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Abstract. Industrial wastewater can be properly treated using nanotechnologies and nanomaterials. This paper presents 

the synthesis and characterization of three series of magnetic nanoparticles (MNPs) and corresponding thin films, used 

for the degradation of organic compounds and removal of heavy metals from industrial wastewater. The samples were 

obtained by co-precipitation from a ferric (Fe3+) and ferrous (Fe2+) ions solution in a molar ratio of 2:1, at temperatures 

between 80-95 °C. The characterization of the samples was performed by scanning electron microscopy (SEM), and X-

ray diffraction (XRD) methods. The magnetic nanoparticles were deposited on glass substrates by the centrifugal coating 

technique and the optical and magneto-optical activity was investigated by UV-Vis spectroscopy and magnetic circular 

dichroism technique (MCD). The effect of the investigated samples on the decomposition under UV irradiation of organic 

dyes was monitored by UV-Vis spectroscopy. Our preliminary results have shown that the magnetite and maghemite 

MNPs can be effective in UV degradation of methylene blue (MB) dye.   
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1. Introduction  

Current wastewater treatment technologies are efficient 

but costly and time consuming. Nanotechnology 

methods (chemical co-precipitation, ion exchange, 

reverse osmosis, electrochemical treatment and 

adsorption) [1] have the advantage of eliminating and 

recycling contaminants, reducing working time and 

expense [2]. Nanomaterials as metal oxides 

nanosorbents [3, 4], nano-photocatalysts, bioactive 

nanoparticles, nanostructured catalytic membranes [4], 

biomimetic membranes, molecular imprints polymers-

MIP [5] and nanotechnologies represent a complex and 

comprehensive approach for removal of heavy metal 

ions, degradation of dissolved organic compounds and 

the fine suspensions.  

Adsorption is the most recommended, efficient, 

economical, simple and used method [2] for removing 

organic and inorganic contaminants from wastewater 

[6]. Useful characteristics in adsorption, which 

recommend nanomaterials are: specific surface 

properties and high reactivity, high surface to volume 

ratio [6], adjustable pore size, hydrophilicity or 

hydrophobicity [7], high sorption capacity, 

superparamagnetism [6], high saturation field [8], very 
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accessible adsorption sites, plasmonic resonance, 

quantum confinement effect [6].  

Metal oxide MNPs are stable [9], can be easily 

functionalized with chemical compounds that increase 

their affinity for targeted contaminants [6], are highly 

selective for low concentration of pollutants and 

nontoxic [10]. Other advantages are low production cost 

and easy separation from pollutants [6]. Factors 

influencing the adsorption activity of metal oxide MNPs 

include pH [11, 12] (determines the ionization degree of 

the adsorbent molecule and the properties of the 

adsorbent surface [11]), the amount of adsorbent, the 

contact time [13], the selectivity and the binding rate for 

the contaminant [12, 14], the concentration of 

contaminants [11] and the temperature (the adsorption 

capacity decreases as temperature increases [11, 15, 

16]). 

 Titanium dioxide [17, 18], zinc oxide, tungsten 

oxide [18] and alumina [17, 18]) have been proven 

efficient and economically advantageous [6] for the 

removal of heavy metals [17, 18] and radionuclides [17] 

by dissolving oxygen in contaminated water from 

complex metal oxides together with heavy metals [18]. 

Ferrous nano-oxides, are shown to be very efficient 

adsorbents for heavy metals, are inexpensive 

(widespread resources and simple synthesis), 
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environmentally friendly and can be administered 

directly to contaminated sites, with negligible secondary 

contamination risks [19, 20].  

Magnetic nanoparticles (NMP), such as maghemite 

(γ-Fe2O3), hematite (α-Fe2O3) and spinel ferrite 

(M2+Fe2O4, where M2+ is Fe2+, Cd2+, Cu2+, Ni2+, Zn2+ or 

Mn2+) are very good adsorption materials for collecting 

and removing arsenic, chromium, cobalt, copper, lead 

and nickel ions and can be easily separated by applying 

an external magnetic field [21-23].  

The above-mentioned iron oxides-based MNPs can 

be obtained either by direct synthesis or by controlled 

oxidation/reduction methods [24]: 

 

Magnetite (Fe3O4), also called iron ferrite, has a 

black or dark-gray color [25], contains both ferro 

(reduced) and ferric (oxidized) ion species known as 

iron oxide II and III, respectively [24], according to the 

reaction: 

Magnetite, sensitive to oxidation (transforming into 

maghemite by oxidation of Fe2 + ions), has a spinel cubic 

structure with a space of group Fd3m [25] and, due to 

the presence in the crystalline structure of the cations in 

two valence states (Fe2 + and Fe3 +), exhibits unique 

magnetic properties (superparamagnetism) [26]. 

The ferrite nanoparticles (M2+Fe2O4) can be obtained 

by solution-based methods (co-precipitation, sol-gel, 

hydrothermal, sonochemical reactions) or by solid-state 

reaction (ball milling) followed by post-synthesis 

treatment, which also significantly influence their 

properties. The most widely used and simplest method 

for the synthesis of magnetic nanoparticles is the co-

precipitation (first used by Massart) [27], at room or 

higher temperature, according to the following 

simplified reaction mechanism: 

Fe2+ + 2Fe3+ + 8OH−  ⇆  Fe(OH)2 + 2Fe(OH)3 → 

Fe3O4↓ + 4H2O 

Maghemite (ɣ-Fe2O3) MNPs, with brown color, 

which can form by oxidation of magnetite, have a 

similar structure [25]. The ɣ-Fe2O3 nanoparticles coated 

with δ-FeOOH can remove chromium more effectively 

than uncoated ones [26]. Nano-goethite (α-FeOOH) and 

nano-hematite (α-Fe2O3) are efficient in adsorption of 

heavy metals [22] with a high adsorption capacity for 

Cu2+ ions (149.25 and 84.46 mg/g, respectively) and has 

a high photocatalytic activity [27].  

Due to their biocompatibility and low toxicity, 

magnetite nanoparticles (Fe3O4) are also of particular 

interest due to their applications in biomedicine [28, 29], 

medical diagnosis [30], magnetic resonance imaging 

(MRI) [31], engineering tissue (Mag-TE) [32], magnetic 

hyperthermia [33, 34], bioseparation, immunological 

tests, biosensors [35], target drug-delivery [36, 37] and 

information storage [38]. The catalytic activity of MNPs 

has important applications in NH3 reactions, alcohol 

oxidation, Fisher-Tropsch synthesis of hydrocarbons 

and in oxido-reduction reactions [39], car catalysts 

containing Pb2+ from the emitted gases [40]. Also,  

MNPs are used in analytical chemistry for isolation and 

enrichment of analytes in samples with a complex 

matrix (biological, food samples) [41], pigment industry 

[42] and for the absorption of heavy metals from water 

[43-47]. 

Photocatalysis is one of the most important 

properties of MNPs, used in the degradation of organic 

pollutants from waste, industrial or contaminated 

waters. The photocatalytic reaction is generally 

manifested in the presence of ultraviolet (UV) or 

infrared (IR) radiation [48], and represents a very 

promising method for degradation of a large number of 

organic (organic materials, organic acids, pesticides, 

dyes, crude oil), inorganic and biological (microbes, 

viruses, chlorine-resistant organisms) pollutants [49] 

from wastewater [50]. In this technique, the 

photocatalyst is the one that absorbs light and is 

involved in chemical reaction transformations [51]. For 

example, the photocatalyst nanocomposite containing 

maghemite (ɣ–Fe2O3) which can reduce chromium (VI) 

to chromium (III) from polluted waters, an inert and less 

toxic element and the photocatalyst nanocomposite with 

aluminum-silicate metal oxide can remove the ions. 

metals and organic contaminants [52]. 

In this paper, we present the synthesis and 

characterization of three series of magnetic 

nanoparticles (MNPs) and corresponding thin films by 

co-precipitation from a ferric (Fe3+) and ferrous (Fe2+) 

ions solution in a molar ratio of 2:1, at temperatures 

between 80-95 °C. Scanning electron microscopy 

(SEM), X-ray diffraction (XRD), optical spectroscopy 

and magneto-optical technique were used to 

characterize the morphology, particle size, crystalline 

phases, chemical structure and UV-VIS absorption of 

the investigated samples. The magneto-optical activity 

of the thin films was investigated by UV-Vis 

spectroscopy and magnetic circular dichroism technique 

(MCD). The use of these nanoparticles in water 

purification of organic and inorganic contaminants will 

be reported later in more detail. 

2. Experimental  

2.1. Synthesis of magnetic nanoparticles and thin films 

deposition 

Three series (S1-S3) of MNPs were synthesized in the 

air by the co-precipitation from water solution, 

according to Jing - Fu Liu’s method [53], at 80, 90 and 

95 °C, respectively (Fig. 1). The reagents used in the 

synthesis of nanoparticles were ferric chloride 

hexahydrate (FeCl3·6H2O), ferrous sulfate heptahydrate 

(FeSO4∙7H2O) and potassium hydroxide (KOH) with 

analytical quality, without further purification. The 

chemicals were purchased from Merck and Sigma-

Aldrich.  

The precipitation was performed at a pH of 12-12.5 

under continuous stirring, resulting in a black, dark 

brown and brown suspension, depending on the working 

temperature (Fig. 1). After aging (60 min), the 

precipitates were separated from the mother solution, 

washed and dried 60 °C for 24 hours (Fig. 1).  
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 Figure 1. Steps of MNP synthesis 

The thin film samples (noted F1-F3) were deposed 

on glass substrates by spin-coating, using an alcoholic 

dispersion (under US) of corresponding S1-S3 MNPs, at 

500 rpm with three layers and dried at 90 °C for 10 min 

(see insets in Fig. 5).      

2.2. Characterization of MNPs and thin films  

The morphology of the investigated samples was 

highlighted by scanning electron microscopy (SEM) 

using a Quanta 200 (FEI) system. The preparation of 

MNPs samples for SEM examination consisted of air 

drying a drop of alcoholic dispersion of the 

nanoparticles (into an ultrasonic bath) onto a glass 

substrate and coated with a 5 nm thick Au layer by 

sputtering.  

To investigate the crystalline structure and phase 

composition of the obtained MNPs, the X-ray 

diffraction (XRD) patterns of samples were recorded 

using a 3M DRON diffractometer (Russia) with CoKα 

radiation, within the 2θ range between 15 and 90 

degrees. The crystallite average sizes were calculated 

using the Debye-Scherrer formula: 

𝑑 =
𝑘⋅𝜆

𝛽⋅𝑐𝑜𝑠 𝜃
, 

where d is the average size of the crystallites (Å), λ - the 

wavelength of incident X-radiation (CoKα) equal to 

1.903 Å, k - constant with the value of 0.89, β- the full 

width of the peak at half its maximum intensity 

(FWHM)/measured in radians, θ - the diffraction angle 

for that intensity (the Bragg angle).     

The preliminary magnetic behavior of the obtained 

nanoparticles was evidenced by the application of a 

magnetic field using "permanent" magnetic materials 

(Fig. 5). 

The deposited thin films were characterized by 

determining the optical properties using UV-Vis 

spectroscopy for the identification of chemical species 

and the measurement of optical absorbance. Magneto-

optical measurements evidence the main d-d transitions 

of iron ions for very weak or overlapping bands (Fig. 5), 

very helpful for the identification of the nanoparticle 

nature and crystalline structure [54]. In spite, the 

magnetic circular dichroism (MCD) underlines the 

transitions between ground and excited states of an ion 

in the crystal field (CF), highly sensitive to the magnetic 

ion site symmetry. These measurements were done with 

a JASCO 815 spectrometer equipped with a static 

magnet of 1.5 T and circularly polarized light from a 

150W lamp. Light propagation was set parallel to the 

static magnetic field, and circular polarization was 

obtained using a photoelastic modulator capable of 

switching light polarization between right- and left-

circular at a rate of 50 kHz. The MCD value was 

measured as the difference between the optical density 

of samples for the right and left polarized light relative 

to the magnetic field direction (ΔD = D+ – D–) in the 

spectral range 700-300 nm at the temperature 300 K 

[55]. The samples were deposited on the glass substrates 

which have the bandgap at 300 nm. 

The spectral dependencies of the circular magnetic 

dichroism in the visible range, for samples F1-F3, were 

measured at room temperature in the spectral range 300 

- 700 nm.  
The photocatalytic properties of the synthesized 

samples were investigated by UV-Vis spectroscopic 

monitoring of the degradation of methylene blue (MB) 

dye under UV irradiation using a UV lamp at KW 254 

nm and LW 365 nm 

3. Results and discussion 

SEM images highlight the nanometric dimensions and 

morphology of the obtained nanoparticles. From Fig 2, 

one can notice a significant difference in the MNPs 

morphology. The S1 sample prepared at 95-97 °C (Fig. 

2.a-c) shows both individual nanoparticles with 

dimensions between 30-90 nm, as well as aggregates up 

to 700-800 nm. The morphology of the S2 (90 °C) 

sample presents a homogeneous and compact self-

assembling of individual spherical nanoparticles (Fig. 

2.d-f) with an average diameter of 25 nm (~20-30 nm), 

while the S3 sample (80 °C) shows a totally different 

morphology. In the last case, overlapping platelets (2D 

nanostructure) with a diameter between about 20-70 nm, 

consisting of self-assemblings with floral and porous 

appearance were observed (Fig. 2.g-i). The 2D 

nanomorphology with increased surface area allows 

increased adsorption and functionalization of the MNPs.  

Fig. 3 shows the X-ray diffraction patterns of the 

synthesized MNPs. According to these results, two main 

crystalline phases, in different proportions for each 

sample series, were identified: magnetite (Fe3O4) –  

space group P4332 and maghemite (γ-Fe2O3) - space 

group P 41212, with spinel cubic and tetragonal 

crystallization systems, respectively. The cubic goethite 

(FeO-OH) and rhombohedral wüstite (FeO) minority 

phases were also identified (Fig. 3 and Table 1).  

The X-ray pattern of sample S1 shows intense peaks 

for five of the most important diffraction planes, (311), 

(400), (422), (440) and (515) of spinel cubic Fe3O4 

structure, but also the planes (400) and (515) of γ-Fe2O3 

spinel (Fig. 3.a), consistent with the results reported by 

Fangyuan Zhao et al. [56], Saumya Nigam et al. [57] 

and Anirban Roychowdhury et al. [58]. Figure 3.b 

shows for the sample S2 the diffraction planes (311) and 

(600) of the magnetite and (311), (400), (440) and (101) 

of the maghemite, according to Maryam et al. [59] and 

Y.H. Chen [60], while in the pattern of the sample S3 all 

diffraction peaks of the maghemite are clearly 

highlighted (Fig. 3.c), similar to other reported results 

[60, 61]. 
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Figure 2. SEM images of MNPs S1 (a - c), S2 (d - f) and S3 (g - i) 
 

From the quantitative analysis of the XRD data 

resulted that nanoparticles synthesized at 80 °C contain 

85% maghemite and only 12% magnetite, those 

obtained at 90 °C contain the two magnetic phases in 

closed proportions (52 and 45%, respectively), while 

MNPs obtained at 95 °C consist of only 22% maghemite 

and ~73% magnetite. So, when the temperature of 

synthesis and aging increases, the amount of magnetite 

phase increases, by 33% when the temperature increase 

is from 80 to 90 °C and by another 28% when it reaches 

95-97 °C (Table 1). 

 

20 30 40 50 60 70 80 90

0

200

400

600

800

1000

1200

1400

1600

Nr. Card:    
                 96-900-2313      96-152-8613  

    Crystalline Phase:          Fe
3
O

4  
             Fe

2
O

3           
  
  

(4
0

0
) 

F
e

3
O

4
, 

(4
0

0
) 

F
e

2
O

3
  

 

(4
0

4
) 

F
e

3
O

4
  

 

(5
1

1
) 

F
e

3
O

4
  
  

(3
1

1
) 

F
e

3
O

4
, 
(3

1
3
) 

F
e

2
O

3
  

 

(2
0

2
) 

F
e

3
O

4
, 

(2
1

5
) 

F
e

2
O

3
  

 

In
te

n
s
it
y
 (

a
.u

.)

2 Theta (degree)

        S1

72,8 %   Fe
3
O

4
 

21,1 %   Fe
2
O

3

  5,3 %   FeO(OH)

  0,8 %   FeO

   

                                         

         

Magnetite (Fe3O4)/[Fe(II)O . Fe(III)2O3] 

    Crystallization system: Cubic [55] 

                          

 



 Crintea et al. / Ovidius University Annals of Chemistry 31 (2020) 122-131 

126 

 

                    

                

                  Maghemite  (γ - Fe2O3) 

 Crystallization system: Tetragonal [62]  
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Figure 3. XRD patterns of the obtained MNS’s samples (S1-S3), together with the representation of the crystalline structure of the 

identified magnetic components [55, 62, 63] 

Table 1. Structural information for S1-S3 series (from XRD data)  

No. Crystalline phase Structural parameters S1 S2 S3 

1. Fe3O4 

 

Phase composition (%) 

(Card number) 

72.8 

(96-900-2313) 

45.4 

(96-900-2317) 

12.5 

(96-900-2317) 

Crystallites average size 

(nm) 
30.7 24.1 23.0 

2. Fe2O3 

 

Phase composition (%) 

(Card number) 

21.1 

(96-152-8613) 

52.1 

(96-152-8613) 

85.1 

(96-152-8613) 

Crystallites average size 

(nm) 
36.6 27.9 35.6 

3. FeO 

 

Phase composition (%) 

(Card number) 

0.8 

(96-900-9771) 

0.9 

(96-900-9771) 

2.4 

(96-900-9771) 

Crystallites average size  

(nm) 
40.8 - - 

4. FeO(OH) 

 

Phase composition (%) 

(Card number) 

5.3 

(96-434-4129) 

1.7 

(96-434-4129) 

- 

Crystallites average size 

(nm) 
42.8 - - 

The photocatalytic effect of the synthesized samples, 

investigated by UV-Vis spectroscopic monitoring of the 

degradation of methylene blue (MB) dye in aqueous 

solution under UV irradiation at LW 365 nm, are 

presented in Fig. 4.  
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The digital photographic images of the magnetic thin 

films, deposed from the alcoholic solutions of the S1-S3 

MNPs series as shown in Fig. 5, together with the optical 

density in the UV-Vis range and magneto-optical 

properties using magnetic circular dichroism (MCD) 

technique. 

The spectral dependencies of the magnetic circular 

dichroism in the visible range for samples F1-F3 were 

measured at room temperature in the spectral range 300 

nm and 700 nm.   

 

Figure 4. The degradation profile of MB in aqueous solution 

in the presence of the sample S1-S3 

 

 

Figure 5. Magneto-optical properties of the magnetic thin 

films  

The measured magneto-optical properties (Fig. 5) of 

the samples showed positive optical absorption spectra 

with a sharp onset of the band edges at 380 nm. In the 

F2 film sample, the spectrometer recorded positive 

optical absorption spectra of the band edge starting at a 

peak at 330 nm, having a high absorption at 370 nm for 

Fe3O4. The positive term of the MCD effect band was at 

460 nm and the negative term of the MCD effect was 

observed at 530 nm indicating the presence of Fe3O4 

crystals. At a wavelength of 385 nm, the optical 

absorption band is assigned to ɣ-Fe2O3 maghemite and 

the MCD effect band has a negative term. For the F3 

film sample, the curve recorded a positive OD band and 

for the MCD effect band a negative peak at 385 nm, 

characteristic of ɣ-Fe2O3 crystals. 

Magnetite (Fe3O4) crystallizes in the inverse spinel 

structure in which one-third of the Fe ions are 

surrounded by the four oxygen ions in the tetrahedral 

symmetry (A-site) while the other two-thirds of the Fe 

ions are surrounded by six oxygen atoms in the 

octahedral symmetry (B-site) (Fig. 6).  

Figure 6. Electronic configurations of Fe2+ and Fe3+ in Fe3O4, 

in the two symmetries 

While Fe2+ with electronic configuration t2g
4eg

2 

(S=2) can be found only in the octahedral symmetry (B-

site), the Fe3+ ions with electronic configurations t2g
3eg

2 

(S=5/2) can be found in both symmetries, tetrahedral 

(spin-down) and octahedral (spin-up). Fe3+ is always 

paramagnetic due to the unpaired electrons in their 

orbitals, while Fe2+ bounded with oxygen atoms are 

strong-field ligands in an octahedral configuration with 

a low-spin density is created in the d orbitals. Apart from 

the direct d−d charge transfer released from lattice 

distortion, oxygen atoms intermediated the intersite as 

well as the intrasite charge transfer through the 

overlapping p − d orbital states [64]. In this context, the 

MCD peaks allow the identification between intersite 

transitions mediated by oxygen atoms and intrasite 

charge transfer transitions. The 530 nm (2.34 eV) is 

assigned to optical transition across the valence gap of 

the spin-majority (Fe3+) between the B-site (eg)↑ and A-

site (eg, t2g)↑. The second band from 460 nm (2.69 eV) 

may arise as an overlap between two transitions due to 

the intersystem charge transfer as a mixture of two 

transitions [Fe2+]eg− → [Fe3+]e;  [Fe3+]t2− → [Fe2+]t2g 

[65]. The third transition at around 385 nm (3.22 eV) 

arises from the Fe2+ in the B-site as [Fe2+]t2g→[Fe2+]eg 

[66].  The one at 370 nm (3.35 eV) arises as an overlap 

between Fe3O4 given by [Fe2+]t2g −→ [Fe3+]e as 

intervalence charge transfer (weak band) with the 

stronger band of the diamagnetic term of ɣ-Fe2O3 having 

a negative sign in MCD. 
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4. Conclusions 

Three series of magnetic oxide nanoparticles (MNPs), 

were obtained by co-precipitation from a mixed ferrous-

ferric ions solution at temperatures between 80-97 °C. 

Thin films were deposited on glass substrates by the 

centrifugal coating technique using the corresponding 

alcoholic dispersions of the three series of oxide MNPs. 

SEM images highlighted significant differences in 

the MNPs morphology. The three series prepared at 95-

97 °C, 90 °C and 80 °C  show  individual nanoparticles 

(30-90 nm) together with aggregates up to 700-800 nm, 

homogeneous and compact self-assembling of 

individual spherical nanoparticles (~20-30 nm) and  

overlapping platelets (2D nanostructure) with diameter 

between ~20-70 nm, respectively 

The XRD data showed that the samples obtained at 

the highest (~97 °C) and lowest temperature (~ 80 °C) 

mostly consists of cubic magnetite (Fe3O4, 73%) and 

tetragonal maghemite (γ-Fe2O3, 85%) phases, 

respectively.  At ~90 °C, the MNPs consist of a mixture 

of these two phases in closed proportions.  

The MCD spectra confirmed the presence of 

ferromagnetic magnetite phases highlighted by XRD 

data, together with the maghemite phase, which 

magnetic properties, depending on the particle size, are 

paramagnetic or superparamagnetic when larger or 

smaller than 10 nm, respectively. 

The spin-majority configuration (Fe3+) is given by 

the paramagnetic transition from 530 nm (2.34 eV) 

seconded by the intersystem charge transfer between 

Fe3+ and Fe2+ in the A and B sites, centered at 460 nm. 

The third intersystem charge transfer appears at 370 nm 

(3.35 eV) identify a Fe2+- Fe3+ optical absorption which 

is overlapped to the diamagnetic transition of Fe2+ in ɣ-

Fe2O3. The fourth transition at around 385 nm (3.22 eV) 

arises from the Fe2+ in the B-site as [Fe2+]t2g→[Fe2+]eg. 

Our preliminary study has shown that magnetic 

nanoparticles of magnetite and maghemite can be 

effective in UV and VIS degradation of MB dye.  
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J. Kliava, Magnetic nanoparticles formed in 

glasses co-doped with iron and larger radius 

elements, Journal of Applied Physics, 112 (2012) 

e084331. DOI: 10.1063/1.4759244 

[55]. D.A. Petrov, R.D. Ivantsov, S.M. Zharkov, D.A. 

Velikanov, M.S. Molokeeva, C.R. Lin, C.T. Tso, 

H.S. Hsu, Y.T. Tseng, E.S. Lin, I.S. Edelman, 

Magnetic and magneto-optical properties of Fe3O4 

nanoparticles modified with Ag, Journal of 

Magnetism and Magnetic Materials 493 (2020) 

165692. DOI: 10.1016/j.jmmm.2019.165692 

[56]. F. Zhao, B. Zhang, L. Feng, Preparation and 

magnetic properties of magnetite nanoparticles, 

Materials Letters 68 (2012) 112–114. DOI: 

10.1016/j.matlet.2011.09.116 

[57]. S. Nigam, K. C. Barick, D. Bahadur, Development 

of citrate-stabilized Fe3O4 nanoparticles: 

Conjugation and release of doxorubic in for 

therapeutic applications, Journal of Magnetism and 

Magnetic Materials 323 (2011) 237–243. DOI: 

10.1016/j.jmmm.2010.09.009 

[58]. A. Roychowdhury, S. Prakash Pati, S. Kumar, D. 

Das, Effects of magnetite nanoparticles on optical 

properties of zinc sulfide in fluorescent-magnetic 

Fe3O4/ZnS nanocomposites, Powder Technology 

254 (2014) 583–590. DOI: 

10.1016/j.powtec.2014.01.076 

[59]. M.F.K. Ariffin, A. Idris, N.H.A. Ngadiman, 

Optimization of lipase immobilization on 

maghemite and its physico-chemical properties, 

Brazilian Journal of Chemical Engineering 36 

(2019) 171–179. DOI: 10.1590/0104-

6632.20190361s20180168   

[60]. Y.H. Chen, Thermal properties of nanocrystalline 

goethite, magnetite, and maghemite, Journal of 

Alloys and Compounds 553 (2013) 194–198. DOI: 

10.1016/j.jallcom.2012.11.102 

[61]. L. Li, L.J. Yuan, W. Hong, L. Fan, L.B. Mao, L. 

Liu, Hybrid Fe3O4/MOFs for the adsorption of 

methylene blue and methyl violet from aqueous 

solution, Desalination and Water Treatment 55 

(2015) 1973–1980. DOI: 

10.1080/19443994.2014.937751 

[62]. N. Quijorna, M. de Pedro, M. Romero, A. Andrés, 

Characterisation of the sintering behaviour of 

Waelz slag from electric arc furnace (EAF) dust 

recycling for use in the clay ceramics industry, 

Journal of Environmental Management 132 (2014) 

278-286. DOI: 10.1016/j.jenvman.2013.11.012  

[63]. X. Yu, J. Zhou, Grain boundary in oxide scale 

during high-temperature metal processing, in 

Study of Grain Boundary Character, pp 59-77, 

IntechOpen (2017). DOI: 10.5772/66211 

[64]. J. Chen, H.S. Hsu, Y.H. Huang, Spin-dependent 

optical charge transfer in magnetite from 

transmitting optical magnetic circular dichroism, 

Physical Review B 98 (2018) e085141. DOI: 

10.1103/PhysRevB.98.085141 

https://www.sciencedirect.com/science/journal/01659936
https://doi.org/10.1016/j.trac.2014.04.007
https://www.sciencedirect.com/science/journal/01437208
https://doi.org/10.1016/j.dyepig.2004.08.016
https://doi.org/10.1016/j.dyepig.2004.08.016
https://link.springer.com/journal/12034
https://link.springer.com/journal/12034
https://doi.org/10.1007/s12034-011-0328-5
https://doi.org/10.1007/s12034-011-0328-5
https://doi.org/10.1016/j.cej.2013.01.022
https://doi.org/10.1016/j.cej.2013.01.022
https://www.sciencedirect.com/science/journal/09205861
https://doi.org/10.1016/j.cattod.2009.06.018
https://doi.org/10.1016/j.cattod.2009.06.018
http://www.nanowerk/
https://www.sciencedirect.com/science/journal/09263373
https://www.sciencedirect.com/science/journal/09263373
https://doi.org/10.1016/j.apcatb.2007.05.007
https://doi.org/10.1016/j.apcatb.2007.05.007
https://doi.org/10.1149/1.2790398
https://doi.org/10.1149/1.2790398
https://doi.org/10.1021/es800924c
http://gen.lib.rus.ec/scimag/journals/14196
http://gen.lib.rus.ec/scimag/journals/14196
https://doi.org/10.1016/j.matlet.2011.09.116
https://doi.org/10.1016/j.matlet.2011.09.116
https://doi.org/10.1016/j.jmmm.2010.09.009
https://doi.org/10.1016/j.jmmm.2010.09.009
https://doi.org/10.1016/j.powtec.2014.01.076
https://doi.org/10.1016/j.powtec.2014.01.076
https://doi.org/10.1016/j.jallcom.2012.11.102
https://doi.org/10.1016/j.jallcom.2012.11.102
https://doi.org/10.1080/19443994.2014.937751
https://doi.org/10.1080/19443994.2014.937751
https://doi.org/10.1016/j.jenvman.2013.11.012
http://dx.doi.org/10.5772/66211


 Crintea et al. / Ovidius University Annals of Chemistry 31 (2020) 122-131 

131 

[65]. J. Chen, H.S. Hsu, Y.H. Huang, Spin-dependent 

optical charge transfer in magnetite from 

transmitting optical magnetic circular dichroism, 

Physical Review B 98 (2018) 085141. DOI: 

10.1103/PhysRevB.98.085141 

[66]. K.J. Kim, H.S. Lee, M.H. Lee, S.H. Lee, 

Comparative magneto-optical investigation of d–d 

charge–transfer transitions in Fe3O4, CoFe2O4, and 

NiFe2O4, Journal of Applied Physics 91 (2002) 

9974. DOI: 10.1063/1.1480482 

 

Received: 09.09.2020 

Received in revised form: 10.10.2020 

Accepted: 10.10.2020 
 

 


