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Joule and photothermal heating offer promising avenues for enhancing oil recovery, desorption, and
reusability by reducing the viscosity of highly viscous oils, thereby facilitating their mobility on sorbent
surface. This study developed a heatable reduced graphene oxide nanoribbon (-GONR)-coated
polyvinylidene fluoride (PVDF) oil sorbent to address these viscosity challenges. The application of
heating increased oil desorption by approximately 50%, significantly outperforming the conventional
PVDF mat. The r-GONR sorbent, leveraging the photothermal effect, demonstrated exceptional
reusability, maintaining 40% oil desorption efficiency up to the 10th cycle. Furthermore, its high oil
desorption and reusability translated into considerable economic benefits, with a revenue potential of
6.4-29.0 $/m?, alongside significant environmental impact reduction. This study introduces a novel,
sustainable approach to oil desorption and reuse, underscoring the practical applications of heatable

materials in enhancing oil recovery.

According to the Statistical Review of World Energy (2023), global oil
consumption has steadily increased over the last three decades, reaching
4.39 billion metric tons. This increase has been attributed to the develop-
ment of transportation and various other industries, including textiles,
petrochemicals, and pharmaceuticals'~. However, the amount of oil leakage
and spills has increased owing to increased oil consumption, transportation,
processing, and exploration, resulting in water contamination by accidental
oil leakage and spills**. Therefore, prompt and highly efficient oil clean-up is
required to minimise the severe damage to the ecosystem and loss to human
society caused by water pollution®.

Polymeric sorbents are highly valued for their oil/water selec-
tivity, removal efficiency, cost-effectiveness in oil spill clean-up, and
easy processing’ ™. However, conventional polypropylene (PP) sor-
bents face challenges in terms of oil desorption and reusability
because of the strong adhesion of highly viscous crude oil*". The
disposal of single-use sorbents by incineration and landfill poses
environmental and economic concerns'*'"”. Addressing these issues

necessitates the development of sustainable and reusable materials
and methodologies for oil cleanup. In addition, the reuse and sus-
tainability of oil sorbents, as well as oil recovery and recycling, are
crucial for conserving valuable resources. Oil recovered from sor-
bents via desorption can lead to significant cost savings and generate
revenue through recycling. This process not only conserves resources
but also mitigates pollution and reduces the costs associated with
waste treatment of unrecovered oil'.

Previous studies have demonstrated that heating can effectively facil-
itate oil desorption and enhance sorbent reusability and oil recovery by
reducing oil viscosity'”. For instance, the viscosity of crude oil decreases
significantly at elevated temperatures, promoting oil fluidity and efficient
desorption from sorbent'®"”. Typically, crude oil, characterised by high
viscosity, exhibits a viscosity of approximately 15,000 mPa-s at room tem-
perature, which diminishes to approximately 1300 mPa-s at an oil tem-
perature of 50 °C**"'". This reduction in viscosity promoted oil fluidity,
facilitating its flow on the surface and efficient desorption from the sorbent™.
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In recent years, heatable oil polymeric sorbents have emerged to exploit
the heating effects and improve oil mobility via Joule-heating, photothermal
processes, or magnetocaloric effects induced by external energy sources such
as electricity, solar radiation, or magnetic properties, resulting in augmented
oil diffusion coefficients™ . While magnetocaloric technology can generate
heat within the oil sorbent, thereby decreasing oil viscosity through mag-
netic heating”, its practical application is impeded by challenges such as
costly materials, magnets, and the instability of magnetocaloric
materials*”. Conversely, the Joule-heating effect converts electric energy
into thermal energy through intrinsic collisions between phonons and
electrons, whereas photothermal technology transforms adsorbed solar
radiation into thermal energy’*”'. Consequently, these technologies reduce
oil viscosity and increase the diffusion coefficient, offering operational
simplicity and versatility”"””. Therefore, this study utilised Joule and pho-
tothermal heating technologies for oil desorption and sorbent reuse.

To fabricate materials suitable for Joule-heating or photothermal (or
solar-assisted heating) methods, various carbon-based materials, including
carbon nanotubes, graphene, MXene, and graphene nanoribbons (GNRs),
have been employed™ . An exemplary heatable wood sponge incorpor-
ating fluoroalkyl silane-modified reduced graphene oxide (GO) achieved a
temperature of 112.8 °C at 20 V**. Furthermore, Huang et al.” reported a
multi-walled carbon nanotube (MWCNT)/polyvinylidene fluoride and
polydimethylsiloxane membrane attaining a temperature of 85.1 °C under
1kW-m™. Guo et al.*’ synthesised GO-functionalised polyvinyl alcohol
electrospun fibrous membranes exhibiting a high surface temperature of
approximately 50 °C under 1 sun. Among the array of carbon-based
materials, graphene oxide nanoribbons (GONRs), characterised by elon-
gated strips of graphene, stand out as a promising component for Joule and
photothermal heating owing to their high electrical conductivity, thermal
resistance, excellent thermal efficiency, and hydrophobicity/
oleophilicity"' ™. They also demonstrated favourable photothermal con-
version properties attributed to strong near-infrared (NIR) light
adsorption”. In addition, the exceptional mechanical and chemical stabi-
lities of reduced-GONR (r-GONR) ensure that they remain effective for
sorbing and desorbing oil even under high-temperature conditions (i.e.,
heating)***.

In this study, a method involving the coating of a heatable r-GONR
onto a polyacrylonitrile fluoride (PVDF) oil sorbent was developed to
enhance the solar and Joule-heating-assisted desorption and oil recovery of
highly viscous oil, to improve the electrical conductivity, thermal resistance,
and hydrophobicity/oleophilicity. Initially, a PVDF mat was fabricated via

electrospinning to achieve high specific surface area and hydrophobic
characteristics. Subsequently, r-GONRs were applied to the surface of the
PVDF mat to augment the electrical conductivity and thermal resistance.
Specifically, we sought to present viable technologies for oil desorption
(reusability) by employing Joule-heating and photothermal effects at 25 V
and 1 kW/m?, respectively. The oil desorption capacity, removal efficiency,
and reusability were evaluated using highly viscous oils, such as the motor
oils 5 W-40 and 10 W-40, and light oils, including diesel oil.

Furthermore, economic and environmental impact assessments were
conducted to emphasise the net benefits in terms of both profitability and
environmental sustainability. The economic assessment focused on revenue
and profitability to validate the viability of oil desorption and reuse methods
via Joule-heating and photothermal technologies. This was achieved by
comparing the performance of the heatable -GONR oil sorbents with that
of non-heatable PVDF mats and commercial PP sorbents. The environ-
mental impact assessment primarily addresses the mitigation of selected
environmental impacts specific to oil spill applications. These effects include
climate change, fossil fuel depletion, freshwater and marine ecotoxicity, and
water depletion.

Results and discussion

Fabrication of heatable oil sorbent

A heatable oil sorbent coated with r-GONRs was fabricated by dip-
and spray-coating onto an electrospun PVDF mat. The electrospun
PVDF mat showed a nanofibrous structure with an average fibre
diameter of 0.56 um, while the r-GONR oil sorbent exhibited com-
plete surface coverage with r-GONR (Fig. 1a, b). Confirmation of the
r-GONR coating was achieved via scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS) elemental mapping,
where the PVDF mat revealed the presence of F, which is a char-
acteristic of PVDF (Fig. 1¢). By contrast, the --GONR-coated sorbent
displayed elements C and O, attributed to the presence of r-GONRs,
which were uniformly distributed on the surface (Fig. 1d). Notably,
the r-GONR-coated sorbent exhibits lower F levels than the PVDF
mat, which is indicative of surface modification. The chemical
compositions of the oil sorbents were investigated using X-ray
photoelectron spectroscopy. The PVDF mat exhibits distinct C 1s
and F 1s spectrums [2]. However, after coating the PVDF mat with
r-GONRs, the r-GONR oil sorbent exhibited more intense C 1s and
O 1s peaks. The F 1s peak disappeared, indicating that the r-GONRs
fully coated the PVDF mat (Supplementary Fig. 1). Furthermore,
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Fig. 1 | Characterization of the PVDF mat and r-GONR oil sorbent. SEM images of (a) the PVDF and (b) r-GONR oil sorbents, and SEM-EDS elemental mapping images

of (¢) the PVDF and (d) r-GONR oil sorbent, and (e) FTIR spectra.
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Table 1 | Characterisation of the oil sorbents

Oil sorbents WCA (°) OCA (°) Porosity (%) Tensile strength (MPa)
PVDF 110.55 (+3.34) 0 91.65 (+0.36) 4.69 (+1.18)
r-GONR 100.09 (+8.13) 0 91.10 (x1.21) 6.95(+0.86)
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distinct chemical compositions, including those of C=C (1560 cm™")
and C-O (1070 cm™") (Fig. le), indicate the presence of a functional
group in the r-GONR compared to that in the PVDF mat".

Wettability assessment using contact angles with water and oil,
denoted as water contact angle (WCA) and oil contact angle (OCA),
respectively, revealed that the r-GONR-coated sorbent exhibited slightly
lower WCA (110.55 + 3.34°) compared to the PVDF mat (100.09 + 8.13°),
while maintaining hydrophobicity. Despite the slight decrease in the WCA,
the sorbent demonstrated excellent oleophilicity with an OCA of 0°.
Additionally, the r-GONR-coated sorbent exhibited comparable porosity
(91.10 + 1.21%) to the PVDF mat (Table 1). To assess the mechanical and
chemical stabilities, the tensile strengths of the PVDF mat and r-GONR oil
sorbent were evaluated, as shown in Table 1. The r-GONR oil sorbent
exhibited a higher tensile strength (6.95 + 0.86 MPa) compared to the PVDF
mat (4.69 £ 1.18 MPa), indicating superior mechanical strength and stabi-
lity of r-GONR. Chemical stability was tested by exposing the sorbents to
solutions with pH values of 2,4, 6,9, and 12, as shown in Supplementary Fig.
2. Both sorbents maintained comparable shapes and structures after 1h,
demonstrating their robust chemical stabilities over a range of pH values.

The thermal performance of the sorbents was evaluated using Joule-
heating and photothermal effects (Fig. 2a). The surface temperature of the
PVDF mat remained unchanged with both Joule-heating and photothermal
effects, measuring 21.3£0.3°C and 22.0+0.1 °C, respectively. This is
attributed to its poor electrical conductivity (~10~"*S/cm)*. Conversely, the
r-GONR oil sorbent showed a significant increase in surface temperature
under solar-assisted heating, reaching 51.0 + 1.2 °C within 30 s and gradu-
ally rising to 57.8 + 3.0 °C. Upon applying the Joule-heating effect at dif-
ferent voltages (20 to 30 V), the surface temperature of the r-GONR oil
sorbent escalated to 94.6 °C (Supplementary Fig. 3). Remarkably, Joule-
heating at 25 V achieved a comparable surface temperature (59.6 £ 5.4 °C)
to solar-assisted heating (57.8 + 3.0 °C). Thus, this condition was selected for
a comparative analysis of the oil desorption outcomes between the Joule-
heating and photothermal effects.

In Fig. 2b, the oil viscosities are depicted at different oil temperatures.
Highly viscous oils such as motor oils 5W-40 and 10W-40 showed
decreased viscosity with increasing temperature, particularly experiencing a

rapid decrease at nearly 60 °C. Consequently, it is anticipated that both
Joule-heating-assisted heat at 25 V and solar-assisted heat at 1 kW/m’ can
facilitate oil desorption from the sorbent owing to the reduced oil viscosity.
By contrast, light oil, such as diesel oil, demonstrates a minimal viscosity
change between the initial and final points, indicating the minimal impact of
heating on low-viscosity oil.

Oil sorption and desorption test

In the oil sorption test, both the PVDF and r-GONR oil sorbents exhibited
comparable oil sorption capacities for motor oils 5 W-40 and 10 W-40,
achieving approximately 19.5 + 1.4 and 18.6 + 0.5 g/g (Supplementary Fig.
4), respectively, which were attributed to their similar porosities (Table 1).
However, when tested with diesel oil, the r-GONR oil sorbent demonstrated
a slightly lower oil sorption capacity (11.5 + 1.0 g/g) compared to the PVDF
mat (14.5 + 1.4 g/g). For practical applications, the oil sorption capacity was
tested using synthesised oily wastewater that mimicked petrochemical
industry effluents, including oil, water, total phosphorus (TP), and total
nitrogen (TN). The oil sorption capacity using this simulated oily waste-
water (18.0 £ 0.8 g/g) was comparable to that observed with an oil/water
mixture containing only oil and water (18.3 +1.1g/g). This similarity
indicates that the presence of additional pollutants, such as TP and TN, did
not significantly affect the sorption performance, as shown in Supplemen-
tary Fig. 4.

Subsequently, the oil-sorbed sorbents underwent desorption via Joule-
heating and photothermal effects. The PVDF mats, with and without
heating, exhibited low oil desorption capacities (normalised Qq) for highly
viscous oils, including motor oils 5 W-40 and 10 W-40, ranging from 1 to
0.86 + 0.10 over 5 min (Fig. 3a, b) because of the tight adherence of oil to the
sorbent. The introduction of heat via the Joule-heating and photothermal
effects did not significantly improve oil desorption, resulting in efficiencies
lower than 15% (Fig. 3d, e). Similarly, the r-GONR oil sorbent without heat
showed oil desorption capacities (normalised Qg values) due to the absence
of heat effects, with efficiencies ranging from11.55 + 0.68 to 15.33 + 8.04%.
In contrast to oil desorption without heat, both the r-GONR oil sorbent with
Joule-heating effect (JH-r-GONR) and with photothermal effect (PT-r-
GONR) exhibited rapid oil desorption rates for motor oils 5 W-40 and 10
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W-40, reaching normalised Qg values of 0.77£0.08 and 0.78 +0.12,
respectively, within 1 min. Subsequently, the oil desorption rates gradually
decreased, resulting in high normalised Qg values for both types of motor
oils (Fig. 3a, b). The r-GONR oil sorbent with Joule-heating and solar-
assisted heating demonstrated oil desorption efficiencies of 43.89 + 5.99%
and 51.15 + 5.26%, respectively, surpassing those of the PVDF mat and
r-GONR oil sorbent without heat by more than threefold. This significant
improvement in the oil desorption efficiency underscores the effectiveness
of heat-assisted methods, highlighting the enhanced mobility of oil facili-
tated by heat in the r-GONR oil sorbent.

The PVDF and r-GONR oil sorbents demonstrated high normalised
Qg values for light oils, such as diesel oil, even without the application of heat
(Fig. 3¢). This high desorption efficiency can be attributed to the relatively
low viscosity of the diesel oil compared with that of the highly viscous motor
oils treated with heat (Fig. 3a, b). Upon the introduction of heat via Joule-
heating and photothermal effects, the normalised Qq values of both the
PVDF and r-GONR oil sorbents remained comparable to those without
heat. This consistency can be explained by the minimal impact of tem-
perature on light oils such as diesel. Therefore, all oil sorbents exhibited an
oil desorption efficiency of approximately 50%, as shown in Fig. 3f. In
addition, the differences in desorption values between light oil and highly
viscous oils under heat were not significant, owing to the viscosity reduction
of the highly viscous oil.

Oil desorption mechanism with Joule-heating- and solar-
assisted heating

Figure 4a illustrates the oil desorption mechanism using Joule-heating.
When current flows through a conductive oil sorbent, collisions occur
between phonons and accelerated electrons, resulting in simultaneous
energy transfer to photons™. Therefore, Joule heat is generated, enhancing
the electro-thermal performance of the oil sorbent fabricated in this study.
Joule-heating occurred on the conductive surface, with continuous junction

points™. However, the PVDF mat exhibited fewer junction points, reducing
the number of electronic transport channels (Fig. 4b). By contrast, the
r-GONR oil sorbent features more junction points, facilitating a continuous
conductive interface and improving the electronic transport channels (Fig.
4c). Therefore, this phenomenon is expected to enhance the oil desorption
capability.

The photothermal conversion mechanism is elucidated by the
n-conjugated structure of -GONR (Fig. 4d). When the r-GONR oil sorbent
absorbs sunlight, electrons are transferred from the ground stage to an
excited state because of the strong adsorption in the NIR spectrum of the
r-GONR layer”. Subsequently, the absorbed NIR energy was released as
heat, enabling the r-GONR oil sorbent to produce solar-assisted heating.
This increased temperature enhances the oil desorption efficiency by
weakening the adhesion force (van der Waals force) between the oil and
sorbent'’. Consequently, as the temperature of the oil and sorbent increased,
the interaction between the oil and sorbent weakened, facilitating the easy
desorption of oil from the sorbent.

Joule-heating- and solar-assisted reusability test

The recovery efficiencies of the highly viscous oils were evaluated through
multiple oil sorption and desorption cycles. The PVDF mats underwent
reusability testing up to the 4th cycle under the Joule-heating effect (JH-
PVDF) and photothermal effect (PH-PVDEF), as well as without heat
(PVDEF). However, they exhibited low recovery efficiencies for the motor oils
5 W-40 and 10 W-40 (<15%), rendering oil desorption impractical (Fig. 5a,
b). In addition, their shapes and structures deteriorated after the 4th cycle
compared to the initial state owing to their limited reusability and low
mechanical strength (Supplementary Fig. 5 and Table 1). Similarly, the
r-GONR oil sorbent without heat showed low recovery efficiencies below
15% owing to the absence of heat effects. However, unlike the PVDF mat,
the r-GONR oil sorbent could be reused for up to 6th cycles owing to its
improved mechanical strength (Fig. 5a, b)™.
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(c) the surface construction of the r-GONR oil sorbent, and (d) the mechanism of oil
desorption from the sorbent using the photothermal effect.

In comparison, the --GONR oil sorbent with the Joule-heating effect
(JH-r-GONR) exhibited superior reusability for highly viscous oils,
extending up to the 5th sorption/desorption cycle, with an increased
recovery efficiency of approximately 47%. However, beyond the 5th cycle,
the recovery efficiency of JH-r-GONR rapidly decreases by up to 27%
(approximately 1.7 times reduction) (Fig. 5a, b). As explained in section
3.2.2, this decrease can be attributed to the damage (burning) caused by
severe collisions between phonons and electrons on the surface of the oil
sorbent, as shown in Fig. 6a. Figure 6d shows the damage process of the
r-GONR oil sorbent due to the Joule-heating effect. The current applied to
the --GONR oil sorbent also decreased in the 6th cycle (0.005 A) compared
to the 1st cycle (0.014 A) at 25 V, owing to surface damage (Supplementary
Fig. 6). Consequently, the recovery efficiency was dramatically reduced,
making it challenging to reuse after the 6th cycle due to the reduced current
and surface damage. By contrast, the --GONR oil sorbent with photo-
thermal effect (PH-r-GONR) could be used up to the 10th sorption/deso-
rption cycle with stable recovery efficiencies for motor oils 5 W-40 and 10

W-40 (50.08 +£4.51%-43.65+5.02% and 51.58 + 8.00-42.54 +2.27%,
respectively) (Fig. 5a, b). The PH-r-GONR exhibited higher reusability than
the JH-r-GONR owing to the indirect production of solar-assisted heating,
which resulted in less surface damage. Figure 6b shows the surface of the
sorbent after the 6th sorption/desorption cycle, indicating no damage and a
clean surface with a high recovery efficiency of 51.2 + 1.22% (no reduction
compared to initial recovery efficiency). Although the recovery efficiency
gradually decreased after the 6th cycle, reaching 43.65 + 5.02% after the 10th
cycle (roughly 1.16 times decrease) in Fig. 6¢, the damage to the sorbent was
less than that to JH-r-GONR. Therefore, the photothermal effect for oil
desorption and sorbent reuse is expected to exhibit higher efficiency than
other sorbent reuse methods, owing to its higher reuse time and high
recovery efficiency.

Table 2 compares the reusability of the oil sorbent with the oil sorption
capacity of the r-GONR-coated PVDF oil sorbent and other oil sorbents
reported in the literature. The r-GONR-coated PVDF oil sorbent developed
in this study demonstrated superior reusability, maintaining a high oil
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Fig. 5 | Recovery efficiency with highly viscous oils
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and (c) after the 10th cycle using the photothermal effect, along with a
schematic showing the damage process of the sorbent using the Joule-heating effect.
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Fig. 6 | Surface images of the sorbent after reuse using Joule-heating and pho-
tothermal effect. Surface images of the sorbent after the reusability test: (a) after the
6th cycle using the Joule-heating effect, (b) after the 6th cycle using the photothermal
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Table 2 | Comparison of oil sorption capacity and reusability with various composite oil sorbents reported in the literature

Composite sorbent Type of used oil Qil sorption Reusability (cycle Recovery method Refs.
capacity number)

Liquefied lignin/PU foam Highly viscous oil (light ~7 - - 61
crude oil)

Liquefied lignin/carbon nanotube/PU foam Highly viscous oil (crude oil)  6.34 5 squeezing 15

Polyurethane sponge-reinforced silica aerogels based on  Oil 10.6 Extraction using 62

tetraethoxysilane n-Hexane

r-GONR-coated PVDF oil sorbent Highly viscous oil (10W-40  ~19 5 Heat using Joule- In
motor oil) heating effect this

study
10 Heat using

photothermal effect

sorption capacity (~19 g/g) throughout the 10th cycle, which was attribu-
table to its effective photothermal effect.

Profitability evaluation

Figure 7 exhibits various economic aspects, including CapEx and OpEx,
along with the costs of sorbent fabrication, revenue, and profit. The cost data
inputs obtained from the experiments consisted primarily of machinery
purchases and consumables used in the fabrication of the r-GONR oil
sorbents. Based on the purchased equipment, a maximum of 17,520 units of
the oil sorbents can be produced, as per the experimental results. These data
served as the basis for estimating CapEx and OpEx (Fig. 7a), which were
further utilised to model the economic parameters (Supplementary Table 1).
Consequently, the costs of producing 1 m” of sorbents, including PVDF, JH-
PVDF, PT-PVDF, r-GONR, JH-r-GONR, and PT-r-GONR, were esti-
mated (Fig. 7b). It was observed that the CapEx of the oil sorbents with the
Joule-heating effect was $278.83 higher than that of PVDF, r-GONR, and
variants with photothermal effect (PT-PVDF and PT-r-GONR). Con-
versely, OpEx varied for all oil sorbents, primarily influenced by heating and
the number of times the sorbent can be reused. Sorbent reuse implies that
the cost is incurred once as OpEx, while the sorbent can be used multiple
times, as demonstrated in the reusability tests (refer to section 3.3; where
Joule-heating and photothermal-based sorbents can be used up to 5 and 10
times, respectively, with considerable oil recovery efficiencies for motor oil
5W-40 and 10W-40, and diesel oil). Consequently, the costs of fabricating
oil sorbents of PVDF, JH-PVDF, PT-PVDF, r-GONR, JH-r-GONR, and
PT-r-GONR were observed as $0.29, 0.29, 0.29, 0.34, 0.14, and 0.11 per m>,
respectively. The low cost of Joule-heating and photothermal-based oil
sorbent fabrication was attributed to the lower OpEx based on the
observed reuse.

Recovered oil represents a significant revenue source that is feasible
even after offering oil spill cleanup services. Figure 7c shows the revenue
from the oil sorbents based on the oil recovery rate results for the three types
of oils (motor oil 5 W-40, motor oil 10-W, and diesel oil) tested (data related
to revenue can be seen in Supplementary Table 2). The revenue from the oil
sorbents was estimated based on the cost of recovered oil in the market
($4.833/L for motor oil 5W-40, $4.311/L for motor oil 10 W-40, and $1.062/
L for diesel oil)***. Comparing the PVDF and r-GONR-based oil sorbents
with and without heating, r-GONR oil sorbents with Joule-heating
($3.18-14.50/m?) and photothermal ($6.37-29.00 /m?) effects showed
better revenues than PVDF and r-GONR oil sorbents without heat
($0.06-0.28/m” and $0.06-2.89/m’, respectively). This was attributed to the
superior oil sorption and desorption capacities and reusability of the fab-
ricated r-GONR sorbents. Especially, PT-r-GONR showed the highest
revenue owing to its high reusability up to the 10th cycle. Figure 7d shows
the profits obtained using r-GONR oil sorbents with and without heat for oil
recovery. The profits observed for the motor oil 5 W-40 recovery scenarios
were 11.47%-21.70% higher than those for the 10 W-40 recovery scenarios.
However, profits for the diesel oil recovery scenario were lower by 150.16%
to 198.19% compared with motor oils 5 W-40 and 10 W-40, primarily for

the abovementioned reasons. Notably, PT-r-GONR and JH-r-GONR
demonstrated high profits compared to the others, mainly because of the
low fabrication costs of PT-r-GONR and JH-r-GONR. By contrast,
although the PVDF oil sorbents showed lower costs than the r-GONR oil
sorbents, their similar reuse capabilities, and sorption and desorption
capacities did not result in significant profits (the data related to revenues
can be seen in Supplementary Table 2 of supplementary information).

Finally, the costs of the sorbents developed in this study were compared
with those of the commercial PP sorbents. Based on the market prices, PP
sorbent costs $7.7 to 8.16/m*’~>, significantly higher than all sorbent var-
iants developed in this study. Additionally, considering OpEx based on the
reuse time of the sorbents, the cost of commercial PP sorbents was $8/m? for
single use, $40/ m?® for 5 reuse times, and $80/m? for 10 reuses. Overall, the
cost of the sorbents developed in this study was lower than that of com-
mercial sorbents, suggesting a high potential for commercialising --GONR
sorbents with Joule and photothermal heating effects.

Mitigated environmental impacts due to oil recovery

Using the methodology outlined in section 2.6, the mitigated environ-
mental impacts were estimated for ol recovered using 1 m” of oil sorbents
made of PVDF, JH-PVDF, PT-PVDF, r-GONR, JH-r-GONR, and PT-r-
GONR. Initially, for a functional unit of 1kg, the midpoint indicators
estimated using the ReCiPe Midpoint (H) life cycle impact assessment
method were colleFcted for both motor oil (assuming motor oil 5 W-40
and 10 W-40 are equivalent for simplicity in the environmental assess-
ment) and diesel oil; a detailed list of 18 indicators and their corresponding
values are shown in Supplementary Table 3 in the Supplementary
Information. Given the applications of the sorbents in this study, specific
indicators were selected (Fig. 8a), including climate change, fossil deple-
tion, freshwater ecotoxicity, marine ecotoxicity, and water depletion.
Figure 8b-f show the quantified mitigated environmental impacts of the
oil recovered from the PVDF and r-GONR oil sorbents, with and without
Joule-heating and photothermal effects. The mitigation indicators
underscore the significant environmental threats posed by motor oil spills.
Although the scores for diesel oil were lower than those for motor oil, both
types of oils represented significant environmental hazards, emphasising
the critical role of sorbents. Comparing the sorbent variations, the miti-
gation potential was particularly high for PT-r-GONR (more than 2
times), followed by JH-r-GONR and r-GONR. Therefore, PT-r-GONR
can reduce severe damage to aquatic ecosystems and human health owing
to their ability to mitigate freshwater and marine ecotoxicity as well as
water depletion. Additionally, it can minimise societal losses because
improved environmental impact mitigation leads to decreased treatment
costs for oil clean-up.

Methods

Fabrication of heatable oil sorbents

To synthesise heatable oil sorbents, a PVDF solution (Molecular
Weight = 45,500 g/mol, CAS no.:24937-79-9) with a concentration of 20
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wt.% was prepared. This solution was dissolved in a solvent mixture of N,
N-dimethylformamide (DMF, anhydrous, 299.8%, CAS no.:68-12-2) and
acetone (ACS reagent, 299.5%, CAS 1n0.:67-64-1) in a weight ratio of 8:2 and
stirred with a magnetic stirrer overnight. The PVDF mat was then fabricated
via electrospinning under the following optimised conditions: voltage of
13kV, flow rate of 0.8 mL/h, working distance of 15 cm, and room tem-
perature with a relative humidity of 40%.

To enhance the electrical conductivity and thermal resistance, the
GONR was coated onto a PVDF mat using a two-step coating process.
Initially, GONRs with 5 wt.% concentration were dispersed in methanol
(Duksan, CAS no.: 67-56-1) for 30 min. The GONR dispersion was then
applied to the PVDF mat using dip coating for 1 d, followed by spray coating
for 1-2 min with a spray gun (U-star S-130, China), maintaining a working
distance of 5 cm between the gun and the surface. This method ensured
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Table 3 | Viscosity and density values of different oils used in
this study

Oil Viscosity (mPa-s) Density (g/m°)
Motor oil (10W-40) 124 0.872
Motor oil (5W-40) 76 0.875
Diesel oil 1 0.732

uniform coverage of GONR on the sorbent. GONRs were synthesised by the
longitudinal unzipping of MWCNT, as described in our previous study"’, at
an optimised concentration of 5% to achieve excellent electrical conductivity
and resistivity. Following coating, the oil sorbent was chemically reduced
using 3% hydrazine (Sigma Aldrich, CAS no.:10217-52-4) for 4h to
enhance its hydrophobicity. Before use, all oil sorbents were dried in
ambient air at approximately 25 °C overnight. Figure 9a shows a schematic
of the --GONR oil sorbent fabrication process.

Oil sorption test

The oil sorption capacity was assessed using a synthesised oil/water mixture
consisting of 10 mL oil and 50 mL deionised (DI) water. To evaluate the oil
sorption capacity of the simulated real oily wastewater, we synthesised an
oil-water mixture that mimicked petrochemical industry effluents. This
comprised 10 mL of oil, 50 mL of water, 1.23 mg of TP, and 101.2 mg of TN,
with a pH range of 6.5 to 9.1 and a temperature range of 18.3 to 22.4 °C*.

The PVDF and r-GONR oil sorbents were immersed in an oil-water
mixture for 1h to ensure sufficient oil sorption. Subsequently, the oil was
drained for 20 s to determine the precise amount of oil sorbed. The oils
tested included highly viscous oils such as motor oils (5 W-40 and 10 W-40)
and diesel oil as a lighter oil for comparison. Motor oils were chosen as
substitutes for crude oil, which is difficult to obtain due to regulatory con-
straints. The viscosities and densities of the oils are presented in Table 3. The
oil sorption capacity was calculated by measuring the mass difference
between the dry and wet sorbents, using Eq. (1):

m—m
0
Qs: )

mg

O

where Q; is the maximum oil-sorption capacity (g/g), m is the mass of the oil
sorbent after sorption (g), and m is the initial mass of the oil sorbent (g).
Each test was conducted three times to ensure the reproducibility of the
results.

Desorption and reusability test using Joule-heating and photo-
thermal effects

To evaluate the reusability of the oil sorbent, oil desorption tests were
conducted using the Joule-heating effect with a direct current power supply
(IT6720, Itech, Taiwan) and a peristaltic pump, as illustrated in Fig. 9b-(i).
These tests were performed at 25V for 5 min to allow the oil-desorption
capacity to reach equilibrium. Subsequently, the oil-sorption test was
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Table 4 | Oil sorbents with oil desorption technologies

Name Used Desorption technologies Desorption time
sorbents
PVDF PVDF - 5 min
JH-PVDF Joule-heating (at 25 V)
PT-PVDF Photothermal (under
1 kW/m?)
r-GONR r-GONR -
JH-r-GONR Joule-heating (at 25 V)
PT-r-GONR Photothermal (under

1 KW/m?3)

repeated using the oil-sorbed sorbent, and the reusability of the sorbent was
determined by iteratively conducting sorption and desorption tests. Each
test was conducted three times to ensure the reproducibility of the results.
The PVDF mat and r-GONR oil sorbents, without heat and with the Joule-
heating effect, were designated PVDF, JH-PVDF, r-GONR, and JH-r-
GONR, respectively. The oil sorbents were evaluated using specific deso-
rption technologies and times, as shown in Table 4.

The reusability was assessed based on the mass of the sorbents between
sorption and desorption using Eq. (2):

R="""" %100 (%), 2)
m—m,

where R represents the reusability of the sorbent (%); m and m, denote the
mass of the oil sorbent after sorption and desorption (g), respectively; and
my is the initial mass of the oil sorbent (g).

An oil-desorption test had conducted using the photothermal effect
with a solar simulator (LS150; ABET Technologies, USA). After oil sorption,
the sorbents were exposed to solar irradiation (1 kW/m?) for 5 min. Sub-
sequently, the oil sorbents were immersed in an oil-water mixture to
determine their oil sorption capacity after desorption. Reusability was also
calculated using the equation provided above (Eq. 2). All experiments were
conducted at least three times to ensure reproducibility of the results. Figure
9b-(ii) presents a schematic illustrating the oil desorption and reuse process
of the heatable oil sorbent, highlighting the role of the photothermal effect.
The PVDF mat and r-GONR oil sorbents, both without heat and with a
photothermal effect, were denoted as PVDF, PT-PVDF, r-GONR, and PT-
r-GONR, respectively, as shown in Table 4.

Characterisation

The morphologies and structures of the oil sorbents were examined using
field-emission SEM (FE-SEM, Gemini500, Zeiss, Germany). After reusa-
bility with Joule-heating and photothermal effects, the surface images of the
oil sorbents were observed using a digital microscope (DIMIS-M, Siwon,
Republic of Korea). To validate the coating of r-GONRs on the sorbent,
changes in the chemical composition were investigated using SEM-EDS and
Fourier transform infrared spectroscopy (FTIR, Nicolet iN10MX, Thermo
Fisher Scientific, US) in the range of 4000 to 600 cm . The wettability of the
sorbents with oil and water was assessed using a contact angle analyser
(DSA25E, Kruss, Germany). For porosity measurements, the sorbents were
immersed in 1-butanol (ACS reagent, 299.4%, CAS no.:71-36-3) for 1 h,and
the pore volume was calculated using the obtained wet and dry weights of
the oil sorbents. The changes in surface temperature due to heat were
recorded using a thermal imager (Tis75 + , Fluke, USA) for 5 min. Visc-
osities of the oil were analysed using a rheometer (Dhr2, Ta Instruments,
USA) with different oil temperatures ranging from 20 to 100°C. To
investigate the mechanical stability, the tensile strength was measured using
a universal testing machine (UTM; RB 301 Unitech-M, R&B, Republic
of Korea).

Economic feasibility assessment

A techno-economic feasibility analysis was conducted by calculating the
revenue earned through oil recovery and estimating the cost of fabricating
the PVDF and r-GONR oil sorbents with and without Joule-heating and
photothermal effects. The revenues from the recovered motor oils (5 W-40
and 10 W-40) and diesel oil were also estimated using Eq. (3).

Revenue = ROQ; X MPO;, 3)

where ROQ is the recovered oil quantity in litres (L), MPO is the market
price of the recovered oil in $/L, and i represents the type of oil recovered.

Equation (4) was used to estimate the fabrication costs of the PVDF
and r-GONR oil sorbents with and without Joule-heating and photothermal
effects.

Cost of Sorbent Fabrication

_ [C“PE"+(OPEX X Fpin)t(Rep X FSF.r.n)*(Sal*FSF.i.n)] XFepin (4)
- Total no.of sorbents units produced ’

where CapEx is the capital cost in $; OpEx is the operational cost in $, Rep is
the replacement cost in $; Sal is the salvage cost paid back after the end-of-
life in $; Fcpp, is the capital recovery factor estimated using
Fepin= %; Fep;n is the sinking fund factor estimated using
Fopin = m, iis the interest rate (%), and # is the lifetime. The detailed
calculations are presented in Supplementary Table 1.

Mitigated Environmental Impacts
The mitigated environmental impacts were estimated using Eq. (5).

MEI = ROQ, X EI,, 5)

where ROQ is the recovered oil quantity in litres (L) and EI represents the
environmental impact indicators estimated based on the ReCiPe Midpoint
(H) life cycle impact assessment method utilising the eco-invent database.
The data are shown in Supplementary Table 3, where i denotes the type of oil
recovered.

Data availability
All data will be made available on request.
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