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ABSTRACT: In this paper, cellulose chitosan composite aerogels were prepared through sol−gel and
freeze-drying processes. The porous morphology of the aerogels was controlled by adjusting the cellulose
concentration. Within a certain range, as the concentration of cellulose increases, the pore diameter of the
composite aerogel becomes smaller and the pore structure becomes denser. The cellulose−chitosan
composite aerogel can successfully separate the oil−water mixture without asphalt and showed stable
filtration performance. The filtration speed is basically unchanged after a slight decrease and can be
maintained at about 90% of the initial filtration speed within 30 min. The filtration speed can reach up to
9315 kg·h−1·m−2. When filtering bituminous oil−water mixtures, the filtration rate decreased significantly,
with a 50% drop in 30 min. After adding the asphalt stabilizer poly(styrene-alt-octadecyl maleimide)
(SNODMI), which is made in our laboratory, the effect of aerogel filtering the asphalt-containing oil−
water mixture is obviously improved, and the downward trend of filtration speed is obviously improved.
The combination of SNODMI and cellulose−chitosan has great application potential in the field of
asphalt-containing oil−water separation.

1. INTRODUCTION

Oil−water separation is an important process in crude oil
production and environment protection for the following
reasons:1−3 (1) the repeated occurrence of offshore crude oil
spills.4−6 (2) The production of heavy crude oil through
secondary and tertiary oil extraction, which may contain water
as high as 90%. (3) The salty crude oil to be eluted with water
to avoid the risk of corrosion to subsequent process
equipment.7,8 Therefore, it is of great significance to develop
efficient technologies for oil−water separation. The traditional
methods include physical methods such as centrifugal
separation, flotation, and gravity separation; chemical
approaches such as salting out, flocculation, and acidification;
electrochemical methods including electrolytic separation and
electromagnetic separation; and biological treatment including
oxidation pond method and activated sludge method.2,3,9−18

Among these methods, adsorption and filtration are the most
widely used methods.19−25

Cellulose porous materials have the advantages of abundant
raw materials, simple preparation, excellent wettability, and
excellent mechanical properties.26−30 They have been widely
used for the adsorption and separation processes. Yue31 et al.
reported a composite aerogel with banana peel and waste paper
as the raw materials. Through a combination of freeze casting,
freeze drying, and thermal cracking processes, an aerogel with a
layered porous structure was prepared and employed for oil
adsorption and separation of water-in-oil emulsions. This
aerogel shows high hydrophobicity (149.3°), super lip-

ophilicity (0°), and high porosity in the air. Its oil absorption
capacity can reach 35−115 g/g. The aerogel can also separate
water-in-oil emulsions containing emulsifiers with an efficiency
over 99.6%. Zhang32 et al. reported a nanocellulose crystal
aerogel with antibacterial activity and capability for oil−water
separation. Cyanuryl chloride (CYCH) was attached to
nanocellulose crystals (NCCs), and chloropropyltriethoxysi-
lane was used for cross-linking to prepare a hydrogel based on
modified nanocellulose crystals. This aerogel has a three-
dimensional porous structure and hydrophobicity and can
adsorb organic solvents of up to 16 g/g. It exhibits stable
adsorption capacity in 10 adsorption and desorption cycles. In
addition, this chlorinated aerogel has been shown to have an
effective bactericidal effect against Staphylococcus aureus and
Escherichia coli O157:H7. Georgouvelas et al. presented a one-
step method for the manufacturing cellulose-based functional
membranes, which exhibited high water permeability and
efficient adsorption of metal ions.33−35

Cellulose-based porous materials are also often used as
filtering and separating materials.15,30,36−38 He37 et al. prepared
an aerogel filtration membrane made of cellulose nanofibers for
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the oil−water separation process. This aerogel has superior
hydrophilicity and underwater oleophobicity, excellent wett-
ability, and pothole-like surface structure. Driven by gravity,
the filtration tests on the free oil/water mixture all showed a
100% separation effect. The efficiency of separating the oil−
water emulsion also reached 98.6%. In order to enhance the
hydrophilicity of the cellulose aerogel, other ingredients can be
added during the preparation process. Meng38 et al. produced
a stable super-hydrophilic (contact angle near 0°) and
underwater superoleophobic (contact angle over 150°)
cellulose−chitosan (CECS) aerogel. In the preparation
process, chitosan self-assembled into micrometer size particles
on the aerogel surface. In addition, the network structure of
cellulose was destroyed, and more hydrophilic −OH groups
were exposed. The hydrophilicity and surface roughness gave
the CECS aerogel the characteristics of ultra-oleophobic
underwater. The CECS aerogel effectively separated the free
oil−water mixture and oil−water emulsion even after many
cycles.
When separating more complex oil−water mixtures, more

complicated problems were encountered.29,32,39−44 In the oil−
water separation experiment of Cao45 et al., super-hydrophobic
polyurethane sponge embedded with perfluorinated graphene
oxide effectively separated the oil−water mixture. However,
the separation rate was considerably reduced when filtering the
mixture of crude oil and water. Bochner de Araujo46 et al.
reported that asphalt, one of the main components of crude oil,
spontaneously emulsifies the oil−water mixture when there is
no external force, forming a large quantity of emulsion
droplets, which also reduces the efficiency of oil−water
separation. Therefore, it is necessary to study the separation
of oil−water mixtures containing asphalt.
In our previous work,47 the polydicyclopentadiene

(PDCPD)-based aerogel membrane with super-lipophilic and
super-hydrophobic properties was prepared to filter the
asphalt-containing oil−water mixture. By using an asphalt
stabilizer, poly(styrene-alt-octadecyl maleimide) (SNODMI),
the asphalt−toluene mixture can pass through the aerogel
membrane and be separated from water. In this paper, we
successfully prepared composite aerogels of cellulose and
chitosan, which possess superhydrophilicity and underwater
oleophobic properties. When this membrane was employed to
separate the asphalt-containing oil−water mixture, water can
permeate the membrane and be separated from the asphalt/
toluene mixture, which was stabilized by an asphalt stabilizer.

The filtration efficiency and the influence of the asphalt
stabilizer have been investigated.

2. RESULTS AND DISCUSSION

2.1. Synthesis of Aerogels. CECS aerogels were prepared
by the sol−gel process, and the concentrations of cellulose in
the wet gel were controlled to be 1, 1.5, and 2.0 wt % and the
corresponding aerogels were marked as A1.0, A1.5, and A2.0,
respectively.
Figure 1 shows the FTIR spectra of CS, CE, and CE−CS

aerogel. The characteristic peaks of CE were located at 1050,
1430, 2890, and 3348 cm−1 corresponding to C−O−C, −CH2,
C−H, −OH stretching bands, respectively. The peaks of
chitosan at 3300−3450 cm−1 correspond to the stretching of
−OH and −NH; two peaks at 1650 and 1550 cm−1

correspond to amides I and amides II.48 For CECS aerogel,
the characteristic bands of both cellulose and chitosan can be
observed, which proves the composition of the CECS aerogel.
Figure 2 shows the specific surface wettability of CECS

aerogels. Figure 2b presents the measuring process of the water
contact angle on the surface of aerogel in the air. When the
water droplets contacted the aerogel, they spread to the aerogel
surface and were absorbed by the aerogel within 1 s, showing
the superhydrophilicity of the aerogel. Figure 2a shows the

Figure 1. FTIR spectra of CE, CS, and CECS aerogels.

Figure 2.Wetting behavior of toluene and water. (a) Contact angle of
toluene under water and (b) water wettability of the CECS aerogel in
air.
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contact angles of toluene droplet on the surface of three
different aerogel membranes submerged under water. The
measured contact angles were 161.4, 160.0, and 161° for A1.0,
A1.5, and A2.0, respectively. These results indicate the
aerogel’s underwater oleophobic properties, which is not
affected by the aerogel cellulose concentration.
Figure 3 shows the SEM photographs of three CECS

aerogels made from different cellulose concentrations. It can be

seen that the cellulose aerogel is composed of a cellulose
network cross-linked and intertwined. As the cellulose
concentration in the aerogel increases, the cellulose network
becomes denser, and the pore size becomes smaller.
2.2. Separation of Simple Oil−Water Mixtures. The

CECS aerogel can be used to separate simple oil−water
mixtures as a result of its hydrophilicity, underwater
oleophobicity, and porous structure. As shown in Figure 4,
deionized water can pass through the aerogel membrane easily
and the toluene, dyed by Sudan III, cannot pass through. The
obtained filtrate is a toluene-free aqueous phase. After stopping
adding water during filtration, the toluene and water mixture in
the filtering device will eventually be completely separated, so
that the liquid phase that has not passed through the aerogel
membrane is a non-aqueous toluene phase.
Figure 5 presents the change in filtration speed during the

continuous separation process of simple oil−water mixtures.
CECS aerogel membranes with different concentrations can all
successfully separate simple oil−water mixtures. The filtration
speed gradually decreases with the increased cellulose
concentration. This is because the lower the concentration of
the aerogel, the larger the aerogel pores, and the higher the
aerogel porosity, which makes it easier for water to permeate
the aerogel membrane and the filtration speed increased. It can
be seen that the CECS aerogel membrane exhibits good

stability when filtering simple oil−water mixtures. The
filtration rate changed insignificantly after a slight decrease,
which proves that the aerogel membrane can be used for long-
term simple oil−water separation.

2.3. Separation of Oil−Water Mixture with Asphalt. In
order to investigate the effect of asphalt on oil−water
separation, an asphalt−toluene solution (3 wt %) was
prepared. The oil−water mixture was prepared with a volume
ratio of toluene: water at 3:7. The oil−water mixture with
asphalt was filtrated using A1.0, A1.5, and A2.0. An asphalt
stabilizer, SNODMI, was added to the asphalt−toluene
solution to investigate the effect of asphalt stabilizers on the
separation of asphalt-containing oil−water mixtures.
After adding asphalt, the oil−water mixture becomes more

viscous, and the mixture exhibits a certain degree of
emulsification after stirring. When filtering with the CECS
aerogel, deionized water can pass through the hydrophilic

Figure 3. SEM photographs of CECS aerogels: A1.0: (a), (b); A1.5:
(c,d); and A2.0: (e,f).

Figure 4. Separation of simple oil−water mixtures with the CECS
aerogel.

Figure 5. Filtration speed for simple oil−water separation.
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aerogel membrane, while toluene-containing asphalt cannot
due to the aerogel membrane’s underwater oleophobic
properties. As shown in Figure 6, the toluene-containing oil−
water mixture can also be finally separated into a toluene-free
aqueous phase and a non-aqueous toluene phase.

Figure 7 shows the initial filtration rate when different oil−
water mixtures were separated with the aerogel membrane.

After adding asphalt, the filtration speed of aerogel membranes
with different concentrations decreases to a certain extent.
When the asphalt stabilizer was used, the filtration rate of A1.0
and A1.5 with larger pore diameters were greatly improved,
which were close to the filtration rate of the simple oil−water
mixtures. On the other hand, the results of the A2.0 aerogel
with the smallest pore diameters did not change much.

In order to further investigate the effects of asphalt and
asphalt stabilizer on the filtration rate, the asphalt-containing
oil−water mixture with and without a stabilizer were subjected
to continuous filtration experiments. In order to better
compare the change of the filtering rate, the rate at the first
minute of each filtering experiment is taken as the initial speed,
and the subsequent filtering rate is expressed as a percentage of
the initial speed.
As can be seen from Figure 8, the filtration rate of A1.0

greatly decreased with time after adding asphalt. In 30 min, it

was decreased to 48.6% of the initial filtration rate. When using
the asphalt stabilizer, the filtration speed rate was only reduced
to 78.1% of the initial filtration speed after 30 min. For
comparison, the filtration rate of the simple oil−water system
was only reduced to 93.3% of its initial value after 30 min. This
is because asphalt as a natural emulsifier can emulsify the oil−
water mixture,47 so that a greater driving force is required for
oil−water separation during filtration, thereby reducing the
filtration speed. In addition, when toluene-containing asphalt
came in contact with the aerogel membrane, asphalt adhered
to the aerogel surface and formed large particles to block the
aerogel pores. Asphalt stabilizers can help asphalt better
stabilized in toluene without precipitation, thereby reducing
the number of asphalt particles attached to the aerogel film and
reducing the size of the asphalt particles. Therefore, the
filtration efficiency was improved when asphalt stabilizers were
used.
As can be seen from Figures 9 and 10, the aerogel

membranes A1.5 and A2.0 showed the same characteristics as
A1.0 when filtering asphalt-containing oil−water mixtures: the
filtration rate of A1.5 and A2. 0 decreased to 42.2 and 41.8% of

Figure 6. Separation of asphalt-containing oil−water mixtures with
CECS aerogels.

Figure 7. Effect of asphalt and asphalt stabilizer on an initial filtration
speed.

Figure 8. Effect of asphalt and asphalt stabilizer on a filtration speed
of A1.0.

Figure 9. Effect of asphalt and asphalt stabilizer on a filtration speed
of A1.5.
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their initial value after 30 min, respectively. After adding
asphalt stabilizers, the filtration speeds of A1.5 and A2.0 at 30
min were increased to 67.5 and 56.6% of their initial value,
respectively.
In order to further investigate the effect of asphalt on the

aerogel membrane when filtering the oil−water mixture
containing asphalt, the filtered aerogel membrane was observed
with SEM. Figure 11a,c,e is the SEM images of the A1.0, A1.5,

and A2.0 aerogel membranes after filtering the asphalt-
containing oil−water mixture without using the asphalt
stabilizer. A large number of asphalt particles were attached
to the aerogel fiber skeleton, and the channels inside the
aerogel were severely blocked. As the diameter of the cellulose
pores decreases, the blockage becomes more serious. Figure
11b,d,e is the SEM images of the A1.0, A1.5, and A2.0 aerogel

membranes after filtering the asphalt-containing oil−water
mixture with the asphalt stabilizer. The number of asphalt
particles on the fiber skeleton is significantly reduced, and the
size of the asphalt particles is also significantly decreased. As
the aerogel pore diameter increases, the positive effects of the
asphalt stabilizer become more pronounced. These changes are
in line with the above trends in filtration rate and validate the
speculated mechanism on the influence of asphalt and asphalt
stabilizers.

3. CONCLUSIONS

In this paper, a composite aerogel of cellulose and chitosan was
successfully prepared by sol−gel method and freeze-drying
method. The pore size of the aerogel was adjusted by
controlling the concentration of cellulose. The filtering
performance of the aerogels with different pore sizes was
tested in subsequent oil−water separation experiments. The
effect of asphalt on aerogel filtration oil−water mixture was
studied. The results show that asphalt can decrease the
filtration speed. After 30 min of continuous filtration, the
filtration speeds were reduced to less than 50% of the initial
speed. This is because asphalt can adhere to the surface of the
aerogel during filtration, blocking the filtration channel and
reducing filtration speed. After using the asphalt stabilizer, the
negative effect of asphalt on the filtration speed was greatly
lessened. The asphalt stabilizer reduces the tendency of asphalt
to adhere to the aerogel membrane by better stabilizing asphalt
in toluene, thereby improving the filtration speed. Therefore,
the combination of CECS aerogel and asphalt stabilizer
SNODMI has promising application potential in the separation
of asphalt-containing oil−water mixture.

4. MATERIALS AND METHODS

4.1. Materials. Medical cotton was purchased from the
HeNan Piaoan Group. Chitosan (90% deacetylation) was
supplied by J&K Scientific Ltd. Urea, sodium hydroxide, and
ethanol of analytical grade were provided by Aladdin. Toluene
was obtained from Jiangsu Yonghua Fine Chemicals Co., Ltd.
SNODMI, the asphalt stabilizer, was synthesized in our
laboratory.47

4.2. Preparation of CECS Aerogels. CECS aerogels were
prepared using sol−gel and freeze-drying processes. The
cellulose solution was prepared according to the adapted
method.48 A certain amount of medical cotton was dissolved in
a 100 g solution, which consisted of 7 wt % NaOH, 12 wt %
urea, and 81 wt % H2O to obtain a homogeneous cellulose
solution at −20 °C. The chitosan solution was produced by
dissolving 1.5 g of chitosan with 100 g of solution that
consisted of 5 wt % NaOH, 6 wt % urea, and 89 wt % H2O.
The cellulose solution and the chitosan solution were mixed at
5 °C for 20 min. The homogeneous solution was poured into a
container to form a film with a thickness of 0.25 cm. The
container was placed in the refrigerator for 48 h. The obtained
hydrogel was immersed into deionized water to coagulate and
regenerate and washed to neutrality with deionized water.
After washing, the sample was freeze-dried at −50 °C for 24 h
to obtain a CECS aerogel.

4.3. Preparation of Different Oil−Water Mixtures.
Oil−water mixture: 70 mL of deionized water, 30 mL of
toluene, and a small amount of coloring agent (Sudan III) were
mixed for 1 h.

Figure 10. Effect of asphalt and asphalt stabilizer on a filtration speed
of A2.0.

Figure 11. SEM photographs of CECS aerogels after filtering: asphalt-
containing oil−water mixture without SNODMI: A1.0: (a), A1.5: (c),
and A2.0: (e); asphalt-containing oil−water mixture with SNODMI:
A1.0: (b), A1.5: (d), and A2.0: (f).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03782
ACS Omega 2021, 6, 29588−29595

29592

https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03782?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Oil−water mixture containing asphalt: the asphalt/toluene
solution was prepared by dissolving 0.783 g of asphalt in 30
mL of toluene. This solution was added to 70 mL of deionized
water to prepare an oil−water mixture containing asphalt.
The oil−water mixture containing asphalt and SNODMI:

0.054 g of SNODMI and 0.783 g of asphalt were dissolved in
30 mL of toluene sequentially, followed by the addition of 70
mL of deionized water.
4.4. Oil−Water Separation Experiment. As shown in

Figure 12, a continuous filtering device was designed. Water
was continuously fed to the filtering device at a speed equal to
the rate of water passing through the membrane. Therefore,
the total amount and composition of the oil−water mixture to
be filtered were kept constant. A stirrer was employed to
obtain the uniform oil−water mixture and keep the liquid in
the mixture in contact with the membrane. The filtrate was
weighted by the electronic balance scale to measure the
filtering rate.
4.5. Characterization Method. FTIR spectra were

recorded using a Thermo Fisher’s Nicolet 5700 infrared
spectrometer. The DTGS KBr detector was used with a
wavenumber scanning range of 400−4000 cm−1 and a
resolution of 0.1 cm−1. The water contact angle on the aerogel
surface was measured using the OCA 20 video optical contact
angle measuring instrument from Data physics of Germany.
Hitachi SU 8010, a field emission scanning electron micro-
scope, was employed to observe the morphologies.
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