Heliyon 10 (2024) e29792

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article
Photocatalytic activity and magnetic properties of BayFeMoOg
ferromagnetic double perovskite

Z. Ghorbani, M.H. Ehsani

Faculty of Physics, Semnan University, PO Box: 35195-363, Semnan, Iran

ARTICLE INFO ABSTRACT

Keywords: BayFeMoOg samples were prepared using the sol-gel method without and using Cetyl-
Photocatalyst trimethylammonium bromide (CTAB) to study their photocatalytic properties. The structural and
Degradation

morphological properties of the samples were characterized systematically. The Rietveld refine-
ment described a cubic structure with space group Fm-3m and a single phase with no detectable
impurity for either. FESEM images showed that the sample’s morphology changed significantly
with the addition of the CTAB. The BET analysis of the sample containing CTAB (BFMOC) showed
that the special surface area of the pores increased ten times compared to parent sample and its
pore size decreased. The UV-Vis spectrum of the BFMOC sample showed two absorption peaks at
223 nm and 705 nm in the ultraviolet and visible regions, respectively. Diffuse reflectance
spectroscopy (DRS) spectra of the samples showed direct band gaps (~2eV) for both. Photo-
catalytic and absorbent properties were observed in both samples. The photocatalytic properties
of the samples revealed that they effectively degraded the dye triphenylmethane MG. By adding
CTAB, the Curie temperature of the BFMO sample increased from 304 K to 310 K, while satu-
ration magnetization decreased from ~1.43 pg/f.u to ~0.89 pp/f.u. The low coercive field value
indicates that the both samples possess soft magnetic and ferromagnetic properties.

CTAB
Malachite green
Adsorption-desorption

1. Introduction

The textile industry generates large amounts of waste-water, which has harmful effects and seriously threatens human health and
the environment. Since some of these dyes are non-degradable, they can block sunlight and potentially stop the photosynthetic process
[1]. In the past, most dyes used in industry were natural, i.e., derived from animals and plants. Synthetic dyes have been produced
annually for several decades, and a large portion of these dyes is released into the environment [2].

The dye triphenylmethane, known as malachite green (MG), is used in the textile, paper, and leather industries [1]. Also, it is a
therapeutic agent to treat and prevent fungal and parasitic infections [3] in fish. This toxic and poorly biodegradable compound cannot
be removed from aqueous solutions using conventional methods.

Currently, many physical, chemical, biological, and electrochemical methods, such as adsorption and visible light degradation, are
used to remove toxic dyes. These techniques have varying degrees of success [1,4]. Among all these methods, the adsorption method is
one of the most suitable methods for absorbing organic pollutants from water because of its low cost, simple operation, environmental
friendliness, and wide range of applications. Andrade et al. [1] used HoO2/MnFe;04 to remove the MG dye from aqueous effluents in
60 min without changing the pH of the solution. Muinde et al. [4] reported that 1.2 g of CS-ZnO material removed malachite green
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from aqueous media with an adsorption rate of 93.6 % in 180 min. In another study, Saad et al. [5] studied the photocatalytic activity
of CH/ZnO and CH/Ce-ZnO on the degradation of MG dye (5 mg/L) in the presence of visible light. With 0.02 g and 0.05 g CH/ZnO,
the dyes were eliminated after 270 and 90 min, respectively. In addition, using 0.02 g and 0.03 g of CH/Ce-ZnO resulted in the
complete removal of 5 mg/L of dye after 90 and 60 min, respectively.

Double perovskite oxide is a compound potentially effective in removing organic dyes. These compounds have the general formula
of A;BB’Og, where A is an alkaline earth or rare earth ion and B and B’ are different transition metal ions. The ideal structure of
AyFeMoOg can be visualized as a regular array of corner-sharing FeOg and MoOg octahedra alternating along the cube axes in all three
directions. The A cations occupy the cavities between the octahedra [6,7]. The advantage of double perovskites is that their structural
properties can be altered to obtain a suitable band gap to degrade organic dyes in visible and ultraviolet light [8].

According to the literature, the small band gap and the effective surface area of the holes are two critical factors in photocatalytic
activity. Although double perovskites have a suitable band gap for photocatalytic activity [8], the latter can be improved by using
surfactants. In particular, Li et al. improved the photocatalytic activity of double perovskite SroFeMoOg by using EDTA surfactant [8].

The present study aims is to analyze the photocatalytic properties of pure BagFeMoOg (BFMO) ferromagnetic double perovskite
oxide and a sample containing CTAB (BFMOC), which has not been reported in literature so far. However, the degradation of organic
dyes with semiconductor photocatalysts has been studied for decades.

This research uses CTAB surfactant to create porosity and increase absorption sites. Two further aspects that contribute to the
utilization of CTAB are the decrease in particle size and the rise in effective surface area. Cetyltrimethylammonium bromide with one
hydrophilic end and one hydrophobic end is used to improve the properties of nanomaterials. Research has shown that CTAB can
largely prevent particle agglomeration while synthesizing metal nanoparticles as a protective agent. In this respect, CTAB can largely
prevent particle agglomeration as a protective agent during nanoparticle synthesis. In addition, it also increases adsorption capacity
due to the interaction between surface molecules of CTAB and pollutants [9].

2. Experimental details

The polycrystalline BaoFeMoOg (BFMO) and the BFMOC sample were synthesized using the conventional sol-gel method (Pechini).
The stoichiometric powder amounts of (NH4)gMo07024.4H20, Fe(NO3)3.9H,0, and Ba(NO3)2.4H20 were dissolved in deionized water.
BFMOC was prepared by dissolving 0.1 g of cetyltrimethylammonium bromide (CTAB) in 10 mL of deionized water and added to this
solution. Afterward, it was mixed with nitric acid and ethylene glycol at 70 °C until a red gel formed. The gel was dried at 100 °C for 12
h, preheated at 300 °C in the air for 3 h, and sintered at 900 °C. Finally, the powders were pressed into pellets. They were ground with
the handy mortar, followed by annealing at 900 °C for 10 h in a flow mixture of 5 % Hy and 95 % Ar in a tube furnace.

The XRD patterns of the samples were analyzed using Cu K radiation with a diffractometer Advance Bruker D-8 with operating at
30 mA, 35 kV, with step of 0.04, and accumulating time 1 s per point. The obtained results were used to confirm the structure and
verify the samples’ purity phase. Fourier Transform Infrared (FTIR) spectra were acquired using an 8400s-SHIMAZU apparatus with a
resolution of 8 cm ™! and a scan time of 9 s. The microscopic morphology of the products was examined with FESEM (ZEISS Sigma 300
HV). X-ray photoelectron spectroscopy (XPS) was measured using a BESTEC (EA10) device with 3 % accuracy by the weight on the
surface. The N; desorption-adsorption isotherm was measured with an instrument (Belsorp-mini X) with an accuracy of 1.7 m? g™1.
Diffuse reflectance analysis was performed with a UV-Vis spectrophotometer (3600-Shimatsu). The UV-Vis spectrum of the samples
was recorded with a UV-Vis spectrophotometer (SpecPhoto-A-Vis-NIR). The wavelength measurement accuracy of both UV-Vis
spectrophotometers is up to three decimal places in nanometers. A vibrating sample magnetometer with 1 Oe accuracy (VSM,
Meghnatis Daghigh Kavir Company, Iran) and a susceptometer (Lake Shore Susceptometer AC700) were used to assess the magnetic
properties.

3. Result and discussion
The XRD patterns indicate that the samples have a cubic structure with space group Fm'3m and single-phase with no discernible

impurities. The lattice parameters are a = b = ¢ = 8.069 + 0.0001 and 8.068 + 0.0001 A, and the unit cells are 525.372 and 525.339
A3 for BEMO and BFMOC, respectively. The average crystallite size and lattice strain of the samples were calculated by the Scherer

tan 6
wavelength of the incident X-ray beam (1.5406 f\), and the full width at half maximum (FWHM), respectively. Also, k = 0.9 is a
dimensionless shape factor, and ¢ is lattice strain. Table 1 presents the results of refined structural parameters, the reliability factors,
crystallite sizes, and lattice strains of the samples. The Rietveld refinement of the samples shows that the lattice parameters, unit cell
volume, and bond lengths decrease compared to the original sample from (dge.o = 2.0382 A, dpo-0 = 1.9963 i\, and dga.0 = 2, 8886 A

equation (i.e., D = /% and ¢ = -£). In this equation, Dg,, 0, 4, and § are the crystallite size, the Bragg diffraction angle, the

Table 1
Rietveld refinement structural parameters.
Sample a=b=c A% Dgh € Rp R, Rup Rexp GOF
&Y &% (nm) (%)
BFMO 8.069 525.372 95.7 0.103 16.88 65.0 52.4 60.61 0.74

BFMOC 8.068 525.339 95.7 0.103 18.25 53.9 50.1 45.15 1.23
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to (dpe.o = 2.0381 10\, dpo-0 = 1.9962 10\, and dg,.0 = 2.8530 A). Reducing these parameters with adding CTAB can have an effective role
in the magnetic properties of this compound, as will be explained in magnetic properties section. Fig. 1 presents the Rietveld
refinement of samples BFMO and BFMOC. XRD patterns of the samples are in good agreement with that reported in the pdf card JCPDS-
96-153-3034.

Infrared spectroscopy was used to study the vibrational modes of the synthesized materials. Fig. 2 shows two peaks around 430
cm™! and 829 cm ™! for BFMO and BFMOC. The symmetric bending vibrations of Mo—O in the MoOg octahedral are responsible for the
peaks at 424-430 cm™! [10,11]. In addition, the symmetric stretching vibrations of Mo-O are responsible for the peaks around
815-869 cm™! [8,12]. As can be seen, adding CTAB does not cause a significant change in the absorption peak position along the
wavelength. This output demonstrates that the molecular bonding of the sample is unaffected by the addition of CTAB.

FESEM images were used to examine the morphology of the samples. Fig. 3 shows the FE-SEM images, EDX patterns, and maps of
the BFMO and BFMOC. As can be seen, the sample’s morphology has changed with the addition of CTAB, and many holes have been
created. The peaks in the EDX spectra indicate the presence of the elements Ba, Fe, Mo, and O with no impurities. The results confirm
the appropriate atomic weight ratio (Table 2). The average grain size for BFMO and BFMOC was calculated using the Digimizer
software and the log-normal distribution. For BFMO and BFMOC, the average grain size was about 227 nm and 157 nm, respectively.

In addition, XPS of the BFMO sample was performed to investigate the valence state of elements and surface states. The overall XPS
spectra in Fig. 4(a), that the BayFeMoOg sample contains Ba 3d, Fe 2p, Mo 3d, O 1s, and C 1s. The peak at 285 eV is associated to Cls
line originated by hydrocarbons adsorbed on the surface sample due to its contact with laboratory air and can be used as a calibration
peak for the XPS analysis.

Fig. 4(b) presents the XPS spectrum of O 1s, which can be divided into three component peaks. The binding energy peaks at around
530.4 eV, 532.3 eV, and 533.4 eV are assigned to the lattice oxygen in the perovskite structure, surface hydroxyl species, and absorbed
water species, respectively. Lattice oxygen, surface hydroxyl, and absorbed content were approximately 62.8 %, 3.50 %, and 33.7 %,
respectively. The XPS Fe 2p spectrum consist of two peaks, shown in Fig. 4(c), with the binding energies of 711.93 eV and 723.40 eV
attributed to Fe>*. In the Mo spectrum (Fig. 4(d)), two peaks are also observed at 232.44 and 235.85eV, which are indexed to Mo°™.
Comparison with literature data on XPS measurements of double molybdates indicate that such binding energies of Mo 3d core-level
electrons fit better to the charge state Mo®* [8,13-16]. The XPS spectrums show no mixed valence for the elements at B and B’ sites.

Fig. 5(a) shows the N5 adsorption-desorption isotherm measurement of BFMO and BFMOC samples. Both catalysts exhibit a typical
Type-1V isotherm, and the hysteresis loops are H4 and H3 for BFMO and BFMOC, respectively. This result suggests that the absorbents
are mesoporous materials (with 2-50 nm) [2]. As shown in Fig. 5(b), the pore size of the BFMO absorbent is between 1-11 nm, while it
is 1-9 nm for the sample BFMOC. Table 3 presents the absorbents’ specific surface area, pore size, and pore volume. With the addition
of CTAB, the specific surface area increases approximately tenfold, and the pore volume is almost twentyfold compared to the parent
sample. This result shows an increase in adsorption sites, which can accelerate absorption and shorten the degradation time. Overall,
the pore size did not change considerably.

The value of the band gap significantly influences the choice of the type of light source. Accordingly, the band gap energy of BFMO
was calculated based on the Kubelka-Munk (2, 3) and Tauc’s (1) formulas, as follow [17-22]:

he  1239.8
:7 = 7 eV (1)
(F(R).w)" =B (hw -E,) (2)
F(R)=(1-R)*/2R 3

where n is 2 for the direct and 1/2 for the indirect band gap.
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Fig. 1. Rietveld refinement of XRD pattern for (a) BFMO and (b) BFMOC.
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Fig. 2. FTIR spectra of BFMO and BFMOC.
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Fig. 3. FESEM image and EDX pattern of (a) BFMO and (b) BFMOC.



Z. Ghorbani and M.H. Ehsani Heliyon 10 (2024) e29792

sC00
LogNormal Fit C"Count’|

‘ \ m

EHT= 5004V Signal A= 52 Dete 28 ey 2022 = S R A R O T B T T e O T T
WD= 81 7m NMag= 8000KX  Time 134532 0 2 n 5 3 10 5 14 1 keV

08 oy mape Fe Kal Ba Lal

| T | ~0um
10um 10um

Mo Lal 0O Kal

10pm

Fig. 3. (continued).

Table 2
Atomic weight ratio of the samples.
Map Sum Spectrum BFMO BFMOC
Element Atomic % Atomic %
o 67.33 65.77
Fe 7.64 7.65
Ba 16.88 17.55
Mo 8.15 9.03
Total 100.00 100.00

Fig. 6(a) shows two distinct absorption peaks for DRS spectra of parent sample. These two absorption cut-offs correspond to two
possible band gaps. The two absorption bands are ascribed to the charge transfer from oxygen (2p) electrons that moved into the
central molybdenum atom inside the MoOg and FeOg octahedra [8,23,24]. Moreover, the absorption peak at the higher wavelength in
the parent sample may be associated with the Fe3* d-d level transition or the charge transfer transition between the ions [8].

Fig. 6(b) presents the band gap energy of the parent sample (~2.43 eV) versus photon energy. According to similar reports related
to double perovskite samples [8], the band gap determined for the parent sample can be attributable to the direct band gap.

The UV-Vis spectrum of the BFMOC sample (Fig. 7(a)) shows two absorption peaks at 223 nm and 705 nm in the ultraviolet and
visible regions, respectively. Fig. 7(b) shows the direct (~2.29 eV) and band gap energy of the BFMOC versus the photon energy. These
band gaps may lead to the photocatalytic activity of the samples in the visible light range [8]. According to the absorption peak
corresponding to the CTAB-containing sample at 705 nm (E = 1.75eV), this compound can absorb visible light at this wavelength. For
this sample, the band gap energy of 1.71 eV can be related to the wavelength of 705 nm, which can be considered the direct band gap.
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Fig. 5. BET analysis of (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of BFMO and BFMOC.

The performance of a photocatalyst is determined by two main factors: narrow band gap and specific surface area of the catalyst.
The high specific surface area can highly adsorb dye on its surface, and the small band gap can enhance visible light absorption [8].
When light radiates on an absorbent, electrons in the valence band are excited and moved up to the conduction band, thereby, forming
some holes in the valence band. Fig. 8 illustrates a schematic diagram of the charge carrier transfer process and the photocatalytic
mechanism of the sample. The photoelectrons generated on the conduction band react with the 0%~ on the surface and reduce the 0%~
t0.0%~ superoxide radicals. Free radicals are generated when electrons and holes are present in an aqueous solution. Photo-generated
holes can react directly with H,O and OH™ to produce eOH radicals, which are strong oxidants. Pollution is eliminated when free
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Table 3
BET analysis results.
Sample Specific surface area Total pore volume Average pore size
(m*/g) (cm®/g) (nm)
BFMO 0.95 3.78 x 1071 1.88
BFMOC 10.36 78.56 x 104 1.66
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e 0
w0 s
£ R
z s g
g B
3 oo €
254 T
2] 1Z 205 243
! 200 400 600 800 1000 1200 1400 2 4 6
‘wavelength (nm) photon energy (ev)
Fig. 6. (a) DRS spectra and (b) the direct band gap energy of BFMO.
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Fig. 7. (a) UV-Vis and (b) the direct band gap energy of BFMOC.
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radicals interact with water pollutants. 02~ and ¢OH are active species that can directly attack the MG molecule and decolorize the dye
[8,13].

The malachite green dye under visible light irradiation was degraded using natural light without a light source such as a lamp. The
natural pH of the solutions was ~5. While stirring the dye solution with a mechanical stirrer, 2.5 ml of the solution was removed and
centrifuged at 4000 rpm for 2 min every 5 min. Meanwhile, the absorption spectra of the samples were recorded immediately with a
UV-Vis spectrophotometer.

To sudy the effect of the amount of catalyst on the degradation time of malachite green (MG), 0.005 and 0.03 g of absorbent
(BFMO) were poured into 100 mL of 10 ppm MG aqueous solution and placed under ambient light. Fig. 9 shows the degradation of 10
ppm MG dye in (a) 70 min and (b) 6 min using 0.005 g and 0.03 g of the catalyst in 100 mL of solution, respectively.

Fig. 10 shows the degradation of 100 ml of 40 ppm MG dye under ambient light for (a) 160 min and (b) 20 min using 0.01 g and
0.03 g of the sorbent, respectively. In both figures, the sudden drop in the absorption peak with the addition of the catalyst may
indicate that the BFMO sample has absorption properties. The MG dye degradation can be explained by the decrease in the absorption
peaks over time. Figs. 9 and 10 indicate that the amount of catalyst significantly affects the degradation rate, indicating that the
absorption sites increase with increasing the absorbent content. Therefore, the adsorption capacity of the dye is increased [2]. In this
respect, a comparable trend was reported by Muinde et al. [4] and Saad et al. [5].

This effect was examined for four concentrations of MG (10 ppm, 40 ppm, 60 ppm, and 100 ppm). About 0.03 g of absorbent was
poured into 100 ml of MG and tested as mentioned above. As can be seen from Fig. 11, the degradation time increased from 6 min to 40
min by increasing the dye concentration. This increase may be due to the limited number of sites available in a given amount of
absorbent. A clear reduction in peaks was observed at lower concentrations of MG. Dye concentration directly affects the dye removal
process [4]. The present study showed that as the initial concentration increased, the absorption decreased. The explanation is that the
catalyst’s surface was covered with dye molecules, and weak absorbent-adsorbate interactions appeared [4,5].

The initial dye removal rate increases rapidly, which may be due to the presence of a large number of adsorption sites. As the
adsorption reaction proceeds, the dye molecules on the adsorbent surface diffuse gradually inward until reaching equilibrium when
the dye covers all active sites [2].

The kinetics of degradation were also studied using the results obtained by varying the concentration as a function of time. The
catalytic decomposition kinetics of organic dyes generally follows the Langmuir-Hinshelwood mechanism [1,25,26]:

r= —dc/dt =K, C (C))

where T is the reagent degradation rate (mg.L ™! min™'), t is the reaction rate during irradiation, C is the reagent concentration (mg.
L’l), and Kgp,p is the constant number of the apparent reaction rate (L/mg).
When C is too small, it can be simplified to Eq. (5):

—Ln(C/Cy) =Kyppa t 5)

Kappa is the apparent first-order rate constant given by the slope of the plot of In(C/C,) versus t, while In(C/Co) reperesents the
natural logarithm of the initial concentration to the concentration at time t of the reagent.

For the sample BFMO, the plots of In(C/C,) versus time show that Kapp, is 0.24, 0.17, 0.08, and 0.05 min~! for different con-
centrations of MG (i.e., 10 ppm, 40 ppm, 60 ppm, and 100 ppm, respectively). After adding the absorbent, the dye was first absorbed
and then dispersed in room light (Fig. 12(a-d)).

The percentage of dye removal is calculated by Eq. (6) [2,27-29]:

% Removal =[(Cy — C) /Cy] x 100% (6)

Fig. 12(e) represents the dye removal at different MG concentrations. Removal rates are 100 %, 100 %, 97.5 %, and 91.2 % at 6, 20,
30, and 40 min, respectively. Lower concentrations of MG increase the absorption sites and thus accelerating the elimination rate [4].
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Fig. 9. Visible absorption spectra of (a) 0.005 g and (b) 0.03 g BFMO in 100 ml MG 10 ppm.
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The adsorption-desorption effect was investigated by adding 0.03 g of BFMO and BFMOC catalysts to 100 ml of 100 ppm MG and
leaving it for 1 h in the dark. The samples were then exposed to ambient light. Absorption spectra of the samples were recorded every
20 min in the dark and every 5 min in the light. Fig. 13(a) shows that the absorption spectrum is significantly reduced compared with
the sample shown in Fig. 11(d), which was examined under ambient light. Fig. 13(b) shows that the absorption peak is significantly
reduced in the dark, probably due to the presence of pores and large specific surface area in the BFMOC sample (Table 3). This result
indicates the role of CTAB. Furthermore, active oxide radicals are generated by reducing the band gap energy, which is favorable for
the excitation of external electrons (Fig. 7) [5].

In addition, 0.005 g of BFMO and BFMOC catalysts in 100 ml of 10 ppm MG were examined. In a dark place, the absorption
spectrum of the BFMO sample decreased for 1 h. After exposure to ambient light, the absorption intensity increased significantly
during the first 5 min (Fig. 14(a)). This data is, consistent with the absorption intensity after 20 min in the dark, probably due to the
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Fig. 12. (a-d) In(C/C,) and (e) the percentage of removal of 0.03 g BFMO Vs. time, in 10 ppm,40 ppm,60 ppm, and100 ppm MG aqueous solutions.

recombination of electrons and holes in the solution [5]. After 50 min in room light, the dye solution was removed by about 100 %. The
addition of CTAB caused dye removal in the BFMOC sample (Fig. 14(b)), which was explained by the increase in specific surface area
and the presence of pores [2].

Fig. 15 illustrates the absorption spectra of the sample BFMOC tested in a dark place. The 100 % degradation rates from 10 ppm MG
occurred in 5 min. This effect is related to the fact that the adsorbent has a specific surface area and many available sites (e.g., pores)
that adsorb the dye molecules. The noteworthy point in this figure is the adsorption effect instead of a photocatalytic process.
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3.0

10 ppm-MG

0.005 g BFMO
25+

absorbance(a.u.)

400

500

(a)

600 700

dye
—— 20mind
= 40mind

800 900

wavelength(nm)

absorbance(a.u.)

1000

3.0

1 m-M —
og)po% g BI?MOC ®) - gi:in d
57 —— 20mind
= 40mind
204 —— 60mind
SminL
15 = 10minL
= | 5minL
1.0 4 === 20minL
25minL
054 = 30minL

400

500

600 700 800
wavelength(nm)

900 1000

Fig. 14. Visible absorption spectra of 0.005 g catalyst (a)) BFMO and (b) BFMOC in 100 ml MG 10 ppm, with adsorption-desorption step.

Fig. 15. Absorption spectra of 0.03 g BFMOC in 10 ppm MG with adsorption-desorption step.
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The intensity effect of the light was checked by performing the above test again for the BFMOC sample on a cloudy day (Fig. 16).
According to Fig. 16(a), the absorption peak changes very slowly, but its intensity does not change in the dark. When placed in the

ambient light, the absorption peak reduction occurred slower than in Fig. 13(a) and (b).

For further investigation, 100 ml of 10 ppm MG was mixed with 0.005 g of BFMOC catalyst to repeat the above test. In the dark, the
addition of BFMOC results in a reduction in the absorbance peak (Fig. 16(b)). However, when the sample is placed in the room light,
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Fig. 16. Visible absorption spectra of (a) 0.03 g BFMOC in 100 ml MG100 ppm and (b) 0.005 g BFMOC in 100 ml MG 10 ppm, with adsorption-
desorption step, on a cloudy day.

the peak reduction is less than when adding BFMO at the same time (Fig. 14a and b). Under these circumstances, BFMOC also ex-
periences a longer degradation time. This difference can be attributed to the room’s decreased in light intensity because the excited
electrons are not energetic enough to cause oxidation of the dye molecules [30]. With reduced ambient light, fewer electrons are
excited, thereby reducing the generation of active hydroxyl radicals and the photocatalytic oxidation rate.

Table 4 compares results obtained from the current study and the other MG dye removal studies. The table shows the use of
different absorbents to degrade malachite green solution with different concentrations and different removal rates. For instance, 0.03 g
of CH/Ce-ZnO degraded 100 ml of 5 ppm MG in 60 min [5], 1.5 g MnFe;04 degraded 100 ml of 50 ppm MG at the same time by adding
H505 [1], or 100 ml 15 ppm MG dye was removed using 0.2 g ZnO/CuO under a UV source while adjusting the solution pH to 10 [28].

According to Table 4, BFMO in this work shows 100 % dye removal of 100 ml MG 40 ppm in 20 min using 0.03 g absorbent without
adding H202 or changing the pH.

For BFMOC, dye removal from 100 ml of 10 ppm malachite green solution occurred in 5 min in a dark place, which was not
previously reported. Also, this compound degrades the malachite green on a cloudy day without using a lamp as a source.

4. Magnetic properties

The magnetic properties of these materials were examined as a function of temperature. To this end, the susceptibility of the
samples was measured with an AC susceptometer at a frequency of 333 Hz and temperatures of 70-330K in a fixed magnetic field (800
A/m?).

The temperature dependency of the real and imaginary parts of the AC susceptibility of the samples is shown in Fig. 17. As can be
seenin Fig. 17(a) and (b), the real and imaginary parts of the susceptibility of BFMOC decrease with respect to BFMO. The presence of a
peak in the imaginary part of the magnetic susceptibility is attributed to the transition temperature (T.). Compared with the transition
temperature of the BFMO sample, the critical temperature of the BFMOC exhibits an increase in this value. Here, T, can be influenced

Table 4

Comparison of the efficiency of removing the MG obtained by other works and this work.
sample Initial Concentration Adsorbent Removal Time pH Reference

(mg/L) (€3] (%) (min)

MnFe,04 + Hy02 50 1.5 ~100 60 [1]
CS-ZnO 9.3 1.2 80.1 180 [4]
CH/ZnO 5 0.02 100 270 [51
CH/ZnO 5 0.05 100 920 [5]
CH/Ce-ZnO 5 0.02 100 90 [5]
CH/Ce-ZnO 5 0.03 100 60 [5]
ZnO/CuO (UV) 15 0.2 99 120 10 [28]
BFMO 10 0.005 99.87 50 current work
BFMO 10 0.03 100 6 current work
BFMO 40 0.01 88.05 160 current work
BFMO 40 0.03 100 20 current work
BFMO 60 0.03 97.5 30 current work
BFMO 100 0.03 91.02 40 current work
BFMOC(dark) 10 0.03 100 5 current work
BFMOC(dark) 100 0.03 100 60 current work
BFMOC(Cloudy) 10 0.005 97 70 current work
BFMOC(Cloudy) 100 0.03 90 70 current work
BFMOC 10 0.005 95.17 30 current work

12



Z. Ghorbani and M.H. Ehsani Heliyon 10 (2024) e29792

0.0004

= BFMO = BFMO
= BFMOC (a) (304) — BFMOC (b) 304.85
0.000010 -
0.0003 4 310.94
= =
g 0.0002 =
g (285) £ 0.000005 -
= <
0.0001
0.000000 -
0.0000
T T T T T T
100 200 300 100 200 300
T(K) T(K)

Fig. 17. BFMO and BFMOC Ac susceptibility, (a) real part and (b) imaginary part.

by steric, electron injection, and anti-site defects [31].

The reduction in lattice parameters can also have an effective role in the magnetic properties of double perovskites compounds
because it can affect the exchange interactions between the magnetic ions. In BapFeMoOg, the Fe and Mo ions are antiferromagnetically
coupled, meaning they have opposite spin directions. The strength of this coupling depends on the distance between the Fe and Mo
ions, which is related to the lattice parameters. By reducing the lattice parameters, the distance between the Fe and Mo ions decreases,
which can increase the strength of the antiferromagnetic coupling. This can lead to an increase in the magnetic ordering temperature
[32].

The magnetic properties of the samples were examined with a VSM instrument. The results demonstrate the ferromagnetic behavior
of both samples. As shown in Fig. 18, the saturation magnetization (M) and remanent magnetization (M,) of the BFMO sample
decrease from ~1.43 to ~0.89 pp/f.u and from ~0.075 to ~0.054 pg/f.u with addition CTAB, respectively. The decrease in Mg may be
attributed to an increase in the holes in the materials by decreasing magnetic material in determined volume and blocking transfer
electrons between grains due to the holes. The coercive field of the BFMOC sample also increases from ~21 Oe to ~32 Oe at room
temperature, which is attributed to the decrease in magnetic properties. The increase in the coercive field is likely due to the presence
of pores and the separation of magnetic particles due to the addition of CTAB. As a result, magnetic interaction between nanoparticles
decline [33]. Another factor that reduces magnetization could be a decrease in particle size [34].

5. Conclusion

Finally, two samples were synthesized to compare their photocatalytic properties. The addition of CTAB led to no significant
change in the lattice parameters and crystallite size of the sample. Adding CTAB did not cause a significant change in the absorption
peak position along the wavelength in FTIR analyses. This result can state that the molecular bonding of the sample is unaffected by the
addition of CTAB. However, the sample’s morphology changed and more pores were generated, resulting in more dye absorption. The
XPS spectrums of the parent sample showed no mixed valence for the elements at B and B' sites. The results of BET analyses suggested
that both absorbents were mesoporous materials. DRS spectra of the samples showed direct band gaps (~2eV) for both samples. The
photocatalytic activities show that complete removal was achieved after 6 min and 20 min by adding 0.03 g of pure BasFeMoOg to 10

15/ BFMO |
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0.0 T T
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Fig. 18. Curve of magnetization of BFMO and BFMOC, at room temperature (Inset: hysteresis loops).
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ppm and 40 ppm MG dye, respectively. Moreover, the degradation percentage can reach about 98 % for 60 ppm after 30 min and 92 %
for 100 ppm dye concentration after resting 40 min in the light room. For 0.03 g of BFMOC, which is contented with CTAB, 100 ml of
10 ppm MG degraded 100 % in 5 min in the dark. In cloudy weather, the dye removal time was prolonged. The removal rate of
pollutants from aqueous solutions is controlled to a large extent by the absorbent dosage and dye concentration. The results showed
that BFMO is an excellent adsorbent without adding HoO» and with very high adsorption to degrade the toxic aqueous solution of MG
at natural pH and ambient light. Nevertheless, BFMOC is ten times more effective regarding its special surface area and total pore
volume. Compare to literature BFMO and BFMOC are more effective in degradation of MG dye. The sample BFMOC’s critical tem-
perature increased compared to BFMO, and saturation magnetism decreased. This sample shows a higher coercive field than the BFMO
sample due to less interaction between the magnetic nanoparticles and the presence of more holes.
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