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Abstract 

Fe3O4@SiO2 and CoFe2O4@SiO2 and their corresponding amino-functionalized 

nanocomposites were successfully synthesized by a process of two steps including the 

preparation by coprecipitation or hydrothermal synthesis of the corresponding magnetic 

cores, the coating of its surface with a silica coating followed by its subsequent 

functionalization with 3-aminopropyltriethoxysilane (APTES). All magnetic samples 

were characterized by XRD using FULPROFF program, FTIR analysis, TEM and M-H 

hysteresis loops. The results showed diffraction maxima indexed in a cubic symmetry of 

S. G. Fd-3m with Z = 8 compatible with an inverse spinel-type structure. FTIR spectra 

of all samples show the characteristic bands of the magnetic cores and others bands 

corresponding to the asymmetric vibration of O-Si-O and Si-O-Si bonds of silica. The 

TEM images confirm that all the nanoparticles are coated, finding the largest thickness 

of the coating in the Fe3O4 sample prepared hydrothermally, which are the smaller ones. 

An expected reduction of the saturation magnetization of the magnetic cores is achieved 
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with the coating and functionalization, although the behavior of the Fe3O4-samples 

remains practically superparamagnetic while the corresponding ones of cobalt are still 

ferrimagnetic. Fe3O4 nanocomposites respond to more quickly in the presence of an 

external magnetic field, something important against the removal of contaminating 

species in aqueous media. UV-Vis spectroscopy studies confirm the adsorption capacity 

of Cu2+ in aqueous solutions of the prepared nanocomposites, having found that a small 

thickness of the coating leads a greater adsorption, so that the best adsorption is found 

for CP-Fe3O4@SiO2-APTES nanocomposite. 
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1. Introduction  

Water pollution caused by heavy metal cations can cause a variety of negative effects on 

human health, even if those metal cations are in low concentrations [1-4]. They get into 

water system via several manufacturing processes such as refining, fertilizer, and 

pesticides and suppose a severe risk to the aquatic environment, where the low 

biodegradability and bioaccumulation tendency of these metals could give rise to intake 

and accumulate in the fish body to end up entering food chain [5-7]. Based on these 

potential risks, there is currently a continuously increasing worldwide concern for the 

development of wastewater treatment technologies, including the testing of new 

synthesis methods, which allow the obtaining of suitable nanostructures to solve this 

type of problems [8-10]. For this raison, we are researching in obtaining of suitable 
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nanostructures that allow acting in the preconcentrating and subsequent removal of 

heavy metals cations.  

Different methods of removing heavy metal cations from wastewater have been tested 

over the years, including: membrane separation [11, 12], coagulation–flocculation [13, 

14], chemical precipitation [15, 16], flotation [17], reverse osmosis [18, 19], ion 

exchange [20, 21], solvent extraction [22, 23], adsorption [24], etc. Some of these 

methods have their own disadvantages such as low efficiency, sensitive working to 

environments and production of toxic slurry. Among these, adsorption is an attractive 

method owing to its simplicity and high efficiency [25]. To date, different materials 

with adsorbent capacity have been synthetized [26-29], although not many have proved 

useful for the removal of heavy metals ions. For this raison, obtaining of sorbents with 

high adsorption capacity, easy separation and recyclability is a challenge today and its 

synthesis and design are of great scientific and technological importance.  

Nanotechnology can provide opportunities to meet the challenge of to be able to isolate 

materials with adequate adsorption capacity. Magnetic adsorbents materials with core-

shell nanostructure have attracted much interest owing their synergistic effect between 

its multiple components and the resulting new properties [30, 31]. In these 

nanostructures, magnetic nanoparticles incorporate a surface coating that reduces its 

agglomeration and prevents its subsequent oxidation. The magnetic core can facilitate a 

rapid separation and the coating may exhibit functional groups having a high affinity for 

toxic metals and increasing their adsorption potential [34, 35].  

Different researches have been carried out on the design of core-shell magnetic 

nanocomposites. Among these core-shell nanostructures, the use of Fe3O4 nanoparticles 

as core has been widely studied owing to their unique magnetic characteristics. Abd Ali 
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et al. [36] described a novel chrysin-functionalized Fe3O4 core for the removal of Cu2+ 

from aqueous solutions and found an adsorption capacity of 114 mg. g-1, value 

comparable to that determined by Asthana et al. (120 mg. g-1) in a Fe3O4@glycine 

composite [37]. Bao et al. [38] also published the synthesis and study of a 

mercaptoamine-functionalized silica-coated magnetite for the removal of toxic metals 

such as Pb2+ with a maximum adsorption capacity of 292 mg.  

Many studies describe the use of nanocomposites of magnetite cores as adsorbent 

materials, however, it should be noted that the low chemical stability of Fe3O4 

nanoparticles, even when coated, could avoid rapid magnetic separation of toxic 

pollutants. In relation to Fe3O4 oxide, CoFe2O4 nanoparticles are much more chemically 

stable, easy to prepare and exhibiting a moderate saturation to achieve a rapid separation 

[39]. Different studies describe the preparation of CoFe2O4@SiO2 nanocomposites and 

reflect the isolation of materials with large and agglomerates particles, which reduces 

their adsorption capacity [40-42]. As in the case of Fe3O4@SiO2 studied samples, to 

improve its performance the surfaces can also be modified by different functional 

chemical groups. 3-aminopropyltriethoxisylane (APTES) is a commonly used coupling 

agent. Amino groups can react with heavy metals ions allowing their removal of the 

aqueous solutions. This paper describes, for the first time, a comparative study of 

amino-functionalized Fe3O4@SiO2 and CoFe2O4@SiO2 samples whose magnetic cores 

were prepared by two different synthesis methods. Their effect on powder morphology 

and magnetic properties is analyzed. Functionalization of silica nanocomposite surfaces 

and adsorption capacity of Cu2+ cations in aqueous solution of synthetized 

nanocomposites have also been evaluated by UV-Vis spectroscopy. 

2. Experimental 
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2.1. Synthesis of Fe3O4 and CoFe2O4 samples by coprecipitation. 

Fe3O4 and CoFe2O4 nanopowders of were prepared by coprecipitation of the respective 

starting materials, FeCl3 .6 H2O (Strem Chemicals, 97%) and FeCl2. 6 H2O (Sigma 

Aldrich, 99%) or CoCl2. 6 H2O (Panreac, PA). Stoichiometric quantities of FeCl3 .6 

H2O (1.083 g, 4 mmol) and FeCl2. 6 H2O (0.397 g, 2 mmol) or CoCl2. 6 H2O (0.476g, 2 

mmol), in a 2:1 ratio, were dissolved in 150 ml of distilled water into two glass reactors 

under both Ar atmosphere and mechanical stirring. After the addition of 20 ml of NH3 

at 25%, a colour change was appreciated from yellow to black/dark brown in the two 

solutions, due to the precipitation of metal hydroxides [43]. Final mixtures were heated 

at 75 ºC and stirred for 30 min. Subsequently, oleic acid (OA) was added to the different 

solutions and dispersion is favored [43, 44]. These reactions were maintained for 60 

min. The products were obtained as precipitates that were collected by magnetic 

separation and washed several times with a mixture of water/acetone. Nanopowders 

resulting were dried in stove at 50 ºC. For the obtaining of CoFe2O4 sample is was also 

necessary to carry out an additional thermal treatment at 300 ºC for 2 h. The synthesized 

samples are named as CP-Fe3O4 and CP-CoFe2O4. 

 

2.2. Preparation of Fe3O4 and CoFe2O4 samples by hydrothermal synthesis. 

Fe3O4 and CoFe2O4 samples were prepared from the respective metal precursor,    

FeNO3·.9 H2O (Aldrich, 98+%) (2 mmol, 0.808 g), Co(NO3)2·6H2O (Panreac, PA) (1 

mmol 0.291 g) and iron (II) sulphate Fe(SO4)·7H2O (Sigma Aldrich, >98%)(1 mmol, 

0.278 g). Stoichiometric quantities were dissolved in two beakers, with addition of 

distilled water and, later, they were homogenized by mechanical stirring under Ar 

atmosphere. 5 ml of KOH 2M solution was added as mineralizing agent to these 

beakers. The resulting solutions were transferred to two teflon-lined stainless-steel 
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autoclaves and were heated during 3 hours at 120º and at 180ºC for obtaining of Fe3O4 

and CoFe2O4 samples, respectively. Finalized the thermal treatment, corresponding 

nanopowders were isolated by magnetic decantation. Synthesized samples are named as 

HT-Fe3O4 and                HT-CoFe2O4. 

2.3. Synthesis Fe3O4@SiO2 and CoFe2O4@SiO2 nanocomposites. 

Synthesis of these nanocomposites was carried out using Stӧber method [45]. 0.1 g of 

the corresponding magnetic samples were placed in an Erlenmeyer flask assisted by an 

ultrasonic bath for 10 min and were dispersed in 50 mL of distilled water, 150 mL of 

ethanol and 10 mL of ammonia at 32%. Then, 2 mL of tetraethoxysilane (TEOS), 

Si(OC2H5)4, (Merck, synthesis grade) was added slowly under mechanical stirring and 

these reactions were maintained during 3h. The resulting white powders were separated 

by magnetic decantation and then washed with a mixture of water and ethanol. 

Synthesized samples are named as CP-Fe3O4@SiO2 and HT-Fe3O4@SiO2, CP-

CoFe2O4@SiO2 and HT-CoFe2O4@SiO2. 

2.4. Synthesis amino–functionalized Fe3O4@SiO2 and CoFe2O4@SiO2 nanocomposites. 

These preparations were carried out starting from 0.1 g of the silica-magnetic samples 

suspended in 50 ml of isopropanol for 10 minutes. These suspensions were poured into 

round bottom flasks coupled to a refrigerant to which 0.6 mL of 

aminopropyltriethoxysilane Si(OC2H5)3C3H6NH2 (APTES) (Sigma Aldrich, 99%) was 

also added. All reactions were refluxed for 6 h and then allowed to cool. The powder 

samples were isolated by magnetic decantation and washed with isopropanol. 

Synthesized samples are named as CP-Fe3O4@SiO2-APTES and                                              

HT-Fe3O4@SiO2-APTES, CP-CoFe2O4@SiO2-APTES and HT-CoFe2O4@SiO2-APTES. 
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2.5. Characterization 

The structural characterization of the prepared samples was carried out by X-ray 

diffraction (XRD) employing an X´Pert-MPD Phylips difractometer with Cu Kα 

radiation. A step scan of 0.04° (2θ) in the range 10-120° and a counting time of 1s for 

each step were employed for data collection. The instrumental broadening of the 

diffraction peaks was considered and calibrated using the LaB6 standard NIST SRM 

660b. Powder diffraction data were refined by the Rietveld method using the FullProf 

software [46, 47] and a Thompson-Cox-Hastings function to describe the peak shape. 

Fourier Transform Infrared (FTIR, IR-Prestige-21 Fourier Transform spectrometer) 

spectroscopy studies allow visualize the possible interaction between the magnetic 

samples, the silica covering and the amino functionalization. All FTIR spectra were 

measured on the 4000-400 cm-1 region for samples dispersed in KBr pellets (at a 2:98 

ratio). Transmission electron microscopy TEM was used to characterize the powders. A 

JEOL 2100F transmission electron microscope operating at 200 kV and equipped with a 

field emission electron gun providing a point resolution of 0.19 nm was employed. 

Samples were prepared by placing a drop of a dilute ethanol dispersion of nanoparticles 

onto a 300-mesh carbon coated copper grid prior to examination. The magnetization 

loops of the samples were measured at room temperature using a coercivities 

spectrometer developed by the University of Kazan (Coercivity Spectrometer J-meter) 

[48] and the field reached up to 5000 Oe. Adsorption studies of amino-funtionalized 

Fe3O4@SiO2 and CoFe2O4@SiO2 samples were monitored by UV-Vis spectroscopy, 

using a Jasco V-530 spectometer, with a measure range 340-800 nm, using water as 

reference. In the tests performed, 30 mg of the respective nanocomposites were added to 

30 mL of a 10-2 M CuSO4·5H2O solution. An ultrasonic bath was used to disperse the 

powder and aliquots of the resulting suspension were taken over time. To increase the 
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intensity of the UV-Vis signal, the aliquots were treated with NH3 at 32%, to form the 

complex [Cu(NH3)4(H2O)2]
2+ with higher molar absorptivity. After the tests, the 

corresponding nanocomposites were separated by magnetic sedimentation, proceeding 

to the evaluation of its adsorbent capacity of Cu2+ cations. 

3. Results and discussion 

3.1. X-ray diffraction  

Figure 1 shows the diffraction profiles of Fe3O4 and CoFe2O4 samples prepared by 

coprecipitation and hydrothermal synthesis. In the all cases, the X-ray diffraction 

patterns shows reflections which be indexed to a tetragonal symmetry of S. G. Fd-3m 

with Z = 8, compatible with an inverse spinel-type structure, characteristic of both 

Fe3O4 (JCPDS nº 82-1533) and CoFe2O4 oxides (JCPDS nº 22-1086).  

More intense diffraction maxima are observed in the case of the samples prepared by 

synthesis hydrothermal. These results can be justified based on the pressure generated in 

the autoclave that contributes to the improvement of the crystallinity of these samples 

[49]. Table 1 shows the lattice parameters determined by the Chekcell program from 

XRD patterns. 

Lattice parameters of the synthetized Fe3O4 and CoFe2O4 samples are in good 

agreement with those reported in the literature. The presence of Fe2+ ion in the Fe3O4 

samples originates a higher somewhat higher cell parameter, justifiable by Shannon 

ionic radius of Fe2+ (0.78 Å) in relation to Co2+ (0.745 Å) [52]. An estimation of the 

average crystalline size of as-synthetized samples was made (see Table 1) using the 

Scherrer formula:  

Dhkl = 0.89·λ/ β·cosθ         [53] 
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where Dhkl is the crystallite size (here determined from the (220), (311), (400) and (440) 

planes), 0.89 is the shape factor assuming spherical particles, θ is the Bragg´s angle, β is 

the full-width at half-maximum (FWHM) of the experimental peaks and λ the X-ray 

wavelength (1.5418 Å). Nanoparticles have been found in all cases. The largest particle 

size is obtained in the sample of CoFe2O4 in good agreement with the described of 

Ahmed et al. [54]. 

XRD data of the samples obtained by the two preparation routes were analyzed by the 

Rietveld method using the FULLPROF program [46, 47]. The corresponding XRD 

profiles were refined considering an inverse spinel-type structure with a half of Fe3+ 

cations occupying the 8b positions with tetrahedral coordination, iron and cobalt atoms 

were placed randomly distributed in the 16c sites with octahedral coordination and O 

atoms in the 32e positions. In all cases, a good agreement between the observed and 

calculated profiles can be appreciated. As an example, Figure 2 shows the observed, 

calculated and difference profiles of powder diffraction data for the CP-Fe3O4 sample. 

A good agreement between the observed and calculated profiles can be appreciated. The 

refined crystallographic parameters of all samples investigated are given in Table 2. 

A more pronounced reduction of a lattice parameter is observed for CP-Fe3O4 sample 

when the refinement is carried out considering only the presence of the magnetite phase, 

while this parameter approaches the theoretical value in the refinement that considers 

the presence of the magnetite and a small percentage of maghemite phases. These 

results indicate a partially oxidation of these sample which it does not happen with the 

rest of the synthetized samples [55]. The dM-O (td)(and dM-O (oh) distances are in 

agreement with those calculated by using the corresponding Shannon radii values [52], 
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(Co2+/Fe2+) atoms are centred in their respective distorted octahedra while (Fe3+) atoms 

show four-fold coordination. 

3.2. IR spectroscopy 

Figure 3 shows the FTIR spectra of pure SiO2, CP-Fe3O4@SiO2 and                           

CP-Fe3O4@SiO2-APTES samples. Analogous FITR spectra are observed in the samples 

CP-CoFe2O4, HT-Fe3O4 and HT-CoFe2O4 and their nanocomposites. 

In all mentioned spectra can be distinguished two contributions. The first contribution 

shows absorption bands around 600 and 400 cm-1. The maxima of the 400 cm-1 signal 

can’t be clearly assigned due to the measurements condition. Nevertheless, it is 

observed a variation on the higher wavenumber band: 599 (FTIR spectrum of            

CP-Fe3O4@SiO2 sample), 606 (HT-Fe3O4@SiO2sample), 590 and cm-1                     

(CP-CoFe2O4@SiO2 sample) and 590 cm-1 (HT-CoFe2O4@SiO2 sample). These two 

characteristic bands of an inverse spinel ferrite structure [56], correspond to intrinsic 

stretching vibrations of the M-O located at tetrahedral site (600 cm-1) and octahedral site 

(400 cm-1). It is well known that the frequency value at which the bands appear in the 

FITR spectra depends on the cationic mass, the cation-oxygen bond force and the 

distance, so the frequency at which the bands absorption appear increases gradually as 

the metal-oxygen distance decreases and these results are in good agreement with those 

determined from the XRD data [57]. The second contribution contemplates the bands of 

silica.  The broadband between 1099 and 1250 cm-1 were assigned to the modes of 

asymmetric vibration of O-Si-O and Si-O-Si bonds [58, 59], the 950, 800 and 470 cm-1 

bands can be attribued to the presence of silanol (Si-OH) groups free surface, the 

symmetrical O-Si-O tension and the bending Si-O, respectively [60, 61]. The presence 

of all these bands show the association between magnetic cores and silica covering. The 
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registered spectra do not allow to visualize the presence of bands corresponding to the 

N-H bonds characteristic of the agent used for functionalization. 

 

3.3. Ninhydrin assays 

In order to confirm the functionalization of silica nanocomposites surfaces with amino 

groups, the reaction of synthesized materials with ninhydrin was performed [62]. 

Nanocomposite suspensions were treated with a 0.2% w/v solution of ninhydrin. After a 

10 minute treatment in an ultrasonic bath, the samples were heated for 15 minutes in a 

water bath at approximately 80 ° C. After cooling, the nanocomposites were separated 

using an Nd magnet. In all cases, a purple supernatant was obtained, as shown in Figure 

4. This color is obtained by the reaction of the ninhydrin with the amino groups, giving 

positive in the test and therefore, confirming the superficial functionalization of silica. 

 

 

3.4. TEM studies 

TEM images of Fe3O4 samples and their nanocomposites are shown in Figure 5. 

Spherical particles can be observed for both CP- Fe3O4 (Figure 5a) and HT-Fe3O4 

(Figure 5c), with a mean size 11.8 and 7.9 nm respectively, in good agreement with 

those calculated from XRD experiments. The magnetic dipole-dipole interaction at 

long-range existing between the particles can be the cause of the particle agglomerates 

shown in Figure 5c [63], probably originated in the drying process when preparing the sample 

to obtain images by TEM. A complete and homogeneous silica coating in the environment 

of aggregates of nanoparticles can be observed in Figures 5b (10 nm) and 5d (15 nm), of 

a greater thickness in the HT-Fe3O4@SiO2-APTES sample (Figure 5d). These results 

indicate that the increase in the thickness of the coating is favored in the smaller 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

particles obtained by hydrothermal. Similar results have been previously described by 

Ding et al. [64] for magnetite nanoparticles with different sizes and by Bassam el al. 

with respect to other magnetite-silica-TEOS structures, [65]. 

Figure 6 shows TEM images of cobalt synthetized samples. In this case, nanoparticles 

aggregates of 13.5 and 12.5 nm can be observed for CoFe2O4 cores obtained by 

coprecipitation (Figure 6a) and by hydrothermal synthesis (Figure 6c), respectively 

which are in good agreement with XRD results. These aggregates are covered with a 

layer of uniform and similar thickness, justifiable by the practically equivalent size 

nanoparticles constituted of synthesized magnetic cores (thickness of 14 and 15 nm for 

CP-CoFe2O4@SiO2-APTES and HT-CoFe2O4@SiO2- APTES respectively), in good 

agreement with described by Wang et al [66]. 

3.5. Magnetic studies 

The magnetic field dependence of magnetization at room temperature of all synthetized 

magnetic nanocomposites is presented in Figures 7 and 8. Table 3 summarizes the 

magnetic parameters determinates from these graphics. A different magnetic behaviour 

is found for iron and cobalt materials. Fe3O4 samples show a practically 

superparamagnetic behaviour with very low coercive fields and Mr/Ms ratios (11-14 Oe 

and 0.02-0.03 respectively, see Table 3), regardless of the synthesis method used in the 

preparation of magnetic cores. By contrast, CoFe2O4 samples are ferromagnetic, being 

found greater values of the coercive fields and and Mr/Ms ratios in samples of magnetic 

cores prepared by hydrothermal synthesis (between 748-879 Oe and 0.22-0.35). In 

general, the different behaviour of iron and cobalt samples can be explained by 

considering the different values of the magnetocrystalline anisotropy constants: -1.2·105 

erg/cm3 (samples of Fe3O4) and 1.8·106 erg/cm3 (samples of CoFe2O4), which leads a 
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higher value of coercive field of cobalt samples and, thus, a greater remnant [67]. As 

shown in Table 3, the Mr value determined in the iron samples vary between 0.64 and 

1.99 emu/g, whereas in the cobalt samples this range is much higher (between 5.73-

15.88 emu/g). This later result is in good agreement with Safi et al. [68] and can be 

explained by a partial loss of the spherical morphology of the particles. 

As can be observed in Table 3, all CP-Fe3O4 samples present a reduction of the 

saturation magnetization values (Ms) respect to the theoretical value of bulk magnetite 

(92 emu/g) [69] The value of CP-Fe3O4 core agrees with what we previously described 

[55]. A reduction of Ms is evidenced with the silica covering (32 emu/g) which is 

increased by functionalizing the silica with APTES (27 emu/g), justifiable considering 

the non-magnetic behaviour of the silica and APTES. The saturation magnetization of 

HT-Fe3O4 sample is somewhat smaller, which can be explained because the reduction in 

particle size generates surface effects where the magnetic moments are canted, losing 

directionally [70]. However, the reduction of saturation magnetization caused by 

coating and functionalization is like that achieved in the magnetic sample prepared by 

coprecipitation. 

In the same way, CoFe2O4 samples present a reduction of the saturation magnetization 

values (Ms) respect to the theoretical value (50.1 emu/g) [67] and this reduction is 

smaller for the HT-CoFe2O4 sample. These results can be explained considering the spin 

canting present in particles and the difference found, due to the lower crystallinity of 

CP-CoFe2O4 sample, as it was found in XRD experiments. However, regardless of the 

synthesis method, when CoFe2O4 cores are cover or functionalized, regardless of the 

synthesis method, these reductions are more similar. 
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3.6. Adsorption assays  

Chemistry adsorption assays of cations Cu2+ in aqueous solutions with contact time 

were carried out using all the synthesized nanocomposites at a maximum absorbance 

value of 635 nm. As an example, Figure 9 shows the curve obtained in the study for  

CP-Fe3O4@SiO2-APTES sample. 

A decrease in absorbance is observed over time evidencing the absorption of copper in 

solution by the magnetic nanocomposite. After a rapid decrease in short times, this drop 

is softened due to the saturation of the functional groups (-NH2) present on the surface 

of the coating, which marks the maximum value of copper that the sample is capable of 

retain by formation of the corresponding copper coordination compound. Table 4 

summarizes the obtained results for each nanocomposite. 

As reflected in the Table 4, all the investigated samples behave as adsorbent membranes 

of the Cu2+ cations, being, therefore, useful for the withdrawal of these cations in 

aqueous solution. These nanocomposites have an absorption capacity of more than 100 

mg of Cu per g of sample, which is more than 10% of their own weight. The amount of 

Cu2+ removed from the solution presents a relationship with the average radius of the 

nanoparticles (calculated based on both core and shell dimensions of nanocomposites). 

In the study carried out it is confirmed the greater capacity of adsorption of CP-

Fe3O4@SiO2-APTES sample (161 mg Cu/g). This sample shows the lowest average 

radii (31.8 nm), resulting in a high greater surface area/volume ratio and greater 

availability of amino groups on the surface [71] which can allow the interaction with 

Cu2+ ions present in aqueous medium and the subsequent formation of bonds with these 

metal ions. This effect is also observed for the CP-CoFe2O4@SiO2-APTES 

nanocomposite, but in this case, a greater value of average radii (37.9 nm) leads to a 

lower capacity of adsorption of Cu2+ ions (142 mg Cu/g). This result can be justified by 
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considering the larger average size (13.5 nm) of the CP-CoFe2O4 magnetic cores that 

provides a smaller specific surface. 

With regard to samples of nanocomposites whose cores were prepared by hydrothermal 

synthesis, the lower adsorption capacity is found in the HT-CoFe2O4@SiO2-APTES 

sample, value close to that determined for HT-Fe3O4@SiO2-APTES sample. Both 

samples show average sizes of 42.5 nm and 37.9 nm, respectively which indicates that a 

high value of the coating thickness reduces the adsorption capacity. These results are 

probably due, as Gilbert el al. [72] has pointed out and as seen here in the Figures 4d 

and 5d, to a high rate of powder aggregation. Also in this case, it is shown that the lower 

value of the surface area/volume ratio for HT-CoFe2O4@SiO2-APTES sample leads to a 

lower adsorption capacity (110.1 mg Cu/g). with respect to determinate for  HT-

Fe3O4@SiO2-APTES sample (120.6 mg Cu/g).  

Different articles have described adsorption assays of cations of aqueous solutions 

adsorption values on coated Fe3O4 samples  (pectin coated iron oxide -48.99 mg/g- [71], 

amine-functionalized silica magnetite -10.41mg/g- [73], amine functionalized Fe3O4 -

25.77 mg/g- [74], EDTA functionalized Fe3O4 -46.27 mg/g- [75], composite using 

waste fungal mycelium and Fe3O4-71.36 mg/g- [76], aminated polyacrylonitrile fibers -

31 mg/g- [77], among others. It is noted that the values obtained in this work are higher 

and like described for Fe3O4 chitosan beads samples 129 mg/g [78], although a higher 

absorption capacity is found here in the CP-Fe3O4@SiO2-APTES sample. 

4. Conclusion 

In this study, amino-functionalized MFe2O4@SiO2-APTES nanocomposites with a 

core-shell structure has been prepared by coprecipitation and hydrothermal synthesis to 

apply them in Cu2+ cations removal in aqueous media. XRD profiles shows that all 
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synthetized compounds crystallize in an inverse spinel structure. FTIR spectra evidence 

the presence of silica and the ninhydrin assays, its functionalization with APTES. The 

formation of the core-shell architecture is confirmed by TEM, where can be 

distinguished a uniform silica-cover around the particles. A higher shell thickness is 

found for the magnetic cores prepared by synthesis hydrothermal constituted by small 

nanoparticles. Nanocomposites maintains the magnetic behavior of their respective 

cores, superparamagnetism for Fe3O4 samples and ferrimagnetism for CoFe2O4 samples. 

A reduction of saturation magnetization is denoted when the nanoparticle is cover by 

non-magnetic silica. UV assays evidence a reduction of the copper concentration when 

saturating the amino groups present on the surface of the coatings that allows their 

removal from the solution aqueous. The maximum adsorption values (161.7 g Cu2+/mg), 

corresponding to the sample CP-Fe3O4@SiO2-APTES, improves the results of the most 

of the magnetic cupper sorbents, suggesting their future uses for environmental 

applications. 
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Figure captions 

Figure 1. XRD patterns of the synthetized samples: (a) CP-Fe3O4, (b) HT-Fe3O4, (c) 

CP-CoFe2O4 and (d) HT-CoFe2O4. 

Figure 2. Observed (red line), calculated (black line) and difference (blue line) XRD 

patterns of CP-Fe3O4 samples. 

Figure 3. FTIR spectra of pure SiO2, CP-Fe3O4@SiO2 and CP-Fe3O4@SiO2-APTES 

samples. 

Figure 4. Ninhydrin text for HT-CoFe2O4@SiO2- APTES sample. 

Figure 5. CP-Fe3O4 (a), CP-Fe3O4@SiO2-APTES (b), HT-Fe3O4 (c) and                     

HT-Fe3O4@SiO2- APTES (d). 

Figure 6. CP-CoFe2O4 (a), CP-CoFe2O4@SiO2-APTES (b), HT- CoFe2O4 (c) and       

HT-CoFe2O4@SiO2-APTES (d). 

Figure 7. Magnetic field dependence of the magnetization of the magnetic cores (black), 

samples covered by silica (red) and magnetic silica-APTES nanocomposites (blue) for: 

CP-Fe3O4 (a), HT-Fe3O4 (b). 

Figure 8. Magnetic field dependence of the magnetization of the magnetic cores (black), 

samples covered by silica (red) and magnetic silica-APTES nanocomposites (blue) for: 

CP-CoFe2O4 (a), HT- CoFe2O4 (b). 

Figure 9. Adsorption Cu2+ cations curve over time of CP-Fe3O4@SiO2-APTES sample. 
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Table 1. Lattice parameters and average crystallite size. 

 

Sample a (Å) dhkl (nm) 

CP-Fe3O4 8.383(3) 11 

HT-Fe3O4 8.398(3) 7 

Fe3O4 [50] 8.3941 − 

CP-CoFe2O4 8.379(4) 13 

HT-CoFe2O4 8.387(4) 12 

CoFe2O4 [51] 8.3860 − 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Table 2. Crystallographic parameters obtained in the refinements of MFe2O4 samples. 

 

Samples Phases a (Å) O (x, x, x) V (Å3) 
dM-O (td) 

(Å) 

dM-O (oh ) 

(Å) 
RB RF 

Bibliographic 

value [50] 
 8.3941  591.5 1.89 2.107   

CP-Fe3O4  8.3781(5) 0.2476(8) 588.0(7) 1.849(7) 2.075(7) 8.11 8.21 

 

CP-Fe3O4 

(95% phase 

magnetite) 

8.3818(6) 0.2488 (9) 588.8(5) 1.832 (1) 2.085(4) 9.75 7.75 

 

CP-Fe3O4 

(4.7% phase 

maghemite) 

8.3365(5) 0.2443(7) 579.3(6) 1.890 (8) 2.038(3) 6.02 5.77 

HT-Fe3O4  8.3901(9) 0.2406(5) 590.6(8) 1.952(4) 2.022(6) 7.61 3.67 

Bibliographic 

value [51] 

 8.3860  589.8 1.89 2.095   

CP-CoFe2O4  8.3813(4) 0.2453(2) 588.7(5) 1.883(8) 2.057(3) 1.81 2.56 

HT-CoFe2O4  8.3818(3) 0.2448(4) 588.8(6) 1.889(5) 2.053(4) 1.71 1.08 

Shannon ionic 

radii [52] 

 r (Fe2+) = 0.78 Å      r (Co2+) = 0.745 Å      r (Fe3+) = 0.645 Å 
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Table 3. Magnetic parameters obtained from the M vs H loops.  

Sample 
Hc 

(Oe) 

Ms 

(emu/g) 

Mr 

(emu/g) 
Mr/Ms 

CP-Fe3O4 14 67.48 1.99 0.03 

CP-Fe3O4@SiO2 11 32.72 0.77 0.02 

CP-Fe3O4@SiO2-APTES 11 27.65 0.79 0.03 

HT-Fe3O4 12 41.44 1.03 0.02 

HT-Fe3O4@SiO2 12 36.59 0.81 0.02 

HT-Fe3O4@SiO2- APTES 13 28.36 0.64 0.02 

CP-CoFe2O4 400 39.96 8.74 0.22 

CP-CoFe2O4@SiO2 651 32.22 9.90 0.31 

CP-CoFe2O4@SiO2-APTES 556 25.48 5.73 0.22 

HT-CoFe2O4 748 50.11 15.88 0.32 

HT-CoFe2O4@SiO2 842 25.49 8.72 0.34 

HT-CoFe2O4@SiO2- APTES 879 23.80 8.35 0.35 
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Table 4. Parameters of copper adsorption by APTES-functionalized nanocomposites. 

Sample 
∆(Abs) ∆[Cu2+] 

(mM) 

mg 

Cu/g 

SiO2-APTES 

thickness (nm) 

CP-Fe3O4@SiO2-APTES 0.204 2.54 161.7 10 

HT-Fe3O4@SiO2- APTES 0.156 1.90 120.6 15 

CP-CoFe2O4@SiO2-APTES 0.182 2.25 142.8 14 

HT-CoFe2O4@SiO2- APTES 0.144 1.73 110.1 15 
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Highlights 

- MFe2O4@SiO2-NH2 nanocomposites are prepared from different magnetic 
cores. 

- A uniform silica coating around all magnetic nanoparticles is confirmed by 
TEM. 

- Cu2+ removal assays evidence ion capture by the amino groups on composite 
surfaces. 

- All composites reach an adsorption capacity of more than 10% of their own 
weight. 

- The maximum adsorption values improve those found in most magnetic 
sorbents. 
 


