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Abstract

A novel sorbent based on ferrofluid hydrophobic deep eutectic solvent magnetite silica (Fe;0,@Si0,@mSiO,-
HDES) was successfully synthesized by adding menthol-fatty acid as carrier liquid onto Fe,0,@SiO,@mSiO,
composite. The crystallinity, morphological, functional group and magnetic properties of the materials were
characterized by x-ray diffraction, scanning electron microscopy-EDX, Brunauer—Emmett—Teller, vibrating
sample magnetometer, thermogravimetric analysis and Fourier Transform-infrared spectroscopy. The adsorption
performance of parabens was evaluated as model water pollutants. The Fe,0,@SiO,@mSiO,-HDES ferrofluid
was used as a ferrofluid sorbent of parabens prior to spectrophotometry UV-Vis. The effect of several
contribution parameters was optimized including ferrofluid volume, pH, stirring time and ionic strength. Under
the optimum conditions, a combination of Fe,0,@Si0,@mSiO,-menthol/palmitic acid was achieved as the best
ferrofluid with % removal values ranging from 81.00% to 98.62%. The ferrofluid Fe,O,@Si0,@mSiO,-HDES
demonstrated high efficiency for the adsorption paraben in the water system which suggests a great potential
alternative method for the adsorption of water contaminants in the aquatic system.

Keywords: Ferrofluid, Hydrophobic deep eutectic solvent, Magnetic phase extraction, Parabens

1 Introduction

The rapid growth of industrial and urbanized areas
has become a concern, especially regarding the impact
on water pollutants. Pharmaceuticals, pesticides, and
personal care products are widely produced and consumed
ingredients that contribute to water pollution. Some
substances in the product resist biodegradation and
tend to accumulate, posing a significant hazard to
aquatic life [1]. Parabens are derivatives of ester
compounds formed from para-hydroxybenzoic acid
and alkyl chains, commonly used as preservative
compounds in various product industries due to the
properties offered such as low cost, odorless, colorless,

and chemical stability [2]. However, previous studies
have shown that pollution and the continuous
accumulation of parabens in low concentrations in
our bodies over the long term can cause breast cancer
[3]. Some reports about the propylparaben compound
can cause abnormality in the endocrine system. The
regulation of propylparaben has been arranged at 0.14%
and 2 mg/day for cosmetics and food, respectively
[4]. In addition, contamination of propylparaben in
our bodies may occur via wastewater that is polluted
from industry and domestic waste from our daily care
products. The data confirmed that propylparaben has
been detected in our aquatic system (ng/L to pg/L),
such as in groundwater in Poland [5], the Turia River
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in Valencia, Spain [6], wastewater in Germany [7],
and the Pearl River Estuary in South China [8]. It
has grown into a major global health issue. Currently,
technologies have been developed to minimize
wastewater from water systems have been developed,
such as enzymatic reaction [9], radiation [ 10], solvent
extraction [11], ion exchange [12], precipitation [13],
and electrochemical [14]. However, other reports
indicate that applying these technologies creates
toxic byproduct, decomposes nutrient, and requires
expensive equipment [15]. The biggest challenge to
minimizing labor equipment and safety to environmental,
sorbent technology was offering high-efficiency
removal and eco-friendliness.

Zeolite [16], activated carbon [1], and Metal-
Organic Frameworks [17] are common adsorbents to
remove water contaminants. In recent years, ferrofluid
technology-based magnetic materials have received
great attention as adsorbent technology due to their
effectiveness as adsorbent. Ferrofluid is a stable magnetic
colloid and homogeneous dispersion of magnetic
material in a carrier solvent. As a sorbent material,
ferrofluid offers quick and easy operation [18].

Iron oxide is the most popular magnetic material
widely used as a magnetic core due to its stability
and magnetic response. Magnetite (Fe,0,) is
among the best candidates for ferrofluids due to its
superparamagnetic properties, biocompatibility, and
low toxicity, which can improve the adsorbent with
eco-friendly properties [ 19]. However, instability, easy
corrosion, and agglomeration were major problems
with magnetite particles [20]. The strategy of coating
magnetite material not only improves the stability
but also enhances the surface area of particles. The
silica layer is an inorganic material that becomes an
outstanding candidate for coating due to its large
porosity, biocompatibility, easy surface functionalization,
and adjustable pore structure [21]. Mesoporous silica is
a type of silica structure with a higher surface area that
can improve the active site as an adsorbent. Moreover,
a large number of porous silica can effectively adsorb
analyte [22]. To the best of our knowledge, few reports
use a combination of shell and mesoporous structure
silica in ferrofluid technology for propylparaben
adsorption.

On the other hand, the carrier liquid is also
important to construct a highly effective ferrofluid.
Recently, traditional carrier liquids such as organic

solvent, water, and ethylene glycol were applied
to ferrofluids. Even though magnetic materials can
disperse in their liquids, these carrier liquids cannot act
as extraction solvents [23]. The deep eutectic solvent
(DES) is a new carrier liquid consisting of a hydrogen
bond donor and hydrogen acceptor. Since it was
discovered, deep eutectic solvents offer unique
properties, such as high liquid purity, simple preparation,
low-cost production, and liquid form at room
temperature, so that DES form has a low melting
point when compared to individual compounds [24].
In addition, deep eutectic solvents are also known as
green solvents, so they are extensively used in many
different reactions [25]. The issue of instability DES
is the main problem when it is applied. Hydrophobic
deep eutectic solvent (HDES) resolves the problem of
instability DES in a water system. HDES has unique
properties as a carrier liquid due to high stability and
low water content after its use in water systems [26].
Hydrophobic Natural deep eutectic solvent (NADES)
has recently developed from the hydrophobic deep
eutectic solvent with natural compounds as basic
materials and represents the green chemistry principle.
Hydrophobic NADES have been utilized in separation
science such as doxycycline (DOC) [27] and cinnamic
acid [23].

In this work, synthesized ferrofluid composed of
hydrophobic NADES-magnetite modified silica shell
and mesoporous by a simple method. Fe,O,-modified
silica and mesoporous silica were utilized as magnetic
components. The high surface area of the silica
facilitates the adsorption of propylparaben via a porous
structure. Combination with menthol/fatty acid as a
carrier liquid can enhance the effectiveness of removal
of paraben wastewater in an aqueous system. The
proposed hydrophobic NADES in ferrofluid increases
the sorption effectiveness and facilitates the separation
of sorbent and analytes by utilizing the differences in
density and magnetic force [18].

2 Experimental

2.1 Materials

Iron(II) sulfate heptahydrate (99%), iron(I1I) chloride
(97%), menthol (99%), decanoic acid (98%), palmitic

acid (98%), stearic acid (95%), tetracthyl orthosilicate
(98%), and cetyltrimethylammonium bromide
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(98%) were purchased from Sigma-Aldrich. Methyl
4-hydroxybenzoate (99%), ethyl 4-hydroxybenzoate
(99%), and butyl 4-hydroxybenzoate (99%) were
obtained from Thermo Scientific. Lauric acid and propyl
4-hydroxybenzoate (99%) were obtained from the
Tokyo chemical industry. Ammonia solution (25%) and
sodium hydroxide (99%) were supplied from Merck.

2.2 Ferrofluid preparation

2.2.1Synthesis of coated with a silica shell and
mesoporous silica (Fe;0,@SiO,@mSiO,)

FeS0O,.7H,0 (0.54 g) and FeCl;.6H,O (0.31 g) were
dissolved in 150 mL milli-Q water. After that, 1 M
NaOH solution was added slowly until a pH reached
1011, and the reaction mixture was stirred vigorously
at 70 °C for 2.5 h. The external magnet separated the
formation of black suspension and many times washed
with deionized water and ethanol [28]. The next step
was to coat the Fe;0, with a silica shell by combining
100 mg of Fe,;O, in ethanol: water solution (1:4) and
sonicated for 5 min. Then tetraethyl orthosilicate (300
pL) and ammonia solution (400 L) were added slowly
into the system twice after 10 minutes of reaction.
The mixture was stirred for 24 h at room temperature.
In addition, the suspended particles Fe,0,@Si0,
were washed with deionized water and ethanol,
followed by drying in an oven overnight [29]. To
create mesoporous on the surface, Fe,0,@SiO, (0.4 g)
was dissolved into a 35:15:2 water-ethanol-NaOH
solution (V/V), followed by 30 minutes of sonication.
Then, cetyltrimethylammonium bromide (50 mL)
was slowly added until a homogeneous colloidal
suspension was formed. The mixture was heated at
80 °C for 4 h. After that, ethanol (5 mL) was added,
followed by tetraethyl orthosilicate (1 mL), before stirring
for 2 h to form a dark-brown colloid suspension and
aging the mixture for 18 h at room temperature. The
product was washed with deionized water and ethanol
and dried overnight. The powder-dried colloid was
calcined at 540 °C for 6 h, which aims to remove
CTAB. The mesoporous structure was investigated by
nitrogen adsorption-desorption isotherm analysis [30].

2.2.2 Preparation of hydrophobic DES

Menthol and fatty acid with different molar ratios were

combined in bottles of glass and heated for 30 min at
80 °C until a clear liquid solution was formed to create
hydrophobic DES. The solution hydrophobic DES was
cooled to room temperature (Details are provided in
the supporting information, Table S1) [31].

2.2.3 Synthesis of ferrofluids

50 mg of Fe,;0,@Si0,@mSi0O, particles were
dispersed in 1.5 mL of hydrophobic DES. Then, the
mixture was vortex for 5 min, followed by sonication
for 1 h to prevent the formation of particle clusters and
to obtain stable ferrofluids. Other ferrofluids were also
prepared by different liquid carrier mass and ratios of
Fe,0,@Si0,@mSi0,: Hydrophobic DES (Table S2)
[23].

2.3 Sorption study

The sorption of propylparaben onto ferrofluid was
conducted by batch sorption method. About 5 mL of
propylparaben 10 mg/L aqueous solution was prepared
in the bottle samples, and 200 pL of ferrofluid was
added to the solution. The mixture was stirred at
300 rpm at room temperature for 30 min. After
that, an external magnet was applied to separate the
sorbent from the solution. In the next step, the mixture
solution was filtered through a 0.22 filter membrane
before analysis using a UV-Vis spectrophotometer. The
removal efficiency (% R) was calculated according to
Equation (1),

Removal = %x 100% (1)

0

2.4 Characterization

Iron oxide and their composite were carried out using
X-ray diffraction (Rigaku-Smartlab) to determine the
crystal phases, and the functional groups of materials
were obtained using FTIR (Thermo Nicolet iS50).
The images and elemental composition were obtained
using SEM-EDX (JEOL IT-100, Japan). The TGA
was performed through the application Pyris manager
(Pyris 1), and the surface area for all samples was
measured by an adsorption analyzer (BELSORP-
mini I). Magnetization measurements were performed
with a vibrating sample magnetometer (VSM), and a
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Figure 1: General schematic illustration of Fe;0,@Si0,@mSiO, synthesis.

spectrophotometer UV-Vis was used to identify water
pollutant concentration during the adsorption study
(Agilent-8453).

3 Result and Discussion

3.1Synthesis of Fe;0, coated silica shell and
mesoporous silica

Fe,0, particles are synthesized using the co-precipitation
method approach. Initially, Fe*" and Fe** dissolved in
the solution underwent hydrolysis with the addition of
sodium hydroxide to the depth of the solution. Then,
Fe** and Fe’" ions were formed into Fe(OH), and
Fe(OH),, and slowly transformed to Fe,O, precipitates
as indicated by black precipitation, under the following
reactions in Equations (2)—(4) [32].

Fe*" + 30H — Fe(OH), (2)
Fe(OH), — FeOOH + H,0 3)
Fe** + 20H — Fe(OH), “4)
2FeOOH + Fe(OH), — Fe,0,] + 2H, (5)

Surface protection of magnetite was achieved by
coating silica shells and mesoporous silica (Figure 1).
Stober method was used to create the silica shells layer in
ethanol-ammonia by hydrolysis and polycondensation
of TEOS [33], yielding brown magnetic particles for
the final product. Utilizing CTAB as a template in a
basic solution, the sol-gel process was used to create
the mesoporous structure of silica. The template was

then removed through calcination, generating a porous
structure [30].

3.2 Characterization and identification of material

The crystallinity and composition of the materials have
been characterized using X-ray diffraction (XRD).
The XRD pattern of bare magnetite and composites
is presented in Figure 2. The characteristic diffraction
peaks at 26 = 30.06°, 35.42°, 43.16°, 53, 62°, 56, 97°,
62.56° in the XRD pattern, which is indicative of
crystallization of the pure magnetite (Fe,0,) phase of
iron oxide (JCPDS No. 19-0629) [33]. Successfully
silica coating on magnetite can be observed with a
broad peak at 260 = 20-25° in the XRD pattern, for all
composite Fe;0,@Si0,, Fe,0,@mSi0,, and Fe,0,@
Si0,@mSi0, that corresponding diffraction peak of
Si0, [30]. The result suggested that SiO, existed on
the surface of magnetite. The XRD patterns of all
composites after silica coating showed that the intensity
of the XRD peaks of pure Fe;O, was decreased
but still observed, which is associated with the
reduced crystalline properties of Fe,O, impact of the
encapsulated with amorphous silica [29].

SEM-EDX determined the surface morphology
and elemental analysis of bare magnetite and composites.
Figure 3(a). SEM image of Fe O, confirmed that the
particles look not uniform and have a rough surface.
After Fe,O, particles coated with a silica layer on the
surface, the particles of Fe,0,@Si0, [Figure 3(b)]
were showed uniform spherical and surface quite
smooth, this implies the silica layer deposited on the
surface of Fe,0, can reduce the agglomeration process
among of particles. In addition, the SEM image of
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Figure 2: XRD patterns of magnetite and composites.
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Figure 3: SEM images of (a) Fe,O,, (b) Fe;0,@Si0O,,
(¢) Fe;0,@mSi0,, and (d) Fe,0,@Si0,@mSi0,.

composites Fe;0,@mSiO, [Figure 3(¢)] and Fe,0,@
Si0,@mSi0, [Figure 3(d)] showed spherical and
uniform morphology. Elemental analysis of magnetite
and composites demonstrated the purity and elements.
The pure magnetite detected the percentage of Fe
and O at 81.45% and 18.55%, respectively. Also,
all of the composites were found to be silica with
different percentages, for mesoporous and silica shell
forms detected at 17.67% and 19.84%. Meanwhile,
the combination shell and mesoporous showed the
highest content of silica at 31.35% (Table S3). It was
confirmed that the morphology of silica affects the
amount of silica

The Bruneur-Emmet-Teller (BET) and Barrett-

300
—a—=a— Ads-Des Fe,0,

—e—e— Ads-Des Fe,0,@Si0,
——— Ads-Des Fe,0,@mSi0,
—&—3— Ads-Des Fe,0,@5i0,@mSi0,

N

@

[
L

200

150

100

Volume adsorbed (V, /em*(STP)g™")

@
=
1

Adsorprtion Desorption
0 T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p,)

Figure 4: N, adsorption-desorption of Fe,0, and their
composite.

Joyner-Halenda (BJH) model confirmed the specific
surface area and pore size of pure iron oxide, and
their composite was characterized by N, adsorption-
desorption. Figure 4 displayed the nitrogen adsorption-
desorption isotherm of magnetite and their composite.
Bare Fe;0, and Fe;0,@Si0, are classified as
TUPAC type II curves, which suggest the bare Fe,0,
and Fe;0,@Si0O, have nonporous and microporous
structures [34]. Whereas, Fe;0,@mSiO, and Fe,0,@
Si0,@mSi0, can be classified as a Type IV pattern
associated with the existence of mesoporous structure
[22]. The BET-specific surface area of Fe O, was
97.02 m?.g "' after modification Fe,0,@Si0,, Fe,0,@
mSiO,, and Fe,0,@Si0,@mSi0, surface arca were
significantly increased to 132.80 m*.g™', 292.74 m*.g"!
and 421.88 m>.g ', respectively. This means that
modification using a different structure of the silica
layer on the Fe,O, surface can increase the surface area
of the magnetite material [22]. The large surface area
of Fe,0,@Si0,@mSiO, can improve the high load
capacity, and the medium porous structure can increase
the adsorption capacity of parabens. Therefore, it was
chosen because it has good potential as an adsorbent
compared to other magnetic adsorbent materials [35].
The pore size distribution of the magnetic and their
composites was measured by BJH. After modification
with silica, the mean pore diameter of the material
decreased, which was related to the increase in the
specific surface area of the material (Table S4).
Figure 5 shows the magnetic properties of bare
Fe,0, and composites performed by VSM analysis.
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Figure 5: Magnetic hysteresis loops of magnetite and
the composites.

For Fe,O, particles, the value of magnetic saturation
(Ms) is 64.68 emu/g with no hysteresis loop, which
indicates magnetite particles have superparamagnetic
properties [36]. The present silica layer on the surface
magnetite can reduce magnetic saturation value, all
of the composites Fe,0,@Si0,, Fe,0,@mSiO,, and
Fe,0,@Si0,@mSi0, still have superparamagnetic
properties with saturation magnetization of 29.67, 20.96
and 18.96 emu/g, respectively. The magnetic saturation
value decreases because of the layer diamagnetic
properties of silica. In addition, the morphology of
the silica layer can affect the magnetization value.
Mesoporous silica has a lower magnetization value
than shell due to the presentation of Fe in shell structure
more than in mesoporous structure (EDX data).

FTIR spectra of bare Fe,0, and composites were
obtained using the KBR pellet method and recorded
from 4000 to 400 cm . Figure 6 shows the spectra of
bare Fe;O, particles synthesized by co-precipitation.
The vibrational peak at 578 cm™ is related to the Fe-O
bond [37], and broad peaks at 1628 and 3400 cm™
are correlated with stretching vibration O-H from
water molecule that exists in the iron lattice [38]. The
spectrum of magnetite-coated silica has new peaks
detected. Vibration bands at 463, 797 and 1096 cm™'
are correlated to the vibration band Si-O [38], Si-O-Fe
[29], and Si-O-Si vibration [39] respectively. FTIR
results suggest the successful coating of the silica layer
on the surface of Fe;O, particles.

The intermolecular interaction in hydrophobic
deep eutectic solvent and ferrofluid was identified

= Fe;,0, == F&,0,@Si0, == Fe,0,@MSi0, == Fe,0,@Si0,@mSiO,

——’\/M
~— U™\

- .

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

% Transmittance

Figure 6: FTIR Spectra of magnetite and the composites.

by FTIR analysis. Figure 7(a) shows FTIR spectra
for menthol as a hydrogen bond acceptor exhibits the
vibrational band to the hydroxyl group at 3359 cm™,
while the fatty acid as a hydrogen bond donor
representative carboxylic group band at 1711 cm™ in
the FTIR spectrum.

Figure 7(b) shows FTIR spectra for hydrophobic
deep cutectic solvent. The formation HDES can be
evaluated through intermolecular interaction via
hydrogen bonding between menthol and fatty acid, the
pure menthol FTIR Spectrum shows the O-H stretching
vibration shifting from 3359 ¢cm™ [Figure 7(a)] to
3379 cm™' in the HDES form [Figure 7(b)]. The
shifting O-H vibration indicates the formation of a
hydrogen bond between the menthol and the fatty
acid, with the electron cloud of the oxygen (O) atom
moving towards the hydrogen bond, increasing the
force constant, thus causing a blue shift of O-H [40].

Then, the interaction between HDES and Fe,0,@
Si0,@mSi0, in ferrofluid can be seen from the
following shifting wavenumbers in HDES [Figure 7(b)],
and ferrofluid [Figure 7(c)]. There was shifting vibration
of the O-H band after the formation of Fe;0,@SiO,
@mSi0,-HDES ferrofluid at 3434 cm™" as compared to
the O-H band in HDES (3379 cm ™). This phenomenon
may occur because the surface of the Fe,0,@SiO,
@mSi0,-HDES adsorbent is covered by HDES, which
acts as a hydroxyl-functionalized agent [41].

Figure 8 shows the thermogravimetric analysis
of composite Fe,0,@Si0,@mSiO, and ferrofluid. The
thermal stability was carried out over a temperature
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Figure 8: Thermogravimetric spectra from ferrofluids.

range from 50-800 °C with a heating rate of 20 °C min .
For magnetic composite Fe,0,@SiO,@mSi0,, it
shows an insignificant weight loss of about 2.44%,
which was caused by residual water trapped on the
surface material. In addition, for all of the ferrofluid
below 200 °C, the percentage weight loss is quite small
because of residual from water. After the temperature
was raised to 500 °C, the weight loss was significantly
decreased because menthol and fatty acid were
decomposed [40]. Temperature from 500-800 °C
shows the weight loss was not significant, which
indicated only Fe,0,@Si0,@mSiO, was present.

3.3 Sorption performance

3.3.1 Effect of magnetic types, weight, and carrier
liquid

Ferrofluid is synthesized based on a combination
of magnetic particles dispersed in the carrier liquid.
Different types of magnetic particles were prepared in
the form of Fe,0,, Fe,;0,@Si0,, Fe,0,@mSiO,, and
Fe,0,@Si0,@mSiO,. On the other hand, ferrofluids
were also prepared by different carrier liquids (water
and menthol/decanoic acid). Figure 9(a) shows the
percentage of removal of propylparaben with different
types of magnetics and carrier liquid treatment. The
surface area of the magnetic material has a key role in
the adsorption activity, with the percentage of removal
propylparaben increasing in line with the surface area
of the magnetic materials [Table S2(a)]. This result is
consistent with BET analysis showing that, among the
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Figure 9: Optimization of propylparaben removal
using ferrofluid under various parameters including
(a) magnetics and carrier liquids, (b) weight of
magnetic, and (¢) volume of HDES.

four magnetic particles used, Fe;0,@Si0,@mSiO, has
a better surface area than other magnetic materials.
The large porous surface area of Fe,0,@Si0,@mSiO,
became one of the ways to adsorb propylparaben
(Figure 10). In addition, the carrier liquid also
influences the adsorption of propylparaben. The
ferrofluid formed by using magnetic material in
HDES as the carrier fluid has better performance in
removing propylparaben than water as the carrier fluid.
The hydrophobicity interaction between propylparaben
and HDES can accelerate the absorption process
[Figure 9(a)]. Based on the initial performance results
of ferrofluid tests in the removal of propylparaben,
ferrofluid combination between Fe,0,@Si0,@mSiO,
and HDES (menthol/decanoic acid) was selected for
further studies.

The weight of magnetic in the ferrofluid is also
a crucial parameter, Appropriate amounts of magnetic
material in the ferrofluid system are one way to
improve the ferrofluid's ability to adsorb propylparaben.
Figure 9(b) shows the impact of weight Fe,0,@Si0,@
mSiO, in the ferrofluid system on the adsorption
activity of propylparaben. Percent removal of
propylparaben increased in line with weight Fe,O,@
Si0,@mSi0,, however at the condition of 60 mg
particles in 1 mL of HDES after 1 h stirring at room
temperature, it is unstable [Table S2(b)]. Some parts
of Fe;0,@Si0,@mSiO, were slowly released in the
aqueous system, resulting in weakening the ability of
HDES to hold Fe,0,@SiO,@mSiO, to remain in the
ferrofluid system due to the large number of Fe,0,@
Si0,@mSi0, particles [42]. Therefore, the 50 mg of
Fe,0,@Si0,@mSi0O, was chosen for further study.

Optimization of the paraben removal was also
studied using different volumes of HDES. Three
different volumes of HDES were prepared with
different HDES, and the performance of ferrofluids
was studied based on the effectivity in the removal of
propylparaben. Figure 9(c) shows the effect of different
types of HDES and volume ratio. Based on the data
obtained, in general, ferrofluid with a combination of
50 mg in 1.5 mL HDES showed the highest percent
removal compared to 1 mL and 2 mL [Table S2(c)].
The increase in the percent removal from ratio A to
ratio B is due to an increase in accessible sites, but in
ratio C, the percent removal was decreased because of
the attributed HDES agglomeration of Fe,0,@Si0,@
mSiO, in the ferrofluid system [41].
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Figure 10: Proposed interaction between propylparaben
and ferrofluid (Fe;0,@Si0,@mSiO, -HDES).

3.3.2 Effect of ferrofluid volume

The amount of adsorbent becomes one of the important
parameters in the adsorption study. The volume of
adsorbent was assessed from 50-250 uL and kept
the sample volume constant [41]. Based on the data
obtained in Figure 11(a) trend of adsorption removal
is increased in line with ferrofluid volume used from
50-200 pL. The increasing amount of ferrofluid would
contribute to more active site interaction between
ferrofluid and analyte. However, when the volume
of ferrofluid was increased up to 250 uL the percent
removal was constant (Table S5). This observation
indicates that the process of adsorption has reached
equilibrium [43].

3.3.3 Effect of pH of samples

One of the significant factors affecting the adsorption
performance is sample solution pH. The pH of the
sample solution was studied from 3.0 to 9.0 on the
behavior of propylparaben adsorption. Propylparaben
is a compound that is stable at pH 5-6.5, and it can be
hydrolyzed in acidic conditions. In addition, they could
be negatively charged at pH > 6.5. Figure 11(b) shows
that from pH 3-5, the percent removal slowly increases
and is stable at pH 6, after that from, pH 7 to 9, the
trend gradually decreases (Table S6). The electrostatic
repulsion between ferrofluid and propylparaben is due
to the deprotonation of the propylparaben molecules
[43].

3.3.4 Effect of adsorption time

Optimization of time for removal was carried out in
the range of 15-90 min. Figure 11(c) shows the result
for the percentage removal of propylparaben. Overall,
the result revealed that the percentage removal of
propylparaben increased from 15 to 30 min, and
after that, it tended to decrease and remain constant
(Table S7). It could be assumed that the adsorption
process occurs quickly, with the availability of active
site ferrofluid and easily accessible contact molecule
propylparaben. After that, all of the active sites of
ferrofluid are saturated with propylparaben, so the
adsorption and desorption process begins. Thus, the
optimal time and balance system were obtained at
15 min [44].

3.3.5 Effect of ionic strength of samples

The addition of salt in the analyte solution to test
adsorption performance by changing the ionic
strength of the analyte solution is known as the
salting-out effect in the range of 1-20% (w/v) NaCl
concentration. Figure 11d shows that by increasing
NaCl concentration, the percentage adsorption of
propylparaben does not change dramatically with a
percentage enhanced slightly. Increasing adsorption
occurs in the range of NaCl 1-10% (Table S8). It is
due to the presence of salt that can reduce the solubility
of the analyte and increase ionic strength so that the
solution is easy to adsorb on the ferrofluid. Then, the
decrease in efficiency of adsorption from 10-20% is
due to the decrease in the diffusion rate of the analyte
from the enhanced viscosity of the analyte [45].

From the above parameters, a combination
of ferrofluid menthol/palmitic acid as a carrier of
magnetic material has the highest efficiency when
compared to others. Meanwhile, Fe,0,@Si0,@mSiO,
has the lowest percentage removal ability, even though
Fe,0,@Si0,@mSi0, has a large surface area.

In general, increasing the carbonyl chain in fatty
acid (hydrogen bond donor) in the ferrofluid increases
the adsorption percentage of propylparaben. This can
be attributed to several factors, such as increasing the
viscosity of the solution causing a decrease in mass
transfer efficiency, then increasing the carbon chain
might facilitate the substance [31]. In addition, factors
such as hydrophobicity and stability in water are
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Figure 11: Parameters in ferrofluid adsorption (a) volume, (b) pH, (c¢) time, and (d) Ionic strength.

generally influenced by the alkyl chain of individual
components that affect the efficiency percentage
[46]. Meanwhile, the decrease in extraction in the
combination of menthol/stearic acid is due to the
instability of components at lower 30 °C, hydrophobic
DES does not last long and forms a white crystalline
phase, which causes efficiency to decrease [47].

3.3.6 Investigation of performance of ferrofluid in
paraben series

Methylparaben (MP), ethylparaben (EP), Propylparaben
(PP), and butylparaben (BP) were chosen as paraben
series and evaluated the performance of ferrofluid
menthol/palmitic acid. Figure 12 shows the performance
of ferrofluid menthol/palmitic in different paraben
solutions, the data percent removal displays that

100

80 -
60 -
40 -
20 4
0_
mMP EP PP BP

Paraben series

% Removal

Figure 12: Ferrofluid menthol/palmitic acid performance
in paraben series.
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butylparaben has a higher percent removal than others
(Table S9). Commonly, the solubility of paraben
in water would reduce as their alkyl chain length,
which follows methyl< ethyl< propyl< butyl [48],
and the data from log KOW show that butylparaben
has higher hydrophobicity than others. So, the interaction
between HBD ferrofluid and paraben is influenced by
hydrophobicity from carbon chain length [49].

4 Conclusions

An efficient, simple, and green sorbent-based
Fe,0,@Si0,@mSiO,-HDES has been as adsorption
for parabens purposes. The ferrofluid, composed of
Fe,0,@S10,@mSi0,-menthol/palmitic acid, has
prominent advantages over the other magnetic
ferrofluids. The higher presentation removal of paraben
achieved values ranging from 81.00-98.62% by
Fe,0,@Si0,@mSiO,-menthol/palmitic. The Fe,0,@
Si0,@mSi0,-HDES ferrofluid technique was offered
simple, environmentally friendly, consumed low
volume of sorbent, and room temperature process was
achieved. Ferrofluid Fe,0,@Si0,@mSiO,-HDES also
improves the separation process by eliminating the
centrifugated with an external magnet.
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Supporting Information

Table S1: Variations of ratio synthesis of ferrofluid

HDES Menthol (mol) Fatty acid (mol)
HDES 1 Menthol (1) Decanoid acid (1)
HDES 2 Menthol (1) Lauric acid (1)
HDES 3 Menthol (12) Palmitic acid (1)
HDES 4 Menthol (9) Stearic acid (1)

Table S2: (a) Variations of the ratio between different
magnetic types and carrier liquids in the synthesis of
ferrofluid

% Removal

Material* Menth({l/

H,0 Decanoic
Acid
Fe,0, 15.88 79.40
Fe,0,@SiO, 21.38 81.88
Fe,0,@mSiO, 2391 82.54
Fe,0,@Si0,@mSiO, 31.97 88.18

*30 mg in 1 mL carrier liquid
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Table S2: (b) Variations of the ratio between the

Table S5: Effect of ferrofluids volumes on %removal

different weights of magnetic (Fe;0,@SiO,@mSiO,)  of propylparaben
and HDES in the synthesis of ferrofluid Volume % Removal
Fe,0,@Si0,@mSio, o (uL) FF FF FF FF FF
* % Removal ") | Men/Dec | Men/Lau | Men/Pal | Men/Ste | Fe-Si0
(mg) en/Dec | Men/Lau | Men/Pal en/Ste | Fe-SiO,
5 73.90 50 79.57 73.57 89.11 87.39 23.35
10 36.26 100 | 89.69 | 8457 [ 9039 | 9457 | 17.87
20 6.7 150 | 9141 | 8804 | 974 | 9599 [ 21.09
30 3818 200 93.41 91.06 98.62 97.86 26.09
40 3934 250 93.05 91.97 96.83 97.6 19.23
50 90.05
0 0160 Table S6: Effect of pH on %removal of propylparaben
*in 1 mL menthol/Decanoic acid % Removal
pH FF FF FF FF FF
) ) ) Men/Dec | Men/Lau| Men/Pal | Men/Ste | Fe-SiO,
Table S2: (c) %Removal of ferrofluids with different 3 90.8 79.06 86.11 78.62 31.56
HDES and magnetic particle: HDES ratio 5 94.1 26.41 94.02 95.02 31.86
Ferrofluids 6 91.95 94.02 96.48 96.14 34.96
Ratio FF FF FF FF FF 7 67.14 64.39 88.69 92.14 27.23
Men/ | Men/ | Men/ | Men/ Fe-SiO 9 31.56 31.86 34.96 27.23 341
Dec Lau Pal Ste 2
R;:)tio A/ Ly | 8614 | 7482 | 9333 | 79.14 | 3729 Table S7: Effect of time on %removal of propylparaben
( .mg mL) Ti % Removal
g%“r‘r’ﬁl smLy | 9251 | 9263 | 9666 | 9546 | 3578 (r::rl:; FF FF FF FF FF
- A Men/Dec | Men/Lau | Men/Pal | Men/Ste | Fe-SiO,
g‘:)tlglc/z mL) 91.95 91.19 96.48 96.14 | 40.04 15 94.78 77.09 97.58 97.37 36.03
£ 30 94.85 93.21 98.57 95.85 31.62
45 94.18 92.89 97.75 91.40 35.00
Table S3: EDX data of Fe,O, and their composite 60 9440 | 93.19 | 9730 | 9490 | 33.89
) Mass (%) Atom (%) 75 93.49 92.68 97.26 97.27 31.27
Materials F o Si F ° Si 90 93.96 91.51 95.76 96.12 33.42
€ 1 € 1
Fe,0, 8145 |1855| - |3570|4430) - Table S8: Effect of ionic strength on %removal of
Fe,0,@Si0, 4239 | 37.78 | 19.84 | 19.83 | 61.71 | 18.46 propylparaben
Fe,0,@mSiO, | 37.52 | 44.84 | 17.67 | 16.38 | 68.29 | 15.33 NaCl % Removal
Fe,0,@Si0, o FF FF FF FF FF
@msio, 20.99 | 47.65 | 31.35 | 8.41 | 66.62 | 24.97 %) | Men/Dec | Men/Lau| Men/Pal | Men/Ste | Fe-Si0,
87.23 79.65 86.87 88.08 66.16
S4 ¢ £ d | 5 84.53 84.03 86.84 87.94 65.82
T.able : Data of surface area and total pore 10 9787 38,97 29,05 348 7799
diameter 15 8182 | 81.75 | 81.71 | 7921 | 74.78
BET Surface | Total Pore Mean Pore 20 81.21 81.28 81.00 78.52 74.18
Materials Area Volume Diameter
2 51 3 o1
[’ g] fem g ] [om] Table S9: % Removal of ferrofluids with different
Fe,0O, 97.02 0.4103 16.918 parabens
Fe,0,@Si0O, 132.80 0.2658 8.0053 Analyte % Removal
Fe;Q4@ 292.74 03049 42575 Methylparaben (MP) 48.86
mSiO, Ethylparaben (EP) 75.35
F§304@ 4 421.88 03116 28910 Propylparaben (PP) 96.66
Si0,@mSiO, Butylparaben (BP) 98.58
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