15 m? g_l). Moreover, the
aerogels have a very high porosity, ca. 99.7 %, where the
porosity @ is defined as @ = 1—(p/p,), where p and p;
(15¢g cm > ) [21] are the bulk densities of the aerogel and
the crystalline cellulose, respectively.

The wastewater of industry includes various organic
pollutants like acetone, benzene, ethyl acetate, oleic acid,
toluene and trichloromethane, and waste oil. It is mean-
ingful to investigate the adsorption property of the MTCS-
treated NFC aerogels for these organic pollutants. The
adsorption results in Fig. 7 show that the adsorption effi-
ciency of the MTCS-treated aerogels reaches up to
53-93 g g~ !. The adsorption efficiency for methylbenzene
was taken as an example to make a comparison with other
cellulose-based adsorbents reported elsewhere. The
methylbenzene adsorption efficiency of the aerogels (ca.
92 g g~') in this work is slightly higher than that of the
silylated nanocellulose sponges (ca. 62 g g~ ') [57] and the
cellulose nanofibrils aerogels modified by styrene/acrylic
monomers (ca. 30 g g~') [58]. Recently, Jiang and Hseih
[59] achieved greater adsorption efficiency of methylben-
zene (ca. 250 g g~') by vapor depositing triethoxyl
(octyl)silane onto cellulose nanofibrils aerogels.
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Fig. 7 Absorption efficiency of the MTCS-treated NFC aerogels for
various organic solvents and waste machine oil

Besides substantial adsorption efficiency, adsorption
recyclability is also of essential importance for ideal
adsorbing materials. Good adsorption recyclability is ben-
eficial to save costs, reduce energy consumption of
preparation, and reduce generation of garbage. Considering
some characteristics of the NFC aerogels adverse to the
cyclic adsorption (e.g., poor mechanical property and
strong shrinkage), the MTCS-treated NFC aerogels were
put into a thin and lightweight nonwoven cloth bag. The
bag was sealed and subjected to the cyclic adsorption tests.
In this way, we need not worry about the shrinkage,
operational and recycling problems. We adopted two
methods to recycle the adsorbent, i.e., squeezing—vacuum
drying for toxic expensive liquids and air drying for cheap
volatile and innoxious liquids. The adsorption—desorption
process was repeated five times. As shown in Fig. 8a, the
poisonous methylbenzene was used as an example of
squeezing—vacuum drying experiment. In the first cycle,
5.7 g of methylbenzene was adsorbed. But the mass of the
adsorbed methylbenzene decreased to 5.1 g in the second
cycle. From the second cycle onwards, the adsorption
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Fig. 8 Cyclic adsorption tests of the nonwoven cloth bag filled with the MTCS-treated NFC aerogels. a Squeezing—vacuum drying was used to
recycle the adsorbent for adsorption of methylbenzene. b Air drying was applied to recycle the adsorbent for adsorption of ethyl alcohol

efficiency became stable, i.e., the weight increment kept
constant (5.0-5.1 g). It can be seen that the adsorption
efficiency maintained 88 % of the initial adsorption effi-
ciency after the five cycles. As for the cyclic sorption—air
drying test, the drying process was conducted in the fume
hood at room temperature, and the next adsorption process
did not begin until the sample weight maintained constant.
It can be observed in Fig. 8b that the adsorbent still can
adsorb 4.4 g ethyl alcohol after the five cycles, which is
around 81 % of the first adsorption weight. Therefore, the
two simple methods can be applied for recycling the
adsorbent. Also, these results indicate that the adsorbent
(i.e., the bag filled with the aerogels) has favorable
adsorption recyclability.

4 Conclusions

We successfully used the waste natural reed to fabricate
ultralight NFC aerogels via chemical purification, ultra-
sonication, and freeze drying. The FTIR analysis indicates
the removal of non-cellulosic substances by the chemical
purification. The SEM observation confirms that the NFCs
with an average size of 22.67 nm were isolated. The XRD
analysis demonstrates that the purification and ultrasoni-
cation did not change the cellulose crystal form (cellulose
I). The NFC aerogels have a poorer thermal stability as a
result of the ultrasonication, as compared to that of the reed
and the purified cellulose. Through the hydrophobic mod-
ification by MTCS, the contact angles are as high as
151-155°. The adsorption efficiency of the hydrophobic
aerogels reaches up to 53-93 g g~' for various organic
solvents and waste machine oil. For eliminating the effects
of the poor mechanical property and strong shrinkage of
the aerogels, we put the aerogels into a nonwoven cloth
bag, and the bag was sealed and subjected to the cyclic
adsorption tests. The two simple methods (i.e., squeezing—

vacuum drying and air drying) can be applied for recycling
the adsorbent dependent on the type of pollutants. The
adsorbent can maintain more than 80 % of the initial
adsorption efficiency after the five cycles. In summary, this
work reports low-density superhydrophobic and high-per-
formance adsorbents and provides an example to recycle
waste bioresources and expands their high-value
applications.
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