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     In order to solve the environmental and ecological problems in 
the earth arising from the increasing pollution from the crude 
oil, petroleum products and toxic organic solvents, it is urgent 
to develop an economic and feasible strategy. [  1–4  ]  Although 
many conventional methods such as combustion, the use of oil 
booms or oil skimmer vessels, [  2  ]  and sorbents such as expanded 
perlite, [  5  ]  zeolites [  6  ]  and activated carbon, [  7  ]  have been devel-
oped to solve the aforementioned problems, they either show 
poor effi ciency or may introduce other types of contamination 
during the cleanup procedure. [  2,5–11  ]  

 Carbon-based three-dimensional (3D) networks with out-
standing properties, such as low density, high electrical con-
ductivity, high porosity, large specifi c surface area and chemical 
inertness, have been extensively investigated and shown much 
potential in catalyst supports, supercapacitors, gas sensors and 
so on. [  12–15  ]  In particular, their low density, high porosity and 
hydrophobic properties make them attractive candidates for the 
removal of pollutants and the separation of oil and water. Gen-
erally, there are three types of carbon-based 3D frameworks, 
including organic aerogels pyrolyzed in an inert atmosphere, [  16,17  ]  
sponges of carbon nanotubes (CNTs) or their derivatives fabri-
cated by chemical vapor deposition (CVD), [  18,19  ]  and graphene-
based aerogels from self-gelation. [  4,20,21  ]  However, the organic 
aerogels are fragile and dense in weight, and thus are not effec-
tive in oil absorption. [  16,17  ]  In addition, the preparation of CNT-
based sponges needs expensive precursors and complex equip-
ment that hamper their massive production for practical applica-
tions. [  18,19  ]  Graphene-based aerogels could be used for sorption 

of various oils and organic solvents that was demonstrated by 
our group, [  4  ]  presenting a high sorption capacity and outstanding 
recyclability. However, the use of large amount of chemicals and 
generation of acidic waste during the preparation of GO seri-
ously restrict their industrialization, which pushes us to explore 
a facile, economical and environmentally friendly strategy to 
massive production of carbon-based aerogels. 

 Due to their low cost, rich source, nontoxicity to humans, 
etc., materials from the nature are receiving increasing atten-
tion. [  12,22,23  ]  Cellulose is one of the most abundant, sustainable 
and environmentally friendly materials in nature. Recently, the 
production of carbon nanofi ber aerogels from bacterial cellu-
lose, an artifi cially synthetic cellulose, has been achieved and 
the resultant materials presented good performance in sorp-
tion of oils and organic solvents. [  12  ]  However, the production 
process is complicated and expensive, thus restricting their 
industrial applications. Raw cotton, a typical natural material, 
is cheap and sustainable and contains 90–95% cellulose, [  24,25  ]  
making it a promising raw material for fabrication of carbon-
based aerogels. Although raw cotton fi bers have been used for 
sorption of dyes, [  26,27  ]  heavy metals [  28  ]  and heavy oil, [  29,30  ]  their 
poor buoyancy characteristics, low oil-sorption capacity, unsat-
isfactory hydrophobicity and recyclability, etc. hamper their 
application in removal and separation of pollutants from water. 
Herein, lightweight, hydrophobic and porous aerogels made 
from twisted carbon fi bers (TCF) are produced via a facile route 
by using cotton fi bers as raw materials. Importantly, the TCF 
aerogel can absorb a wide range of organic solvents and oils 
with a maximum sorption capacity up to 192 times the weight 
of the pristine TCF aerogel. Moreover, the TCF aerogel also 
exhibits the excellent recyclability, and maintains a high sorp-
tion capacity even after fi ve cycles through distillation, burning 
or squeezing. We believe that such natural cotton-derived novel 
carbon aerogel with good performance will have great potential 
for industrial applications and environmental protection. 

 A few pieces of purifi ed raw cotton with cylindrical shape 
(see the experimental section for details) were pyrolyzed 
at 800 °C for 2 h at a low pressure ( ∼ 0.5 mbar) under argon 
atmosphere to generate black and lightweight TCF aerogels. 
After pyrolysis, the diameter of the cylindrical cotton decreased 
from 3 cm to 1.5 cm (insets in  Figure   1 a and  1 b, respectively) 
and the height decreased from 1.5 cm to 0.9 cm. The volume 
of the TCF aerogel is thus only  ∼ 15% of that of the raw cotton. 
The TCF aerogel has a low density of  ∼ 12 mg cm −3  measured 
by Archimedes’ principle. Scanning electron microscopy (SEM) DOI:  10.1002/adma.201302435 
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image shows that the raw cottons are porous and intercon-
nected 3D networks (Figure  1 a). The fi bers are very long and 
most of them are up to a few centimeters or longer (Figure  1 a). 
High-magnifi cation SEM images indicate that the fi bers with 
a diameter of 15–20  μ m in raw cotton are slightly twisted with 
a pitch length of 50–200  μ m (Figure S1a and S1c in the Sup-
porting Information). In contrast, the fi bers in the TCF aerogel 
showed a smaller diameter of 5–10  μ m and a further twisted 
morphology with a pitch length in the range of 10–20  μ m 
(Figure S1b and S1d in Supporting Information).  

 While the raw cotton can absorb water effectively (Figure S2 
in Supporting Information) due to its hydrophilicity, the TCF 
aerogel is hydrophobic and can support a spherical water 
droplet on its surface (Figure  1 c). To further confi rm the hydro-
phobicity of the TCF aerogel, it was held by a pair of tweezers 
and immersed into water. A uniform mirror-refl ection was 
observed on the surface of the aerogel (Figure  1 d), arising from 
the formation of an interface between the entrapped air in the 

3D aerogel and the surrounding water. [  31  ]  
The different wettability between the cotton 
and TCF aerogel can be justifi ed by Fou-
rier transform infrared spectroscopy (FTIR) 
analysis. The FTIR spectrum of raw cotton 
shows several peaks of hydrophilic func-
tional groups, such as C=O, C-O, and –OH 
(Figure S3a in the Supporting Information). 
In contrast, after pyrolysis, the resultant TCF 
aerogel showed no functional groups, leading 
to its hydrophobicity (Figure S3b in the Sup-
porting Information). 

 Moreover, the TCF aerogel also exhibited 
good mechanical property which is ben-
efi cial to practical applications. As shown in 
 Figure   2 a and  2 b, a glass bottle with weight 
of 15.3 g was placed on top of the raw cotton 
and the TCF aerogel, respectively. It can be 
clearly seen that the raw cotton deformed by 
 ∼ 60% in height, while the TCF aerogel only 
deformed by  ∼ 18% (Figure  2 b). Additionally, 
the aerogel showed excellent fi re resistance 
(Figure S4 in the Supporting Information) 
when it was exposed to fl ame.  

 The 3D porous structure, good mechan-
ical property and surface hydrophobicity 
of the TCF aerogel make it an ideal candi-

date for the removal of pollutants such as oils and organic 
solvents. The strong sorption capability of TCF aerogel was 
demonstrated in  Figure   3 a,  3 b, Movie S1 and Movie S2 in the 
Supporting Information. When the TCF aerogel was brought 
into contact with a heptane layer (stained with Sudan red 5B) 
on a water surface, it absorbed the heptane completely and 
rapidly (Figure  3 a and Movie S1 in the Supporting Informa-
tion). Because of its low density and hydrophobicity, the TCF 
aerogel fl oated on the water surface after sorption of the 
heptane, indicating its potential use for the facile removal of 
oil spillage and chemical leakage and the ease for recycling. 
In addition, the TCF aerogel can also be used to quickly 
absorb chloroform, which was stained with Sudan red 5B at 
the bottom of water (Figure  3 b, Movie S2 in the Supporting 
Information).  

 In order to study the sorption capacity quantitatively, the 
weight gain, wt%, is defi ned as the weight of absorbed sub-
stance per unit weight of the dried TCF aerogel. Various kinds 

of organic liquids were studied, such as 
the commercial petroleum products (e.g. 
pump oil), fats (e.g. olive oil, colza oil) and 
ketones with different carbon chain lengths, 
which are dominant components of crude 
oil. These materials are common pollutants 
in our daily life as well as from industry. In 
addition, the sorption of organic solvents, 
such as toluene, ethanol and acetone, was 
also tested. The TCF aerogel showed a very 
high sorption capacity for all of the afore-
mentioned organic liquids. In general, TCF 
aerogel can uptake these liquids at 50 to 192 
times its own weight (Figure  3 c). 

      Figure 1.  a) SEM image of the cellulose fi bers in raw cotton. Inset: photograph of a piece of 
raw cotton. b) SEM image of the carbon fi bers in TCF aerogel. Inset: photograph of a piece of 
TCF aerogel. c) Photograph of a water droplet supported on a TCF aerogel. d) Mirror-refl ection 
can be observed when a TCF aerogel was immersed into water, which is convincing evidence 
for the hydrophobicity of the TCF aerogel. 

      Figure 2.  a) Photographs of a piece of raw cotton (left) before and (right) after a glass bottle 
with weight of 15.3 g was placed on its top. b) Photographs of a piece of TCF aerogel (left) 
before and (right) after a glass bottle with weight of 15.3 g was placed on its top. 
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aerogel is a cost-effective and promising 
sorbent for the removal of pollutants.  

 The recyclability of sorbents and the 
recoverability of pollutants are key criteria 
for the oil/chemical cleanup, because most 
pollutants are either useful and precious 
raw materials or toxic,  e.g.  crude oil and 
toluene. There are three common methods 
for recycling. For example, for those fl am-
mable and useless pollutants, combustion 
is a good choice. Distillation is suitable for 
removal of valuable pollutants or those with 
low boiling points. On the other hand, for 
precious or nonfl ammable pollutants with 
high boiling points, squeezing is an attrac-
tive alternative method. The recycling pro-
cess of TCF aerogel is illustrated in  Figure   4 . 
For example, ethanol sorbed by TCF aerogel 
can be removed by combustion, after which 
the aerogel remained its shape, size, and 
inherent 3D porous structure (Figure  4 a). In 
contrast, octadecene with a high boiling point 
of 314 °C can be recovered by squeezing the 
aerogel (Figure  4 b).  

 Furthermore, repeated recycle tests were 
performed for TCF aerogel through distilla-
tion (Figure  4 c), combustion (Figure  4 d) and 
squeezing (Figure  4 e). To demonstrate the 
cyclic distillation test, heptane with a boiling 
point of 98.5 °C was sorbed by the TCF 
aerogel. After that the material was heated to 
95 °C to release the vapor of heptane (note 
that the temperature chose for evaporation 
should be around the boiling point of the 
absorbate). This sorption-evaporation pro-
cess was repeated for 5 times. As shown 
in Figure  4 c, less than 1 wt% of residual 
heptane remained in the TCF aerogel after 
each cycle, and no obvious change of sorp-
tion capacity was observed after 5 cycles, 
indicating a stable sorption and recycling 
performance of the TCF aerogel. In addi-
tion, no structural damage was observed to 
the TCF fi bers after the test (Figure S5 in 
the Supporting Information). In the case of 
recycle through combustion, ethanol was 
used as the absorbate. After 5 cycles of sorp-

tion-combustion process, the sorption capacity of the aerogel 
dropped by 3.7% compared to the capacity in the fi rst cycle 
(Figure  4 d), most likely due to the deposition of residues on 
the surface of fi bers after combustion of ethanol (Figure S6 
in the Supporting Information). It is worth noting that the 3D 
fi brous networks of the TCF aerogel and the twisted structure 
of the fi bers remained after the repeated sorption-combustion 
cycles (Figure S6 in the Supporting Information). Lastly, as 
for the cyclic sorption-squeezing test, particularly for those 
pollutants with higher boiling point or being nonfl ammable, 
octadecene with a high boiling point of 314 °C was used as 
an example. In the fi rst cycle, 656 mg of octadecene could be 

 Importantly, the obtained TCF aerogel has showed much 
higher sorption capacity than many previously reported 
sorbents ( Table   1 ), [  6,8,10,12,18,31–44  ]  such as wool-based non-
woven (9–15 times), [  6  ]  polymers (5–25 times), [  10  ]  nanowire 
membrane (4–20 times), [  32  ]  magnetic exfoliated graphite 
(30–50 times), [  35  ]  spongy graphene (20–86 times) [  4  ]  and CNT 
sponge doped with boron (25–125 times). [  43  ]  Although the 
sorption capacity of TCF aerogel is still lower than that of 
nitrogen-doped graphene foam, [  41  ]  ultra-fl yweight aerogels [  44  ]  
and CNF aerogel, [  12  ]  the production method for TCF aerogel 
is simplest and its precursor material, i.e. raw cotton, is 
the cheapest among all these sorbents. Therefore, our TCF 

      Figure 3.  Sorption of organic liquids by TCF aerogel. a) Photographs showing the sorption 
process of heptane by using a TCF aerogel taken at intervals of 10 s. Heptane stained with 
Sudan red 5B fl oating on water was completely absorbed within 40 s. b) Photographs showing 
the sorption process of chloroform by using a TCF aerogel. Chloroform stained with Sudan 
red 5B at the bottom of water was completely absorbed within 5 s. c) Sorption effi ciency of the 
TCF aerogel for various organic liquids. Weight gain here is defi ned as the weight ratio of the 
absorbate to the dried TCF aerogel. 
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TCF aerogel is highly promising as an economic, effi cient, and 
safe sorbent for environmental and ocean protection. Further-
more, it is also anticipated that TCF aerogel can be used as 3D 
electrode material for energy storage devices, such as superca-
pacitors and lithium-ion batteries, as well as a building block 
for functional composite materials.  

  Experimental Section 
  Preparation of twisted carbon fi bers (TCF) aerogels : Cylindrical shaped 

pieces of raw cotton were rinsed several times by deionized water, and 
then dried in vacuum at 60 °C for 12 h. After that, the dried cotton was 
transferred to a tubular furnace for pyrolysis. In order to remove the air 
trapped in the cotton completely, we fi rst evacuated the furnace, and 
then introduced argon gas, followed by evacuating the furnace again. 
After that, the furnace was heated up to 800 °C at a heating rate of 
5 °C min −1  and held at 800 °C for 2 h in argon atmosphere at a low 
pressure of  ∼ 0.5 mbar. Finally, the furnace was cooled down to room 
temperature naturally to obtain the low-density TCF aerogels. 

  Characterization of raw cotton and TCF aerogel : All samples were 
characterized by a fi eld emission scanning electron microscope (FESEM, 
JEOL, JSM-7600F) and Fourier transform infrared spectroscopy (FTIR, 
Perkin Elmer Instruments Spectra, GX FTIR spectrometer). 

  Sorption of oils and organic solvents : In a typical sorption test, a TCF 
aerogel was placed in contact with an organic liquid until the aerogel 
was completely fi lled with the organic liquid, and then taken out for 
weight measurement. In order to avoid evaporation of the absorbed 
organic liquid, especially for those with low boiling points, the weight 
measurement should be done quickly. The weight of a piece of TCF 

sorbed by the TCF aerogel, but the remnant mass became up 
to 270 mg after squeezing because of incomplete compression 
of the TCF aerogel. It is noteworthy that the strain caused by 
squeezing should not exceed 80% in order to sustain the good 
sorption capability of the TCF aerogel. Otherwise, the long 
twisted carbon fi bers could be broken into many short fi bers 
(Figure S7 in the Supporitng Information). From the second 
cycle onwards, the performance of the TCF aerogel became 
stable, i.e. the weight gain remained constant (Figure  4 e). 
This is because the porous structure of the aerogel and the 
twisted fi bers remained unchanged during the whole process 
(Figure S8 in the Supporting Information). Therefore, ben-
efi ting from its good thermal stability and excellent mechan-
ical properties, any of the three common methods mentioned 
above, i.e., distillation, combustion and squeezing, or a com-
bination of them can be applied for recycling TCF aerogels 
dependent on the type of pollutants. 

 In conclusion, TCF aerogels with hydrophobicity, high sorp-
tion capacity, and good recyclability have been prepared by a 
facile method using an economic, environmentally friendly raw 
material, i.e., raw cotton. The TCF aerogel possesses the high 
sorption capacity of 50–190 times its own weight. Because of 
its good thermal stability and mechanical properties, the dis-
tillation, combustion and squeezing processes can be used for 
the recycling of the TCF aerogel. Most importantly, the natural 
source and simple preparation method make the TCF aerogel 
cost-effective for possible industrial application. Therefore, the 

 Table 1.    Comparison of various sorbent materials. 

Sorbent materials  Absorbed substances  Sorption capacity (g g −1 )  Cost  Ref.  

Wool-based nonwoven  diesel, crude oil, SN 150  9–15  low   [  6  ]   

Vegetable fi ber  crude oil  1–100  low   [  8  ]   

Polymers  oils and organic solvents  5–25  medium   [  10  ]   

Nanowire membrane  oils and some organic solvents  4–20  low   [  32  ]   

Exfoliated graphite  heavy oil  60–90  low   [  33  ]   

Activated carbons  benzene, toluene  <1  low   [  34  ]   

Carbon nanotube sponges  oils and organic solvents  80–180  high   [  18  ]   

Magnetic exfoliated graphite  oils  30–50  high   [  35  ]   

Graphene/a-FeOOH composite  cyclohexane, toluene, vegetable oil, etc.  10–30  high   [  36  ]   

Graphene/CNT foam  compressor oil, organic solvents  80–140  high   [  37  ]   

Graphene-based sponges  oils and organic solvents  60–160  high   [  31  ]   

Carbonaceous nanofi ber aerogel  oils and organic solvents  40–115  high   [  38  ]   

Graphene sponge  oils and organic solvents  60–160  high   [  39  ]   

Reduced graphite oxide foam  cyclohexane, chlorobenzene, toluene, petroleum, motor oil  5–40  high   [  40  ]   

Nitrogen doped graphene foam  oils and organic solvents  200–600  high   [  41  ]   

Marshmallow-like gels  oils and organic solvents  6–15  high   [  42  ]   

CNT sponge doped with boron  oils and organic solvents  25–125  high   [  43  ]   

UFAs  oils and organic solvents  215–913  high   [  44  ]   

CNF aerogels  oils and organic solvents  106–312  low   [  12  ]   

TCF aerogel  oils and organic solvents  50–192  quite low  present work  
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aerogel before and after sorption was recorded for calculating the 
weight gain.  
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      Figure 4.  a) Photographs showing the process of recycling TCF aerogel via combustion. b) Photographs showing the process of recycling TCF aerogel 
via squeezing. (c-e) Recyclability study of TCF aerogel. (c) Distillation was applied to recycle the TCF aerogel for sorption of heptane, (d) combustion 
was applied to recycle the TCF aerogel for sorption of ethanol and (e) squeezing was used to recycle the TCF aerogel for sorption of octadecene. 
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