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Abstract: Magnetic separation can be considered a green technology because it is fast, efficient, consumes 
low energy, and minimizes the use of solvents and the generation of waste. It has been successfully used in 
laboratory scale to facilitate supported catalysts’ handling, separation, recovery, and recycling. Only few 
materials are intrisically magnetic, hence the application of magnetic materials as catalyst supports has 
broaden the use of magnetic separation. Iron oxides, silica-coated iron oxides, and carbon-coated-cobalt are 
among the most studied catalyst supports; however, other metal oxide coatings, such as ceria and titania, 
are also very interesting for application in catalysis. Here we report the preparation of magnetically recover-
able magnetic supports containing silica, ceria, and titania. We found that the silica shell protects the iron 
oxide core and allows the crystalization of ceria and titania at high temperature without compromising the 
magnetic properties of the catalyst supports.
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Introduction
Catalytic routes applied for the synthesis of complex organic molecules is highly desired but yet hindered by 
both high costs and difficulties in catalyst separation and recycling. For almost any manufacturing process 
using suspended or soluble catalysts, recovery of the spent catalyst from the product streams is a major 
concern [1]. The choice of the separation process is determined by the nature of the catalyst material and 
the time and energy consumed. Magnetic separation generally offers high efficiency and specificity when 
compared with equivalent centrifugation, filtration, liquid-liquid extraction, or chromatographic methods 
[1]. The possibility to use of magnetic separation is not always obvious, though if some part of a mixture is 
intrinsically magnetic (Ni, Co, Fe), then magnetic separation is often the best choice [2]. Each separation 
method has its own limitations of cost, efficiency, or generation of secondary waste, but magnetic separation 
meets many criteria to be considered a green technology. Magnetic separation generally offers the following 
advantages:
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 – fast and efficient separation
 – specific for separation of the magnetic component only
 – low energy consumption (magnet, electromagnet)
 – easy catalyst recycling – catalyst is kept inside the reactor
 – minimizes catalyst loss
 – minimizes exposure to air
 – easy catalyst handling under inert condition
 – easy sampling and product isolation under inert condition
 – solvent-free process
 – minimizes the prodution of waste
 – applicable for any volume – possible to scale-up
 – simple design
 – applicable for any kind of catalysts (molecular, enzyme, metal, etc.)

As only few materials are intrisically magnetic, the application of magnetic separation to non-magnetic cata-
lysts has been conceived by using magnetic materials as catalyst supports. Magnetic nanoparticles (MNPs), 
e.g. magnetite (Fe3O4), maghemite (Fe2O3), cobalt, etc., have attracted attention as catalyst supports because 
they provide fast separation under an applied magnetic field and easy redispersion in the absence of an 
applied magnetic field. Among the MNPs, magnetite can be highlighted as one of the most used magnetic 
supports, because they are easilly prepared by low-cost methodologies [3]. Many strategies for the immo-
bilization of different type of catalysts on MNPs, such as metal complexes, metal or oxide nanoparticles, 
enzymes, or organocatalysts have been reported [2, 4, 5]. The design of magnetically recoverable catalysts 
consists in the functionalization of MNPs surfaces before the attachment of the catalyst to the magnetic phase 
[1, 3]. Many research groups have chosen to use MNPs coated with another material [3], typically silica [6] or 
carbon [7–9]. Coating the MNP surface is a strategy to protect the magnetic material against oxidation and 
aggregation, but it also facilitates the immobilization of catalysts through covalent attachment or electro-
static interactions [3, 10]. The coating of MNPs with other oxides, such as titania, alumina, and ceria, is highly 
desired to expand the use of MNPs as catalyst supports. Here we report the design of magnetically recover-
able magnetic supports containing silica, ceria, and titania.

Development of magnetic supports

Silica-coated magnetite nanoparticles (Fe3O4@SiO2) were obtained by the reverse microemulsion method 
reported elsewhere [11]. This method was chosen due to the high quality of the magnetic materials – spheri-
cally coated with silica – obtained with this methodology. We have been using this material as a catalyst 
support for metal nanoparticles [2, 12–18], metal complexes [19], and enzymes [20, 21] to perform a large 
scope of reactions. All the reactions have been performed at relatively mild conditions (<373 K) because the 
stability of the Fe3O4@SiO2 material upon thermal treatment has never been studied in detail. Cheng et al. [22] 
reported that the silica-coated magnetite can be calcined, but they did not present a proper characterization 
of the calcined material. The materials obtained by the reverse microemulsion process may contain residual 
organic matter, primarly from the surfactant, in the silica shell. If the material is submitted to thermal treat-
ment, these organic residues will be removed and an increase of the surface area is expected. However, the 
heat treatment of the material at high temperatures might result in changes in the magnetic properties due to 
magnetite oxidation and lead to other structural changes that still have to be determined.

Silica-coated magnetite: tuning the silica shell thickness

Initially, the effect of reaction time in the thickness of the silica shell was studied. From a typical micro-
emulsion reaction, samples were collected after 2, 6, 12, 24, and 48 h reaction time. The silica-coated mag-
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netite particles were purified following the same steps described before and their average size accessed by 
transmission electron microscopy (TEM) characterization. The average particle size was determined to be 
20.1 ± 1.3, 28.0 ± 2.0, 31.2 ± 1.0, 33.8 ± 1.2, and 34.7 ± 1.2 nm, respectively. The sample, isolated after 2 h, shows 
a pearl-necklace structure due to an excess of non-reacted silica precursor, which undergoes hydrolysis and 
precipitation during the washing process. The sample, isolated after 6 h, exbibited the core-shell strucuture 
and the solid could be isolated without aggregation. This material was used for further studies.

Silica-coated magnetite: thermal stability

The thermal behavior of uncoated Fe3O4 NPs and Fe3O4@SiO2 (prepared in 6 h), which contains a silica shell 
of about 10 nm, were studied by thermogravimetry/derivative thermogravimetry (TG/DTG) under dynamic 
air atmosphere. The two events of mass loss observed for Fe3O4@SiO2 in Fig. 1a are related to water removal 
(Δm = 7.9 %, Tpeak DTG = 355 K) and to the thermal decomposition of the surfactant IGEPAL CO-520 (Δm = 5.1 %, 
Tpeak DTG = 696 K), respectively. The thermal decomposition temperature for the free surfactant is coincident 
with the temperature of the second event of mass loss observed, which is absent in the TG/DTG curves of the 
uncoated magnetite sample. Using the TG data, we have chosen to performe a calcination step under a static 
atmosphere of air at 773 K for 2 h with an initial heating rate of 20 K min−1. A TG/DTG curves obtained with 
the calcination conditions (Fig. 1b) showed similar mass loss (Δm = 5.6 % Tpeak DTG = 692 K) attributed to organic 
residues removal. The water content in the sample can be slightly different and is attributed to the drying 
conditions. The amount of organic residues may also vary according to the surfactant removal efficiency in 
the washing procedure.

The surface area of the material obtained after calcination (and removal of the organic surfactants used 
in the microemulsion process) enhanced substantially from 18 to 111 m2 g−1, but the core-shell morphology 
and the size of the silica nanospheres were preserved. Figure 2 exhibits the TEM micrograph of the material 
“as-prepared” and after the calcination process. The average size for the calcined material was determined to 
be 28.1 ± 1.2 nm. A careful inspection of the figure indicates that the morphology and size of the heat treated 
sample are quite similar to the as-prepared sample, with no clear damage to the material. The crystallinity 
and the phase purity of the as-prepared and calcined Fe3O4 and Fe3O4@SiO2 materials were further charac-
terized by X-ray powder diffraction (XRD) (Fig. 3). The XRD pattern of Fe3O4 NPs and Fe3O4@SiO2 samples 
revealed diffraction peaks at 30.02°, 35.40°, 43.45°, 53.75°, 57.25° and 62.95° corresponding to the indexed 
planes of cubic Fe3O4 (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0), according to the crystallographic 
data (ICSD #084611). The XRD pattern of calcined Fe3O4@SiO2 samples preserved the same diffraction peaks 
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Fig. 1: TG (solid) and DTG (dashed) curves for Fe3O4@SiO2 (black) and Fe3O4 NPs (red) with heating rate 20 K min−1 (a) until 
1200 K and (b) isothem at 773 K for 2 h with dynamic atmosphere of air.
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corresponding to magnetite. However, the XRD pattern of uncoated Fe3O4 NPs calcined under similar condi-
tions revealed diffraction peaks at 24.10°, 33.16°, 35.68°, 40.88°, 49.50°, 54.12°, 57.64°, 62.46° and 64.08° cor-
responding to indexed planes of rhombohedral α-Fe2O3 (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6), (0 1 8), (2 
1 4) and (3 0 0) (ICSD #082904). These results indicate that the thermal treatment had little influence in the 
magnetic core crystal phase coated by silica, detectable by this technique, but resulted in oxidation of the 
uncoated Fe3O4 NPs into α-Fe2O3 particles with larger sizes. These results demonstrated an enhanced thermal 
stability of the silica-coated magnetite nanoparticles when compared to bare magnetite. The thermal stability 
is further investigated by magnetic measurements.

The magnetization M as a function of the applied magnetic field at 2 and 300 K, M(H), and cycles of 
zero field cooled (ZFC) and field cooled (FC), measured under H = 50 Oe and in a large range of temperature, 
were performed to evaluate the magnetic properties of Fe3O4@SiO2, as illustrated in Fig. 4. No significant 
changes were observed in M(H) and ZFC/FC curves for Fe3O4@SiO2 before (as-prepared) and after calcina-
tion. The two samples show typical characteristics of superparamagnetic particles: ZFC curves presenting 
a maximum related with the blocking temperature (TB) of the system, reversible M(H) curves above TB with 
negligible coercive field and remanent magnetization (Fig. 4a) and curves presenting magnetic hysteresis 
below TB (Fig. 4a inset). The saturation magnetization (Ms) was 82 and 79 emu g−1 for as-prepared and cal-
cined Fe3O4@SiO2 samples, respectively. In addition, the magnetic size distributions (〈d〉 ~ 6 nm and σ = 0.4) 
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Fig. 3: XRD pattern of Fe3O4 (left) and Fe3O4@SiO2 (right) as-prepared (black) and calcined (red).

Fig. 2: Micrographs obtained by TEM of Fe3O4@SiO2 materials (a) as-prepared and (b) after calcination.
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estimated from the Langevin function fitted to M(H) curves, a procedure found elsewhere [23], are also 
similar for both samples. Therefore, the magnetic core is preserved after thermal treatment. Figure 4b dem-
onstrates that the ZFC magnetic susceptibilities reach their maximum at the same temperature for both 
as-prepared and calcined samples, indicating that the average blocking temperatures were found to remain 
essentially unchanged after the thermal treatment, further suggesting that the magnetic cores did not sinter 
upon heating. Contrarily, the calcination of uncoated Fe3O4 NPs drastically affected their magnetic proper-
ties. The MS of bare Fe3O4 NPs decreased by nearly 80 % after calcination (air at 773 K for 2 h) (Fig. 4a inset), 
which may be due to the oxidation of Fe3O4 into α-Fe2O3 that typically exhibits a much lower Ms ~2 emu  g−1. 
Hence, we have observed an enhanced thermal stability of the silica-coated magnetite nanoparticles when 
compared to uncoated magnetite. The silica shell provides an extra protection to the magnetic core, sup-
pressing the oxidation process, as evidenced by the preserved magnetic properties before and after the 
thermal treatment.

Post-coating process: magnetic supports containing ceria, titania and other oxides

Silica is a very versatile catalysts support; however, other metal oxides, such as ceria and titania, are also 
very interesting for application in the field of catalysis. The oxygen storage and release properties of ceria 
are crucial for various catalytic reactions, including those in exhaust catalysts. Our first attempt to prepare 
ceria-coated magnetite by the substitution of tetraethylortosilicate by ammonium cerium(IV) nitrate in the 
microemulsion process failed. Many other attempts to coating the magnetic core with ceria, titania, and 
alumina have lead to a fast precipitation process on the microemulsion system. The uncontrolled hydrolysis 
and condensation of such precursors and the lack of control of the material’s morphology is still a problem to 
overcome. Moreover, the crystallization of ceria and other oxides occurs at high temperature and it can be a 
problem for uncoated magnetite nanoparticles. Taking advantage of the thermal stability of the silica-coated 
magnetite nanoparticles (see results above), we further explored the post-coating of Fe3O4@SiO2 with differ-
ent oxides. The deposition of ceria on the surface of the silica shell was performed by the wetness impregna-
tion and thermal decomposition of ammonium cerium(IV) nitrate at 773 K for 2 h under static air atmosphere. 
The TEM micrograph of the material obtained after calcination revealed the presence of ceria nanoparticles 
of 2.6 ± 0.4 nm well distributed on the silica surface (Fig. 5a). The morphology of the core-shell silica coated 
magnetite was preserved. The XRD pattern of Fe3O4@SiO2-CeO2 revealed diffraction peaks at 28.75°, 33.10°, 
47.80°, 56.35° corresponding to indexed planes of cubic CeO2 (1 1 1), (2 0 0), (2 2 0) and (3 1 1) (ICSD #072155), 
additionally to diffraction peaks attributed to Fe3O4 (Fig. 5b).
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Fig. 4: Magnetization as a function of applied magnetic field measured at 300 K (left) and at 2 K (bottom inset) for as-prepared 
(black) and calcined (red) Fe3O4@SiO2 and Fe3O4 (top inset). Magnetic susceptibility as function of temperature (right),  measured 
under ZFC and FC conditions applying a magnetic field of H = 50 Oe for as-prepared (black) and calcined (red) Fe3O4@SiO2. 
The results were corrected to magnetic mass and inset data is normalized.
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The deposition of small CeO2 particles was also demonstrated by X-ray photoelectron spectrocopy (XPS). 
The XPS spectrum of the calcined Fe3O4@SiO2 shows two O 1s components at binding energy (BE) 533.0 and 
530.3 eV, attributed respectively to bulk SiO2 and to surface hydroxyl groups, although, the latter is often 
observed in several oxides. The XPS spectrum for Fe3O4@SiO2-CeO2 showed an increase in the O 1s component 
at BE 530.7 eV, a feature attributed to the occurrence of CeO2 [24]. There is an increase of 2.1 eV, compared to 
pure CeO2 as a consequence of the decrease in the basicity of small CeO2 particles. The Ce 3d XPS spectrum 
(Fig. 6a) showed eight components and, as described by Burroughs et al. [25] the components u, u″, and u″′ 
(903.26, 909.21, and 917.87 eV) and v, v″, and v″′ (882.63, 888.44, and 900.03 eV) are associated with Ce4+ 3d 
and the components v′ (885.33 eV) and u′ (906.30 eV) are attributed to Ce3+ 3d. As a result of the low content 
of Ce, the components v0 and u0 were not observed [26].

Titania has also received attention as a catalyst support that possesses good mechanical resistance, 
strong metal support interaction, chemical stability, and acid-base property and high potential in photocata-
lyst-related applications [27]. The deposition of titania on the surface of Fe3O4@SiO2 was obtained following a 
different method [28]. The hydrolysis of titanium(IV) isopropoxide resulted in the formation of small particles 
and/or shell on the Fe3O4@SiO2 surface that were characterized by TEM/EDS (Fig. 7) and XPS (Fig. 6b), but 
were not detectable by XRD. The HRTEM analysis of the small particles presented on the Fe3O4@SiO2 surface 
resulted in an interplanar distance of 3.71 Å that corresponds to the (1 0 1) Bragg plane of anatase phase of 
TiO2 [29]. The deposition of TiO2 was also confirmed by XPS data (Fig. 6b). The Ti 2p doublet is assigned to 
Ti 2p3/2 and to Ti 2p1/2 at lower and higher energy, respectively. The Ti 2p XPS spectrum was fitted into two 
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Fig. 5: (a) Micrograph obtained by TEM of Fe3O4@SiO2-CeO2. (b) XRD pattern of FFSiCe. The peaks attributed to magnetite are 
indicated with ■ and to ceria with *.
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components for Ti4+ (464.63 and 459.09 eV) and Ti3+ (462.93 and 457.40 eV) species, which agreed with Ti4+ 
in pure anatase TiO2 form [30]. The two Ti3+ peaks and the peak separation for Ti4+ and Ti3+ agreed with the 
reported values in the literature [31]. The peak at 461.3 eV is related to the X-ray emission source. The deposi-
tion of CeO2 and TiO2 was performed using ammonium cerium(IV) nitrate and titanium(IV) isopropoxide, and 
the presence of Ce3+ and Ti3+ is an consequence of the long time X-ray irradiation [32].

Concluding remarks

We were able to demonstrate the versatility of the post-coating process for the decoration of silica-coated 
magnetite nanoparticles with other inorganic oxides for the preparation of novel magnetically recoverable 
catalyst supports. The well-known reverse microemulsion methodology used for the preparation of high 
quality and size controlled silica-coated magnetite did not apply for the direct coating of magnetite with 
other oxides such as ceria and titania. Moreover, we have found that the pre-coating with a uniform layer of 
silica provides thermal resistant magnetic materials, which allows for thermal treatment without depleting 
the magnetic properties of the magnetic core. The deposition and crystallization of ceria and titania nano-
particles on the surface of silica-coated magnetite was obtained by very simple protocols. The post-coating 
of silica-coated magnetite with alumina and magnesia were also obtained, thus demonstrating that this is 
an efficient method to obtain magnetically recoverable catalyst supports containing different metal oxides 
and surface properties. All materials presented here are easily separated from complex mixtures by means of 
magnetic separation.

Experimental

Synthesis of magnetic supports

The magnetic support Fe3O4@SiO2 was prepared by a microemulsion process reported elsewhere [12]. The 
influence of reaction time on the silica layer was studied by taking aliquots with 2, 6, 12, 24, and 48 h. The 
material was precipitated with methanol and separated by centrifugation. The solid was washed with two 
portions of ethanol followed by centrifugation and dried in air. The calcination procedure was performed 
under a static atmosphere of air at 773 K for 2 h (heating rate of 20 K min−1). The post-coating with ceria was 
performed by dispersing 100 µg Fe3O4@SiO2 in 4 mL ethanol and addition of 8 µg ammonium cerium(IV) 
nitrate, after 2 h, under magnetic stirring. The mixture was kept under magnetic stirring for another 20 h 
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Fig. 7: (a) Micrograph obtained by TEM of Fe3O4@SiO2-TiO2 and (b) energy dispersive X-ray spectroscopy (EDS) analysis.
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before removing the solvent under vaccum. The obtained solid was thermally treated at 773 K for 2 h under 
static air atmosphere. The resulting material was denoted as Fe3O4@SiO2-CeO2. The post-coating with titania 
was performed by a modification of the method described by Güttel et al. [28] for the preparation of gold 
yolk-shell material. Initially, 200 µg Fe3O4@SiO2 and 90 μL titanium(IV) isopropoxide solution (80 % in 
1-butanol) were dispersed in Brij-30 solution (0.4 mmol L−1, in 30 mL ethanol) under magnetic stirring. After 
20 h, the solid was magnetically separated and washed with three portions of 15 mL ethanol. The obtained 
material was calcined under static air atmosphere at 773 K for 2 h. The resulting material was denoted as 
Fe3O4@SiO2-TiO2.
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