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In this paper, ferromagnetic Fe203/Mn203 nanocomposites (Fe@Mn-1 and Fe@Mn-2) were synthesized and characterized using Fourier
transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), a vibrating sample magnetometer (VSM), and transmission electron
microscope (TEM). Fe@Mn-1 and Fe@Mn-2 nanocomposites were successfully synthesized and they exhibited ferromagnetic properties at
room temperature and magnetic saturation of 6.48 and 9.24 emu g, respectively. In addition, photocatalytic activities of Fe@Mn-1 and
Fe@Mn-2 were studied by the degradation of methylene blue (MB) by applying H202 under visible light irradiation. The effects of important
parameters on the MB degradation were evaluated, and the results exhibited the best photocatalytic activity within 45 min due to the very
small crystallite sizes of Fe@Mn-1 (98%) and Fe@Mn-2 (97%).
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INTRODUCTION 11]. Due to their high stability, low bio-degradability, and

production of highly toxic and carcinogenic by-products

Synthetic and natural organic dyes with complex
aromatic structures used in different industries, such as
printing, textile, paper, and pharmaceutical, are one of the
major environmental pollutants in developing countries [1-
authors.  E-mail:
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through oxidation and hydrolysis reactions in aqueous
solutions, synthetic and natural organic dyes should be
removed and/or degraded from aqueous solution using
different techniques [1-11]. Advanced oxidation processes
(AOP) using different photocatalysts were used to degrade
organic dyes, such as methyl orange [12], rhodamine B [12-
13], acid blue 92 [15], methylene blue [12,14,16-17], and
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reactive red 198 [18] under UV and/or visible light
irradiation. In recent years, significant research has been
conducted on the photodegradation of various organic dyes
using Fe;O3- and Mn,Os-based nanocomposites, such as
orange II [19], methyl orange [20-22], rhodamine B [22-25],
acid orange 8 [26], and bisphenol A [27]. One of the viable
methods proposed to improve electron transfer capabilities
and prevent e/h™ recombination [28] is the preparation of
[6-8,10,13-
14,26]. For example, Xie et al. [14] prepared a novel

heterojunction metal oxide semiconductors

heterojunction magnetic composite of Bi,O3/SrFe|2019 for
the photo-degradation of methylene blue (MB) under visible
light. Panchal et al. [6] reported that synthesized ZnO/MgO
nanocomposites via plant based-green synthesis facilitated
the photodegradation of MB under sunlight irradiation. Zha
et al. [7] synthesized TiO»/ZnO heterojunctions by the
solvothermal route and reported photodegradation of methyl
orange under UV light.

The aim of the present work was to synthesize
Fe,03/Mn,03 nanocomposites using a simple and eco-
friendly chemical approach in the presence of salicylic acid
(Fe@Mn-1) and benzoic acid (Fe@Mn-2), accompanied by
decomposition at 600 ©°C. Moreover, the
activity of Fe@Mn-1 and Fe@Mn-2
nanocomposites were evaluated by the degradation of MB

thermal
photocatalytic

from aqueous solution under visible light irradiation.

EXPERIMENTAL

Materials and Methods

All materials used in this study were used without further
purification. FT-IR spectra were recorded on a 5SDX FTIR
spectrometer (Nicolet Co., USA). The X-ray diffraction
(XRD) patterns were recorded using a Bruker Advance D8
diffractometer (Cu Ko radiation, A = 1.54056 A). The
magnetic properties were investigated using a vibrating
sample magnetometer with an applied magnetic field up to
14 KOe. The morphologies of samples were recorded by a
transmission electron microscope (TEM, JEOL-JSM 7600
F). UV-Vis spectra were recorded in the range of 300-800 nm
in a spectrophotometer (Shimadzu. UV-3600).

Synthesis of Fe203/Mn:03 Nanocomposites
The a-Fe,03/Mn,03 nanocomposites were synthesized
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by a wet chemical route, accompanied by thermal
decomposition at 600 °C (Scheme 1). A mixture of
FeCl;-6H,0 (0.01 mmol) and MnCl,-4H,0 (0.01 mmol) was
dissolved in distilled water (25 ml); then, an aqueous solution
(25 ml), which contained 0.4 mmol of salicylic acid
(Fe@Mn-1) and benzoic acid (Fe@Mn-2), was added to the
mixture as a fuel and a surfactant. The mixture was stirred for
1.5 h at room temperature. After that, the pH of the solution
was adjusted to 12 by the drop-wise addition ofa 0.5 M KOH
solution. The final mixture was stirred for 2 h at 75 °C. The
brown precipitate was filtered, washed, dried, and calcined at
600 °C for 3 h. The resulting dark-red precipitation was
collected, washed with distilled cold water, and finally dried
in air for several days. Afterward, the products were
characterized using FT-IR, XRD, VSM, and TEM. In
addition, photocatalytic activities of Fe@Mn-1 and Fe@Mn-
2 were studied by the degradation of methylene blue (MB)
dye under visible light irradiation.

Photocatalytic Degradation of MB

The photocatalytic activities of Fe@Mn-1 and Fe@Mn-2
nanocomposites were studied under visible light using
MB dye. In a typical experiment, a suitable quantity
of Fe@Mn-1 and/or Fe@Mn-2 nanocomposites, as a

FeCl;'6H,0 (0.01 mmol)
MnCl,4H,0 (0.01 mmol)

Distilled water (25 mL)

|

Distilled water (25 mL)

Salicylic acid Benzoic acid

Distilled water (25 mL)

KOH (0.5 M) KOH (0.5 M)
600 °C (3 h) 600°C (3h)
Fe@Mn-1 Fe@Mn-2

Scheme 1. The synthesis procedure of Fe@Mn-1 and
Fe@Mn-2 nanocomposites.
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photocatalyst, was added to a 50 ml of MB aqueous solution
with an initial concentration of 30 mg I''. After that, the
suspension was stirred for 30 min in the dark to achieve an
adsorption/desorption equilibrium of MB molecules with the
photocatalyst surface, followed by the addition of 3 ml of
H>0, (30%), as an electron trap, to the suspension. Then, the
mixture was irradiated with 12 Philips TL 8w/54-7656 bulb
lamps. After a given time interval (15, 30, 45, 60, 90, 120,
and 150 min), about 4 mL of the suspension was collected,
UV-Vis
spectrophotometer and monitoring the change in the intensity
of MB solution absorbance at Amax of 664 nm [29-33]. The
removal percentage (%) and adsorption capacity were

centrifuged, and analyzed by wusing a

calculated by Eq. (1), where C, and C; represent the initial
and real-time absorbance of MB, respectively, V is the
volume (1), and M is the photocatalyst dose.

R (%) = {(Co — Cy) x 100}/C, (1)

Q (mg/g) = {(Co— Cy x V}/M 2
RESULTS AND DISCUSSION
Characterization

FT-IR spectra of Fe@Mn-1 and/or Fe@Mn-2

nanocomposites are shown in Fig. 1. There were three
adsorption bands at about 471, 534, and 608 cm™' attributed
to the vibrations of Fe-O and Mn-O bonds [23,26]. In
addition, a very broad peak observed in both samples at about
3424 c¢cm’! can be attributed to the vibration of O-H of
adsorbed water molecules [21]. As can be seen in Fig. 1, there
was no difference between the FT-IR spectra of Fe@Mn-1
and/or Fe@Mn-2 nanocomposites.

The crystal phase and structure of Fe@Mn-1 and/or
Fe@Mn-2 nanocomposites were investigated by XRD
analysis (Figs. 2a, b). In Fig. 2, the characteristic peaks
observed at 24.17 (012), 33.19 (104), 35.64 (110), 40.88
(113), 49.48 (204), 54.09 (116), 57.64 (112), 62.62 (2014),
and 64.17 (300) in the XRD patterns of samples can be well
assigned to the structure of hematite (a-Fe>O3) (JCPDS no.
33-0664) with unit-cell parameters of a = b = 5.036 A and
¢ =13.749 A [21,27] while the characteristic peaks observed
at 23.16 (211), 32.98 (222), and 38.24 (400) can be assigned
to the structure of braunite (a-Mn,0O3) (JCPDS no. 89-4836)
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Fig. 1. FT-IR spectra of Fe@Mn-1 and Fe@Mn-2
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Fig. 2. The XRD patterns of Fe@Mn-1 and Fe@Mn-2
nanocomposites.

[34-36]. Finally, the characteristic peaks observed at 28.37
(200), 40.54 (220), 50.21 (222), 58.66 (400), and 66.61 (420)
can be assigned to the structure of cubic KCI [37-38].
However, no difference was observed between the
of Fe@Mn-1 and Fe@Mn-2
nanocomposites in the XRD patterns, but the intensity of the
characteristic peaks of Fe@Mn-2 was higher than that of the
characteristic peaks of Fe@Mn-1, suggesting that Fe@Mn-2
had better crystallinity than Fe@Mn-1 (Figs. 2¢, d). Using

characteristic  peaks
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the Scherrer equation (Eq. (3)), the crystallite size of the
as-prepared Fe@Mn-1 and Fe@Mn-2 were calculated as
18.55 nm and 13.89 nm, respectively.

D (nm) = 0.942/fcosd 3)

where D is the average crystallite size (nm), A is the
wavelength (1.54 A) of the X-ray source, /3 is the FWHM of
the XRD peak for the (222) plane, and 0 is the Bragg’s angle.
The magnetic hysteresis loops of Fe@Mn-1 and Fe@Mn-2
nanocomposites are illustrated in Fig. 3. The samples
displayed a low coercivity (Hc) (179.5 Oe), which is
characteristic of soft-magnetic materials. The saturation
magnetization value obtained for Fe@Mn-1 and Fe@Mn-2
was 6.55 emu g™ and 9.34 emu g”!, respectively. The samples
displayed apparent ferromagnetic behavior, a finding which
is in good agreement with those of previous reports on a-
Fe»O3 and Mn,03 nanoparticles [39-41]. The increase in the
value of M, for Fe@Mn-2 than Fe@Mn-1 predicted that the
average crystal size of Fe@Mn-2 must have been smaller
than that of Fe@Mn-1 [42]. The M;values demonstrated that
the as-prepared Fe@Mn-1 and Fe@Mn-2 nanocomposites
could be successfully regenerated from the solution by an
external magnet [43].

TEM images of the as-synthesized Fe@Mn-1 and
Fe@Mn-2 nanocomposites are shown in Fig. 4. Some small
irregularly shaped nanostructures with an average crystallite
size of < 20 nm are clearly observable for both samples,
suggesting that the morphology and crystal size of the as-
synthesized Fe@Mn-1
depended on the precursor.

and Fe@Mn-2 nanocomposites

The absorbance spectra and Tauc plot of Fe@Mn-1 and
Fe@Mn-2 nanocomposites are represented in Fig. 5. There
were two broad peaks at about 440 and 560 nm [44-46]. The
direct optical band gap of Fe@Mn-1 and Fe@Mn-2
nanocomposites was calculated to be 2.73 and 2.27 eV using
the Tauc equation (Eq. (5)) [45-46], where o is the Kubelka-
Munk function, K is constant, and E, is the band gap energy.

(ahv)? = B (hv — E) )

MB Photodegradation Studies
Until now, the photocatalytic activities of different
catalysts have been evaluated by the degradation of MB

440

1.55
~—Fe@Mn-1 934

—Fe@Mn-2 655

2
5
H(0¢) /,./ 180/

6000 12000 -3(% -150 50 300

-10 -2

P

-12000  -6000

M (emw/g)

Fig. 3. The magnetic hysteresis loops of Fe@Mn-1 and
Fe@Mn-2 nanocomposites.
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Fig. 4. The TEM images of Fe@Mn-1 and Fe@Mn-2
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Fig. 5. Absorbance spectra and Tauc plot of Fe@Mn-1 and
Fe@Mn-2 nanocomposites.

aqueous solution under UV and/or visible light irradiation
[6,14,17,47-55]. Also, the effects of various parameters,
such as catalyst dosage, time irradiation, and initial MB
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concentration, have been investigated by the
photodegradation of MB. Due to its impact on the surface
charge of catalysts, the pH solution affects organic dye
photodegradation and is thus considered an important
parameter in the photocatalytic process [56]. Due to the
presence of the OH group on the surface of transition metal
oxides [25], their surface charge depended on the pH
solution. As shown in Fig. 6, the point of zero charge (PZC)
of Fe@Mn-1 and/or Fe@Mn-2 was almost equal (6.45 and
6.63). According to zeta analysis, Fe@Mn-1 and Fe@Mn
also had similar isoelectric points. When the pH solution was
< 6.7 due to the formation of FeOH," groups, the surface
charge of Fe@Mn-1 and Fe@Mn-2 became positive.
Therefore, the repulsion between the positive charge of MB
and the reduced the

photodegradation efficiency of MB dye [25]. However, at

surface of the photocatalyst

pH > 6.7, the surface charge of samples became negative due
to the of FeO,
photodegradation efficiency. Figure 7 shows the effect of pH

formation leading to increased
solution on the photodegradation of MB at pH values in the
range of 3-11. As can be seen in Fig. 7, the photodegradation
of MB in acidic solutions was very low [56]. Degradation
efficiency increased with increasing pH (97% and 99% at pH
= 11). The maximum adsorption capacity for Fe@Mn-1 and
Fe@Mn-2 was calculated as 72.75 and 74.25 mg/g,
respectively, at the optimum condition (pH 11 and 0.02 g
photocatalyst). Given that the negative charge on the surface
of catalysts increases increasing pH, it was expected that the
adsorption of MB, as a cationic dye, on the surface of
Fe@Mn-1 and/or Fe@Mn-2 nanocomposites would increase
at higher pH values [57-58]. Therefore, to investigate time
irradiation and photocatalyst dosage, the pH of the solution
was adjusted to 11.

The effect of initial photocatalyst dosage and visible light
irradiation time on the photodegradation of MB was
investigated using various dosages (0.005, 0.01, 0.02, and
0.03 g) of the Fe@Mn-1 and/or Fe@Mn-2 in 30 ml of MB
dye solution (30 mg 1'") from 0 to 150 min, and the results are
shown in Fig. 8. As can be seen in Fig. 6, when the amount
of photocatalyst was increased from 0.005 to 0.03 g, the dye
removal efficiency was found to be increasing, which could
have been caused by an increased number of active sites on
the catalyst surface. Furthermore, the results indicated that
the photocatalytic activity of Fe@Mn-1 and Fe@Mn-2
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completely degraded MB after about 90 and 120 min of
irradiation time [30,59-61].

The pseudo-first-order kinetic model (Eq. (4)) has been
widely applied for the photocatalytic degradation of organic
dyes, such as methyl orange [22,43], rhodamine B
[23,25,62], bisphenol A [27], and MB [6,29,49,61,63,64]
using different photocatalysts.

In(C/C,) = -kit 4)

where k; is the reaction rate constant.
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Fig. 9. The pseudo-first-order kinetic model of MB
degradation.

As can be seen in Fig. 9, the photodegradation of MB using
as-prepared samples followed a first-order rate low. The rate
constant k; increased with the increases in the photocatalyst
dosage from 0.0036 to 0.0384 min™' for Fe@Mn-1 and from
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0.0041 to 0.0421 min™! for Fe@Mn-2.

The efficiency of the photocatalytic degradation of MB
using as-prepared Fe@Mn-1 and Fe@Mn-1 nanocomposites
was compared with that of other photocatalysts (Table 1), and
the results demonstrated the superiority of the as-prepared
nanocomposites.

The possible degradation mechanism of MB using
Fe@Mn-1 and Fe@Mn-2 is explained in Egs. ((5)-(10))
[25,30,59-61]:

Fe@Mn +hv — h*yp + ecp (5)
e+ 02— 07" (6)
H0, + e cg — OH’ + OH- 7
0;" + H,0 — HOy° + OH- 8)
HO° + H,0 — OH° + H,0, )
MB/MO + OH® — Degraded products (10)

Table 1. A Comparison of MB Photodegradation with
Different Photocatalysts

Degradation  Irradiation
Photocatalyst efficiency time Ref.
(%) (min)

ZnO/MgO

. 89.5 120 [6]
nanocomposites
a-Fe,Os fibers 66 300 [29]
-Fe,O
ares 96 90 [45]
nanoparticles
Coral-like Fe;O
orarIe retn 95 75 [46]
nanoparticles
CeO; nanofibers 98 60 [63]
CeO» 99 70 [65]
Fe;04@Si0>@Ce0Os 92 50 [66]
Pristine CeO2
ristne e 100 175 [67]
nanostructure
MgFe;04 87 120 [68]
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CONCLUSIONS

In this work, Fe,O3/Mn,O3; nanocomposites (Fe@Mn-1
and Fe@Mn-2) were synthesized through a wet chemical
route and characterized using FT-IR, XRD, VSM, and TEM.
The VSM results confirmed that the Fe@Mn-1 and Fe@Mn-
2 nanocomposites had ferromagnetic properties at room
temperature with a magnetic saturation of 6.48 and
9.24 emu g, respectively. The photocatalytic activities of
Fe@Mn-1 and Fe@Mn-2 nanocomposites can be improved
by applying H»O,, as an electron trap, under visible light
irradiation. The photocatalytic results showed 97% and 99%
photodegradation efficiency for Fe@Mn-1 and Fe@Mn-2,
respectively.
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