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ABSTRACT: Development of sorbent materials with high
selectivity and sorption capacity, easy collection and recyclability
is demanding for spilled oil recovery. Although many sorption
materials have been proposed, a systematic study on how they
can be reused and possible performance degradation during
regeneration remains absent. Here we report magnetic carbon
nanotube sponges (Me-CNT sponge), which are porous
structures consisting of interconnected CNTs with rich Fe
encapsulation. The Me-CNT sponges show high mass sorption
capacity for diesel oil reached 56 g/g, corresponding to a volume
sorption capacity of 99%. The sponges are mechanically strong
and oil can be squeezed out by compression. They can be
recycled using through reclamation by magnetic force and
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desorption by simple heat treatment. The Me-CNT sponges maintain original structure, high capacity, and selectivity after 1000
sorption and reclamation cycles. Our results suggest that practical application of CNT macrostructures in the field of spilled oil

recovery is feasible.
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B INTRODUCTION

In recent years, frequent oil-spill accidents have caused severe
ecological problems, including nearly irreversible damage to
ecological systems. Various techniques have been proposed and
used for spilled oil recovery, including physical sorption by
porous sorbent materials, mechanical recovery by oil skimmers,
in situ burning, physical diffusion (aided by dispersants), and
biodegradation."”” Among these existing methods, physical
sorption by porous materials is probably a simple, fast, and
effective technique. Therefore, much attention has been paid to
developing inexpensive, practical sorbents with potential
applications in spilled oil cleanup.

An ideal sorbent material working in water environment
should be hydrophobic and oleophilic to render selectivity, and
has a high oil sorption rate and capacity. Related to low-cost
application, it is important for the sorbent to be readily reusable
and that oil recovery from it is possible and straightforward.
Recently, various high porosity, lightweight superhydrophobic
and superoleophilic sorbents, such as carbon nanotube sponges
(CNT sponges),34 CNT solids,>® polydimethylsiloxane
(PDMS) sponges, polystyrene fibers,® graphene aerogels, and
sponges,”'* have been reported with a wide range of structures
and sorption capacities. Among them, carbon nanomaterials
such as CNTs and graphene show high sorption capacity and
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reusability, while also being environmentally friendly; these
materials have significant advantages over traditional absorbent
materials such as active carbon.*"*7'® For example, a 3D
graphene framework with ultralow density of 2.1 mg/cm® can
take up 200 to 600 times its own weight in oil;'> CN'T sponges
can be regenerated simply by squeezing or directly burning;’
graphene oxide foams retain their original high sorption
capability after more than 10 cycles.""”'® High recyclability
of the sorbents could reduce the cost of spill oil recovery. For
these new carbon nanomaterial structures, there has been no
systematic study on the regeneration and related performance
degradation and recycled use has been limited to a small
number of cycles.

Sorbents with high sorption capacity usually have low
mechanical strength, which restricts their practical applica-
tion.">'® For example, the high-sorption-capacity 3D graphene
shows a strain of 50% under a compressive stress of only 0.3
kPa.'® This means that the viable stack height of the sorbent
after sorption is only several centimeters, making practical
application difficult. Therefore, not only the sorption capacity
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Figure 1. Removal of spilled oil from water surface by Me-CNT sponges under magnetic field. (a) Optical image of a box of sponges with volume of
approximately S L. (b) SEM image of the porous CNT. (c) TEM image of a CNT filled with magnetic Fe nanowires. (d) Oil (dyed blue) spreading
on water; four Me-CNT sponge blocks have been placed onto the oil. (e) Clean water surface after complete oil absorption by the sponges. (f)

Collecting the sponges using a magnet.

but also the mechanical strength, cost, and convenience of use
and reuse are also important in practice. However, only a few
reports have focused simultaneously on the sorption capacity,
mechanical strength, recyclabilitz, and stability of absorbent
materials in harsh environments.”>">'*

CNT macrostructures have oleophilic and hydrophobic
properties, unique porous structure and large specific surface
area."”™*! They are widely used as filter films and sorbents for
volatile organic compounds (VOCs) and heavy metal ions.>> 7%
In our previous work, we have reported porous CNT
macrostructures as sorbents for oil-spill cleanup.® It shows
high sorption capacities and fast sorption. Here we synthesize a
magnetic CNT sponge (Me-CNT sponge) by filling the CNT
inner cavity with magnetic Fe nanowires, and use it as a sorbent
for oil-spill recovery. The material shows nearly full volume
sorption capacities and high recyclability, retaining most of its
sorption performance for at least 1000 cycles. After sorption,
the sponge can be collected conveniently using a magnet, and
desorption can be realized by simple heat-treatment at modest
temperatures (200—300 °C).

B EXPERIMENTAL SECTION

Synthesis and Characterization of Me-CNT Sponge Sorb-
ents. The Me-CNT sponges were fabricated by chemical vapor
deposition (CVD) using ferrocene and dichlorobenzene as the
precursors, as reported in our previous work.* In the present
experiment, the concentration of ferrocene in dichlorobenzene was
increased to 150 mg/mL in order to obtain more encapsulated Fe
within the cavity of CNTs. The density of the Me-CNT sponges is
about 15 mg/cm3. The microstructure and morphology of CNT
sponges were investigated by scanning electron microscopy (SEM,
S4800). The static contact angles (CA) were measured on a Kruss
DSA100 contact angle testing system at room temperature. The
average CA was obtained by measuring at more than five different
positions on the same sample.

Mechanical Properties of Me-CNT Sponges. Mechanical tests
were carried out on an Instron 5943 equipped with 10 and 1000 N
load cells. The Me-CNT sponges were cut into small blocks with sizes
of about 10 X 10 X 10 mm?. Compression rates were set at 1—5 mm/
min. For the cyclic compressive testing of the sponges in oil, a cup-
shaped lower stage filled with the appropriate oil and a square-head
upper stage were used as the compression stages.”> During cyclic
testing, the sponge was completely immersed in the oil, and could only
expand its volume from the compressed state by absorbing the
surrounding oil into the pores.
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Oil Sorption and Reusability of Me-CNT Sponges. The
sorption experiment was similar to that in our previous work.> The
Me-CNT sponges (about 10 X 10 X 10 mm?®) were put onto the oil.
After sorption, the sponge was left to drip for 30 s and then weighed.
The mass sorption capacities were calculated as ((m — mg)/m,), where
m is the weight of sample after sorption and m, is the initial weight of
the sample.

The reusability experiments were carried out by immersing the
sponge in oil to complete saturation sorption and then compressing it
at high strain (85%) to desorb the oil. After every 200 sorption and
desorption cycles, the sample was allowed to fully adsorb oil, then left
for 30 s to drip off surface oil and weighed to determine the mass
sorption capacity. After that, the sample was regenerated by heat
treatment at a selected temperature. After regeneration, the CA was
measured and the sample was weighed before being returned to the oil
for further cycling.

The sorption height experiments were performed by using a piece
of Me-CNT sponge with size of S X 2 X 100 (width, thickness and
length) mm. And one end of the sponge was immersed in oil for
sorption. During sorption, the sorption height of oil in the sponge was
recorded with a digital camera.

B RESULTS AND DISCUSSION

The Me-CNT sponges, like polymer sponges, are light and
porous. The sponge can be synthesized using a simple CVD
system, which can be easily scaled up by using a furnace with a
large reactive chamber. Figure la shows an optical image of a
box containing approximately five liters of Me-CNT sponges.
SEM shows that the sponge contains highly interconnected
CNTs, which formed porous structures (Figure 1b) with pore
sizes from several nanometers to a few micrometers.” These
pores provide sufficient space for the storage of absorbed oil,
and also provide capillary action which spontaneously drives
the spilled oil into the pores. The TEM image shows that the
inner cavity of the CNT is filled with long and continuous iron
catalyst nanowires (Figure 1c). These iron nanowires are
ferromagnetic, and allow the Me-CNT sponge to be attracted
by conventional magnets. The saturation magnetization of the
sponges is about 21.1 emu/g.

The porous Me-CNT sponges speedily take up spilled oil
from the water surface. As showed in figure 1d, four samples
were floated on the oil film. The oil film then shrank toward the
samples. After a short time, the entire oil film was taken up by
the sponges, which remained floating on the water surface
(Figure le). The CNT sponges could then be collected easily
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using a magnet (Figure 1f). Some magnetic nano particles or
nano powders, such as Fe;O, nanoparticles, have previously
been used as sorbents for oil-spill recovery, and can be collected
by a magnet.**>® The present Me-CNT sponge, because it is
in block form and has larger saturation magnetization, is even
easier to collect.

Spilled oil recovery requires that spilled oil is not only very
efficiently taken up and prevented from further harming the
aquatic environment, but also that the technology is low-cost
and eco-friendly. Recycling and reusing the sorbent is an
effective way to reduce the cost. Recycling of spilled oil and
regeneration of the Me-CNT sponges by heat treatment are
illustrated in Figure 2. After the spilled oil had been absorbed
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Figure 2. Schematic of the recycling of Me-CNT sponges used for
spilled oil sorption. (I) sprinkled on the oil; (II) adsorb spilled oil;
(1) collected by magnet; (IV) regeneration; (V) reuse.

by the sponges, the material was gathered by a magnet,
collected and heated (to 220 °C to release the gasoline vapor or
300 °C to release diesel oil). The temperature required for
vaporization can be controlled and kept slightly above the
boiling point of the oil. After regeneration, the sponge can be
reused for spilled oil sorption. The oil vapor can be recovered
by passing it through oil or through an appropriate organic
solvent at low temperature. Based on this heat treatment and

mechanical compression, the Me-CNT sponge was cycled more
than 1000 times. Compared with other regeneration methods
(such as mechanical compression, washing with solvents or
burning) heat treatment is a simpler, inexpensive, and easily
completed technique.

The sponge has large mass sorption capacities (m — mg/m)
for oil, taking up about 56 times its weight in diesel oil and 49
times its weight in gas oil (Figure 3a). These capacities are
larger than those of polymer sponges and porous nano-
fibers.* ™' The weight of the sponge does not change
measurably, and the mass sorption capacity of the CNT
sponges is largely retained after they have been used for many
cycles. For example, the mass sorption capacity for diesel oil is
52 g/g after 200 cycles and over 43 g/g after 1000 cycles, which
is 76% of the original capacity. This is the first report of a
sorbent with such high reusability. The excellent recycling
properties could reduce the cost of spilled oil recovery,
implying that the sponges could be employed as efficient oil
sorbents in practice.

The mass sorption capacities of the sponge can increase
linearly with the density of the oil, and are not constant for
different oils or solvents, as has been previously shown for
many other sorbents.””>* This means that the value of mass
sorption capacity alone cannot fully characterize the sorbent.
Mass sorption capacity is also very sensitive to small changes in
the density of the sorbent material, especially for superlow
density sorbents. However, it is widely used in literature as a
property parameter to describe and compare sorbents. The
volume sorption capacity ([(m — my)py/pmyx]), where p; is
the density of the sorbent and p is the density of the oil or
solvent, x is the porosity of the sorbent, as described by
Korhonen, may better characterize the sorption capacity of a
material.>* x is approximately 100% for low density sorbents.
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Figure 3. Recyclability of Me-CNT sponges. (a) Mass sorption capacities of the sponges as a function of cycling for up to 1000 cycles. (b) Volume
sorption capacity and mechanical strength of Me-CNT sponges and various other sorbents. (c) Contact angles of the as-prepared sponges after
floating on aqueous solutions with different pH values for 24 h. (d) Superhydrophobic character of the sponges after 1000 cycles.
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Table 1. Sorption Capacities, Mechanical Strength and Reusability of Different Sorbents

sorption capacities compressive stress at set strain of desorption recycle used sorbent density
sorbent (g/g)° 60% (KPa) methods times (mg/cm?®) ref
Me-CNT sponges 66 68 heat treatment 1000 15 this
work
PDMS sponges ~8 12 squeezing 20 180 7
MTMS—DMDMS gels ~9 10 squeezing 10 120 30
graphene aerogels ~38 130 132 10
CNT solids ~43 350 burning/ 24.3 S
squeezing
carbonaceous nanofibers ~62 28 burning 6 10.5 14
aerogels
CNT sponges 135 33 burning/ 10 7.3 4
squeezing
3D graphene framework ~380 4 burning 9 2.1 13
carbon aerogels ~326 ~0.3 heat treatment 10 14 18

“The sorption capacity was normalized by the density of solvent (gasoline or hexane).
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Figure 4. Mechanical properties of magnetic Me-CNT sponges as a function of cycling. Compressive stress—strain curves of the sponges placed in
(a) gasoline and (b) diesel oil for 1000 cycles. (c) Stress during 1000 cycles at constant strain in diesel oil and gasoline.

Volume sorption capacity is independent of solvent density. properties, which results in large capillary action for wetting by
The volume sorption capacity of Me-CNT sponges and other oil. As show in the inset to Figure 3c, the water CA is large than
sorbents are calculated and showed in Figure 3b. For the data 140°, and oil CA is below 4°. Moreover, the sponges have
reported in the literature, the mass sorption capacity of the excellent long-term stability and chemical stability in air,
sorbent was normalized by the density of adsorbed solvent different oils and organic solvents, even floating on aqueous
(gasoline or hexane). And the volume sorption capacity was solutions with pH values ranging from 1—13 for 24 h, as shown
calculated as (v,,0/px), where v,, is the mass sorption capacity. in Figure 3c. The sponge retains its hydrophobicity for at least
It is about 99% for both Me-CNT sponges and our previously one year under atmospheric conditions. This suggests that the
reported CNT sponges. This means that almost the entire sponges can be used under the demanding conditions found in
volume of the samples is available for sorption, which is a larger oil recovery. Importantly, the Me-CNT sponges keep their
proportion than that found for carbon-based aerogels (Figure hydrophobicity after more than 1000 usage cycles (Figure 3d).
2b). Some sorbents have volume sorption capacities of more The Me-CNT sponges are structurally stabile during spilled
than 100%, as calculated from literature mass sorption capacity oil recovery. The sponges can sustain large-strain deformations,
data. This may be caused by the surface adhesion of a large recover most of their material volume elastically, and resist
amount of solvent or because the material itself expands during structural fatigue under cyclic stress conditions in liquid oils.
sorption. When compression testing the sponges under liquid oil, we

The Me-CNT sponge not only has high volume sorption observed that the samples recovered almost fully to their
capacity, but also appropriate mechanical strength (Figure 3b). original shape, even after 1000 cycles. The stress vs strain
The compressive stress for the Me-CNT sponge is 66 kPa at a curves for different cycles follow almost the same route during
constant strain of 60%, which is much greater than that of loading and unloading processes (Figure 4). During compres-
carbon aerogels (0.3 kPa) and a 3D graphene framework (4 sion, absorbed oil is extruded out of the sponge pores and then
kPa) at the same compressive strain. Table 1 compares the sucked in again upon unloading. The sponges can maintain a
sorption capacities, mechanical strength and reusability of Me- similar compressive stress at the maximum strain in every cycle
CNT sponges with those of several typical sorbents reported in both in diesel and gasoline, indicating little degradation of
the literature. The sorption capacity of sponges is not as high as mechanical strength after 1000 cycles (Figure 4c). These
that of some super low-density sorbents, such as carbon features are favorable for the application of the sponges over
aerogels or graphene aerogels,">'® but it does possess much many cycles. The highly structure and chemical stability is the
higher mechanical strength and high reusability. origin of Me-CNT sponges for high recyclability.

The sorption properties of the sponge are due to its An interesting property of the Me-CNT sponge is the
nanoporous nature and hydrophobic and oleophilic surface possibility of separating one particular oil or solvent from a
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mixture of solvents. After immersing one end of a piece of
sponge in oil or solvent, the oil could diffuse up into the sample
under capillary action. The capillary force is related to the pore
size and structure, the properties of the oil and the wetting of
the CNTs by the oil. Therefore, for different oils or solvents,
the capillary force is different, resulting in different sorption and
diffusion rates. The equilibrium sorption height can be
expressed by the Laplace equation, h = 2cos 0y/pgR, where 6
is the CA of the CNT and oil, y is the interfacial tension of
CNT and oil, p is the density of the oil, g is the acceleration due
to gravity, and R is the pore radius. Figure 5 shows the upward
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Figure S. Sorption height of the sponge for different oils. A piece of

sponge was immersed in oil, and the oil diffused upward into the
sponge under capillary action.

diffusion rates of diesel oil and gasoline in Me-CNT sponge.
The gasoline diffuses faster than the diesel oil. The sorption
height is 52 mm after 20 min of sorption for gasoline; however,
it is only 33 mm for diesel oil. On the basis of this feature, the
sponge could be used to separate solvents, as has already been
reported for superwetting nanowire membranes.>®

B CONCLUSION

Magnetic CNT sponges were used as sorbents for spilled oil
recovery. They showed highly mass sorption capacity (up to 56
g/g) and volume sorption capacity (up to 99%), excellent
recyclability (more than 1000 times) and stable performance.
Although the sorption capacity of the sponges is lower than
that of superlight carbon aerogels, the sponges have higher
mechanical strength and better recyclability, since they can be
reclaimed using a magnet and recovered by simple heat
treatment. The structures, contact angle and sorption capacities
do not change greatly even after 1000 usage cycles. The
sponges also show different sorption and diffusion rates for
diesel oil and gasoline, indicating that they can separate for
different oils. In light of the rapid research progress in the field
of spilled oil recovery, our results enhance the prospects for
environmental applications of CNT.
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