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a b s t r a c t
The synthesis of nanoparticles has to turn out to be a matter of great interest in recent years due to 
their numerous advantageous properties and applications in several areas. In this study, iron 
oxide nanoparticles were synthesized via chemical reverse co-precipitation method from fer-
rous and ferric solutions using ammonium hydroxide as a precipitating agent under ultra-
sound irradiation. Meanwhile, a natural iron-ore was collected from an iron-ore career situated in 
the north–west of Tunisia and dried then crushed to minimize particle size. Thus, a compar-ative 
study between these iron oxides was carried out based on their physicochemical and opti-cal 
properties. Therefore, X-ray diffraction, Fourier transform infrared spectroscopy, nitrogen 
adsorption–desorption isotherms, transmission electron microscopy, and energy-dispersive X-ray 
microanalysis were used to study physicochemical properties of these materials. UV-vis spectros-
copy was used to investigate optical properties. Results show that both materials can be used as 
heterogeneous catalysts in the Fenton process and that the novel natural iron oxide is better than 
the synthesized one because of its more developed surface area, its low cost, and its abundance. 
Eventually, preliminary adsorption studies of Auramine O, as a model of anionic dye, onto these 
two materials have shown that natural iron oxide is more effective adsorbent than the synthesized 
nanoparticles with an adsorption rate of 99%. Adsorption process followed Langmuir type and 
pseudo-second-order kinetic, suggest monolayer adsorption and physisorption process.

Keywords:  Reverse co-precipitation; Nanoparticles; Iron oxide; Tunisian iron-ore;  Adsorption, 
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1. Introduction

Water is used in agriculture, construction, chemical
industry, and in several other activities of human beings. 
According to the United Nations, the main priority of poor 
countries in Africa should be not technological knowledge 

or financial support but potable water affordable for the 
population [1].

Treatment of industrial wastewaters is a long-lasting 
issue of environmental relevance. Numerous industrial 
activities and especially chemical ones produce wastewaters 
containing a vast variety of toxic, persistent, and non-biode-
gradable organic pollutants. These organic pollutants must 
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be treated as economically as possible in an environmen-
tally friendly manner. Advanced oxidation processes (AOP) 
might be considered as rising technologies for the sustainable 
removal of pollutants from agricultural, urban, and indus-
trial wastewater. They have exhibited great potential for the 
treatment of industrial wastewaters [2,3]. These simple pro-
cesses work at near ambient temperatures and pressures impli-
cating the generation of hydroxyl radicals in appro priate 
quantity to permit oxidizing the organic pollutants.

AOPs have been used for the degradation and mineral-
ization of organic pollutants such as phenolic compounds 
[4], agrochemicals [5], and pharmaceuticals [6]. The Fenton 
process is a strong oxidation system amongst AOP and 
has been successfully applied for the removal of organic 
contaminants [7]. This process is known as the reaction 
between iron ions as a catalyst and hydrogen peroxide as 
an oxidant to generate extremely active species, princi-
pally non-selective OH• radicals with an oxidation poten-
tial of 2.8 V. However, this article will focus on the charac-
terization of materials based on iron in order to use them 
later as catalysts and their application as adsorbents for 
auramine O dye removal due to their adsorptive properties.

Iron oxides are plentifully available minerals that exist 
in the earth’s crust. Out of the 16 known iron oxides and 
hydroxides [8], magnetite (Fe3O4), goethite (αFeOOH), 
maghemite (δFe2O3), and hematite (αFe2O3) have been 
attractive alternatives for remediation groundwater [9] and 
wastewater and are broadly used in heterogeneous catal-
ysis processes. Magnetite nanoparticles have applications 
in several areas, such as tumor and cancer diagnosis and 
treatment [10], biomedical [11], and as a magnetic resonance 
imaging (MRI) contrasting agent [12].

The magnetite can be synthesized by various meth-
ods, including hydrolysis [13], the sol–gel technique 
[14], ultrasound irradiation [15], microemulsions [16], 
thermal decomposition [17], and co-precipitation [18]. 
Co-precipitation is the most commonly used because of its 
simplicity and efficiency and provides a spherical shape 
with particle size below 25 nm [19]. However, magnetite 
nanoparticles are the most studied materials due to their 
response to the magnetic field through the superparamag-
netic behavior at room temperature with high saturation 
magnetization. In addition, their textural, non-toxicity, 
and catalytic properties in different reactions are suit-
able for catalysis applications as catalysts. On the other 
hand, the use of the natural heterogeneous catalyst in the 
Fenton process could be a potential alternative owning to 
their low cost and abundance. Therefore, locally iron-ore 
was defined and characterized in this study, which is used 
for the first time by our laboratory for its catalytic prop-
erties to textile wastewater and dyes aqueous solutions 
treatment, important results were published [20,21].

Different physico-chemical characteristics of these 
oxides make them more or less appropriate for oxidative 
reactions. From these features, surface area, pore size/vol-
ume, and crystalline structure have principal effects on their 
activities. Thus, the main objective of this work is to com-
pare physicochemical, structural, and textural properties, as 
well as optical characteristics of these materials (synthesized 
iron oxide and natural iron-ore), afterward compare their 
affinity toward adsorption of anionic dye (Auramine O).

2. Experimental

2.1. Chemicals

Chemical reagents used in this work were ferrous sul-
fate (FeSO4·7H2O), ferric chloride (FeCl3·6H2O), and ammo-
nium hydroxide (28%). Synthetic wastewater was prepared 
with distilled water and Auramine O (AO) (C17H21N3Cl, 
M.W. = 303, 83 g mol–1, λmax = 432 nm). All chemicals were of 
analytical grade and were directly used without any further 
purification.

2.2. Materials

2.2.1. Natural iron oxide

Natural iron-ore used in this work was collected by 
works staff from iron-ore careers situated in the north–west 
of Tunisia.

After being collected, the sample was dried and crushed 
to minimize particle size. Natural material being labeled 
MF (Fig. 1).

2.2.2. Preparation of magnetic nanoparticles

Magnetite nanoparticles Fe3O4 were synthesized by 
reverse co-precipitation method using ammonia as pre-
cipitation agent under ultrasound irradiation [22]. This 
method is the most efficient and the simplest chemical way 
to obtain magnetic particles [23]. NH4OH solution was used 
in this work as precipitating agent instead of NaOH in 
order to get magnetite nanoparticles with smaller size and 
higher crystallinity [24]. In a typical experiment, we mixed 
5.0 mL of 1.0 mol L−1 FeCl3·6H2O solution and 10.0 mL of 
0.5 mol L−1 FeSO4·7H2O solutions and get a solution with 
orange color (Fig. 2a). The mixture was added dropwise 
into 20 mL of 3.5 mol L−1 ammonium hydroxide solu-
tions at 60°C under ultrasound irradiation. The reaction 

Fig. 1. Photography of natural iron ore sample.
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proceeded for 30 min and the overall reaction of magnetite 
Fe3O4 can be written as [25]:

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (1)

Synthesized Fe3O4 was marked by the appearance of 
intense black color (Fig. 2b). The product was collected using 
a magnet, washed several times with distilled water to elim-
inate chlorine, sulfur, and base excess, next dried in an oven 
at 90°C for 12 h and kept in a stoppered bottle for later use.

2.3. Characterization of the magnetite 
nanoparticles and natural iron oxide

Physicochemical characterization was performed using 
several techniques.

Crystalline forms of the materials were characterized 
by X-ray diffractometer (XRD) using a PANalytical X’Pert 
HighScore Plus diffractometer (Malvern, Almelo, The 
Netherlands), with monochromatic Cu-K radiation source 
(λ = 1.5418 Å) generated at 40 kV and 40 mA. The X-ray 
diffraction (XRD) profiles of the samples were recorded in 
the angular range of 25°–70°.

Chemical structures were subjected using Fourier trans-
form infrared (FTIR) model spectrum. Dried samples were 
ground with potassium bromide (KBr) to produce pellet, 
which was examined in a wavelength range of 480–4,000 cm−1. 
Textural parameters were studied by means of adsorption–
desorption isotherms of N2 at 77 K by a Quantachrome 
model Nova 1200e surface and porosity analyzer. Samples 
were out gassed at 150°C for 12 h in a dynamic vacuum 
before physisorption measurements. Specific surface area 
(SBET) values were calculated using Brunauer–Emmet–Teller 
(BET) method. Morphology and particle size distribution 
of these samples were determined by transmission elec-
tron microscopy (TEM). Images were obtained using TEM 
machine operated at 200 kV. Elemental composition was 
estimated by EDX energy dispersive X-ray microanalysis.

Optical properties were determinated by UV-vis diffuse 
reflectance spectroscopy (DRS) using UV-visible spectro-
photometer (Shimadzu UV-2700, Kyoto, Japan).

2.4. Adsorption experiments

Adsorption of AO on both materials at different parame-
ters such as initial dye concentration, adsorbent amount, and 
adsorbant/adsorbate contact time were carried out via batch 
method using Erlenmeyer flasks under magnetic stirring.

For that, at 50 mL of AO dye solution (5 mg L−1, pH = 6.3), 
a known dose of adsorbent was added, the mixture was agi-
tated with a constant stirring rate of 100 rpm at room tem-
perature (25°C) until equilibrium was reached, after that, all 
samples were centrifuged for 30 min and filtered. Residual 
dye’s concentration was determined using UV-vis spectro-
photometer (Shimadzu Model Perkin Elmer, Waltham, USA) 
by the measurement of absorbance at the maximum absorp-
tion wavelength of AO (λmax = 432 nm). The removal percent-
age of AO (Y%) was calculated using the following equation:

Y
C C
C

e% =
−

×0

0

100  (2)

where C0 and Ce are the initial concentration and equilibrium 
concentration of AO, respectively.

3. Results and discussion

3.1. Fe3O4 nanoparticle characterization

3.1.1. Superparamagnetic properties of Fe3O4 nanoparticles

Synthesized magnetic nanoparticles (MNPs) indicate 
a perfect response to any external magnetic field, so it was 
easy to separate the liquid and solid phases as shown in 
Fig. 3.

3.1.2. Phase structure of the synthesized MNP

3.1.2.1. Powder XRD analysis

XRD pattern of MNPs (Fig. 4) shows six major diffrac-
tion peaks in the whole spectrum at 2θ values of 30.36°, 
35.8°, 43.33°, 53.1°, 57.48°, and 63.09°, which are greatly 
corresponding to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 

Fig. 2. Preparation of magnetic nanoparticles: (a) solution of Fe3+ and Fe2+ with 2:1 M ratio and (b) Fe3O4 nanoparticles solution.
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and (4 4 0) planes of the standard XRD data for the cubic 
Fe3O4 phase of the reverse spinel crystal structure (JCPDS 
file No. 19-0629) [26]. These crystalline entities exhibit 
the typical pattern of Fe3O4, and the absence of any other 
phase such as hematite, magnetite, or Fe(OH)3, which 
were the habitual co-products in the chemical reverse 
co-precipitation process. The strong and sharp peaks 
clearly prove that the attained nanoparticles had a highly 
pure crystalline nature. Results are in agreement with the 
XRD standard for the magnetite nanoparticles [27].

Average crystallite size has been carried out from 
Debye–Scherrer formula (Eq. (3)). This parameter was found 
to be 16 nm.

D K
=

λ
β θcos

 (3)

where D is the crystallite size, K is the Debye–Scherrer con-
stant (K = 0.89 for magnetite), λ is the wave length of the 
Cu-Kα irradiation (λ = 0.1541 nm), β is the full width at 
half maximum intensity of diffraction peak (FWHM), and 
θ is the scattering angle (the Bragg angle).

3.1.2.2. FTIR analysis

IR spectra (Fig. 5) show a broad peak at about 3,440 cm−1 
relevant to stretching vibrations of –OH group assigned 
to OH− adsorbed by magnetite nanoparticles [28]. The 
absorption bands checked at 1,640 and 1,400 cm–1 corre-
spond to stretching vibration of magnetite surface OH–  
groups [28].

Two significant peaks at about 565 and 440 cm−1 
attributed to Fe–O vibrations bond. These intrinsic stretch-
ing vibration bands correspond, respectively, to the metal 
(Fe) in tetrahedral and octahedral sites [29]. This result 
can be assigned to the high crystallinity nature of the 
Fe3O4 nanoparticles and proves the formation of inverse 
type spinel structure of Fe3O4 nanoparticles [8,30]. In gen-
eral, magnetite crystals are covered by mixed octahedral/
tetrahedral and octahedral layers along the {111} direction 

(Fig. 6) [8]. The attained results are in good agreement 
with the XRD analysis.

3.1.2.3. Surface analysis and porosity

Porous properties of iron oxide powder estimated by N2 
adsorption–desorption method (Fig. 7) shows an adsorp-
tion isotherm of type IV according to the International 
Union of Pure and Applied Chemistry classification. 
The specific surface area (SBET), determined by means of 
the Brunauer–Emmett–Teller method (BET) was found to 
be 30.695 m2 g–1. Total pore volume and pore size distri-
bution determined by Barret, Joyner, and Halenda (BJH) 
method using desorption isotherms indicate that this 
product is a mesoporous material with different pore sizes 
of 2.1, 3.6, and 7 nm (Fig. 7 inset) and a total pore volume 
of 0.0821 cm3 g–1.

3.1.2.4. Transmission electron microscopy

Fe3O4 micrograph (Fig. 8) shows that the examined par-
ticles are spherical in shape with a narrow size distribution 

 

Fig. 3. Superparamagnetic attitudes of the MNPs: (a) Fe3O4-NPs solution and (b) separation of synthesized Fe3O4-NPs from 
the reaction mixture using an external magnet.

Fig. 4. XRD pattern of the Fe3O4 MNPs sample.
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in the range of 10–27 nm. Moreover, most particles have 
an average diameter of 15 nm which matches well with 
the XRD data. It is important also to note that the par-
ticles tend to agglomerate.

A selected area electron diffraction pattern (SAED) of 
the Fe3O4 nanoparticles is shown in Fig. 8d. The clear and 

well-defined diffraction rings in the SAED pattern indicate 
that the attained Fe3O4 nanoparticles are great crystalline 
materials and single crystalline in nature. The interpla-
nar spacing (Fig. 8c) is measured to be 0.25 nm, which is 
in accordance with the (3 1 1) lattice fringes in the inverse 
spinel Fe3O4 nanoparticles [31], and in good agreement with 
the XRD result.

3.1.2.5. EDX analysis

EDX spectra of Fe3O4 nanoparticles (Fig. 9) indicate the 
presence only of Fe element (W% = 97.6) which suggests 
that the product is pure. It is important to note that the 
preparation condition completely promotes the formation 
of Fe3O4. The small two peaks at 2.30 and 2.70 kV indicate 
respectively the presence of sulfur and chlorine elements 
which was used for the synthesis of Fe3O4; they are con-
sidered as impurities that can be eliminated thoroughly by 
washing the product several times with distilled water.

Carbon and copper peaks were related to the car-
bon-coated copper grid used when preparing the sample 
for TEM–EDX analysis for better visibility of the surface 
morphology.

3.1.2.6. Optical properties by DRS studies

Diffuse reflectance spectra of Fe3O4 nanoparticles in 
the range of 200–1,200 nm (Fig. 10) suggest that this mate-
rial adsorbs in the ultraviolet and visible region owing 
to the existence of two adsorption bands at λ = 333 nm 
and 746 nm, respectively. This maybe corresponded to 
its small band gap [32]. This result proves that the opti-
cal response of synthesized magnetite particles could 
be prolonged from the ultraviolet light region to the 
visible light region which suggests that this product is 
a photocatalyst. Both of these light energies could be 
used by Fe3O4 for photocatalytic activity.

3.2. Natural iron oxide characterization

3.2.1. XRD analysis

XRD analysis is applied to identify the structure and 
the mineralogical composition of the studied natural iron 
oxide (Fig. 11). Results show peaks related to goethite 
FeOOH [33], hematite Fe2O3 [34], and magnetite Fe3O4 [35] 
(Table 1). Furthermore, peaks of quartz (Q) and kaolinite (K).

3.2.2. FTIR analysis

IR spectra of MF (Fig. 12) shows absorption bands at 
about 890 and 783 cm–1 relevant to O–H bending bands in 
goethite (Fe–OH) corresponding to the vibrations in and out 
of the plane respectively [36].

Peaks at 479 and 560 cm–1 are, respectively, attributed 
to the symmetric stretching vibration bands of Si–O and 
O–Fe–O functional groups [36,37]. Bands at 1,041 and 
1,642 cm–1 are assigned, respectively, to asymmetric stretch-
ing vibration of Fe–O–Si and O–H. The band expounded 
at 1,451 cm–1 is related with the asymmetric stretching 
vibration of C=O. Eventually, the band at 3,388 cm–1 is 

Fig. 5. IR spectra of the magnetite nanoparticles (Fe3O4).

Fig. 6. Crystal structure of Fe3O4, green atoms are Fe2+, brown 
atoms are Fe3+, and white atoms are oxygen.
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Fig. 8. TEM micrographs of Fe3O4 at different scale: 100 nm (a), 50 nm (b), and 5 nm (c) and the associated selected area diffraction 
(SAED) pattern for the powder (d).

Fig. 9. EDX spectrum of Fe3O4.
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related to the hydrogen-bonded hydroxyl groups stretching 
vibration [20].

3.2.3. Surface analysis and porosity

MF BET analysis (Fig. 13a) shows that N2 adsorption iso-
therm is of type IV with hysteresis loop according to UIPAC 
classification [38]. SBET specific surface area of MF powder 
was determined to be 45.868 m2 g–1. Total pore volume and 
pore size distribution were determined by Barret, Joyner, 
and Halenda (BJH) method using desorption isotherms. 
The result reveals that MF powder has a total pore vol-
ume of 0.10 cm3 g–1. The pore size distribution is displayed 
in Fig. 13b, indicating that the product is a microporous 
material with a pore size of about 2 nm which is different 
from the synthesized iron oxide material (mesoporous).

Compared to the synthesized iron oxide nanoparticles 
results (Table 2), the natural iron oxide has approximately 
the same total pore volume value but a much higher BET 
specific surface area and very lower pores size.

3.2.4. TEM–EDX

Morphological structure of MF gives by microscope 
analysis through TEM instrument (Fig. 14) seems different 
from synthesized Fe3O4 nanoparticles, MF sample pres-
ent a rod shape with different lengths and thickness. It is 
worth noting that the iron ore sample was diluted in etha-
nol and subjected to ultrasound for 10 min and then a small 
drop of the suspension was placed on a thin carbon film 
on a TEM copper grid, letting it dry, and coated with a thin 
carbon layer to enhance stability under the beam.

The EDX analysis (Fig. 14c) reveals the presence of 
different elements: Fe, Si, Al, As, and Mg with a weight 
percent of 63.6, 30.2, 3.2, 1.7, and 1.3, respectively.

3.2.5. Optical properties

UV-vis diffuse reflectance spectra of natural iron 
oxide (Fig. 15) show two adsorption bands at the visi-
ble light region at λ = 611 and 749 nm suggested that the 

Fig. 11. Powder XRD pattern of the natural iron oxide sample.

Fig. 10. UV-visible diffuse reflectance spectra (DRS) of Fe3O4 
nanoparticles.

Table 1
Identification of natural iron ore by XRD

Phase 2θ (°) dhkl (Å)

Goethite

15.08 5.89
24.38 3.64
34.76 2.57
35.70 2.51
41.36 2.24
50.16 1.81
53.36 1.71
59.18 1.56

Hematite
33.35 2.08
40.18 2.24
64.053 1.45

Magnetite

21.37 4.16
29.97 3.07
36.7 2.43
61.35 1.50
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optical response of MF could be prolonged to the visible 
light region. Only visible light energy could be used by MF 
for realizing the photocatalytic activity.

3.3. Adsorption performance

3.3.1. Effect of adsorbent type

In order to compare the adsorption performance of 
these materials for AO dye removal from aqueous solution; 

0.2 g of each adsorbent was added to 50 mL of dye solution 
(5 mg L–1) for an adsorbent/adsorbate contact time inter-
val varying from 20 to 180 min. Experiments are carried 
out at room temperature (25°C).

Results (Fig. 16a) reveal that adsorption equilibrium 
is reached after 75 min for both materials and that natural 
iron oxide (MF) is a more efficient adsorbent than Fe3O4 
nanoparticles with 69% AO dye removal. This result can be 
explained by the MF structural and textural properties; in 
fact, MF has an important specific surface, so more active 
sites for dye retention.

Thus, we will only focus on studying the removal of AO 
dye by the natural iron oxide.

3.3.2. Preliminary study of AO dye adsorption onto MF

3.3.2.1. Effect of adsorbent dose

Effect of iron ore dose on AO dye adsorption has been 
studied. Experiences were carried out at room tempera-
ture with an initial dye concentration of 5 mg L–1, a contact 
time adsorbate/adsorbent of 75 min, and different adsor-
bent amount variants from 0.2 to 1.6 g. Results (Fig. 16b) 
show that the removal efficiency increases gradually with 
the adsorbent dose to reach saturation at about 98% of 
dye removal with 1.2 g of MF amount. This is due to the 
increase in the number of active sites. So, 1.2 g of MF will 
be used as an optimal dose in the following experiments.

3.3.2.2. Effect of initial dye concentration

A series of dye solutions, at different concentrations 
varying from 5 to 50 mg L–1 were prepared, to each solu-
tion 1.2 g of MF was added then the mixture was stirred 
for 75 min. Experiments were carried out at room tempera-
ture. The mixtures were then centrifuged; the supernatant 
of each solution was analyzed by a UV-visible spectro-
photometer at the appropriate wavelength.

As it can be seen from Fig. 16c, removal of AO decreases 
from 98% to 51% when the initial dye concentration increases 
gradually from 5 to 50 mg L–1. This can be attributed to 
the saturation of active sites on the adsorbent surface 
by AO molecules. Thus, some of the AO dye molecules 
were left in the aqueous solution. So, increasing the initial 
dye concentration inhibits the adsorption process.

Table 2
Textural properties of the studied samples: magnetite and MF

Samples Magnetite MF

SBET (m2 g–1) 30.695 45.868
SBJH/mesp (m2 g–1) 25.949 44.170
VBJH/mesp (cm2 g–1) 0.0821 0.092
Vads (cm3 g–1) 0.08 0.10
D (Å) 62.462 18.99

SBET: BET surface area, SBJH/mesp: mesopore surface area, VBJH/mesp: 
mesopore volume, Vads: volume of N2 adsorbed at P/P0 = 0.98, 
D: average pore diameter.

Fig. 12. IR spectra of natural iron oxide.
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Optimum conditions of AO dye removal by MF: contact 
time, adsorbent dose, and initial dye concentration were 
found to be, respectively, 75 min, 1.2 g, and 5 mg L–1 (exper-
iments were repeated three times). Thus, at these optimum 
conditions, AO dye removal by MF reach 99%.

3.3.3. Adsorption isotherm

Batch experiments were carried out at a series of ini-
tial dye concentrations at the natural pH of the initial 
solution (pH = 6.4) and at an MF adsorption dose of 1.2 g.

Results (Fig. 17a) show that the adsorption isotherm is 
of L type according to Sposito classification [39], suggest a 
good affinity for the solid phase to the adsorbed substance 
coupled with a decrease in the number of adsorption sites. 
The adsorbent amount of dye removal at saturation was 
found to be 6.437 mg g–1.

3.3.4. Modeling

To analyze experimental adsorption data and design an 
adsorption system, Langmuir and Freundlich models were 
selected.

As can be seen from Figs. 17b and c and Table 3 Langmuir 
model fit well with experimental data (R2 = 0.930) put for-
ward that adsorption process is mainly monolayer. The 
maximum adsorption capacity deduced from the Langmuir 
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Fig. 14. TEM micrographs of natural iron oxide at different scales: 200 nm (a), 100 nm (b), and (c) EDX spectrum of natural iron oxide.

Fig. 15. UV-visible diffuse reflectance spectra (DRS) of MF.
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model is 6.11 mg g–1 witch confirms very well the experi-
mental quantity.

3.3.5. Kinetic modeling

Pseudo-first and pseudo-second-order models are the 
most commonly used linear equations to describe kinet-
ics adsorption and determine the adsorption mechanism 
process. Results show that pseudo-second-order fit well 

with experimental data (Fig. 18, Table 3), since the correla-
tion coefficient R2 is more close to 1 (R2 = 0.999), suggested 
physisorption process of AO onto MF [41–43].

3.3.6. Comparison with different adsorbents

In order to compare the efficiency of MF adsorbents 
for AO dye removal to other absorbents, a list of differ-
ent adsorbents with their corresponding AO dye removal 
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Fig. 16. Effect of experimental parameters on AO dye adsorption. Effect of (a) contact time, (b) adsorbent dose, and (c) initial 
dye concentration.

Table 3
Isotherm and kinetic parameters for the AO dye adsorption onto MF

(a) Kinetic parameters

Pseudo-first-order model

ln lnq q q K te t e−( ) = − 1  (4) [40]

Pseudo-second-order model

t
q K q q

t
t e e

= +
1 1

2
2  (5) [41]

qe (mg g–1) K1 (min−1) R2 qe (mg g–1) K2 (g mg–1 min–1) R2

0.247 – 0.867 6.871 1.353 0.999

(b) Langmuir and Freundlich parameters

Langmuir Freundlich

qmax (mg g–1) KL RL R2 KF 1/n R2

6.112 0.077 0.721 0.9302 1.218 0.586 0.887

qe: amount of AO adsorbed at equilibrium (mg g–1); qt: amount of AO adsorbed at time t (mg g–1); K1: rate constant of pseudo-first-order 
(min–1); K2: rate constant of pseudo-second-order (g mg–1 min–1); Qmax: maximum adsorption capacity (mg g–1); Ce: amount of residual dye at 
equilibrium (mg L–1); KL: Langmuir constant (L mg–1); KF: Freundlich constant; n is an indicator of adsorption effectiveness.
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percentage was presented in Table 4. It was noticed that the 
studied natural iron oxide shows an excellent efficiency in 
adsorbing AO and presents a higher AO dye removal per-
centage. This natural adsorbent could be comparable to just 
a few other adsorbents in the reports published previously.

4. Conclusions

In this work, the reverse co-precipitation method to 
produce Fe3O4 nanoparticles (MNPs) is developed in the 
presence of ferrous and ferric solutions using ammonium 
hydroxide as a precipitation agent under ultrasound irra-
diation. TEM analysis shows that the structure of these 
nanoparticles are spherical with a mesoporous texture. 
BET-specific surface area was found to be 30.695 m2 g–1.

In addition, natural iron oxide which is a Tunisian 
iron ore (MF) was characterized and compared to the syn-
thesized oxide. TEM analysis of MF exhibits a rod shape 

(nanorods) with a microporous texture. Its specific surface 
area SBET was determined to be 45.868 m2 g–1.

Optical characterization reveals that synthesized iron 
oxide exhibited absorption in ultraviolet and visible light 
regions while the natural iron oxide showed absorption 
only in the visible light region.

Absorbent properties of these two materials have been 
studied with respect to an anionic dye, Auramine O, fre-
quently used by textile industries. MF was found to be the 
better adsorbent with 99% dye removal with specific opti-
mum conditions: 1.2 g of MF, 5 mg L–1 of initial dye concen-
tration, and 75 min of contact time. The adsorption process 
was found to be monolayer and follow pseudo-second-order 
kinetic model (physisorption).

Regarding their physical, chemical, and optical prop-
erties, these two non-toxic materials will be utilized as het-
erogeneous catalysts in Fenton process for water treatment 
application, and especially the natural iron oxide due to its 
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Fig. 17. (a) Adsorption isotherm of AO onto MF adsorbent, (b) Langmuir model, and (c) Freundlich model.

Table 4
Auramine-O dye removal by adsorption on different adsorbents

Adsorbent % AO dye removal References

Sodium dodecyl sulfate functionalized magnetite nanoparticles 74 [42]
Sesame leaf 89 [43]
Guava leaves 92 [44]
Natural untreated clay 95 [45]
Natural iron oxide (MF) 99 Present study
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low cost, abundance, and its efficiency for hazardous dyes 
treatment such as Auramine O dye.
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