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Nanocellulose-Graphene Oxide Hybrid Aerogel for Water
Purification
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Abstract: Using green renewable resources to address the depletion of non-renewable resources and the pollution of industrial wastewater
coincides with the sustainable development of human society. In this study, a hybrid aerogel is designed using nanocellulose and graphene
oxide and served as a purifier to remove methylene blue (MB), congo red (CR) and waste oil in wastewater. The nanocellulose with abundant
hydroxyl groups, a high aspect ratio ~500 and an average diameter of about 30 nm is uniformly distributed on the surface of graphene
oxide sheets having a side length of about 1~3 pm, resulting the hybrid aerogel have a porosity of up to 99%. When the mass ratio of
nanocellulose and graphene oxide is 8:2, the hybrid aerogel reaches the highest adsorption capacity of 265.6 mg/g and 21.5 mg/g for MB and
CR, respectively. After further hydrophobic treatment, the hybrid aerogel shows excellent oil adsorption capacity up to 25.6 g/g, which is
beneficial to oil/water separation. In a word, this strategy provides potential great-application of the nanocellulose in water purification.
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(Punzi et al., 2015; Piccin et al., 2013). Among these
methods, adsorption techniques is totally considered one
of the most effective approaches for sewage purification
owing to its easy operation, low cost, non-toxicity, and
large adsorption capacity (Hu et al., 2017; Mittal et al., 2010).

1 Introduction

With the development of industry, dyestuff wastewater
from factories (Dotto et al., 2013) and oil spills from sea
transportation (Yang et al., 2014; Zhu et al., 2011) have
seriously disturbed the balance of aquatic ecosystem and
threatened the human health. The dyes in the wastewater
are mostly composed of toxic organic materials, which

Recently, researchers have explored a variety of adsorption
materials, such as zeolite (Tsai et al., 2008), diatomite (Sun

could be decomposed by microorganisms via consuming
oxygen in the water. However, this could cause the death
of organisms due to lack of enough oxygen in the water
and thus destroys the ecological balance of the water body
(Nematollahzadeh et al., 2015; Nalan et al., 2015). While
the oil spills contain highly toxic aromatic hydrocarbons,
which could seriously damage human health due to their
enrichment in food cycle (Yim et al., 2012). In the past
few decades, many efforts have been devoted to developing
various solutions to water pollution, including precipitation
reduction (Kadam and Lee, 2015), chemical oxidation
(Rosales et al., 2011; Salem et al., 2000), adsorption,
membrane separation (Guo et al., 2016), biological treatment

et al., 2017), activated carbon, chitosan (Ngah et al., 2011),
sponge (Chen et al., 2018) and aerogel (Yang et al., 2016),
to achieve the separation of dyes/oils from water. Wan et
al. (Wan et al., 2017) reported the functional MoS,-coated
melamine-formaldehyde (MF/MoS,) sponges with over 90%
discoloration efficiency of removing methyl orange and
methylene blue from water. Khosravi et al. synthesized a
highly hydrophobic and highly oily polypyrrole/palmitic acid
(PPy/PA) sponge by simple vapor deposition, polypyrrole
polymerization and subsequent palmitic acid modification,
which presents easily removal of different types of oils from
sewage. However, these raw materials are non-renewable.
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Yogesh et al. prepared activated carbon with a specific
surface area of 180.5 m?/g by pyrolyzing rice husk under
ZnCly conditions, which could adsorb MB with capacity
of 9.83 mg/g. Namasivayam et al. studied activated carbon
extracted from coir pith and the resulted activated carbon was
able to adsorb CR with capacity of 6.7 mg/g. Albadarin et al.
explored the activation of lignin chitosan-extruded pellets by
extrusion and thermal activation, which exhibits the largest
adsorption of MB with capacity of 36.25 mg/g. Although
these raw materials are renewable, their adsorption capacity
were quite poor. Therefore, developing renewable and highly
adsorbent materials is very meaningful but challenging.

Nanocellulose, as a bright star in the nanomaterials, is
one of the most ideal candidates for preparation of aerogels
due to its high biocompatibility, renewability, abundance in
source materials, high mechanical strength and high specific
surface area (Zhuo et al., 2017; Zhuo et al., 2017; Zhu et
al., 2016; Leitch et al., 2016 Geng et al., 2017; Wei et al.,
2018; Dong et al., 2017). Graphene oxide regarded as the
most popular and promising carbon nanomaterial is highly
reported to explore the potential applications in water purifi-
cation due to its huge specific surface area, high mechanical
strength and easy functionality. Here, we design a hybrid
aerogel by combining nanocellulose extracted from Amorpha
fruticosa and graphene oxide for wastewater treatment via its
high specific surface area and high porosity (Figure 1). When
nanocellulose and graphene oxide are designed to form the
hybrid aerogel with the optimal mass ratio of 8:2, it exhibits
the highest adsorption of MB and CR from water with capac-
ity of 265.6 mg/g and 21.5 mg/g, respectively. And further
simple hydrophobization endows the hybrid aerogel with
functionality of oil-water separation. This work provides one
strategy for the sustainable nanocellulose potentially applied
in sewage purification.
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Figure 1. Schematic illustration to the fabrication of the hybrid aerogel and
its adsorption of dyes (MB and CR) and oil from sewage. (a) nanocellulose;
(b) graphene oxide; (c) the nanocellulose/graphene oxide hybrid aerogel; (d)
separation of dyes and oil from water by adsorption of the hybrid aerogel.

2 Materials and Methods

2.1 Materials

Amorpha fruticosa, abtained from the suburb of Tai’an city
in China, was crushed into 100-mesh powder for this ex-
periment. 300-mesh graphite powder was purchased from
Qingdao Hengli Graphite Co., Ltd. in China. Toluene, An-
hydrous Ethanol, Potassium Hydroxide, Glacial Acetic Acid
and Hydrogen Peroxide were all purchased from Tianjin
Kaitong Chemical Reagent Co., Ltd. in China. Sodium Chlo-
rite was provided by Shandong West Asia Chemical Industry
Co., Ltd. in China. Phosphorus Pentoxide, Sodium Nitrate,
Potassium Persulfate and Potassium Permanganate were pur-
chased from Sichuan West Asia Chemical Reagent Co., Ltd.
in China. Above all solvents were analytical reagent. Sul-
furic Acid (98%) and Hydrochloric Acid (37%) were re-
ceived from Jinan Daruiheng Chemical Co., Ltd. in China.
1H,1H,2H,2H-perfluorodecyltrimethoxysilane (17F) was ob-
tained from Shanghai Hanhong Chemical Co., Ltd. in China.
MB and CR were supplied by Tianjin Zhiyuan Chemical
Reagent Co., Ltd. in China. Deionized water was used in all
experiments.

2.2 Preparation Procedures
2.2.1 Preparation of Nanocellulose

The dried Amorpha fruticosa powder (100 mesh) was dis-
solved in phenylethyl-alcohol mixed solution at a volume ra-
tio of 2:1 to remove the extracts (tannin, pigment, etc.). Then
the extracted wood powder was treated by 1 wt% sodium
chlorite for 6 h (1 h for each time, repeated 6 times) under
acidic conditions (pH at 4~5) to remove lignin, followed by
5 wt% potassium hydroxide treatment for 2 h under heated
water condition (90°C) to remove hemicellulose. This pro-
cess was repeated twice to obtain purified cellulose. After
that, the purified cellulose fibers at concentration of 0.5 wt%
in deionized water was treated by a high-pressure homoge-
nizer (APV2000, SPX FLOW, Inc., Unna, Germany) for 20
times under conditions of the first valve of 600 bar and the
second valve of 100 bar, followed by ultrasonication treat-
ment in an ultrasonic generator (JY98-DN, Ningbo Xinzhi
Biological Technology Inc., China) at 1000 W for 20 min to
finally obtain the nanocellulose suspension.

2.2.2 Preparation of the Hybrid Aerogel

Firstly, graphene oxide was prepared via the modified Hum-
mers method (Xu et al., 2013). A certain amount of graphene
oxide was added into 0.5 wt% nanocellulose suspension (120
ml) to form a mixture with 11 kinds of mass ratio (nanocel-
lulose : graphene oxide, 10: 0,9 : 1,8 :2,7:3,6: 4,
5:54:6,3:7,2:8,1:9,0: 10), which was then
successively stirred at 14000 rpm for 10 min and sonicated
at 800 W for 10 min to obtain stable suspensions. Hereafter,
the 11 kinds of mixtures were underwent a freezing process
at -55°C for 6 h in a freeze-drying machine (SCIENTZ-12N,
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Ningbo Xinzhi Biological Technology Inc., China), followed
by a freeze-drying process at the same temperature for 48
h to obtain the final nanocellulose/graphene oxide hybrid
aerogels with 11 kinds of mass ratios.

2.3 Characterization and Performance
Testing

2.3.1 Characterization

Micromorphology of nanocellulose, graphene oxide and the
nanocellulose/graphene oxide mixture were observed us-
ing scanning electron microscopy (FE-SEM, JEM-6610LYV,
JEOL USA Inc., Peabody, Massachusetts) and transmission
electron microscopy (TEM, JEM-1400, JEOL USA Inc.,
Peabody, Massachusetts). Their chemical compositions were
analyzed by X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Scientific Inc.,USA), X-ray diffractometer
(XRD, D/max 2200, Rigaku Corporation), Fourier transform
infrared spectrometer (FTIR, Thermo Nicolet Inc., USA),
and Raman spectrometer (LabRAM HR800, Horiba jobin
yvon Inc., France). The Bonding energies of XPS are refer-
enced to the Cls neutral carbon peak at 284.8 eV. The XRD
test parameters are as follows: the ray wavelength is 0.154
nm, and the scanning angle ranges from 5° to 60°, and the
scanning speed is 4°/min, and the step length is 0.02°, and
the tube voltage is 40 kV, and the tube current is 30 mA. The
data of FTIR and Raman spectrum are recorded in the range
of 400-4000 cm—! at a resolution of 4 cm—?!. In addition, the
excitation wavelength of 532 nm is generated by an Ar-ion
laser.

2.3.2 Evaluation of Density and Porosity of the Hybrid
Aerogels

The apparent density of the hybrid aerogel is calculated ac-
cording to the following formula:
m

P=v ey

Where p is the density of the hybrid aerogel, m is the weight
of the hybrid aerogel, and v is the volume of the hybrid
aerogel.

The calculation formula of the porosity of the hybrid aerogel
is as follows:

n (10—n)
Pa Pb

Where P is the porosity of the hybrid aerogel, p is the
density of the hybrid aerogel, p,, pp is the density of nanocel-
lulose and graphene oxide, respectively; and 7 is the fraction
of nanocellulose accounting for the hybrid aerogel.

2.3.3 Adsorption Capacity of the Hybrid Aerogel for
Oils and Dyes

(1) The hybrid aerogel was further treated with 17F vapor
to possess hydrophobicity. The hydrophobic hybrid aerogel

was placed in a pump oil, which was floated on water surface.
After adequate adsorption, the hybrid aerogel was removed
and the oil adsorption capacity of the hybrid aerogel, ¢ (g/g),
was calculated as follows:
c—= T~ Mo 3)
mo
where c is the adsorption capacity, mg and m; is the weight
of the hybrid aerogel before and after absorption, respectively.
(2) The MB and CR standard solution was set to concentra-
tion (C) of 1, 2, 4, 6, 8, 10 mg/mL, respectively, and the
corresponding absorbance (Abs) was obtained at wavelength
of 664 nm and 500 nm, respectively. The concentration-
absorbance standard curve of MB (a) and CR (b) was plotted
separately. The linear regression equation was as follows:

Abs = 0.1086 x (C) +0.003 R?=0.9997 (a)
Abs = 0.0118 x (C) + 0.0006 R* = 0.9996 (b)
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Figure 2. (a) the concentration-absorbance standard curve of MB; (b) the
concentration-absorbance standard curve of CR

Firstly, the hybrid aerogel was immersed in 300 mL MB
solution (concentration of 10 mg/L) or CR solution (con-
centration of 10 mg/L), while another equal mass of hybrid
aerogel was placed in 50 mL distilled water as control. Then,
a beaker containing the hybrid aerogel and the above solution
was placed on a cyclotron (120 r/min) and shaken for 24 h
at room temperature, after that the hybrid aerogel was not
taken out until the adsorption equilibrium was reached. The
MB or CR solution was centrifuged to obtain a supernatant.
The concentration of the MB or CR solution was determined
by a UV-Vis spectrophotometer (722N.S, Shanghai Youke
instrument Inc., China) at 664 nm or 540 nm. The adsorption
value (Q) of the hybrid aerogel for MB/CR was calculated as
follows:

(co — ce)v

@= 1000 x m @
Where Q (mg/g) indicates the adsorbed value of 1g hybrid
aerogel for MB or CR when the adsorption reaches equilib-
rium. c¢g and ¢, was the initial concentration of the MB or CR
solution and the equilibrium concentration of the MB or CR
solution, respectively. v and m was the volume of the MB or
CR solution and the mass of the hybrid aerogel, respectively.

3 Results and Discussion

The nanocellulose suspension presents stable state, indicat-
ing that the nanocellulose well dispersed in water (Figure
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Figure 3. Microscopic characterization of nanocellulose, graphene oxide,
nanocellulose/graphene oxide mixture. (a) digital photo of nanocellulose
suspension; (b) TEM image of nanocellulose and statistic analysis of the di-
ameter of nanocellulose (inset); (c) SEM image of nanocellulose; (d) digital
photo of graphene oxide suspension; (¢) TEM image of graphene oxide; (f)
SEM image of graphene oxide; (g) digital photo of nanocellulose/graphene
oxide mixture; (h) SEM image of nanocellulose/graphene oxide; (i) is the
magnified SEM image of (h).

3a). The TEM image shows fine and uniform structure of
nanocellulose with average diameter of ~30 nm and length
of over ten micrometers (Figure 3b and inset), indicating the
nanocellulose possessing high aspect ratios of ~500. The
SEM image (Figure 3c) shows the nanocelluloses in uniform
filament state and intertwine with each other, forming a three-
dimensional network structure, which might be beneficial to
form high porous aerogel to remove pollutants from water.
GO dispersed in deionized water presents brown color (Fig-
ure 3d). TEM image shows that the graphene oxide presents
transparent thin sheet with side length of 1~3 mm, indicating
large specific surface (Figure 3e). The SEM image shows
GO sheet with similar microstructure, further proving the
large specific surface of the derived GO (Figure 3f). The
nanocellulose/graphene oxide mixture presents pale yellow
without any delamination and precipitation, suggestting that
nanocellulose and graphene oxide forms stable mixture (Fig-
ure 3g). SEM images shows that the nanocellulose filaments
are tightly attached onto the graphene oxide lamellae (Figure
3h, 1), which benefits to the further preparation of the hybrid
aerogel.

After the freeze-drying process, the nanocellulose/-
graphene oxide mixture forms the hybrid aerogel.
Theoretically, the aerogel has a highly porous structure
due to the water removal via the direct sublimation process
(Figure 4a). Figure 4d describes and proves the porous
structure of the aerogel. Figure 4b presents that the hybrid
aerogel in dark brown color could well stand on a green
leaf, suggesting quite lower density. Figure 4c and 4e
proves the ultralight feature and quite lower density of the
hybrid aerogel, respectively. The hybrid aerogel achieves
an ultralight density of ~2.151 mg/cm?®, which is about 14
times lower than the density of the polyurethane sponge
reported in the literature (Figure 4c). Additionly, the aerogel
presents porosity over 99.88%, which is also higher than that
of the polyurethane sponge (Figure 4¢) (Zhou et al., 2013).
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Figure 4. Density/porosity analysis of the hybrid aerogel and the chemical
characterization of nanocellulose, graphene oxide and the hybrid aerogel.
(a) Diagram illustration of the hybrid aerogel; (b) digital photo of the hybrid
aerogel; (c) density comparison of the hybrid aerogel and polyurethane (PU)
sponge; (d) SEM image of the hybrid aerogel; (e) porosity comparison of the
hybrid aerogel and PU sponge; (f) XPS spectra of nanocellulose, graphene
oxide, and the hybrid aerogel; (g) XRD curves of nanocellulose, graphene
oxide, and the hybrid aerogel; (h) FTIR spectra of nanocellulose, graphene
oxide, and the hybrid aerogel; (i) Raman spectra of nanocellulose, graphene
oxide, and the hybrid aerogel.

In order to further understand the bonding mode of
nanocellulose and graphene oxide in the hybrid aerogel,
XPS, XRD, FTIR, and Raman spectroscopy were utilized
to investigate their chemical composition information.
Figure 4f shows that the hybrid aerogel consists of C and
O element with weight percentage of 65.01% and 34.99%,
respectively. With the addition of graphene oxide, the
content of O elements in the aerogel increases from 28.74
wt% of pure cellulose to 34.99 wt% of hybrid aerogel,
which means the hybridization of graphene oxide and
nanocellulose. Figure 4g describes that the nanocellulose
has traditional diffraction peaks at 260= 16.2° and 26= 22.6°,
corresponding to the plane of (110) and (200), respectively,
which suggests that the nanocellulose still retained the
crystal I structure during mechanical treatment. Graphene
oxide shows obvious diffraction peak at 26= 10.1°, while the
hybrid aerogel contains each the characteristic diffraction
peak of nanocellulose or graphene oxide, suggesting mainly
physical interaction without obvious chemical interaction
between nanocellulose and graphene oxide. Figure 4h
presents that the characteristic peaks of the hybrid aerogel
were the overlap of the characteristic peaks of nanocellulose
and graphene oxide, including the stretching vibration
peak at 2890 cm~! (C-H) and 3326 cm~'(O-H) in the
nanocellulose, and stretching vibration peak at 1782 cm™!
and 1705 cm~1(C=0) in the graphene oxide. This proved
that the nanocellulose and graphene oxide were physically
combined in the hybrid aerogel. The results presented
in Raman spectroscopy are consistent with that in FTIR
spectrum. Figure 4i proves that two distinct characteristic
peaks (the D band at 1350 cm~! and the G band at 1600
cm™ 1) of graphene oxide and the hydroxyl absorption peak
of the nanocellulose were the same as those exhibited in
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hybrid aerogel, suggesting physical interaction between the
two nanomaterials.
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Figure 5. Density/porosity and adsorption properties of the hybrid aerogels
with different mass ratios. (a) density/porosity of hybrid aerogels with
different mass ratios; (b) digital photo of adsorption of MB by the hybrid
aerogel; (c) adsorption capacity of hybrid aerogels with different mass ratios
for MB; (d) digital photo of adsorption of CR by the hybrid aerogel; (e)
adsorption capacity of hybrid aerogels with different mass ratios for CR; (f)
oil-water separation capacity of the hybrid aerogel.

To determine the optimum ratio of nanocellulose and
graphene oxide, 11 different mass ratios of the hybrid aero-
gels were designed and examined by comparing their adsorp-
tion capacity for MB and CR. As we all know, the higher the
porosity and the larger the specific surface area of the hybrid
aerogel, the stronger the adsorption capacity for dyes and oils
in the sewage. Actually, the porosity of the hybrid aerogel
provides extremely large volume for the entrance of liquids
and the specific surface area provides more physical interac-
tion between liquids like dye molecules or lipid molecules
and the cell wall of the hybrid aerogel via their active contact
sites. Figure 5a shows that all the hybrid aerogels with differ-
ent mass ratios have lower density of less than 2.7 mg/cm~3
and higher porosity of up to 99.8%, which is beneficial to the
purification of sewage by the hybrid aerogel. The adsorption
capacity of the hybrid aerogel was evaluated by extracting
MB/CR liquid through a 4 cm-diameter hybrid aerogel in a
self-made filtration device. The blue MB solution became
colorless when infiltrating through the hybrid aerogel (Fig-
ure 5b). The hybrid aerogels with 11 mass ratios presented
different adsorption capacity for MB. Among them, when
the mass ratio of nanocellulose and graphene oxide was 7:3,
the hybrid aerogel achieves the highest adsorption capacity
of up to 265.6 mg/g for MB (Figure 5c). Excitingly, the hy-
brid aerogel also presents adsorption behavior for CR (from
original red color to colorless) (Figure 5d). It is found that
the hybrid aerogel obtains the largest adsorption capacity
of 21.5 mg/g for CR when the mass ratio of nanocellulose
and graphene oxide was 8:2 (Figure 5e). Considering the
comprehensive adsorption effect of the hybrid aerogel on MB
and CR, we finally determines 8:2 as the optimal mass ratio
of nanocellulose and graphene oxide for water purification.
More interestingly, the hybrid aerogel after hydrophobization

exhibits excellent pump oil adsorption capacity, up to 25.6
times weight of the original hybrid aerogel (Figure 5f), which
is higher than that of the oil adsorption material reported in
the literature (Zhou et al., 2013; Phanthong et al., 2018; Lin
et al., 2015).

4 Conclusion

In this work, we successfully design and prepare a hybrid
aerogel with ultralight density (2.151 mg/cm~3) and super-
high porosity (99.8%) using nanocellulose and graphene
oxide via a simple freeze-drying process. Chemical analysis
show that the nanocellulose and graphene oxide are physi-
cally combined in the hybrid aerogel, which could exert the
advantages of both high aspect ratio and high specific sur-
face area of nanocellulose and graphene oxide. The hybrid
aerogel presents excellent adsorption behavior on separation
of dyes and waste oils from wastewater. When the mass
ratio of nanocellulose and graphene oxide is 7:3, the hybrid
aerogel shows the highest adsorption capacity of up to 265.6
mg/g for MB. And when the mass ratio of nanocellulose
and graphene oxide reaches 8:2, the hybrid aerogel exhibits
the highest adsorption capacity of 21.5 mg/g towards CR.
Additionly, the hydrophobic hybrid aerogel presents higher
oil adsorption capacity of up to 25.6 times its own weight.
Such hybrid aerogel could be regarded as one of the most
promising adsorption materials for sewage purification.
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