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Abstract

The oil spill has caused significant attention on a global scale due to its dam-

age to the environment and the economy. The development of economically

and ecologically friendly oil sorbent materials has important meaning for the

oil spill concern. In this work, we explored the non-solvent impacted thermally

induced phase separation (NITIPS) method to prepare the cellulose triacetate

aerogel (CA) with low density (6.4–40.5 mg/cm3), high porosity (96.9–99.5%),
large water contact angle (>129�) and high specific surface area (193–573 m2/

g) as the oil sorbent material. The oil absorption capacity of CA with vegetable

oil and vacuum pump oil reached 80.8 g/g and 38.9 g/g, respectively, consis-

tent with Fick's law of diffusion. Moreover, the NITIPS method provided sim-

pler process and controlled the shape of CA compared with the traditional

thermally induced phase separation method. This study proved that the CA

prepared by NITIPS methods played an important role as a potential oil

absorption solids in the field of oil spill and organic chemical leakage.
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1 | INTRODUCTION

With increasing use of fossil energy, the oil spill and the
organic chemical leakage have caused serious damage to
environment and economy, so attracted significant atten-
tion on a global scale.[1–3] More than 200 million barrels
of waste-water with oil were globally produced per day
from 2012 and it will become more than the 300 million
barrels per day by 2030.[4,5] Therefore, numerous technol-
ogies have been developed to deal with this water pollu-
tion, such as magnetic separation, chemical dispersant,
absorption and biological treatment.[6–8] Among those
approaches, the oil absorption is believed to be the most
efficient method with simple operations, low cost and
environmentally friendly.[9] However, traditional sor-
bents remain with several drawbacks due to the low

absorption efficiency and capacity, limiting the practical
application.[10]

To overcome those issues, many porous sorbents were
examined to deal with oil spill and chemical leakage, such as
electrospun membrane,[6] nonwoven fabric,[7] aerogel[8] and
composite.[11] Those sorbents show excellent hydrophobicity,
high specific surface area (SSA) and high oil absorption
capacity. Among all sorbents, the aerogel, as one of the
lightest solid in the world, has attracted increasing attentions
due to three-dimensional structure, large SSA, high pore vol-
umes and controllable surface properties.[12] In recent
decades, many aerogels such as metal–organic framework,[13]

graphene[14] and carbon nanotubes[15] have been investigated
extensively in the field of oil absorption. However, those raw
materials of aerogels take high cost and the process is so
complicated as to restrict the application in industry.[16]
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As one of most common derivatives of cellulose
polymer, cellulose triacetate has an important place in
textiles, membranes, cigarette filters and biomedical
materials with green, sustainable, non-toxic, easy to
handle and hydrophobic properties.[17] Recently, many
studies are mainly focused on the porous cellulose tri-
acetate prepared by thermally induced phase separa-
tion (TIPS) method.[18] The TIPS method is based on
changing the thermal energy of polymer solution to
control the polymer dissolution or separation by mak-
ing the solution above or below the binodal curve.[19–
21] Yu et al. reported that a cellulose triacetate mem-
brane with different micro shaped pores was prepared
by using dimethyl sulfoxide (DMSO) as solvent via the
TIPS method.[22] Liu et al. have recently reported that
by using dimethylacetamide (DMAC) as a solvent cel-
lulose triacetate could form mesoporous structure with
high porosity via the TIPS method.[23] However, the
cellulose triacetate only formed thin membrane with
high density and low SSA which reduced the oil
absorption capacity, by TIPS methods.

In this work, we developed a new and simple
method, named as non-solvent impacted thermally
induced phase separation (NITIPS), to prepare the cel-
lulose triacetate aerogel (CA) for oil capture. As com-
pared with the traditional TIPS method, non-solvent
was introduced to impact the separation of system in
the NITIPS method, promoting the formation of poly-
mer gel. Subsequently the polymer gel was treated in
supercritical carbon dioxide to obtain CA with three-
dimensional structure and large SSA for high oil
absorption. Influence of non-solvent content on the
TIPS and formation of possible phase diagram of the
system were investigated. Besides, water contact angle
on as-prepared materials was measured, and the effects
of aerogel density on oil absorption and the oil absorp-
tion kinetic behavior were studied. This work is the
first time to reveal that CA prepared by NITIPS
methods is a potential sorbent for oil capture.

2 | MATERIALS AND METHODS

2.1 | Materials

Cellulose triacetate with 300� of polymerization was sup-
plied by Daicel Corporation Co., Ltd., Tokyo, Japan. Eth-
anol and 1, 4-dioxane in analytical grade were purchased
from Nacalai Tesque Co., Ltd., Kyoto, Japan. Liquid CO2

with 99.9% purity used for supercritical drying was
obtained from Kaindo Gas Co., Ltd., Shizuoka, Japan.
The vacuum pump oil (Shin-Etsu Chemical Co., Ltd.,
Osaka, Japan) and vegetable oil (Nissin Co., Ltd., Osaka,
Japan) were used as received to measure the oil absorp-
tion capacity.

2.2 | Methods

2.2.1 | Preparation of CA

The CA was prepared via the NITIPS method as shown
in Figure 1. Although the time and the temperature of
cooling have an important role in the structure of poly-
mer by TIPS method, the non-solvent content has a direct
effect on forming the polymer gel in NITIPS method. In
order to get the phase diagram of the ternary system, the
parameters of experiments were designed as given in
Table 1. Such as 0.5 wt% of cellulose triacetate powder
was dissolved in the 50, 60, 70, 80, 90 and Xwt% of sol-
vent 1, 4-dioxane solution, respectively. X in Table 1
equals 100 subtract the cellulose triacetate content where
only 1, 4-dioxane was used as solvent without the non-
solvent. The mixed solution was heated at 70�C with
magnetic stirring about 5 hr until the homogeneous solu-
tion formed. Then the 49.5, 39.5, 29.5, 19.5, 9.5 and 0 wt%
of non-solvent ethanol was carefully poured in the mixed
solution, and the solution was stirrer for another 5 hr at
70�C to get the sol solution. After that, the sol solution
was transferred to a cylindrical template at 20�C to

FIGURE 1 Preparation procedure

of porous cellulose triacetate aerogels by

NITIPS methods and supercritical CO2

drying. Liquid phase (a), solid–liquid
phase separation (b), and gelation (c) in

Gel process. NITIPS, non-solvent

impacted thermally induced phase

separation [Color figure can be viewed

at wileyonlinelibrary.com]
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prompt separation of cellulose triacetate from sol solution.
The phase separation process lasted for 48 hr at 20�C.
Finally, the phase of final solution was recorded and was
divided into three categories: gelation, solid–liquid phase
separation and liquid phase as shown in Figure 1.

According to the category, the majority of experi-
ments were performed on the gelated samples prepared
from 0.5, 1, 2 and 4 wt% of cellulose triacetate and 50 wt
% of 1, 4-dioxane solution. In order to avoid the collapse
of CA, the sample was dried by the supercritical carbon
dioxide equipment assembled by PU-2086 Plus pump and
BP-2080 Plus automatic back pressure regulator (JASCO
Company, Japan) as shown in Figure S1. First a cylindri-
cal gel with the diameter of 25 mm and the height of
5 mm was put on a mesh holder in the high pressure ves-
sel at 40�C. Then the liquid carbon dioxide was pumped
in the high pressure vessel to reach the drying pressure of
15 MPa. The drying process lasted about 1 hr with the
flow speed of 6 ml/min. Finally, CO2 pressure was
released from 15 to 10 MPa at rate of 1 MPa/min and the
vessel was depressurized to atmospheric pressure at rate
of 0.2 MPa/min. The obtained CAs were named as
CA0.5, CA1, CA2 and CA4 according to the initial cellu-
lose content.

2.2.2 | Characterization of CA

Shrinkage (S) of CAs were calculated by the following
Equation (1):

S %ð Þ= V 0−V
V0

× 100 ð1Þ

where V0 and V are volume of polymer gel and CA,
which are calculated from the thickness and diameter of
cylindrical samples measured by a millimeter ruler. The
porosity (P) of CA was calculated by the following
Equation (2):

P %ð Þ= 1−
D
D0

� �
× 100 ð2Þ

where D and D0 are density of CA and cellulose triacetate
(1,290 mg/cm3), respectively.

Morphology of CAs were observed by using a scan-
ning electron microscope (SEM) JSM-6700F (JEOL Ltd.,
Tokyo, Japan). Before SEM measurement, the CA was
coated with 2 nm thickness of Pt using an ion sputter
coater JFC-1600 (JEOL Ltd., Tokyo, Japan). N2 adsorp-
tion and desorption isotherms were obtained using
BELSORP-mini II analyzer (Microtrac BEL Co. Ltd.,
Osaka, Japan) after drying by BELPREP-vac II pre-
treatment instrument (Microtrac BEL Co. Ltd., Osaka,
Japan) at 100�C in vacuum environment (<1 Pa) about
3 hr. SSA of CA was calculated at relative pressure from
0.05 to 0.35 using Brunauer–Emmett–Teller (BET) model.
Contact angle of 3 μl deionized water droplet on CA was
evaluated by a contact measurement instrument Drop
Master DM300 (Kyowa Interface Science Co., Ltd.,
Saitama, Japan) at ambient temperature. In order to
ensure the accuracy of the experiment, at least five posi-
tions on sample surface were examined. The density of
oils were calculated from their weight and volume. The
viscosity of oils were measured by using a rotary viscome-
ter TVB-10 (Toki Sangyo Ltd., Osaka, Japan).

2.2.3 | Measurements of oil absorption
capacity and kinetic behavior

Oil absorption capacity of CA was investigated using the
vacuum pump oil and the vegetable oil. First, the vacuum
pump oil or the vegetable oil was poured in a breaker.
Then the cylindrical CA with diameter of 25 mm and
height of 5 mm was put in the breaker for absorption
measurement about 5 hr at room temperature. After that,
the CA was taken out from the oil with holding for 15 s
to remove the excess oil on the surface of CA. Finally, the

TABLE 1 Designed content for

mixture of cellulose triacetate, 1, 4-

dioxane and ethanol Cellulose triacetate (wt%)

1, 4-Dioxane (wt%)

50 60 70 80 90 Xa

Ethanol (wt%)

0.5 49.5 39.5 29.5 19.5 9.5 0

1 49 39 29 19 9 0

2 48 38 28 18 8 0

4 46 36 26 16 6 0

8 42 32 22 12 2 0

aX equals 100 subtract the cellulose triacetate content.
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weight of sample was recorded by an electronic balance
and the oil absorption capacity of CA (Q) was calculated
by Equation (3):

Q=
W −W 0

W 0
ð3Þ

where W and W0 are the weight of CA after and before
oil absorption. This measurement was repeated five times
to guarantee accuracy.

3 | RESULTS AND DISCUSSION

3.1 | Non-solvent impacted TIPS

The CA was prepared via NITIPS methods. Compared
with the traditional TIPS method,[24–26] the NITIPS
method introduces a non-solvent to the system to

promote the formation of polymer gel. The 1, 4-dioxane
was used as a solvent to dissolve the cellulose triacetate
and the ethanol was used as a non-solvent to induce the
formation of polymer gel. As Figure 1 shows, the cellu-
lose triacetate is dissolved in the mixture solution to form
a homogeneous solution in the sol process. After temper-
ature decreases, the affinity between cellulose triacetate
and mixture solvent decreases, which promotes the sepa-
ration of cellulose triacetate from the solution. The cellu-
lose triacetate molecules start to aggregate and hold the
solvent in pores to form polymer gel in a mold. Finally,
the mold-shaped CA with high porosity is obtained by
replacing the solvent with gas in supercritical carbon
dioxide drying process. As shown in Figure S2, this
method can fabricate a great variety of shapes of CA1 by
using the different mold and meet the actual
applications.

According to the condition of phase transitions of
solution at low temperature,[27] the result of experiments

TABLE 2 Influence of cellulose

triacetate content on physical properties

of CAs

Samples Shrinkagea (%) Density (mg/cm3) SSAb (m2/g) Porosityc (%)

CA0.5 22.0 ± 0.9 6.4 ± 0.3 573 ± 8.7 99.5 ± 0.3

CA1 15.4 ± 0.5 11.0 ± 0.5 437 ± 3 99.2 ± 0.5

CA2 11.6 ± 0.7 20.6 ± 0.5 236 ± 0.3 98.4 ± 0.5

CA4 8.6 ± 0.6 40.5 ± 0.7 193 ± 0.3 96.9 ± 0.7

Note: All measurements were repeated five times.
Abbreviations: BET, Brunauer–Emmett–Teller; CA, cellulose triacetate aerogel; SSA, specific
surface area.
aCalculated by Equation (1).
bSpecific surface area was obtained by BET measurement.
cCalculated by Equation (2).

FIGURE 2 Ternary phase

diagram of cellulose triacetate/

1, 4-dioxane/ethanol system

(right drawing). The

magnification on the left is ×2.5
and yellow curve is possible

bimodal curve in the left

drawing [Color figure can be

viewed at

wileyonlinelibrary.com]
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were divided into three categories: liquid phase, solid–liquid
phase separation and gelation as shown in Figure 1. The liq-
uid phase of the system was transparent with fluidity as
shown in Figure 1a, meaning that the cellulose triacetate
was absolutely dissolved in the mixture solution. Some white
spherical and fibrous colloid was observed in the solid–liquid
phase separation of the system with fluidity as shown in Fig-
ure 1b, indicating the demixing of cellulose triacetate from
the mixture solvent. As shown in Figure 1c, the system
formed a whole polymer gel without the fluidity. The results
of phase transition are summarized in Table S1. The datum
of 8 wt% of cellulose triacetate in 50 wt% of 1, 4-dioxane solu-
tion is not given because the cellulose triacetate was not
completely dissolved in the mixed solution. As the cellulose
triacetate content was lower than 0.5 wt%, the mixture did
not form the whole polymer gel even though the

temperature decreased. Hence, cellulose triacetate at 0.5–
8 wt% content was used to get the ternary phase diagram.

The ternary phase diagram is an important phase behav-
ior for TIPS process as it can predict the phase transitions of
polymer in a certain solvent to help membrane or gel forma-
tion.[28] In the NITIPS method, the ternary phase diagram of
cellulose triacetate/1, 4-dioxane/ethanol system was shown
in Figure 2. Binodal curve was known as a borderline
between liquid phase and solid–liquid phase separation.[27]

Possible binodal curve of system was obtained by connecting
the experimental points as shown in Figure 2. The cellulose
triacetate gel did not form only as 1, 4-dioxane without non-
solvent was used, which is considered as the TIPS method.
Adding the non-solvent in this system promotes the separa-
tion of cellulose triacetate from the mixture solution due to
reduction of affinity between the polymer and the solution.
As the temperature decreases, the non-solvent makes nucle-
ation and growth of molecular easier to occur. The mixed
solution containing low concentration of cellulose triacetate
easily produced solid–liquid phase separation or the gelation
as the non-solvent content was higher. At a certain solvent
content, higher cellulose triacetate content was conducive to
form the polymer gel. As the cellulose triacetate content was
constant, more non-solvent content in the range of 0–49.5 wt
% could be easier to promote the polymer gel formation. This
possible binodal and gelation region as given in Figure 2 will
be helpful for fabrication of porous cellulose triacetate such
foam and aerogel for industrial applications.

3.2 | Morphology of CA

To keep the porous structure of CA, the obtained poly-
mer gel was processed by supercritical carbon dioxide

FIGURE 3 SEM images of CA0.5 (a, e), CA1 (b, f), CA2 (c, g), CA4 (d, h). The magnification of (a), (b), (c), (d) and (e), (f), (g), (h) are

1,000 times and 10,000 times, respectively. SEM, scanning electron microscope

FIGURE 4 N2 adsorption–desorption isotherm of cellulose

triacetate aerogels at 77 K [Color figure can be viewed at

wileyonlinelibrary.com]
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considering the 1, 4-dioxane and ethanol have good solu-
bility in supercritical carbon dioxide. This process was
performed on the gel containing 0.5, 1, 2 and 4 wt% of
cellulose triacetate and 50 wt% of 1, 4-dioxane solution.
The prepared aerogels were named as CA0.5, CA1, CA2
and CA4 where the number indicates cellulose triacetate
content. The characterizations of CAs are given in
Table 2. All of CA show low shrinkage (<25%) and low
density (6.4–40.5 mg/cm3). The density of CA0.5 was only
6.4 mg/cm3 (<10 mg/cm3) which is one of the lowest
polymer aerogels.[29] Increasing the concentration of cel-
lulose triacetate lowered CA shrinkage and enhanced the
density.

During TIPS process, morphology of polymer would
show different structure owing to the different concentra-
tion of polymer as Figure S3 exhibits[28]; (a) beads-like
structure due to nucleation and growth of the polymer
rich phase, (b) bicontinuous structure due to spinodal
decomposition and (c) cellular structure due to nucle-
ation and growth of a polymer poor phase. The SEM
images of CAs are given in Figure 3. All CA samples
show 3D bicontinuous structure with micropores and
mesopores as expected in the range 2 in Figure S3.

A large amount of mesopores with 2–50 nm of diameter
are observed between nanoscale cellulose triacetate
fibers formed by aggregation of the molecules as shown
in Figure 3. Additionally, micropores with 1–20 μm of
diameter are also found between blocks of cellulose
triacetate fiber. Those structures were also reported in
typical polymer aerogels prepared by TIPS methods.[30]

The CA obtained larger pore structure as the concentra-
tion of cellulose acetate was lower (see Figure 3a–d).
The SEM images with high magnification in Figure 3e–h
clearly imply that the amount of micro- and mesopores
in CA with low content was higher than that with high
content. Furthermore, the CA consists of more uniform
pores while the polymer content increases.

3.3 | BET measurement

The SSA and pore property have an important influence
on the oil absorption capture.[31] To evaluate the pore
structure of CA, N2 adsorption–desorption on CAs were
measured at 77 K and the isotherm curves are shown in
Figure 4. All curves showed type-IV adsorption–desorp-
tion isotherm according to IUPAC classification.[32] Hys-
teresis loops are detected at high P/P0 for all CAs, which
could be type H3 hysteresis suggesting that open and con-
tinuous pores exist in all CAs which was proved by their
SEM images in Figure 3. Additionally, a capillary con-
densation phenomenon and a monolayer adsorption
occurred at low P/P0. N2 multilayer adsorption in the
pore of CA resulted in an abrupt rise in N2 adsorption

FIGURE 5 Water droplet and its

contact angle on CA0.5 (a), CA1 (b),

CA2 (c) and CA4 (d), respectively. The

inserted photo in (a) exhibits CA0.5 and

water droplets on it. CA, cellulose

triacetate aerogel [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 3 Physical properties of vacuum pump oil and

vegetable oil

Samples Density (g/cm3) Viscosity (mPa/s)

Vacuum pump oil 0.96 ± 0.01 445.5 ± 6.3

Vegetable oil 0.91 ± 0.01 54.1 ± 3.8

Note: All measurements were repeated five times.
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curve when P/P0 was larger than 0.8. Those results dem-
onstrate that all CAs have porous structure promoting oil
capture.

In this work, only the SSA of CA was calculated from
N2 adsorption–desorption isotherms without the specific

pore volume and the average pore sizes. For most poly-
mer aerogels, the specific pore volume and the average
pore sizes are obtained by Barrett–Joyner–Halenda (BJH)
mold in which only mesopores with less than 200 nm
size are considered.[33] However, since CA consists of not

FIGURE 6 Oil absorption curve of CAs for pump oil (a) and vegetable oil (b). The oil absorption capacity of CAs in 5 hr are given in

(c). The photos in (c) are CA0.5 before (left) and after vacuum pump oil absorbed for 5 hr (right). Density and absorption capacity of CA0.5

and other cellulose-based materials are shown in (d). CA, cellulose triacetate aerogel [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Fitting parameters of CAs based on pseudo-first order and Korsmeyer–Peppas model

Sample Qa (mmol/g)

Pseudo-first order model Korsmeyer–Peppas model

kf
b (min−1) Qe

c (mmol/g) R2 kk
d nc R2

Pump oil-CA0.5 38.9 ± 1.6 2.1 33.3 .92 23.8 0.29 .98

Pump oil-CA1 25.9 ± 1.8 2.4 23.4 .95 17.2 0.27 .97

Pump oil-CA2 18.1 ± 1.1 1.7 16.4 .94 11.4 0.31 .99

Pump oil-CA4 13.9 ± 1.1 0.3 8.5 .95 8.5 0.31 .97

Vegetable oil-CA0.5 80.8 ± 2.3 0.9 75.4 .94 43.2 0.40 .99

Vegetable oil-CA1 55.9 ± 2.1 1.2 51.7 .93 32.2 0.36 .99

Vegetable oil-CA2 38.5 ± 1.8 1.9 36.6 .95 25.9 0.29 .97

Vegetable oil-CA4 30.2 ± 0.8 2.9 27.6 .94 21.0 0.25 .96

Abbreviation: CA, cellulose triacetate aerogel.
aThe experimental absorption capacity.
bThe rate constant based on pseudo-first order.
cThe absorption capacity at equilibrium.
dThe rate constant based on Korsmeyer–Peppas model.
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only mesopores but also micropores, the calculated value
by BJH mold is much smaller than the actual value. The
same phenomenon was also reported for pectin aero-
gel.[34] The SSA and porosity are given in Table 2. All
CAs show large SSA (>190 m2/g) which is effective to
improve oil absorption rate. The high porosity (>96%) of
all CAs are expected to provide large amount of oil
absorption. As CA concentration increased, the SSA and
the porosity declined due to higher molecular aggrega-
tion during the NITIPS process. In this work, CA0.5 with
the lowest density shows the largest SSA (573 m2/g) and
highest porosity (99.5%). However, the cellulose triacetate
film prepared by TIPS showed very low SSA with
13.65 m2/g and low porosity with 93.1%.[23] The CA pre-
pared by NITIPS with large SSA and porosity would
result in higher oil absorption capacity.

3.4 | Surface properties of CAs

The water contact angle on surface of CA was measured
to investigate its wettability. Digital photographs of the
water droplet on CAs are shown in Figure 5. All CAs
indicate excellent hydrophobic surface on which the
angles are more than 120� to be conducive to absorb oil.
It is well-known that a structure of aerogel surface has
strong influence on the water contact angles as reported,
for example, on lotus leaf structure.[14] The water contact
angle on CA decreased as the density of CA increased
due to its porous structure. Within a certain range of CA
content (0.5–4 wt%), a rougher surface was caused by
larger micropores in the lower density of CA as observed
in Figure 3, and supports the droplet on the surface
resulting in larger water contact angle as reported for
superhydrophobic materials.[14] The high water contact
angle of 142� and 139� near the super-hydrophobicity
(>150�) were obtained on CA0.5 and CA1, respectively.
This excellent hydrophobic surface property of CA would
have a higher potential for oil absorption.

3.5 | Oil absorption capacity

The oil absorption capacity of the porous CA was investi-
gated directly by immersing the cylindrical sample with
diameter of 25 mm and height of 5 mm in oils. In this
work, the vacuum pump oil and vegetable oil were used.
The properties of oils are listed in Table 3. The oil absorp-
tion capacity of CA were calculated by Equation (3) via
measuring the weight change, and plotted against time in
Figure 6a,b. The oil absorption of CAs seems to be
divided into two stages; (a) the rapid absorption observed

in the first 30 min due to the large number of micropores
and mesopores in the aerogel surface, and (b) the slow
absorption owing to oil diffusion from the surface to the
inside CA.

The density and viscosity of the oil have partly effects
on the oil absorption capacity of CA.[35] The absorption
capacity of CA in 5 hr (Q5) was given in Figure 6c. All
CA samples show high oil absorbency about 13.9–80.8
times as its own weight. For all CA samples, the Q5 of
vegetable oil was higher than the vacuum pump oil due
to the lower viscosity and the density as shown in Table 3.
On the other hand, the Q5 was lower on CA with lower
content of cellulose triacetate due to the smaller SSA and
the lower porosity (see Table 2). The largest Q5, 80.8 g/g,
was obtained on CA0.5 with the lowest density (6.4 mg/
cm3) and largest SSA (573 m2/g) using the low viscosity
vegetable oil. Digital photograph of CA0.5 before and
after absorbing vacuum pump oil are shown in Figure 6c,
demonstrating that the CA kept the shape after oil
absorption without collapse to be conducive to recycling.

3.6 | Oil absorption kinetic analysis

To figure out the oil absorption mechanism of CAs, oil
absorption curves were fitted based on the pseudo-first
order and Korsmeyer–Peppas model with an aid of Ori-
gin 8 software.[36] The first-order model was based on the
absorption kinetics of soluble materials in porous poly-
mers which was expressed as[31]:

Qt =Qe 1−e−kf t
� � ð4Þ

where Qt and Qe (g/g) are the absorption capacity at a
given time t (min) and at equilibrium, respectively, and kf
(min−1) is the rate constant for the pseudo first order
equation. Table 4 displays the fitting results. The Qe is
smaller than the experimental value and all R2 value of
CAs are also relatively small, suggesting that the oil
absorption behavior of all CAs does not well-fit with
pseudo-first order model.

Korsmeyer–Peppas model was based on Fick's law of
diffusion to describe the mechanism of absorption as fol-
lowing Equation (5)[37]:

Qt = kk × tn ð5Þ

where and kk is an oil rate constant for Korsmeyer–
Peppas model and n represents a diffusion index. For a
cylindrical sample, the adsorption follows Fick's law of
diffusion at n ≤ 0.45 and an anomalous non-Fick
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transport at 0.45 < n < 0.89.[38] As displayed in Table 4,
the R2 values of all CAs were larger than 0.95, suggesting
that the oil absorption of CAs would obey Korsmeyer–
Peppas model. Additionally, all diffusion index (n) were
smaller than 0.45, demonstrating that the oil absorption
kinetic behavior of CAs was consistent with Fick's law of
diffusion.

Figure 6d shows the comparison of density and
absorption capacity between the CA prepared by the
NITIPS method and other cellulose-based materials
which details are given in Table S2.[39-45] The porous CA
prepared by the NITIPS method has the lowest density
and the largest oil absorption capacity, comparing with
other cellulose based aerogel prepared by relatively com-
plicated process. It could be concluded that the CA
showed excellent hydrophobic surface properties and
high oil absorption capacity based Fick's law of diffusion.
Those CA prepared by the NITIPS technology with the
controllable shape, low density and high SSA could play
an important role in the area of oil spill cleanup.

4 | CONCLUSIONS

The novel NITIPS method was developed to prepare the
porous CA for oil absorption in this study. In the range of
cellulose triacetate content from 0.5 to 8 wt%, adding
more non-solvent was conducive to form the cellulose tri-
acetate gel. After supercritical CO2 drying, all CAs with
porous structure showed larger SSA and porosity. The
CA0.5 with the lowest density (6.4 mg/cm3) and the larg-
est SSA (573 m2/g) exhibited near super-hydrophobicity
and the highest oil absorption capacity. The oil absorp-
tion kinetic behavior of the CA was consistent with Fick's
law of diffusion. The obtained ternary phase diagram and
possible binodal curve will be helpful for fabrication of
porous cellulose triacetate foam and aerogel for the appli-
cations to oil absorption.
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