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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Novel unconventional coprecipitation 
procedure to obtain cobalt ferrites. 

• Room temperature and surfactant-free 
synthesis. 

• MW-assisted hydrothermal treatment 
with octahedral Co2+ migration to 
tetrahedral sites. 

• Superior incorporation of the highly 
active Fe3+ at the ferrite octahedral 
sites. 

• Magnetic and photo-Fenton active co
balt ferrites photocatalysts.  
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A B S T R A C T   

A novel unconventional coprecipitation procedure (UCP) followed by a simple and fast microwave-assisted 
hydrothermal (MAH) treatment was used to synthesize a new nanocrystalline magnetic cobalt ferrite 
(CoFe2O4/MAH) with photo-Fenton activity. The Co-ferrite nanoparticles were obtained at room temperature in 
the absence of surfactants and their photo-Fenton activity was evaluated through lignin degradation. It was 
found that microwave hydrothermal treatment is mandatory to obtain magnetic and photoactive Co-ferrite. 
According to XRD Rietveld refinements and FTIR, the photoactivity was mainly attributed to the Co2+ cation 
migration from octahedral to tetrahedral sites in the ferrite structure during the MAH treatment, leading, 
consequently, to a higher Fe3+ incorporation at octahedral sites, which strongly participate in the photo-Fenton 
degradation mechanism. The magnetic property of the CoFe2O4/MAH ferrite nanoparticles was confirmed by 
magnetometry and provided an easy catalyst separation.  
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Contents lists available at ScienceDirect 

Materials Chemistry and Physics 

journal homepage: www.elsevier.com/locate/matchemphys 

https://doi.org/10.1016/j.matchemphys.2020.123741 
Received 19 May 2020; Received in revised form 11 July 2020; Accepted 19 August 2020   

mailto:pluis@ufscar.br
mailto:urquieta@ufscar.br
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2020.123741
https://doi.org/10.1016/j.matchemphys.2020.123741
https://doi.org/10.1016/j.matchemphys.2020.123741
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchemphys.2020.123741&domain=pdf


Materials Chemistry and Physics 257 (2021) 123741

2

1. Introduction 

Cobalt ferrites (CoFe2O4) emerged as promising heterogeneous cat
alysts for photo-Fenton reactions due to their chemical and physical 
stability, and magnetic properties, which could facilitate their separa
tion from the reaction system by applying an external magnetic field [1]. 
Considering that the CoFe2O4 magnetic properties are strongly influ
enced by the particle size, the search for new synthesis procedures to 
obtain ferrite nanoparticles has been intensified in the last years [2,3]. 

Cobalt ferrites are usually synthesized by conventional coprecipita
tion adjusting the pH of a solution containing different metal cations, 
thus leading to a selective coprecipitation [4,5]. According to this pro
cedure, a solid solution is seldom formed and requires further thermal 
treatment. In this work, we propose a novel synthesis route involving an 
unconventional coprecipitation (UCP) [6] technique in which the cat
ions are added into a very alkaline medium, promoting instantaneous 
cations coprecipitation as incipient nuclei of the ferrite phase, with 
ferrite crystallization being consolidated after aging at room tempera
ture. In order to obtain a magnetic photocatalyst, the ferrite was sub
mitted to a microwave-assisted hydrothermal (MAH) treatment. Besides 
enhancing the nucleation rate, the microwave (MW) radiation leads to 
more uniform ferrite nucleation with faster crystallization kinetics. 
Furthermore, the MW radiation also promotes faster and uniform 
heating of the reaction medium, thus decreasing the synthesis time and 
operational cost [4]. To the best of our knowledge, this is the first time 
that a synthesis route combining the proposed UCP and MAH procedures 
is applied to obtain cobalt ferrite nanoparticles with promising textural, 
structure, and magnetic properties to be applied as a photo-Fenton 
catalyst. 

The photo-Fenton activity was tested for lignin degradation as proof 
of concept. Lignin was chosen as a model recalcitrant organic pollutant 
commonly found in many wastewaters. The photo-Fenton is character
ized by the presence of H2O2 and Fe2+ in the reaction medium, which is 
illuminated using UV radiation to generate very oxidant species, mainly 
the hydroxyl radicals ●OH, as shown in Eqs. (1) and (2). 

Fe3+ +H2O + hν→Fe2+ + ⋅OH + H+ (1)  

H2O2 + hν→2 ⋅OH (2) 

Homogeneous photo-Fenton, despite the high reaction rates, 
simplicity, and efficacy, has the inconvenience that iron cannot be easily 
recovered or removed from the catalytic system after the reaction. In 
order to overcome this issue, heterogeneous Fe catalysts have been 
developed but imposing a new challenge regarding the separation and 
recovery of the nanoparticles from the reaction system [1]. This issue 
stimulated the research for ferrite photocatalysts with magnetic 
properties. 

In this context, we investigated and proposed a novel synthesis route 
to obtain magnetic nanocrystalline cobalt ferrite by applying at room 
temperature the previously mentioned surfactant-free UCP, followed by 
aging and MAH procedures. The as-synthesized ferrites were analyzed 
by XRD with Rietveld refinement, FTIR, SEM/EDS, TEM, and N2 
adsorption-desorption measurements. The magnetic properties were 
confirmed by magnetometry. The UCP cobalt ferrite CoFe2O4/UCP was 
firstly evaluated as catalyst for the photo-Fenton degradation of lignin. 
In order to verify whether the catalytic performance could be improved 
by the MW hydrothermal treatment, lignin photo-Fenton degradation 
was further investigated using the CoFe2O4/MAH ferrite. 

2. Experimental 

2.1. Materials 

Ferric nitrate monohydrate (98%, Sigma-Aldrich™), cobalt nitrate 
hexahydrate (98%, Sigma-Aldrich™), sodium hydroxide (99%, 
Ensure™) and sulfuric acid (95–97%, Ensure™) were used to synthesize 

the cobalt ferrites. Alkaline lignin (Sigma-Aldrich™) and hydrogen 
peroxide (29%, Synth™) were used in the photo-Fenton degradation 
tests. All solutions were prepared using deionized water. 

2.2. Synthesis procedure 

CoFe2O4/UCP was obtained at room temperature via the proposed 
UCP technique, in which Fe (III) and Co (II) nitrate solutions (62 mmol 
and 31 mmol, respectively) were mixed and added dropwise to 140 mL 
of 5.0 mol L− 1 NaOH solution under vigorous stirring for 1 h (pH = 14). 
The resultant suspension containing the coprecipitate was then aged at 
room temperature for 48 h, filtrated, rinsed with distilled water until pH 
= 7, and dried at 100 ◦C for 24 h. The CoFe2O4/MAH was obtained 
submitting part of the coprecipitate suspension to a hydrothermal 
treatment at 130 ◦C for 30 min in a microwave oven (1300 W, Bras
temp®). After the MW treatment, the material was aged, separated, 
rinsed, and dried following the same procedure previously described for 
the CoFe2O4/UCP sample. 

2.3. Characterization 

The as-obtained cobalt ferrite samples were characterized by XRD 
using a Rigaku Miniflex 600 Diffractometer operated using a Ni-filtered 
Cu Kα radiation (λ = 0.1542 nm), in a 2θ angle ranging from 25 to 80◦, 
with a scan rate of 0.02◦ s− 1. A Rietveld refinement based on the 
Williamson-Hall method [7] applied to the ferrite X-ray powder 
diffraction data was accomplished using the PDXL software (Rigaku 
Corporation). The fractional atomic coordinates used for both ferrites 
are listed in Table 1. The oxygen positions (x = y = z) were taken as free 
parameters for the fitting while all the other atomic fractional positions 
were fixed. Other parameters related to the ferrite lattice, occupancies, 
scale factors, and shape were also taken as free. The peak shapes were 
described by a pseudo-Voigt function. Overall, the following sequence 
was adopted for the application of the Rietveld refinement: (i) profile 
and background; (ii) lattice parameter and scale factor; (iii) crystallite 
size; (iv) oxygen position, and (v) cation occupancies. 

The cobalt ferrite nanoparticles were examined by FE-SEM using a 
Supra 35-VP Carl Zeiss equipment and the chemical composition 
determined by an Energy Dispersive X-ray Spectroscopy (EDS) modulus 
coupled to a Philips XL-30 FEG microscope. TEM images were obtained 
on a TECNAI G2 F20 transmission electron microscope equipped with a 
field emission gun (FEG) and operating at 200 kV. FTIR spectra, in the 
region from 50 to 4000 cm− 1 with a resolution of 4 cm− 1 and by co- 
adding 32 scans, were obtained by Diffuse Reflectance Infrared Four
ier Transform (DRIFT) spectroscopy on a Bruker (Vertex 70) spectrom
eter having a DLaTGS detector. N2 adsorption-desorption measurements 
were performed at the boiling nitrogen temperature (− 196 ◦C) in a 
Micromeritics (ASAP 2420) apparatus. Prior to the analysis, the samples 
were degassed at 300 ◦C for 3 h to remove water and physically adsorbed 
gases. The ferrites specific surface areas were calculated from the 
Brunauer-Emmett-Teller (BET) equation in the range 0.05 < p/p0 <

0.30. Magnetization measurements up to 70 kOe were performed at 
room temperature using a SQUID-VSM magnetometer (MPMS® 3-Quan
tum Design). 

Table 1 
Space group and atomic fractional coordinates (x, y, z) used in the Rietveld 
refinement applied to the cobalt ferrites XRD data [8].  

Ferrite Space 
group 

ITCa 

number 
x = y = z 

16 
d octahedral 
sites 

8a 
tetrahedral 
sites 

32e 

CoFe2O4 Fd3m  No. 227 Fe3+ Co2+ Fe3+ Co2+ O 
0.5000 0.1250 0.2566  

a International Tables for Crystallography. 
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2.4. Photo-fenton catalytic activity 

The photo-Fenton activity was evaluated at 27 ◦C by suspending the 
ferrites (500 mg L− 1) into 0.04 L of a lignin solution (100 mg L− 1) with 
the pH adjusted to 3. The suspension was stirred in an orbital shaker 
equipped with four low-pressure mercury lamps (UVC TUV 15 W) 
positioned above the reaction vessels. The reaction started when a H2O2 
solution (977 mg L− 1) was added. All the experiments were performed in 
duplicate. After the separation of the catalyst particles by centrifugation 
and membrane filtration, the remaining lignin in the liquid phase was 
analyzed by measuring the absorbance at 280 nm (Ultrospec 2100 pro 
spectrophotometer). 

3. Results and discussion 

According to the XRD patterns shown in Fig. 1, both ferrites present 
diffraction peaks corresponding to the atomic planes of a cubic spinel 
structure. The absence of peaks corresponding to secondary phases 
suggests that only pure ferrites were obtained. The crystalline structure 
of the ferrite is described by the Fd3m space group, thus the COD 
1533163 was used in the Rietveld refinement [8]. 

Contrary to the high temperatures employed to treat the coprecipi
tate obtained by conventional ferrite syntheses [9], in this work the 
cobalt ferrites were obtained using the proposed UCP synthesis route, 
notably in absence of surfactants and at room temperature. After the 
MW hydrothermal treatment of the CoFe2O4/UCP ferrite, more intense 
and well-resolved diffraction peaks are observed for the CoFe2O4/MAH 
ferrite, thus indicating a crystallinity improvement. Indeed, the MW 
radiation enhances the nucleation rate, forming more uniform nuclei 
and resulting in a faster crystallization kinetics [10]. 

After the application of the Rietveld refinement, the structural fea
tures of the ferrites were determined and they are displayed in Table 2. 
The quality of the refinement is confirmed by the reliability factors Rwp 
and χ2. As can be seen, the lattice parameter of the cubic spinel ferrite 
structure increased from 0.8321 to 0.8387 nm after the MAH treatment 
due to cations migration between tetrahedral and octahedral interstitial 
sites of the ferrite crystalline structure, as was also found by Abbas et al. 
[11]. According to Table 2, the Co2+ cations in the CoFe2O4/UCP ferrite 
occupy only their preferred octahedral sites [12], while Fe3+ occupies 
both, octahedral and tetrahedral sites. Interestingly, after the MW hy
drothermal treatment, 30.3% of the tetrahedral sites in the structure of 
the CoFe2O4/MAH ferrite are occupied by Co2+ cations, thus evidencing 
the occurrence of cations migration between the ferrite interstitial sites, 
that resulted in a substantial increase of the Fe3+ cation content in the 
octahedral sites. 

Regarding the crystalline structure of the ferrites, the FTIR spectra in 
Fig. 2 show the absorption bands below 1000 cm− 1. The vibrations at 
500-600 cm− 1 and 400-490 cm− 1 are attributed to cations at tetrahedral 
(ν1) and octahedral sites (ν2), respectively [13]. These bands are more 
intense for the CoFe2O4/MAH ferrite, confirming the crystallinity 
improvement promoted by the MAH treatment, as previously pointed 
out during the discussion of the ferrites XRD diffractograms. Moreover, 
Fig. 2 also shows that the absorption bands in the CoFe2O4/MAH ferrite 
spectrum shift to lower wavenumbers, which is a consequence of the 
enlargement of the radius of the interstitial sites [14], that reduces the 
fundamental frequency of the chemical bonding. This behavior gives 
further evidence of the Co2+ and Fe3+ migration between tetrahedral 
and octahedral sites in the Co-ferrite structure during the MAH treat
ment, thus corroborating the Rietveld refinement results [15]. Hence, 
the structural formula of the CoFe2O4/MAH ferrite can be written as 
(Co2+

yFe3+
1+y) (Co2+

1-yFe3+
1-y) (O2− )4, in which y is the degree of 

inversion or migration of Co2+ to tetrahedral sites, which implies in a 

Fig. 1. XRD patterns of the cobalt ferrites synthesized by the UCP or UCP +
MAH procedures. 

Table 2 
Structural parameters and cation distribution based on the Rietveld refinement applied to the cobalt ferrites XRD data.  

Sample Crystallite size (nm) Lattice parameter (nm) Cation Occupanciesa Refinement quality index 

16 d 
Octahedral sites 

8a 
Tetrahedral sites 

32e 

Fe3+ Co2+ Fe3+ Co2+ O χ2 Rwp % 

CoFe2O4/UCP 2.40 0.8321 0.130 0.870 1.000 0.000 1.000 2.64 3.72 
CoFe2O4/MAH 12.0 0.8387 0.579 0.421 0.697 0.303 1.000 1.08 2.54  

a The given values refer to the occupancy fraction. 

Fig. 2. FTIR spectra of the cobalt ferrites synthesized by the UCP or UCP +
MAH procedures. 
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smaller distortion of the crystalline structure. Considering that this 
phenomenon was also observed for a cobalt ferrite submitted to a con
ventional thermal treatment above of 300 ◦C [16], it was assumed that 
the MAH treatment promotes a similar effect, but at a lower 
temperature. 

The SEM micrographs in Fig. 3a–c shows larger particle agglomer
ates for the CoFe2O4/MAH ferrite, and the EDS spectra (Fig. 3b–d) only 
the presence of cobalt, iron, and oxygen, evidencing the Co-ferrites 
purity. Furthermore, according to the TEM micrographs displayed in 
Fig. 4, the agglomerates are formed by roughly spherical particles with 

similar morphology, but with different sizes. The diameter of the 
CoFe2O4/MAH particles (10–15 nm) is remarkably larger than the 
CoFe2O4/UCP particles (<5 nm). In both cases, the particle sizes are in 
good agreement with those calculated from the Rietveld refinement, 
which are displayed in Table 1. The CoFe2O4/MAH particle size is also 
smaller than that of ferrites obtained by conventional hydrothermal [16] 
or thermal treatments [17], in which the particles grow with inhomo
geneous heating and in a medium having insufficient crystallite seeds 
[18]. Using the MAH treatment after coprecipitation and subsequent 
aging, the crystallization improves due to the volumetric and 

Fig. 3. FE-SEM images and EDS spectra of the synthesized cobalt ferrites: (a) and (b) CoFe2O4/MAH; (c) and (d) CoFe2O4/UCP.  

Fig. 4. TEM images of the synthesized cobalt ferrites: (a) CoFe2O4/MAH; (b) CoFe2O4/UCP.  
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homogeneous heating promoted by the MW radiation, resulting in a 
narrower particle size distribution and more uniform morphology. 

The textural properties of the cobalt ferrites were assessed from the 
N2 adsorption/desorption isotherms shown in Fig. 5. Both ferrites show 
type IV isotherms indicating that after the UCP or UCP + MAH pro
cedures, a mesoporous material was obtained. The H1 and H2 hysteresis 
loops indicate, respectively, the presence of regular cylindrical pores or 
narrow pores with wide sections for the CoFe2O4/MAH and CoFe2O4/ 
UCP ferrites [8]. The reduction of the specific surface area from 232 to 
95 m2 g-1 after the MAH treatment is mainly explained by the increase of 
the crystallite size from 2.40 to 12.0 nm due to the growth of the 
well-formed crystallites during the MAH treatment, as a consequence of 
the dissolution of the smaller ones [19]. 

The magnetic property is important in order to facilitate the catalyst 
recovery after the reaction process. Fig. 6 shows the magnetization of 
the studied ferrites as a function of the magnetic field. The coercive field 
(HC) and remnant magnetization (Mr) can be seen in the inset plot in 

Fig. 6. The hysteresis curve for the CoFe2O4/MAH ferrite exhibits a HC =

529 Oe and a Mr = 15.1 emu/g, which are typical values of ferrimagnetic 
cobalt ferrites [20,21]. Moreover, the nanoparticles are easily separated 
from the liquid phase using a magnetic field, as shown in the illustrative 
inset image in Fig. 6. On the other hand, HC and Mr were not observed for 
the CoFe2O4/UCP ferrite, indicating that this material is in its super
paramagnetic state, i.e., the magnetization of the nanoparticles floats by 
thermal excitation, thus presenting properties analogous to a para
magnetic material, but in this case, exhibiting a much larger effective 
magnetic moment. 

Finally, the ferrites were tested regarding their photo-Fenton activ
ity. According to Fig. 7 the CoFe2O4/UCP ferrite practically did not show 
photocatalytic activity, while ~25% of the lignin was degraded over the 
CoFe2O4/MAH ferrite, confirming its potential activity for the photo- 
Fenton reaction [22]. 

It is also important to notice that the photocatalytic behavior of 
CoFe2O4/MAH cannot be attributed to a surface area effect since the 
nanoparticles of this ferrite are larger than the CoFe2O4/UCP and, 
consequently, the illuminated surface is lower. These trends revealed the 
paramount importance of the MAH treatment to obtain an active het
erogeneous catalyst for the photo-Fenton reaction, thus confirming that 
the redox properties of the CoFe2O4/MAH ferrite were a consequence of 
Fe3+ cations occupying the octahedral sites of the ferrite spinel struc
ture. Indeed, the superior catalytic activity of CoFe2O4/MAH ferrite was 
due to the higher Fe3+ content at the octahedral sites of its crystalline 
structure, as was evidenced by Rietveld refinements (Table 2) and FTIR 
analyses (Fig. 2). The increase of the Fe3+ occupancy in the octahedral 
sites in the ferrite structure was a consequence of the migration of Co2+

from their preferred octahedral occupancy to tetrahedral sites during the 
MAH treatment, with the generated octahedral vacancies being occu
pied by the Fe3+ cations. 

4. Conclusion 

A novel synthesis route was proposed and successfully employed to 
prepare magnetically recoverable cobalt ferrite nanoparticles with 
photo-Fenton catalytic activity. Employing an unconventional Fe3+ and 
Co2+ coprecipitation method at pH = 14, combined with aging at room 
temperature and microwave-assisted hydrothermal treatment, the 
active ferrite CoFe2O4/MAH was obtained. The XRD patterns showed 
that the proposed synthesis allowed the formation of cobalt ferrite at 
room temperature and in the absence of surfactants. The ferrite 

Fig. 5. N2 adsorption/desorption isotherms of the studied cobalt ferrites.  

Fig. 6. Magnetization as a function of the applied magnetic field performed at 
room temperature for the CoFe2O4/UCP and CoFe2O4/MAH ferrites. Inset plot: 
Magnification in the low magnetic field region. Inset image: Magnetic recovery 
of the CoFe2O4/MAH ferrite from the photo-Fenton reaction system. 

Fig. 7. Lignin degradation as a function of the irradiation time for the studied 
cobalt ferrites. 

B.G. de Souza et al.                                                                                                                                                                                                                            



Materials Chemistry and Physics 257 (2021) 123741

6

crystallinity was improved after the MAH treatment as well as the photo- 
Fenton catalytic activity for lignin degradation. The superior perfor
mance of the CoFe2O4/MAH ferrite was ascribed to the higher Fe3+

incorporation at the octahedral sites of the ferrite structure, as was 
supported by Rietveld refinements and corroborated by FTIR analyses. 

CRediT authorship contribution statement 

Bruna G. de Souza: Methodology, Formal analysis, Synthesis, 
characterization, ferrites catalytic evaluation, results analysis, Editing, 
and writing. Gustavo Figueira: Formal analysis, Characterization, and 
results analysis. Maria H. Carvalho: Characterization, and results 
analysis. Victor Alcaraz-Gonzalez: Formal analysis, Ferrites catalytic 
evaluation, results analysis and, writing. Karla E. Saldaña-Flores: 
catalytic evaluation, and results analysis. Mário Godinho: Jr, Method
ology, Formal analysis, synthesis, and results analysis. Adilson J.A. de 
Oliveira: Characterization, and results analysis. Ruth H.G.A. Kimi
nami: Formal analysis, Synthesis, characterization, results analysis and, 
writing. Luís A.M. Ruotolo: Characterization, Conceptualization, 
Formal analysis, Writing - original draft, editing, and, Visualization. 
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