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Electrosynthesis of Silane-Modified Magnetic Nanoparticles
for Efficient Lead Ion Removal
Ayman E. Ahmed Elkholy,[a] Kingsley Poon,[b] Gurvinder Singh,[b] Marcus Giansiracusa,[c]

Kimberley L. Callaghan,[d] Colette Boskovic,[c] Amanda V. Ellis,[d] and Peter Kingshott*[a, e]

The removal of heavy metal ions, such as lead (Pb2+), from
aqueous systems is critical due to their high toxicity and
bioaccumulation in living organisms. This study presents a
straightforward approach for the synthesis and surface mod-
ification of iron oxide nanoparticles (IONPs) for the magnetic
removal of Pb2+ ions. IONPs were produced via electrosynthesis
at varying voltages (10–40 V), with optimal magnetic properties
achieved at 40 V resulting in highly crystalline and magnetic
IONPs in the gamma-maghemite (γ-Fe2O3) phase. IONPs were
characterized using various techniques including X-ray diffrac-
tion (XRD), Fourier transform infrared (FTIR) spectroscopy,
vibrating sample magnetometry (VSM), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).

A novel electrochemical method was developed for the
silanization of IONPs using tetraethoxysilane (TEOS), (3-
mercaptopropyl)trimethoxysilane (MPTMS) and (3-
aminopropyl)triethoxysilane (APTES). The resulting silane-modi-
fied IONPs were evaluated for the magnetic removal of Pb2+

ions, with TEOS-modified IONPs demonstrating superior per-
formance. This material exhibited a high adsorption capacity of
519 mg/g at a Pb2+ ion concentration of 300 ppm, and high
removal efficiency across a range of Pb2+ ion concentrations,
attributed to its Fe2O3@SiO2 core-shell structure. This study
highlights the potential of the electrochemical synthesis and
silanization of nanoparticles for heavy metal remediation in
water.

1. Introduction

The contamination of water resources by heavy metal ions is a
critical environmental concern that poses significant risks to
both human health and ecosystems.[1–2] Several techniques
have been widely used for the removal of water contaminants,
such as chemical precipitation, ion exchange, and membrane
separation.[3] However, these methods often require high opera-
tional costs.[4] On the other hand, using magnetic adsorbents
has emerged as a simple and effective strategy to remove
various water contaminants such as heavy metal ions[1, 3] and
organic dyes,[5–6] with high efficiency and without generating
secondary pollutants.[5] Lead (Pb) in its ionic form (Pb2+) is

particularly concerning amongst the hazardous heavy metals
due to its high toxicity, persistence in the environment, and
ability to bioaccumulate in living organisms.[7] Pb2+ ion
contamination in water can arise from various sources, includ-
ing industrial processes,[2] mining activities, and improper
disposal of Pb-containing products.[7] Even at low concentra-
tions, Pb2+ ion exposure can cause severe health effects,
including neurological damage,[4] kidney dysfunction, bone
deformations and mental disorders.[1] As a result, there is an
urgent need for effective and sustainable methods to remove
Pb2+ ions from contaminated water.

Magnetic iron oxide nanoparticles (IONPs) have emerged as
a promising class of materials for environmental remediation
due to their unique properties. These nanoparticles offer high
surface area-to-volume ratios, which enhance their adsorption
capacity.[3, 6] In addition, they have low toxicity,[4] and their
intrinsic magnetic properties allow for their easy separation
using an external magnetic field.[2–3] IONPs can be synthesized
using various methods such as sol-gel method,[8] microwave-
assisted synthesis,[3] thermal decomposition,[9] hydrothermal
method,[10] co-precipitation,[11] and electrochemical synthesis
(electrodeposition).[12–13] Furthermore, they can be formed in
various phases, e.g., hematite (α-Fe2O3),

[4] maghemite (γ-
Fe2O3)

[14] and magnetite (Fe3O4).
[5] However, unmodified IONPs

tend to form aggregates,[1, 5] and experience low stability
particularly in acidic media,[2] which limits their performance
towards heavy metal ion removal. To overcome these limita-
tions and enhance their effectiveness, surface modification
strategies are required. These include coating with materials
like silicon dioxide (SiO2) to improve their stability and
hydrophilicity,[1] or anchoring specific functional groups such as
carboxylic acid (COOH),[7] amine (NH2)

[3] and thiol (SH)[15] func-
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tional groups that can form stable complexes with heavy metal
ions. Various nanomaterials based on functionalized IONPs have
been reported for the magnetic removal of Pb2+ ions from
aqueous systems.[2, 7, 15]

Silane coupling agents, also known as organosilanes, are a
unique class of materials commonly used for the surface
modification of metal oxide nanoparticles in a process known
as silanization.[16] This strategy involves the attachment of
organosilane molecules to nanoparticle surface, thus introduc-
ing new functional groups on the surface of the nanoparticles
to improve their properties.[16–17] Surface modification of IONPs
through silanization has proven to be an effective strategy for
improving their adsorption capabilities. Among the various
organosilane agents, tetraethoxysilane (TEOS),[3, 6, 8] (3-
mercaptopropyl)trimethoxysilane (MPTMS),[15] and (3-
aminopropyl)triethoxysilane (APTES)[3, 7, 18] have been widely
studied for their ability to enhance the adsorption properties of
IONPs. The Stöber method is a well-known technique for
synthesizing SiO2 nanoparticles and coating various nano-
particles with SiO2 coatings. In this method, TEOS is hydrolyzed
and then condensed in an alcoholic solution in the presence of
water and a catalyst, typically ammonia (NH4OH).[19] This
method is frequently employed for the modification of IONPs to
form FexOy@SiO2 core-shell structures.[1–3]

Among the methods used for the synthesis of IONPs,
electrodeposition is considered a simple and straightforward
method for the rapid synthesis of IONPs at room temperature
using simple precursors. However, the produced materials are
usually poorly crystalline due to the low synthesis
temperature.[20] In this study, we introduce an optimized
electrochemical approach for synthesizing IONPs with high
yield and enhanced structure, morphology, and magnetic
properties. This was accomplished by synthesizing IONPs at a
relatively high voltage (40 V) in a non-aqueous, ethanol-based
electrolyte. This approach enabled the production of IONPs
with improved properties facilitated by electrothermal anneal-
ing resulting from the heat generated by the Joule heating
effect. Joule heating has emerged as a promising method for
the synthesis of various functional nanomaterials with en-
hanced properties by passing an electric charge through the
reaction medium, thereby generating heat.[21–22] In addition, we
present a novel electrochemical method for the straightforward
silanization of IONPs using various organosilanes, including
TEOS, MPTMS, and APTES. The electrochemical silanization
method was designed to enable the rapid and direct silaniza-
tion of IONPs, eliminating the need for pre-activation of
nanoparticles or pre-hydrolysis of silanes, making the process
more efficient and straightforward. This process was facilitated
by the in-situ generation of hydroxide ions through the
electrolysis of trace water in an ethanol-based electrolyte, which
catalyzed the hydrolysis and condensation of the silanes.
Furthermore, the silanization was promoted by the heat
generated by the Joule heating effect. To the best of our
knowledge, this approach is unique and has not been
previously reported. Furthermore, the performance of these
silane-functionalized IONPs was evaluated for the magnetic

removal of Pb2+ ions, which demonstrated superior perform-
ance, particularly the TEOS-modified IONPs.

2. Results and Discussion

2.1. Nanoparticle Synthesis and Characterization

Iron oxide nanoparticles (IONPs) were electrochemically synthe-
sized in ethanol at different voltages (10–40 V). In the anodic
half-reaction, Fe is oxidized to form Fe3+ ions (Eq. 1), while the
cathodic half-reaction generates OH� ions through the electrol-
ysis of water (Eq. 2). Fe3+ and OH� ions subsequently combine
to form Fe(OH)3 (Eq. 3).[20] Fe(OH)3 can then partially dehydrate
to form hydrated amorphous Fe2O3 (Fe2O3 ·nH2O) (Eq. 4), which
can further transform into alpha-hematite (α-Fe2O3) or gamma-
maghemite (γ-Fe2O3) through further dehydration and
crystallization.[23] The amount of H2O (~5%) included in the
electrolyte was small to decrease the rate of IONP crystal
growth and prevent their agglomeration into larger particles.[12]

In addition, the electrosynthesis process was conducted under
stirring to keep the produced IONPs suspended in the electro-
lyte, and to prevent their adhesion to the cathode. Moreover,
the sodium dodecyl sulfate (SDS) surfactant was used to help
keep the IONPs suspended. The stirring was mild to reduce the
dissipation of heat generated during the electrosynthesis,
minimizing thermal energy loss to the surroundings. This
optimized protocol aimed to make ultrasmall and uniform
IONPs and to exploit the generated heat to improve their
properties, as will be discussed further.

Anodic reaction:

Fe! Fe3þ þ 3e� (1)

Cathodic reaction:

3H2Oþ 3e� ! 3OH� þ
3
2 H2 (2)

Ferric hydroxide formation:

Fe3þ þ 3OH� ! FeðOHÞ3 (3)

Ferric hydroxide dehydration:

2FeðOHÞ3 ! Fe2O3 � nH2Oþ ð3 � nÞH2O (4)

Overall reaction:

2Feþ 6H2O! Fe2O3 � nH2Oþ ð3 � nÞH2Oþ 3H2 (5)

Figures 1(a) and 1(b) show the change in current and
temperature, respectively, recorded during the electrosynthesis
of IONPs. It was observed that the current remained steady
around 59 mA during electrosynthesis at 10 V, with the temper-
ature being nearly constant at around 20 °C. At 20 and 30 V, the
current gradually and slowly increased over time, accompanied
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by a concurrent rise in temperature, reaching 34.5 °C and
56.5 °C after 30 min, respectively. In contrast, at 40 V, the
current increased significantly, peaking at 467 mA within the
first 10 min, accompanied by a sharp temperature rise to
73.4 °C. After this initial period, the current began to decrease
slowly, while the temperature increased slightly and stabilized
around 75 °C. The decrease in current was attributed to the
partial evaporation of the ethanol-based electrolyte due to the
high temperature, which is close to the boiling point of ethanol
(78 °C), reducing the contact surface area between the Fe
electrode and the electrolyte. The heating of the electrolyte
during electrosynthesis occurred due to the passage of current
through the electrolyte, resulting from its resistance, a phenom-
enon known as the Joule heating effect.[24]

Figure 1(c) shows the total amount of electric charge (QTotal,
C) supplied to the electrosynthesis system at each applied
voltage. These values were calculated by integrating the current
vs. time profiles using Eq. 6:[25–26]

Q ¼
Z t

0
I dt (6)

where I is the current (A) recorded during the electrosynthesis
over a time period t (s). It can be seen that Q increases linearly
as a function of the applied voltage. However, given that the
electrolyte temperature increases during IONP electrosynthesis,
the amount of charge supplied to the electrochemical cell was
not fully consumed by Faradaic redox reactions (shown in Eq. 1
and Eq. 2). Therefore, it is essential to calculate the fraction of
electric charge consumed in heating the system due to the
Joule heating effect (QJH) and the fraction consumed by

Faradaic reactions (QFR). Both electric charge fractions were
calculated as follows:

(a) The amount of heat energy (qJH, J) generated by Joule
heating effect at different applied voltages was calculated using
Eq. 7[27–28] based on the temperature vs. time profiles shown in
Figure 1(b).

qJH ¼ mc
Z t

0
T dt (7)

where m is the mass of ethanol liquid (19.73 g), being the
primary component of the electrolyte, while c is its specific heat
capacity which is 2.44 J/g · °C.[29] The qJH values calculated at 10,
20, 30 and 40 V were 168.5, 818.2, 1853.0 and 2743.4 J,
respectively.

(b) Assuming no heat dissipation to surroundings, the
electrical energy consumed due to the Joule heating effect (W,
J) is equivalent to the measured heat energy generated, i. e.,
W=qJH. Therefore, QJH was calculated based on W values using
the basic Joule’s law of heating (Eq. 8).[21, 30]

W ¼ I2Rt ¼ QV (8)

where I is the current (A), R is the resistance (Ω), t is the time (s)
and V is the applied voltage (V). Subsequently, QJH was
subtracted from QTotal to give rise to QFR.

Table S1 shows that QJH values are 16.85, 40.91, 61.77 and
68.58 C at 10, 20, 30 and 40 V, respectively. In contrast, the
corresponding QFR values were substantially higher at 88.87,
254.17, 424.89 and 641.16 C, respectively, demonstrating a
semi-linear relationship with the applied voltage (Figure 1(c)). In

Figure 1. (a) Current and (b) temperature vs. time profiles recorded during the electrosynthesis of IONPs in an ethanol-based electrolyte at different voltages
(10, 20, 30, and 40 V). (c) Total electric charge (QTotal) calculated at different applied voltages and its components contributing to Joule heating (QJH), and
Faradaic reaction (QFR). (d–g) Photographs of the magnetic response of IONP suspensions synthesized at voltages of (d) 10 V, (e) 20 V, (f) 30 V, and (g) 40 V –
each pair shows the suspensions before (left) and after (right) applying a magnetic field using an Nd magnet for 2 min.
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addition, at all applied voltages, most of the electric charge
supplied to the electrosynthesis system (87.0�2.6%) was
consumed by the Faradaic redox reactions, i. e., QFR ~0.87QTotal,
whereas a small amount was converted into heat. The amount
of IONPs electrodeposited via Faradaic reactions (mFR, g) was
calculated using Faraday’s law, Eq. 9:[31–32]

mFR ¼
QFRM
nF (9)

where M is the molecular mass of Fe2O3 (159.69 g/mol), n is the
number of electrons transferred which is 6 for Fe2O3 electro-
deposition by Fe oxidation according to Eq. 5, and F is Faraday’s
constant (96,485 C/mol). The term M/nF represents the electro-
chemical equivalent (Z, g/C),[33–34] which is the proportionality
constant. Therefore, Z relates the amount of IONPs deposited to
the amount of electric charge passed through the electrolyte
and consumed by Faradaic reactions (QFR), and it was calculated
as 2.76×10� 4 g/C.

Table S1 also shows that the amount of IONPs formed
electrochemically via Faradaic redox reactions (mFR), as de-
scribed by Eq. 5, significantly increases with the applied voltage,
reaching approximately 0.18 g at 40 V compared to approx-
imately 0.03 g at 10 V. However, the experimentally obtained
amounts at different voltages are higher than these calculated
values. This means that a portion of the IONPs was produced by
a non-electrochemical process, which is suggested to be via
direct thermal oxidation of Fe to Fe2O3 using the dissolved
oxygen in the electrolyte, as shown in Eqs. 10–12.

Ferric hydroxide formation:

2Feþ
3
2 O2 þ 3H2O!

D
2FeðOHÞ3 (10)

Ferric hydroxide dehydration:

2FeðOHÞ3!
D

Fe2O3 � nH2Oþ ð3 � nÞH2O (11)

Overall reaction:

2Feþ
3
2O2 þ 3H2OD!Fe2O3 � nH2Oþ 3 � nð ÞH2O(12)

The amounts of thermally obtained IONPs due to Joule
heating effect (mJH) was calculated at different applied voltages
(Table S1), which were found to be smaller than the electro-
chemically deposited amounts (mFR) regardless of the applied
voltage. However, mJH values were found to be negligible at
10 V, but they increased significantly with the applied voltage
reaching 0.07 g at 30 V. At 40 V, almost no increase was
observed although the heat energy was higher at 40 V
(2743.35 J) than at 30 V (1852.97 J). This indicates that the
amount of IONPs produced by the Joule heating effect
increases as a function of the applied voltage up to 30 V, while
no further increase occurs at 40 V. This suggests that the excess
heat energy produced at 40 V was used to change the
properties of IONPs by electrothermal annealing, rather than
increasing their quantity. Figures 1(d–g) show photographs of
the suspensions of IONPs electrosynthesized at different
voltages before and after being exposed to a Nd magnet for up
to 2 min. The samples synthesized at 10 V and 20 V demon-
strated no response to the magnetic field while the samples
synthesized at 30 V and 40 V appeared to be magnetic. The
sample synthesized at 40 V visually shows the best magnetic
response where dispersed NPs were completely separated from
the solvent after just 2 min of exposure to the magnet. This
indicates that the applied electrosynthesis voltage has a
significant impact on the magnetic properties of the IONPs as
discussed below.

IONPs were characterized using various techniques. Fig-
ure 2(a) shows the X-ray diffraction (XRD) patterns of IONPs
synthesized at different voltages. The patterns demonstrate no
distinct peaks for the samples synthesized at 10 V and 20 V,
indicating their poor crystallinity or amorphous nature. On the
other hand, the samples synthesized at 30 V and 40 V were
crystalline, showing distinct peaks at 2θ values of 18.1, 30.2,
35.6, 43.3, 53.7, 57.3, and 62.9° 2θ. These peaks were indexed to
the hkl planes (111), (220), (311), (400), (422), (511), and (440) in
the γ-Fe2O3 (maghemite) phase[35] agreeing with the JCPDS Card
No. 00–039-1346. However, the sample synthesized at 40 V

Figure 2. Characterization of IONPs synthesized at different voltages. (a) XRD patterns, (b) FTIR spectra, and (c) VSM magnetization curves.
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shows an additional weak peak at 40.3° 2θ which can be
attributed to the (113) plane in the α-Fe2O3 (hematite) phase,
according to the JCPDS Card No. 00-024-0072,[4] with the other
hematite peaks potentially overlapping with those of maghe-
mite. This suggests that the higher voltage facilitates the
synthesis of mixed phases of maghemite and hematite, but
with hematite being present to a low extent. The improved
crystallinity of the samples synthesized at 30 V and 40 V can be
attributed to the high temperature generated during the
electrosynthesis process at high voltages due to the Joule
heating effect as discussed above. In other words, the material
crystallinity was improved via electrothermal annealing. In
addition, it can be noted that the IONPs synthesized at 40 V
demonstrate narrower peaks indicating the highest crystallinity
among all samples, which happened due to the high electro-
synthesis temperature (~75 °C). The crystallite size (D) was
calculated for both crystalline samples synthesized at 30 V and
40 V using the (311) peak, being the most intense peak, and
was found to be 4.8 nm and 8.3 nm, respectively. The increase
in crystallite size with higher voltage suggests that the higher
temperature and energy provided during the 40 V synthesis
facilitated greater crystal growth, leading to larger crystallites.

Fourier Transform Infrared Spectroscopy (FTIR) spectra (Fig-
ure 2(b)) reveal characteristic bands in all samples. A band
around 480 cm� 1, characteristic of Fe� O stretching (υFe� O) in
FeOOH,[36] was observed in all samples, along with another
band in the range of 580–600 cm� 1, attributed to Fe� O
stretching in Fe2O3.

[1] The FeOOH band was more pronounced
in the samples synthesized at 10 V and 20 V, while the Fe2O3

band is more intense in the samples synthesized at 30 V and
40 V. Additionally, a band appeared in the range of 1050–
1060 cm� 1 in all samples, corresponding to the structural
hydroxyl bending of Fe� O� H (δFe� O� H) in FeOOH.[37] This band
was most pronounced in the sample synthesized at 10 V and
gradually diminishes as the synthesis voltage increases, indicat-
ing that the material consists primarily of FeOOH at low
synthesis voltages, while Fe2O3 predominates at higher syn-
thesis voltages. Furthermore, a minor band at 1630 cm� 1 was
present in all samples, which was attributed to hydroxyl
bending (δO� H) in adsorbed water.[36] A broad, high-intensity
band in the range of 3200–3600 cm� 1, characteristic of the
strongly absorbing O� H stretching vibrations, was also ob-
served in all samples. This band becomes progressively broader
as the synthesis voltage increases from 10 V to 30 V, with the
sample synthesized at 40 V exhibiting the broadest band. The
increased band broadness indicates the presence of significant
hydrogen bonding interactions, particularly in the sample
synthesized at 40 V, suggesting that H-bonding becomes more
prominent at higher synthesis voltages. This can be ascribed to
the protonation of surface hydroxyl groups.[38] On this basis, we
assume that Fe2O3 ·nH2O, formed electrochemically (Eq. 5) and
thermally (Eq. 12), converts into FeOOH upon mild heating (at
10 V and 20 V) and transforms into Fe2O3 at elevated temper-
ature (at 30 V and 40 V) according to Eq. 13.

Fe2O3 � nH2O!
D

2FeOOHþ ðn � 1Þ H2O!
D

Fe2O3 þ nH2O (13)

The magnetic properties of the synthesized IONPs were
investigated using vibrating-sample magnetometry (VSM). Fig-
ure 2(c) shows the VSM curves, which indicate that the samples
synthesized at 10 V and 20 V exhibit weak magnetic behavior
with maximum magnetization (Mmax) values of 1.8 emu/g and
2.0 emu/g, respectively. This is likely due to their poor
crystallinity,[39] and the significant presence of FeOOH, which is
less magnetic than other iron oxides such as Fe2O3 or Fe3O4.

[10]

In contrast, the samples synthesized at 30 V and 40 V demon-
strate higher Mmax values of 34.0 emu/g and 32.9 emu/g,
respectively, which can be attributed to their improved
crystallinity.[39] In addition, the absence of a hysteresis loop
suggests a superparamagnetic behavior.[17] However, the 40 V
sample has slightly lower Mmax than the 30 V sample likely due
to the presence of hematite impurities in the former which is
less magnetic than maghemite.[11] Notably, the sample synthe-
sized at 40 V saturates more readily than the one synthesized at
30 V, possibly due to the improved crystallinity of the former.[40]

This quicker attainment of saturation may account for the faster
aggregation and separation of the NPs under the magnetic
field, as shown in Figure 1(g).

Transmission electron microscopy (TEM) images in Figur-
es 3(a) and 3(b) show that the samples synthesized at 10 V and
20 V do not consist of distinct nanoparticles but rather
aggregates of ultrasmall, irregular particles that lack crystalline
features. This suggests that the lower synthesis voltage results
in poorly ordered or amorphous structures. The relatively low
energy provided at 10 V and 20 V may not be sufficient to
promote well-defined crystal growth. At a synthesis voltage of
30 V, the nanoparticles display a more uniform size and shape
(Figure 3(c)) compared to those synthesized at 10 V and 20 V,
with an average particle size of 6.5�1.0 nm. The nanoparticles
synthesized at 40 V exhibit a further improvement in uniformity
(Figure 3(d)), with the particles being more spherical and well-
defined, with a narrow size distribution of 9.6�1.2 nm.
However, some flake-like nanostructures co-exist with the
nanospheres. The high-angle annular dark-field (HAADF) image
(Figure 3(e)) shows that nanoflakes result in less electron
scattering and thus appearing darker in the HAADF image. In
contrast, the nanospheres appear brighter, indicating that they
scatter more electrons, which suggests that they are denser
than the nanoflakes. To better understand these structures,
high-resolution (HR) TEM images were collected for both
nanospheres (Figure 3(f)) and nanoflakes (Figure 3(g)). The
corresponding d-spacings were estimated as 0.255 nm and
0.227 nm, respectively. The former corresponds to the (311)
plane in maghemite (γ-Fe2O3),

[35] while the latter is attributed to
the (113) plane in hematite (α-Fe2O3).

[41] This indicates that the
nanospheres are in the maghemite phase, representing the
majority of the nanoparticles, whereas the nanoflakes are in the
hematite phase which exists as a minor component. This is
consistent with the XRD results discussed above. The formation
of hematite nanoflakes in the 40 V sample could be due to the
highly elevated temperature generated during synthesis.
Although the HR-TEM image of a nanosphere (Figure 3(f))
shows that it is single crystalline, the SAED pattern obtained
from a cluster of nanospheres (Figure 3(h)) displays concentric
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rings, suggesting that the nanospheres may exhibit multiple
crystalline facets or are oriented differently within the cluster.
As for nanoflakes, it was challenging to collect an SAED pattern
for them as they are very thin. Overall, the higher synthesis
voltage likely provides sufficient energy to promote better

crystal growth, resulting in more uniform and well-ordered
IONPs.

Figure 4(a) shows the full-survey XPS spectra from which
the elemental composition was identified and listed in Table 1.
It can be observed that the Fe contents in the samples
synthesized at 10 V and 40 V were 6.7�1.9% and 25.0�0.2%,

Figure 3. TEM images of IONPs synthesized at different voltages: (a) 10 V, (b) 20 V, (c) 30 V, and (d) 40 V. (e) HAADF image, (f) HR-TEM image of nanospheres,
(g) HR-TEM image of nanoflakes, and (h) SAED pattern of nanospheres – all in the 40 V sample.

Figure 4. XPS analysis of IONPs synthesized at different voltages. (a) Full-survey spectra, (b) Fe 2p scans, and O 1s scans for the samples synthesized at (c) 10 V,
(d) 20 V, (e) 30 V and (f) 40 V.
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whereas the O contents were 37.8�1.1% and 42.6�0.6%,
respectively. The corresponding Fe :O ratios were 1 :5.6 and
1 :1.7, respectively, while the Fe :O ratio in Fe2O3 was theoret-
ically 1 : 1.5. The excess O in all samples can be attributed to the
native oxide film on the Si wafer substrate (on which IONPs
were drop-cast), adsorbed water and/or hydroxyl groups on the
surface of IONPs. Table 1 shows a decrease in Si content as the
electrosynthesis voltage increases. This trend occurs because
the same volume of IONP suspension (20 μL) was drop-cast on
a Si wafer for each sample, whereas the obtained nanoparticle
concentration in each suspension increased with the synthesis
voltage, following the order: 10 V<20 V<30 V<40 V. The C
content present was attributed to adventitious C and/or
surface-adsorbed carbonaceous matter. The Fe 2p XPS scan is
shown in Figure 4(b) which demonstrates two main peaks in all
samples at 710.9�0.1 eV and another one at 724.6�0.1 eV,
corresponding to the Fe 2p3/2 and Fe 2p1/2 photoelectrons,
respectively. In addition, there were two satellite peaks at
approximately 718.9�0.1 and 732.8�0.2 eV, which are charac-
teristic of the shake-up satellites often observed in the spectra
of Fe3+ in iron oxides.[14] The presence of Fe3+ species in the
poorly crystalline samples synthesized at 10 V and 20 V
suggests that both materials are primarily composed of Fe3+

-containing species. This corroborates the FTIR results showing
that IONPs formed at 10 V and 20 V are likely in the form of
FeOOH.

To further understand the different oxygen-based chemical
environments in the electrosynthesized IONPs, O 1s XPS spectra
were peak fitted into various oxygen components (Figures 4(c–
f)). The corresponding binding energy and % area of each
component are depicted in Table 2 for all samples. The O 1s
spectra were fitted into three primary components: (a) lattice O
in the iron oxide (Fe� O� Fe), (b) surface hydroxyl groups

(Fe� O� H), and (c) Si wafer native oxide layer (Si� O� Si). The
calculated ratio of Fe� O� Fe to Fe� O� H components is 1 :4.4
and 1 :3.2 for the samples synthesized at 10 and 20 V,
respectively. This suggests that both samples are mostly FeOOH
rather than Fe2O3. On the other hand, the ratio of those
components is 1 : 1.1 in both samples synthesized at 30 V and
40 V. Given that both 30 V and 40 V samples were in the Fe2O3

form as inferred from XRD analysis, the equal ratio of lattice
oxygen to hydroxyl oxygen suggests that the surface of those
samples is covered by hydroxyl groups likely through the
under-coordinated Fe atoms on the surface. In addition to those
primary O components, there is a minor component (2.0–3.9%)
that appeared at high binding energy range (534.5–534.9 eV)
which can be attributed to O bound to a highly withdrawing
group, likely carbonyl (C=O) in a carboxyl group (O� C=O).[42–43]

The peak fitting of the corresponding C 1s spectra (Figure S1)
confirms the presence of carboxyl group (O� C=O) likely due to
acetic acid (CH3COOH). CH3COOH may have formed by the
partial electrooxidation of ethanol (CH3CH2OH), as shown in
Eq. 14.[44]

CH3CH2OHþ H2O! CH3COOHþ 4Hþ þ 4e� (14)

In conclusion, a synthesis voltage of 40 V is optimal for
producing IONPs, as it results in fairly uniform nanoparticles
with high crystallinity and enhanced magnetic properties. In
addition, the highest yield of nanoparticles was achieved at this
voltage, which can be further increased by extending the
electrosynthesis time. This is because as the amount of IONPs
produced is directly proportional to the electric charge passed,
which increases with time (Eq. 6). Therefore, IONPs synthesized
at 40 V were selected for the subsequent surface modification
step using various silane reagents, including TEOS, MPTMS, and
APTES, which was also conducted electrochemically.

2.2. Nanoparticle Silanization and Characterization

IONPs were modified with TEOS, MPTMS, and APTES using an
electrochemical setup consisting of a Pt anode and a graphite
cathode. The Pt cathode was employed to generate OH� ions
through water electrolysis (as shown in Eq. 2), while the
graphite anode was chosen for its low electrocatalytic activity
towards the electrooxidation of both ethanol[45] and water.[46] As
a result, the anodic (oxidation) reaction at the graphite anode is
proposed to primarily involve the electrosorption of negatively

Table 1. Atomic composition obtained from XPS data for IONPs synthe-
sized at different voltages (10–40 V). Values represent the mean� standard
deviation (n=3).

Voltage (V) Atomic composition (%)

Fe O Si C

10 6.7�1.9 37.8�1.1 32.0�2.6 23.5�1.4

20 11.3�2.0 38.8�1.1 23.6�2.7 26.3�1.2

30 18.2�5.1 39.4�1.0 20.5�8.7 21.9�3.0

40 25.0�0.2 42.6�0.6 10.7�0.4 21.7�0.2

Table 2. Binding energy positions and % area for fitted O 1s scans in IONPs synthesized at different voltages (10–40 V).

Fe� O� Fe Fe� O� H Si� O� Si O� C=O

Voltage (V) Position (eV) Area (%) Position (eV) Area (%) Position (eV) Area (%) Position (eV) Area (%)

10 529.68 9.15 530.87 40.16 532.03 48.68 534.78 2.01

20 529.53 14.09 530.64 45.37 531.99 37.78 534.53 2.76

30 529.89 42.14 530.95 44.98 532.39 8.98 534.89 3.90

40 529.66 44.05 531.03 47.43 532.75 6.07 534.76 2.45
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charged OH� ions onto the positively charged graphite
electrode surface, rather than the oxidation of ethanol or water.
Therefore, this setup ensures the continuous generation of OH�

ions, which can catalyze the hydrolysis and condensation of
organosilanes in a manner similar to the Stöber method but
with more control over the amount of OH� ions provided to the
system. We propose that in our protocol, the organosilanes
undergo electrochemical hydrolysis and condensation through
a process we term “Electro-alkaline Titration” (EAT). This term
refers to the controlled in-situ generation and utilization of OH�

ions to facilitate the silanization process, ensuring precise
control over the reaction conditions and leading to the
formation of well-defined silane-modified Fe2O3 with optimized
properties.

To investigate this postulation, IONPs were electrochemi-
cally treated in an electrolyte consisting of 50 mM LiCl in
ethanol (with 5% H2O), and the resulting surface changes were
investigated using zeta potential measurements. The pristine
(unmodified) Fe2O3 NPs have a zeta potential of +27.6�0.5 mV
which suggests that the surface hydroxyl groups on the Fe2O3

NPs are protonated,[47–48] likely by the protons generated due to
the ethanol electrooxidation (Eq. 14). This is also reflected in the
broadening of the hydroxyl-related FTIR stretching band (3600–
3200 cm� 1) (Figure 2(b)). Upon electrochemical treatment, the
measured zeta potential changed to � 25.2�1.6 mV suggesting
that the surface hydroxyl groups on the Fe2O3 surface were
restored. This indicates that the Fe2O3 surface was activated and
enriched with hydroxyl groups, i. e., hydroxylated. Two modes
are suggested for surface activation by hydroxylation; (i) de-
protonation of protonated surface hydroxyl groups attached to
surface Fe atoms (Fes) by the generated OH� ions (Eq. 15),
possibly along with a subsequent deprotonation of the restored
or pre-existing hydroxyl groups (Eq. 16) and (ii) the replacement
of water molecules, pre-adsorbed on the oxide surface via Fe
atoms, with hydroxyl groups (Eq. 17).

Fes � OH2
þ þ OH� ! Fes � OHþ H2O (15)

Fes � OHþ OH� ! Fes � O� þ H2O (16)

Fes � � � �OH2 þ OH� ! Fes � � � �OH� þ H2O (17)

The surface chemistry of the hydroxylated Fe2O3 was further
studied using XPS analysis. Figure S2(a) compares the Fe 2p
scans in both pristine and hydroxylated Fe2O3 samples which
show no change in peak positions indicating no change in the
Fe oxidation state, and thus no change in the oxide bulk. This
also suggests that surface Fe atoms were not involved in the
hydroxylation step. In other words, surface hydroxylation by
replacing water molecules with hydroxide ions (Eq. 17) is
unlikely to have happened. Surface O-based species were
quantified by fitting the O 1s scan in Figure S2(b). Table S2
shows that the % area of Fe� O� H increased from 47.43% to
59.83% after hydroxylation indicating the successful surface
hydroxylation, most likely via restoring hydroxyl groups follow-
ing Eq. 15.

Surface modification of oxides with organosilanes typically
occurs through two main steps: (i) the hydrolysis of organo-
silane molecules and (ii) the condensation of these hydrolyzed
molecules with hydroxyl groups on the oxide surface.[49] The
medium pH has a significant influence on the hydrolysis and
condensation of organosilanes. The hydrolysis is promoted at
low pH facilitating the formation of silanol (Si� OH) groups,[50–51]

while the condensation happens with a slow rate.[19, 52] Both
hydrolysis and condensation are slow at neutral pH.[19] At high
pH, the hydrolysis still occurs but with a slower rate than at low
pH,[53] whereas the condensation is significantly promoted.[51, 54]

In our electrochemical system, the Fe2O3/silane coupling experi-
ments were conducted electrochemically in a non-aqueous
(ethanol-based) electrolyte, which made it challenging to
directly measure the medium pH. However, based on the
understanding of our electrochemical system and the associ-
ated fundamental electrochemical reactions, it is clear that the
medium is rich in OH� ions generated due to water electrolysis,
as confirmed by the hydroxylation of the IONPs. Therefore, it
can be postulated that in this alkaline environment, silane
molecules are more likely to undergo direct condensation with
Fe2O3 surface hydroxyl groups. The silane condensation can also
occur between silane molecules themselves (self-condensation),
and this is promoted at high temperatures.[55] So, the silaniza-
tion was conducted under vigorous stirring to reduce the heat
generated due to the Joule heating effect (Figure S3). To ensure
that only Fe2O3-bound silanes remained, the silane-modified
IONPs were separated from the reaction medium and thor-
oughly washed via magnetic decantation to remove self-
condensed silanes. Thus, in this electrochemical silanization
protocol – we refer to this as “Electrosilanization” – Fe2O3 NPs
were directly grafted with organosilanes by simply adding the
silane reagent to the electrolyte. The NPs were in-situ enriched
with hydroxyl groups, and reacted directly with the silane via
alcohol condensation, eliminating the need for both pre-
activation of the NP surface and pre-hydrolysis of the silanes.

The silane modification of IONPs using TEOS, MPTMS, and
APTES was investigated through zeta potential measurements
at pH 7. As shown in Table 3, the zeta potential of pristine
IONPs changed from +27.6�0.5 mV to � 41.3�1.5 mV after
modification with TEOS, suggesting the successful coating of
Fe2O3 with a SiO2 layer. The significant negative charge
observed after coating with SiO2 is due to the deprotonation of
silanol groups (Si� OH), which occurs when they react with OH�

ions, formed by the dissociation of water (Eq. 18), as shown in
Eq. 19. This is because the point of zero charge (PZC) – the pH

Table 3. Zeta potentials measured for Fe2O3 nanoparticles (IONPs) before
and after modification with TEOS, MPTMS, and APTES. Values represent the
mean� standard deviation (n=3).

Sample Zeta Potential (mV)

Fe2O3 +27.6�0.5

Fe2O3/TEOS � 41.3�1.5

Fe2O3/MPTMS � 18.8�0.5

Fe2O3/APTES +16.2�0.2
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at which the net surface charge is zero[48] – is typically around
pH 2.8 for SiO2

[56] compared to pH 8.0 for γ-Fe2O3.
[57] For the

Fe2O3 modified with MPTMS and APTES, the measured zeta
potentials were � 18.8�0.5 mV and +16.2�0.2 mV, respec-
tively, indicating successful functionalization of the Fe2O3 sur-
face with thiol (� SH) and amine (� NH2) groups, respectively.
The negative surface charge observed after thiol functionaliza-
tion is due to the deprotonation of the thiol group (Eq. 20),
whereas the positive surface charge after amine functionaliza-
tion results from the protonation of the amine group (Eq. 21) in
the aqueous medium. 820

H2O! Hþ þ OH� (18)

ðSi � O� Þ3Si � OHþ OH� ! ðSi � O� Þ3Si � O� þ H2O (19)

ðFe� O� Þ3Si� ðCH2Þ2-SHþ OH� !

ðFe� O� Þ3Si� ðCH2Þ2� S� þ H2O
(20)

ðFe� O� Þ3Si� ðCH2Þ2-NH2 þ Hþ !

ðFe� O� Þ3Si� ðCH2Þ2-NH3
þ

(21)

The FTIR spectra collected for all modified IONPs (Fig-
ure 5(a)) show the characteristic Fe� O stretching bands which
are attributed to the Fe2O3 as discussed above. This indicates
that no change happened to the Fe2O3 bulk. Upon modification
with the different organosilanes, a broad band emerged
between 970 cm� 1 and 1190 cm� 1, showing overlapping peaks
at: (i) 1050 cm� 1 that correspond to asymmetric Si� O� Si
stretching, indicative of the siloxane (Si� O� Si) network,[58–59]

and (ii) 1130 cm� 1 relating to asymmetric Si� O� C
stretching,[60–61] indicating incomplete silane hydrolysis. Si� O� C
bands were particularly observed in the Fe2O3/TEOS and Fe2O3/
APTES samples, in which incomplete hydrolysis was further
confirmed by a band at 1490 cm� 1, attributed to C� H bending
in the CH3 groups of Si� O� CH2CH3.

[60] In addition, there was a
broad band around 3400 cm� 1 in all samples as a result of O� H
stretching.[59] Both Fe2O3/MPTMS and Fe2O3/APTES spectra
showed weak peaks around 1440 cm� 1 and 2920 cm� 1 due to
C� H bending and stretching, respectively, in the methylene
(CH2) segments[18, 62] in � (CH2)3-SH and � (CH2)3� NH2, respec-
tively. The absence of the characteristic band of SH, which
usually appears as a weak peak at around 2550 cm� 1,[49, 62]

suggests a very low concentration of SH groups on the NP
surface, or their partial or complete transformation to other S-
based species as will be discussed later. The N� H stretching
peak in Fe2O3/APTES could have overlapped with that of O� H
stretching, and thus appeared together around 3400 cm� 1.[63]

The full XPS survey spectra (Figure 5(b)) confirmed the
presence of Si in all modified Fe2O3 samples, with particularly
high levels in the TEOS-modified sample. Table 4 provides the
XPS-based elemental composition of all samples, obtained by
quantifying XPS spectra. The % area of Si was 12.0�0.6% in the
Fe2O3/MPTMS sample, which was low compared to the Fe2O3/
TEOS (21.0�2.3%) and Fe2O3/APTES (17.7�1.2%) samples.
Conversely, the % area of Fe was 20.0�0.3% in the Fe2O3/
MPTMS sample, compared to 3.6�0.4% in the Fe2O3/TEOS and
9.2�0.6% in the Fe2O3/APTES samples. This suggests that Si-
based layers have formed on the Fe2O3 surface in all cases, but
with the layer being thinner in Fe2O3/MPTMS compared to

Figure 5. Characterization of Fe2O3 nanoparticles (IONPs) modified with TEOS, MPTMS, and APTES. (a) FTIR spectra, (b) XPS full survey, (c) HR Fe 2p scans, and
TEM images of (d) TEOS-modified, (e) MPTMS-modified, and (f) APTES-modified IONPs.
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Fe2O3/APTES, and thickest in the Fe2O3/TEOS sample. The
thinner silane layer in the Fe2O3/MPTMS sample compared to
the Fe2O3/APTES sample was further confirmed by the corre-
sponding % area of S (2.4�0.0%) and N (4.6�0.2%). The Fe 2p
scan in Figure 5(c) showed that there was almost no change in
the shape and position of the characteristic Fe3+ peaks across
both the Fe2O3/TEOS and Fe2O3/MPTMS samples compared to
the pristine Fe2O3. In the APTES-modified Fe2O3 sample, the Fe
2p peaks exhibited a slight shift towards lower binding
energies, suggesting that Fe3+ species was partially reduced,
possibly by electrochemical proton intercalation (Eq. 22). It
appears that APTES molecules act as proton carriers via their
amino groups, which readily protonate and subsequently trans-
fer protons from the solution bulk to the surface of Fe2O3

nanoparticles during Fe2O3-APTES interactions. In addition, the
relative intensity of the Fe 2p signal is higher in the MPTMS-
modified Fe2O3 compared to the TEOS- and APTES-modified
samples, further suggesting that a thinner layer has formed on
the Fe2O3 surface in the MPTMS-modified Fe2O3. In contrast, the
TEOS-modified Fe2O3 shows the least Fe 2p relative intensity,
indicating the formation of a thick SiO2 coating. TEM images
(Figures 5(d-f)) corroborate these findings, showing a thick SiO2

coating on the Fe2O3 surface in the TEOS-modified sample
forming Fe2O3@SiO2 core-shell structure. On the other hand, the
Fe2O3 modifications with MPTMS and APTES did not result in
thick coatings.

Fe2O3 þ xHþ þ xe� ! HxFe2O3 (22)

To better understand the chemical environments on the
modified Fe2O3 surface, high-resolution XPS scans of various
surface elements were peak fitted. Figure 6(a) presents the peak
fitted Si 2p scan for the Fe2O3/TEOS, Fe2O3/MPTMS, and Fe2O3/
APTES samples. Peaks corresponding to Si� O� Fe were ob-
served in all samples at binding energies of 101.5–101.9 eV,
while the broad peaks at 103.2–103.4 eV can be attributed to
siloxane (Si� O� Si) networks.[8] It should be noted that the peaks
due to silanol (Si� OH) bonds significantly overlap with those of
siloxane (Si� O� Si) bonds, making it difficult to separate these
components using spectra collected from conventional XPS.[64]

The % area of the Si� O� Fe component follows the order Fe2O3/
TEOS (12.4%) < Fe2O3/APTES (31.6%) < Fe2O3/MPTMS (78.8%),
with the reverse trend observed for the Si� O� Si component.
This suggests that MPTMS forms more silane linkages with the
Fe2O3 surface (Si� O� Fe) compared to APTES, which in turn

forms more Si� O� Fe bonds than TEOS. The Fe2O3/MPTMS and
Fe2O3/APTES samples exhibited peaks in the low binding energy
range of 99.5–100.1 eV, which are attributed to Si� C bonds.[61]

Moreover, the Fe2O3/TEOS and Fe2O3/APTES samples showed
specific peaks at 102.5–102.7 eV, attributed to Si� O� C bonds[63]

from residual ethoxysilane groups of non-hydrolyzed species,
corroborating FTIR results. This is unlike MPTMS which
appeared to have undergone complete hydrolysis, where the
methoxy group generally hydrolyzes more readily than the
ethoxy group.[19] The Fe2O3/TEOS sample exhibited an unex-
pected peak at 105.9 eV, which may be attributed to Si in
proximity to a highly electron-withdrawing group, suggested to
be a carbonyl group (C=O) of a carboxylic acid.

Figure 6(b) showed two corresponding O 1s peaks at
binding energies of 530.8 and 535.0 eV, obtained with their %
area fixed at a 1 :1 ratio,[42] which can be assigned to O� C=O
and O� C=O, respectively.[42–43] This assignment was confirmed
by the O� C=O component at a binding energy of 288.3 eV in
the peak fitted C 1s scan (Figure S4(a)). The presence of this
component in the Fe2O3/TEOS sample in significant amounts
suggests that the ethoxy group in the ethoxysilane on the SiO2

surface has undergone esterification, possibly by acetic acid
formed during ethanol electrooxidation (Eq. 23).

ð� OÞ3Si � O � C2H5 þ HO-ðC ¼ OÞ � CH3 !

ð� OÞ3Si � O-ðC ¼ OÞ � CH3 þ C2H5OH
(23)

All samples showed O 1s peaks at binding energies of
529.6–529.7 eV, 530.7–530.9 eV and 531.8–532.3 eV, which can
be attributed to Fe� O� Fe, Si� O� Fe and Si� O� Si bonds,
respectively.[65–66] However, the Fe2O3/APTES sample revealed
another component at 528.0 eV (Fe’-O� Fe’), suggesting the
presence of Fe in a slightly reduced oxidation state (less than
+3), corroborating the observed shift in Fe 2p peaks (Fig-
ure 5(c)). This indicates that APTES molecules facilitate the
proton transfer to Fe2O3 surface leading to proton intercalation
into Fe2O3, as discussed earlier (Eq. 22). From the O 1s spectra
(Figure 6(b)), it can be observed that the Si� O� Fe peaks
exhibited a higher % area in Fe2O3/MPTMS compared to Fe2O3/
APTES and Fe2O3/TEOS, while the latter showed the highest %
area for the Si� O� Si peak. These findings align with the
observations from the Si 2p scans mentioned above, suggesting
that MPTMS preferentially forms monolayers on the Fe2O3

surface through its three silane groups, whereas APTES tends to
form oligomers. In contrast, TEOS molecules polymerize on the

Table 4. Atomic composition obtained from XPS data for Fe2O3 nanoparticles (IONPs) before and after modification with TEOS, MPTMS, and APTES. Values
represent the mean� standard deviation (n=3).

Sample Atomic composition (%)

Fe O Si C S N

Fe2O3 25.0�0.2 42.6�0.6 10.7�0.4 21.7�0.2 N/A N/A

Fe2O3/TEOS 3.6�0.4 58.7�3.4 21.0�2.3 16.7�0.6 N/A N/A

Fe2O3/MPTMS 20.0�0.3 44.2�0.5 12.0�0.6 21.5�0.3 2.4�0.0 N/A

Fe2O3/APTES 9.2�0.6 37.5�1.2 17.7�1.2 31.0�0.9 N/A 4.6�0.2
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Fe2O3 surface via crosslinking within the Si� O� Si network,
resulting in a thick SiO2 coating, as evidenced by the TEM
images. Both Fe2O3/TEOS and Fe2O3/APTES samples showed O
1s peaks at 532.6-533.4 eV, which can be attributed to Si� OH
bonds,[64] and/or Si� O� C bonds,[67] possibly from non-hydro-
lyzed ethoxysilanes.

For the Fe2O3/MPTMS sample, Figure 6(c) shows the peak
fitted S 2p scan, which includes multiple components. A
doublet was considered for each component with an energy
separation of 1.2 eV, to account for the spin-orbit splitting
between S 2p1/2 and S 2p3/2,

[49] and the area ratio was
constrained to 1 :2.[42] Four components appeared at S 2p1/2/S
2p3/2 binding energies of 163.6/162.4, 164.7/163.5, 167.7/166.5,
and 169.5/168.3 eV, corresponding to thiolates[68–69] (R� S� Fe),
thiol groups (R� SH),[49, 70] sulfoxide (R� SO� R), and sulfonate
groups (R� SO3

� ),[70] respectively. The presence of sulfur in
oxidized states indicates the oxidation of the thiol group.[71] The
relevant S� O peaks appeared to have overlapped with the Si� O
peaks. This partial oxidation of thiols could have occurred either

through electrooxidation at the anode or due to the heat
generated during the electrosilanization process. Figure S3(a)
shows that more current was recorded during the electro-
silanization of Fe2O3 with MPTMS than with TEOS and APTES,
indicating that some of the electric charge was used for thiol
oxidation. As for the Fe2O3/APTES sample, the N 1s scan
(Figure 6(d)) showed a single component at 399.0 eV attributed
to the amine group (NH2).

[68]

The scheme depicted in Figure 7 provides a summary of the
electrosilanization process. Initially, water molecules electrolyze
to produce OH� ions, which play a dual role: facilitating the
hydrolysis of silane molecules and activating the Fe2O3 surface
by restoring hydroxyl groups. TEOS, MPTMS, and APTES under-
go hydrolysis at different rates, catalyzed by both OH� ions and
the heat generated due to the Joule heating effect. Among
these silanes, MPTMS likely hydrolyzes the fastest because its
methoxy groups (Si� O� CH3) hydrolyze more rapidly than the
ethoxy groups (Si� O� C2H5) in TEOS and APTES. Once fully or
partially hydrolyzed, the silane molecules condense, through

Figure 6. Fitting HR-XPS scans in silane-modified IONPs. (a) Si 2p and (b) O 1s scans in Fe2O3/TEOS, Fe2O3/MPTMS, and Fe2O3/APTES. (c) S 2p scan in Fe2O3/
MPTMS. (d) N 1s scan in Fe2O3/APTES.
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their silanol groups (Si� OH), with hydroxyl groups on the Fe2O3

surface, resulting in the removal of water (H2O) molecules as a
condensation by-product. TEOS- and APTES-modified Fe2O3

nanoparticles further interact with other TEOS and APTES
molecules which are mostly partially hydrolyzed. Meanwhile,
the SH groups on MPTMS-modified Fe2O3 undergo oxidation
forming other species such as sulfonate and sulfoxide groups.
Moreover, a portion of the MPTMS molecules form R� S� Fe
bonds by condensing their thiol groups with hydroxyl groups
on the Fe2O3 surface. TEOS molecules, in particular, undergo
significant polymerization resulting in a thick SiO2 coating
forming Fe2O3@SiO2 core-shell structure. In contrast, MPTMS
tends to form a monolayer, while APTES likely favors oligomer
formation on the Fe2O3 surface via Si� O� Si linkages. This
sequence of Fe2O3 surface activation, silane hydrolysis, and
Fe2O3-silane coupling through condensation highlights the

complex chemistry involved in electrosilanization, yielding
varied surface modifications depending on the silane used.

2.3. Magnetic Removal of Lead Ions

2.3.1. Effect of Surface Modification

The potential application of silane-modified IONPs for the
magnetic removal of Pb2+ ions was investigated under neutral
pH conditions. TEOS-, MPTMS-, and APTES-modified IONPs were
tested in 50 ppm solutions of Pb2+ ions at pH 7. The equilibrium
concentrations (Ce, ppm) of Pb2+ ions were determined using
inductively coupled plasma optical emission spectroscopy (ICP-
OES), and these values were used to calculate the adsorption
capacity (qe, mg/g) for each sample according to Eq. 24:[1, 4]

Figure 7. Schematic of the electrosilanization process for Fe2O3 nanoparticles with TEOS, MPTMS and APTES.
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qe ¼
C0 � Ce

m V (24)

where C0 is the initial Pb2+ ion concentration (ppm “mg/L”), Ce

is the equilibrium concentration of Pb2+ ions remaining after
treatment with the nanoparticles, V is the volume of the Pb2+

ion solution (L), and m is the mass of the nanoparticles (g). It is
important to note that C0 was also determined for the as-
prepared solutions using ICP-OES measurements as Pb2+ ions
tend to precipitate from solutions in the form of Pb(OH)2,
particularly at neutral and alkaline pH levels.[72] This approach
ensures an accurate calculation of C0 and qe. In addition, to
ensure the repeatability of the measurements, two sets of
pristine and modified nanoparticles were independently synthe-
sized and tested for the Pb2+ ion removal. The corresponding
removal efficiency (%R) was calculated from Eq. 25:[3, 7]

%R ¼
ðC0 � CeÞ

C0
� 100 (25)

Figure 8(a) shows that the adsorption capacity (qe) values
calculated for pristine, TEOS-, MPTMS-, and APTES-modified
IONPs were 42.9�6.5, 79.4�12.9, 38.1�0.9, and 80.1�
12.9 mg/g, respectively. Notably, the qe value for MPTMS-
modified IONPs was unexpectedly lower compared to that of

the unmodified IONPs. In contrast, the TEOS- and APTES-
modified IONPs exhibited nearly double the adsorption capacity
of unmodified IONPs. Both TEOS- and APTES-modified IONPs
exhibit exceptionally high removal efficiencies, at 98.0�0.4%
and 98.8�0.2%, respectively. In contrast, MPTMS-modified
IONPs demonstrate the lowest removal efficiency (47.5�6.4%),
which is even lower than that of the unmodified IONPs (53.0�
0.4%), reflecting a similar trend to the qe values.

The mechanism of Pb2+ ion adsorption was investigated
using ex-situ (post-treatment) XPS analysis to compare the
surface chemical environments of nanoparticles after treatment
in Pb2+ ion solutions with their fresh states. Figure 8(b) presents
the full-survey XPS spectra, which showed that Pb element
remained in all samples collected from Pb2+ ion solutions, even
after washing with water. This indicated that Pb2+ ions strongly
bind to the nanoparticle surfaces through surface functional
groups. Table 5 summarizes the corresponding atomic composi-
tion obtained from XPS data for all nanoparticles. The Fe2O3/
TEOS sample exhibited the highest Pb2+ ion content (1.7�
0.1%), which can be attributed to the high porosity of the SiO2

shell and the presence of surface functional groups, resulting in
a high adsorption capacity for Pb2+ ions. Fe2O3/APTES follows
Fe2O3/TEOS with a Pb elemental content of 1.3�0.0%, while
the pristine and MPTMS-modified Fe2O3 show the lowest Pb
elemental content (0.6�0.0%). To further explore the Pb2+/NP
binding mechanism, high resolution XPS scans were collected

Figure 8. (a) Adsorption capacity of pristine and silane-modified IONPs for Pb2+ ion removal from aqueous solutions. Values presented are mean (%) for two
independent samples of each material� standard deviation (n=2). (b) XPS Full surveys of pristine and silane-modified Fe2O3 nanoparticles after Pb2+-ion
adsorption. (c) O 1s scan in Fe2O3, (d) O 1s scan in Fe2O3/TEOS, (e) S 2p scan in Fe2O3/MPTMS, and (f) N 1s scan in Fe2O3/APTES before (blue curve) and after
(red curve) Pb2+-ion adsorption.
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for O 1s in both Fe2O3 and Fe2O3/TEOS, S 2p in Fe2O3/MPTMS
and N 1s in Fe2O3/APTES. In Figure 8(c), the O 1s peak of the
pristine Fe2O3 at 529.7 eV, attributed to the Fe� O� Fe bond,
shifts to 530 eV after Pb2+ ion adsorption, suggesting that Pb2+

ions coordinate with surface oxygen atoms, possibly via their
lone pairs. Moreover, the intensity of the peak at 530.0 eV,
corresponding to surface hydroxyl groups (Fe� O� H), slightly
decreased, indicating that these groups may have been partially
broken to form bonds with Pb2+ ions, resulting in the formation
of Fe� O� Pb. Given the highly positive zeta potential of this
material, likely due to hydroxyl group protonation, another
plausible mechanism for Pb2+ ion adsorption could be the ion
exchange between protons (H+) and Pb2+ ions. For Fe2O3/TEOS
(Figure 8(d)), a significant peak at around 530.0 eV has emerged
which suggests the formation of Si� O� Pb[73] via covalent
binding between Pb2+ ions and hydroxyl groups on the SiO2

surface. Moreover, the disappearance of the peak at 535.0 eV
after Pb2+ ion adsorption suggests the hydrolysis of ethyl
acetate which was previously proposed in Eq. 23. In contrast,
the Fe2O3/MPTMS sample (Figure 8(e)) showed a decrease in the
intensity of the peak at 163.6 eV, associated with the R� SH
group, suggesting the formation of a thiolate group with Pb2+

ions, i. e., R� S� Pb. In addition, the peak at 168.6 eV shifted
toward higher binding energy, likely due to electrostatic
interaction between Pb2+ ions and the R� SO3

� group. However,
it appears that the electrostatic interactions are less effective
than coordinate/covalent bonding for capturing Pb2+ ions
which resulted in low Pb2+ ion removal efficiency. Furthermore,
the overall number of MPTMS molecules reacting with Fe2O3

was low, as evidenced by the low sulfur content (Table 4),
which in turn indicates low concentration of R� SH groups.
Moreover, each MPTMS molecule likely interacts with Fe2O3

preferentially via multiple Si� O� Fe linkages, which reduces the
number of residual hydroxyl groups on Fe2O3 surface available
to bind with Pb2+ ions via coordinate bonds. These factors
account for the low Pb2+ ion removal efficiency of Fe2O3/
MPTMS. As for Fe2O3/APTES (Figure 8(f)), the peak attributed to
the amino group (R� NH2) shifted towards higher binding
energy, suggesting the formation of covalent bonds with Pb2+

ions through the lone pair on the unprotonated amino group
or via ion exchange with protons on protonated amino groups.

2.3.2. Effect of Lead Concentration

Given that both Fe2O3/TEOS and Fe2O3/APTES samples exhibited
high and comparable removal efficiencies for Pb2+ ions, further
studies were conducted to evaluate their performance across
different Pb2+ ion concentrations. Figures 9(a) and 9(b) present
the adsorption capacity and removal efficiency for both samples
as a function of Pb2+ ion concentration (50–300 ppm) at pH 7.
The results show that the adsorption capacity of Fe2O3/APTES
increased with Pb2+ ion concentration, reaching 206 mg/g at
150 ppm, beyond which it plateaued, indicating no further
increase. In contrast, the Fe2O3/TEOS sample demonstrated a
continuous increase in adsorption capacity across the entire
concentration range, reaching 519 mg/g at a Pb2+ ion concen-
tration of 300 ppm.

The removal efficiency for both samples started high and
comparable, above 98%, at 50 ppm. However, as the Pb2+ ion
concentration increased, the removal efficiency for Fe2O3/APTES
gradually decreased, reaching about 39% at 300 ppm. This
suggests that amine-functionalized IONPs capture Pb2+ ions
primarily through the amine (NH2) group, with the surface
becoming saturated at 150 ppm, limiting further adsorption
beyond this concentration. On the other hand, the Fe2O3/TEOS
sample demonstrated consistently high removal efficiency
across all Pb2+ ion concentrations studied, with values fluctuat-
ing slightly between 94% and 98%. This superior performance
can be attributed to the high porosity of the SiO2 coating on
the Fe2O3 surface, which provides a large surface area, enabling
the efficient removal of a substantial amount of Pb2+ ions.
Experimental observations revealed that Pb2+ ion solutions
with concentrations of 150 ppm and above tend to become
turbid, likely due to the precipitation of Pb2+ as Pb(OH)2 at pH 7
(Eq. 26).[72] We hypothesize that the adsorption of Pb2+ ions
onto the SiO2 coating of Fe2O3/TEOS nanoparticles promotes
the dissolution of Pb(OH)2 back into the solution by reversing
the reaction in Eq. 26, in order to maintain equilibrium
according to Le Chatelier’s principle.[74] This equilibrium shift
suggests that the SiO2 coating not only provides a large
adsorption surface but also influences the chemical equilibrium
of Pb2+ ions in the solution, enhancing their removal efficiency.

Pb2þ þ 2OH� ! PbðOHÞ2 (26)

To gain further insights into the observed behaviour, the
adsorption of Pb2+ ions on TEOS- and APTES-modified Fe2O3

Table 5. Atomic composition obtained from XPS data for pristine and silane-modified IONPs after Pb2+-ion adsorption. Values represent the mean�
standard deviation (n=3).

Sample Atomic composition (%)

Fe O Si C S N Pb

Fe2O3 23.8�0.8 41.0�0.5 10.0�1.4 24.5�0.6 N/A N/A 0.6�0.0

Fe2O3/TEOS 14.9�0.4 56.4�2.2 15.3�3.9 11.7�2.3 N/A N/A 1.7�0.1

Fe2O3/MPTMS 18.8�1.0 43.8�1.3 12.2�0.6 22.1�2.2 2.4�0.5 N/A 0.6�0.0

Fe2O3/APTES 15.7�0.6 40.6�0.3 11.4�0.5 27.8�0.3 N/A 3.2�0.2 1.3�0.0
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nanoparticles was analyzed using Langmuir and Freundlich
adsorption isotherms, which are expressed linearly with Eqs. 27
and 28, respectively.[2, 4]

Langmuir isotherm :
Ce
qe
¼

1
qmaxKL

þ
Ce
qmax

(27)

Freundlich isotherm : logqe ¼ logKF þ
1
n

logCe (28)

where qmax is the maximum adsorption capacity, KL and KF are
Langmuir and Freundlich constants, respectively, and 1/n is the
heterogeneity factor. The adsorption behavior of the Fe2O3/
TEOS sample was found to align with the Freundlich isotherm,
with a regression coefficient (R2) of 0.9202 (Figure 9(c)),
suggesting multilayer adsorption on a heterogeneous surface.

In contrast, Fe2O3/APTES exhibited behavior consistent with the
Langmuir isotherm, with an R2 of 0.9994 (Figure 9(d)), indicating
monolayer adsorption on a homogeneous surface. This sug-
gests that the TEOS-modified Fe2O3 nanoparticles have a more
heterogeneous surface with varying affinities for Pb2+ ions,
allowing for multilayer adsorption. In addition, the 1/n value is
0.59, which falls within the range 0<1/n<1, indicating a
favourable adsorption process.[5] The R2 value for the Fe2O3/
TEOS sample in the Freundlich isotherm (0.9202) is relatively
lower than expected which might indicate that the adsorption
process on this surface is more complex and not perfectly
described by the Freundlich model. This complexity may be
attributed to the dynamic nature of the system, which involves
the dissolution of Pb(OH)2 and the subsequent adsorption of
produced Pb2+ ions onto the SiO2 coating. On the other hand,
the APTES-modified Fe2O3 nanoparticles provide a more uni-

Figure 9. (a) Adsorption capacity (qe) and (b) removal efficiency calculated for Fe2O3/TEOS and Fe2O3/APTES as a function of initial Pb2+ ion concentration (C0).
Fitting the adsorption behaviour of Fe2O3/TEOS and Fe2O3/APTES to (c) Freundlich and (d) Langmuir isotherms, respectively, using values of adsorption
capacity (qe) and equilibrium Pb2+ ion concentration (Ce). (e) Reusability test of Fe2O3/TEOS over 5 cycles of adsorption/desorption of Pb2+ ions.
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form surface that facilitates monolayer adsorption of Pb2+ ions,
exhibiting a maximum adsorption capacity (qmax) of 213 mg/g.
However, these nanoparticles have fewer active sites for Pb2+

-ion adsorption compared to the SiO2-coated nanoparticles in
Fe2O3/TEOS.

The reusability of the Fe2O3/TEOS sample was investigated
over 5 cycles of Pb2+ ion adsorption and desorption. After each
cycle of Pb2+ ion adsorption onto Fe2O3@SiO2 nanoparticles,
nanoparticles were collected and reactivated using a 0.1 M
EDTA solution. As shown in Figure 9(e), the initial adsorption
capacity of Fe2O3/TEOS was calculated to be 78.20 mg/g.
Following the desorption of Pb2+ ions through chelation with
EDTA, the nanoparticle surface was reactivated, resulting in an
increased adsorption capacity of 95.32 mg/g in the subsequent
adsorption cycle, exceeding the initial value. This improvement
in adsorption capacity may be attributed to the enrichment of
the SiO2 coating with hydroxyl groups in the acidic EDTA
solution (pH 4.7). Over subsequent cycles, the material consis-
tently demonstrated high adsorption capacity, with a slight
decrease observed by the fifth cycle, reaching 93.81 mg/g.
These results highlight the efficacy of Fe2O3/TEOS as a reusable
material for Pb2+ ion removal.

As shown above, Fe2O3/TEOS demonstrates high effective-
ness for the magnetic removal of Pb2+ ions from aqueous
systems. This is due to its Fe2O3@SiO2 core-shell structure, which
offers superior performance compared to other magnetic
adsorbents as summarized in Table S3. With an impressive
adsorption capacity of 519 mg/g, Fe2O3/TEOS surpasses other
materials, including Fe3O4-based composites and functionalized
nanoparticles, along with a removal efficiency of 94%. While
some magnetic adsorbents approach 100% removal efficiency,
they tend to have lower adsorption capacities than Fe2O3/TEOS.
In addition, Fe2O3/TEOS maintains its high efficiency even with
short contact time (30 min) and high initial Pb2+ concentration
(up to 300 ppm). This exceptional performance is largely
attributed to the small size of Fe2O3@SiO2 nanoparticles which
enables a high surface area-to-volume ratio, and the presence
of the SiO2 coating itself which appears porous providing a
significant surface area for Pb2+ ion adsorption. This positions
Fe2O3/TEOS as a highly promising material for heavy metal
remediation applications.

3. Conclusions

This study presents a novel electrochemical approach for
synthesizing iron oxide nanoparticles (IONPs) at various vol-
tages, followed by their electrochemical silanization. The
modified IONPs were then evaluated for the magnetic removal
of lead (Pb2+) ions from aqueous solutions. The key findings are
summarized as follows:
1 Influence of synthesis voltage: The properties of IONPs are

significantly influenced by the applied synthesis voltage.
Higher voltages increase the electrolyte temperature, leading
to enhanced yield, crystallinity, and magnetic properties.
These improvements are attributed to the electrothermal
annealing induced by the Joule heating effect. The optimal

IONPs were synthesized at 40 V, primarily in the maghemite
phase (γ-Fe2O3), which were subsequently silanized.

2 Electrochemical silanization: The study successfully demon-
strated the electrochemical silanization of Fe2O3 nanopar-
ticles using TEOS, MPTMS, and APTES. TEOS modification
resulted in the formation of a thick SiO2 coating, producing a
core-shell structure (Fe2O3@SiO2). In contrast, MPTMS and
APTES formed thinner layers, functionalizing Fe2O3 surface
with thiol (SH) and amine (NH2) groups, respectively.
However, the partial oxidation of the thiol group was
observed, likely due to its electrooxidation or due to the
elevated temperature during the electrosilanization process.

3 Efficiency in Pb2+ ion removal: The silane-modified Fe2O3

nanoparticles were evaluated for their ability to magnetically
remove Pb2+ ions from aqueous solutions. Among the silane-
modified Fe2O3 samples, Fe2O3/TEOS exhibited superior
performance, with a high adsorption capacity of 519 mg/g
and consistently high removal efficiency across various Pb2+

ion concentrations. In addition, this material proved to be
reusable over multiple cycles of Pb2+ ion adsorption and
desorption. This exceptional performance is attributed to the
Fe2O3@SiO2 core-shell structure and the high surface area-to-
volume ratio of these nanoparticles.

Experimental Section

Materials and Reagents

Iron rod (99.99%) was purchased from Goodfellow (UK), while
Pt coil and graphite rod were obtained from MSE Supplies
(USA), all electrodes with a 6 mm diameter. Ethanol (undena-
tured, 100%), NaCl and ethylenediaminetetraacetic acid diso-
dium salt (EDTA) were sourced from ChemSupply (Australia).
Sodium dodecyl sulfate (SDS, ultrapure) was purchased from
Applichem (Germany). Tetraethoxysilane (TEOS, reagent grade),
(3-mercaptopropyl)trimethoxysilane (MPTMS, 95%), (3-
aminopropyl)triethoxysilane (APTES, 99%), Lead (Pb) standard
solution (1000 ppm in 2% HNO3, AAS grade), and LiCl were
provided by Sigma-Aldrich (Australia). HNO3 (70%) was supplied
by Ajax FineChem (Rowe Scientific, Australia). HCl (32%) was
purchased from RCI Labscan Limited (Thailand). Deionized
water (resistivity of 18 MΩ·cm) was obtained from a PURELAB®

Quest system. All chemicals and solvents were used without
any further purification or treatment.

Electrosynthesis of Nanoparticles

Iron oxide nanoparticles (IONPs) were electrochemically synthe-
sized in a 50-mL Redox.me electrochemical cell using a Pt coil
as the cathode and an iron rod as the anode. The electrodes
were positioned 0.5 cm apart, with 2 cm of the iron rod
immersed in the electrolyte. The electrolyte consisted of 50 mM
LiCl and 50 mM SDS prepared in ethanol (with 5% water). Prior
to electrosynthesis, the iron rod was cleaned by sonication in
1 M HCl for 10 min, followed by rinsing with deionized water
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then ethanol. The electrosynthesis process was conducted
potentiostatically under stirring (300 rpm) in 25 mL of electro-
lyte at various voltages (10–40 V) for 30 min, using a Major
Science MP-300 V power supply. The response current and
electrolyte temperature were monitored over time. The result-
ing IONPs were collected and washed three times with ethanol
via centrifugation at 2000 rpm for up to 4 min. After washing,
the IONPs were either dried under vacuum at 60 °C for 1 h or
resuspended in 25 mL of ethanol by vortexing and bath
sonication for 10 min. The resuspended samples were then
stored at 4 °C. The final concentrations of the IONP suspensions
were 1.0, 4.0, 7.5, and 10.0 mg/mL for nanoparticles synthesized
at 10, 20, 30, and 40 V, respectively.

Electrosilanization of Nanoparticles

The IONPs synthesized at 40 V exhibited the highest crystallinity
and enhanced magnetic properties, so they were selected for
subsequent modification with silane reagents. Silanization of
IONPs was performed using a 25 mL mixed solution containing
50 mM silane reagent (TEOS, MPTMS, or APTES) and 50 mM LiCl
in ethanol (with 5% water). Prior to this process, 5 mL of the
IONP/ethanol suspension (10 mg/mL) was exposed to an
external neodymium (Nd) magnet (AMF Magnetics) to collect
the IONPs. The collected IONPs were then resuspended in the
silanization electrolyte by vortexing and bath sonication for
10 min. The silanization process was carried out under vigorous
stirring (1500 rpm) at a voltage of 40 V for 30 min, with
continuous monitoring of current and temperature. The silane-
modified IONPs were collected and rinsed three times by
magnetic decantation to remove any silica particles formed
through self-condensation. Finally, they were resuspended in
5 mL of ethanol, vortexed and bath sonicated for 10 min, and
stored at 4 °C.

Characterization Techniques

Powder X-ray diffraction (XRD) analysis was conducted to
investigate the crystallinity of the IONPs electrosynthesized at
different voltages. Samples for XRD analysis were prepared by
concentrating an amount of IONP suspension equivalent to
10 mg by centrifugation at 4,400 rpm for up to 4 min, followed
by re-suspension in 200 μL ethanol. The concentrated suspen-
sion was then cast onto a film of carbon tape mounted on a
1 cm2 piece of microscope glass slide. The samples were then
dried at 60 °C under vacuum for 1 h. XRD patterns were
collected using a Bruker D2 PHASER X-ray diffractometer with a
cobalt (Co) source, Kα1 wavelength of 1.78897 Å, over a 2θ
range of 10–90° with a step size of 0.03° and time per step of
1 s. The samples were rotated during measurement at a speed
of 15°/min. The same procedure was used to collect the XRD
pattern for carbon tape alone (without IONPs), which was then
subtracted from the XRD patterns of IONPs to eliminate the
carbon tape contribution. For comparison with standard
diffraction patterns, the XRD data were converted to Cu-

irradiated form using the Cu Kα1 wavelength of 1.54056 Å[75]

using Eq. 29 derived from Bragg’s formula nl ¼ 2dsinq,[76]

where n is the order of reflection, λ is the wavelength of the X-
ray, d is the interplanar spacing, and θ is the angle of X-ray
incidence, given that the d value is independent of the
irradiation source. On the other hand, the crystallite size (D) was
calculated via the Sherrer equation,[13] D ¼ Kl=bcosq, where K is
the shape factor (0.9), and β is the full width at half maximum
(FWHM) of the diffraction peak.

sinqCu ¼ sinqCo �
lCu

lCo
(29)

The chemical structure of the IONPs before and after
silanization were investigated using transmission Fourier trans-
form infrared (FTIR) spectroscopy. A 20 μL aliquot of each
nanoparticle suspension was mixed with approximately 100 mg
of potassium bromide (KBr) and dried at 60 °C under vacuum
for 1 h. The dried KBr/nanoparticle mixture was then ground
with a mortar and pestle, then pressed using a hydraulic
machine at 10 tons to make pellets. The obtained pellets were
analyzed using a ThermoFisher Nicolet iS5 FT-IR spectrometer,
operated with OMNIC software, by collecting 64 scans at a
resolution of 2 cm� 1.

The magnetic properties of the IONPs synthesized, at
different voltages, were studied at 300 K using a Quantum
Design MPMS3 Superconducting Quantum Interference Device
(SQUID) magnetometer. The measurements were conducted in
vibrating sample magnetometry (VSM) mode, scanning from 2 T
to � 2 T with an average sweep rate of 10 Oe/s using dry
powder samples with an approximate mass of 5 mg. The raw
data were converted to magnetic moment per unit mass (in
emu/g) for comparison between samples.

The morphology of the pristine and modified IONPs was
observed using transmission electron microscopy (TEM). Low-
resolution TEM images were obtained using a Tecnai T12
operating at 120 kV. High-resolution (HR) TEM images were
collected using a ThermoFisher Themis Z aberration-corrected
TEM at an accelerating voltage of 300 kV. Particle size
distribution and d-spacings were analyzed from HR-TEM images
using ImageJ 1.54 g software.

X-ray photoelectron spectroscopy (XPS) was performed to
analyze the elemental composition and valence states of
surface atoms in both pristine and silane-modified samples. XPS
spectra were acquired using a Kratos Axis Supra Plus instrument
equipped with a monochromatic Al Kα X-ray source (1486.6 eV)
operating at 100 W (10 kV, 10 mA). Samples were scanned at a
pass energy of 160 eV over a binding energy range of 0–
1200 eV, with 1.0 eV steps and a scan time of 120 s. Narrow
high-resolution (HR) scans were conducted at a pass energy of
20 eV, with 0.1 eV steps and a scan time of 60 s, allowing up to
3 sweeps per HR scan. During sample analysis, the base
pressure in the analysis chamber was maintained below 10� 8

Torr. Each sample was prepared by drop-casting 20 μL of
nanoparticle suspensions onto a 1 cm2 piece of a Si wafer,
which was then dried under vacuum at 60 °C for 1 h. XPS data
were processed using CasaXPS software (version 2.3.18), with all
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spectra calibrated to the binding energy of 284.8 eV, corre-
sponding to adventitious carbon. A residual standard deviation
(STD) of � 1.0 was considered indicative of a good fit between
the fitted and experimental XPS data. XPS-based atomic
compositions were determined from three spots per sample,
with the average value reported along with the STD.

The surface charge of pristine and silane-modified IONPs
was measured using zeta potential analysis. All measurements
were performed using a Malvern Zetasizer Ultra. A 100 μL
aliquot of each sample suspension was diluted to 10 mL with
10 mM NaCl (pH 7). The resulting suspension was then probe
sonicated at a power of ~35 W for 30 seconds, followed by bath
sonication for 5 min. Zeta potential measurements were
conducted at room temperature in three runs per sample after
being pre-equilibrated for 120 s, and a control sample was
prepared using unmodified IONPs.

Adsorption Experiments for Lead Ion Removal

Pristine (unmodified) and TEOS-, MPTMS-, and APTES-modified
IONPs were used for the magnetic removal of Pb2+ ions from
their aqueous solutions. For each experiment, a suitable amount
of nanoparticle suspension (equivalent to 5 mg nanoparticles)
was placed in a 50-mL tube and exposed to a Nd magnet to
collect the nanoparticles. Then, the nanoparticles were resus-
pended in 10 mL of Pb2+ ion solution, with the studied
concentration, and the pH was adjusted to 7. The Pb2+ ion/
nanoparticle suspension was vortexed, followed by shake
incubation at room temperature at a speed of 200 rpm for
30 min. Afterwards, the nanoparticles were collected by mag-
netic decantation, and a portion of the supernatant was diluted
to 10 mL using 2% HNO3 with a dilution factor of 1/60 to
determine the concentration of the residual Pb2+ ions. This was
conducted via inductively coupled plasma-optical emission
spectroscopy (ICP-OES) using a Thermo Scientific iCAP 7000
Series ICP spectrometer operated with Qtegra ISDS Software.
Each material was tested in 50 ppm Pb2+ ion solution twice,
using two independently synthesized samples per material.
TEOS- and APTES-modified IONPs demonstrated the highest
Pb2+ ion removal efficiency, so their Pb2+ ion removal
capabilities were further investigated in solutions with higher
Pb2+ ion concentrations, i. e., 100, 150, 200, 250, and 300 ppm.

To understand the Pb2+ ion removal mechanism using
pristine and silane-modified IONPs, ex-situ (post-treatment) XPS
analysis was conducted to investigate the interactions between
Pb2+ ions and the surface-functional groups of pristine, TEOS-,
MPTMS-, and APTES-modified IONPs. Samples were prepared by
collecting the nanoparticles from Pb2+ ion solutions, washing
them three times with 5 mL of deionized water, and then
resuspending them in 0.5 mL of de-ionized water. Subse-
quently, 20 μL of each suspension was drop cast onto a piece of
Si wafer and left to dry at 60 °C for 12 h.

The reusability of TEOS-modified IONPs was evaluated
through five cycles of Pb2+ ion adsorption/desorption. In each
cycle, 5 mg of nanoparticles, pre-treated in 10 mL of 50 ppm
Pb2+ solution, were reactivated by vortexing and shake-

incubation in 10 mL of 0.1 M EDTA (pH 4.7) for 15 minutes,
followed by two rinses with water. The activated nanoparticles
were then resuspended in 10 mL of fresh 50 ppm Pb2+ solution
for the next adsorption cycle.
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