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magnetite nanoparticles using
polyethylene terephthalate waste derivatives for oil
spill remediation

Mahmood M. S. Abdullah, * Hamad A. Al-Lohedan and Noorah A. Faqihi

This work aims at synthesizing new cross-linked poly ionic liquids, CPILs, VIMDE-Cl and CPIL, VIMDE-TFA,

utilizing polyethylene terephthalate waste as a precursor and applying them to magnetite nanoparticles

surface modification, producing surface-modified magnetite nanoparticles, SMNPs, VDCL/MNPs, and

VDTA/MNPs, respectively. The structures of VIMDE-Cl and VIMDE-TFA, VDCL/MNPs, and VDTA/MNPs,

were verified using different techniques. The particle sizes of SMNPs, VDCL/MNPs, and VDTA/MNPs,

were evaluated with a transmission electron microscope and dynamic light scattering. The compatibility

of VDCL/MNPs and VDTA/MNPs with crude oil components and their response to an external magnet

were also measured using contact angle measurements and a vibrating sample magnetometer. The data

confirmed the formation of SMNPs, nanosized structure, compatibility with oil components, and

response to an external magnet. For that, VDCL/MNPs and VDTA/MNPs were applied for oil spill

recovery using different SMNP : crude oil weight ratios. The impact of contact time on SMNPs'

performance was also evaluated. The data indicated increased performance with an increase in SMNPs

ratio, reaching maximum values of 99% and 96% for VDCL/MNPs and VDTA/MNPs, respectively, at

SMNPs : crude oil ratio of 1 : 1. According to the results, the optimal contact time was 6 min, resulting in

89% and 97% performance for VDCL/MNPs and VDTA/MNPs at 1 : 4 SMNPs : crude oil ratio.
1 Introduction

Polyethylene terephthalate (PET) is one of the most widely
manufactured plastics in the world. It is estimated that the
number of PET bottles used every minute is about one million
worldwide.1 In addition, PET has many other applications,
including textiles, electrical insulation polymers, and other
household materials. Using PET in these various applications
produces vast amounts of solid waste. As environmental regu-
lations have become more demanding in the last few decades,
recycling or reusing these wastes has become increasingly crit-
ical. The use of these solid wastes to yield benecial materials
would have a dramatically positive effect on reducing solid
waste. PET was reused to produce materials for different
applications, including oil spill absorbers,2 oil spill disper-
sants,3 corrosion inhibitors,4,5 azo dyestuff,6 and electro-
chemical sensors.7,8 Different PET-based amphiphilic
compounds were prepared and employed in our earlier works to
demulsify heavy crude oil emulsions.9–11

Oil spills in the seas and oceans are among the most
signicant sources of marine water contamination. Oil spills in
marine environments can cause severe impacts on these envi-
ronments. The amount of crude oil spilled in marine
e, King Saud University, P.O. Box 2455,
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26374
environments in 2017 was estimated at 7000 tons.12 When crude
oil covers water bodies, it can compromise light transmission
through water and gas transfer between water and air, affecting
aquatic life.13,14 Several techniques are available for oil spill
recovery, including physical (skimmers and booms), chemical
(adsorbents and dispersants), and bioremediation.15 Since
these techniques do not provide comprehensive results for
separating oil from water, nanotechnology is increasingly used
to remove oil spills from marine water.16 In recent years, using
nanoparticles in oil spill recovery has attracted more attention
due to their unique features, including high surface area, eco-
friendly, high adsorption capacity, and reusability. Several
nanoparticles were employed, such as magnetite (Fe3O4) carbon
nanotubes, graphite, graphene, and titanium dioxide (TO2).
Due to their exceptional magnetic properties and high oil
removal performance, magnetite nanoparticles (MNPs) are one
of the most commonly applied nanoparticles for oil spill
recovery.17 Aer oil adsorption on MNPs' surfaces, they can be
collected easily by an external magnetic eld. Our previous
works employed surface-modied magnetite nanoparticles
(SMNPs) with plant extracts, ionic liquids, and amphiphilic
compounds for oil spill recovery. In this study, PET waste was
used for preparing two novel cross-linked poly ionic liquids
(CPIL), where the letters were used to modify the surface of
MNPs. SMNPs were used for oil spill recovery.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of (a) VIMDE-Cl, (b) VIMDE-TFA, (c) VDCL/MNP, and (d) VDTA/MNPs.
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2 Experimental
2.1. Materials

PET waste was used for preparing bis(2-hydroxyethyl)
terephthalate (BHET), which was converted to the alkyl halide,
bis(2-chloroethyl)terephthalate (BCET), as reported earlier.11 1-
Vinylimidazole (VIM), 2,2′-dichlorodiethyl ether (DE), dime-
thylformamide (DMF), hydrated ferric chloride (FeCl3$6H2O)
ferrous chloride (FeCl2$4H2O), and ammonium hydroxide
solution were obtained from Sigma-Aldrich Co. Crude oil was
supplied by Al-Riyadh renery unit, ARAMCO Co., Riyadh, Saudi
Arabia. Its full chemical and physical properties were reported
in our earlier work.18

VIM (10 g, 106 mmol) was diluted with 15 mL of DMF and
stirred at 25 °C for 15 minutes in a three-neck-bottom ask
supplied with a thermometer and nitrogen inlets. The temper-
ature was increased to 65 °C overnight while the mixture was
continually stirred, aer adding AIBN (0.005 wt% related to VIM
monomer). Aer that, a mixture of cross-linker reagents, DE
(3.8 g, 26.5 mmol) and BCET (7.7 g, 26.5 mmol), was dissolved in
DMF (35 mL) and added slowly to the obtained polymer solu-
tion (poly (vinylimidazole)). Aer 72 hours of stirring and
heating at 70 °C, CPIL, VIMDE-Cl was washed with DMF, then
water, and kept at 60 °C in an oven to evaporate solvents, getting
a constant weight. For preparing the second CPIL, VIMDE-TFA,
4 g of VIMDE-Cl was stirred with an excess amount of sodium
triuoroacetate in DMF (20 mL) at 25 °C for 24 h. VIMDE-TFA
was obtained aer ltration and washing with water and then
kept at 60 °C in an oven under reduced pressure for evaporating
solvents to get a constant weight.

For preparing MNPs, in a three-neck bottom ask supplied
with a magnetic stirrer, connected to a nitrogen inlet, ther-
mometer, and condenser, a mixture of FeCl3$6H2O (8 g, 29.60
mmol) and FeCl2$6H2O (2.94 g, 14.80 mmol) was dissolved in
Fig. 2 XRD of VDCL/MNP and VDTA/MNPs.

26368 | RSC Adv., 2023, 13, 26366–26374
deionized water (100 mL). Nitrogen was run with stirring for
one h to avoid unwanted Fe2+ oxidation. Under N2 atmosphere,
the mixture was stirred and heated at 70 °C for 5 h while adding
NH4OH solution (28%, 20 mL) dropwise. Aer cooling to 25 °C,
MNPs were collected using an external magnet and washed with
deionized water. Following this, MNPs (4 g) were dispersed in
VIMDE-Cl or VIMDE-TFA solution (2 g of either VIMDE-Cl or
VIMDE-TFA dispersed in 50 mL of DMF) and heated at 65 °C for
4 hours under ultra-sonication. The yielded SMNPs were
collected with an external magnet and washed with ethanol to
remove the VIMDE-Cl and VIMDE-TFA residuals. SMNPs were
then dried at 50 °C to constant weight. The obtained SMNPs
using VIMDE-Cl and VIMDE-TFA were assigned as VDCL/MNPs
and VDTA/MNPs, respectively.
2.2. Compatibility of VDCL/MNPs and VDTA/MNPs with
crude oil components

VDCL/MNPs and VDTA/MNPs compatibility with crude oil can
be investigated using contact angle measurements. A thin lm
of VDCL/MNPs and VDTA/MNPs was created on the glass
surface, followed by measuring the contact angles of water and
crude oil droplets on SMNPs surfaces. Briey, VDCL/MNPs or
VDTA/MNPs (0.5 g) were dispersed in chloroform (3 mL). The
dispersed MNPs were spread over the glass slide, followed by
chloroform evaporation. A thin lm of MNPs on the glass slide
was formed by repeating this step several times. A drop-shape
analyzer was used for measuring water and oil droplet contact
angles on these surfaces.
2.3. Characterization

The formation of cross-linked poly ionic liquids, CPIL, VIMDE-
Cl, and VIMDE-TFA, was conrmed with Fourier transform
infrared (FTIR) spectroscopy. X-ray diffraction (XRD) was also
© 2023 The Author(s). Published by the Royal Society of Chemistry
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used to verify VDCL/MNP and VDTA/MNP structures. Ther-
mogravimetric analysis (TGA) was used to study VDCL/MNPs
and VDTA/MNPs' thermal stability. Transmission electron
microscopy (TEM) and dynamic light scattering (DLS) were
employed for determining the particle sizes (PS) and poly-
dispersity index (PDI) of VDCL/MNPs and VDTA/MNPs. VDCL/
MNPs and VDTA/MNPs magnetic properties were evaluated by
a vibrating sample magnetometer (VSM).
2.4. Evaluation of MNPs' performance in oil spill recovery

MNPs' performance for oil spill recovery was evaluated as re-
ported in our earlier work. Briey, a crude oil sample (0.2 g) was
injected onto the water surface (70 mL) in a 100 mL beaker.
Different weight ratios of MNPs were spread over crude oil and
le to interact with crude oil components for different periods
of time. Following that, MNPs interacting with crude oil were
recovered by an external magnet covered with aluminum foil
with a known mass. The collected MNPs with recovered crude
oil were frozen and lyophilized for 24 h for water removal, fol-
lowed by their weighing to evaluate the weight of recovered
crude oil. The performance of MNPs for oil recovery (PMOR%)
was calculated using the following formula:

PMOR% ¼ MRO

MUO
� 100 (1)

where MRO is the mass of recovered oil and MUO is the mass of
used oil. The residual oil in the water was extracted with chlo-
roform through a separatory funnel to verify the results. Aer
that, chloroform was evaporated using a rotary evaporator, and
the residual mass was taken to calculate PMOR.
3 Results and discussions
3.1. Characterization

FTIR spectra conrmed the VIMDE-Cl and VIMDE-TFA chem-
ical structures. Fig. 1(a) and (b) shows the FTIR spectra of
Fig. 3 TGA of VCDL/MNPs and VCTA/MNPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
VIMDE-Cl and VIMDE-TFA. Due to their similar chemical
structure, the spectra for both seem similar. Fig. 1(a) and (b)
depicts the disappearance of bending vibration bands of C–H in
C]C–H at 962 cm−1 and 937 cm−1.19 In addition, the disap-
pearance of the vibration absorption band of C]C indicated
the occurrence of polymerization reactions. The terephthalate
carbonyl group vibration band appeared at 1721 cm−1. In the
VIMDE-TFA spectrum (Fig. 1b), an additional vibration band
appeared at 1680 cm−1, corresponding to the carbonyl group of
triuoroacetate, indicating that the ion exchange of chloride
Fig. 4 TEM of (a) VDCL/MNPs and (b) VDTA/MNPs.

RSC Adv., 2023, 13, 26366–26374 | 26369
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with triuoroacetate occurs.20 The vibration bands of saturated
C–H were noticed at 2926 cm−1 and 2856 cm−1. The stretching
vibration bands of aromatic C–H in phenyl and imidazolium
rings were observed at 3081 cm−1 and 3130 cm−1.21 FTIR tech-
nique was also used to verify MNPs surface modication of
using VIMDE-Cl, and VIMDE-TFA, as shown in Fig. 1(c) and (d).

VDCL/MNP and VDTA/MNPs FTIR spectra show the same
functional groups, suggesting that MNPs have been modied
with these materials. Two new extensive bands were found at
626 cm−1 and 581 cm−1 (ref. 22) connected to FeO-conrmed
Fig. 5 DLS of (a) VDCL/MNPs and (b) VDTA/MNPs.

26370 | RSC Adv., 2023, 13, 26366–26374
MNPs formation. VDCL/MNPs and VIMDE-TFA chemical
structures were also elucidated by XRD analysis, as illustrated in
Fig. 2. The gure shows several characteristic peaks of SMNPs.
These peaks appeared at 2q = 30.1°, 35.5°, 43.0°, 53.4°, 57.2°,
62.6°, and 74.4 attributed to the (220), (311), (400), (422), (511),
(440), and (533) Miller indexes. The peak at 2q = 32.8° affirmed
MNPs surface modication with VIMDE-Cl and VIMDE-TEA.23

The TGA thermograms of VDCL/MNPs and VDTA/MNPs are
shown in Fig. 3. The gure depicts the thermal stability of
VDCL/MNPs and VDTA/MNPs between 25–800 °C. Weight loss
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Contract angles of water droplet on (a) VDCL/MNPs and (b)
VDTA/MNPs.

Table 1 Magnetic properties of VDCL/MNPs and VDTA/MNPs at 25 °C

SMNPs Ms (emu g−1) Mr (emu g−1) Hc (Oe)

VDCL/MNPs 54 0.081 3.2
VDTA/MNPs 61 0.094 4.6
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up to 150 is 1.5% and 1.8% for VDCL/MNPs and VDTA/MNPs,
respectively. Weight loss in this region is likely due to loss of
physisorbed water.24 The weight loss between 150–350 °C is
6.3% and 6.9% for VDCL/MNPs and VDTA/MNPs, respectively,
which could be linked to organic constituents' decomposition
on MNPs' surface. The weight loss aer 350 might result from
Fe2O3 transformation to FeO with the reduction of iron(III) to
iron(II) with carbonaceous residual mass.25

The nanosize structure of the prepared SMNPs was
conrmed using TEM analysis, as illustrated in Fig. 4(a) and (b).
The gure depicts MNPs formation in nanosized structures
with an average diameter of 8.2 nm. Additionally, MNPs
appeared in cluster form, likely due to their magnetic nature as
they attract each other, forming clusters.26 PS and PDI of VCDL/
MNPs and VCTA/MNPs in chloroform were measured using the
DLS technique, as depicted in Fig. 5(a) and (b). PS and PDI are
281.2 nm and 0.198, respectively, for VCDL/MNPs, while they
are 263.9 nm and 0.247, respectively, for VCTA/MNPs. The
difference between PS measured with TEM and DLS could be
linked to VCDL/MNPs and VCTA/MNPs behavior in chloroform
due to their interaction, forming clusters.27

VDCL/MNPs and VDTA/MNPs compatibility with crude oil
components was examined by measuring the contact angles of
water and crude oil droplets on their surfaces, as mentioned in
the Experimental section. Droplets of crude oil spread on the
surfaces of VDCL/MNPs and VDTA/MNPs, giving a 0° value
reecting the compatibility between crude oil and SMNPs.
Fig. 6(a) and (b) shows the contact angle of water droplets on
VDCL/MNPs and VDTA/MNPs surfaces. Water droplet contact
angles are 100.8° and 111.4° for VDCL/MNPs and VDTA/MNPs,
respectively. The contact angle values suggested the hydro-
phobicity of SMNPs and their ability to interact with and
disperse in oil more than water. In addition, a water droplet on
VDTA/MNPs surface exhibited a higher contact angle than
VDCL/MNPs, possibly due to using VIMDE-TFA for MNPs
surface modication in VDTA/MNPs, as IMDE-TFA has a tri-
uoroacetate group in its structure.20

The magnetic properties of MNPs are a crucial parameter for
their application in oil spill recovery, as they can be collected
easily using an external magnetic eld. Herein, the magnetic
properties of VDCL/MNPs and VDTA/MNPs, including satura-
tion magnetization (Ms), magnetic remanence (Mr), and coer-
civity (Hc), weremeasured with VSM, as illustrated in Table 1.Ms

values indicate that VDCL/MNPs and VDTA/MNPs respond
effectively to external magnetic elds. The lowMr and Hc values
indicated the absence of coercivity and remanence at room
temperature. The results also exhibited a higher Ms value of
VDTA/MNPs than that of VDTA/MNPs, which may be due to
decreased VIMDE-Cl on MNPs' surface than VDTA/MNPs; these
data are compatible with TGA results.
3.2. Application of MNPs for oil spill recovery

TEM and DLS measurements conrmed the nano-size struc-
tures of VDCL/MNPs and VDTA/MNPs. CA and VSM measure-
ments also conrmed their compatibility with oil components
and the ease of collecting them using an external magnet. These
© 2023 The Author(s). Published by the Royal Society of Chemistry
properties recommend using these MNPs for oil spill recovery.
For that, the performance of MNPs for oil spill recovery (PMOR)
was evaluated using different weights of crude oil : water. The
contact time effect on PMOR was also evaluated.

3.2.1. Contact time effect. Contact time signicantly affects
PMOR, as MNPs need time to interact with oil components. The
contact time effect on PMOR was evaluated using a crude oil :
water ratio of 1 : 4, as shown in Fig. 7. As depicted in the gure,
the PMOR rises with time, reaching a maximum of 6 min. In the
beginning, PMOR increased signicantly, likely due to the large
number of vacant sites on VDCL/MNPs and VDTA/MNPs
surfaces.28 Aer that, PMOR increased slightly with time as
most of these sites became occupied by adsorbed crude oil,
reaching maximum values of 89% and 97%, respectively, for
VDCL/MNPs and VDTA/MNPs at 6 min. When these results were
compared with previous studies that used ILs for MNPs surface
RSC Adv., 2023, 13, 26366–26374 | 26371
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Fig. 7 PMOR of VDCL/MNPs and VDTA/MNPs against contact time.
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modication,25,27 VDCL/MNPs and VDTA/MNPs reached equi-
librium in a shorter contact time, possibly due to variation of
groups in IL structure, as they contain aromatic, aliphatic, and
heteroatoms, making them more compatible with crude oil
components.

3.2.2. MNPs : crude oil ratio effect. The effect of MNPs :
crude oil ratios was also evaluated using different weight ratios
(1 : 1, 1 : 2, 1 : 4, 1 : 10, 1 : 15, 1 : 20, and 1 : 25). Fig. 8 depicts the
relation between PMOR of VDCL/MNPs and VDTA/MNPs and
MNPs : crude oil ratio. The data exhibited an increase in PMOR
with increased MNPs ratio, reaching maximum values of 99%
and 96% for VDCL/MNPs and VDTA/MNPs, respectively, at
MNPs : crude oil ratio of 1 : 1. Fig. 9 shows optical photos of oil
spilled over the water surface, dispersed SMNPs on the oil
surface, and collected SMNPs and oil on their surfaces aer 6
minutes at a SMNPs : crude oil ratio of 1 : 2 using. As shown in
Fig. 8 PMOR of VDCL/MNPs and VDTA/MNPs against MNPs : crude
oil ratio.

Fig. 9 Optical photos of (a) oil spill over water surface, (b) dispersed
SMNPs over oil surface, and (c) collected SMNPs and oil on their
surfaces.

26372 | RSC Adv., 2023, 13, 26366–26374
Fig. 9(b), VDTA/MNPs go through crude oil, indicating the
interaction between SMNPs and oil components as SMNPs do
not stay over the oil surface or settle down in the bottom of the
beaker. Aer the adsorption of SMNPs with adsorbed oil on the
external magnet, the water surface appears clean (Fig. 9(c)).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 PMOR of VDCL/MNPs and VDTA/MNPs against reusability
cycles.
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3.2.3. Reusability of VDCL/MNPs and VDTA/MNPs. The
reusability of SMNPs, VDCL/MNPs, and VDTA/MNPs was eval-
uated in four cycles. To do so, the used MNPs were washed with
chloroform, then acetone, and nally dried at 25 °C. The reused
MNPs were utilized for the next cycle. Fig. 10 represents SMNP
reusability in four cycles. The gure shows that VDCL/MNPs
and VDTA/MNPs exhibited signicant PMOR in these four
cycles. However, PMOR decreases with cycle number increase.
As the cycle progressed from the rst to the fourth, the PMOR of
VDCL/MNPs declined from 89% to 81%. In contrast, PMOR
decreased from 96.6% to 89% for VDTA/MNPs. Such decrease
may be due to a change in SMNPs hydrophobicity.29

4 Conclusion

PET waste was used for synthesizing two new CPILs, VIMDE-Cl
and VIMDE-TFA. The produced CPILs, VIMDE-Cl and VIMDE-
TFA, were utilized for MNPs surface modication, yielding
SMNPs, VDCL/MNPs, and VDTA/MNPs, respectively. The
structures of CPILs, VIMDE-Cl and VIMDE-TFA, and SMNPs,
VDCL/MNPs, and VDTA/MNPs were conrmed with FTIR and
XRD. Additionally, the PS and magnetic properties of VDCL/
MNPs and VDTA/MNPs were measured using TEM, DLS, and
VSM techniques. VDCL/MNPs and VDTA/MNPs compatibility
with oil components was evaluated using contact angle
measurements.

Contact angle and VSM measurements suggested SMNP
compatibility with oil components and the ease of collecting
them using an external magnet. Accordingly, they can be
applied to oil spill recovery in marine environments. The PMOR
of VDCL/MNPs and VDTA/MNPs was evaluated using different
MNPs : crude oil ratio (ranging from 1 : 1 to 1 : 25). The contact
time effect on PMOR was also evaluated. VDCL/MNPs and
VDTA/MNPs exhibited signicant PMOR with an increasing
SMNPs ratio. PMOR reached maximum values of 99% and 96%
for VDCL/MNPs and VDTA/MNPs, respectively, at SMNPs : crude
© 2023 The Author(s). Published by the Royal Society of Chemistry
oil ratio of 1 : 1. Furthermore, the data exhibited that the
optimal contact time for obtaining the highest PMOR is 6 min
for both where the PMOR reached maximum values of 89% and
97%, respectively for VDCL/MNPs and VDTA/MNPs at SMNPs :
crude oil ratio of 1 : 4. Finally, the accumulative results indi-
cated how solid waste can be used as a precursor for preparing
effective SMNPs and applying them for oil spill recovery, solving
two environmental issues, solid waste reduction, and oil spill
remediation.
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