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ABSTRACT: Polyprolylene is commonly used for crude oil spill cleaning, but it has low absorption capacity and is
nonbiodegradable. In our work, a green, ultralight, and highly porous material was successfully prepared from paper waste
cellulose ﬁbers. The material was functionalized with methyltrimethoxysilane (MTMS) to enhance its hydrophobicity and
oleophilicity. Water contact angles of 143 and 145° were obtained for the MTMS-coated recycled cellulose aerogel. The aerogel
achieved high absorption capacities of 18.4, 18.5, and 20.5 g/g for three diﬀerent crude oils at 25 °C, respectively. In the
investigated temperature range of 10, 25, 40, and 60 °C for the absorption of the tested crude oil on the aerogel, a highest
absorption capacity of 24.4 g/g was obtained. It was found that the viscosity of the crude oils is the main factor aﬀecting their
absorption onto the aerogel. The strong aﬃnity of the MTMS-coated recycled cellulose aerogel to the oils makes the aerogel a
good absorbent for crude oil spill cleaning.

1. INTRODUCTION
Oil spills have been considered as one of the most serious
disasters that are threatening the marine ecosystem. Recently,
the explosion of a drilling rig in the Gulf of Mexico caused
signiﬁcant environmental damage. Oil spills are usually related
to accidents in oil production, storage, and transportation. As
long as fossil fuels are needed, oil spills are still a big problem
that human beings are facing.1−7 Therefore, it is essential to
solve this environmental problem. There have been many ways
for oil spill cleanup classiﬁed as chemical, biological, and
physical methods. Dispersion, in situ burning, and solidiﬁcation
are considered to be chemical methods which are complicated
and expensive. Use of microorganisms in the biological
methods is eﬀective but it requires a long time, and the
microorganisms are aﬀected by pH, temperature, oxygen
content, etc. In physical methods, booms and skimmers are
often used, but they cannot remove oil from sea eﬀectively.
Among these methods, sorption has been considered to be one
of the most eﬀective ways for oil spill cleaning due to its ability
of collection and the complete removal of oil from oil spill
sites.6,8−15
There have been several materials used as absorbents for oil
spill cleaning in research and real applications. The oil
absorbents can be catergorized as inorganic mineral, synthetic
organic, and natual organic materials.9,10,12,13 Inorganic
materials (i.e., vermiculite, exfoliated graphite, diatomite, ﬂy
ash, etc.)16−18 have low oil absorption capacity. Meanwhile,
synthetic organic materials (i.e., polypropylene, polyurethane,
etc.)10,12,13 possess high aﬃnity to oil but cause a waste
problem after use due to their slow degradation. Natural
organic materials from plants and animal residues, such as
kapok ﬁber, sugar cane bagasse, rice husk, coconut husk, cotton,
wool, sawdust, chitosan, etc., have been examined for oil
absorption.19−21 However, most of the materials show low oil
absorption ability and also absorb water. Therefore, there is a
high demand for ﬁnding new environmentally friendly
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absorbents with high oil absorption capacity, good selectiveness, and low cost for oil spill removal.
Aerogels are the world’s lowest-density solid materials,
composed of up to 99.98% air by volume but also highly
porous and extremely rigid, capable of bearing weight many
times their own. Aerogels are a diverse class of amazing
materials with advanced properties. Transparent superinsulating silica aerogels exhibit the lowest thermal conductivity of any
solid known. Ultrastrong, bendable x-aerogels are the lowestdensity structural materials.22−27 Normally aerogels are brittle
and fracture under too much force. Overcoming the characteristic stiﬀness of the aerogels could open up a whole new range
of uses such as oil absorption applications. In order to
circumvent the stiﬀness, cellulose is chosen. Cellulose, better
known as “plants, mostly”, is normally used to make products
such as paper and cardboard, but some forms of cellulose can
also be quite strong.28,29 One of the best methods to make
aerogel out of cellulose is to freeze-dry it, removing all moisture
and leaving nothing but a web of pure, solid ﬁbers.25,30,31
The increase of paper comsumption has been creating a huge
amount of paper waste which contributes 25−40% of global
municipal solid waste.32 Recycling paper waste will help to
preserve forests as well as solve the environmental problem.
Recycled cellulose ﬁbers from paper waste are a cheap and
abundant resource. A combination between aerogel structure
and recycled cellulose ﬁber will form a new materialnamed
“recycled cellulose aerogel”which is cost-eﬀective and
promising for oil absorption. Although there have been some
studies on using cellulosic materials for oil absorption,4,6,29,33−36 no studies have been carried out on fabricating
aerogels from paper waste cellulose ﬁbers and investigating
Received:
Revised:
Accepted:
Published:
18386

October 1, 2013
December 4, 2013
December 5, 2013
December 5, 2013
dx.doi.org/10.1021/ie4032567 | Ind. Eng. Chem. Res. 2013, 52, 18386−18391

Industrial & Engineering Chemistry Research

Article

dimensions were 38 mm (diameter) × 11 mm (thickness). The
sample was weighed and placed in 300 mL of crude oil for a
certain time. Then the wet sample was removed from the liquid
using a stainless steel mesh basket and drained for 1 min. The
wet sample was weighed, its dimensions were measured, it was
squeezed by hand, and it was weighed again. The test was
repeated several times.
Crude oil absorption capacity was calculated using the
following formula:
m − md
Qt = w
md
(1)

them as absorbents for crude oil spill cleaning. In our work, a
fabrication procedure for making cellulose aerogels from paperwaste cellulose ﬁbers was developed and the materials showed
high absorption capacity for diﬀerent crude oils.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Sodium hydroxide, urea,
and ethanol were of analytical grade and purchased from SigmaAldrich. All the solutions were made with deionized (DI) water.
Recycled cellulose ﬁbers were donated by Insul-Dek Engineering Pte. Ltd. (Singapore). Crude oils were supplied by
Petrovietnam Research and Development Center for Petroleum
Processing (PVPro).
2.2. Fabrication of Recycled Cellulose Aerogels.
Recycled cellulose ﬁbers (2 wt %) were dispersed into a
sodium hydroxide/urea solution (1.9 wt %/10 wt %) by
sonicating for 6 min. Then the solution was placed in a
refrigerator for more than 24 h to allow gelation. After the
solution had been frozen, it was then thawed at room
temperature, followed by immersion into ethanol (99 vol %)
for coagulation. The specimen thickness was controlled around
1 cm with a diameter of 3.8 cm using a beaker as a mold. After
coagulation, solvent exchange was carried out by immersing the
gel in DI water for 2 days. Freeze-drying was carried out for the
sample for 2 days at −98 °C with a ScanVac CoolSafe 95-15
Pro freeze-dryer (Denmark) after prefreezing the sample at
−18 °C for 12 h.
2.3. Hydrophobic Coating of Recycled Cellulose
Aerogels. The recycled cellulose aerogel was placed in a big
glass bottle. A small open glass vial containing methyltrimethoxysilane (MTMS) was added into the glass bottle. Then the
glass bottle was capped and heated in an oven at 70 °C for 2 h
for the silanation reaction. Thereafter, the coated sample was
placed in a vacuum oven to remove the excess coating reagent
until the pressure reached 0.03 mbar.
2.4. Morphology Characterization. Morphologies of
aerogel samples were investigated using ﬁeld-emission scanning
electron microscopy (FE-SEM). The samples were kept in a
dry cabinet prior to FE-SEM. They were then coated with a
thin gold layer using sputtering. A Hitachi S4300 scanning
electron microscope (Japan) operated at 1/5 kV was used to
capture structural images of the aerogels.
2.5. Contact Angle Measurement. The test was carried
out for uncoated and coated samples on a VCA Optima
goniometer (AST Products Inc., USA) to investigate their
water repellency. Water was dispensed, drop by drop, using the
syringe control of the machine. This was repeated at diﬀerent
positions of the sample, and an average was taken.
2.6. Crude Oil Absorption Test. Crude oil absorption
capabilities of aerogel samples were investigated using a
modiﬁed ASTM F726-06 test method.5,10,20,37 Three crude
oils used for the absorption tests were Ruby (RB), Te Giac
Trang (TGT), and Rang Dong (RD). The speciﬁcations of the
crude oils are displayed in Table 1. The dry aerogel sample

where Qt (g/g) is the crude oil absorption capacity of the
aerogel at a certain time t (min), mw (g) is the weight of the
aerogel after absorption, and md (g) is the weight of the aerogel
before absorption.
The ratio of the sample volume before the absorption test
and its original volume (Vn) was calculated as below:
Vn =

where Vd (mm ) is the volume of the sample before the
absorption test and Vi (mm3) is the original volume of the
sample.
The squeezed ratio of crude oil (Qs) was calculated using the
formula
Qs =

10 °C

25 °C

40 °C

60 °C

RB
TGT
RD

0.8236
0.8264
0.8153

42
n/a
n/a

0.0090
0.0088
0.0062

0.0049
n/a
n/a

0.0027
n/a
n/a

m − ms
squeezed amount of oil
= w
absorbed amount of oil
m w − md

(3)

where ms (g) is the weight of the aerogel after squeezing.
To evaluate the oil absorption capability of the aerogel in oil/
water mixture, 40 mL of deionized (DI) water and 5 mL of RB
oil were added to a Petri dish. An MTMS-coated aerogel
sample of 0.722 g was used for the absorption test.

3. RESULTS AND DISCUSSION
Figure 1a shows an FE-SEM image and a photograph of the
recycled cellulose aerogel. It can be seen that the aerogel

Figure 1. FE-SEM images of the recycled cellulose aerogel (a) before
MTMS coating and (b) after MTMS coating. Inset: a photograph of
the aerogel.

possesses a highly porous structure consisting of a network of
interconnected uniform cellulose ﬁbers. Contrary to aerogels
fabricated from cellulose nanoﬁbers having mesoporous
structures,38 the aerogel formed from recycled cellulose ﬁbers
shows a macroporous three-dimensional network, as displayed
in Figure 1a, possibly due to the large size of recycled cellulose
ﬁbers. However, its low density (0.04 g/cm3) and high porosity
(97.3%) are comparable to those of nanocellulose aerogel (0.03
g/cm3, 95−98%).38 These characteristics are essential for a
good absorbent.

viscosity, Pa·s
density at 25 °C, g/cm3

(2)
3

Table 1. Speciﬁcations of Crude Oil Samples

crude oil

Vd
Vi
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Hydrophilicity is the nature of cellulose due to its hydroxyl
groups. Therefore, a hydrophobic coating was carried out for
the recycled cellulose aerogel to make it oleophilic. To achive
this, a simple chemical vapor deposition procedure39 was
performed for the aerogel with MTMS at 70 °C, as described in
section 2.3. After the silanation reaction between the aerogel
and MTMS, the excess MTMS was removed using a vacuum.
As presented in Figure 1b, the open porous structure of the
material is still preserved after the coating. To determine the
eﬀect of the coating on the hydrophobicity of the aerogel, water
contact angle measurement was carried out for the uncoated
and coated aerogels. The uncoated sample immediately
absorbed the water droplets in the test and no measurable
contact angle was recorded. By contrast, as shown in Figure 2a,

Figure 4. Absorption kinetics of crude oils on the coated aerogel.

viscosity while RB and TGT oils have comparable viscosity
values (Table 1).
It is well-known that the absorption process of oils on
absorbents is controlled by the capillary eﬀect, van der Waals
forces, hydrophobic interaction between the oils and
absorbents, pore morphology, and oil viscosity.9,35,40,42,46,47 In
this case, oil viscosity seems to play the main role in the
absorption capacity diﬀerence among the three crude oils. A
lower viscosity facilitates the penetration of the oil into the
porous network of the aerogel and, thus, results in a higher oil
absorption capacity.9,35,41
The eﬀect of temperature on the crude oil absorption
capability of the MTMS-coated recycled cellulose aerogel was
examined with RB crude oil at 10, 25, 40, and 60 °C. As shown
in Figure 5, the oil absorption capacity increases from 13.9 to
18.4 g/g when the temperature is increased from 10 to 25 °C,
achieves the highest value of 24.4 g/g at 40 °C, and decreases
to 19.9 g/g when the temperature is increased to 60 °C. This
can be explained based on the change of oil viscosity with
temperature, as displayed in Figure 5 and Table 1. At 10 °C, the
oil forms a gel with a high viscosity value of 42 Pa·s. This high
viscosity inhibits the diﬀusion of the oil into the pores of the
absorbent and leads to a low absorption capacity. When the
testing temperature is increased to 25, 40, and 60 °C, the
reduction of the crude oil viscosity from 42 to 0.0090, 0.0049,
and 0.0027 Pa·s lets the oil diﬀuse into the porous matrix of the
aerogel faster and more easily. However, the large decrease of
the oil viscosity at 60 °C will result in a low adherence of the oil
to the pore walls, and as a consequence, more oil is drained out

Figure 2. Water contact angle (a) on the external surface of the coated
aerogel and (b) on the cut surface of the coated aerogel.

a high contact angle of 145° was found for the aerogel coated
with MTMS, indicating the hydrophobicity of the material. To
ensure that the internal surfaces of the pores are fully coated
with MTMS, the sample was cut into two pieces and a water
contact angle of 143° was obtained on the cut surface of the
sample (Figure 2b), proving that the whole porous structure is
hydrophobic.
To investigate the crude oil absorption behavior of the
MTMS-coated aerogel, three diﬀerent crude oils, RB, TGT, and
RD, were used. Figure 3 shows the ﬁrst minutes of the sorption
process. It is seen that the material easily absorbed crude oil
and completely immersed into the oil after about 3 min,
indicating the high crude oil aﬁnity of the absorbent. The
sorption kinetics of the three crude oils on the aerogel are
shown in Figure 4. The absorption rates are very high at the
ﬁrst stage and saturation is achieved after about 20 min. The
maximum absorption capacities (calculated by eq 1) of RB,
TGT, and RD oils on the aerogel (18.4, 18.5, and 20.5 g/g,
respectively) are nearly double those obtained with polypropylene ﬁbrous mats which are widely used as absorbents for
crude oil spill cleaning.12,13,40−45 The highest absorption
capacity value is found for RD oil, while the aerogel shows
similar oil absorption behavior for RB and TGT oils. This is
probably due to the fact that RD oil possesses the lowest

Figure 3. First minutes of the crude oil absorption process of the coated aerogel.
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a simple squeezing was performed (Figure 6c). Figure 6d,e
shows the sample after squeezing and the good ﬂexibility of the
sample, respectively. Then the squeezed sample was used for
the next absorption test cycle. The oil absorption capacities of
the sample after ﬁve sorption cycles are displayed in Figure 7a.

Figure 5. Eﬀect of temperature on crude oil absorption capability of
MTMS-coated recycled cellulose aerogel and on viscosity of RB crude
oil.

during the drainage step.9,35,41,48 The maximum oil absorption
capacity is achieved at 40 °C, at which the low oil viscosity
value facilitates the penetration of the crude oil into the pores
and is also high enough for the retention of oil in the structure
of the aerogel.
The eﬀect of cycles of sorption on the oil absorption capacity
of the aerogel was investigated. Figure 6a,b shows images of the
aerogel sample before and after the ﬁrst oil absorption test
cycle. It can be seen that sizes of the sample are nearly
unchanged after absorbing oil. This is conﬁrmed by a volume
ratio of 1.05 found for the sample. To remove the absorbed oil,

Figure 7. Eﬀect of cycles of sorption on (a) oil absorption capacity and
sample volume of the aerogel and (b) squeezed ratio of absorbed oil.

The sample achieved a high absorption capacity of 18.4 g/g in
cycle 1. However, the capacity dropped to 0.96, 0.68, 0.59, and
0.63 g/g in cycles 2, 3, 4, and 5, respectively. This phenomenon
can be explained based on the change of the sample volume
(caculated by eq 2), as shown in Figure 7a. After cycle 1, the
sample was squeezed to remove the absorbed oil and the
squeezed sample was used for cycle 2. After this squeezing, the
ratio of the volume of the squeezed sample and its original
volume is 0.32, indicating that the porous structure of the
sample has largely collapsed. As a result, the oil absorption
capacity of the aerogel sharply decreased to 0.96 g/g in cycle 2.
In later cycles, the volume ratio values (0.27, 0.23, and 0.29) are
similar to the value after the ﬁrst cycle, implying that the sample
structure has not changed anymore. Regarding the squeezed
amount of the absorbed oil (calculated by eq 3), as presented in
Figure 7b, 81.5, 98.5, 95.9, 96.9, and 96.4% of the absorbed oil

Figure 6. (a) Aerogel sample before ﬁrst absorption cycle. (b) Aerogel
sample after ﬁrst absorption cycle. (c) Squeezing. (d) Aerogel sample
after squeezing. (e) Flexibility of the sample.
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Figure 8. Crude oil absorption test of the coated aerogel with a mixture of RB crude oil and DI water (40 mL of water/5 mL of RB oil).
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was released after cycles 1, 2, 3, 4, and 5, respectively, by using
the simple squeezing.
Figure 8 shows the crude oil absorption test of the material
with a mixture of RB crude oil and DI water (40 mL of water/5
mL of RB oil). The crude oil forms a dark layer on the water
surface. It can be observed that the hydrophobic aerogel ﬂoats
on the mixture and rapidly absorbs the crude oil. After about 4
min, most of the oil (99.4%) was absorbed by the hydrophobic
aerogel. The test indicates that the MTMS-coated aerogel is
promising for crude oil spill cleaning application.
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