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Oil spills in marine environments are a serious environmental concern and using low-cost materials for oil spill cleanup is an
emerging subject. In recent years, surface-modified magnetite nanoparticles (MNPs) have shown promising properties for oil spill
cleanup due to their high performance, low cost, magnetic properties, and reusability. This study aims to modify the surface of
magnetite nanoparticles (MNPs) using two new polyamines and employ them for oil spill remediation. First, tetraethylene glycol
(TEG) was converted to the corresponding alkyl halide (AH). Next, two polyamines were synthesized via the alkylation of
diamines, 1,11-undecanediamine (UD) and 1,5-pentanediamine (PD), yielding the corresponding AH-UD and AH-PD poly-
amines. Finally, AH-UD and AH-PD were applied to MNPs’ surface modification, yielding the corresponding surface-modified
MNPs, AU-MNPs, and AP-MNPs. The performance of AU-MNPs and AP-MNPs for oil spill uptake (OSU%) was investigated
using various MNPs-to-oil ratios at different contact times. Furthermore, the reusability of AU-MNPs and AP-MNPs was also
investigated over four cycles. The results indicated that the OSU values of AU-MNPs and AP-MNPs were affected by MNPs’ ratios
and contact time, where their OSU increased as their ratios and contact time increased. In addition, AU-MNPs showed a higher
OSU than AP-MNPs, which could be ascribed to the longer alkyl chain in the polyamine (AH-UA) used for their surface
modification compared to AP-MNPs. Furthermore, AU-MNPs and AP-MNPs reusability results exhibited effective OSU in four
cycles with a relative decline with an increasing number of cycles.

1. Introduction

Various environmental and ecological problems have
emerged due to oil spills in recent years [1]. The amount of
oil spilled annually is estimated at 4 billion tons globally [2].
A massive oil spill poses a real threat to human health and
the environment as a whole. Several remediation techniques
have been applied to overcome this disaster, including oil
skimmers, oil containment, boom, in situ burning, bio-
degradation, membrane filtration, and chemical dispersants
[3-5]. However, these techniques have been limited for oil
spill removal due to high implementation costs, low per-
formance, and the generation of secondary pollutants [6]. In
recent decades, the use of chemicals, including dispersants
and adsorbents, has gained much attention compared with
the above-mentioned techniques. In addition to being robust

and low-cost, they are highly efficient and have fast re-
mediation [7, 8]. Various chemicals have been used for oil
spill remediation, e.g., surfactants, nanoparticles, bio-
surfactants, and ionic liquids [9-14]. Over the last two
decades, several types of nanoparticles have been efficiently
applied to oil spill remediation, e.g., titanium dioxide,
magnetite, graphite, graphene, carbon nanotubes, and hy-
drophobic organoclay [14, 15].

Using magnetite nanoparticles (MNPs) for oil spillage
remediation has recently received much attention due to
their low cost, magnetic character, biocompatibility, and
high capacity [7, 16]. However, several problems are asso-
ciated with using naked MNPs, e.g., oxidation by air and
agglomeration. Such issues lead to the loss of MNPs’
magnetism and thus reduce their performance for oil spill
uptake [17]. Therefore, several chemicals are applied to the
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surface modification of MNPs, including organic and in-
organic, to avoid these issues [18-20]. Surface modification
of MNPs with these materials has shown significant stability,
efficient performance for oil spill uptake, and reusability
[17]. By modifying the surface of MNPs with hydrophobic
materials, they disperse more efficiently in crude oil than in
water and thus improve their ability to adsorb crude oil. Our
earlier studies used various organic compounds for the
modification of MNPs’ surface and applied them for oil spill
remediation [7, 8, 21, 22]. Herein, two new polyamines were
synthesized by converting tetraethylene glycol (TEG) to the
corresponding alkyl halide (AH). The obtained alkyl halide
was reacted with diamine, 1,11-undecanediamine (UD), and
1,5-pentanediamine (PD) separately in the presence of so-
dium carbonate, yielding the corresponding polyamines,
AH-UD and AH-PD. AH-UD and AH-PD were applied to
MNPs’ surface modification, yielding the corresponding
surface-modified MNPs, AU-MNPs, and AP-MNPs. The
performance of AU-MNPs and AP-MNPs for oil spill uptake
(OSU%) was investigated using different MNPs-to-oil ratios.

2. Experimental

2.1. Materials. Crude oil was obtained from ARAMCO Co.
Its complete specifications were reported in earlier work
[23]. 1,5-Pentanediamine (PD, >98%) and 1,11-undecane-
diamine (UD, >98%) were obtained from Tokyo Chemical
Industry (TCI) Co. Tetraethlyene glycol (TEG, 99%), thionyl
chloride (TC), iron (II) chloride tetrahydrate (FeCl,. 4H,0,
98%), iron (III) chloride anhydrous (FeCl; > 99.9%), sodium
carbonate (Na,CO3>99.5%), isopropyl alcohol (>98%),
ethanol absolute, and ammonium hydroxide solution
(NH,OH, 28%) were obtained from Sigma-Aldrich Co.

2.2. Synthesis of Polyamines. For the synthesis of polyamines,
AH-UD, and AH-PD, TEG was reacted with the corre-
sponding alkyl halide (AH) using TC, as reported earlier
[24]. AH (5.0g, 21.51 mmol) was added to the stirred so-
lution of diamine, UD (4.0g, 21.51 mmol), or PD (2.5g,
21.51 mmol), Na,COj3 (1.0 g, 9.43 mmol), and DMF (15 mL)
at ambient temperature. The stirring continued for five
hours. DMF was evaporated under reduced pressure, fol-
lowed by dissolving the obtained compound in absolute
isopropanol. Polyamines, AH-UD, and AH-PD were ob-
tained after filtration and evaporation of isopropanol under
reduced pressure.

2.3. Synthesis of AU-MNPs and AP-MNPs. Solutions of
polyamines were prepared by dissolving either AH-UD
(4.0 g, 11.61 mmol) or AH-PD (4.0 g, 14.58 mmol) in 200 mL
of ethanol. Iron ions solution was prepared by dissolving
FeCl; (9.0g, 5549mmol) and FeCl,. 4H,0 (5.5g,
27.75 mmol) in 200 mL of distilled water. AH-UD or AH-PD
solution was mixed with iron ions solution in a three-neck
bottom flask connected to a thermometer and N, inlet. After
heating the mixture to 50°C, NH,OH solution (28%, 50 mL)
was added dropwise with continuous stirring until the
pH reached 10. AU-MNPs and AP-MNPs were obtained
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after stirring the mixture for a further 1h, then separated
using an external magnet. AU-MNPs and AP-MNPs were
dispersed in ethanol and collected by an external magnet
several times to remove unreacted polyamines. Finally, AU-
MNPs and AP-MNPs were washed with water and dried at
ambient temperature.

2.4. Characterization. Fourier-transform infrared (FTIR;
Nicolet 6700 spectrometer, Thermo Fisher Scientific Co.,
USA) spectroscopy was performed to identify the functional
groups of the synthesized polyamines and surface-modified
MNPs. These compounds were scanned in the spectrum
range of 4000-500 cm L X-ray diffraction (XRD, BDX-3300
diffractometer, Beijing University Equipment, China) was
also used to confirm the structures of AU-MNPs and AP-
MNPs. Polyamine structures were also elucidated using
nuclear magnetic resonance (lH-NMR, Avance DRX-400
spectrometer, Bruker Co., USA). AU-MNPs and AP-MNPs’
thermal stability was investigated by thermogravimetric
analysis (TGA, DSC-60, Shimadzu Co., Japan). Heating was
performed up to 800°C in a nitrogen atmosphere with
a heating rate of 10°C/min.

The morphology and particle sizes (PS) of AU-MNPs
and AP-MNPs were investigated using the transmission
electron microscopy (TEM, JEM-2100F, Jeol Co., Japan).
Furthermore, the PS and polydispersity index (PDI) were
measured using the dynamic light scattering technique
(DLS, NanoPlus Zeta Potential/Nano Particle analyzer,
Malvern Co., UK). Furthermore, contact angle measure-
ments were performed using a drop shape analyzer (DSA,
Kruss, Germany) at 25°C to investigate the hydrophobicity
of the synthesized MNPs. Finally, the magnetic properties of
GO-MNPs and GD-MNPs were confirmed using a vibrating
sample magnetometer (VSM, LDJ-9600 Electronics
Inc., USA).

2.5. Hydrophobicity of AU-MNPs and AP-MNPs. To in-
vestigate the hydrophobicity of AU-MNPs and AP-MNPs,
the contact angles of water droplets on their surfaces were
measured. This was done by spreading dispersed MNPs
(500mg of either AU-MNPs or AP-MNPs in 2mL of
chloroform) over a glass slide and evaporating the chloro-
form. After repeating this step several times, a thin film was
formed on the glass slide surface. Then, the contact angles of
a water droplet on the surface of a glass slide coated with
AU-MNPs or AP-MNPs were measured using a drop-shape
analyzer (DSA-100).

2.6. Performance of AU-MNPs and AP-MNPs for Oil Spill
Uptake. The performance of the as-synthesized MNPs, AU-
MNPs, and AP-MNPs (OSU%) was investigated, as reported
earlier [7]. Briefly, in a 100 mL beaker, a sample of crude oil
(200 mg) was injected on the surface of 70 mL of water. Over
the crude oil surface, several amounts of AU-MNPs or AP-
MNPs samples (4mg, 8 mg, 25mg, 50mg, 100 mg, and
200 mg) were spread and maintained in contact for different
times (3min, 5min, 10min, and 20min). An external
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magnet (a block neodymium magnet 40 x 25 x 10 and the
magnetic field produced is 4,300 Gauss) covered with
a known-weight plastic film was used for the adsorption of
the surface-modified MNPs with adsorbed crude oil on their
surfaces. The plastic film with MNPs and crude oil was
removed from the external magnet surface, dried, and finally
weighed to calculate the weight of the recovered oil. The
performance of AU-MNPs and AP-MNPs (OSU%) was
calculated using the equation:

0OSU% :@x 100, (1)
WUS
where WRO and WUS are the weight of recovered oil and
used oil, respectively.

The OSU% results were also confirmed using the residual
amount of crude oil on the water surface: the residual
amount of crude oil on the water surface was extracted using
chloroform. Chloroform was evaporated under reduced
pressure, and the weight of residual oil was used to calculate
OSU%. All measurements were performed in triplicate.

The reusability of the as-synthesized MNPs, AU-MNPs,
and AP-MNPs was performed as follows: the used MNPs
were collected in a beaker (25 mL), washed three times with
chloroform, then with acetone, and finally dried in the air
before being used again in the next cycle.

3. Results and Discussion

3.1. Chemical Structures of Polyamines and MNPs. FTIR and
"H-NMR spectroscopies were employed to confirm the
formation of polyamines, AH-UD, and AH-PD, as presented
in Figures 1(a), 2(a), and 2(b). The spectra of polyamine,
AH-UA, and AH-PD (Figure 1(a)) show several charac-
teristic bands belonging to various functional groups. N-H
stretching and bending absorption bands are noticed at
3321cm™" and 1650 cm ™. The stretching absorption bands
of C-H methylene appeared at 2926 cm™" and 2856.cm ™,
while its bending absorption band appeared at 1462 cm™".
The aliphatic ether (C-O) stretching band is observed at
1110 cm ™. Figures 2(a) and 2(b) show the "H-NMR spectra
of polyamines, AH-UD, and AH-PD. As depicted in the
figure, both spectra seem similar except for the integrating
alkyl chain methylene groups, where AH-UD has a longer
alkyl chain than AH-PD. The protons of the alkyl chain of
diamine are noticed at 1.23 ppm and 2.51 ppm, while the
etheric (CH,) protons are observed at 3.5ppm. The ap-
pearance of the alkyl chain of amine and etheric (CH,)
protons confirms the formation of polyamines, HA-UA
and HA-PA.

The chemical structures of AU-MNPs and AP-MNPs
were elucidated using FTIR and XRD, as shown in
Figures 1(b) and 3, respectively. Based on FTIR spectra
(Figure 2(b)), polyamines AH-UA and AH-PD appeared at
low intensities, indicating surface functionalization of
MNPs. Moreover, the appearance of two bands at 578 cm™
and 630 cm™" is attributed to the stretching vibration mode
of metal-oxygen (Fe-O) in the crystalline lattice of mag-
netite, suggesting the formation of MNPs. The formation of
surface-modified MNPs, AU-MNPs, and AP-MNPs was also

confirmed by XRD diffraction, as presented in Figure 3. The
characteristic reflection peaks indicated the formation of
pure MNPs with no contamination with other iron oxides.
The characteristic peaks appeared at 2 theta: 30.14°, 35.49°,
43.18°, 53.53°, 57.25°, and 62.774° in accordance with Fe;O,
database indices (220), (311), (400), (422), (511), (440), and
(622). The diffraction patterns matched well with magnetic
XRD patterns (JCPDS file No: 00-003-0863). A broad peak at
around 2 theta =20" suggested the presence of polyamines,
AH-UA and AH-PD, on the surface of MNPs [21].

3.2. Thermal Stability of AU-MNPs and AP-MNPs. The
thermal stability of the synthesized MNPs, AU-MNPs, and
AP-MNPs was investigated using TGA, as shown in Fig-
ure 4. As depicted in Figure, weight losses at 120°C were
3.18% and 1.96% for AU-MNPs and AP-MNPs, respectively,
due to loss of physisorbed water. Afterward, weight losses at
400°C were 11.0% and 7.16% for AU-MNPs and AP-MNPs,
respectively. In this region, the weight loss could be at-
tributed to the decomposition of polyamine components on
the MNPs’ surfaces. The mass loss after 400°C can be linked
to the transformation of Fe,O; to FeO by reduction of Fe(III)
to Fe(II) with the carbonaceous residual mass [25]. Fur-
thermore, AU-MPNs showed a greater mass loss than AP-
MPNs due to the increased amount of AH-UA on the AU-
MNPs surface than AH-PD.

3.3. Particle Sizes of AU-MNPs and AP-MNPs. Figures 5 and
6 illustrate the particle sizes of AU-MNPs and AP-MNPs
evaluated using TEM and DLS techniques. TEM micro-
graphs (Figures 5(a) and 5(b)) showed irregular MNPs with
an average diameter of 10.2nm for both. Moreover, these
micrographs showed the aggregation of MNPs in cluster
form due to the magnetic nature of MNPs where these
nanoparticles attract each other [26]. Figures 6(a) and 6(b)
show particle size and PDI measured using DLS in chlo-
roform. The PS and PDI were 141.8nm and 0.225, re-
spectively, for AU-MNPs, while 133.4 nm and 0.215 for AP-
MNPS, respectively. The difference between the PS mea-
sured using this technique and the PS measured by TEM
could be explained by the aggregation of MNPs in chlo-
roform due to their magnetic nature.

3.4. Hydrophobicity of AU-MNP and AP-MNPs. MNPs’
dispersion is strongly affected by their hydrophobicity. Their
dispersion in crude oil increases as their hydrophobicity
increases, while it decreases in water as their hydrophobicity
increases. Furthermore, MNPs’ hydrophobicity promotes
their interaction with crude oil components, enhancing their
performance in oil spill uptake. Hydrophobicity is measured
by contact angle (CA). An increase in the CA value (>90°) of
a water droplet on a thin film of MNPs surface indicates an
increased  hydrophobicity of these nanoparticles.
Figures 7(a) and 7(b) show the CA of a water droplet on AU-
MNPs and AP-MNPs surfaces, as illustrated in the Exper-
imental section. The CA values were found to be 116’ + 3 and
97°+3 for AU-MNPs and AP-MNPs, respectively. These



Transmittance (%)

Journal of Chemistry

30 45

28 - 40 4

26 | _ 35 A
& 30

24 A o
9
g 25 4

22 4 £
g 20 |
=

20 A
& 15

18 10 4

16 5

T T = T v T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)
— AH-UD — AU-MNPs
—— AH-PD —— AP-MNPs
(a) (b)
F1GURE 1: FTIR spectra of (a) polyamine, AH-UD and AH-PD, and (b) MNPs, AU-MNPs, and AP-MNPs.

(Millions)
IS
(=]

8.0 d

7.04 \N”(\/OMO%Z/\/NH\/Wg%‘
H 7 d

6.04

5.0

3.04
2.0
1.04 b
0
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
Chemical shift (ppm)
@
8.04
d
0] b H
704 TN ’(\/ \v\oaz/\/ NH\/\/\C/N
H d
6.0
5.04
z
£40
= c
3.04
2.04
a
0
T T T T T T T T T T
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
Chemical shift (ppm)
(b)

F1GURE 2: "H-NMR spectra of (a) AH-UD and (b) AH-PD polyamines.



Journal of Chemistry

300

(311)

250 4

200

150

Intensity

100

(511 (440)

T T T T T T T

10 20 30 40

T L) T T T T 1

50 60 70 80

2 Theta (°)

—— AU-MNPs
—— AP-MNPs

Ficure 3: XRD of MNPs, AU-MNPs, and AP-MNPs.

100
95 -
g 90 -
2
S
&
‘s 85
z
80
75 T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)
—— AU-MNPs
—— AP-MNPs

FiGURE 4: TGA of AU-MNPs and AP-MNPs.

data showed that AU-MNPs and AP-MNPs exhibited high
CA, indicating increased hydrophobicity. Furthermore, AU-
MNPs displayed a higher CA value than AP-MNPs due to
the increased hydrophobicity of the polyamine, AH-UA,
used for surface modification of MNPs due to having
a longer alkyl chain than AH-PD.

3.5. Magnetization of AU-MNPs and AP-MNPs. For the
retrieval of MNPs with crude oil adsorbed on their surfaces,
they should respond to an external magnetic field. AU-
MNPs and AP-MNPs responded excellently to an external
magnet during purification and application. Furthermore,
their magnetic properties, including saturation magnetiza-
tion (Ms), coercivity (Hc), and magnetic remanence (Mr),
were measured, as shown in Figure 8. The Ms, Mr, and Hc
are 40.23 emu/g, 0.071 emu/g, and 5.5 Oe, respectively, for
AU-MNPs, while they are 43.85emu/g, 0.094 emu/g, and

7.2 Oe, respectively, for AP-MNPs. The Ms values indicate
the response of AU-MNPs and AP-MNPs to an external
magnet. The low Hc and Mr values suggested the absence of
remanence and coercivity at 25°C. Furthermore, AU-MNPs
showed a lower magnetization value than AP-MNPs, which
could be linked to an increased AH-UA on their surface
compared to AP-MNPs, as confirmed by TGA analysis.

3.6. Performance of AU-MNPs and AP-MNPs for Oil Spill
Uptake. The dispersity of AU-MNPs and AP-MNPs in low
polar solvents with no dispersion in water, high surface area,
and response to an external magnet promote their appli-
cation to oil spill uptake. Therefore, their performance for oil
spill uptake was investigated using different MNPs and oil
ratios (ranging from 1:1 to 1:50) at different contact times
(ranging from 3 to 20 min), as illustrated in the experimental
section. Furthermore, the effect of contact time on OSU was
also investigated.

3.6.1. Effect of MNPs : Oil Ratio. The effect of MNPs: oil ratio
at 10 minutes is illustrated in Figure 9. The data showed that
AU-MNPs and AP-MNPs showed promising OSU even at
low ratios. For example, in the MNPs: oil ratio 1:1, the OSU
of AU-MNPs and AP-MNPs were 100% for both. With the
decrease of MNPs ratio to half (MNPs: oil ratio 1:2), the
OSU of AU-MNPs remained at 100%, while it dropped to
97% with AP-MNPs. After that, as the MNPs ratio de-
creased, the OSU decreased, reaching 71% and 67% for AU-
MNPs and AP-MNPs, respectively, at the MNPs: oil ratio 1:
50. Furthermore, the data showed that AU-MNPs showed
higher OSUs than AP-MNPs, which could be explained by
an increase in their hydrophobicity due to the longer alkyl
chain in the polyamine (AH-UA) used for their surface
modification compared to AP-MNPs.

Figure 10 shows optical images of spilled crude oil on the
water’s surface. It also shows the dispersed AU-MNPs on the
crude oil surface at MNPs:: oil ratio 1: 2 after 10 minutes and
collected AU-MNPs using an external magnet with crude oil
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adsorbed on their surface. Figure 10(c) depicts the clarity of
water after crude oil removal by applying an external
magnet.

3.6.2. Effect of Contact Time. The performance of MNPs for
oil spill uptake is greatly affected by contact time [27]. The
OSU was investigated at various contact times (3 minutes,
5minutes, 10 minutes, 15minutes, and 20 minutes) at
a MNPs: oil ratio of 1:4, as shown in Figure 11. The data
show that as the contact time increased, the OSU of AU-
MNPs and AP-MNPs increased to 10 min, reaching 98% and
94%, respectively. An increase in the OSU at the beginning

could be ascribed to the many vacant binding sites available
on MNPs’ surface, which play an essential role in crude oil
adsorption. As external MNPs surfaces become saturated,
their performance for crude oil uptake slows down until
equilibrium is reached [28]. After that, the OSU remained
constant with increasing contact time.

Table 1 compares the OSUs of AU-MNPs and AP-MNPs
to surface-modified MNPs used for oil spill cleanup in other
reported studies. At a high MNPs ratio of 1:1, the AU-
MNPs and AP-MNPs achieved the highest OSUs compared
to other surface-modified MNPs. This reflects the effective
dispersity of these MNPs in crude oil, even at high ratios
rather than agglomeration. However, they achieved lower
OSUs at a low MNPs: crude oil ratio of 1:50 in most cases.
The interactions between crude oil constituents with AU-
MNPs and AP-MNPs include the interactions between
oxygen and nitrogen heteroatoms of crude oil constituents
and those corresponding on MNPs’ surfaces. Additionally,
the Van der Waals force is due to the hydrophobic in-
teractions between alkyl chains of diamine and alkyl chains
of crude oil components [23].

3.6.3. Reusability of AU-MNPs and AP-MNPs. MNPs have
the advantage of being reusable over other materials used for
oil spill cleanup. The used MNPs were recollected and
washed as reported in the Experimental section. Their re-
usability at MNPs: oil ratio 1: 4 and contact time 10 minutes
was investigated in four cycles, as shown in Figure 12. As
depicted in Figure, the recycled MNPs showed promising
OSU compared to the original. However, OSU experienced
a relative decline with an increasing number of cycles. For
example, the OSUs declined from 98% and 94% in the first
cycle to 94% and 89% in the fourth one for AU-MNPs and
AP-MNPs, respectively. The decline can be explained by the
change in hydrophobicity with increasing cycle numbers [7].
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F1Gure 10: Optical images of (a) oil spill on the water surface, (b) dispersed AU-MNPs on the crude oil surface at a ratio of 1:2, and (c) the
collected AU-MNPs with crude oil adsorbed on their surface using an external magnet.
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TaBLE 1: Compression between OSUs of AU-MNPs and AP-MNPs with surface-modified MNPs used in other studies.
o . MNPs: crude oil ratio
Abbreviation/capping 0SU%
agent
1:1 1:8 1:10 1:25 1:50 Reference
Current work AU-MNPs 100 94 90 71
Current work AP-MNPs 100 89 83 67
NTEP/Fe;0, 90 85 80 [15]
NDETA/Fe;0, 87 80 74 [15]
OA-MNPs/amide of alginate 96 93 87 78 [23]
DA-MNPs/amide of alginate 90 87 75 67 [23]
MAE-MNM/Matricaria aurea hexane extract 95 92 88 80 [29]
OBE-MNM/Ochradenus baccatus hexane extract 91 88 83 76 [29]
different contact times. Increasing the MNP ratio and
contact time improved the OSU of AU-MNPs and AP-
100 MNPs. The OSU of AU-MNPs and AP-MNPs improved

OSU (%)

Cycle

I AU-MNPs
I AP-MNPs

F1GURE 12: Reusability of AU-MNPs and AP-MNPs in four cycles
at MNPs: oil ratio 1:4 and contact time 10 minutes.

4. Conclusion

This work synthesized two new low-cost surface-modified
MNPs under the short route and mild conditions using two
new polyamines. The yielded MNPs were employed for oil
spill remediation. First, TEG was converted to the corre-
sponding alkyl halide (AH). Then, the two polyamines were
synthesized via the alkylation of diamine, UD, and PD using
the obtained AH, producing the corresponding AH-UD and
AH-PD polyamines. Finally, AH-UD and AH-PD were
applied to the surface modification of MNPs, yielding the
corresponding surface-modified MNPs, AU-MNPs, and AP-
MNPs. Different techniques were employed to confirm the
chemical structures, thermal stability, particle size, hydro-
phobicity, and magnetic properties of surface-modified
MNPs, AU-MNPs, and AP-MNPs. Contact angle and
VSM measurements reflected the hydrophobicity of the AU-
MNPs and AP-MNPs and their ability to respond to an
external magnet.

Thanks to their hydrophobicity and response to the
external magnet, AU-MNPs and AP-MNPs were employed
for oil spill uptake using a variety of MNPs: oil ratios at

from 71% and 67%, respectively, at a MNPs:: oil ratio of 1: 50
to 100% for both at a ratio of 1:1. Furthermore, the max-
imum OSU was achieved at a contact time of 10 min, where
it reached 98% and 94%, respectively, for AU-MNPs and
AP-MNPs at a MNPs: oil ratio of 1:4. After this, the OSU
remained constant throughout the increasing contact time.
This data indicated that the ideal contact time for maximum
crude oil adsorption on the MNPs surface is 10 min. Ad-
ditionally, AU-MNPs achieved higher performance than
AP-MNPs due to the longer alkyl chain in the polyamine
(AH-UA) used for their surface modification compared to
AP-MNPs.

Furthermore, the reusability of AU-MNPs and AP-
MNPs was also investigated in four cycles. The recycled
AU-MNPs and AP-MNPs showed promising OSU com-
pared to the original; however, there was a relative decline in
the OSU with an increasing number of cycles. For example,
for AU-MNPs and AP-MNPs, the OSUs decreased from
98% and 94% in the first cycle to 94% and 89% in the fourth
cycle. AU-MNPs and AP-MNPs’ hydrophobicity changes as
the number of cycles increases, causing such a decline. The
cumulative analysis of results indicates that synthesizing
surface-modified MNPs using low-cost raw materials in
a short time and under mild conditions will significantly
reduce oil spills in marine environments.
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