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ARTICLE INFO ABSTRACT

Editor: Dr. H. Artuto The oil dispersants have been applied in a broad oil pollution area, but the dispersed oil caused environmental

problems during sedimentation. Unlike oil dispersants, flake type polyolefin-based oil absorbent (PA) is not

Keywords: emulsified and shows excellent swelling characteristic for oil removal. However, the sprayed PA flakes cannot be
PC_’IYOIIEﬁn fully collected due to its tiny architectures, the uncollected flakes can cause unintentional secondary pollution. In
oil Spﬂl_ . this study, we develop a kind of flake type polyolefin-based magnetic absorbent (PMA) hybridized with magnetic
Magnetic nanoparticle . s . . S . . .

Sorbent nanoparticle, to facilitate the collection process. The magnetic nanoparticle is uniformly dispersed in PMA due to

the hydrophobic functionalization of iron oxide nanoparticle. This enables the convenient collection of isolated
sorbent flakes even when they were placed in the marine system and show a desirable oil recovery performance
up to about 37 times for organic solvent. Moreover, oil-soaked PMA flakes can be fully converted into refined oil
via a pyrolysis process. After pyrolysis, the thermally undecomposed compounds, which comprise of carbon
residue and magnetic nanoparticle, can be also separated by a magnet. The as-prepared flake type PMA possesses
good oil recovery performance, fast magnetic response, and efficient oil recycling, thus representing an envi-

Oil recycling

ronmentally promising method for oil spill cleanup.

1. Introduction

Large-scale oil spill requires prompt action for reducing the impacts
on the ocean environment and needs proper methods for cleaning up the
broad liquid pollutant region (Ivshina et al., 2015; Romero et al., 2017;
Yim et al., 2012). Chemical dispersants mainly constitute more than half
of large-scale oil spill remediation. In current technology, a chemical
dispersant is one of the practical approaches that are available to
respond to remote and large-scale oil spills in the ocean (Prince, 2015).
However, the chemical dispersant can be limited by sea condition, high
cost, and their high toxicity to aquatic organisms (Almeda et al., 2018;
Dave, 2011; Karatepe, 2003; Kleindienst et al., 2015). Because of oil and
chemical spills still releasing large volumes into the sea and the need for
minimizing the formation of secondary pollution, one promising solu-
tion to large scale oil removal without pollution is converted a normal
sorbent into functionalized sorbent with large sorption capacity and are
easy to recover from the oil/water mixture. Oil sorbents are inexpensive
and readily available in large quantities that can offer a quick method
and a useful resource in response to a small-scale incident where a small
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volume of oil forms a spill area (Asadpour et al., 2013; Ge et al., 2016).
However, oil sorbents are not useful to respond to massive oil or
chemical spills in the open sea that cannot be reached by oil sorbents.
Most conventional oil sorbents have macroscopic 3-dimensional (3D)
structures such as pad, roll, and sponge, and they are generally used
during the final stages of shoreline cleanup and recovering small pools of
oil (Chen et al., 2021; Gui et al., 2010; Yu et al., 2013). Thus, as an
alternative to cover a broad oil contaminated area, there has been a
demand for a flake type oil sorbent capable of being sprayed and floating
on the water surface. After polymerization, benefiting from the elastic
characteristics, the synthesized oil sorbent can be produced into several
forms, such as film, foam, and flake using flexible fabrication method
(Gao et al., 2017; Nam et al., 2018a, 2018b, 2018¢c; G. Wang et al.,
2020). Besides, adding semi-crystalline linear low-density polymer to
amorphous low-crosslinked polymer (LCP), which cause absorbing
abundant oil molecules to the polymer matrix, allows the production of
interpenetrated polymeric oil sorbent (Shen et al., 2017). Flake type oil
sorbent from LCP can be potentially used in broad oil pollutant region
with the help of airplane or air sprayer (Nam et al., 2018a, 2018b,
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2018c).

Among the thermoplastic deformation elastomers, polyolefins are
promising materials that meet all the above criteria for large-scale oil
spill cleanup (Yuan and Chung, 2012). Polyolefins, such as poly-
propylene (PP) and polyethylene (PE), are macromolecules synthesized
by the polymerization of olefin monomer units, are prevalent in a wide
array of applications depending on the characteristics of the polymer
(Chung, 2013; Kaminsky, 1996; Zhang et al., 2017, 2018). Furthermore,
polyolefins are composed of chemical hydrocarbons with oil likeness
characteristic nature, thus have effective application as an oil sorbent
(Takuma et al., 2001). In contrast to the porous sorbents (Wu et al.,
2012), such as metal-organic framework (MOF) (Gu et al., 2019), and
carbon-based sorbents (Fuller and Bonner, 2001; Gui et al., 2011, 2010;
Sun et al., 2013; H. Wang et al., 2020; Zhu et al., 2013), low-crosslinked
polyolefin-based sorbent shows oil swelling behaviors in polyolefin
networks with increased volume (Guvendiren et al., 2009; Nam et al.,
2016a, 2016b, 2018a, 2018b, 2018c). The penetrating oil molecules are
not able to escape from the network, they are continuously stored inside
the sorbent matrix and lead to volume expansion (Kizil and Bulbul
Sonmez, 2017; Ono et al., 2007). Furthermore, adding semi-crystalline
polyolefin elastomer (POE) to LCP allows the abundant storage of oil
molecules in the oil sorbent. After oil sorption, they contain essentially
the same hydrocarbon mixtures presented in spilled oil. The small per-
centage of polymer content in the polyolefin-based adducts can be
completely thermally decomposed into liquid hydrocarbon molecules at
a temperature well below typical distillation temperature (~600 °C)
during the first stage of the oil-refining process (Al Absi et al., 2020).
However, sprayed polyolefin-based flakes are difficult to be fully
collected from oil spill areas and require a power supplied equipment
such as skimmer (Nam et al., 2018a, 2018b, 2018c¢). Furthermore, these
flakes either lack sufficient collection, and have limited operating con-
ditions due to high dispersity on water surface, or even require a boom
and remained flakes in the ocean are possible to cause unintentional
environmental pollution.

Magnetic separation is a convenient process used for decades in
nearly all science areas. Because magnetic separation is very simple and
the most conventional magnetic system only need to consist of a small
permanent magnet (Singh et al., 2020), then we envisioned that mag-
netic nanoparticle could be used to collect whole flake type oil sorbents.
Over the past reports, advanced oil sorbents with magnetic properties
have been used in the limelight for the collection of oil recovered sor-
bents. Typically, carbon-based magnetic aerogels (Gui et al., 2013),
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biomass-derived magnetic sorbents (Graziele da Costa Cunha et al.,
2019; Navarathna et al., 2020), functionalized sponges (Li et al., 2018;
Liu et al., 2019), and magnetic nanoparticle sorbents (Sakti et al., 2021;
Sarcletti et al., 2019) showed as several strengths such as high oil
selectivity, massive oil sorption, and free control of oil sorbents under
oil/water mixed system. Nevertheless, theses oil sorbents are imprac-
tical and remain limitations as they are not applicable in large-scale oil
spills, they are also not able to suppress the massive oil pollutant at once.
Therefore, inorganic-organic hybridized polyolefin-based magnetic oil
sorbents are promising complementary material compared to the
aforementioned oil sorbents.

In this study, we report a kind of polyolefin-based magnetic absor-
bent (PMA) with desirable swelling performance and magnetic property
for spilled oil removal and efficient collection of the oil-soaked sorbents.
This PMA was prepared from the polyolefin by interconnecting amor-
phous 1-decene/divinylbenzene (D/DVB) copolymer and semi-
crystalline POE and blending with hydrophobic functionalized iron
oxide nanoparticle (HIONP) (Fig. 1a). The PMA shows high swelling
characteristic with good oil absorption due to its highly amorphous
matrix. Furthermore, the deformed effective shape into flake oil sorbent
can be applied in a broad oil spill region, and the magnet can simply
collect the oil-soaked PMA flakes in the aqueous system. The collected
oil-soaked PMA flakes can be fully converted into oil fuels, and the
magnetic nanoparticles can be separated from the undecomposed
compound after a pyrolysis process (Fig. 1b). In consequence, the
advanced PMA flake provides a practical solution for fast oil spill
remediation and large-scale oil spill.

2. Experimental section
2.1. Materials

All the monomers (1-decene and divinylbenzene (DVB) (purchased
from the Merck, Republic of Korea)) for copolymerization were purified
with CaH,. Polyolefin elastomer (POE) (thermoplastic density:
0.865 g cm 3, crystallinities: 12%, Engage®8180, purchased from Dow
Chemical) was used for the interpenetrating system. TiClsAA (AA:
activated aluminum metal) and AlEt;Cl (25% in toluene) were used
without treatment. Ferrous chloride tetrahydrate and ferric chloride
anhydrous (Merck, Republic of Korea) were used as the precursors of
iron oxide nanoparticles. Oleic acid (purchased from Merck, Republic of
Korea) was formed to the hydrophobic functionalization agent for iron

Fig. 1. Schematic illustration of the PMA matrix and oil spill
remediation process. (a) Schematic showing the microscopic-
scale PMA matrix and swollen PMA matrix. Spilled oil ab-
sorption ability of PMA is dominated by swelling effect. (b)
g;; Scheme for continuous process of oil spill cleanup as follow: 1.
The broad oil spill can be recovered by PMA flakes sprayed
over the pollutant region. 2. The oil-soaked PMA flakes are
isolated in the aqueous system, then magnet can lead to fast

’:::E"" collect for the oil-soaked PMA flakes. 3. The oil-soaked PMA
flakes is mainly composed of hydrocarbons which can be
directly used as a new energy via a pyrolysis process.
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oxide nanoparticles (IONP). The NH4OH (25 wt% in water, (Merck,
Republic of Korea)) was also used as a precipitating agent. Various oils
such as diesel, gasoline, and Arabian light (AL) crude oil were kindly
provided by the Korea Coast Guard. And other organic solvents (n-
hexane, toluene, and chloroform) purchased from Merck.

2.2. Preparation of samples

2.2.1. Preparation of polyolefin-based absorbent (PA)

To synthesize the polyolefin copolymer, 1-decene (10 mL) and DVB
(0.2 mL) were respectively mixed in a good solvent (i.e., toluene) under
nitrogen atmosphere. While agitating the mixtures, the Ziegler-Natta
catalyst prepared by mixing of TiCl3AA (0.101 g, 0.0006 mol) and 1 mL
of AICI,Et (25 wt% in toluene) was added to the solution to initiate the
copolymerization reaction under argon purging condition. For the
termination, we added the dilute HCl (20% in methanol) and the
precipitated 1-decene/DVB copolymer was isolated and rinsed three
times with methanol before drying in a vacuum oven at 75 °C overnight.
The as-prepared polyolefin copolymer (dissolved in toluene solvent at
100 °C for 2 h) was then interconnected structure mixed with a 1:1 wt
ratio of POE (dissolved in toluene solvent at 100 °C for 15 min).
Therefore, two dissolved solutions were mixed to make a homogeneous
solution at 100 °C for 2 h. The solution was cast onto a pan tray (30 cm
x 50 cm x cm) and followed the evaporation step for curing in the oven
at 150 °C for 15 min which leads to remain the polyolefin-based
absorbent film.

2.2.2. Preparation of hydrophobic functionalized iron oxide nanoparticle
(HIONP)

Magnetic nanomaterial (HIONP) was synthesized by co-precipitation
process method by precursors (ferrous chloride (1.5 g, 0.012 mol) and
ferric chloride (3.0 g, 0.018 mol)). And the precursors were dissolved in
water under a nitrogen purging system at an increased temperature from
20 °C to 90 °C. And 10 mL of 25 wt% base agent of NH4OH (drop by
drop 3.33 mL/h) and oleic acid (1.0%, v/v) were supplied to the pre-
cursors. IONP could be prepared without supplying oleic acid. After-
ward, it could be directly observed that the solution color changed
rapidly from dark brown to black. The precipitated HIONP was rinsed
with ethanol and DI-water three times. Then, HIONP was remained by
drying for 24 h at 80 °C under the vacuum oven.

2.2.3. Preparation of polyolefin-based magnetic absorbent (PMA)

For fabricating the PMA composite, as-prepared HIONP solution
(0.1 v/v% for polyolefin solution with dispersed in toluene) was ho-
mogeneously mixed in polyolefin dissolution (1:1 wt ratio of polyolefin
copolymer and POE) via a solution blending method at 100 °C. There-
after, a homogeneous blending solution was cast onto a pan tray (30 cm
x 50 cm x cm) and followed the evaporation step for curing in the oven
at 150 °C for 15 min. Then we could make the PMA film.

2.3. Characterization

To investigate the nanoparticles (IONP and HIONP) morphologies,
high resolution-transmission electron microscopy (HR-TEM, JEM-2010)
was selected. Field-emission Electron Scanning Microscope (FE-SEM,
SUPRA40VP) was also selected to observe absorbents (PA and PMA)
morphologies. Attenuated total reflection-Fourier transform infrared
(ATR-FTIR, Frontier) spectroscopy could observe the functional groups
of IONP, HIONP, PA, and PMA range from 500 to 4000 cm™'. 600 MHz
Nuclear Magnetic Resonance Spectrometer (600 MHz NMR, JNM-
ECZ600R) was also chosen for demonstrating the copolymerized and
cross-linked structure of PA. The hydrocarbon component of the original
AL crude oil and AL crude oil-soaked PMAO.7 was identified using a
High-Resolution Mass Spectrometer (Pegasus GC-HRT). Bomb calorim-
eter (6400EF) was performed to confirm the using oil fuels compared
with several oils and oil-soaked PMAOQ.7. Multi-Purpose High

Journal of Hazardous Materials 419 (2021) 126485

Performance X-ray Diffractometer (XRD, X’PERT-PRO Powder) could
observe the crystallinity of absorbents (PA and PMA). For rheological
measurement, viscosities of blending solutions (absorbents dissolved in
toluene at ambient temperature for 2 h, 10%, v/v) were performed as
shear rate swept from 0.01 to 100 s~ ! on a rheometer (LVDV-III) using
50 mm Steel parallel plate geometry and 10 cm gap at 25 °C. Differen-
tial Scanning Calorimetry (DSC, DSC Q20) also could check the relative
comparison of hydrophobic interactions by investigating glass transition
temperature. Magnetic property measurement system (MPMS SQUID
VSM, MPMS3 Evercool) was used to study the magnetic properties of
PMA depends on the amounts of HIONPs.

2.4. Evaluation of oil absorption performance and absorbents crystallinity

DI-water (150 mL) and all oil types (20 mL) were placed into a
beaker to simulate the oil spill. Then all oil absorbents (PA and PMAs)
were added to the oil spill site under the equal conditions at 25 °C. After
the specific time, oil-laden absorbents were observed and absorption
capacity (Q,) was identified by Eq. (1), and the crystallinity (x.) of PMAs
different with HIONP embedding concentration was calculated by Eq.
(2):

Q=W+ Wy)/W; (€8]

Where W; is the initial weight of the absorbent sample and Wj is the total
weight after a specific time.

x:(%) = Area of crystalline peaks/Area all peaks x 100 )

3. Results and discussion
3.1. Preparation of the PMA

The fabrication process for polyolefin-based magnetic absorbent
(PMA) followed the previous polymerization pathway of polyolefin oil
sorbent (Nam et al., 2018a, 2018b, 2018c). To enhance the oil removal
performance, the fabrication process began with dissolving the amor-
phous elastomer and linear-low density polymer. The olefin copolymer
was synthesized with 1-decene and divinylbenzene (DVB) which could
lead to the thermally cross-linking structure (between styrene moieties)
(Khuong et al., 2005; Kothe and Fischer, 2001). Evidence of the
cross-linking was confirmed by proton nuclear magnetic resonance (*H
NMR) spectroscopy. Also, with cross-sectional scanning electron mi-
croscopy (SEM) analysis offered the micron scale pores at the
polyolefin-based absorbent (PA) surface, confirming the formation of
interpenetrated network (IPN) between polyolefin chains through
polymerization and polyolefin elastomer (POE) (Fig. S1a-c).

To introduce the magnetic property in the polyolefin sorbent, the as-
prepared IPN-structure polyolefin solution was blended with hydro-
phobic functionalized iron oxide nanoparticle (HIONP) (Figs. 2a and
S2). The iron oxide nanoparticle (Fe3O4 called IONP) was selected due to
its superparamagnetic behavior, high saturation magnetization, and
non-toxicity (Kumar et al., 2010; Petcharoen and Sirivat, 2012). For
preparing uniformly dispersed Fe3O4 nanoparticles in polyolefin solu-
tion, the hydrophilic Fe304 nanoparticles coated with the oleic acid. The
oleic acid was chosen as the hydrophobic functionalization agent, due to
the hydrocarbon chain of octadecene in the structure as well as the
waterproof properties (Liu et al., 2006). The synthesized HIONP can be
well dispersed in organic solvent, suggesting it can be homogeneously
blended with polyolefin dissolution under 100 °C. A stable dispersion
state of HIONP in the polyolefin solution can lead to uniformly dispersed
nanoparticle matrix for the PMA film. The as-prepared PMA film showed
an optical difference with PA film as a milky-brown color and also good
mechanical property (Figs. 2b and S1d-e).

For observing chemical composition of nanoparticle, we performed
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spec-
troscopy test. Compared to bare-IONP, the HIONP showed the peak at
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Fig. 2. Schematic illustration of the fabrication process of PMA. (a) 1. The as-prepared polyolefin dissolution is prepared as IPN structure between polyolefin
copolymer (D/DVB, red line) and POE (yellow line). Then, the polyolefin solution is homogeneously mixed with HIONP dispersion via a solution blending method. 2.
The mixed solution is cast on to a pan tray, and through the solvent evaporation step at 150 °C. 3. The PMA film is remained, which has hybrid structure interacted
with HIONP (orange dot) and polyolefin chains. (b) An optical image of a PMA film. (c) ATR-FTIR spectra of bare-IONP (black line) and HIONP (orange line) for
distinguishing functionalization of nanomaterial. (d) Magnified ATR-FTIR spectra of PA (black line) and PMA (blue line) for distinguishing HIONP embedding matrix.
(e) Cross-sectional SEM image of PMA morphology with embedding nanoparticles (orange circle indicates the HIONP).

580 cm™! (Fe-O group) of iron oxide as well as the new peaks at 1404,
1530 (asymmetric and symmetric stretching of COO’), 2852, and
2923 em ™! (asymmetric and symmetric of CHy) for oleic acid (Fig. 2c).
The peaks at 3400 and 1633 cm™ ' (stretching of OH) disappeared,
indicating that the carboxyl group of oleic acid was induced after the
functionalization process on the spherical surface of nanoparticle. To

a)

further demonstrate the functionalization process, the high resolution-
transmission electron microscopy (HR-TEM) also revealed the
morphological difference of core-sheathe structure between bare-IONP
and HIONP (Fig. S3). The as-prepared HIONP was dispersed in toluene
to form a colloidal state, then the HIONP dispersion was added to the
polyolefin solution with vigorous stirring. And the mixed solution was
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Fig. 3. Schematic of a magnetic dragging system for
observing travel distance of PMAs for several HIONP
concentrations (0.05, 0.5, and 0.7 wt%). (a) The mag-
netic dragging system is constructed by syringe pump
with constant dragging speed of magnet (flow rate is
10.36 mm/min and running track distance is 12 cm
which takes 54.57 s to reach the spilled oil spot of end-
line) and constant height from PMA (5.6 cm). (b) The
travel distance of the PMAs with several HIONP con-
centrations (0.05 wt% of PMAO0.05, 0.5 wt% of
PMAO.5, and 0.7 wt% of PMAO0.7) adapted in magnetic
dragging system. (c) Digital photographs of magnetic
dragging with several HIONP concentrations (0.05, 0.5,
and 0.7 wt%) via home-made magnetic dragging
system.
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evaporation at 150 °C with the same fabrication procedure as PA. The
ATR-FTIR spectroscopy demonstrated the hybrid structure of PMA, as
indicated by the show up of iron oxide peak at 580 cm ™" for Fe-O group
(Fig. 2d). Therefore, PMA can effectively react with external magnetic
force and showed para-magnetism (Fig. S4). The SEM image shows that
HIONP was uniformly dispersed in the PMA matrix, representing that
HIONP has high affinity with polyolefin chain (Fig. 2e).

3.2. Magnetic response of the PMA

Due to the addition of HIONP to the polyolefin matrix, the PMA can
be dragged by magnetic force on water surface. Low HIONP concen-
tration cannot induce the magnetic property to PMA, indicating that
optimized minimal concentration of HIONP is needed for efficient
magnetic collection of PMA. Then, we fabricated a magnetic dragging
system for PMA, which has a constant dragging speed and a constant
height, for identifying the optimized HIONP concentration (Fig. 3a).
Under magnetic field, the PMA can be fixed on the water surface and
efficiently approach to the oil spilled spot of end-line as soon as mag-
netic dragging system starts up. Different HIONP concentration for
PMAs (PMAOQ.05, PMAQ.5, and PMAO.7) showed different travel dis-
tance at the aqueous state (Fig. 3b and Movie S1). Compared to the
PMAO.05 showing only 0 cm and PMAO.5 showing only 3 cm, PMAOQ.7
only could touch the oil spilled spot (dyed with Oil red O), which
indicated that less than 0.7 wt% of PMAs (PMAO0.05 and PMAO.5) had
insufficient magnetic reaction (Fig. 3c). Thus, more than 0.7 wt% of
HIONP concentration for PMA can show magnetic controlled properties
efficiently.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2021.126485.

To apply in broad oil spill area and realize fast oil removal, the
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PMADO.7 film is adapted into the flake type with facile grinding method
of easy sample handling. Owing to its good elasticity, the PMAOQ.7 can be
transformed into a tiny flake morphology, which provide the enhanced
oil removal speed due to macroscopically increased specific surface area
(Fig. S5). Furthermore, the obtained flake type sorbent can cover the
widespread oil spilled sites at the open sea. However, such small-sized
flake can be dispersed widely on the water due to marine condition,
they are possible to create isolated regions individually. Although, some
flakes voluntarily close due to the marine wave and their affinities,
massive amounts of flakes are remained on the water surface. Thus,
employing external magnetic force can harvest the isolated flakes at
once (Fig. 4a). To demonstrate the sorbent separation via a magnet, the
AL crude oil were spilled in the aqueous (Fig. 4b). The PMAOQ.7 flakes
could be applied combating for each isolated oil spots like dispersants
applied, the applied PMAO.7 flakes fully absorbed spilled oil and formed
adducted with connected swollen flakes after 30 min Finally, the AL
crude oil soaked-PMAOQ.7 flakes was fast collected when the magnet
approaching. We also observed the same process combating for AL crude
oil (mixture oil), toluene (pure solvent), and gasoline (refined oil)
(Fig. S6 and Movie S2). This magnetic collection process ensured short
time oil removal of the flake type PMAO.7 regardless of oil types, and
magnetic collection is an efficient method for isolated flakes in the broad
area.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2021.126485.

Although, the numerous sprayable magnetic oil sorbents have been
reported such as nanomaterial and biomass-derived sorbents (Chen
et al., 2018; Dai et al., 2018; Gan et al., 2016; Navarathna et al., 2020;
Yang et al., 2017; Zhu et al., 2010). These sprayable sorbents could not
show effective oil removal performance which is mainly due to intrinsic
low affinity with oil and low specific surface area. Compare with other

Fig. 4. (a) Schematic illustration of magnetic collec-
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tion process for PMAO.7 flake. (b) Photographs of the
* magnetic collection process for oil-soaked PMA flakes
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The PMAO.7 flakes (0.05 g) were placed onto spilled oil
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After 30 min, AL crude oil-soaked PMAOQ.7 flakes
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studies, PMAOQ.7 flake showed superior oil removal performance
(Fig. 4c). The high oil removal value is closely related with the intrinsic
oleophilic characteristic inherited from polyolefin chemical structure.
From these processes, we propose that transforming shape of oil sorbent
to the flake type is practical for applying in broad oil spill sites. More-
over, magnetic nanoparticles containing flake type PMAO.7 implies
significantly promising applications for big oil spill.

3.3. Oil recovery performance of the PMA

In contrast to the capillary effect of common oil sorbents (Cui et al.,
2020; Song et al., 2020; Wu et al., 2013, 2016, 2021), the PMA mainly
relies on the swelling characteristic with a hydrocarbon polymeric ma-
trix allowing for highly oil absorption property without oil leakage
(Fig. S7). The prefabricated polyolefin-based oil sorbents with various
colors, white, milky-brown, and dark brown color of different color
saturation, are depended on the concentration of HIONP as shown in
Fig. 5a. Similar to hydrogel-formed materials, the PMA and can selec-
tively absorb several oil liquids in an aqueous system. Therefore, two
outstanding regions of curve were observed in the swelling ratio (Rs) to
time (Fig. 5b—d). Increasing Rs region with an oil absorption time
around 30 min indicates that initially oil soaking to internal space of
interconnected polyolefin matrix. Then, the Ry shows plateau region
after 30 min corresponds to the equilibrated swelling state (E;) of PMAs,
which can reach at 6 h regardless of oil type. Concurrently, we also
observed the oil absorption trend with toluene, gasoline, and AL crude
oil. This absorption trend represents that toluene can diffuse into the
amorphous matrix of PMA due to its good solvent for polyolefin.
Conversely, more complex oil such as gasoline and AL crude oil showed
lower absorptions to PMA, indicating that they have relative more
portion of poor solvent which leads to difficulty of oil diffusion in the
polyolefin matrix (Nam et al., 2016a, 2016b). Furthermore, the overall
swelling ratios declined conspicuously with increasing HIONP concen-
tration of PMAs (PMAO.7, PMA1, PMAS5, and PMA10 indicates relative
added concentration of HIONP respectively). This declined tendency
with increasing HIONP concentration also indicates that the embedding
of HIONP results in increasing nanoparticle-polymer interactions
(Fig. 5e).

The HIONP behaves as a physical crosslinking agent in the PMA
matrix. The physical cross-linking can be formed by alkyl chain associ-
ation between functionalization agent of HIONP and polyolefin chain.
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Thus, the nanomaterial is act as a physical cross-linking point for sorbent
matrix (Chen et al., 2019; Chern, 2006), indicating that cross-linking
point of HIONP forms more densely structure of PMA. X-Ray Diffrac-
tion (XRD) analysis was employed for observing cross-linking point
content for HIONP concentration (Fig. 6a). For the HIONP, the peaks of
30.30°, 35.65°, 43.24°, 50.65°, 57.38°, and 62.89° reflect the magnetite
crystal with a cubic spinel structure. The distinct peak of PA indicates
remarkably broad peak of 20.04° means amorphous carbon. Therefore,
the more HIONP concentration was added to the sorbent matrix, distinct
peak of magnetite was increasingly stood out for PMA. Therefore, from
XRD spectra, we could calculate the crystallinity (x.) of PMAs, which
increased with the addition of HIONP, indicating an increase in physical
cross-linking point (Fig. 6b).

Moreover, rheological analysis is also substantial information for
physical cross-linking of PMA. Thus, measuring the solution viscosity as
a function of shear rate can provide physical cross-linking degree,
indicating the hydrophobic interaction degree (Fig. 6¢). Therefore, the
re-dissolved PMA solution (in good solvent) was increased viscosity with
adding HIONP. This is mainly attributed to the increasing hydrophobic
interaction between octadecene chain of HIONP and polyolefin chain.
Furthermore, all PMA dissolutions was also shown a decreasing viscosity
with increasing shear rates regardless of HIONP concentration. This
phenomenon can be interpreted as a non-Newtonian and shear-thinning
fluids. The massive amount of hydrophobic interaction between alkyl
chains is broken due to the increasing shear rates.

To define the hydrophobic interaction obviously, thermal analysis of
differential scanning calorimetry (DSC) was chosen for the microscopic
thermal motion of PMAs (Fig. 6d). The polymeric oleic acid can be
applied as a plasticizer which is located at the free-volume space of
polyolefin chains (Cerrada et al., 2000; Chern, 2006; Scott et al., 1994).
Adding plasticizer can occur the weaker interaction between polymer
chains, the higher flexibility of polymer chains, indicating that longer
range segmental motions to occur at lower temperature (Immergut and
Mark, 1965; Nambiar and Blum, 2008). Therefore, we can interpret,
decreasing Ty with increasing HIONP concentration in the polyolefin
matrix, physically weak interaction of hydrophobic association.

The polymer chains are closer to each other, which is mainly
attributed to hydrophobic interaction between HIONP and polyolefins,
occurring densely structures hindered swelling performance (Mahanta
et al., 2013). Thus, the higher the HIONP concentration in the PMA, the
less swelling of oil absorbent. In consequence, we can conclude that

Fig. 5. Absorption performance according to
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0.7 wt% of HIONP for PMA is optimized concentration for excellent
magnetic dragging without affect the swelling performance.

Of particular interest is that PMA matrix showed highly dispersed
HIONP structure. Dispersion of nanomaterials is one of the major
importance for polymeric nanocomposite matrix (Deng et al., 2016;
Feng et al., 2012). The nanocomposite with good dispersion of nano-
materials is necessary for the development of high-performance mate-
rials because of strong interparticle interactions and weak
polymer-nanomaterial interfacial interactions. Especially, the swelling
kinetic parameter, which dominates oil absorption performance, is
strongly influenced by nanomaterial chemical property and concentra-
tion (Panic et al., 2015). Therefore, to efficiently disperse nanoparticles
in the nanocomposite matrix of sorbent, a hydrophobic functionalized
agent of IONP was chosen. The hydrophobic agent (i.e., octadecene of
oleic acid) has long hydrocarbon chains, which can arouse high affinity
in the polyolefin matrix. Because of its good affinity, between the
polyolefin matrix and hydrophobic functionalization agent (Liu et al.,
2011; Park et al., 2006; Wu et al., 2014), they can lead to physical
interaction (alkyl chain association). To observe the dispersed matrix of
PMA, energy dispersive spectroscopy (EDS) mapping was chosen, results
that the HIONP can be dispersed effectively due to good affinity with
polyolefin (Fig. S8). Thus, the PMA can perform the dual characteristics
of swelling ability and reacting with magnetic field in the aqueous sys-
tem due to its highly dispersed HIONP.

The optimized PMAO.7 was shown good equilibrated swelling ratio
for several oils, demonstrating that the optimized PMAO.7 significantly
showed no difference of equilibrated swelling values compared to the PA
(i.e., no embedding HIONP) (Fig. 7a). However, other PMAs (PMA1,
PMAS, and PMA10) also showed a declined tendency as equilibrated
swelling values, indicating that the optimized PMAO.7 was superior
sample for oil removal (Fig. 7b-d). Then, we optically observed the
swelling phenomenon of PMAO.7 film (Fig. 7e). After 6 h, the obtained
AL crude oil-soaked PMAO.7 film reached almost 5.2 times for the film
length. In the height distance aspect, the PMAOQ.7 film, which is folded
several films for visually checking, also showed swollen difference from

Temperature (°C)

0.4 to 0.6 mm. These results repeatedly demonstrate that optimized
HIONP concentration of PMA can efficiently show the swollen ability for
oil removal performance.

3.4. Recycling after oil recovery

Since the polyolefin itself has valuable oil fuel energy (Panda et al.,
2010), the oil-soaked PMAOQ.7 flake can be directly converted into
refined oils via a pyrolysis process and remained carbonized mixture.
The remained carbonized compounds, which are contained carbonized
residue, also are separated by magnetic recovery process then reused.
The PMAO.7 flakes could absorb AL crude oil 14.92 times of its own
weight as identify magnetic nanoparticle recovery process (Fig. 8a).
Crude oil was selected for complex oil. During the pyrolysis process at
600 °C, AL crude oil-soaked PMAOQ.7 flakes processed through carbon-
ization. Upon heating AL crude oil-soaked PMAO.7 flake, almost low
boiling point substances can deform to the refined oil fuels such as
gasoline, naphtha, diesel, etc. via a distillation and extraction process in
the petroleum industries. In the heating furnace, carbonized compounds
were left with carbon residue and magnetic nanoparticles. The IONP
could be separated by a magnet and shown 1.86 x 107> g of magnetic
nanoparticle recovered. This less content of magnetic nanoparticle may
indicate the loss of the nanomaterials during fabrication or separation
process. Furthermore, pyrolyzed magnetic nanoparticles peeled off oleic
acid coating could be recycled several times for sorbent fabrication with
re-functionalization for oleic acid (Fig. S9) (Patil et al., 2014).

More interestingly, all two spectra of gas chromatography-mass
spectroscopy (GC-MS) analysis shows that the original AL crude oil
and the AL crude oil-soaked PMAQ.7 flake were almost indistinguishably
equal peak line (Fig. 8b). The AL crude oil-soaked PMAOQ.7 flake
decomposed into hydrocarbon components (CgHjg to CgoHsp) for
retention time from 0 s to 4000 s, suggesting that oil-soaked PMAO.7
flake can be completely recycled to oil fuels. Furthermore, the portion of
hydrocarbon component was also measured from the relative peak area
of GC-MS analysis (Fig. 8c). The relative portion of hydrocarbon
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Fig. 7. (a—d) Comparison equilibrated swelling kinetics of PA and PMAs (PMAO.7, PMA1, PMAS5, and PMA10) with several oils (n-hexane, toluene, gasoline, diesel,
chloroform, and crude oil) after 6 h. (e) Photographs to observe the swelling phenomenon of PMAO.7 film for the length (a single layer) and height (several folded

layers to identify the swollen well) after 6 h.

component for the AL crude oil-soaked PMAOQ.7 flake increased from
decane (CigHaz) to eicosane (CgoHy2), indicating that AL crude oil-
soaked PMAO.7 flake comprised with hydrocarbons with longer
chains. The AL crude oil-soaked PMAO.7 flake has polyolefin mixture
which is mainly composed of 1-decene and POE. This polyolefin com-
ponents lead to its increased hydrocarbon components from CjoHay to
CaoHyo.

To further demonstrate oil fuel value, combustion process of bomb
calorie meter was characterized the heating calorific values of several
original oils and oil-soaked PMAO.7 flake. As shown in Fig. 8d, the
heating calorific values of oil-soaked PMAO.7 flake was similar to the
several original oils. Each heating values of oil-soaked PMAO.7 flake (i.
e., toluene 34.82, n-hexane 28.66, diesel 31.07, gasoline 37.48, chlo-
roform 31.37, and AL crude oil 32.25 MJ/kg) were slightly higher than
the several original oils (i.e., toluene 31.05, n-hexane 27.52, diesel
29.90, gasoline 35.59, chloroform 30.21, and AL crude oil 30.86 MJ/
kg), suggesting that polyolefin sorbent effects to the heating calorific
values and shown excellent oil fuel value with regard to polyolefin,
which is commonly derived from petroleum industry. Thus, oil-soaked
PMAO.7 flake demonstrates one of the potential oil fuels among

reported oil sorbents. In the meantime, abundantly reported oil sorbents
have shown the continuous oil reusability process with oil sorption-
desorption to recycle the spilled oil (Kim et al., 2015; Si et al., 2015;
Song et al., 2020; Wu et al., 2021). They mainly focused on the me-
chanical properties of sorbents for repeatedly compressive strain, sug-
gesting that process is dominated by outer power source. The
hydrocarbon structure of PMAOQ.7 can offer sustainably oil recycling
process for environment.

4. Conclusion

In conclusion, we prepared polyolefin-based magnetic absorbent
(PMA) by introducing hydrophobic functionalized iron oxide nano-
particle (HIONP). The adding HIONP to the polyolefin matrix shows
highly dispersed structures, then improves collection process of the
sorbents after oil spill recovery. Moreover, its enhanced chemical
structure, blended with low-crosslinked polymer (LCP) and polyolefin
elastomer (POE), can absorb the liquid oils with swelling ability. PMA
shows with 37 g/g of organic liquid and 24 g/g of crude oil in 6 h.
Compared with developed sorbents, the PMA can transform into the tiny
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Fig. 8. Recycling characterization of oil-soaked PMAO.7 flake. (a) Optical photographs showing carbonized compounds separation after pyrolysis process: 1. PMAQ.7
flakes (0.62 g) soak the 14.92 times (8.68 g) of AL crude oil. 2. Swollen PMAO.7 flakes are converted into carbonized compounds through the pyrolysis process at
600 °C, which is contained 0.32 g of carbonized residue. 3. IONP (0.00186 g) can be separated by magnetic recovery process. (b) GC-mass spectra of original AL
crude oil (red line) and AL crude oil-soaked PMAO.7 flake (1:1 wt ratio, blue line) for retention time 0-4000 s. (¢) Comparison of the relative amount of hydrocarbon
components with original AL crude oil (red box) and AL crude oil-soaked PMAQ.7 flake (blue box) derived from peak area of GC-mass spectra for retention time
0-4000 s. (d) Bomb calorimeter heating values for several original oils (purple box) and oil-soaked PMAOQ.7 flake (blue box).

architectures like flakes owing to thermoplastic deformation of poly-
olefin characterization. Thus, they can cover the broad organic pollutant
regions by spraying to the broad marine. An interesting polymer-
nanomaterial hybridized PMA also used for oil fuels after oil recovery.
The oil-soaked PMA, which is mainly comprised of hydrocarbons, can be
directly converted into oils via pyrolysis process under 600 °C. The
developed PMA can propose a new technology of oil sorbents fields and
environmentally solution for oil spills, reducing unintentional
pollutions.
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