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Original Research Abstract:

Magnetic nanoparticles (MNPs) were treated with dodecyl sulfate (DS) and dodecanol (DO) to en-

fg:;ggi 2023 hance their affinity for lipids. Various methods, such as X-ray powder diffraction (XRD), scanning
Revised: electron microscopy (SEM), vibrating sample magnetometery (VSM), thermal gravimetric analysis
29 December 2023 (TGA), and FTIR spectroscopy were employed to analyze and characterize these modified MNPs.
Accepted: The functionalized MNPs were employed to adsorb different types of oils (edible, motor, and diesel
10 January 2024 oils). MNP@DO and MNP @DS exhibited oil absorption capacities of up to three and two times
Published online: their own mass for edible oil, respectively. The complete repulsion of water was evident, and a
20 March 2024 rapid interaction between lipophilic magnetic catalysts and oil on the water’s surface was observed.

These oil-absorbing catalysts could be efficiently removed by employing an external magnet, and
© The Author(s) 2024 they demonstrated excellent reusability. The findings indicate that these novel catalysts exhibit

substantial oil-absorbing capabilities and can be used as low-cost and effective technique for
oil/solvent-spill cleanups.

Keywords: Oil sorbent catalysts; Oil spill cleanup; Functionalized magnetic nanoparticles; Magnetic sorbent catalysts

1. Introduction

The industrial significance of oil spills and chemical leaks
has grown markedly in recent years, causing substantial
concern [1-6]. This issue is one of the most considerable
warnings to the coastal environment and oceanic ecosystem,
having serious risks for aquatic organisms and humans [7].
Stopping this trend is very difficult due to the exploration,
production, and utilization of a large amount of oil in the
year and the uncontrolled release of oils during transporta-
tion or storage steps [8]. To resolve this global problem,
several mechanical, physical, and chemical techniques have
been developed. These methodologies are used to collect
and separate oil pollutants from water surfaces. The ma-
jority of these approaches rely on adsorbent materials for
oil/water separation, utilizing a range of adsorptive sub-
stances like zeolites, activated carbon, wool, nanocomposite
membranes, and exfoliated graphite [6, 9-15]. The chal-
lenge on the design of sorbent materials resulted from some

drawbacks associated with them, including low adsorption
capability, poor permanence and less selective water/oil ab-
sorption, and difficult removal of the sorbent from water
[16-20]. Given the modest adsorption capacity of these
introduced sorbent materials, enhancing their reusability
emerges as a crucial factor in improving the oil/water sepa-
ration capabilities of these engineered materials.

Magnetic nanoparticles are good candidates to be used as
reusable oil and heavy metal adsorbent materials, and nu-
merous types of magnetic compounds designed for this
purpose have been documented in the literature [20-26].
In this way, magnetic superhydrophobic particles can be
placed on the contaminated water region and next be re-
moved using an external magnetic field. Furthermore, the
excellent monodispersibility of superhydrophobic magnetic
particles on water surfaces broadens their potential for large-
scale applications. For instance, Mao et al. reported the
development of MNPs-modified polymer microspheres that
could be used for oil removal in aqueous environments [20].
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Zhuo et al. created a magnetic aerogel composite com-
prising polystyrene, Fe;O,4, and grapheme [21]. Wu et al.
successfully synthesized a magnetic nanofibrous composite
mat composed of polystyrene and polyvinylidene fluoride
nanofibers with selective incorporation of MNPs, which
was employed for oil removal from water [24]. Addition-
ally, a superhydrophobic magnetic cellulose sponge was
prepared for oil removal from water [19], while Du and col-
leagues reported the development of an ultra-thermostable,
magnetic-driven, and superhydrophobic quartz fiber for wa-
ter remediation [25].

In continuation of our program on the synthesis of mag-
netic nanoparticle functionalized catalysts [27-30], here we
report a facile approach for preparing two new, magnetic,
reusable, and superhydrophobic catalysts to be used as oil-
adsorbents for application in removing of oils from the water
surface. The findings indicate that using these catalysts can
be a low-cost and effective technique for oil/solvent spill
cleanups.

2. Materials and methods

All solvents and chemicals used in this study were procured
from the Merck chemical company. The specification of
the used oils are: Edible oil: (Sun flower oil, food grade,
viscosity @ 25 °C: 30 — 32 ¢St ); Motor oil: Caspian Motor
Oil 20W50 SL/CF4 (viscosity @100 °C: 20 —21.5 cSt,
Density @15 °C: 0.881 g/cm?); Diesel oil: Caspian diesel
oil SAE 15W40 API CI-4 (viscosity @100 °C: 15.7 cSt,
Density @15 °C: 0.875 g/cm?). All of the materials were
used without further purification.

2.1 Equipment

FT-IR spectra were obtained using KBr pellets and recorded
on a Nicolet-860 spectrometer. Thermal gravimetric anal-
yses were conducted using a Perkin Elmer thermal anal-
ysis instrument. Magnetic measurements of the sorbents
were performed using a vibrating sample magnetometer
(VSM) with a 4-inch sample holder from Daghigh Megh-
natis Kashan Company, Iran, at room temperature. The
chemical and elemental compositions of the sorbents were
assessed using scanning electron microscopy (VEGA 3
TESCAN) equipped with an Oxford Instruments X-MAX
50 EDS system. X-ray powder diffraction (XRD) was car-
ried out using a Philips X’ Pert diffractometer with CoKa
radiation. The specific surface area of the adsorbent materi-
als was determined by the Brunauer-Emmett-Teller (BET)
method using a Micrometrics Tristar IT 3020 instrument.

2.2 Preparation of sorbents
2.2.1 Synthesize of Fe;0,@SiO,

Fe;0,@Si0, was synthesized according to the reported pro-
cedure [31]. FeCl; (1.70 g, 10 mmol), FeCl,- 4H,O (1 g, 5
mmol), and 12.7 mL of 0.4 M HCI were dissolved in 125
mL of 0.7 M NHj solution, which was continuously purged
with N, gas. This dissolution process took place in an ultra-
sonic bath under an N, atmosphere, at a temperature of 25
°C for a duration of 20 minutes. The resulting precipitate
was subjected to three wash cycles with deionized water
using an ultrasonic bath. Subsequently, 50 mL of deion-
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ized water were added to the precipitate, followed by the
introduction of 250 mL of 2-propanol into this suspension
within the ultrasonic bath for 20 minutes. Next, 11.85 mL of
polyethylene glycol 400, 50 mL of deionized water, 25 mL
of NH; (28%), and 3 mL of tetraethyl orthosilicate (TEOS)
were sequentially added. The reaction mixture was agitated
for a period of 24 hours at 25 °C using a mechanical shaker.
Finally, the magnetic Fe;0,@Si0, nanoparticles were iso-
lated using a magnetic magnet, followed by multiple rinses
with deionized water and ethanol. The collected nanopar-
ticles were then dried under vacuum at 70 °C, resulting in
the production of Fe;0,@Si0, in the form of a black solid.

2.2.2 Synthesize of Fe;0,@Si0,@Cl

To synthesize this material, the previously prepared
Fe;0,@Si0, nanoparticles (2 g) were dispersed in 60 mL
of thionyl chloride (SOCl,) for 30 minutes. Subsequently,
the mixture was refluxed for duration of 3 hrs. Finally, the
chloro-functionalized magnetic nanoparticles were obtained
in the form of a black solid after drying in a vacuum oven.

2.2.3 Synthesize of Fe;0,@Si0,@DS (MNP@DS)

To synthesize MNP@DS, the freshly prepared
Fe;0,@Si0,@Cl (2 g), together with sodium dode-
cyl sulfate (0.57 g, 2 mmol) and 0.5 mL of triethylamine,
were dissolved in 5 mL dried toluene. The resulting
solution was then refluxed for a duration of 24 hours
at a temperature of 110 °C. The resulting precipitate
was subjected to several wash cycles using toluene and
subsequently dried in a vacuum oven. Following this, it
underwent multiple rinses with water and was once again
dried in a vacuum oven. The final product was obtained in
the form of a dark solid.

2.2.4 Synthesize of Fe;0,@Si0,@DO (MNP@DO)

The procedure for synthesizing MNP@DO is the same
as for MNP@DS. Specifically, the freshly prepared
Fe;0,@Si0,@Cl (2 g), along with 0.5 mL dodecanol and
0.5 mL of triethylamine, were dissolved in 5 mL dried
toluene. This mixture was then refluxed for duration of 24
hours at a temperature of 110 °C. The resulting precipitate
was subjected to several wash cycles using toluene and sub-
sequently dried in a vacuum oven. Following this, the solid
was rinsed multiple times with water and once again dried
in a vacuum oven. The final product was obtained in the
form of a black solid.

2.3 Sorption experiments

The oil adsorbent capacity of the samples was assessed
through weight measurements. Initially, each sample was
weighed (m). In the subsequent step, three different types
of oils were introduced onto the water surface in separate
beakers. Subsequently, the samples were added to the re-
spective beakers. After a 10-minute period, the samples that
had adsorbed the oil were removed from the beakers using
a magnet, and their mass was determined (m,).

The sorption capacity (k) of each sample was calculated
using the following formula:

kZ (H’Iz—m1)/m1
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Scheme 1. Synthesis process for the preparation of MNP@DS and MNP @DO nanomaterials.

This adsorption experiment was conducted a total of 10
times for each sample. After each adsorption cycle, the
oil-adsorbed samples were thoroughly washed with toluene
multiple times and then dried in a vacuum oven.

3. Results and discussion

3.1 Synthesis and characterization of MNP-supported
dodecyl sulfate (MNP@DS) and MNP-supported
dodecanol (MNP @DO)

The schematic representation of the synthesis process for
the preparation of MNP@DS and MNP@DO materials has
been illustrated in Scheme 1.

Magnetic nanoparticles were synthesized using a co-
deposition procedure [31]. These nanoparticles were then
coated with a silica layer through a sol-gel process to cre-
ate core-shell magnetic nanoparticles (Fe;0,@Si0,). This
silica layer serves the dual purpose of preventing the aggre-
gation of the magnetic core and facilitating surface func-

tionalization. It offers Si—OH groups on the surface of
the nanoparticles, allowing for precise chemical modifica-
tion. Subsequently, the Fe;0,@SiO, substrate underwent
treatment with thionyl chloride (SOCl,) to yield a chlorine-
functionalized magnetic nanoparticle substrate denoted as
Fe;0,@Si0,@Cl [30]. The reaction between sodium do-
decyl sulfate or dodecanol and Fe;0,@Si0O,@Cl resulted
in the production of two catalysts: MNP-supported do-
decyl sulfate (MNP@DS) and MNP-supported dodecanol
(MNP@DO).

Subsequently, these materials were characterized using var-
ious analytical techniques, which included FT-IR, SEM,
EDX, VSM, BET, and TGA-DTG.

To investigate the successful functionalization of the MNPs,
FT-IR was employed. Figure 1 illustrates a comparison of
the FT-IR spectra among Fe;0,@Si0,, Fe;0,@Si0,@C(l,
MNP@DO, and MNP@DS.

In the FT-IR spectrum of Fe;0,@Si0, (Fig. 1a), notable
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Figure 1. The FT-IR spectra of Fe;0,@—Si0, (a), Fe30,@—Si0,@Cl (b), MNP@DS (c), MNP@DO (d).
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Figure 2. The TGA-DTG curves of MNP@DO (a) and MNP@DS (b).

adsorption peaks are observed. The peak at 624 cm ™! can
be attributed to the vibration of the Fe—O bond in the tetra-
hedral site of the bare magnetic microspheres [32]. The
broad band at 3430 cm ™! corresponds to the O—H stretch-
ing vibration originating from O—H bonds. The presence
of the silica layer on the MNPs’ surface is confirmed by
two distinct bands at 1096 cm~! and 958 cm™~!, which are
associated with the symmetrical and asymmetrical vibra-
tions of the Si—O—Si bonds [32]. Moving on to the FT-IR
spectrum of Fe;0,@Si0,@Cl1 (Fig. 1b), the appearance
of a vibration band at 579 cm~! indicates the presence of
Si—Cl bonds [30]. Other peaks related to Fe;0,@SiO, are
observed with slight shifts due to changes in the chemical
environment.

In the FT-IR spectrum of MNP@DS (Fig. Ic), in addi-
tion to the fundamental peaks, new peaks associated with
aliphatic C—H bond stretching are observed in the range of
2800 — 2900 cm~!. A peak at 1037 cm™~! can be attributed
to the S=O0O bond in the SDS chain [33]. In the case of
the FT-IR spectrum of MNP@DO (Fig. 1d), upon linking
dodecanol to the magnetic nanoparticle surface, a promi-
nent absorption peak of C—H stretching is observed at 2924
cm™! and 2874 cm~!. Additionally, the suppression of cer-
tain peaks at lower frequencies suggests that the organic
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Figure 3. The XRD patterns of MNP@DO and MNP@DS
catalysts.

chain is chemically bonded to the surface of the magnetic
nanoparticles.

The TGA and DTG curves of MNP@DO and MNP@DS
materials are shown in Figure 2.

The thermogram analysis of MNP@DO and MNP@DS
materials reveals distinct weight loss patterns at various
temperature ranges. A reduction in weight percentage of
MNP@DO (Fig 2a) at approximately 120 °C, attributed
to absorbed water within the material’s structure. Another
weight decrease is observed in the range of 140 — 180 °C, in-
dicating the removal of crystalline water from the template
of the magnetic nanoparticles. Significant weight losses
occur between 220 and 490 °C, linked to the decomposition
of grafted organic moieties on the magnetic nanoparticles’
surface. This portion of the thermogram indirectly estimates
the amount of connected organic material and suggests that
approximately 19% (w/w) of dodecanol is grafted onto the
MNPs’ surface. The weight loses at higher temperature
is related to the decomposition of the MNP support. Fur-
thermore, the thermogram analysis for MNP@DS reveals
an initial weight loss at approximately 195 °C due to the
removal of adsorbed water, accounting for approximately
3.4% of the total weight. A subsequent weight reduction
in the range of 195 —403 °C is associated with the de-
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Figure 4. (a) Magnetization curves obtained by VSM for
MNP@DO, (b) MNP@DS and (c) reused MNP@DS.
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Figure 5. The SEM images of MNP@DO (a-d) and MNP@DS (e-h) with different magnification.

composition of the grafted organic layer from the MNP
substrate, indicating an estimated content of approximately
10% (w/w) of supported SDS on the MNPs. The weight
decrease at 405 — 600 °C is related to the decomposition
of the remaining carbon chains from the MNPs’ surface.
These observations highlight the high thermal stability of
MNP@DO and MNP@DS materials and support the notion
of covalent bonding between these groups and the MNPs’
surface.

Overall, the observed removal of grafted organic groups
at elevated temperatures serves as strong evidence of the
remarkable thermal stability exhibited by MNP@DO and
MNP@DS materials. This observation strongly supports
the concept of covalent bonding between these groups and
the surface of the magnetic nanoparticles.

In order to investigate crystallinity, phase composition, and
the purity of the synthesized materials, as well as to con-
firm their structural modifications, powder X-ray diffraction
(XRD) studies were conducted (Fig. 3).
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The XRD patterns of both MNP@DO and MNP@DS (Fig.
3) exhibit the characteristic peaks of magnetic nanoparticles,
indicating the preservation of the crystalline phase stability
of the nanoparticles during subsequent surface modifica-
tions. As depicted in Figure 3, the reflection planes corre-
sponding to (220), (311), (400), (422), (511), and (440) at
20 values of 30.3 °C, 35.7 °C, 43.4 °C, 53.1 °C, 57.3 °C,
and 63.0 °C, respectively, closely match the face-centered
cubic Fe;0, structure (JCPDS Card no. 19-0629) [31]. The
reflection plan for the silica layer, which should appear in
the range of 20 = 25 °C, perhaps due to the functionaliza-
tion of the surface with an organic layer, showed a high
intensity.

The magnetization properties of both MNP@DO and
MNP@DS materials were examined using a vibrating sam-
ple magnetometer (VSM) at room temperature under an
applied magnetic field ranging from -9000 to +9000 Oe
(Figure 4). As shown in Figure 4, the values of the satura-
tion magnetization are 16 emu g~! for MNP@DO and 15
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Figure 6. The EDX analysis of (a) the MNP@DO and (b) the MNP@DS.
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Table 1. Textural properties of the synthesized nanomaterials.

Entry Sample Surface area (m*/g) Pore diameter (nm)
1 MNP@DO 112.4 10.61
2 MNP@DS 117.1 8.22

emu g~! for MNP@DS. This slight decrease in saturation
magnetization can be attributed to the presence of the or-
ganic layer immobilized on the surface of both materials,
in contrast to the original Fe;O4 nanoparticles [30]. How-
ever, despite this decline in the saturation magnetization,
the materials can still be competently and easily removed
from solution media using an external magnetic field.

The SEM images of MNP@DO and MNP@DS at varying
magnifications are illustrated in Figure 5. The SEM images
provide a detailed view of the surface morphology of the
catalysts, revealing that the nanoparticles exhibit a nearly
spherical shape.

The elemental composition of both MNP@DO and
MNP@DS were determined through EDX analysis, as

shown in Figure 6.

The results depicted in Figure 6a, reveal that the MNP@DO
material comprises elements C, O, Si, and Fe. Similarly,
MNP@DS contains elements C, O, S, Si, and Fe. Based
on the measured content of carbon (C), which accounts for
16.76%, it is possible to calculate the quantity of grafted
dodecanol on the surface of magnetic nanoparticles in
MNP@DO, amounting to 1.16 mmol.g~! of the material.
In the case of MNP@DS, the quantity of dodecyl sulfate
was also estimated, and it is approximately 1.13 mmol.g~!
of material, determined from the percentage of sulfur (S),
which constitutes 3.64% of the composition.

Also, the elemental analysis of the MNP@DS demonstrates
the presence S atom with wt% of 3.51. Accordingly, it is

Figure 7. The adsorption of oil from water surface using magnetic sorbent materials. a) Pure oil on water surface (left) and
added MNP@DS after 30s (right). b) Pure oil on water surface (left) and added MNP@DO after 30s (right).
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Figure 8. Oil sorption capacity measurements of the

MNP @DS material for different oils in 10 runs.

possible to determine the organic loading of this material
based on dodecyl sulfate moiety approximately, which was
estimated to be 1.09 mmol.g~!. For MNP@DO, the amount
of grafted dodecanol was also evaluated using elemental
analysis and it was estimated to be 1.13 mmol.g~! accord-
ing to the wt% of C (16.28%).

The BET method was carried out to determine the specific
surface area and porosity of the adsorbents. The results are
summarized in Table 1. As Table 1shows, the pore width
was determined to be 10.61 nm and 8.22 nm for MNP@DO
and MNP@DS, respectively. This experiment showed ap-
proximately the same surface area for both materials (112.4
m?/g for MNP@DO and 117.1 m?/g for MNP@DS).

3.2 Adsorption mechanism and oil absorbency of
MNP@DO and MNP@DS

The remarkable oil adsorption capacity of MNP@DO and
MNP@DS primarily arises from the exceptional porosity
and hydrophobic nature of the sorbent materials. These
materials exhibit significant potential for the effective re-
moval of oil from water. Their nonmagnetic properties and
hydrophobic surfaces make them particularly well-suited
for this application. The water sorption tests presented in
Figure 7 strongly support the magnetic nanoparticles’ high
affinity for adsorbing oil from the water’s surface. Upon in-
troducing both MNP@DO and MNP @DS materials into an
oil-water mixture, the oil rapidly accumulates on the surface
of the magnetic nanoparticles, while the sorbent material
remains afloat on the water’s surface — an ideal scenario for
efficient removal. The utilization of an external magnetic
field enables the straightforward retrieval of MNP@DO and
MNP @DS materials from the water’s surface. This possi-
bility is highly important in designing mechanical machines
such as skimmers in order to contentiously collect oil from
water surface.

The oil sorption capacities of MNP@DS and MNP@DO
catalysts are presented in Figures 8 and 9, respectively. The
sorption tests employed three different types of oils: ed-
ible oil, motor oil, and diesel oil. The results reveal that
MNP@DS exhibited a relatively lower sorption capacity
of approximately 2.0 grams of oil per gram of the catalyst,
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MNP @DO material for different oils in 10 runs.

depending on the type of oil. On the other hand, MNP@DO
demonstrated more favorable sorption ability, nearing ap-
proximately 3.0 grams of oil per gram of catalyst. This
slight difference in sorption capacity may be attributed to
the polarity of the sulfonyl group within the structure of the
grafted dodecyl sulfate on the MNPs’ surface. Since the
magnetic nanoparticles are not notably porous, the ability
to absorb two or three times their own mass of oil can be
attributed to the grafted organic layer on the surface of the
MNPs. The carbon chains of dodecyl sulfate and dodecanol
create this organic layer on the MNPs’ surface, leading to
van der Waals interactions between the organic chains of
the oil and the grafted dodecyl chains on the MNPs’ surface.
The oil-removing ability was related to the lipophilicity of
the surface of these nanomaterials, which mediated the ag-
gregation of the oil molecules. In addition, the monodisper-
sity of the nanomaterials causes them to be easily dispersed
in the system to efficiently collect the oil molecules to ag-
gregate. One of the high efficiencies of these materials is
related to their nanostructure, which small amount of them
create high surface area (Figure 10).

Additionally, the reusability of these materials was assessed

Figure 10. A schematic representation of the aggregation of
oil particles and their removal from the surface of the water,
mediated by magnetic nanomaterials.
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(Figures 8 and 9), and they were found to be reusable for
at least ten cycles without a significant decrease in adsor-
bent capacity. Therefore, it is possible to remove at least
2.0 —3.0 grams of oil per gram of the catalyst from water
after ten uses, utilizing MNP@DO and MNP@DS catalysts,
making them comparable to many other materials designed
for oil removal from water surface. Considering the increas-
ing rate of oil pollution of the seas, we need more research
study in this field, and we anticipated that the magnetic sorb-
ing nanomaterials has high potential and developing simple
and efficient synthesis methods have many implications for
the progress of this field.

4. Conclusion

Two magnetic sorbent catalysts comprised of magnetic
nanoparticles and sodium dodecyl sulfate/ or dodecanol
(MNP@DS and MNP@DO) were introduced and fabri-
cated through a simple chemical process. The raw materials
used for the preparation of these oil sorbent catalysts are
readily available, cost-effective, and easily accessible.
These materials were characterized using various analytical
techniques, such as FT-IR, SEM, EDX, VSM, BET, and
TGA-DTG. The oil sorption capacity of these magnetic
sorbents was assessed in various oil-water mixtures to
determine their efficacy in oil spillage treatment. The
results reveal that MNP@DS exhibited a sorption capacity
of approximately 2.0 g/g, depending on the type of oil,
and MNP@DO demonstrate a more favorable sorption
ability of about 3.0 g/g. The results of oil sorption tests
demonstrated a substantial sorption capacity, with the
ability to maintain effectiveness at 2.0 — 3.0 g/g after 10
cycles of reuse for both materials across three different oil
types. The excellent performance of these sorbent materials
is attributed to the magnetic properties and hydrophobic
surface characteristics resulting from the organic moieties
grafted onto the magnetic nanoparticles. The organic layer
on the surface of MNPs, cause van der Waals interactions
between the organic chain of oil and grafted dodecyl chain
on the MNPs surface. Overall, these findings suggest
the considerable potential of these magnetic oil sorbent
catalysts for environmental applications, particularly in
the context of oil removal and separation from seawater
surfaces.
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