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Magnetically Recoverable Swellable Magnetite/SOMS Hybrid 
Nanocomposites for Rapid Adsorption of Organic Dyes from Water
Lorenzo Maccarino,a,e Ibtissame Sidane,b Gianni Barucca,c Sawssen Slimani,*b,d Leonardo 
Marchese,a,e Davide Peddis,b,d and Chiara Bisio *a,e,f

Hybrid magnetic adsorbents based on magnetite nanoparticles and Swellable Organically Modified Silica (Mag-SOMS) are 
reported for the first time to address the limited recoverability of powdered adsorbents from aqueous media. The materials 
are synthesised by combining magnetite nanoparticles obtained via different co-precipitation routes (MagA and MagB) with 
a SOMS matrix prepared through a sol–gel process. Structural, spectroscopic, textural, and magnetic characterisation 
confirms that the magnetite phase preserves its crystalline structure and magnetic properties after integration into the 
SOMS framework, though the hybrid materials exhibit different morphologies depending on the synthesis conditions. Both 
MagA-SOMS and MagB-SOMS systems remove more than 99% (1.91 mg/g adsorbed) of Rhodamine B from water within 10 
minutes. The materials can be easily recovered by magnetic separation and being regenerable, can be reused for several 
adsorption cycles without losing their performances, highlighting their potential for water treatment applications.

Introduction
Rising levels of harmful substances due to human 
overconsumption are increasingly endangering natural 
habitats, especially water bodies. Consequently, there is an 
urgent need for effective mitigation strategies to minimize 
environmental impact. The removal of toxic pollutants from the 
environment remains a complex challenge, requiring a 
combination of physical, chemical, and biological remediation 
techniques1.
In this respect, the treatment of contaminated water is 
imperative before discharge. While conventional techniques 
like filtration, reverse osmosis, and ozonation effectively 
remove organic pollutants, they are often hindered by high 
energy consumption and the risk of generating secondary 
pollutants during treatment2.
Among the different techniques available for water treatment, 
adsorption is considered an effective and cost-effective method 
for removing organic and heavy metals contaminants3.

According to the recent literature, nanoparticles—particularly 
magnetic ones—have gained significant attention as promising 
candidates for wastewater remediation due to their high 
efficiency and ease of recovery4,5.
The persistent interest in room-temperature 
superparamagnetic spinel iron oxide nanoparticles (Fe₃O₄, γ-
Fe₂O₃) stems from the possibility of precisely tailoring their 
magnetic response through a fine tuning of particle size, 
morphology, composition, and interparticle interactions. This 
high degree of tunability enables the rational design of 
functional nanostructured systems with properties optimized 
for specific applications, while preserving the intrinsic chemical 
stability and biocompatibility of magnetite6–8. This capability 
arises from significant advancements in both synthetic and 
diagnostic methodologies, coupled with their expanding range 
of applications, including biomedicine9, ferrofluid technology10, 
catalysis11,12, sensing13 and adsorption of pollutants14.
In view of their significant scientific and technological 
relevance, a plethora of physical and chemical approaches for 
the synthesis of magnetite nanoparticles (MNPs) have been 
developed15,16. Among the physical methods, ball-milling (which 
encompasses both low- and high-energy variants under dry or 
wet conditions) stands out as a prominent technique 
documented in the literature17. Although chemical synthesis 
comprises various techniques, such as, thermal decomposition 
of metalorganic precursor,  sol-gel18 and hydrothermal19 
methods, co-precipitation is the most widely used approaches 
due to its simplicity and efficiency20. It generally involves mixing 
aqueous Fe(II) and Fe(III) salts with a base solution to precipitate 
the nanoparticles.
MNPs have been identified as a viable solution for the 
separation of nanosorbents after the removal of pollutants, due 
to their ease of magnetic recovery19,21. However, the utilisation 
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of bare MNPs is frequently constrained by their propensity to 
agglomerate (due to elevated surface energy) and to oxidise, 
thus leading to the reduction of their magnetic properties16,22. 
To overcome these limitations, surface functionalization is 
employed. The process involves the coating of the MNPs with a 
protective organic or inorganic shell, which prevents 
aggregation and oxidation via electrostatic or steric repulsion. 
In addition, the shell can be further functionalized16,23. A variety 
of materials are employed in the synthesis of these hybrid 
coatings, including small organic anions (particularly citric 
acid23) and polymers24, as well as oxidic matrices such as 
zirconia25, titania26, and silica27.
Silica is probably the best described inorganic coating material6 
for its biocompatibility and relatively easy synthesis28. Silica 
coatings provide a surface negative charge to hybrid materials, 
which prevents MNPs aggregation and improves their chemical 
stability23. A silica coating is typically achieved by both Stöber 
and microemulsion processes6. The former method is the most 
used and involves the nucleation and growth of MNPs within a 
preformed silica network created from a solution of metal salts, 
water, ethanol, tetraethyl orthosilicate (TEOS), and ammonia22. 
By controlling the concentration of TEOS, NH3 and water,  the 
thickness of the silica shell can be tuned29. This silica shell 
provides a surface rich in silanol groups, which can be readily 
exploited for post-synthetic functionalization, thereby 
conferring a high degree of chemical versatility to the 
material30,31. Such functionalization can enhance key 
properties, including hydrophilicity/hydrophobicity, chemical 
stability, and specific binding affinity, which are relevant for 
environmental applications. However, organic 
functionalization, leading to hybrid silicas, is commonly 
achieved through two main approaches: grafting, in which 
organic moieties are attached after silica formation, and co-
condensation, where the organic functionalities are 
incorporated during the synthesis process1.
An interesting hybrid organic-inorganic material, which has 
demonstrated significant potential in adsorbing various classes 
of pollutants from both gaseous and aqueous phases, is 
Swellable Organically Modified Silica (SOMS). SOMS are 
synthesized via a sol-gel process utilizing specific bis-silane 
monomers characterized by an internal aromatic ring. After a 
necessary derivatization step, the resulting material possesses 
the peculiar ability to swell when in contact with organic 
species. This property gives to the SOMS additional surface area 
and porosity, significantly enhancing the adsorption of organic 
species32–34.
Unfortunately, when in nanometric form, powder adsorbents 
are not easy to recover after their utilization, but as already 
pointed out, magnetite can be used for overcoming this issue. 
In this context, to the best of our knowledge, we present for the 
first time novel hybrid nanocomposite made of magnetite and 
SOMS, named Mag-SOMS. The synthesis of these materials and 
their physico-chemical characterization is here presented, along 
with the adsorption performance towards Rhodamine B (RhB), 
which has been used as a model organic dye pollutant. Finally, 
the recyclability of the material following the adsorption 
process is also described.

Experimental Section

Synthesis of Mag-SOMS samples

Two different co-precipitation routes were used to prepare 
magnetite nanoparticles and the corresponding SOMS-based 
hybrid nanocomposites. The first sample, hereafter named 
MagA, was synthesized according to the following procedure35. 
6.21 mmol of FeCl₃·6H₂O (>99%, Sigma-Aldrich, Schnelldorf, 
Germany) and 3.15 mmol of FeCl₂·4H₂O (>99%, Sigma-Aldrich, 
Schnelldorf, Germany) were dissolved in 100 mL of 0.01 M HCl 
solution (37%, Carlo Erba, Paris, France) and stirred for 1 h at 
60°C. Subsequently, 20 mL of 30% ammonium hydroxide (ACS 
grade, Carlo Erba, Paris, France) was added, and the reaction 
mixture was maintained under stirring for an additional hour. 
The resulting precipitate was then collected, washed 3 times 
with distilled water using magnetic separation, and finally 
dispersed in distilled water (14.2 mg/mL), with the addition of a 
small amount of ammonium hydroxide to adjust the pH to basic 
conditions.
A second sample of MNPs (named MagB) was obtained through 
the alkaline reverse co-precipitation method described in 
literature36,37. Briefly, 43 mL of FeCl3 (97%, Merck, Darmstadt, 
Germany) 0.1 M aqueous solution and 25 mL of FeSO4 (99.5%, 
Merck, Darmstadt, Germany) 0.1 M aqueous solution was 
mixed and then added dropwise of 25 mL of a NaOH (99%, 
Merck, Darmstadt, Germany) 1 M aqueous solution. After the 
addition of the base, the solution has been left to react for 30 
minutes at RT and at 300 rpm magnetic stirring. Subsequently, 
the solid has been rinsed with water 2 times and with ethanol 1 
time and dried.
Mag-SOMS samples were synthesized using the two MNPs 
types (MagA and MagB) and different MNPs:BTEB molar ratio 
(calculated assuming MNPs molar mass is the one of Fe3O4). The 
synthesis procedure of SOMS was adapted from previous 
works32,34, and requires the addition of the monomer 
bis(trimethoxysilylethyl)benzene (BTEB, 97%, Gelest Inc., 
Morrisville, PA, USA), tetrahydrofuran (THF, HPLC grade, Fisher 
Scientific, Loughborough, UK) as organic solvent, and 
Tetrabutylammonium fluoride (TBAF, 1.0 M in methanol, Acros 
Organics, Geel, Belgium) as catalyst. 
The synthesis of the first composite material, named MagA-
SOMS, was carried out using 2.5 mL of MagA dispersion 
(corresponding to 35.5 mg of magnetite) to which 514 μL of 
BTEB, 2.490 mL of THF and 3.5 μL of TBAF were added and left 
to react for 24 hours at RT and 300 rpm stirring rate. The molar 
ratio MagA:BTEB is 1:9.4.
For the synthesis of the second sample, hereafter named MagB-
SOMS, 300 mg of MagB were dispersed in 10.5 mL of THF and 
then 2.346 mL of BTEB, 656 μL of H2O and 15 μL of TBAF were 
added. The molar ratio MagB:BTEB is 1:5.2. The reagents were 
left to react for 24 hours at RT and 300 rpm stirring rate. 
After the synthesis, both MagA-SOMS and MagB-SOMS were 
rinsed with acetonitrile (ACN, HPLC grade, Fisher Scientific, 
Loughborough, UK) three times. Then, both the materials were 
subject to derivatization with a 5% v/v solution of 
hexamethyldisilazane (HMDS, >99%, Merck, Darmstadt, 
Germany) in ACN for 3 days at RT and 300 rpm stirring rate. 
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Finally, the materials were washed with ACN three times and 
dried at 60°C for 24 hours.
The synthesis processes for MagA-SOMS and MagB-SOMS is 
represented in Figure 1.

Characterization Techniques

The X-Ray Diffraction (XRD) patterns of the different materials 
were obtained with a Bruker D8 advance diffractometer 
(Karlsruhe, Germany) with Bragg–Brentano geometry, with Cu 
anode (λ = 1.5418 Å) equipped with a Ni filter and operating at 
40 kV and 40 mA. The 2θ explored was of 5–70°, with 2θ steps 
of 0.02°, 0.1 s per step, and automatic synchronization of the 
anti-scatter knife.
Transmission electron microscopy (TEM) analysis was carried 
out using a CM200 microscope (Philips, Amsterdam, The 
Netherlands.) operating at 200 kV and equipped with a LaB6 
filament. The samples in the form of powder were dispersed in 
ethanol and ultrasonicated for a minute. A drop of suspension 
was deposited on a commercial TEM grid covered with a holey-
carbon thin film and maintained in air until complete 
evaporation of the solvent.
Scanning electron microscopy (SEM) micrographs were 
acquired using a GeminiSEM 360 scanning electron microscope 
(Zeiss, Oberkochen, Germany) equipped with a Schottky field 
emission source. In high vacuum mode, the instrument achieves 
a vacuum of 10-6 mbar in the sample chamber and 10-10 mbar in 
the electron column. Prior to the analysis, to prevent insulating 
particles from becoming electronically charged under the 
electron beam, a conductive platinum coating (a few nm) was 
deposited on the samples by chemical vapor deposition (CVD) 
using a DSCT-F sputter coater (VacCoat, London, UK). Thickness 
control is achieved using a quartz microbalance crystal (FTM – 
Film Thickness Monitor). The gas used for plasma generation is 
argon. The vacuum in the chamber before and after argon is 

introduced is 4 x 10-5 mbar and 4 x 10-3 mbar, respectively. The 
elemental maps (EDX) were acquired with the UltimMax 65 
detector (Oxford Instruments, Abingdon-on-Thames, United 
Kingdom), which has an active sensor area of 65 mm² (SDD – 
Silicon Drift Detector) and an energy resolution of ~125 eV at 
Mn Kα (5.9 keV). The X-ray detector is cooled by a Peltier 
refrigeration system.
Nitrogen sorption measurements were performed at 77 K in the 
pressure range between 0.01 and 1 of relative pressure (P/P0) 
using a Autosorb-iQ (Quantachrome Instruments). Before the 
adsorption phase, the samples were outgassed and thermally 
treated at 150 °C for 5 h. The specific surface area of the 
samples was determined by the Brunauer−Emmett−Teller (BET) 
multipoint method, while the pore size distributions was 
obtained by applying the NLDFT method on the adsorption 
branch of the isotherms (silicas and cylinder pore model).
Micro-Fourier Transformed-Infrared (μ-FT-IR) measurements 
were performed on materials deposited on silver metal 
membrane filters (Sterlitech; pore size 0.8 μm, Ø = 13 mm) using 
a Nicolet iN10 MX Infrared Imaging Microscope (Thermo 
Scientific, Waltham, MA, USA) controlled by OMNIC Picta 
software (Thermo Scientific, Waltham, MA, USA) in reflectance 
mode. Focusing was performed in spectral preview mode, 256 
scans (range 4000–675 cm–1) were acquired for each spectrum 
with 4 cm–1 resolution, and Beer-Norton apodization applied. 
The obtained spectra were subjected to baseline and smoothing 
corrections using the respective tools given by the OPUS 
(Version 5.5) software and then range scaled between 0 and 1.
DC magnetization measurements were performed using a 
Physical Property Measurement System (PPMS, Quantum 
Design) magnetometer (Hmax = 7 T; T = 5–400 K). The powdered 
sample was fixed in a polycarbonate capsule using epoxy resin 
to prevent any movement during the measurements. All 
magnetic data were normalized to the actual mass of the 
magnetic phase. The saturation magnetization (MS) was 
determined by fitting the high-field region of the M(H) curves 
using the following expression38:

𝑀 = 𝑀𝑆 1 ―
𝐴
𝐻 ―

𝐵
𝐻2

Rhodamine B Adsorption Test

The materials were evaluated for their ability to adsorb 
Rhodamine B (RhB, ≥95%, Merck, Darmstadt, Germany) dye 
from an aqueous solution. The adsorption kinetics were studied 
under the following experimental conditions: a 10 mL aliquot of 
a 20 μM RhB solution was combined with 50 mg of the 
adsorbent. Only for MagA-SOMS and MagB-SOMS, a pre-
swelling with 100 μL of ethanol was done before contact with 
RhB solution. 
The RhB adsorption was investigated by UV-vis spectroscopy 
using a Lambda 900 UV-visible spectrometer (PerkinElmer, 
Waltham, MA, USA). An aqueous solution aliquot was 
withdrawn at specific time intervals to monitor the RhB 
concentration: every 2.5 minutes for the first 10 minutes, then 
every 5 minutes until 45 minutes, with a final measurement 

Figure 1: Schematic representation of the steps for the synthesis of MagA-SOMS and 
MagB-SOMS starting from the synthesis by co-precipitation of the two magnetite 
samples (MagA and MagB).
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after 60 minutes. To evaluate the RhB percentage in solution 
(C%) the following equation was used:

𝐶% =
𝐴(𝑡)
𝐴0

∗ 100

Where A(t) is the absorbance at maximum wavelength (554 nm) 
of RhB after a certain time, t, and A0 is the absorbance at 554 
nm of the initial RhB solution.
Consequently, the RhB percentage adsorbed (C%,ads) can be 
calculated as:

𝐶%,𝑎𝑑𝑠 = 100 ― 𝐶%

To calculate the quantity of RhB adsorbed as a function of time 
(qt in mg/g), the following equation has been used:

𝑞𝑡 =
(𝐶0 ― 𝐶𝑡)

𝑚 ∗ 𝑉 ∗ 𝑀𝑀𝑅ℎ𝐵 ∗ 1000

Where C0 is the initial concentration of RhB (20 μM), Ct is the 
molar concentration at specific time, obtained by dividing A(t) 
over the molar extinction coefficient of RhB at 554 nm (104,900 
L mol-1 cm-1)32 and considering an optical path of 1 cm, V is the 
volume of the RhB solution used (0.010 L), m is the mass of the 
adsorbent used (0.050 g) and MMRhB is the molar mass of RhB 
(479.02 g mol-1).
To evaluate the reusability of MagB-SOMS, the composite was 
subjected to six adsorption-desorption cycles. Following RhB 
adsorption (20 min contact time), the material was recovered 
and placed in 10 mL of ethanol. Desorption was performed by 
sonicating the mixture for 10 minutes at room temperature. The 
resulting powder was then recovered and dried for 2 hours at 
80°C before undergoing the subsequent adsorption procedure 
as previously described.
The quantity of RhB desorbed (qdes) can be calculated in the 
following manner:

𝑞𝑑𝑒𝑠 =
𝐶𝑑𝑒𝑠

𝑚 ∗ 𝑉𝐸𝑡𝑂𝐻 ∗ 𝑀𝑀𝑅ℎ𝐵 ∗ 1000

Where Cdes is the desorbed concentration of RhB, obtained by 
dividing the absorbance of the solution over the molar 
extinction coefficient of RhB at 545 nm (91,300 L mol-1 cm-1)32 
and considering an optical path of 1 cm, VEtOH is the volume of 
the ethanol used (0.010 L), m is the mass of the adsorbent 
(0.050 g) and MMRhB is the molar mass of RhB (479.02 g mol-1).
Moreover, the quantity of RhB retained by the material (qret,i) 
after every adsorption-desorption cycle, can be calculated as 
follows:

𝑞𝑟𝑒𝑡𝑖 = 𝑞𝑟𝑒𝑡𝑖―1 + 𝑞𝑎𝑑𝑠𝑖 ― 𝑞𝑑𝑒𝑠𝑖

Where qret,i-1 is the quantity retained by the material from the 
previous cycle, qads,i and qdes,i are the quantity adsorbed after 20 
minutes of contact and desorbed, respectively, at the i-th cycle.

Results and Discussion
XRD patterns (Figure 2) show the presence of a cubic spinel 
structure (JCPDS card no. 19-0629) in all the samples. Residual 

goethite phase was found in MagB sample, as testified by the 
presence of reflections at 21.3°, 33.3°, 47.2° and 59.1° 2θ39. 
Goethite formation is primarily favoured under mildly acidic to 
near-neutral conditions (pH ≈ 5–7) and at relatively low 
temperatures (below ~60 °C); under these conditions, the 
presence of goethite impurities can additionally be attributed 
to partial oxidation of Fe²⁺ species40, likely promoted by the 
synthesis being carried out in a non-inert atmosphere23. No 
significant differences are visible in the XRD patterns of MagB 
before and after the addition of SOMS shell. For MagA-SOMS 
samples, a low intensity and broad band in the 2θ region from 
13° and 27°, due to amorphous silica, can be observed37. 
The samples’ morphology was investigated using transmission 
electron microscopy (TEM). High-resolution (HR) TEM of the 

bare particles (Figure S1) reveals that MagA particles exhibit a 
quasi-spherical shape, whereas MagB particles are generally 
faceted, as a consequence of the different synthesis 
procedure35. Figure 3 shows bright-field and HR-TEM images of 
the functionalized particles, MagA-SOMS (frames a,c) and 
MagB-SOMS (frames b,d). The analysis confirms the presence of 
magnetic nanoparticles dispersed within the SOMS matrix in 
both systems. Despite the different physical states of the 
starting magnetic particles (MagB powder and MagA 
dispersion), TEM observations reveal that the nanoparticles 
tend to form aggregates in the SOMS composites, and no clear 

Figure 2: XRD pattern of (A) MagA (a - black) and MagA-SOMS (b - red) and (B) of MagB 
(c - violet) and MagB-SOMS (d - blue).
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or systematic differences in aggregation behaviour can be 
reliably discerned when comparing the two samples. 
Scanning electron microscopy (SEM) was employed to 
investigate the morphology and phase organization of the 
hybrid materials at the micrometre and sub-micrometre scale. 
MagA-SOMS (Figure 4a and Figure S2) possesses larger particles 
with spherical morphology, with diameters in the order of 
micrometres (from 1 to 4 μm), principally made of silica SOMS, 
and smaller ones made of magnetite. The elemental content 
determined by EDX was found to be 69 wt.% C, 19 wt.% O, 9 
wt.% Si, and 3 wt.% Fe. A different morphology has been noted 
for the MagB-SOMS sample (Figure 4b). This latter material 
shows a morphology similar to bare SOMS33, where aggregates 
of nanoparticles having irregular shape and different 
dimensions (of the order of less than 100 nm) are present. EDX 
analysis revealed the elemental composition (in wt.%) to be 
27% C, 18% O, 2% Si, and 53% Fe. The difference in morphology 
and elemental composition, in particular Si and Fe, between 
MagA-SOMS and MagB-SOMS samples can be explained by 
considering the nature of the starting solution of the MNPs used 
for the creation of the hybrid material. In the case of MagA-
SOMS, the MNPs were dispersed in an aqueous solution at pH ~ 
11.7, and the SOMS shell was synthesized by directly adding the 
required reactants to the basic dispersion.  While for the MagB-
SOMS, MagB nanopowders were directly used: in this case the 
pH of the synthetic solution corresponds to that of SOMS 
reactants, starting at 7.2 and rapidly increasing to values above 
12.5 after TBAF addition. In the former case, a phase separation 
likely occurs between the aqueous MagA dispersion and 
BTEB/THF phase, resulting in a microemulsion-like synthesis, 

leading to the formation of spherical micrometric MagA-
SOMS41–43. 
The textural properties of MagA-SOMS and MagB-SOMS were 
analysed by N₂ physisorption at 77 K, thus allowing the 
assessment of specific surface area and porosity of the two 
hybrid systems in powder form. The adsorption-desorption 
isotherms and pore size distribution of the composite materials 
are reported in Figure S3a-b. The specific surface area (SSA) was 
determined by applying the Brunauer-Emmett-Teller (BET) 
method, which provided for MagA-SOMS and MagB-SOMS ~85 
and ~90 m2/g, respectively. Both samples showed a type IV 
isotherm with an H4 type hysteresis loop. For MagA-SOMS, the 
incomplete closure of the adsorption–desorption loop, 
persisting down to low relative pressures (P/P₀ ≈ 0.05), indicates 
a swelling behaviour of the material, in agreement with 
previous observations reported for pure SOMS32,44. Analysis of 
the pore size distribution can be found in Supporting 
Information. 
The samples were further characterized by FTIR microscopy in 
reflectance mode (Figure S4) to probe the chemical structure of 
the hybrid materials. This technique allows the identification of 
characteristic vibrational modes of the silica framework and 
organic moieties, thus assessing the presence and integrity of 
functional groups and possible interactions between the SOMS 
matrix and the magnetic nanoparticle. In both MagA-SOMS and 
MagB-SOMS, the most evident deviation from the SOMS 
reference spectrum occurs in the O–H stretching region (3800–
3100 cm⁻¹), while the rest of the spectral features remain 
essentially unchanged, indicating that the SOMS framework is 
preserved. The two overlapping bands found between 3800-
3100 cm-1 change their intensity in the two hybrid materials and 
the one centred at around 3450 cm-1 is much broader than in 
the spectrum of pure SOMS. This is probably due to the 
presence not only of Si-OH groups, deriving from SOMS shell, 
but also from Fe-OH groups of MNPs39. 

Magnetic properties

Figure 3: Bright-field TEM images showing the dispersion of magnetic nanoparticles 
within the amorphous SOMS matrix of (a) MagA-SOMS and (b) MagB-SOMS. HR-TEM 
images showing (c) quasi-spherical MagA and (d) faceted MagB nanoparticles embedded 
within the SOMS matrix.

Figure 4: SEM micrographs (left) and EDX elemental mapping (right, elements are 
reported on the figure) of (a) MagA-SOMS, and (b) MagB-SOMS samples.
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To investigate the influence of the functionalization with SOMS 
on the magnetic properties, the field and temperature-
dependent magnetization were measured for both synthesized 
bare iron oxide nanoparticles (MagA and MagB) and their 
hybrid nanocomposites counterparts (MagA-SOMS and MagB-
SOMS). Magnetization curves recorded at 5 K and 300 K (Figure 
5a-b) show that the SOMS encapsulation of MNPs does not 
significantly affect their magnetic properties. Both bare MNPs 
and their hybrid nanocomposites exhibit similar saturation 
magnetization (Ms) and coercive field (Hc) values (Error! 
Reference source not found.), within the experimental error, 
clearly indicating that SOMS presence does not affect the 
magnetic features of the MNPs. 
This result deserves attention, as the presence of a molecular 
coating and its interaction with the nanoparticle surface may 
induce significant variations in the magnetic properties45,46. At 
300 K, the M(H) curves (insets of Figure 5a-b) display 
superparamagnetic behaviour for all samples, characterized by 
zero remanent magnetization (Mr = 0) and zero coercive field 
(Hc = 0). The observed small difference in saturation 
magnetization between the MagA and MagB samples is 
attributed to the presence of an additional phase in MagB 
(antiferromagnetic Goethite), as confirmed by XRD analysis, 
that leads to the reduction the Ms. 

Table 1: Saturation Magnetization (Ms) at 300 K and 5 K, Coercive field (μ0Hc) and 
Reduced Remanent Magnetization (Mr/Ms) at 5 K, Blocking Temperature (Tb) and 
Irreversibility Temperature (Tirr) determined from the ZFC/FC curves. Uncertainties on 
the last digit are given in parentheses.

Sample Ms 300K 
[A m2Kg-1]

Ms 5K 
[A m2Kg-1]

µ0Hc 
[mT]

Mr/Ms Tb 
[K]

Tirr 
[K]

MagA 72 (1) 83 (1) 30 (1) 0.24 131 
(1)

242 
(3)

MagA-
SOMS

70 (3) 80 (1) 36 (1) 0.31 112 
(2)

276 
(1)

MagB 67 (1) 70 (1) 29 (2) 0.32 -- --
MagB-
SOMS

55 (2) 67 (1) 39 (2) 0.31 -- --

The thermal dependence of the magnetization measured using 
zero-field-cooled (ZFC) and field-cooled (FC) protocols in a DC 
field of 2.5 mT, over the temperature range 5–300 K, is shown 
in Figure 6a-b. In typical ZFC measurements, the samples were 
first cooled from 300 to 5 K in zero magnetic field, then a field 
of 2.5 mT was applied, and the magnetization was recorded 
during warming from 5 to 300 K. The same field was maintained 

while cooling the samples back to 5 K, and the FC magnetization 
was measured during the warming process.
The obtained ZFC/FC curves display a behaviour typical of 
ensembles of single-domain MNPs with a distribution of 
blocking temperatures. For both MagA and MagA-SOMS 
samples, the ZFC magnetization curve exhibits a broad 
maximum, which is considered proportional to the mean 
blocking temperature, Tmax = βTb , where 𝛽 depends on the size 
distribution47. The blocking temperature,  Tb , is defined as the 
temperature at which the magnetic relaxation time of the 
nanoparticles equals the characteristic measuring time of the 
experimental technique48. In real nanoparticle systems, where 
a finite particle size distribution is always present, a distribution 
of blocking temperatures is therefore expected. Accordingly, Tb 
is often determined when approximately 50% of the 
nanoparticles are in a superparamagnetic state49. The 
distribution of blocking temperatures can be derived from the 
distribution of anisotropy energy barriers (ΔEa) by evaluating 
the temperature at which 50% of the particles can overcome 
their anisotropy barriers within the experimental time window 
(Figure S5). In addition, both samples show an irreversibility 
between the FC and ZFC curves persisting up to relatively high 
temperatures (Tirr), which is associated with the blocking of the 
largest particles. All FC magnetization curves show a 
temperature-independent behaviour at low temperatures, 
suggesting the presence of interparticle interactions among the 
particles50. These interactions can reasonably be ascribed to 
particle aggregation, in agreement with TEM analysis, which 
decreases the average interparticle spacing and enhances 
dipolar interactions, thereby deviating from an ideal non-
interacting superparamagnetic regime. Comparison of the Tb 
and Tirr values (Table 1) indicates that the MagA-SOMS sample 
exhibits lower Tb than MagA, which corresponds to the 
reduction of particle aggregation. In contrast, MagB and MagB-
SOMS samples exhibit very similar thermal magnetic behaviour. 
In both cases, no clear maximum is observed in the ZFC curves, 
and the FC curves remain largely temperature independent. 
This indicates that both systems are highly interacting, with a 
characteristic blocking temperature exceeding the room 
temperature. This observed difference with respect to the 
MagA-based samples is consistent with the higher structural 
and magnetic heterogeneity of MagB. Moreover, while MagA-
SOMS was prepared starting from a well-dispersed particle 
suspension, MagB-SOMS was obtained directly from MagB 

Figure 6: Thermal dependence of magnetization measured according to the ZFC/FC 
protocols at 2.5 mT. ZFC (full symbols) and FC (empty symbols) for (a) bare MNPs MagA, 
and functionalized particles MagA-SOMS; (b) bare MNPs MagB and functionalized MagB-
SOMS.

Figure 5: Magnetization as a function of the applied magnetic field at 5 K for (a) MagA 
and (b) MagB MNPs, before and after SOMS encapsulation. Insets: magnetization curves 
measured at 300 K.
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powder, resulting in a highly interacting system already at the 
initial stage. 

Rhodamine B Adsorption Test

The adoption of two distinct co-precipitation routes for the 
synthesis of iron oxide magnetic nanoparticles, combined with 
the preparation of two corresponding SOMS-based hybrid 
nanocomposites – ranging from a microemulsion-like process in 
the case of MagA-SOMS to a more conventional sol–gel 
assembly for MagB-SOMS – was designed to evaluate if the 
nanoparticle structure and morphology influence the 
adsorption performance of the Mag-SOMS materials. 
Importantly, this strategy enabled the decoupling of adsorption 
behaviour from both the magnetic nanoparticle synthesis and 
the specific nanocomposite morphology.
From the RhB adsorption kinetics (Figure 7), it can be observed 
that both MagA-SOMS and MagB-SOMS effectively remove 
more than 99% (1.91 mg/g) of RhB in less than 10 minutes. 
Moreover, the adsorption rate is comparable for the two 
materials, confirming that the incorporation of goethite does 
not hinder either the magnetic recovery or the adsorption 
efficiency. From a mechanistic perspective, and as a potentially 
useful consideration for the design of new materials, it is worth 
noting that goethite (α-FeOOH) is known to interact strongly 
with adsorbates due to the presence of surface hydroxyl groups 
(≡Fe–OH), which act as active sites for binding organic 
molecules through hydrogen bonding. These hydroxyl groups 
are widely recognized as key contributors to the adsorption of 
both organic and inorganic species on goethite and other iron 
oxyhydroxides. Therefore, the presence of goethite may 
provide additional surface active sites, potentially contributing 
to the maintained high adsorption performance observed for 
MagB-SOMS51. 

This behaviour is identical to the one found for bare SOMS32. 
The bare magnetite nanoparticles (MagB), on the contrary, do 
not adsorb effectively RhB, the concentration of which is 
reduced, in fact, only around 10% (0.36 mg/g adsorbed) in the 
first hour of contact. The difference between hybrid materials 
and bare magnetite demonstrates that the SOMS shell is 
responsible of the enhanced adsorption performances. Indeed, 
by comparing the behaviour of MagA-SOMS and MagB-SOMS, 
it is clear that the adsorption efficiency toward Rhodamine B is 
primarily governed by the SOMS component and remains 

largely independent by the preparation route of both the 
magnetic nanoparticles and the hybrid nanocomposite. This 
confirms the robustness and versatility of the Mag-SOMS 
synthetic strategy.
Given that the SOMS component constitutes the active phase 
for adsorption, the governing mechanisms are expected to 
parallel those established for pure SOMS that have already been 
explained in our previous article32. These interactions include: 
(i) electrostatic attraction between the negatively charged 
SOMS surface and the cationic or zwitterionic forms of RhB dye 
in aqueous solution32; (ii) non-covalent apolar π-π stacking 
between SOMS framework and RhB aromatic rings33,52,53; (iii) 
swelling-induced porosity, where the pre-swelling step 
increases the accessible pore volume available for adsorption 
thus maximizing pore accessibility54. 
The possibility to recover the magnetic hybrid nanocomposites 

after adsorption was tested using a commercial stirring bar 
immersed in the aqueous solution. In Figure 8 the complete 
workflow is presented as follows: i) initial contact between the 
RhB aqueous solution (purple coloured) and the hybrid material 
on the bottom (dark brown powder); ii) mixing of the two 
components; iii) magnetic decantation of the powder from the 
aqueous solution (which is visibly uncoloured); iv) separation 
and recovery of Mag-SOMS, after adsorption, using a 
commercial magnetic stirring bar. It can be clearly seen that the 
magnetic hybrid nanocomposite can be easily recovered from 
the solution.
A comparison of the adsorption capacities of the synthesized 
adsorbents with other materials is summarised in Table S1, 
which details both the adsorbed quantity of RhB and the 
corresponding removal percentage. It should be noted that 
direct comparisons of adsorption capacities can be difficult due 
to the wide variety of reported experimental conditions. 
Consequently, a representative selection of earlier studies is 
presented. To facilitate comprehensive evaluation, Table S1 
explicitly outlines the main experimental parameters associated 
with each reported value. From the comparison, Mag-SOMS 
composites outstand for their rapidity in RhB removal (10 min) 
and very high percentage of dye adsorbed at relatively low 
initial concentrations of RhB. 
In order to evaluate the practical applicability and lifespan of 
the composite, the regenerability and reusability of MagB-
SOMS were investigated over multiple adsorption-desorption 
cycles. The procedure of regeneration was executed by 
sonication of the composite in ethanol, as described in the 

Figure 7: Adsorption kinetics of RhB by MagA-SOMS (red) and MagB-SOMS (blue) 
compared to MagB (bare magnetite, in violet) expressed as (a) RhB residual % 
concentration in solution, C%, and (b) quantity of RhB adsorbed in mg/g over time. 
Experimental conditions: 50 mg of the material put in contact with 10 mL of a RhB 
aqueous solution with initial concentration of 20 μM.

Figure 8: Experimental images and workflow followed. From left to right: passing from 
the initial contact between the RhB aqueous solution and the hybrid material, to the 
mixing of the two components, to the magnetic decantation of the material from the 
aqueous solution, visibly uncoloured, to the magnetic separation and recovery of the 
hybrid material with a commercial magnetic stirring bar.
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Experimental Section. As Figure 9 shows, the efficiency of 
removal and the quantities of RhB adsorbed, desorbed, and 
retained by the composite were monitored across six 
consecutive cycles (exact values in Table S2). As shown in Figure 
9, MagB-SOMS demonstrated exceptional reusability; the 
adsorption capacity remains stable at ca. 1.91 mg/g over six 
cycles, maintaining a removal efficiency higher than 99%. 
Sonication-based regeneration in ethanol proved highly 
effective, recovering >1.50 mg/g of the dye per cycle. Notably, 
the minor fraction of RhB remaining within the composite did 
not impair subsequent performance, a behavior mirroring 
previous observations for pure SOMS32. 

Conclusions
In this work, to the best of our knowledge, hybrid magnetic 
adsorbents based on magnetite nanoparticles and Swellable 
Organically Modified Silica (Mag-SOMS) are reported for the 
first time. The proposed strategy effectively combines the high 
adsorption capability of SOMS with the magnetic 
responsiveness of spinel iron oxides (Fe₃O₄), overcoming the 
intrinsic limitations related to the difficult recovery from 
aqueous media of adsorbents in the form of nanopowders.
Two Mag-SOMS systems, obtained from magnetite 
nanoparticles synthesised via different co-precipitation routes 
and assembled through distinct sol–gel pathways, were 
investigated to decouple the influence of magnetic core 
preparation and composite formation route from the 
adsorption performance. Structural, morphological, textural, 
spectroscopic, and magnetic analyses confirm that the 
magnetite phase preserves its crystalline structure and 
magnetic behaviour after SOMS encapsulation, while the hybrid 
materials exhibit different morphologies and porosity features 
depending on the synthesis conditions.
Despite these differences, both MagA-SOMS and MagB-SOMS 
display outstanding adsorption efficiency toward Rhodamine B, 
removing more than 99% of the dye from aqueous solution 
within ten minutes. The kinetics and efficiency are comparable 
to those of bare SOMS, and the bare magnetite nanoparticles 
show negligible RhB uptake, demonstrating that the adsorption 
process is governed primarily by the SOMS component, and is 
largely independent by both the magnetic nanoparticle 
synthesis route and the composite morphology. 

It is relevant underlining that the hybrid materials can be rapidly 
and efficiently recovered from water by simple magnetic 
separation, thus demonstrating the robustness, versatility, and 
effectiveness of Mag-SOMS as magnetically recoverable 
adsorbents, and this opens promising perspectives for their 
application in environmental remediation and wastewater 
treatment.
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