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Abstract

Clean-up of crude-oil spills ranks among the major environmental remediation issues and
demands for sorbents with high and stable oleophilic and hydrophobic features. Here,
aerogels with durable hydrophobicity are produced by incorporating reduced graphene oxide
(rGO) in highly porous silica matrices. By a sol-gel protocol, high rGO loadings are achieved
by exploiting highly dispersible hydrophilic graphene oxide as rGO precursor. Homogeneous
rGO-silica composite monoliths are obtained with tunable loading up to 10 wt%, enabling a
detailed analysis of the sorption behaviour towards oil spills. Composite aerogels demonstrate
an excellent performance towards oil sorption with oil uptake from ~7 to ~10 times the
aerogel mass. Although the sorption ability is lower than for plain hydrophobic silica,
composites with a minimum loading of 5 wt% exhibit very high oil selectivity and show a
durable and reliable behaviour over time, providing longer shelf-life than plain SiO. aerogels.
The synergetic effect of rGO towards long-term hydrophobicity and oil selectivity on silica
composite aerogels allows for the implementation of such composite materials in real water

remediation processes.



1.1 Introduction

Over 10 million m® of crude oil is produced worldwide every day [1]. This oil is usually
produced in remote locations and it needs to be transported to refineries for processing. In the
last 5 decades, approximately 5.8 million tonnes of crude oil have been spilled into the sea
during transportation [2]. These spills have a long term detrimental effect on the
environment, which calls for a critical need for fast cleanup when an accident occurs [3].
Currently, the most common methods for oil spill cleanup at sea include: 1) chemical
methods, using dispersants/solidifiers; ii) bio-remediation, including membrane bioreactor
technology; iii) in-situ controlled burning; iv) mechanical methods, through booms and
skimmers; v) sorption [4-8]. Amongst the several strategies proposed, sorbents stand out for
water spill cleanup because of the unique possibility of removal of the pollutants without
effecting the environment [9,10].

The sorption capacity of a material depends on factors such as temperature, oil density,
thickness of the oil film layer, as well as on intrinsic features of the sorbent material itself,
such as density, porosity and oleophilic/hydrophobic properties [11-17]. There are several
studies which highlight the sorption process using various kinetic models to support the
experimental data describing the types of adsorption. However, a clear mechanism on the
process has not been clearly understood as it involves series of steps right from point of
contact to saturation [18,19]. Aerogels, being lightweight solid materials, with extremely high
surface area and open porosity, are excellent candidates as sorbents [20]. In particular, owing
to their huge open porosity, chemical inertness, non-toxicity, and heat resistance, silica
aerogels have been widely applied to environmental cleanup and in particular to oil-spills
[21-24]. The production of SiO> aerogels is well established and based on sol-gel technology.
Wet silica gels are formed by hydrolysis and polycondensation of silica molecular precursors

in alcoholic media. These gels are dried under supercritical conditions to yield highly porous



aerogels with an open mesoporous structure [25,26]. Silica aerogels produced by alcohol
supercritical drying are hydrophobic in nature due to the presence of surface alkoxy groups.
However, this hydrophobicity is transitory because alkoxy substituents get hydrolysed by
moisture/water [27,28]. This unstable hydrophobicity is a severe drawback for practical
application to spills as the sorbent activity becomes limited by a poor oil vs. water selectivity.
In addition, the control over hydrophobicity is relevant in several other uses of silica aerogels,
including thermal insulation, Cherenkov radiation detectors, drug delivery, and space

applications [29-32].

Early successful strategies to produce SiO> aerogels with tailored hydrophobicity were based
on surface modification with hydrophobic non-hydrolyzable functionalities such as fluoro-
propyl. Such highly hydrophobic organosilicas have been successfully applied for water
separation from organic solvents [23,24]. On the other hand, the incorporation of carbon-
based nanostructures has been recently demonstrated as an excellent strategy to tune the
functional properties of silica aerogels, including electrical conductivity, mechanical strength
and surface area. Such C/SiO, composite aerogels have been used in optical and electronic
devices, as thermal insulating materials and as adsorbents [33].

The production of C/SiO2 aerogels is not straightforward: major difficulties include the
tendency of the carbon nanophase to aggregate and segregate from SiO», as well as the
limitations on precursors and solvents suitable for sol-gel chemistry. In particular, first works
on graphene-SiO> aerogels reported very low loadings of 0.1 wt%, limited by the challenge of
dispersing graphene in common solvents able to withstand supercritical drying processing
[34]. Despite the very low loading, graphene-silica aerogels showed improved fire resistance,
hydrophobic behaviour, and oil uptake with respect to bare silica aerogels.

Towards overcoming the low loading limitation, hydrophilic carbon nanostructures such as

carbon dots and graphene oxide (GO) can be used as nanocomposite precursors owing to



their ability to disperse in common sol-gel solvents [35,36]. In particular, the production of
silica aerogels filled with GO was recently addressed and shown to be a successful strategy to
produce mechanically-reinforced SiO, monoliths [36].

In this work, the application of SiO> composite aerogels containing reduced graphene oxide
(rGO) as oil sorbents for environmental remediation is presented. rGO is selected as an
oleophilic carbon-based nanofiller which offers the advantage of higher processability under
solution-based methods based on available polar precursors. Monoliths with controlled rGO
loadings up to 15 wt% are produced with the use of hydrophilic GO as precursor. These
undergoes reduction during aerogel production, changing the hydrophilic nature of the
composite. The obtained rGO-SiO. homogeneous composites are further tested as oil
sorbents for environmental remediation, demonstrating their stable hydrophobicity and their

high oil selectivity even in water-rich environment.

1.2 Materials and Methods

1.2.1 Materials:

Graphite flakes (~325 mesh size, 99.8% metal basis), concentrated H.SO4 (98%), potassium
permanganate (KMnQOas, ACS, 99% main), sodium nitrate (NaNOs, ACS,99% main) and
hydrogen peroxide (H202, 35%) were purchased from Alfa Aesar. Tetraethyl orthosilicate
(TEOS, CgH2004Si, reagent grade 98%), absolute ethanol (EtOH, CH3CH.OH, ACS reagent
99.8%), urea (CH4N20, ACS reagent), mineral oil (M1180, meets USP testing
specifications), and oil blue N (dye content 96%) were purchased from Sigma Aldrich.

1.2.2 Preparation of GO precursor:

GO was obtained from graphite by a modified Hummer’s method [37]. Briefly, concentrated
H>SO4 (115 mL) was added to a mixture of graphite flakes (5 g) and NaNO3 (2.5 g) in a flask

and was stirred at 0 °C for 30-35 minutes. KMnQO4 (15 g) was gradually added in small



quantities to the mixture while keeping the reaction temperature maintained. Then, the flask
was placed in a water bath at 35 °C under stirring, until the color changed to dark brown.
After which, the flask was removed from the water bath and water (230 mL) was added
dropwise to the reaction mixture at room temperature under stirring. The solution was then
heated at 98 °C for 15 minutes and the reaction was stopped by removing the flask from
heating mantle and rapidly adding 400 mL of water in steps and 50 mL of 35% H20- to the
mixture. The mixture was allowed to settle overnight, in the following day the supernatant
was decanted while the product was washed with 10% HCI solution and water until the pH of
the solution became almost neutral. Finally, the solution was filtered and dried at 40 °C,
obtaining the GO powder.

1.2.3 Synthesis of rGO/silica nanocomposite aerogels:

rGO/SiO2 nanocomposite aerogels were prepared using a one pot sol-gel method based on the
co-gelation of TEOS as silica precursor and GO. The main steps involved in aerogel
production are summarized in Figure Sl 1, and the detailed preparation protocol is
extensively described in the Supplementary Information. The sol-gel reaction was carried out
under a two-step acid-base catalysis, followed by high temperature supercritical drying based
on certain modifications of our previous work [38]. Briefly, TEOS was hydrolysed by an
acidic hydroalcoholic solution (HNOs in ethanol and water). An ethanol dispersion of GO
was prepared by ultrasonic treatment and added to the pre-hydrolysed TEOS under stirring.
Afterwards, the mixture was subjected to basic catalysis by addition of a hydro-alcoholic
solution of urea and refluxed at 85 °C. The gels were formed and aged overnight at 40 °C and
then submitted to supercritical drying (up to 330 °C, 70 atm) in a Paar autoclave filled with
70 mL of absolute ethanol. The prepared aerogels will be hereafter labelled as: Si-G_x, where

X is the mass loading of GO in the composite gel, and was selected as 0.1, 0.5, 1, 5, and 10



wt%. A plain silica aerogel (Si-G_0) was also prepared as a reference under the same

conditions.
1.2.4 Materials Characterization.

Textural characterization was performed on a Micromeritics ASAP 2020 by determining N>
physisorption curves at 77 K. Prior to analysis, the samples were outgassed at 200 °C for 12
hours. Surface areas were estimated using the Brunauer-Emmett-Teller (BET) model,
whereas pore size and pore volumes were estimated by using the Barret—Joyner—Halenda

(BJH) method.

Scanning electron microscopy (SEM) investigation was performed on a Carl ZEISS Auriga
microscope with an energy dispersive X-ray spectroscopy (EDX) detector and on an ESEM

FEI Quanta 200 microscope operating at 25 KV.

Finely grounded samples were characterized by transmission electron microscopy (TEM) on
a Hitachi H-7000 instrument equipped with a W gun operating at 100 kV and coupled with an

AMT DVC CCD camera for image acquisition.

X-ray diffraction (XRD) patterns were acquired on a Panalytical Empyrean diffractometer
equipped with Cu Ko radiation, a graphite monochromator on the diffracted beam and an
X’Celerator linear detector. Measurements were collected under sample spinning at 1 Hz.
Fourier transform infrared (FT-IR) spectra in the Mid-IR range (4000-400 cm™) were

recorded in KBr pellet on a Bruker Equinox 55 spectrometer in transmission mode.

Water contact angle (CA) measurements were carried out by means of a Kruss Drope Shape
Analyzer (DSA30) and analyzed by using the Kruss Advance software through the sessile

drop method. The mean CA of each measure was calculated averaging between the left and



right CA. For each sample, the measurements were repeated three times in different areas, in

order to reduce errors by averaging in turn the mean CA values.

Raman spectra were acquired in backscattering geometry using 532 nm line by a wavelength
stabilized diode module (LASOS DPSS series) coupled with a reflecting Bragg grating
(Optigrate-Braggrade 405) to narrow the laser line. Measurements were performed at room
temperature with a triple spectrometer Jobin-Yvon Dilor integrated system with a spectral
resolution of about 1 cm™. Spectra were recorded in the Stokes region by a 1200 groove/mm

grating monochromator and a LN-cooled charge coupled device (CCD) detector system.
1.2.5 Oil Sorption Tests

The sorption ability of the aerogels was evaluated both by mass adsorption tests and by batch
adsorption assessment. Mass adsorption tests were performed at room temperature by placing
a known amount of aerogel, ~30-40 mg, into a beaker containing an excess of mineral oil.
The aerogel sorbents were removed after a given contact time, drained for few minutes, and
weighed. It was found that all aerogels saturated after a few minutes. The aerogel oil
adsorption capacity (Ko) was determined by weighting the mass of the aerogel saturated by

the adsorbed oil, based on the following formula:

_ Final mass of the asrogel — Initial masz of the asrogel

Ko =

Initial mazs ofthe asrogel

Representative digital images of the main steps in the Ko determination are displayed in
Figure S1_2 for SiO2 and blue-dyed oil. The aerogel water sorption capacity (Kw) was also
assessed by the same approach, after the aerogel saturated by the adsorbed water.

Batch adsorption tests were also performed at room temperature (25 °C) using oil-
contaminated water at neutral pH. In these experiments the mass of aerogel was kept constant

while the concentration of oil in water was varied. Briefly, 20 mg of aerogel were placed in a



250 mL beaker containing 100 mL of water with varying amounts of oil. The experiment was
conducted for 50 minutes to ensure its saturation. After which, the sorbents were carefully
removed and drained. The mass was measured, providing the overall liquid uptake. Then the
aerogel was placed in an oven at 100 °C overnight to remove residual water, and its mass was

measured again to determine the amount of adsorbed oil.

1.3 Results and Discussion

The preparation of silica-based aerogels incorporating rGO was performed by co-gelation of
the silica precursor, TEOS, and GO as described in the experimental section and depicted in
Figure SI_1. Thanks to its high dispersibility in the sol-gel mixture, the GO precursor was
effectively mixed in the whole compositional range investigated, giving rise to highly
homogeneous sols and gels. Figure 1 shows the wet gels and the corresponding aerogels as
obtained by increasing the GO loading in silica from 0 wt% to 10 wt%. The appearance of all
the gels suggested a high compositional homogeneity, with no evidence of phase separation.
Gel drying occurred with very limited volume shrinkage, resulting in highly homogeneous
aerogels. Aerogels were extremely lightweight, with average apparent density slightly
increasing with the carbon content from 0.20 to 0.21 g-cm™. The preparation route turned out
to be more effective than alternative strategies such as hydrothermal method or combined sol-
gel and hydrothermal method. Those represent multistep long processes or provided poorly

distributed GO or rGO, as reported in the Supplementary Information (see Figure SI_3).
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Figure 1. Visual appearance of the undoped monolithic SiO2 aerogel (left), and of the wet

GO wt % loading
in SiO, aerogel

gels and related aerogels obtained by increasing the loading of GO nanofiller in the silica

aerogel.

The success in the formation of highly homogeneous aerogels was strongly associated with
the choice of GO, with a high affinity for polar solvents required for sol-gel synthesis, as
precursor of the hydrophobic rGO. While GO can be reduced to rGO upon thermal and/or
chemical treatment [39], no additional step was required here to form the rGO/silica aerogel,
since the initial GO precursor underwent a reduction upon supercritical drying. Indeed, the
colour change accompanying the gel drying, from brown colour to greyish/black (depending

on the GO loading), suggested this chemical transformation.

XRD was used to investigate the effect of processing conditions on GO. Figure 2 (A) shows
the XRD patterns of the initial graphite commercial powder (G), of the GO precursor (GO),
and of the thermally and chemically reduced GO (trGO and crGO, respectively). As
expected, pristine graphite featured a sharp peak at 26.5° which can be ascribed to the
graphitic (002) peak and is associated to atomically flat pristine graphene sheets with
interlayer spacing of ~0.34 nm. The XRD pattern of the GO sample exhibited a peak at 10.6°
associated to an interlayer spacing of ~0.84 nm. The increase in the distance between highly
oxidised sheets reflects the presence of hydroxyls and intercalated water molecules. Chemical

and thermal treatments promoted GO reduction, as suggested by the shift of peak positions to



higher diffraction angles, approaching back to its initial stage. Broadening of the peaks
suggested the smaller sheet size as compared to graphite and GO, supporting effective
formation of nanostructured rGO. In particular, the rGO reflections were sharper and slightly
shifted to higher diffraction angles in the trGO as compared to the crGO, suggesting that
thermal treatment favoured a more complete reduction and a more ordered rGO nanophase.
However, XRD patterns of the aerogels did not provide conclusive evidences on the

occurrence of rGO, being dominated by the scattering of amorphous silica (Figure 2B).
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Figure 2. A) XRD pattern of graphite (G), graphene oxide (GO), chemically reduced rGO (crGO),
thermally reduced rGO (trGO). B) XRD pattern of the aerogel composites with different loading of

GO.

Raman spectroscopy was used to gain further insights on the produced materials, being a
powerful tool to investigate the different graphene-related phases [39]. Figure 3A displays the
Raman spectra of pure carbon phases as a reference. The pristine graphite sample showed the
typical D, G and 2D bands at 1350 cm™, 1580 cm™ and 2715 cm respectively. These bands
are associated to defect assisted one-phonon processes in disordered graphene structure (D-
band), to E2g mode due to C-C stretching vibrations of sp? carbon systems (G-band), and to
two-phonon processes at K point (2D-band) [40]. The oxidation process was accompanied by
a peak shift in the Raman spectra when compared to pristine graphite, due to the disorder

induced during oxidation and subsequent reduction process (based on chemical and thermal



methods), which reduced the size of the graphene sheets as already pointed out by XRD. As a
control experiment, GO was submitted to the same conditions used to produce the aerogels,
i.e. supercritical drying treatment under N> atmosphere in an autoclave up to 330 °C in the
presence of absolute ethanol. The corresponding material (SCDrGO) indeed showed a similar

Raman spectrum as the chemically and thermally produced rGO.

The Raman spectra of plain SiO2 and aerogels containing different loads of carbon fillers are
displayed in Figure 3B. While no significant band was observed in the spectrum obtained
from the plain SiO; aerogel, the D and G bands were distinctly observed at 1350 cm™ and
1600 cm™ in all other aerogels. The intensity of the peaks ascribed to these bands increased
together with the carbon loading, as expected. As the D and G bands can be related to sp? and
sp? carbon respectively, the relative intensity of these bands can be used to gain insights on
the oxidation degree of graphitic phases [41]. The Ip/lg value (see Figure SI_4) for GO was
estimated 0.81, whereas for crGO was 1.08. The Ip/lg value for the Si-G_10 aerogel was
1.01, supporting that under the conditions used to produce the aerogels, in particular during
the supercritical drying step, the GO precursor was reduced, leading to nanostructured rGO

dispersed within a SiO> aerogel matrix.
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Figure 3. A) Raman spectra of pure carbon phases: pristine graphite, GO, crGO, trGO, and SCDrGO.

B) Raman spectra composite aerogels containing different loads of GO, from 0 wt% up to 10 wt %.

Low magnification SEM micrographs of the composite aerogels indicated a homogeneous
phase distribution at the microscale, as shown for Si-G_10 reported in Figure 4A (see also
corresponding images for plain SiO2 and for Si-G_5 in Figure SI_5). EDX microanalysis was
used to provide a semiquantitative analysis of the samples and the results were in agreement
with the expected composition. In particular, a carbon content of ~3 wt% was found in the
plain SiO> aerogel, due to the occurrence of surface ethoxy groups which arise from the
esterification of surface silanols during the supercritical drying process. When rGO is loaded
in the aerogels, the detected C content increases to 6 % and to 11 wt % in the Si-G_5 and Si-
G_10 aerogels, respectively (see Table S1). Closer inspection by high resolution SEM
showed rGO nanosheets intimately blended within the silica matrix (Figure 4 B-C). rGO
appears in plane view as sheets or in side view projection with the typical layered
morphology. TEM investigation shows the occurrence of a highly porous silica matrix, with a
non ordered and open texture typical of silica aerogels, with embedded rGO sheets (Figure 4

D-F and Figure SI_6).



Figure 4. SEM image at low (A) and high magnification (B, C) and TEM micrographs (D-F) of Si-

G_10 aerogel.

The porous texture of the aerogels was further investigated by N2 physisorption at 77 K. Very
similar isotherms, resembling those of a plain SiO. aerogel, were obtained for all the
nanocomposite aerogels (Figure SI_7). This result suggested that the structure of the
composites, a mesoporous structure with an average pore width of around 30 nm was mainly
determined by the silica aerogel network. The main textural parameters given in Table | show
that both surface areas and pore volumes were very large and they were further enhanced in

the rGO-containing aerogels as compared to plain SiOa.

Table 1. Textural parameters as obtained by N2 physisorption measurements at 77 K

for the plain SiO- aerogel and for the rGO-loaded aerogels.

Sample

Surface Area
(m?g™)

Pore volume
(cm3-g™)

Pore size
(nm)




Si-G_0 391 2.34 19
Si-G_01 588 3.42 18
Si-G_05 596 3.83 20
Si-G_1 523 3.59 21
Si-G_5 510 4.26 25
Si-G_10 522 3.67 21

For the sake of comparison, composites obtained by conventional drying (thermal treatment
at 180 °C) starting from the same multicomponent gel were also prepared, obtaining so-called
xerogels. As expected, the composite xerogels are relatively denser than the corresponding
aerogels, as the original porous structure of the wet gel is partially collapsed during thermal
drying. Figure SI_8 shows that the xerogel with a loading of 10 wt% (X-Si-G_10 composite)
is a microporous solid where the graphitic sheets are distributed on a dense silica matrix, as
revealed by TEM and N2 Physisorption. Moreover, FT-IR points out the occurrence of sol-gel

hydrophilic silica typical bands.[42]

As porosity and textural features suggested that the developed aerogels might act as proper
sorbents, water contact angle measurements were performed. The contact angle average value
for plain SiO, was found to be ~106° (£3.0), indicating a hydrophobic surface. This result
was expected based on the specific drying procedure used for the production of aerogels, i.e.
high temperature supercritical drying from ethanol. It is well known that under these
conditions, surface silanols undergo esterification by the ethoxy groups leading to
hydrophobic SiO» [42]. Surface esterification was confirmed by the presence of vibrations
corresponding to ethoxy groups in the FT-IR spectra of the plain aerogel (see Figure S1-9)
[42]. When the silica aerogel was loaded with rGO, the average contact angle increased

significantly, up to ~118° (£7), ~124° (1), and ~131° (1) for the aerogels loaded with 1



wt%, 5 wt%, and 10 wt % rGO, respectively (Figure 5), which denoted an increase in
hydrophobicity with the rGO incorporation. This effect shows that rGO, although less
effective than pure graphene, shows the expected hydrophobic features and is therefore

suitable to enhance the hydrophobicity of silica aerogels.

Figure 5. Digital image (top) and corresponding evaluation of the water droplet contact angle

(bottom) on a Si-G_10 aerogel.

The hydrophobicity character of the aerogels was further evaluated by recording the
behaviour of the aerogels released in a vial containing water over nearly 1 year. At first, all
the aerogels, plain and rGO-filled, floated on water, indicating their hydrophobic nature in
agreement with contact angle measurements. However, with time the plain SiO, aerogel
changed from translucent to opaque white and partially sank in the water. On the other hand,
composite aerogels kept floating on water for a much longer time. Actually, S-G_10 aerogels

kept floating during all the observation period (> 6 months), as depicted in Figure SI_10%.



These data can be interpreted by taking into account that the hydrophobic nature of plain
SiO> aerogel is due to the occurrence of a surface coverage by ethoxy groups, due to an
esterification process which is well-known to take place during the supercritical drying
step.[42, 43] By contact with H20, hydrolysis progressively takes place, and therefore over
time SiO> aerogels become hydrophilic due to surface silanols. Conversely, the introduction
of rGO nanofillers into SiO> aerogels results in composite materials whose hydrophobic
nature is unaffected by the environmental conditions, making them more reliable than plain
silica aerogels. This is of key relevance since sorbents are exposed to water during their
storage and application.

To assess the potential of the developed hydrophobic aerogels as prospective oil sorbents for
water remediation, sorption tests were performed. In particular, oil sorption capacity of the
aerogels was determined by mass adsorption tests where a known mass of aerogel (see Fig-
SI-2) was left in contact with excess oil until saturation, which occurred within 5 minutes due
to the oleophilic nature of the aerogels and their fast oil uptake. The resulting oil sorption
capacities of the prepared aerogels as a function of loading are reported in Table 2. All the
aerogels acted as oil sorbents, with uptake in oil mass (Ko) decreasing upon incorporation of

rGO in the silica matrix, from ~11 to ~ 7 times the mass of the aerogel itself.

Table 2. Oil sorption capacities (Ko) determined at room temperature for 5 minutes by mass

adsorption tests for the fresh plain SiO> aerogel and rGO-loaded aerogels.

Sample Ko

Si-G_0 11.10 +0.10
Si-G_01 9.76 + 0.04
Si-G_05 8.39 + 0.03
Si-G_1 8.50 + 0.03
Si-G_5 8.05 + 0.03
Si-G_10 7.24 +0.04




After being saturated with oil, the aerogels were set to flame to burn out the adsorbed oil as
shown in Figure 6 and tested again for sorption. It was found that all the tested aerogels are
still able to adsorb oil, although the oil sorption ability after reuse is lower as compared to
fresh aerogels and is around 5 for all the samples (see Table S2). This result could be
addressed to a slightly collapse of the structure during the burning process. Besides, upon oil
removal the graphitic phase could be also be affected by burning thus decreasing the sorption
ability. After the second burning, the monoliths lost their mechanical stability and therefore

were not suitable for further reuse.
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Figure 6. Digital images showing the visual appearance of a piece of Si-G_10 composite
aerogel prior (A) and after oil sorption (B). The sorbent was then submitted to burning to
remove the adsorbed oil (C) and submitted to reuse test (D).

A kinetic study of the sorption process was performed by removing samples after every 30
seconds to assess the sorption capacity (Figure 7A). The adsorption rate is highest at the
early stages (within 2 minutes) and the oil sorption capacity reaches its maximum value
within 5 minutes. It is worth mentioning that after reaching saturation, i.e. maximum oil
uptake, the aerogels upon prolonged contact with oil tend to break. This drawback somehow

diverges from the mechanical reinforcement reported for silica aerogel monoliths containing

GO nanofillers [36]. It should be taken into account, however, that the mechanical behaviour



of wet and swollen aerogels, although not fully elucidated, may significantly differ from that
of dry aerogels [44]. The bare silica aerogel outperformed marginally the composite aerogel
both in terms of speed and overall oil uptake. This might be due to the rGO sheets, which are
intimately mixed with the silica matrix, which may act as oleophilic protectors for the inflow
of oil into the pores also due to its wrinkled morphology. To provide further evidence that
upon increasing rGO loadings the capacity was reduced, a composite sorbent with higher
rGO loading (15 wt%) was prepared (see also Figure SI_11 for visual appearance and TEM
images). As expected, it was found that the sorption ability further decreased 6.57 + 0.05. To
get a more comprehensive picture of the sorption behaviour of the aerogels, the water
sorption capacity Kw over time was measured (Figure 7B). Although water sorption was
very rapid, reaching saturation within few minutes, the test was also carried out for a long
duration to get precise values. It is worth mentioning that the aerogels did not break during
this test. Interestingly, the silica aerogel- being exposed to moisture and water-rich
environment- tends to uptake water and indeed showed a water sorption ability as assessed by
the adsorption capacity value (Kw) higher than for oil (K,). The sorption ability of silica
aerogels has been previously shown to depend on the features of the liquid, such as polarity,
surface tension and molecular structure.[43] In particular, water molecules may interact also
through hydrogen bonding with surface silanols. Aerogels containing rGO fillers adsorbed
much less H>O as compared to plain silica, and composite aerogels with high rGO loading (5

wt%, 10 wt %, and 15 wt %) adsorbed no water at all.
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Figure 7. Kinetics of oil (A) and water (B) mass sorption as evaluated by the corresponding
sorption capacity K, and Ky, respectively, for the plain SiO2 aerogel and for the rGO-loaded

aerogels.

Overall, it can be deduced that 5 wt% is the optimal rGO loading into silica aerogels to
produce effective oleophilic sorbents for water remediation, as for this composition high and
selective oil sorption ability (eight times the sorbent mass) is recorded together with durable
hydrophobicity. Batch adsorption tests were additionally performed, where the oil and water
sorption from the aerogel was assessed in an oil-water mixture at room temperature. In this
case, the mass of the aerogel was kept constant while varying the oil concentration, and the
adsorbed mass was evaluated after 50 minutes. The outcome of these experiments is
summarized in Figure 8. The rGO-filled aerogels adsorbed increasing amounts of oil while
adsorbing very limited amount of water. In contrast to adsorption tests in pure water, a slight
water uptake was measured in water-oil combinations for the composite aerogels, due to the
interfacial interaction between oil and water. Indeed, the hydrophilic and hydrophobic
properties of graphitic phases have been revisited with particular reference to their behaviour
in water-oil mixtures, and their amphiphilic behaviour as well as their ability to act as

surfactant has been demonstrated [45-47].



The water adsorption was in any case very limited (0.01-0.03 g). All aerogels had a similar
trend up to 150 mg of oil where nearly all the oil in the mixture was effectively adsorbed-by
the aerogel. When a large excess of oil was added as compared to the sorbent mass, (i.e.
around a 10-fold excess of oil in mass) the apparent decrease in oil sorption is actually due to
loss of mechanical stability of the aerogels, resulting in a large error in oil uptake assessment.
As an alternative approach, oil sorbents based on silica nanoparticles introduced into GO
sponges have been recently reported [48]. Remarkably, organic solvents sorption capacities
in the same range were obtained (~8-10), and an active role of silica nanoparticles in

preventing deformation of the GO sponge and breakage was found.
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Figure 8. rGO-SiO, nanocomposite aerogel (Si-G_1) sorbent for batch sorption tests on oil-water
mixture; (A) Oil mass uptake {Mc} and water mass uptake (Mw) from the rGO-SiO, aerogels with
loading content 1 wt%, 5 wt%, 10 wt% as assessed by batch adsorption tests (B). Full square symbols

and empty circle symbols refer to oil mass and to water mass adsorption, respectively.



1.4 Conclusions

The prospective application of composite aerogels made out of rGO nanofillers loaded within
highly porous SiO as novel sorbents for oil spills has been investigated. TEM, SEM and N>
porosimetry indicate that the rGO nanostructures were homogeneously distributed within the
SiO2 porous texture and that the two phases were intimately blended in the whole
investigated composition range (loading from 0 to 15 wt%). Effective loading of the rGO
nanofillers within the aerogel was achieved by exploiting a precursor; which can be easily
incorporated within silica sol-gel chemistry such as GO. Raman spectroscopy and water
contact angle measurements support that the conditions used for aerogel production by high
temperature supercritical drying of the solvent favour reduction of the parent GO phase,
resulting in the production of rGO-SiO, composite aerogels.

Oil sorption experiments showed that composite aerogels were highly active oil sorbents,
with sorption capacity values of ~7 - 11 times the mass of the sorbent and decreasing with the
amount of rGO. rGO-SiO, composite aerogels showed a much higher selectivity towards oil
rather than water as compared to plain SiO,, making these sorbents more effective for
application in environmental remediation. In addition, while the hydrophobic features of
plain SiO aerogels were progressively lost in water/moisture rich environment due to surface
hydrolysis processes, rGO-SiO> composite aerogels showed durable hydrophobicity. The
proposed study demonstrated the potential of C-based nanostructures as a means to produce
hydrophobic silica-based oil sorbents with improved oil selectivity and more durable shelf

life.
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