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11 INTRODUCTION In that sense, oil spills on water not only imply adverse

environmental impact, but also economic losses in fishing
Water is an essential natural component upon which activities, tourism, and petroleum companies.””! In order to
ecosystem functions and all socioeconomic sector depend.! selectively separate oil from water, skimmers and booms are
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widespread, but the recovered oil still has 5-10% of water,
and the efficiency drops in harsh marine conditions.”***! To
address this issue, selective sorbents or gelators,”! pickering
emulsions,'®”! and special wettability membranes'®®! have
been proposed as promising alternatives.

Removal of oil from water through selective sorbents has
been studied extensively as it shows several advantages over
the other methods, including the possibility of fast recovery of
the oil and endurance under harsh marine conditions.
Moreover, research on oil spill cleanup using sorbents and
nanoparticle technology has shown a continuous growth in the
last decade."'”! Different types of carbon materials have been
studied as oil sorbents, such as carbon nanotubes, graphene-
based sorbents, carbon aerogels, graphite, carbon nano-
particles,[“] active carbon,[lz’m and biochar.!'¥! Still, two of
the great challenges regarding some of these sorbents are a one-
step facile production and high sorption capacities.!'>'®!

Many studies address the issue of contaminated water by
modifying the surface of materials using plasma, but only a
few use this technique to fabricate the sorbent.!'”! Plasma
polymerization is defined as the formation of a material under
the influence of plasma, and it has been studied since the
sixties.["®! Several mechanisms have been proposed by which
carbonaceous materials form during plasma discharges.!'*2!1
In general, the polymers produced by plasma polymerization
do not show a regularly repeated structural unit; in most of the
cases they form highly cross-linked and highly branched
structures with properties that differ from that of linear
polymers synthesized by chemical methods. It is well known
that plasma polymerization in a given gas precursor leads to
materials with different surface chemical and morphological
characteristics depending on the power, working pressure,
and geometry of the plasma discharge.'®*?! While low
pressure discharges (~0.1 mbar) lead to film structure, higher
pressures (~4 mbar) allow the nucleation of nanoparticles
(NPs) in gaseous phase, as a consequence of increased
collision rate.””*’ Some works have even managed to produce
carbonaceous-based films or powders in atmospheric plasma
dielectric barrier discharges.***°! The continuous structure
of a film has lower porosity than the discrete particle
structure, which implies lower adsorption capacities. Fur-
thermore, a thin film cannot be handled like a powder or any
other type of conventional sorbents for oil spills, and for that
reason they are restricted to removal of water contaminants in
low concentrations. Concerning the case of powder formation
in plasma discharges, a critical factor which affects oil
adsorption is the size distribution of the nanoparticles,
because it determines their stacking and therefore the
microstructure of the material.

A carbonaceous absorbent of benzene was obtained by
our group in previous work using low pressure plasma
technique.”” It consisted of a thin film of plasma-
polymerized acetylene (C,H,) deposited on Si substrate by

RFGD at low pressure of 0.1 mbar, with a very low base
pressure of ~107° mbar. Despite the films prepared in the
previous work showed capacity to absorb and retain benzene
for the treatment of industrial effluents, they were not
hydrophobic (water contact angle of 66°).

By means of a REGD, Dai et al.”® obtained porous
carbon nanoparticles with diameters between 30 and 50 nm,
which were able to selectively absorb silicone oil from a
water/silicone oil mixture and organic solvents, such as
hexane and toluene, from a water/hexane mixture. This
material was obtained using C,H; or a gas mixture of C;H,
and CF, as the carbon precursors. The authors used a base
pressure of ~107> mbar, a discharge working pressure of
0.6 mbar and a source power of 600 W. They showed that it is
possible to change the surface energy of the nanoparticles by
varying the CF, contents in the gas mixture.

It should be noticed that many of the potential uses of oil
selective sorbents involve places exposed to sunlight such as
water mirrors, open soils, and marine environments. However,
most works in the literature do not consider the effect of UV
irradiation. Kim et al.”*®! prepared a nanosponge by introduc-
ing a mix of porous carbon NPs and TiO, NPs into a matrix of
polydimethylsiloxane. UV activated TiO, NPs become
hydrophilic and underwater oleophobic, so the nanosponge
could release the absorbed oil into water after bubbling and UV
exposure. The composite achieves sorbencies of 4.59 g g~ for
each cycle and exhibits superoleophilicity in air regardless of
the TiO, content or UV irradiation.

In this work, a highly hydrophobic with high oil
adsorption capacities plasma-polymerized carbonaceous
nanosponge (CN) is presented. It consists of a powder-like
agglomeration of nanoparticles conforming a porous micro-
metric structure. The CN was obtained using a capacitively
coupled RFGD in commercial grade acetylene at 4 mbar and
low power (50 W), with a base pressure of 0.4 mbar. The CN
was characterized by SEM, nitrogen porosimetry, thermog-
ravimetric analysis and UV-Vis and FTIR spectroscopies. Oil
adsorption and water repellency of the CN were quantified
based on ASTM 726-12 “oil adsorption short test” and
“dynamic degradation test,” respectively, achieving an oil
sorbency value of 33 g g~' and no water sorption. Moreover,
the effect of UV irradiation over the CN was evaluated.
Selective sorption of the CN makes them suitable in various
applications, including the areas of water filtration, liquid
separation and hydrocarbons spill cleanup.

2 | EXPERIMENTAL SECTION

2.1 | Plasma polymerization and UV
irradiation

The reactor employed for the polymerization consisted in a
vacuum chamber made of stainless steel with immersed flat
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circular electrodes of 28 cm? distanced 10 cm apart, as shown
in Figure 1. One of the electrodes was connected to the RF
power supply (RF VII Inc. 13.56 MHz, 600 W) through a
matching unit, and the other electrode was grounded. Plasma-
polymerized nanosponges were produced using discharge
parameters that guarantee the nucleation of nanoparticles in
the plasma phase before reaching the substrate.*”! The
chamber was pumped to a base pressure of 0.4 mbar using a
rotary vane pump and then filled with acetylene of
commercial grade until a working pressure of 4 mbar was
reached and held constant. The discharge was turned on for
times between 30 s and 10 min with an output RF power of
50 W. The temperature of the substrate was measured with a
thermocouple and was held below 50 °C through electrode
refrigeration to avoid possible polymer modification by
temperature rising. CN was deposited on silicon, aluminum,
and glass substrates.

To evaluate UV response of the produced CN, it was
irradiated using an UV lamp (Philips HPA 400 s, 400 W) at
75 cm from the sample, which results in a power of 42 W m™>.
The UV lamp output spectrum is a rich source of longwave
UV-A radiation (315-400 nm), with less contribution from
UV-B and UV-C radiations (emission spectrum can be found
in Figure S2 of Supporting Information). CN response was
evaluated for 0, 15, 30, 63, and 130 min, i.e., energy doses

ranging from 0 to 33J cm™>.

2.2 | Characterization

The surface morphology of the CN was characterized by Field
Emission Scanning Electron Microscopy (FE-SEM Zeiss
LEO 982 GEMINI) and Transmission Electron Microscopy

Pressure
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1 ﬂ unit
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FIGURE 1 RF plasma reactor chamber employed for plasma
polymerization
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(TEM, EM 301, Philips). For SEM characterization, the CN
was deposited directly on Si substrate and coated with
platinum. Images were obtained using electron high tension
(EHT) between 3 and 5 kV, and working distances between
1.7 and 4 mm. For TEM characterization, the sample was
introduced in ethanol and the CN was dispersed by sonication
for 30 min, after which one drop was placed on a Cu grid.

Micromeritics ASAP2020 nitrogen adsorption apparatus
(USA) was used to record Brunauer-Emmett-Teller (BET)
specific surface area of the CN. All samples were degassed at
100 °C for 24 h before analysis. The pore size distributions
were evaluated using desorption data with Barret-Joyner-
Halender (BJH) method.

Thermogravimetric analysis of the sample was performed
using a Shimadzu DTG-60 under nitrogen atmosphere, with a
heating rate of 10 °C min™" and a gas flux of 30 mL min™".

The infrared spectrum was recorded on a Jasco FTIR 4100
spectrophotometer using the Attenuated Total Reflectance
(ATR) mode. UV-Vis spectroscopy was performed with a
Shimadzu UV-1800 spectrophotometer in absorbance mode.
This study was conducted on the following solution: 10 mg of
the CN in 10 mL of tetrahydrofuran (THF), before and after
UV exposition. Wetting of the nanosponge deposited on Al
substrate for different UV doses was evaluated by contact
angle (CA) measurements, which were performed using a
USB microscope camera and drops (~20uL) of distilled
water or motor oil Elf Evolution 700 ST 10W40 at ambient
temperature. Contact angles were measured with ImagelJ
software, taken as an average of four measurements for each
sample.

Oil adsorption and water take-up of the CN were
measured based on the standard procedures in ASTM
F726-12 “oil adsorption short test” and “dynamic degradation
test,” respectively.®! To determine oil sorbency, a metallic
basket of 3 cm® and mesh 80 was filled with approximately
65 mg of CN and left to freely submerge for 15 min in crude
oil (dynamic viscosity of (23+2)mPas™' and density
(0.88 £0.01) gcmf3 at room temperature), after which it
was lifted and left to drain by the effect of gravity. The weight
of the retained oil was measured after 30 s and the sorbency
(S) of the CN was calculated as in Equation (1), where W
stands for weight.

Wil sorbed by CN

Wen
_ Wretained oil — Woil adsorbed by basket (1>

B Wen

S =

To determine water take-up of the CN under dynamic
conditions, 10 g of the sample were stirred over water for
15 min and left to settle for 2 min. The CN was then picked up
with a mesh and weighted. The water pick-up ratio is
calculated as the final versus initial weight ratio.
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3 | RESULTS AND DISCUSSION

The result of plasma polymerization of acetylene under the
conditions detailed in Section 2.1 is a yellow-oranged
material which deposits on the electrodes. An image of the
CN deposited on the 28 cm* grounded electrode after 10 min
of plasma polymerization can be seen in Figure 2(a). This
material can be recovered from the electrodes and stored in
the form of flakes and powder, as shown in Figure 2(b). It is
worth to notice that even though the CN was obtained from a
small lab reactor, there are commercial and industrial scale
RF plasma reactors capable of generating it in larger output,
as well as other powder-like polymers.

Figure 2(c and d) shows FE-SEM images in different
magnifications of the CN deposited on Si substrate. The
nanosponge exhibits a fractal-like, porous structure formed
by a network of approximately spherical nanoparticles. As
can be seen in the TEM image of Figure 2(e), the CN is
effectively composed by an agglomeration of individual
nanoparticles, separated for this study by dispersion in
ethanol, and with diameters between 8 and 200 nm.

In order to see the growth of the CN for different times, the
material was deposited on Si substrate during 30 s, 1 min, and
5 min. SEM images of the respective cross sections is shown
in Figure 3. Longer lasting plasma discharges showed an
increase in the nanosponge thickness, while maintaining the
size distribution of the particles. The deposition rate of the CN

was approximately 0.9 ugcm 25",

FIGURE 2
and d) FE-SEM (e) and TEM micrographs of the obtained CN

From the images shown in Figure 3, it can be seen that the
structure of the CN is highly porous. It is in fact an
agglomeration of nanoparticles forming a microsized struc-
ture resembling a sponge with micro and mesopores, but with
no elasticity. A quantification of the pore size distribution,
obtained by porosimetry, is shown in Figure 4. The CN has a
high specific surface area between 141 and 173 m*g™". It is
mainly mesoporous and microporous, with contributions to
total pore area of 74 and 25%, respectively.

Figure 5 shows the wetting behavior of the CN. It is highly
hydrophobic and oleophilic, yielding a water contact angle of
(149 +3)° and oil contact angle of practically 0°. These
qualities enable the CN to be a selective sorbent. As it is
known, contact angle depends on the surface morphology as
well as the molecular interactions of the materials. The
fractal-like structure of the CN presents high rugosity and
porosity which allows the trapping of air inside the particle
networks. This is critical to enable the droplet to be in a
Cassie-state showing the almost super-hydrophobic behavior
of the CN. By the same token, the surface nano-porous
structure of the CN, in addition to its molecular affinity to oils,
allow the complete wetting Wenzel-state of the oil droplet.

The thermal degradation behavior of the CN was
measured in a nitrogen atmosphere. Thermal stability is of
importance regarding its potential applications. Results show
that the material is thermally stable until approximately
350 °C, temperature at which it starts to degrade (Figure S2 in
Supporting Information). For any application at ambient

(a) Substrate of 28 cm? covered by CN after 10 min of plasma polymerization. (b) Stored CN extracted from the electrodes. (c
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FIGURE 3 SEM images of the CN depositions for different discharge durations: (a) 30's, (b) 1 min, (¢) 5 min

temperature even in sun exposed outdoor environment, the
CN will maintain stable. Further, if incineration was desirable
after the usage, the study shows that for a nitrogen
atmosphere, 500 °C are enough to reduce the mass of the
CN more than a 50%. For a complete carbonization,
temperatures superior to 700 °C would be needed.

In order to quantify oil sorbency, crude oil adsorption test
on the CN was performed and resulted in (33 +2) gg~". Oil
sorbency value of a sorbent is critically affected by the
experimental procedure and ambient conditions, as well as by
the oil viscosity and density. However, no uniform standard
sorbent testing procedure is used by the majority of the
scientific community.®? In this work, ASTM 726-12
procedures have been used, and therefore it is reasonable to
compare to other works that use it too. Table 1 shows the oil
sorbency (for the “oil sorption short test” of the aforemen-
tioned standard test method) of other type II sorbents, which
according to the ASTM 726-12 are unconsolidated particulate
materials without sufficient form or strength to be handled
except with scoops and similar equipment. It can be seen that

=
N

= Macroporous: +500 A
mmm Mesoporous: 20-500 A
mm Microporous: 0-20 A

=
o

Contribution to total pore area [%]
o]
_ aa
=
I —

Mean pore diameter [A]

FIGURE 4 Pore size distribution of the CN obtained using BJH
method on isothermal nitrogen adsorption-desorption curves

CN has a relatively high value compared to similar sorbents
reported in literature. An example of the removal capacity of
the CN is shown in Figure 6. Crude oil spilled over water
(Figure 6(a)) can be selectively adsorbed by spreading a
certain amount over the oil (Figure 6 (b)) and then lifting the
congealed material with a plastic mesh (Figure 6(c)) with
pores of approximately 2 mm? which allows the drainage of
clean, non-adsorbed water back into the recipient (Figure 6
(d)). If a sufficient quantity of CN (sorbency test result
suggests that more than 1/33 of the spilled oil mass) is
efficiently spread over the oil, it is possible to completely
adsorb and mechanically remove it from the water surface
until it is no longer visible to the naked eye. Supporting
Information Video S3 shows that the CN completely adsorbs
crude oil spilled over water in less than 3 min. The fast
sorption rate is caused by the capillarity resulting from the
nanoporous structure and molecular affinity to oils. No water
uptake of the CN could be observed in the dynamic
degradation test.

It should be noted that the obtained polymer has a powder
or flakes structure, and that it may be thought as a nanosponge
because of its porous structure and sorption properties.
However, it does not have an elastic, macroscopic defined
shape. For this reason, even though some of the sorbed oil
may be recovered by the application of pressure over the CN,

FIGURE 5

(a) Water contact angle of the CN. The water droplet
was dyed red. (b) Oil contact angle of the CN
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TABLE 1 Type II sorbents for oil recovery tested with the ASTM 726-12 procedures

Material
Natural clay, pillared clay and algae modified clay

Bagasse

Peat, bagasse, water lily

Lignite fly ash, sawdust

Paper waste: bark, sawdust, belt filter waste and

rejects

Carbonaceous nanosponge (present work)

Fluids

Crude oil

Light crude oil
Medium crude oil

Diesel oil
Crude oil

Motor oil

Heating oil
Crude oil

Diesel oil

Motor oil 0 W40
Motor oil 10 W40

Crude oil

Dynamic viscosity”  Density Sorbency
(cP) (gem™) gg™ Ref.
- - 1.61-2.58 (331
- 0.873 432 B4
0916 5.72

3.9 0.828 3.4-46 331
15 0.892 49-59
300 0.875 459

[36]
2.68 0.82 15-1.7
12.04 0.87 229
45 0.8287 9.67 B
53 (40°) 0.856 12.84
70 (40°) 0.880 12.92
23 0.88 28

“Values for temperature used in the test, unless stated.

reusability has not been tested. The CN, like other powder
sorbents such as diatomaceous earth, is not intended to be
reusable. Final disposition of the CN could be incineration
due to its degradation temperature (see TGA in Figure S2).

As stated earlier, the response of the material to UV
irradiation is of importance when considering it as an oil
selective sorbent in sunlight exposed environments. Figure 7
shows the water and motor oil contact angles of the CN as a
function of UV dose on samples of less than 200 pm thick.
There is a gradual diminish of the hydrophobicity of the
material, until a complete wetting regime is reached (CA of
~0°). Without UV radiation, the water drops are in a Cassie-
Baxter regime. Increasing UV dose enhances hydrophilicity
until the wetting condition turns to the full wetting Wenzel
state. In contrast to water response, oil drops fully wet the
surface (CA ~0°) independently of the UV exposure time,
showing the unchanged oleophilicity of the CN. A similar
response to UV was obtained by Kim et al.,'**! but with a

material consisting of a polydimethylsiloxane matrix covered
with plasma-synthesized hydrocarbon nanoparticles.

Figure 8 shows ATR-FTIR transmittance spectra of CN
deposited on Al substrates and exposed to UV radiation for
different times. The broad band around 3300 cm™" corre-
sponds to the simultaneous presence of free —OH groups
(3580-3670cm™"), intermolecular interactions between
dimers and trimers (3550-3220 cm™') and extended inter-
actions of hydrogen bonds (multimers) between 3300 and
3400 cm™".*® In this region, UV exposure time produce an
increment in hydrogen bond interactions and in the band
around 3250 cm™". The last one is associated to vibrations of
hydroxyl groups belonging to carboxylic acids and reveals an
increment of these groups with exposure time. This statement
is further confirmed by a growing peak around 1720 cm™"' due
to carbonyl group stretching vibration of carboxylic acids.
The appearance of carbonyl groups after UV exposure of the
CN was further confirmed by UV-vis spectroscopy. Details of

FIGURE 6 Demonstration of crude oil adsorption: (a) crude oil spilled over water; (b) CN spread over the slick; (c) removal of soaked CN

with a mesh; (d) clean water after the process
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FIGURE 7 Water and motor oil contact angles of the CN for
different doses of UV irradiation

this measurement can be seen in Figure S4 of the Supporting
Information.

The increment in oxygen content as a consequence of UV
irradiation is also detected in the band associated to
symmetric  stretching vibrations of C-O, around
1220 cm™".1*%!

As could be observed, the appearance of new oxygen
bands is a consequence of the photochemical oxidation
produced by UV irradiation of the CN, which increments
polar groups such as carbonyl and hydroxyl. These molecular
changes in the surface of the polymer generate an increment in
surface energy, which results in the decrease in the contact
angle, observed in Figure 7. No noticeable surface structure
modifications were observed in SEM images of the UV-
exposed CN (Figure S5 in Supporting Information).

The presence of hydroxyl groups in non-exposed CN can
be attributed to the acetone in which the commercial grade
acetylene used as precursor gas is stored. Another possible

Transmittance [a.u.]

N

65

~
v C=0 «— C-0
4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™!]

FIGURE 8 ATR-FTIR transmittance spectra of the CN deposited
on Al substrate, before and after different times of UV irradiation
exposure

AND POLYMERS

mechanism from which a plasma polymerized material may
exhibit hydroxyl groups is by the reaction of trapped free
radicals with molecular oxygen and water present in air.
These trapped free radicals are common in plasma-
polymerized species during their production process and
their presence has been reported in low pressure plasma
polymerization of acetylene.!*"!

According to Diffey,*" the power of UV irradiation
coming from sunlight at noon during the summer in northern
Europe over an unshaded horizontal surface is 40 W m™2,
which is approximately the power flux used in our
experiment. Consequently, the times of exposure in this
experiment have approximately a one to one correlation to
time exposed to sunlight in the conditions stated above. In this
sense and considering the sorption rate of the CN (see
Supporting Information Video S3), 30 min of UV exposure is
much more than the time it would take the CN to act as an oil
sorbent in a marine environment. After the first few minutes
in contact with the oil, the CN is completely soaked by it. As
shown in Figure 7, the UV-exposed CN remains oleophilic.
Therefore, even if the UV irradiation continues, the CN does
not release the oil it has adsorbed. This means that although
the molecular changes shown in the FTIR spectra signify a
change in the water wettability of the CN (as shown in
Figure 8) the oil-covered CN would not adsorb water (it
would have to previously release the oil). In addition, the UV
response of the CN was measured in a sample of less than
200 um thick, while the quantity used in an oil spill would
result in a much bigger thickness. Thus, as it is well known
that UV irradiation has superficial incidence on polymers, its
effect on the overall performance of the CN would be
attenuated.

4 | CONCLUSION

An acetylene plasma obtained under low power and low
pressures in a potentially scalable process led to a
nanoporous material (CN) showing both superhydropho-
bicity and oleophilicity. The CN can be used to selectively
and efficiently adsorb hydrocarbons from water, with
negligible water uptake. The material maintains its
hydrophobicity for 30 min of UV exposure and it starts
wetting afterwards but keeps oil affinity. The change in
wetting behavior would not affect the performance of the
CN in sunlight exposed environments, considering that its
oil sorption rate is enough for it to recover the oil much
faster than the time it takes UV irradiation to make the CN
hydrophilic.

Due to its versatile deposition, the CN could be used for
surface treatment of textiles or metal meshes, producing
membranes with potential applications as selective barriers
for oil/water separation.
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