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The spherical iron oxide (a-Fe,O;) nanoparticles were prepared using facile, low-cost and environmental friendly one step thermal
decomposition of Fe(NO;);:3H,O at the presence of malic acid (mass ration 1:1) at 600 °C for 3 h. The product was characterized by
Fourier transform infrared (FT-IR) spectroscopy, powder X-ray diffraction (XRD), vibrating sample magnetometer (VSM), and
transmission electron microscope (TEM). The FT-IR and XRD results predicted the formation of single phase of thombohedral a-Fe,O;
nanoparticles. TEM image illustrated that the a-Fe,O; nanoparticles had spherical shapes. VSM result showed that the as-prepared a-Fe,O3
nanoparticles were ferromagnetic materials with A, of 1.96 emu g'. The photocatalytic activity of the 0-Fe,O5 nanoparticles was evaluated
by the photodegradation of methyl orange (MO) and methyl blue (MB) in aqueous solution under visible light irradiation. The effects of pH
solution, sorbent dose, contact time (0-120 min), and initial concentration of dyes (30, 50 and 70 mg I'") were also studied. At the end of the

process, the catalyst could be separated and recovered using an external magnetic field. The results indicate that the a-Fe,O3 nanoparticles

can be used as an efficient photocatalyst for removal of other dyes from aqueous solution, and has benefits for large-scale production.
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INTRODUCTION

Transition metal oxides and ferrites such as NiO [1],
Co0304 [2], CuO [3], Mn,0; [4], Mn;0;4 [5], CeO, [6,7],
NixCo(o.5-xZng sFe;04 [8], NiFe,04 [9], and Fe,O; [10-12]
have vast applications in Li-ion batteries, photocatalytic
degradation and removal of organic dyes, supercapacitor,
optical materials, antibacterial materials, and removal of
heavy metal ions. Recently, environmental pollution, in
particular water contamination, is one of the major problems
facing human society [1-3]. Subsequently, removal of
organic dye pollutions from wastewater using adsorption
[13] and photocatalytic degradation reaction [14-16] is
important due to its economic and environmental benefits.
So far, various metal oxides as catalyst have been used to
remove various contaminants from the wastewaters or
aqueous solutions [2,3-14-16]. Among them, hematite iron
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oxide (a-Fe,Os3) nanoparticles, with corundum structure, is
widely used for photocatalytic removal of various organic
dyes such as bisphenol A [14], thodamine B [17] methyl
orange [18], and Congo red [16]. The a-Fe,O; is very stable,
the oldest known iron oxide, and the end form of
transformations of iron oxides [18]. Until now, various
morphologies of o-Fe,0;
structure photocatalytic
degradation of organic dyes [14-18]. The physical and

nanoparticles with different

crystalline were used for
chemical properties of a-Fe,O; nanoparticles can be tuned
by controlling their size, shape, and the synthesis
[14-18].  Recently, spherical a-Fe,0O;

nanoparticles were synthesized using different techniques;

parameters

they have application in different fields [19-22]. Ye et al
[14] reported the rhombohedral o-Fe,O; as an efficient
photocatalytic degradation (about 91%) of bisphenol A.
Wang et al. [18] studied the mesoporous magnetic Fe,O;
nanoparticles as catalyst under visible light irradiation to
remove methyl orange from wastewater. The a-Fe,O3, with
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a narrow band gap of 2.1 eV [18], is a well candidate for
being used in photocatalytic degradation of organic dyes,
due to adsorption of visible light from the solar energy [14-
18].
organic dyes is economical, ecofriendly, which causes to
save fossil fuel [14-18].

Azo dyes such as MO and MB are widely used in

Therefore, photocatalytic degradation reaction of

various industries such as textile, paper printing, leather and
clothes. About 15% of the dyes are discharged into the
environment, mainly in water supply [9]. They are very
stable, toxic, and hazardous. High concentration of them
leads to severe health issues for human such as tumors, skin
irritation, mutations, and allergies [23]. So, the degradation
of these organic dyes using photocatalytic process has been
gained great attention in recent years [24-30]. Photocatalytic
transformation process is known as a favorable procedure
for preparation of valuable compounds [31-33]. Recently,
advanced oxidation processes (AOPs), as an emerging
technology, gained great attention for application in many
wastewater treatments [34-38]; it produces strong oxidizing
agent such as hydroxyl radicals to oxidize the organic
compounds. Hydroxyl radicals can be produced by
light [37-38]. Also, the
quantum calculations using density functional theory (DFT)

ultraviolet/visible irradiation
was used to confirm the adsorption mechanism of different
pollutions on the various adsorbents [39-42].

Continuing the previous work on the preparation of
various transition metal nanoparticles [43-47], in this work,
hematite (0-Fe,Os;) nanoparticles were prepared and
characterized by low-cost and environmental friendly one
step thermal decomposition. In addition, photocatalytic
degradation of MO and MB under visible light irradiation
using as-prepared a-Fe,O; nanoparticles was studied.

EXPERIMENTAL

Materials and Methods

Ferric nitrate three hydrate, used as a source of Fe, malic
acid, methyl orange, and methyl blue dyes were purchased
from Merck Company. FT-IR spectrum was recorded
with a Perkin-Elmer spectrum from 4000 to 400 cm™.
The XRD pattern was recorded by Netherlands X’Pert PRO
diffractometer with a Cu-Ka source from 20-70°.
TEM images were obtained by JEOL 2100 UHR-TEM
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microscope. A 300 W xenon lamp with a 420 nm cutoff
filter was use as visible light irradiation source. The
magnetic properties of the as-synthesized a-Fe,O;
nanoparticles were recorded using vibration sample
magnetometer (VSM). UV-Vis spectrum was done using a
UV-Vis Perkin-Elmer spectrophotometer in the wavelength
ranges of 250-850 nm at room temperature. The specific
surface area and pore size distribution of as-prepared
a-Fe,O; nanoparticles were calculated by the Brunauer-
Emmett-Teller (BET) method and Barrett-Joyner-Halenda

(BJH) model, respectively.

Preparation of the a-Fe,O; Nanoparticles

3 g of ferric nitrate three hydrate and 3 g malic acid
were vigorously mixed for 10 min in a crucible to obtain a
uniform pale-brown powder. The obtained mixture calcined
at 600 °C for 3 h in the electrical furnace at air atmosphere.
The resulting black precipitates were washed several times
with cold distilled water, filtered off and dried. The products
characterized by FT-IR, XRD, VSM, and TEM.

Evaluation of Photocatalytic Activity

Various amount (0.02 g) of a-Fe,O; nanoparticles as
adsorbent was added to a 50 ml of 30, 50, and 70 mg I’ MO
and/or MB aqueous solution, and sonicated for 1 h in the
dark to achieved adsorption-desorption equilibrium. After
visible light irradiation for various time (0-120 min), 5 ml of
solution was collected, centrifuged to separated catalyst, and
then the solution absorbance was measured using UV-Vis
spectrophotometer.

RESULTS AND DISCUSSION

Characterization of a-Fe,O; Nanoparticles

The FT-IR spectrum of a-Fe,O; nanoparticles (Fig. 1)
was recorded using KBr pellet from 400 to 4000 cm™. As
seen in Fig. 1, the sharp peak at about 553 cm™ is assigned
to the stretching vibration of F-O, and the peak at 467 cm’
is assigned to the bending vibration of O-Fe-O [13,16].

Figure 2 shows the X-ray diffraction patterns of the as-
prepared hematite (a-Fe,O3) nanoparticles at 600 °C for 3 h.
The characteristic diffraction peaks appeared at 20 = 24.19
(012), 33.17 (104), 35.68 (110), 40.94 (113), 49.54 (024),
54.19 (116), 57.59 (018), 62.47 (1010), and 64.02 (220)
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Fig. 1. FT-IR spectrum of the as-prepared o-Fe,O;
Nanoparticles.
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Fig. 2. XRD pattern of the as-prepared a-Fe,O;
Nanoparticles.

were confirmed the pure rhombohedral alpha phase of iron
oxide (a-Fe,O;) (JCPDS no. 33-0664) [14,18] with unit cell
parameters of a = 5.036 A, b=15.036 A and c = 13.749 A
[48].

The average crystalline size of 34.55 nm was calculated
for the as-prepared o-Fe,O; nanoparticles from the two
peaks of 104 and 110, and according to Scheerrer equation
[14-18], which is consistent with the TEM images (Fig. 3).

D =0.9 //f cosO (D)
In Equation (1), D is the crystallite size (nm), 4 is the X-
ray wavelength Cu-Ka (0.154 nm), S is the FWHM of the
sharp peak, and @ is the angle [14-18].
The TEM image (Fig. 3) shows that the morphology of
the as-prepared a-Fe,O; nanoparticles was uniform quasi-
spherical shape. The surfaces of the particles were smooth,
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Fig. 3. TEM image of the as-prepared a-Fe,O3
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Fig. 4. Magnetic hysteresis loop of the as-prepared a-Fe,O3
Nanoparticles.

and the average particle size was less than 50 nm.

M-H curve of the as-prepared a-Fe,O; nanoparticles is
shown in Fig. 4, which exhibits the ferromagnetic behavior
[49,50]. The saturation (M) M)
magnetization were 1.96 and 1.28 emu g, while coercivity
(H,) was 275 Oe, known as soft materials. The M; of the
as-prepared a-Fe,O3; nanoparticles was lower than that of

and remnant
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spherical o-Fe,O; nanoparticles (6.42 emu g) reported by
Lassoued et al. [49], and higher than that of quasi-cube
0-Fe,0; nanoparticles (0.43 emu g') for reported by Liu
et al. [50]. The magnetization saturation value depends on
the different structures of a-Fe,O; nanoparticles [49,50].

The UV-Vis absorption was done at room temperature
(Fig. 5). There was a peak at 582 nm similar to that reported
by Han et al. [51] and Khalaji et al. [52]. The corresponding
band gap energy (E,), calculated using Equation 2 [53], was
found to be 2.13 eV.

Eg = 1240/ Aoy 2

In above formulation, A, is the characteristic UV-Vis
peak of the as-prepared o-Fe,O; nanoparticles. So, the as-
prepared a-Fe,O; nanoparticles, with narrow band-gap of
2.13 eV [18], can absorb the visible and UV regions of the
sunlight and act as a good catalyst for degradation of
various organic dyes [14-18].

The surface area and the pore size distribution of as-
prepared o-Fe,O;
nitrogen adsorption-desorption (Fig. 6), indicating that as-

nanoparticles were recorded using

prepared a-Fe,O; nanoparticles are mesoporous materials
that show typical [IUPAC type-IV N, adsorption isotherm
with H3 type hysteresis loop in high pressure [10,12,14,18].
The calculated BET surface area was 31.278 m* g [10,12,
14,18].

Photocatalytic Evaluations

In this work, photocatalytic degradation of MO and MB
under visible light was investigated. As reported in
literature, the OH™ and O, radicals were generated using
a-Fe,O3 nanoparticles under UV or visible irradiation [14-
18]; they were mainly responsible for the degradation of
organic dyes [3]. UV-Vis characteristic peak of MO and
MB occurs at 464 and 664 nm [3], respectively; it decreased
gradually as the contact time increased.

One of the important parameters that affect the
efficiency of photocatalytic degradation of organic dyes is
the pH of solution [54-60]. The removal efficiency of as-
synthesized o-Fe,O; was carried out under different pH
solution from 2-12 using 0.02 g of catalyst. The results are
shown in Fig. 7.

The pH solution was adjusted with addition of HCIl and
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Fig. 7. Effect of pH solution on degradation removal of MO
and MB dyes.
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NaOH solution (0.1 M). As shown in Fig. 7, the best pHs to
achieve high efficiency for photodegradation of MO and
MB were 4 and 9, respectively; these are selected for the
study of the other parameters. Methyl orange is an anionic
dye, while methylene blue is a cationic dye. Hence, the
electrostatic interactions of the MO and MB with the
surface of the catalyst are contrary to each other. At low pH,
the surface of the catalyst was positively charged, and
significant electrostatic interaction with the negatively
charged MO was obtained [61]. Significant electrostatic
interaction between the positively charged MB and the
negatively charged surface of the catalyst occurred at high
pH [28].

Another photocatalytic
degradation of organic dyes is the effect of the amount of
catalyst [2,3,7-9,14-18,54-61]. The effect of different doses
of catalyst (0.005, 0.01 and 0.02) on the photodegradation
of MO and MB was. As shown in Fig. 8, the maximum of
photodegradation of dyes occurred when 0.02 g of catalyst

effective  parameter in

was used; this is due to the possibility of producing more
h'yg and e-cg to produce oxygen (O27) and hydroxide
(OH") radicals [6,9,8,24-26,30].

Figure 9 shows the degradation profiles of MO and MB
(30 mg I'") under visible light irradiation at various times in
presence of 0.02 g a-Fe,Os;. After 70 min of exposure to
visible light, 97% degradation of MB took place that is
faster than degradation of MO (90 min, 91%) [15]. Table 1
show the time for degradation of MO and MB over the
various catalysts.
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Fig. 8. Effect of catalyst dose on degradation removal of
MO and MB dyes.
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Fig. 9. Comparison of the degradation efficiency for the
MO and MB dyes.

Table 1. Photocatalytic Activity of Various Catalysts for Degradation of MO and MB

Photocatalyst Degradation time Degradation rate Dye Ref.
(min) (%)
Ti0,/ZnO 30 97 MO [30]
CeO, 60 98 MB [26]
Pristine CeO, 175 100 MB [24]
CeO, 75 85 MB [6]
Fe;0,@Si0,@CeO, 50 92 MB [28]
Bi,05-A1,05 90 9 MB [29]
Bi,05-A1,05 90 60 MO [29]
a-Fe;O; 70 97 MB This work
a-Fe;O; 90 91 MO This work
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The kinetic linear curves (Fig. 10) of the
photdegradation of MO and MB showed that the
degradation followed a simplified Langmuir first-order
model, -In(A/A,) = kt, at low initial concentration [30]. The
rate constants (k) were 0.027 and 0.04 min" for MO and
MB, respectively, confirmed the pseudo first-order reaction
[14,15,26,28,30].

The effect of initial concentration of MO and MB dyes
on the photocatalyst degradation was investigated, and the
9 and 10,
respectively. As shown in Figs. 11 and 12, when the initial

degradation profiles are shown in Figs.

concentration of dye increased, the speed degradation
decreased. These results are similar to the previous works in
this area [14].

Photocatalytic activity of the as-prepared o-Fe,O;
nanoparticles was notable due to the well crystallinity and
the high specific surface area leading to production of the
electron-hole pairs [3,14,15,18]. The electron-hole pairs
produced the OH” and O,”, and degraded the MO and MB
dyes. The possible mechanism of the Photocatalytic
degradation of the dyes is presumed to be as following [6,9,
8,24,62]:

Fe,0; + hv — h' (hole) + &

h* (hole) + H,O — H" + OH’

0,+¢ — 0,

0,"+H,0 — 20H

OH'/0,” + MO or MB — degraded products

Finally, the active radicals (OH and O,”) can damage
MO and MB. The oxidation products of the dyes can be
deposited on the active surface of the a-Fe,O3; nanoparticles.
Finally, the stability and reusability of the a-Fe,O;
nanoparticles for the photodegradation of MO and MB was
studied (Fig. 13). For this matter, the photocatalyst a-Fe,O;
was collected after each run, washed using acetone, dried at
150 °C for 3 h, and was used for the photodegradation of
MO and MB in the same reaction conditions. As shown in
Fig. 13, the efficiency of photocatalytic activity decreased
after each recycle [25,28,63,64] due to deactivation the
surface of the catalyst [64].

10, No. 4, 473483, December 2022.
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Fig. 10. The pseudo-first order kinetics of MO and MB by
the as-prepared a-Fe,O; nanoparticles.
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Fig. 11. The effect of initial concentration of MO on

degradation efficiency by the as-prepared
a-Fe,O3 nanoparticles.
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Fig. 12. The effect of initial concentration of MB on
degradation efficiency by the as-prepared

a-Fe,O5 nanoparticles.
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Fig. 13. Reusability studies of the Ce-1 and Ce-2
photocatalyst for 5 recycles runs.

CONCLUSIONS

In summary, o-Fe,O; nanoparticles were successfully
synthesized using solid-state thermal decomposition, and
characterized by the FT-IR, XRD, VSM, and TEM. FT-IR
and XRD results confirmed the preparation of pure
rhombohedral phase of a-Fe,Os;. TEM results showed that
the products had quasi-spherical shape with an average
crystalline size of 42 nm. VSM result showed the
ferromagnetic property of the o-Fe,O; nanoparticles. In
addition, photocatalytic degradation reaction of MO and
MB dyes confirmed the superior photocatalytic activity of
the o-Fe,O;. At the maximum
degradation removal percentage of the MB and MO were
~97 and 91%, respectively. The rate constant (k) for MB
was higher than that for the MO, due to the better
interaction of the positively charged MB with the negatively

optimum condition,

charged o-Fe,O;. Small crystal size, no agglomeration, and
high surface area of the as-prepared o-Fe,O; are the key
factors that are responsible for the great degradation of the
MO and MB dyes. The degradation removal percentage of
the as-synthesized o-Fe,O; nanoparticles did not show any
obvious decrease after 5 degradation cycles.
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