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Heavy metal pollution is one of the most serious environmental problems,
posing threats to human health. Here, we developed a magnetic hybrid aerogel
8 January 2019 by integrating nanocellulose and ferroferric oxide (Fe;O,) nanoparticles for

effectively adsorbing heavy metal ions from water and realizing controllable
© Springer Science+Business recovery under magnetic condition. The magnetic behavior and adsorbing
Media, LLC, part of Springer capacity of the hybrid aerogel on removal of heavy metal chromium (Cr)(VI) ion
Nature 2019 were examined. Results show that the ferroferric oxide nanoparticles physically
adsorb the nanocellulose, each of which retains the original composition and
structural characteristics. The magnetic hybrid aerogel possesses good ferro-
magnetic property with saturation magnetization value of 53.69 emu/g,
enabling effective and controllable recovery of the aerogel under magnetic
condition The adsorption efficiency of the hybrid aerogel on the Cr(VI) ion
reaches the highest value of 2.2 mg/g when the mass ratio of the nanocellulose
to ferroferric oxide nanoparticle is 1:1. Additionally, the hybrid aerogel presents
similar adsorption behavior on plumbum (Pb)(II) and copper (Cu){II) ions,
suggesting extended applications of the hybrid aerogel on removal of heavy
metal ions. Such strategy could provide new applications for the abundant
nanocellulose resources and could be extended to integrate nanocellulose with
other functional nanomaterials into novel hybrid aerogel for water purification.
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Introduction

Water pollution poses a great threat to human sur-
vival, which has driven greatest attentions from all
the countries [1, 2]. It is normally originated from the
chemical industries, agricultural pollution source, oil
spill and household wastes, which mainly consist of
organic chemicals (like dyes and detergents), oil,
fertilizer and pesticide, inorganic chemicals and
heavy metal ions [3-6]. Among them, the heavy metal
pollution is recognized as the most serious harm due
to its undegradability and enrichment in water [7].
The heavy metal ions typically include hydrargyrum
(Hg)(D), chromium (Cr)(VI), plumbum (Pb)(II), cop-
per (Cu)D), stannum (Sn)(II) and so on. Many
researches have been reported to address the big
problem of water pollution caused by heavy metal
ions, including chemical precipitation, physical
adsorption, ion exchange and biological treatment
[8-10]. Therein, the adsorption way is the most
popular one due to its easy process and environ-
mental friendliness, which realizes its function via
the strong adsorption behavior of porous materials
with tremendous pores in micro-/nanoscale [11-14].
Consequently, active carbon, especially aerogels as
key objects, is typically explored to remove heavy
metal ions via their huge adsorption capacity [15-17].
However, the most explored aerogels are derived
from materials, like nanosilica, graphene oxide,
polydimethylsiloxane foam and active carbon, which
are non-renewable, non-degradable and costly
[18-20]. Therefore, developing green and environ-
ment-friendly aerogels from renewable materials
instead of non-renewable materials to overcome the
above big challenges is desirable and interesting.
Cellulose is the most widely distributed biopoly-
mer in nature, whose annual output on earth is up to
75 billion tons [21, 22]. It is mainly originated from
biomass plants like trees, straws and vines [23].
Nanocellulose with mean diameter in nanoscale and
length in microscale can be isolated from the above
natural biomass materials by mechanical, chemical
and/or biological methods [24-28]. The nanoscale
biopolymer possesses large specific surface area, high
aspect ratio, excellent mechanical properties and
abundant hydroxyl groups, positioning an ideal
building block for aerogels with density lower than
air, compression ratio higher than 99% and various
functionalities [29-31]. Zhu et al. [32] designed a
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nanocellulose-based hybrid aerogel with nanocellu-
lose as framework that effectively removed heavy
metal ion [Cr(VD)] and benzotriazole from water.
Geng et al. [33] developed a 3-mercaptopropyl-
trimethoxysilane-modified nanocellulose aerogel
which effectively removed Hg(Il) from water with
efficiency of 85 mg L™". Yao et al. [34] prepared a
nanocellulose aerogel decorated with aldehyde
group, which being applied as mesoporous sorbent to
remove Pb(Il) and Cu(l) from aqueous solution,
along with capacity of 0.75 mmolg™' and
0.58 mmol g~ !, respectively. Despite their effective
removal of the heavy metal ions from water, they
could not realize recovery under controlled condi-
tions which is necessary and important for practical
applications. In particular, the studies on the con-
trollable recovery of nanocellulose-based aerogel are
rarely reported [35-37]. Thus, developing recyclable
nanocellulose-based aerogel under controlled condi-
tion toward water purification is interesting but
challenging.

In this context, we build a nanocellulose-based
hybrid aerogel to remove heavy metal ions from
water under magnetic condition. Nanocellulose
extracted from shrub plant and nano-Fe;O, particles
are employed to design the recyclable aerogel for
demonstration. The resulted hybrid aerogel realizes
maximum removal of Cr(VI) ion with adsorption rate
of 2.2 mg/g and effective recovery under magnetic
condition, suggesting effective adsorption behavior
and controllable recyclability of the designed aerogel.
In addition, the hybrid aerogel also presents
adsorption features on removal of Pb(Il) and Cu(Il)
ions. Such strategy could provide new applications
for the abundant nanocellulose resources.

Materials and methods
Materials

Amorpha fruticosa was obtained from the suburb of
Tai’an city in China, and the limb was crushed into
100-mesh powder by a plant crusher. Nano-Fe;O,
with diameter of ~ 20 nm was purchased from
Shanghai McLean Co., Ltd (Shanghai, China). Ben-
zene, anhydrous ethanol, glacial acetic acid, sodium
acetate, ammonia, potassium oxide, potassium chro-
mate, phosphoric acid, sulfuric acid and anhydrous
copper sulfate were purchased from Tianjin Kay
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Tong Chemical Reagent Co., Ltd. (Tianjin, China).
Sodium chlorite, diphenylcarbazide, xylenol orange,
sodium diethyldithiocarbamate and lead nitrate were
obtained from Shandong West Asia Chemical
Industry Co., Ltd. (Linyi, China).

Methods

Preparation of nanocellulose

The dried A. fruticosa wood powder (2.5 g, 100-mesh
screening) was extracted using Soxhlet extractor
along with benzene—ethanol solution at a volume
ratio of 2:1 for 6 h. The lignin was then removed
using sodium chlorite under acidic condition (pH 4 to
5, adjusted by glacial acetic acid) for 6 h (1 h each
cycle, repeated 6 cycles). And the hemicellulose was
subsequently removed by twice treatments of potas-
sium hydroxide (2 h for each treatment). Finally, the
water suspension of the purified cellulose with a
mass concentration of 0.3 wt% was treated to obtain
nanocellulose suspension via processes of 600-bar
treatment of high-pressure homogenization for
20 min, followed by 800 W ultrasonic treatment for
20 min, which could be stably suspended for more
than 1 month.

Preparation of nanocellulose-Fe3Oy4 hybrid aerogel

First, A. fruticosa Linn. as a typical shrub plant is
employed to extract nanocellulose (Fig. 1a), which is

(a)

Figure 1 Schematic illustration of the hybrid aerogel derived
from the shrub plant and its adsorption behavior on removal of
heavy metal ions from sewage under controlled condition.
a Nanocellulose obtained from the shrub plant, Amorpha
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further designed to integrate nano-Fe;O, particles
into the mixed solution. Then, the mixture was stir-
red at 300 rpm for 10 min, followed by an ultrasonic
treatment under 500 Hz for 2 h. Finally, the mixture
was freeze-dried under conditions of — 55 °C and
1 Pa to obtain the nanocellulose-Fe;O4 hybrid aerogel
(Fig. 1b). It contains a hierarchical porous structure
with a great many pores in micro-/nanoscale, which
theoretically features huge adsorption capacity. Such
structural design for the aerogel is expected to
remove heavy metal ions from waste water and to
realize controllable recovery under magnetic condi-
tion (Fig. 1c). The hybrid aerogels with 15 kinds of
mass ratio were explored. The employed mass ratios
of nanocellulose and nano-Fe;O, particles include 0:1,
14, 1:3,1:2, 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1,
1:0.

Microscopic characterization

The microstructures of nanocellulose and the
nanocellulose-Fe;O, hybrid aerogel were observed by
scanning electron microscopy (FE-SEM, JSM-6610LV,
JEOL USA Inc., Peabody, Massachusetts) and trans-
mission electron microscope (TEM, JEM-1400, JEOL
USA Inc., Peabody, Massachusetts). For the SEM
observation, the test conditions were high vacuum
mode, working voltage of 12.5 kV and beam spot of
5.0. For the TEM observation, the nanocellulose sus-
pension was dropped onto copper screen, then

,f/j;;\;‘

Y0900 ’
Heavy metal ions

(b) (©)

fruticosa Linn., b nanocellulose—ferroferric oxide hybrid aerogel
and ¢ adsorption behavior of the hybrid aerogel on removal of the
heavy metal ions and its controlled recovery under magnetic
condition.
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negatively stained by phosphotungstic acid and

finally dried at room temperature before
examination.

Characterization of chemical composition

XPS tests on nanocellulose, ferroferric oxide

nanoparticles and nanocellulose-Fe;O, hybrid aero-
gels were performed using a K-alpha system
(ESCALAB 250Xi, Thermo Scientific Inc., Waltham,
Massachusetts) operated at 14.0 kV. The FTIR spectra
were obtained using a Nicolet Magna 560 FTIR
instrument (Thermo Nicolet Inc., Wisconsin, Madi-
son). The test parameters were resolution of 4 cm™"
and number of scans 32. The sample was placed on
the stage of the diamond ATR accessory, and the
pressure column was adjusted to the appropriate
location for the test. The Raman scattering measure-
ment was taken using a Raman system (LabRAM HR
Evolution, HORIBA Jobin Yvon Inc., Paris, France) at
room temperature. The solid-state diode laser
(532 nm and 633 nm) was used as an excitation
source with a frequency range of 4000-500 cm™~". The
crystal structure and crystallinity of the samples were
analyzed by X-ray diffractometer (XRD, D/max 2200,
Rigaku Americas Corporation, Woodlands, Texas).
The test parameters include a copper target, ray
wavelength of 0.154 nm, scanning angle from 5° to
60°, scanning speed of 4°/min, step of 0.02°, voltage
of 40 kV and current of 30 mA. The concentration of
heavy metal ions [Cr(VI), Pb(Il), Cu(l)] was mea-
sured by an UV-Vis spectrometer (Cary 50, Xiamen
Yichen Technology Inc., China).

Test of vibration sample magnetization

Vibrating sample magnetometer (VSM) (supercon-
ducting quantum interference device (SQUID)-VSM,
Quantum Design, Inc., San Diego, California) was
used to test the magnetization intensity of the
nanocellulose-Fe;O,4 hybrid aerogel. The test param-
eters included temperature of 300 K and the magnetic
field range of — 20000-20000 Oe. The sample size was

1x1x1mmd.

Measurement of density and porosity

The density of nanocellulose-Fe;O4 hybrid aerogel
was calculated using the following equation:
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m
(Y

(1)

p:

where p is the density of the nanocellulose-Fe;O4
hybrid aerogel, m is the weight of nanocellulose-
Fe;O4 hybrid aerogel and v is the volume of
nanocellulose-Fe;O,4 hybrid aerogel.

The porosity of nanocellulose-Fe;O, hybrid aerogel
is calculated using the following formula [38]:

P(%) = 100

A= Mo /)] = (o V1)) [0

(2)
where P is the porosity of nanocellulose-Fe;O, hybrid
aerogel, p is the density of nanocellulose-Fe;O4
hybrid aerogel, p, and p;, are the density of nanocel-
lulose (1.59 g/cm®) and nano-Fe;O, particles
(~ 5.18 g/cm®), respectively, and 7 is the fraction of
nanocellulose in nanocellulose-Fe;O4 hybrid aerogel.

Heavy metal adsorption

First, the three heavy metal ions, i.e., Cr(VI), Pb(Il)
and Cu(ll) ion, were, respectively, prepared into
standard solution according to the reported methods:
diphenylcarbazide spectrophotometric determination
for Cr(VI) ion [9], xylenol orange spectrophotometric
determination for Pb(I) ion [39] and sodium
diethyldithiocarbamate spectrophotometric determi-
nation for Cu(Il) ion [40]. Secondly, each standard
solution with six volumes at 1 mL,2 mL, 4 mL, 6 mL,
8 mL and 10 mL was, respectively, poured into a
50-mL colorimetric tube to measure the absorbances
(Abs) of the heavy metal ions via a UV-Vis spec-
trophotometer. The UV-Vis absorption spectroscopy
at the maximum absorption wavelength of 540 nm,
575 nm and 450 nm was, respectively, used to esti-
mate the adsorption behavior of the hybrid aerogel
toward Cr(VI), Pb(Il) and Cu(l) ion. Thirdly, the
standard curve for each heavy metal ion was
accordingly drawn in terms of the above three
methods (Fig. 2).

In the equilibrium adsorption experiment, the
nanocellulose-Fe;O4 hybrid aerogel was first put in
50 mL solution containing heavy metal ion at con-
centration of 3 mg/L. Then, the solution was shaken
by an orbital shaker at 120 r/min for several hours;
after that, the hybrid aerogel was removed from the
solution by a magnet. The absorbance of the solution
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Figure 2 Standard curves of the heavy metal ions. a Standard curve for Cr(VI) ion, b standard curve for Pb(II) ion and c standard curve

for Cu(II) ion.

was subsequently examined by a UV spectropho-
tometer. The content (mg/mL) of the remaining
heavy metal ion in the solution after aerogel
adsorption could be further calculated in terms of the
above standard curves. And the adsorption capacity
of the hybrid aerogel is finally calculated according to
formulae 3 and 4:
m

c=" ()
C (mg/mL) represents the heavy metal ion concen-
tration; m (mg) indicates the mass of the heavy metal
ion in the solution; and v is the solution volume (mL).

(G —Cy) o

my

R= v 4)
R (mg/g) indicates the adsorption amount of heavy
metal ion at equilibrium; C; (mg/mL) represents the
initial concentration of the heavy metal ion in the
solution; Cg is the final concentration of the heavy
metal ion in the solution; m, (g) indicates the mass of
the aerogel; and v represents the volume.

Results and discussion

Figure 3a shows that the nanocellulose suspension is
stable without obvious flocculation, indicating uni-
form dispersion of the nanocellulose in aqueous
solution. Figure 3b presents the nanocellulose in fine
structure with length over 10um and diameter under
100 nm. Figure 3c proves that the diameter of the
nanocellulose is mainly in the range of 20-100 nm
with mean value of ~ 50 nm, indicating high aspect
ratio of the nanocellulose greater than 200. Figure 3d
exhibits the hybrid aerogel stood on plant leaf, sug-
gesting extremely lower density. In fact, the mean

density is ~ 5 mg/cm?, slightly higher than that of
air, which should be ascribed to the interesting por-
ous structure (Fig. 3e, S1; Table 1). It contains huge
amounts of pores with diameters in microscale and
nanoscale, enabling a hierarchical porous structure
for large adsorption capacity. The magnified SEM
image shows that the nano-Fe;O, particles evenly
coated nanofibers to form the nanocellulose-Fe;O,
composite, though their interaction should be physi-
cal force due to the lack of chemical bonds between
them (Fig. 3f, S2, S3). Such unique structure theoret-
ically endows the hybrid aerogel with great adsorp-
tion capacity and magnetic response behavior [36].
Figure 4 further confirms the above analysis on the
chemical components and their interactions. As
shown in Fig. 4a, the nanocellulose presents obvious
diffraction peak at 20 = 16.2° and 20 = 22.3°, indi-
cating type I crystalline structure of the nanocellulose
without crystal change. Ferroferric oxide nanoparticle
shows diffraction peaks at 18.3°, 30.1°, 35.4°, 43.1°,
53.4° and 56.9°, corresponding to lattice plane of
(111), (220), (311), (400), (422) and (511), respectively.
The XRD curve of the hybrid aerogel well matches
those of nanocellulose and Fe;O,; without new
diffraction peak appeared, indicating physical inter-
action between nanocellulose and Fe;O, and thus
proving the above analysis. The XPS curve of the
hybrid aerogel enables the identifications of Fe ele-
ment from Fe;O, and C element from nanocellulose
(Fig. 4b). The FTIR spectra present that the stretching
vibrations of -OH group at 3200-3400 cm™', -CH
group at 2900 cm™' and C-O group at 1030 cm ™'
assign to the nanocellulose, and obvious vibrating
peak is absent in Fe;O, spectra (Fig. 4c). The hybrid
aerogel presents similar spectra to that of nanocellu-
lose without new vibrating peaks, indicating physical

@ Springer
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o .3

20 40 60 80 100
Diameter (nm)

Figure 3 Morphologies of nanocellulose and the nanocellulose- of the nanocellulose from the TEM image, d digital photograph of

Fe;04 hybrid aerogel. a Digital photograph of the nanocellulose the hybrid aerogel, e SEM image of the hybrid aerogel and

suspension, b TEM image of the nanocellulose, ¢ diameter statistic f magnified SEM image of the hybrid aerogel.

Table 1 Relationship of
density and porosity of the

Mass ratio of nanocellulose to nano-Fe;O4

Density (mg/cm®) Porosity (%)

hybrid aerogel with the mass

. 1:1
ratio of nanocellulose to nano-

2:1
3:1
4:1
5:1
6:1
7:1
8:1
9:1
10:1

Fe;04 particles

7.01 99.71
6.98 99.66
5.02 99.74
4.75 99.74
4.78 99.74
5.01 99.72
4.93 99.72
4.50 99.74
4.33 99.75
3.31 99.81

interaction between nanocellulose and Fe;O4 without
chemical bonds. This is consistent with the analysis
result of XRD characterization. The Raman spectra
also present the characteristic peak of -CH group at
2895 cm_l, assigning to nanocellulose (Fig. 4d).
However, there are no new peaks different from the
characteristic peaks of nanocellulose and Fe;O,
appeared in the Raman spectra of the hybrid aerogel,
indicating the absence of chemical bonds between
nanocellulose and Fe;Oy in the hybrid aerogel. Con-
sequently, we conclude that the nanocellulose and
nano-Fe;O, particles combiningly form the hybrid
aerogel via physical interaction.

@ Springer

Such hybrid aerogel presents magnetic property
due to the existence of the nano-Fe;O, particles
[5, 41, 42]. Figure 5a shows that the magnetization of
the hybrid aerogel increases with the external mag-
netic intensity and presents magnetic saturation of
53.69 emu/g. The magnetization direction coincides
with the direction of the applied magnetic field,
indicating obvious ferromagnetism of the hybrid
aerogel. Such magnetic feature is beneficial to the
effective recovery of the hybrid aerogel under mag-
netic condition.

After the hybrid aerogel being placed into the
water solution containing Cr(VI) ion, the solution
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Figure 4 Characterizations of

Nanocellulose

nanocellulose, ferroferric
oxide nanoparticles and the
nanocellulose-Fe;O,4 hybrid
aerogel. a XRD curves of
nanocellulose, ferroferric
oxide nanoparticles and the
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color gradually changes from yellow to colorless
(Fig. 5b). Figure 5b and Movie 54 also present that
the hybrid aerogel could be lifted out of the solution
by a magnet, indicating the magnetic characteristic of
the hybrid aerogel. The concentration of the solution
before and after adsorption is further qualitatively
determined by a UV-Vis spectrometer, respectively.
The absorption peak at 540 nm, corresponding to the
maximum absorption of Cr(VI) ion, drops drastically
from before to after adsorption, suggesting effective
removal of the heavy metal ion from water via the
aerogel adsorption behavior (Fig. 5c). The aerogel at
different mass ratios presents different adsorption
capacity on removal of Cr(VI) ion. When the mass
ratio of the nanocellulose to nano-Fe;Oy is 1:1, the
adsorption capacity of the hybrid aerogel reaches the
maximum value of 2.2 mg/g (Fig. 5d), which is much
better than that of the previously reported adsorbents
(Fig. 5e) [43—-48]. The fact should be ascribed to the
high porosity of the aerogel over 99% due to the
hierarchical micro-/nanoscale structure and the high
specific surface area of nanocellulose and the nano-
Fe;O, particles (Table 1). Notably, the adsorption
capacity of the hybrid aerogel at mass ratio of 1:1

Raman Shift (cm™)
(d)

increases with the porosity, proving the effectiveness
of the porosity (Fig. S4). However, when the mass
ratio is lower than 1:1, the aerogel could not stably
suspend in the solution due to less nanocellulose. We
therefore confirm that the optimal mass ratio of the
nanocellulose to the nano-Fe;O, is 1:1. In addition,
the hybrid aerogel with mass ratio of 1:1 can also
adsorb Pb(I) ion and Cu(l) ion from water, with
maximum value of 125mg/g and 04 mg/g,
respectively, indicating such hybrid aerogel is cap-
able of removing other kinds of metal ions from
water (Fig. 5f, S5, S6). Such results suggest that the
design could extend the nanocellulose to be tailored
into functional aerogel, which could effectively pur-
ify water and realize controlled recovery under
magnetic condition.

Conclusions

Upon the high aspect ratio of the nanocellulose to the
magnetic feature of nano-Fe;O,, we successfully
designed the nanocellulose-Fe;O, hybrid aerogel to
adsorb heavy metal ions for water purification and to
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Figure S Magnetic property and adsorption efficiency of the
nanocellulose-Fe;O4 hybrid aerogel. a Hysteresis curve of the
hybrid aerogel, b digital photograph to show the solution color
change before and after Cr(VI) ion removal by the hybrid aerogel,
¢ UV-Vis absorbance spectra of the Cr(VI) ion solution before and

realize controllable recovery under magnetic condi-
tion. The hybrid aerogel presents ferromagnetic
characteristic with saturation magnetization of
53.69 emu/g and reaches effective removal of Cr(VI)
ion with the maximum removal capacity of 2.2 mg/g
when the mass ratio of nanocellulose to nano-Fe;Oy is
1:1. The hybrid aerogel also demonstrates adsorption
behavior on removal of Pb(Il) and Cu(Il) ions from
water. Such design extends the nanocellulose to be
potentially applied in water purification and makes it

realize controllable recovery under magnetic
condition.
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