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Composite nanomaterials combining magnetic 
properties and porosity have various applications as 
catalysts, in targeted drug delivery, depollution, energy 
storage etc. However, the synthesis of magnetite 
nanoparticles coated with SBA-16-type mesoporous silica is 
very challenging due to the acidic medium required, which 
leads to the dissolution of iron oxides. Here, we report a 
simple synthesis of Fe3O4@SBA-16 composite with high 
content of magnetic nanoparticles in a weak acidic medium. 
The influence of reagents addition order was also studied. 
The resulting materials have been investigated by small- and 
wide-angle X-ray diffraction, infrared spectroscopy, 
scanning electron microscopy, energy dispersive X-ray 
spectroscopy, nitrogen sorption analysis and magnetic 
measurements. The properties of Fe3O4@SBA-16 samples 
are discussed and compared with a Fe3O4@MCM-41 material, 
obtained in basic medium. All magnetic composites present 
high porosity and superparamagnetic behavior.  

 
 

  
Nanomaterialele compozite care combinǎ 

 proprietǎţile magnetice cu porozitatea au diverse aplicaţii în 
catalizǎ, eliberare ţintitǎ de medicamente, depoluare, stocare 
de energie etc. Totuşi, sinteza nanoparticulelor de magnetitǎ 
acoperite cu silice mezoporoasǎ de tip SBA-16 este foarte 
dificilǎ din cauza mediului puternic acid, care conduce la 
dizolvarea oxidului de fier. In aceastǎ lucrare raportǎm o 
sintezǎ simplǎ pentru compozite  Fe3O4@SBA-16 cu conţinut 
ridicat de magnetitǎ într-un mediu slab acid. Influenţa ordinii 
adǎugǎrii reactivilor a fost studiatǎ, iar materialele rezultate 
au fost caracterizate prin difracţie de raze X la unghiuri mici 
şi mari, spectroscopie în infraroşu, microscopie electronicǎ 
de baleiaj, spectroscopie de raze X de energie dispersivǎ, 
izoterme de adsorbţie-desorbţie a azotului şi mǎsurǎtori 
magnetice. Proprietǎţile probelor Fe3O4@SBA-16 sunt 
discutate comparativ cu un material Fe3O4@MCM-41 obţinut 
în mediu bazic. Toate nanocompozitele au porozitate ridicată 
şi proprietǎţi superparamagnetice. 
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1. Introduction 

 
Ever since their discovery in 1991 [1], 

ordered mesoporous materials have attracted 
significant interest because of their excellent 
properties, which include high surface areas and 
high pore volumes, narrow pore size distribution, 
biocompatibility and an easy way to tailor these 
properties through chemical synthesis [2,3]. Ordered 
mesoporous materials have been investigated for 
different applications including drug delivery [4-7], 
catalysis [8-10], depollution [11-14] or energy 
storage [15-17]. A valuable strategy to extend the 
useful properties of mesoporous silica materials 
(mSiO2) is the synthesis of core-shell composites 
[18,19]. For example, magnetite coated with 
mesoporous silica preserves the good 
biocompatibility, textural and mechanical properties 
of the silica matrix, while Fe3O4 offers magnetic  

 properties. Fe3O4-mSiO2 composite materials open 
up applications such as targeted drug delivery [20], 
magnetic resonance imaging contrast agents [21], 
recoverable heterogeneous catalysts [22] or 
localized hyperthermia [23]. Fe3O4 nanoparticles 
exhibit superparamagnetic behavior, with single 
magnetic domains per nanoparticles and smaller 
saturation magnetization than bulk magnetite [24].  

 Regarding the mesoporous silica 
component of the Fe3O4-mSiO2 nanocomposites, 
most studies so far have focused on hexagonally 
ordered MCM-41 and SBA-15 materials with 2D 
pore networks [25,26]. Mesoporous materials with 
interconnected 3D pores (SBA-16, FDU-12, MCM-
48 etc.) present some advantages over MCM-41 
and SBA-15, related to better diffusion and transport 
properties [27]. So far, there is only one study 
detailing the preparation of Fe3O4@SBA-16 
materials.[28] This lack of literature reports stems  
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from the narrow range of experimental conditions in 
which SBA-16 can be obtained, involving the use of 
strong acidic medium (~2M HCl) [29] and thus 
leading to the dissolution of the Fe3O4 nanoparticles. 

In order to prepare magnetic mesoporous 
inorganic composites for medical applications, the 
synthesis of highly water dispersible 
superparamagnetic magnetite nanoparticles (NP) 
with a very narrow size distribution is very important. 
The colloidal synthesis method enables the 
synthesis of nanocrystals with controlled 
morphology. Here we report the preparation of 
mesostructured silica coated magnetite NP in a two 
step procedure for biomedical applications. 
Moreover, we present a method for obtaining 
Fe3O4@SBA-16 materials with good pore order, 
porosity and magnetic properties. 
 
2. Experimental 

 
2.1. Materials 

 Tetraethyl orthosilicate (TEOS, Fluka), poly 
(ethylene glycol)-block-poly (propylene glycol)-
block-poly(ethylene glycol), EO101PO56EO101 
(Pluronic F127, Sigma Aldrich), ammonia solution 
25% (Scharlau), concentrated hydrochloric acid 
(Sigma Aldrich), trimethylhexadecylammonium 
bromide (CTAB, AlfaAesar), iron (II) sulfate (Sigma 
Aldrich) and iron (III) chloride (Sigma Aldrich) were 
used as received. 

 
2.2. Synthesis of magnetite nanoparticles 
        (Fe3O4 NP) 

 Fe3O4 NP were obtained in the presence of 
CTAB through co-precipitation of Fe2+ and Fe3+ 
salts. To a solution prepared by dissolution of 2.73 
g CTAB  in 60 mL ultrapure water, 18 mL 0.5 M 
aqueous solution of  FeCl3 and 24 mL 0.25 M FeSO4 

were added under mechanical stirring and inert 
atmosphere, at 40 °C. After 1 h, 20 mL of 25% (wt.) 
aqueous ammonia solution were poured in the 
solution containing Fe2+ and Fe3+ ions under argon 
atmosphere. The reaction mixture was stirred for 1 
h at 40 °C and the resulting nanoparticles were 
washed with water and ethanol and recovered by 
magnetic decantation. 

 
2.3. Coating Fe3O4 NP with MCM-41 silica 
       (Fe3O4@MCM-41) 

 0.046 g Fe3O4 NP (0.2 mmol) were 
dispersed by ultrasonic treatment into a solution 
containing 0.600 g CTAB (1.64 mmol) and 2.5 mL 
ammonia in 30 mL water. 2.5 mL TEOS (11.2 mmol) 
were added and the reaction mixture was 
mechanically stirred at 40 °C for 24 h. The reaction 
mixture was hydrothermally treated at 150 °C for 24 
h, followed by the solid separation and surfactant 
removal through extraction in a 2% (wt) ammonium 
nitrate alcoholic solution. The sample was labeled 
Fe3O4@MCM-41. 

 2.4. Coating Fe3O4 NP with SBA-16 silica  
      (Fe3O4@SBA-16) 

  
0.094 g Fe3O4 NP (0.4 mmol) were 

dispersed into 9.5 mL water containing 0.206 mg 
Pluronic F127. Then, 0.890 mL TEOS (4 mmol) was 
added under mechanical stirring. Before or after the 
TEOS addition 0.158 mL concentrated HCl was 
also added and the resulting samples are denoted 
“Fe3O4@SBA-16b” and “Fe3O4@SBA-16a”, 
respectively. The sol was kept at 40 °C for 24 h, 
followed by ageing at 105 °C for 24 hours. The 
surfactant was removed by calcination in air at 550 
°C for 5h.  

 
2.5. Materials characterization 

  
Small- and wide-angle X-ray powder 

diffraction (XRD) were recorded on Bruker D8 
Discover and Rigaku Miniflex II diffractometers, 
equipped with CuKα radiation. FTIR spectra were 
carried out on Bruker Tensor 27 spectrometer (KBr 
pellets technique). Nitrogen adsorption-desorption 
isotherms were recorded at 77K on a 
Quantachrome Autosorb iQ2 gas physiosorption 
analyzer. The total pore volume was determined as 
cumulative pore volume for the entire isotherm. The 
specific surface area was calculated by Brunauer–
Emmett–Teller (BET) theory from multi-point 
regression in the 0.1-0.3 relative pressure range, 
while the pore size distribution curves were 
determined by using the most suitable method 
depending on the pore array of silica coating. The 
synthesized materials were investigated by 
scanning electron microscopy (SEM) on a Tescan 
Vega 3 LM microscope equipped with an energy-
dispersive X-ray (EDX) spectrometer. The magnetic 
properties were measured at room temperature 
recording the magnetic susceptibility function of 
magnetic field on a LakeShore 7404 vibrating 
sample magnetometer. 

 
3. Results and discussion 

 
 The wide-angle XRD pattern of Fe3O4 NP 

shows the formation of the cubic magnetite phase 
with inverse spinel structure (ICDD 76-1849) as the 
only crystalline phase (Fig. 1). The unit cell 
parameter for magnetite phase computed from all 
diffraction peaks was 0.836 nm. The crystallite size 
of 11 nm was calculated using Rigaku PDXL 
software based on Scherrer’s equation from all 
Bragg reflections for magnetite. For the 
Fe3O4@MCM-41 Fe3O4@SBA-16a and 
Fe3O4@SBA-16b composites, an additional broad 
peak between 15-35° 2θ, corresponding to 
amorphous silica phase formation can be noticed. 
The crystallite size of magnetite phase was not 
altered after the silica coating procedure or the 
composite calcination.  
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Fig. 1. - Wide-angle XRD patterns of Fe3O4 NP and silica-

magnetite composites./ Difractogramele de raze X la 
unghiuri mari ale Fe3O4 NP și compozitelor silice-
magnetită. 

 
The small-angle diffraction pattern (Fig. 2A) 

of Fe3O4@MCM-41 presents three characteristic 
peaks, indexed as the (100), (110) and (200) Bragg 
reflections of the hexagonal space group P6m. In 
the case of the Fe3O4@SBA-16 composites, both  

 samples exhibits a well-defined (110) Bragg 
reflection, demonstrating an ordered mesopores 
array (Fig. 2B). In addition, the sample 
Fe3O4@SBA-16a also presents a secondary 
diffraction peak, which could be indexed as the 
(200) Bragg reflection of the cubic Im3m space 
group (Fig. 2B, inset). The small-angle XRD results 
suggest that Fe3O4@SBA-16a has a higher degree 
of mesopore order than Fe3O4@SBA-16b. 

The nitrogen adsorption-desorption 
isotherms (Fig. 3A) for Fe3O4@MCM-41 and 
Fe3O4@SBA-16a are type IV, characteristic for 
mesoporous materials [30]. The Fe3O4@SBA-16a 
sample presents a H2-type hysteresis loop, typical 
for materials with ink-bottle mesopores. For 
Fe3O4@MCM-41, a H1-type hysteresis, 
characteristic for independent pores with hexagonal 
arrangement, was observed.  The pore size 
distribution curve is often calculated from the 
desorption branch of the isotherm by BJH theory, 
widely used to assess the pore size for mesoporous 
materials [31]. This approach is suitable for non-
intersecting mesopores (as the case of MCM-41 
materials), but generates false results for  

 
Fig. 2 - Small-angle XRD patterns of Fe3O4@MCM-41 (A) and Fe3O4@SBA-16-type composites (B). Inset, the pattern of 

Fe3O4@SBA-16a with background subtracted (B). / Difractogramele de raze X la unghiuri mici ale compozitelor 
Fe3O4@MCM-41 (A) și Fe3O4@SBA-16 (B). Inserată, difractograma de raze X la unghiuri mici a probei Fe3O4@SBA-16a cu linia 
de bază extrasă. 

 

 
Fig. 3-  N2 adsorption–desorption isotherm and the corresponding pore size distribution curve for Fe3O4@MCM-41 (A) and 

Fe3O4@SBA-16a (B)./ Izotermele de adsorbție-desorbție ale N2 și distribuția de dimensiuni a porilor pentru Fe3O4@MCM-41 (A) 
și Fe3O4@SBA-16a (B). 
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Table 1 
Unit cell parameter, specific surface area, total pore volume and average pore diameter values for the Fe3O4 nanoparticles and 

magnetite-silica materials / Parametrul celulei elementare, suprafața specifică, volumul total de pori și diametrul mediu al porilor pentru  
nanoparticulele de Fe3O4 și materialele magnetită-silice 

Sample a0 (nm)* SBET (m2/g) Vpore (cm3/g) dpore (nm) 

Fe3O4 NP 0.836 67.4 - - 

Fe3O4@MCM-41 5.10 515 0.46 2.67 

Fe3O4@SBA-16b 15.6 - - - 

Fe3O4@SBA-16a 16.7 938 0.70 9.10 

*a0=2d100//3 for silica with hexagonal pore framework; a0=2d110/ for silica with cubic pore array 
 
connected pores due to the tensile strength effect 
[32]. Therefore, for Fe3O4@SBA-16a composite, the 
pore size distribution curve was determined by non-
local density functional theory (NLDFT) considering 
cylindrical/spherical pores, which is the most 
suitable method for the determination of pore 
dimension for ink-bottle mesopores [33,34]. 

The Fe3O4@SBA-16a sample exhibits a 
bimodal pore size distribution curve with the main 
peak centered at 9.1 nm and the total cumulative 
pore volume being 0.70 cm3/g (Fig. 3B). 

The unit cell parameter values, a0, for 
magnetite NP and silica coating of the composite 
samples, as well as the textural parameters (specific 
surface area, SBET, total pore volume, Vpore and 
average pore diameter, dpore) were gathered in 
Table 1. The specific surface area and total pore 
volume are higher for Fe3O4@SBA-16a in 
comparison with Fe3O4@MCM-41 (Table 1), 
indicating higher porosity for the SBA-16a material.  

The morphology of the synthesized materials 
was investigated through SEM analyses (Fig. 4 A, 
C, D). The Fe3O4 NP consists of  

 spherical particles with nanometric dimensions, 
which tend to form spherical agglomerates with a 
diameter in the range of 50-80 nm (Fig. 4 A). Larger 
spherical particles are observed in the case of all 
magnetite-silica composites (Fig. 4 B, C, D). In 
general, the composite particles are polydisperse in 
size, but their diameter is between 200 nm and 500 
nm. A very good dispersion of the magnetite 
nanoparticles (bright spots) into the MCM-41 
framework can be noticed for Fe3O4@MCM-41 (Fig. 
4 B) in the back scatter electrons (BSE) detection 
mode. The EDX map of Fe3O4@SBA-16a (Fig. 4 E) 
also shows a good dispersion of Fe3O4 
nanoparticles in the silica matrix. The ratio Fe:Si 
was found using EDX quantitative analyses in at 
least five different areas of each sample (Table 2) 
and it is lower than the initial ratio used in the 
synthesis. The yield in Fe3O4 was computed as 62% 
for Fe3O4@MCM-41 and 50% for Fe3O4@SBA-16a, 
with the lower value for the SBA-16 sample 
explained by the partial dissolution of the magnetite 
nanoparticles in the acidic synthesis medium. 

 
Fig. 4- SEM images of Fe3O4 NP (A), Fe3O4@MCM-41(B), Fe3O4@SBA-16b (C), Fe3O4@SBA-16a (D) and Fe3O4@SBA-16a with elements 

distribution (E)/ Imaginile SEM ale Fe3O4 NP (A), Fe3O4@MCM-41(B), Fe3O4@SBA-16b (C), Fe3O4@SBA-16a (D) și Fe3O4@SBA-
16a cu distribuția elementelor. 
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FT-IR spectroscopy was used to assess the 
various chemical bonds present in the obtained 
materials (Fig. 5). The characteristic stretching 
vibrations associated with Fe-O bonds for the Fe3O4 
NP are observed at 450, 580 and 630 cm-1 and 
correspond to the Fe(II) and Fe(III) ions in both 
octahedral and tetrahedral geometries [35]. These 
bands can be also noticed in the silica-magnetite 
materials, proving the successful incorporation of 
magnetite in composites, even though the 450 cm-1 
Fe-O in octahedral geometry is superimposed with 
the 465 cm-1 Si-O bending vibration. The presence 
of silica in the composite materials is indicated by its 
characteristic vibrations: Si-O-Si asymmetric 
stretching at ~1090 cm-1, Si-O-Si symmetric 
stretching at ~800 cm-1 and Si-OH deformation 
vibrations at ~960 cm-1. All samples contain 
physisorbed water and surface hydroxyl groups, as 
evidenced by the 1640 cm-1 water bending vibration 
and the broad 3450 cm-1 O-H stretching vibration, 
respectively. Lastly, the existence of surfactant 
molecules for Fe3O4 NP and Fe3O4@SBA-16b can 
be inferred through the C-H stretching bands 
between 2850-2925 cm-1 and the C-C and C-N 
vibrations in the 1200-1500 cm-1 range. 

The magnetic susceptibility measurements 
at room temperature of both magnetite 
nanoparticles and magnetite-mesoporous silica 
materials show typical superparamagnetic behavior, 
with anhysteretic behavior (Fig. 6). The 
magnetization (M) versus applied field (H) curves 
present a sharp increase in magnetization between 
-3000 and 3000 G for all samples, reaching 
saturation at around 4000 G. This behavior is 
characteristic for magnetite [25] and demonstrates 
the preservation of Fe3O4 phase in the 
nanocomposite samples. A high saturation 
magnetization is desired for the magnetite-silica 
composites for targeted drug delivery or catalysis. 
As expected, the saturation magnetization of Fe3O4 
nanoparticles (59.8 emu/g) is lower than that of bulk 
magnetite  (~95 emu/g) [24] due to the nanometer 
size of Fe3O4 NP. 

 

 
 
Fig. 5 - FT-IR spectra of magnetite nanoparticles and magnetite-

silica composites/ Spectrele FT-IR ale nanoparticulelor de 
magnetită și a compozitelor magnetită-silice. 

  
The saturation magnetization of Fe3O4@MCM-41 
(5.2 emu/g) is lower than of Fe3O4@SBA-16a (9.9 
emu/g), confirming the lower magnetite fraction in 
the former sample (Table 2). Keeping in mind that 
no changes in average crystallite size and phase 
composition were detected by XRD after the silica 
coating procedure of magnetic nanoparticles, the 
weight  content of magnetite in the composite 
samples can be computed assuming that the 
saturation magnetization of these samples is given 
only by the magnetite phase (Table 2). A good 
correlation between EDX analyses and the 
saturation magnetization values were obtained for 
both samples, especially for the Fe3O4@SBA-16a 
composite. For Fe3O4@MCM-41, the content of 
magnetite phase computed from EDX analysis was 
7.2% (wt), while from the saturation magnetization 
value it was 8.7% (wt). This difference can be 
explained by the fact that EDX analysis is a surface 
sensitive technique. Thus, only the Fe3O4 
nanoparticles close to the particle surface are 
quantified by EDX. In the case of Fe3O4@SBA-16a 
sample, a content of Fe3O4 nanoparticles of 16% 
(wt.) was determined from  

 
Fig. 6 - Magnetization versus applied field curves for A) Fe3O4 NP and B) magnetite-silica samples at 25°C/ Variația magnetizării în 

funcție de câmpul magnetic pentru A) Fe3O4 NP și B) probele magnetită-silice la 25°C. 
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Table 2 
The saturation magnetization (Ms), mass susceptibility (χg ) and Fe3O4 content computed from magnetic measurements or EDX analysis  
Magnetizarea de saturație (Ms), susceptibilitatea masică (χg ) și conținutul de Fe3O4 calculat din măsurători magnetice sau analiza EDX. 

Sample  Ms 
(emu/g) 

χg ⋅106 

(cm3/g) 
Fe3O4 content from Ms   
(% wt.) 

Fe3O4 content from EDX  
(% wt.) 

Fe3O4 NP 59.81 14.00 - - 

Fe3O4@MCM-41 5.24 1.52 8.7 7.2 

Fe3O4@SBA-16a 9.91 31.36 16.6 16 
 

 
EDX analysis, while taking into account the 
saturation magnetization value the weight fraction of 
magnetic nanoparticles is 16.6% (wt.). The very 
close magnetite content values of the Fe3O4@SBA-
16a composite could be explained by a thin silica 
coating of Fe3O4 nanoparticles. 

The magnetic susceptibility values of the 
investigated samples present the same variation as 
the saturation magnetization, decreasing in the 
order Fe3O4 NP > Fe3O4@SBA-16a > 
Fe3O4@MCM-41 (Table 2). 

 
4. Conclusions  

  
Mesostructured magnetite-silica 

composites with cubic, interconnected (SBA-16) or 
hexagonal, disconnected (MCM-41) pore systems 
have been obtained and characterized. The pore 
order and magnetite crystallinity in the case of cubic 
SBA-16 composites strongly depends on the 
synthesis method. Higher pore order was obtained 
by adding HCl after the silica precursor, decreasing 
the magnetite dissolution in the reaction media 
through competition with TEOS hydrolysis. The 
magnetite-cubic ordered silica sample retains ~50% 
of the initial magnetite nanoparticles, as evidenced 
by EDX and magnetic susceptibility measurements 
and exhibits a good saturation magnetization (~10 
emu/g), specific surface area (938 m2/g) and total 
pore volume (0.70 cm3/g). The magnetic properties, 
structural and textural properties of the 
Fe3O4@SBA-16 material obtained in acid media 
compares favorably with Fe3O4@MCM-41 
synthesized in basic conditions, where iron 
dissolution from the magnetite nanoparticles is 
suppressed. Thus, the Fe3O4@SBA-16 material 
obtained using the presented method is a promising 
candidate for applications requiring large porosity 
and saturation magnetization, such as targeted drug 
delivery, heterogeneous catalysis or depollution.  
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20 septembrie (1459) – Ziua orașului București 

La această dată se împlinesc 557 de ani de la prima 
atestare documentară a existenței Orașului 
București, într-un hrisov emis de cancelaria 
voievodului Vlad Țepeș. În ordine cronologică, orașul 
București a devenit treptat, în secolele următoare, 
cea de a patra capitală a Țării Românești a Munteniei 
(dupa Câmpulung, Curtea de Argeș și Târgoviște) și 
prima capitală a României Mari după Războiul de 
Întregire Națională din 1916 – 1918 
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