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Background: Taking the treatment of oily sewage and the recycling of wastepaper as the starting point, the idea of
using waste to treat waste was used to treat the swage with aerogels made of wastepaper.

Methods: Porous ultralight Fe-functionalized cellulose carbon aerogels (CPFe) were synthesized using wastepaper
as raw material through FeCl; impregnation and low-temperature carbonization.

Findings: CPFe aerogels exhibit excellent physicochemical properties, such as: low density (0.0284 g/cm®), high

porosity (97.32%), and selective absorption capacity for various oil products. The absorption capacity of chlo-
roform reached 62.8 g/g. In addition, it exhibits excellent capacity in emulsion separation for both o/w and w/o
types. Droplet size of w/0 emulsion reduced by two orders of magnitude. CPFe aerogel is a low-cost, renewable,
environmentally friendly material and suitable for large-scale production. It is expected to have broad appli-
cations in pollution remediation.

1. Introduction

The discharge of industrial oily wastewater and frequent oil spill
accidents have caused a huge waste of oil and water resources and
seriously damaged the natural ecosystem [1,2]. In response to global
sustainable and green development, the efficient separation and recy-
cling of oil-water mixtures is an important initiative [3,4]. For hydro-
phobic organic pollutants, it is a better choice to use hydrophobic porous
absorption materials [5,6]. Oil absorption performance depends on
density and porosity, and more importantly on surface wettability and
capillary effect [7]. Among porous materials [8], synthetic aerogel
materials such as silicon dioxide [5], carbon nanotubes [9], graphene
[10-13] and cellulose [14-17] have attracted attention due to their
excellent properties such as ultra-light network structure, high porosity,
large specific surface area and strong rigidity [18-21]. However, due to
the high price of silica gel, scarce raw materials, difficult synthesis,
unique mechanical brittleness, it cannot be used in large-scale oil spill
cleaning [22], water environment restoration and other occasions,
which is more suitable for fine special physical and chemical environ-
ment [23].
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In contrast, the preparation of aerogel materials with natural poly-
mer material cellulose has wider research potential [24,25]. Pure cel-
lulose is hydrophilic and cannot be directly used for oil absorption, but
after carbonization it can change the surface properties of cellulose to
hydrophobic [3]. Carbonized cellulose aerogel can absorb various oils
and organic solvents with absorption capacity up to 100 times its own
weight, showing good absorption removal of oil pollutants performance
[26,27]. At present, various raw materials were used as starting mate-
rials for synthesizing cellulose aerogels, such as leaves, wood pulp,
cotton, and wheat-straw etc. [28,29] In the process of cellulose extrac-
tion, a large number of chemical treatment steps are needed to obtain
suitable cellulose, which can be used as waste to a certain extent, but it
will also incur other costs [30].

Considering that most of the paper products used in life come from
fibers in nature, the use of wastepaper and other rich cellulose de-
rivatives as raw materials will have an added value [31-34]. In this
paper, a simple method for preparing iron - based functional cellulose -
based carbon aerogel from cellulose extracted from wastepaper was
reported. The cellulose extracted from wastepaper was soaked in ferric
chloride solution, freeze-dried and carbonized at low temperature to
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obtain iron-based functionalized cellulose carbon aerogel (CPFe). The
impregnated cellulose aerogel is pyrolyzed at a low temperature
(350°C), which is close to the temperature at which maximum mass loss
occurs in pure cellulose. In this way, the cellulose material is only
partially depolymerized to form carbon fibers on the surface of the
aerogel. The resulting carbon fiber is sufficient to change the surface
properties of the aerogel, but still retains the elastic skeleton of the
cellulose aerogel. In the absorption experiment, CPFe has higher oil
absorption capacity and oil absorption rate and is an excellent oil
pollutant adsorbent. In addition, CPFe showed good water/oil separa-
tion performance for all kinds of emulsions, and the separation effect
was significant. This work attempts to demonstrate the value of do-
mestic waste (waste cellulose products) and the resource recovery of
waste treatment waste, which provides the direction of higher utiliza-
tion value for garbage recycling.

2. Experiments and methods
2.1. Materials

Wastepaper was collected from paper recycling bin in our lab, which
contained printing paper. Sodium hydroxide (NaOH), sodium hypo-
chlorite (NaClO) and ferric chloride(FeCl3-6H30) were purchased from
Tianjin Zhiyuan Chemical Reagent Co., Ltd. Tween 60 and Span 80 were
purchased from Tianjin Guangfu Technology Development Co., Ltd.
Dimethicone, dimethyl sulfoxide and liquid paraffin were purchased
from Shanghai Aladdin Chemical Co., Ltd. Toluene, chloroform and n-
hexane were purchased from Tianjin Best Chemical Co., Ltd. Diesel was
purchased from China Petroleum & Chemical Corporation. Vacuum
pump oil was purchased from Xinjiang Fokker Oil Co., Ltd. Rapeseed oil
and soybean oil were purchased from Guangzhou Jinwang Chemical
Co., Ltd. Castor oil was purchased from Tianjin Oboke Chemical Co., Ltd.
Deionized water was used in all experiments. Diesel oil and soybean oil
are industrial grade, and the other reagents are analytical grade.

2.2. Preparation of carbon aerogel

2.2.1. Extraction of cellulose

Wastepaper was chopped into small pieces and briefly washed with
water. Then, the wastepaper pieces (4 g) were immersed in 500 mL of
NaOH solution (3% wt) with mechanically stirring for 24 h at room
temperature. Solid part was separate by filtration and washed with
deionized water several times to obtain raw cellulose. Subsequently, the
raw cellulose was dispersed into 400 mL NaClO solution (2% wt) and
held with stirring at room temperature for 12 h to obtain a white cel-
lulose dispersion. The white cellulose was filtered and washed with
water until pH reached 7. The cellulose was dried in a vacuum oven at
80°C for 12 h.

2.2.2. Preparation of cellulose aerogel

The prepared cellulose (2.0 g) was dispersed in 20 mL of 3 mmol/L
FeClj solution. The dispersion was stirred for 30 minutes and sonicated
for 30 minutes. Then, the dispersion was frozen at -20°C for 12 h before
freeze-drying for 36 hours at -50°C. After freeze drying, a sponge-like
FeClz-supported cellulose aerogel was yielded. The same method was
used to prepare a series of wastepaper cellulose aerogels. Px is used to
denote the sample without FeCls, and here x is the mass content of
wastepaper cellulose. For example, P2 means that the wastepaper cel-
lulose is 2% wt. P2Fey is used to denote the samples of FeCl; loaded P2
aerogels, and here y is 1/10 of the molar concentration of FeCls solution.

2.2.3. Preparation of cellulose carbon aerogel

The prepared cellulose aerogel was pyrolyzed in a tube furnace under
nitrogen atmosphere. Temperature was increased from 20°C to 350°C at
a heating rate of 2°C/min, and kept at 350°C for 120 min. The aerogels
underwent dehydration, oxidation, and carbonization to convert
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cellulose into carbon. After cooling to room temperature, the cellulose
carbon aerogel was obtained. The samples are denoted as CPx and
CPxFey with the same principle.

2.3. Characterization methods

Morphology of the aerogels were observed by SEM (ZEISS MERLIN
Compact Germany). Fourier transform infrared (FTIR) spectra were
recorded on VERTEX 70 (Bruker, Germany) using KBr-pallet method.
The thermal stability of the samples was measured on a thermogravi-
metric analyzer SDTQ600 (TA, USA). X-ray diffraction (XRD) was car-
ried out on x-ray diffractometer (Bruker, Germany) in the range of 10-
80°. X-ray photoelectron spectra (XPS) were record on a ESCALAB 250Xi
(Thermo Fisher Scientific, USA). Al was used as the X-ray target source
and the working voltage was 1486.6 eV. The contact angle goniometer
(JC2000D4, Shanghai Zhongchen) is used to measure the contact angle
at room temperature. The mechanical compressive resistance of aerogel
was measured by static mechanics tester (Tinius Oisen, USA), and the
compression velocity was 50 mm/min. The particle size of the emulsion
was measured by Zetasizer (Nano ZS90, Malvern, UK).

2.4. Density and porosity of aerogel

The mass, diameter, and height of the aerogel before and after
carbonization were measured 5 times, and the density (p) before and
after carbonization of the aerogel is calculated according to

- 4m
P = 2dn

@

where p is the aerogel density (g/cm®), m is the aerogel mass (g), d is the
aerogel diameter (cm), and h is the aerogel height (cm).
Calculate the aerogel porosity (P) according to

P(%) = 100 x (1—ﬁ> @)

s

where P is the aerogel’s porosity (%), and ps is the density of cellulose
(g/cm3).

2.5. Absorption performance

For oil absorption, the weight of the aerogels was measured before
the absorption. Afterward, the samples were immersed in different oils
or organic solvents until reaching saturation. Then, the surface of the
samples was gently wipe with filter paper, followed by quick weighing.
Absorption capacity Q (g/g) was calculated by

(m — my)

Q=" 3)

my
where m represents the mass of the aerogel after absorption (g), mg is the
original mass of the aerogel (g), and Q is the saturated absorption ca-
pacity (g/g).
The absorption-desorption cycles were performed for ten times to
demonstrate the recycling of the materials.

2.6. Oil-water emulsion separation experiment

Emulsion was prepared by mixing oil and water with volume ratio of
1/10. Tween 60 and Span 80 (1 wt%) were used as emulsifier. The oils
used in this experiment included n-hexane, cyclohexane, chloroform,
simethicone, and castor oil. For separation of oil in the emulsion, aer-
ogels were added into ten different emulsions. The separation was per-
formed by simply shaking the mixture for approximately 1 minutes. The
particle size of the emulsion was measured before and after separation.
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3. Results and discussion
3.1. The effect of pyrolysis temperature

Our first question was how pyrolysis temperature would affect the
density and porosity of the aerogels? By pyrolyzing the same aerogel at
different temperatures, the density and porosity of the products were
evaluated, and the results are presented in Fig. 1a. The density of the
aerogel decreases significantly with the temperature in the range of
300-350°C. With the further increase of the temperature, the density
curve gradually levels off. This result could be explained by the result
from TG experiments (see Section 3.2 Fig. 4c). The porosity of the aer-
ogels exhibited a opposite trend. The absorption capacity of the aerogel
was also evaluated preliminarily (Fig. 1b). The aerogel pyrolyzed at
350°C showed the highest adsorptive capacity to three types of organic
liquids. In addition, cellulose loses most of the weight above 350°C due
to the complete carbonization of cellulose. Therefore, without losing the
high adsorptive capacity, partially carbonized aerogels of cellulose are
maybe a better choice for oil-water and emulsion separation after sur-
face modification.

3.2. Analysis of aerogel morphology and structure

After chemical treatment of wastepaper, we could obtain pure cel-
lulose. Using the cellulose, we synthesized cellulose aerogel and cellu-
lose carbon aerogels. In Fig. 2a and 2b, some cracks appear on the
surface of the micron scale cellulose after carbonization, and the surface
becomes smoother because the oxygen-containing functional groups on
the surface of the cellulose are removed during the pyrolysis process. But
the complete form of the cellulose is not affected. No other changes were
observed on the surface of the FeCls treated cellulose, possibly because
FeCl3 was impregnated and attached to the surface of the cellulose in an
ionic state (Fig. 2c). After pyrolysis, a layer of ferrite crystals was
deposited on the surface of the cellulose. A close-up image of the surface
shows that the iron particles have an octahedral shape (Fig. 2d). The
elemental state of Fe remains to be further studied by XRD and XPS.

The surface composition of CP2Fe3 was studied by energy dispersive
X-ray spectroscopy (EDS). EDS result shows the composition of three
main components and their abundance (Fig. 2e). We noticed that the
atomic composition of oxygen was 24.27%, which was resulted from
cellulose. The oxygen could exist in two sources. One source could be in
the frame of the aerogel, meaning the cellulose was not completely
pyrolyzed due to the temperature program during the pyrolysis. The
other source could be that the oxygen from cellulose react with FeClg
and forms Fe-O compounds. Therefore, an element mapping was per-
formed on CP2Fe3 sample (Fig. 2f). In the mapping result, the distri-
bution of carbon and oxygen is largely overlapping, strongly indicating
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that the cellulose is not completely carbonized. However, since Fe is
covered on the cellulose backbone, we cannot rule out the possibility of
oxygen existing in Fe-O compounds. To fully understand the chemical
structure of the products, standard methods of material science were
used for the investigation.

To address the bonding chemistry of CP2 and CP2Fe3, we employed
XPS and FTIR spectroscopy [34]. Variances between spectra (Fig. 3a)
before and after the treatment of FeCl; reveals significant changes in the
properties of peak intensity. In the survey spectra, CP2Fe3 shows two
additional peaks (Fe 2p and Cl 2p) [35]. The peak intensity of C 1s
significantly reduces in the CP2Fe3 aerogel. A close proximity of Fe
binding energy in Fe 2p spectrum (Fig. 3b) reveals two peaks (~724.9
eV and ~711.3 eV), and the binding energy difference (ABE) of the two
peaks is 13.6 eV. The deconvoluted Fe 2p spectrum showed complex
binding information with satellite peaks appearing at 715 eV, 718 eV,
727 eV, and 730 eV. The binding energy of Fe 2p3/2 (~711.3 eV)
strongly suggest that Fe is in trivalent state, meaning Fe(III) in FeClg
maybe remained its valence during pyrolysis [36,37].

The deconvolution of C 1s spectrum shows the binding energies of C-
C bond (~284 eV), C-O bond (~286 eV), and C=0 bond (~289 eV)
(Fig. 3c). The relative intensity of C-C bond binding energy in C 1s
spectrum decreased significantly after the treatment of FeCls. The
deconvolution of O 1s spectrum provides valuable information about
compounds formed during pyrolysis. The deconvolution of O 1s reveals
two binding energies (~531.6 and ~533.6 eV) in CP2. These two
binding energies remained in CP2Fe3. Only the intensity of the two
binding energies changed. In addition, one more bond formed in CP2Fe3
sample, which gave the binding energy ~530.1 eV. This new bond
appeared after the addition of FeCls, which may suggest a Fe-O bond
formed during pyrolysis.

The bond information of the samples was further studied by using
FTIR (Fig. 4a). For both P2 and P2Fe3, we still observe the absorption
band at 3328 cm™! from OH groups in cellulose. Other characteristic
peaks, such as: 2890 ecm~! (C—H stretch), 1427 ecm~! (C—H bending),
1314 em™! (C-O stretching), 1158 cm ! (C-O-C stretching), and 1025
cm™! (C-O bending) are marked in the Fig. 4a. After pyrolysis, CP2 and
CP2Fe3 still shows weak OH absorption band, indicating that cellulose is
partially carbonized. The peak of carbon aerogel at 1636 cm ™! (C=0
stretching) is stronger than that of cellulose aerogel. There is a weak
peak at 1000 cm™! of P2Fe3, which is the Fe-O absorption peak formed
after impregnation. In the spectrum of CP2Fe3 after carbonization, there
is a weak Fe-O absorption peak at 700 cm™!. After carbonization, the
surface of the aerogel changes, and the corresponding position of the Fe-
O peak also changes.

The structure of the as-prepared samples was characterized by XRD
(Fig. 4b). The aerogels showed X-ray diffraction characteristics of cel-
lulose (20=16.9° and 22.7°) crystal structure. After FeCl3 was added into
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Fig. 1. (a) Density and porosity of aerogel CP2 at different pyrolysis temperatures; (b) absorption capacity for n-hexane, pump oil and chloroform by using CP2

pyrolyzed at different temperatures.
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Fig. 2. The SEM images of (a) P2, (b) CP2, (c)P2Fe3, (d) CP2Fe3; (e) EDS spectrum and elemental content of CP2Fe3; (f) element mapping of CP2Fe3.

the aerogel for carbonization, weak crystal structure of cellulose
appeared in the XRD pattern. Compared with standard card, it was found
that there were multiple peaks of iron compounds, which may be
because cellulose and FeCls had a variety of chemical reactions in the
process of carbonization to produce more forms of iron compounds.

In order to understand the changes in the composition of aerogel
during carbonization and the rationality of carbonization conditions,
thermal analysis of aerogel and iron source was carried out (Fig. 4c, 4d).
The weight loss of P2 mainly occurs in the range of 300 ~ 390°C, and
reaches its peak at 355°C. In this temperature range, cellulose loses the
oxygen-hydrogen groups on the surface, completes dehydration, and
leaves the carbon skeleton. This result is consistent with the results of
other studies on the thermal decomposition of cellulose [20]. The
carbonized CP2 begins to lose weight at 400°C, and its thermal stability
is significantly improved. The thermal decomposition curve of aerogel
with FeCls added has obvious changes, and the thermal decomposition
curve of P2Fe3 has multiple variation ranges, which is due to the
addition of a certain amount of FeClz. Combined with the weightlessness
curve of FeCl3-6H30, it can be found that this phenomenon is consistent
with each other. Here we can also find that the decomposition curves of
CP2Fe3 and CP2 have a similar trend, and the difference in the residual
quantity lies in whether iron source is added. The weight loss of CP2Fe3
is the maximum at 285°C, and the weight loss is basically complete at
420°C. Combined with the decomposition temperature of P2 and the
principle of experimental control variables, it is reasonable to set the
carbonization temperature of aerogel at 350°C and the holding time at
2h in this experiment. The pyrolysis temperature (350°C) was within the
decomposition temperature range of P2 and P2Fe3, which could
carbonize most of the cellulose in the aerogel to obtain cellulose skeleton

structure. CP2 and CP2Fe3 obtained by decomposition of P2 and P2Fe3
at 350°C have good porosity and mechanical properties due to the large
amount of cellulose skeleton structure retained in CP2 and CP2Fe3.

3.3. Aerogel density, porosity and mechanical properties

The density and porosity of aerogels are two crucial factor that af-
fects the properties, such as: diffusion and absorption. From the
embedded figure, it can be clearly seen that the volume shrinkage of the
two aerogels after carbonization. Consequently, and the decrease of
density and increase of porosity of the two aerogels can be reflected from
the data changes (Fig. 5a, 5b). Since the aerogels are only partially
carbonized, which leaves the skeleton of the aerogels unchanged, with
the cellulose on the surface carbonized, the porous structure extended
after carbonization, leading to an increase of porosity and a decrease of
density. With the increased of cellulose content, the density of the aer-
ogels increased, and the porosity decreased (Fig. 5a). With the constant
concentration of cellulose, the increase of Fe ions in the aerogels led to
the same trend (Fig. 5b).

Mechanical properties of the carbonized aerogels were evaluated
with and without the addition of FeClg in compressing-recovering cycles
(Fig. 6). The trend in the results is obvious. With the increase of cellulose
content in the aerogels, the mechanical strength increases. The
compressive resistance reached the maximum at the 95% of deforma-
tion. The recovering curves do not overlap with the compressing curves
for CP aerogels (Fig. 6a), indicating hysteresis during one cycle. The
insert image showed one cycle of compressing and recovering for CP2.
The volume of CP2 aerogel was compressed to about a quarter of the
original volume under external force. After the external force is
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Fig. 7. (a) P2 adsorbs oil (colored by
red) and water (colored by blue dye);
(b) oil absorption of CP2; (¢) oil quickly
adsorbed upon touching the surface of
CP2; (d) demonstration of hydropho-
bicity of CP2; (e) demonstration of
water sliding on the surface of CP2; (f)
contact angle of water on CP2; (g) con-
tact angle of water on CP2Fe3, (h) soy-
bean oil absorption by CP2 with water
in presence; (i) chloroform absorption
by CP2 with water in presence, (j) CP2
surface remains hydrophobic and lipo-
philic after absorption of oil; (k) CP2
subjected to separation column with
water on the top, (1) demonstration of
oil-water separation by CP2.
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removed, the aerogel was restored to its original shape, indicating good
porosity of the aerogel.

After the addition of FeClg in the synthetic procedure, the
compressibility of CPFe aerogels actually weakened (Fig. 6b). The more
Fe loaded, the weaker the compression resistance was. With high Fe
contents, the compressing stress for CPFe aerogels is exceedingly low,
even at high strain values. Very interestingly, for the CPFe aerogels with
low Fe content, the compressing curves clearly show two stages. At low
strain, no stress is detected. The onset of stress was sensed after the strain
was over 60%. The curves showed an abrupt increase after the onset.
These results indicated that there are clearly two types of frameworks in
the aerogel. One of them has low mechanical strength (soft), and the
other, on the other hand, is very stiff. Based on the composition of the
aerogel, a reasonable assumption can be made that the surface of the
aerogel with FeCls added is loaded with metal particles after carbon-
ization. During the compression test, the carbon fiber is subjected to the
force of metal particles and partial fracture occurs. However, when the
compression reaches a certain degree, the carbon fiber of the aerogel can
no longer be compressed, so two different curves can be shown in the
figure.

3.4. Surface wettability

The wettability of the material is important for the selective sepa-
ration of oil/water mixtures. The special wettability of cellulose aerogels
and cellulose carbon aerogels were evaluated by using a contact angle
goniometer (Fig. 7). For P2 aerogel directly obtained from wastepaper,
the surface was completely wetted by water and oil, leaving blue water
and red oil marks (Fig. 7a), which indicates that the P2 aerogel was
amphiphilic with no wetting selectivity.

CP2, however, showed hydrophobic property. Oil drops were
absorbed immediately upon touching the surfaces (Fig. 7b and 7d).
Water drops slide over after falling on the surface of CP2 aerogel (Fig. 7c
and 7e). The static contact angle of CP2 was 157° (Fig. 7f). Fig. 7g shows
a water droplet on the surface of CP2. There results of CP2 indicated
excellent lipophilic and hydrophobic properties of the aerogel,
providing a good foundation for the absorption of oil. CPFe aerogel
exhibits hydrophobic response after contact with water droplets, but the
hydrophobic property was weakening as time went on. The sharp edges
and corners of Fe-O particles loaded on the cellulose carbon skeleton can
penetrate the water droplets, reducing the surface tension of the water
droplets and slowly spreading on the surface and inside of the composite
cellulose carbon aerogel. This phenomenon can be applied to the sepa-
ration of emulsion. After CPFe reduces the surface tension, the wetting
sequence of water and oil on the CPFe surface can form a velocity dif-
ference to separate the emulsion.

3.5. Oil-water separation by CP

After the contact angle measurements, separation of the oil-water
mixture was performed. The cellulose carbon aerogel was placed in
the mixture of hexane/water (Fig. 7h) and in the mixture of chloroform/
water (Fig. 7i). The carbon aerogel is hydrophobic and has a low density.
CP2 aerogel can quickly absorb n-hexane floating on the water surface.
Using tweezers to put it under the water layer, CP2 aerogel can quickly
and completely absorb the chloroform layer, and then float on the water
surface again. This provides a new strategy for the treatment of the
removal of oil spills under the sea. The absorbed oil can be squeezed out
from the aerogel. After the absorption, the used aerogel was subjected to
contact angle measurement again (Fig. 7j). The original lipophilic and
hydrophobic properties remained. CP2 aerogel can also be used to filter
oil-water mixture, and separate oil from water (Fig. 7k). The CP2 aerogel
was placed in an oil-water separators. Water was placed on the aerogel
with height of 124.88 mm. Pouring chloroform and water into the
separator (Fig. 71). It was found that chloroform could pass through
carbon aerogel quickly, and the oil-water separation process was very
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fast.
3.6. Absorptive capacity of CP and CPFe

The absorption capacity of CP aerogels and CPFe aerogels were
carried out on three oils (Fig. 8a). The absorption capacity of CP aerogel
first increased and then decreased with the increase of cellulose content,
and the absorption capacity reached the highest at 1.5% and 2%,
respectively. The absorption capacity of the former for chloromethane
was 88.5 g/g, while the latter for n-hexane and pump oil were 33 g/g
and 70g/g, respectively. The oil absorption capacity reflects the ab-
sorption performance of aerogel to some extent. As we all know, the size
of oil absorption capacity depends on many factors, such as oil molec-
ular weight, density, volatility, viscosity and so on. To evaluate the
comprehensive performance of aerogel, mechanical properties and
recycling ability should also be taken into account. Therefore, a series of
functional iron aerogel CP2Fe3 was prepared by using CP2 as the base
material to study the change of iron load. The absorption of CPFe aer-
ogel decreased monotonically with the increase of FeCls content. The
absorption capacity of CP2Fe2 for chloroform and pump oil was 65 g/g
and 50 g/g, respectively, while the absorption capacity for n-hexane was
30 g/g, which was most likely due to the volatility of n-hexane.

Under the condition that the absorption capacity of CP2Fe2 and
CP3Fe3 was similar during the test, CP2Fe3 was selected here for the
absorption cycle test in order to be consistent with other applications of
Fe-functionalized aerogel in the full paper. The reusability of the aerogel
in oil absorption was quantified with CP2 and CP2Fe3 (Fig. 8b and 8c).
Ten absorption-desorption cycles were performed for both aerogels. The
absorption capacity decreases for both aerogels; however, the decrease
in absorption capacity is less significant for CP2 than for CP2Fe3. Over
95% of the initial absorption capacity was remained on the 10™ cycle for
CP2 after simply squeezing out the absorbed oil. For CP2Fe3 aerogel,
90% of its initial absorption capacity remained on the 10t cycle. Ac-
cording to the mechanical properties of aerogel in Section 3.3, the
compression properties of aerogel with iron added will have great
changes. After extrusion, the carbon fiber inside the aerogel CP2Fe3 will
break more under the action of iron-containing metal oxide particles,
and the void structure will be damaged more. Therefore, the reuse
ability of aerogel CP2 is affected.

Furthermore, the absorption capacity of the two aerogels to other oils
was measured (Fig. 9). In Fig. 9, it can be clearly seen that the absorption
capacity of CP2 and CP2Fe3 varies with the type of oil. Among them, the
absorption capacity of trichloromethane is the highest, the absorption
capacity of CP2 is 88 g/g, CP2Fe3 is 59 g/g, the absorption capacity of n-
hexane is the lowest, the absorption capacity of CP2 is 35 g/g, CP2Fe3 is
30 g/g. Among them, toluene has the largest difference in absorption
capacity. It is speculated that although toluene has a larger molecular
weight, it is different due to the influence of its viscosity and volatility,
as well as the non-absorption properties of particles on CP2Fe3 surface.
In general, the absorption capacity of CP2Fe3 is lower than that of CP2,
also because the iron additive in the aerogel does not have the high
absorption capacity of part of the carbonized cellulose.

3.7. Emulsion separation

Emulsion separation is a challenging task both scientifically and
industrially [38]. To demonstrate the separation effect of CP2 and
CP2Fe3 both w/o emulsions and o/w emulsion with different oil phase
were prepared. A typical separation cycle is demonstrated in Fig. 10a.
Three o/w emulsions with different oil phase were shown in the first
step. The physical properties of emulsion are stable and typical milky
white liquid. After the CP2Fe3 aerogel was in the lotion for a few mi-
nutes, then filtered out from the emulsion, and left a clear and trans-
parent phase. The process was used for all experiment to separate
emulsions. It can be seen from the optical micrograph (Fig 10b) that
CP2Fe3 exhibited excellent emulsion separation performance.
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One of the characteristic changes of the emulsions before and after
the separation were the size of the colloidal particles. In Fig. 10c and
10d, the sizes of the colloidal particle were compared by using dynamic
light scattering. Five emulsions with different oil phase were used to
demonstrate the size change. The initial size of the emulsions is in the
range of 1~2 um. A control experiment was performed for the separa-
tion experiments by using Fe3O4 particles, which gives slight effects on
the size reduction and emulsion separation (Fig. 10c and 10d). On the
contrary, CP2 and CP2Fe3 both exhibits excellent properties in
removing oil phase in the emulsion. For the w/o0 emulsions, the particle
size reduced to < 100 nm after the separation by CP2, and about 10-20
nm by CP2Fe3 (Fig. 10c). For the o/w emulsions, the same trend was
observed (Fig. 10d). For both w/o and o/w emulsions, CP2Fe3 aerogel
could completely remove the oil phase. The reminding particles with the
size of 10-20 nm should be micelles of Tween 60 and Span 80.

The cyclic performance of CP2 and CP2Fe3 was evaluated for
emulsion separation made of chloroform/water system. Due to less
effective separation of the o/w emulsion by CP2 aerogel, only size
reduction of w/o emulsion was evaluated (Fig 10d). The reuse of the
aerogels is simply by squeezing the absorbed oil out of it. Consistent
results were reached: CP2 performed less efficient in the emulsion sep-
aration than CP2Fe3, and the size reduction became less significant after
a few cycles. However, for CP2Fe3, the performance in size reduction
was nearly held strong both for the o/w emulsion and the w/o emulsion.

We further studied the reusability of CP2 and CP2Fe3 for separating
mixed emulsions. The previously evaluated five w/o0 emulsions were
mixed, and five o/w emulsions were mixed. In Fig. 10e, the cyclic per-
formance of size reduction is presented. Very similar results as shown in
Fig. 10d were found. CP2 exhibited a less efficient size-reduction per-
formance comparing to CP2Fe3. For CP2Fe3 aerogels, the size reduction
for mixed w/o emulsion is remarkably similar to that for mixed o/w
emulsion. The aerogel appeared to be efficient to remove oil phase in
also mixed emulsions. The particle size was larger than 20 nm after
removing the oil phase, however, the size is larger than the size of pure
micelles, therefore, we expect there are still small amount of oil
remained in the solution.

Combined with the above content, the separation mechanism of
aerogel is simply speculated. In this experiment, although the oil phase
of W/0 emulsion is continuous phase, the dispersion of the emulsion is
relatively strong because the amount of oil phase added in the prepa-
ration process is small. For W/O emulsion, CP2 itself has oil hydro-
phobicity so that CP2 in contact with the emulsion can rely on its special
wettability of oil products to absorb the outer layer of the emulsion and
leave the internal water phase, the water phase can be mutually
condensed to form large droplets. However, the W/O emulsion presents
a sticky paste state. In this process, the aerogel cannot adsorb all the oil
droplets, so the separation ability of CP2 for W/O emulsion is limited.
CP2Fe3 is carbonized to form oleophilic and hydrophobic carbon fiber.
At the same time, the surface of the carbon fiber inside the aerogel is
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loaded with Fe-O particles, which can destroy the surface tension of the
emulsion and make the emulsion demulsified quickly, so that as many
oil droplets can be absorbed by the carbon fiber. The two effects com-
plement each other, so that the aerogel has excellent separation per-
formance for the emulsion. Although CP2Fe3 is oleophilic and
hydrophobic, due to the presence of Fe-O particles inside, when the
emulsion drops contact CP2Fe3, the sharp Fe-O particles will puncture
the stable film on the outer layer of the emulsion drop. The imbalance of
the surface tension of the droplet causes the liquid inside the droplet to
be exposed to achieve demulsification effect. At this time, the carbon
fiber plays different roles on the oil and water. The carbon fiber can
quickly absorb the oil droplets flowing out of the droplet, while the
excess water phase will gather with each other and pass through the
aerogel to achieve emulsion separation.

4. Conclusion

We successfully synthesized CP aerogels and CPFe aerogels with low
pyrolysis temperature using wastepaper cellulose as raw material with
impregnation of FeCls. CP aerogels and CPFe aerogels both exhibited
lyophilic property, and large porosity (> 95% for both types of aero-
gels). The adsorption capacity of CP2 for chloroethane and n-hexane was
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80 g/g and 35 g/g, and the adsorption capacity of CP2 remained above
95% after ten cycles of adsorption. The adsorption capacity of CP2Fe3
for trichloromethane and n-hexane was 58 g/g and 28 g/g, respectively.
After ten cycles, the adsorption capacity was 85% of the initial
adsorption capacity. In addition, the demonstration experiment showed
that the prepared CP2Fe3 had excellent separation ability for a variety of
emulsions. The particle size of the separated emulsion was close to that
of the surfactant micelles, and the removal ability remained above 95%
after seven cycles of separation.
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