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Abstract: Nanocomposites of polyaniline (PANI)/Fe; g5Nig 1504 (PFN) were successfully prepared
using the co-precipitation method combined with an in-situ polymerization process. The FN and
PFN nanocatalysts were characterized using various methods for the photocatalytic degradation of
Rhodamine B (RhB). The XRD, Raman, TEM, and DTA-DTG analyses suggest that the FN nanoparti-
cles (NPs) were effectively coated by PANI and that there were interactions between FN and PANI.
Magnetic measurements indicated that PEN nanocomposites exhibited good superparamagnetic
behavior and high saturation magnetization (39.5-57.6 emu/g), which are suitable for separating
photocatalysts from solution for reuse. Adsorption-desorption analysis showed that the specific
surface area of PFN was higher than that of FN. The UV-vis absorption spectra of FN and PFN
nanocomposites exhibited strong absorption of visible light, attributed to the doping of Ni, which
resulted in the reduction of the band-gap energy (Eg) of Fe304 to 2.4 eV. PEN nanocomposites with
different mass ratios of PANI demonstrated superior photocatalytic activity compared to FIN NPs.
Furthermore, it was observed that PFN with a 10% mass ratio of PANI exhibited the highest RhB
degradation efficiency, achieving a rate of approximately 98% after 300 min of irradiation. Finally, the
possible photocatalytic degradation mechanisms of the PEN nanocomposites on RhB were discussed.
PEN photocatalysts with good photocatalytic activity, inexpensive materials, and easy preparation
could be potential candidates for wastewater purification applications.

Keywords: PANI/Fe; g5Nij 1504; polyaniline; magnetism; adsorption; photocatalysis

1. Introduction

Rhodamine B (RhB) is one of the most toxic dyes. It is well-known for its stability and is
widely used in the textile, leather, paper printing, paint, colored glass, and plastic industries [1,2].
RhB is a carcinogenic and neurotoxic dye capable of causing respiratory tract infections, skin
and eye irritation, and gastrointestinal tract infections in animals and humans [3,4]. The most
common methods used for dye removal are photocatalysis, filtration, chemical degradation,
adsorption, biodegradation, and advanced oxidation processes (AOP), in which photocatalysis
is an effective oxidation process for degrading organic compounds in aqueous solutions that are
exposed to solar or artificial radiation [2,5-7].

Some metal oxides, such as TiO;, ZnO, or complex transition metal oxides based on
BaTiO3 and their composites, etc., with several advantages, including photocatalytic activity
as well as magnetism, have been investigated [8-15]. However, these materials have a large
intrinsic band gap, which requires UV irradiation for photocatalytic activity, giving rise to
very low energy efficiency in utilizing solar light, which makes them not cost-effective for
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producing on an industrial scale. Meanwhile, the fast electron-hole recombination, resulting
in a low quantum yield, causes lower photocatalytic efficiency. In addition, significant
challenges include the difficulty of eliminating and reusing catalysts from the solution at
the end of the process.

Iron oxide (Fe30y4, Y-Fe;O3) nanomaterials can solve the problem of catalyst separation
from the solution due to their magnetic properties. However, only Fe;Oy contains Fe?* in
its structure, which helps improve the creation rate of reactive radicals (OH?) for effective
reduction. Generally, Fe304 nanomaterials are considered effective heterogeneous photo-
catalysts because of their magnetic properties, catalytic activity, low cost, biocompatibility,
and environmental friendliness [16-20].

Recently, transition metals such as Mn, Zn, Al [21-23], Sn [24], Cu [25], and Ni [26,27]
have been introduced into the Fe3Oy structure to increase carrier lifetime and extend the
absorption range of the photocatalyst towards the visible region. Among the transition
metals, Ni dopant has been considered the most appropriate choice because the ionic radii
of Ni?* (0.69) and Fe?* (0.77) are very similar, allowing Fe?* to be replaced by Ni?* in the
crystal structure of Fe;Oy4 [27].

Polyaniline (PANI) is a conductive polymer with high conductivity, simple preparation,
and reasonable stability. PANI can be combined with a wide range of organic/inorganic
materials to form new sorbents (PANI-based materials) with higher removal efficiency for
dyes and heavy metal ions. PANI-based nanocomposites, with many advantages such as
low cost, environmental friendliness, and renewability, have proven their capability in a
wide range of applications (removal of various heavy metal ions and dyes) [28-33].

To the best of our knowledge, PANI-based nanocomposites, such as MnO, /PANI
nanocables and PANI@Au, have been used for the effective photocatalytic degradation
of RhB dye [34,35]. However, these materials are non-magnetic and therefore cannot be
recovered by an external magnetic field. Though Lu et al. reported on the synthesis,
structure, and magnetic properties of Fe;O4@PANI nanocomposites [36] in detail, the
photocatalytic degradation of RhB dyes was not considered in their study. In addition,
S. Xuan et al. [37] synthesized core/shell Fe;04@PANI@Au nanocomposites using an
ultrasound-assisted in-situ surface polymerization method and demonstrated the effective
reduction of RhB. However, there are no reports on the fabrication and catalytic activity of
PANI/Ni-doped Fe304 nanocomposites.

In the present study, PANI/Fe; g5Nig 1504 (PFN) nanocomposites with different PANI
mass ratios have been synthesized through the co-precipitation method combined with an
in-situ polymerization process and characterized by different characterization techniques.
Coating metal oxides (namely Fe; g5Nig 1504 NPs) with PANI not only protects them but
also reduces the band-gap energy (Eg) of nanocomposites. Our main aim is to evaluate the
photocatalytic ability of these nanocomposites for the degradation of RhB dye. Following
the structural studies, we then examine the effects of the PANI coating layer on the magnetic
properties. Finally, we will investigate and discuss the photocatalytic ability of these
nanocomposites for the degradation of RhB.

2. Materials and Methods
2.1. Sample Preparation

FeCl3-6H,0, FeCl,-4H,0, Ni(CH3COO),-4H,0, and NaOH were used for the synthe-
sis of Fe30y4 and Fej g5Nij 1504 nanoparticles (NPs) using the coprecipitation method [38].
Firstly, the reagents were mixed and dissolved in deionized water at specific concentrations,
and the mixture was stirred under a nitrogen atmosphere. Furthermore, the mixture was
heated to 80 °C, and the aqueous solution of NaOH was quickly added until reaching a
pH of 13. After 30 min of reaction time, a dark solution was obtained. The precipitates
were subsequently cooled to room temperature and separated using magnets. Finally, the
precipitates were washed with distilled water and dried in an oven at 80 °C overnight. The
Fe304 and Fep g5Nig 1504 NPs were labeled as F and FN, respectively.
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Pure PANI was prepared by the polymerization method as detailed in Refs. [39,40].
PFN nanocomposites were prepared through a simple in situ polymerization method of
PANI by aniline on the surface of FN nanoparticles [39,40], with mass ratios of PANI at 5,
10, and 15%. The synthesis procedure for PFN nanocomposites is as follows (Figure 1):

";% 15,04 @m_:g—:@:+
/.. [ (NH,) |

. PANI

‘ Filter by magnetic, drying .

i ~ Fe,gsNip 150,

Fe, gsNig 150,

IPA, aniline
stirred

Figure 1. Flow chart for the synthesis of PANI/Fe; g5Nij 1504 nanocomposites by in-situ polymeriza-
tion method.

Step 1: 20 g of FN nanoparticles were added to 60 mL of distilled water, followed
by the addition of 40 mL of isopropanol (IPA) and the appropriate mass of aniline. These
mixtures were stirred well for 60 min to form solution A.

Step 2: A stoichiometric amount of (NH4)2S,0Og solution, with a monomer and ox-
idizing agent molar ratio of 1:1.5, was added dropwise to solution A. This resulted in a
black-blue mixture (solution B) that was stirred for 2 h with an exothermic reaction.

Step 3: The solution was filtered using magnets, and the obtained solid was dried
using a Labconco Freeze concentrator for 5 h at a pressure of 1 mPa and a temperature of
—40 °C. The nanocomposites were labeled as PFN1, PFN2, and PFN3, corresponding to the
PANI mass ratios of 5, 10, and 15%, respectively.

All precursors with high purity (>98%) from Sigma Aldrich have been used to
prepare samples.

2.2. Characterization

The typical XRD patterns of the samples were recorded using a Bruker D5500 with
Cu-K radiation at a wavelength of A = 0.154 A. The morphology and particle size were
characterized using a transmission electron microscope (TEM-JEOL5410). The chemical
structure was identified using Raman spectra (LABRAM HR, laser Nd:YAG, A =785 nm
with a power of 100 mW). The thermal stability was estimated using differential thermal
analysis-thermogravimetry (DTA-TG) measurements (Shimadzu-DTG-60H). The magnetic
properties were measured using a vibrating sample magnetometer (VSM). The specific
surface areas were determined by the Brunauer-Emmett-Teller (BET) method through N,
adsorption-desorption isotherms at 77 K using Micromeritics.

e  Photocatalytic Testing

The photocatalytic activity of the as-prepared photocatalysts (FN, PFN1, PFN2, and
PFNB3) was tested by degrading RhB in an aqueous solution. In the photocatalytic experi-
ment, 0.1 g of catalyst was dispersed in 100 mL of a RhB solution (10 ppm). Initially, the
solution was magnetically stirred for 30 min to ensure a homogeneous mixture and was
then placed in the dark to achieve adsorption-desorption equilibrium between the RhB
dye and the catalyst. Subsequently, the solution was irradiated with visible light using a
300-W Xe lamp source with a wavelength range of 300-740 nm. The degradation of RhB
was monitored at 30-minute intervals of irradiation time.

The experiments were carried out at room temperature under conditions of pH 7 in
the solution mixture. The degradation of RhB was monitored by measuring the 555 nm ab-
sorbance peak intensities of the RhB solution using a UV-vis spectrophotometer (LABOMED
UV-2602). The concentration of RhB in the solution was determined according to the
Lambert-Beer law.
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The relationship between reaction concentrations and time of the photocatalytic activi-
ties was calculated using the first-order kinetic model [41]:

ln<(é0> = —k 1)

where k is the first-order constant of the degradation process (k = slope), ¢ is the radiation
time, and Cyp and C are the RhB concentrations at initial and ¢ times, respectively.

3. Results and Discussion
3.1. X-ray Diffraction Analysis

The room temperature XRD patterns of the F and FN nanoparticles (Figure 2a,b) reveal
that both F (a) and FN (b) exhibit characteristic diffraction peaks at similar positions, which
can be indexed to the (220), (311), (400), (422), (511), and (440) planes of an inverse spinel
structure [42]. This indicates that the introduction of Ni2* ions into the octahedral sites did
not alter the characteristic spinel structure of Fe3Oy4 [43].
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Figure 2. XRD patterns of samples: (a) Fe3Oy4, (b) FN, and (c) PEN2 nanocomposites.

The experimental lattice constant (a) was determined from the XRD data using Equation:
a = dhkl(\/ h? +k2+lz) (2)

where (h, k, and ]) are the Miller indices and dj; is the interplanar spacing. Applying
Equation (2) to the peaks of (220), (311), (400), (422), (511), and (440), we get the average
values of the lattice parameter a for F and FN of 8378 A and 8371 A, respectively. The
decrease in lattice constant of FN compared to F can be attributed to the reduction in unit
dimensions resulting from the partial substitution of Ni2* ions (ionic radius of 0.69 A) for
FeZ* ions (ionic radius of 0.77 A) in Fe304 NPs [43].

The average crystalline size (Dxrp) was calculated using the Debye-Scherrer method
for the most intense peak (311), according to Equation (3):

0.89A
Dxrp = Beos 3)

where A is the X-ray wavelength, B is the full width at half maximum (FWHM) of the peak,
and 6 is the Bragg angle. The calculated values for the Dxrp are 11.0 nm and 10.0 nm for F
and FN, respectively.

In Figure 2¢, the XRD pattern of the typical nanocomposite PEN2 (c) shows a back-
ground disturbance that corresponds to the presence of amorphous material (PANI). It is
evident from the XRD pattern that the diffraction peak positions of FN nanoparticles remain
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constant as they disperse in the PANI matrix during the in-situ polymerization reaction.
The full width at half maximum of the XRD peaks is almost unchanged in all the samples.
It implies that the average crystalline size in these samples is similar. Based on this XRD
analysis, a core-shell structure can be assumed for the PANI/FN nanocomposites [39,40].

3.2. Raman Analysis

Raman spectroscopy is a valuable technique for studying the molecular binding
properties of inorganic-based materials and conductive polymers [44]. In Figure 3, the
room-temperature Raman spectra of PANI and a typical PFN nanocomposite (PFN2) are
shown. The Raman spectrum of PANI exhibits peaks with strong intensity at 1163.73,
1333.69, 1497.03, and 1586.32 cm ™!, which are similar to those reported in [45]. The peak
at 1586.32 cm~! corresponds to the valence oscillation frequency of VC=C (aromatic) in
the theoretical oxidation state, while the peak at 1497.03 cm ! corresponds to the valence
oscillation frequency of the C=N group. Similarly, the peaks at 1333.89, 1163.73, and
570.26 cm~! are attributed to characteristic vibration groups of the vC-N*, 5C-H, and 6C-H
(aromatic) groups, respectively [45].
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Figure 3. Raman spectra of (a) PANI and (b) PFN2 nanocomposites.

The Raman spectrum of the PFN2 nanocomposites is very similar to that of pure
PANI. The peaks at 1586.33 and 1472.41 cm™! fall within the wave number range of
1585-1630 cm ! and 1480-1516 cm !, respectively, which are associated with the oscillation
groups of vC=C (aromatic) and C=N in PANI. Similarly, the peaks at 1342.33, 1163.73, and
570.26 cm ™! correspond to the characteristic vibration groups of vC-N*, §C-H, and 6C-H
(aromatic) in PANI, respectively. These Raman peaks are unsignificant in comparison with
those of pure PANI. However, there are two small Raman peaks at 325.41 and 525.83 cm !
on the Raman spectrum of the PFN2 nanocomposites, which are significantly shifted in
comparison with those of pure PANI (288.27 and 510.59 cm~!). These changes could be
related to the Eg and T, modes of Fe-O bonds in magnetite [46], implying there were
interactions between FN and PANL

3.3. Morphology

The TEM images in Figure 4 reveal the uniform and spherical shape of FN NPs and
a typical PFN nanocomposite (PFN2). No agglomeration is observed in the TEM images,
indicating good dispersion of the nanoparticles. The particle sizes obtained from TEM
data are consistent with the XRD results. The average particle size (Dtgm) of FN NPs is
measured at 11 nm, while for the PFN2 nanocomposite, it is 20 nm. This suggests that
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the FN NPs are coated with PANI through the in-situ polymerization process, forming a
core-shell structure of the PFN nanocomposites [39,40].

Figure 4. TEM images of (a) FN and (b) PFN2 nanocomposite.

3.4. DTA-DTG Analysis

The TGA-DTA curves of PANI and PFN2 nanocomposites are presented in Figure 5.
In Figure 5a, the TGA curve of PANI exhibits a three-step weight loss. The first step occurs
from T'room to 100 °C, in which the sharp endothermic peak occurs at 37.5 °C, corresponding
to the evaporation of water. The second weight loss occurs from 100-352.4 °C (in the
TGA curve); the sample mass decreased by about 31.7%, which may be related to the
decomposition of PANI to form the monomers, oligomers, dimers, and trimers with the
sharp endothermic peak at 290.6 °C in the DTG curve. The third weight loss occurs at
352.4-354.4 °C, and the mass of the sample continues to decrease by 9.8%. Moreover, strong
thermal decomposition of the oligomer, dimers, and trimer happened, corresponding to
the sharp endothermic peak at 554.2 °C in the DTG curve. These decompositions happen
completely at temperatures above 600 °C.

0.006
100 Ly v b
J0.004
0.003
95
o _ |-
a = J0.002 3
0.000 a. < 90 ) 2
. (0] o
40.000 —~
-0.003 85
. . . . 5542 °C g0l _368°C . . . . . . 40.002
0 100 200 300 ;‘00 500 600 0 100 200 300 400 500 600 700 800
Temperature ("C) Temperature (°C)

Figure 5. TGA /DTA curves of (a) PANI and (b) PFN2 nanocomposites.

The TGA-DTA curves of PEN2, as shown in Figure 5b, exhibit a two-stage weight
loss behavior. The first stage occurs from room temperature to 100 °C, in which the 6.2%
reduction in mass (TGA curve) resulted from water vapor evaporation in the sample,
corresponding to a heat absorption peak at 36.6 °C (in the DTG curve). The second weight
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loss stage occurs from 100-800 °C, with the 531 °C heat absorption peak on the DTG
curve and significant decomposition of the composite structure [39]. In this stage, PANI
decomposed completely above 600 °C, and the sample mass remained about 81.9% in the
form of metal oxide.

Based on the analysis, it can be seen that the mass of the PEN2 sample decreased only
12% when the sample temperature increased to 491 °C, while the mass of the PANI sample
decreased by 37.7% when the sample temperature increased to 352.4 °C. This indicates that
the incorporation of ferrite nanoparticles with PANI greatly enhances the thermal stability
of PFN2. The improved thermal stability can be attributed to the interaction between
PANI and the ferrite nanoparticles, which restricts the thermal motion of PANI chains
and hinders the crosslinking processes, thereby increasing the stability of the composite
structure. This finding is consistent with the study conducted by Gabal et al. [40].

3.5. Magnetic Property Analysis

M(H) curves at room temperature for FN, FN1, FN2, and FN3 samples are shown
in Figure 6. It shows that all these samples exhibit superparamagnetic behavior with
a very low value of the remnant magnetization (M; = 0.2-0.3 emu/g) and a quite high
value of the saturation magnetization (Mg = 39.5-66.5 emu/g). The values of M; and
Mg obtained at room temperature for these samples are given in Table 1. Clearly, it is
observed that FN nanoparticles exhibit good superparamagnetic behavior and a high
value of Mg (66.5 emu/g at 10 kOe). The Mg value obtained for FN NPs in our work
is smaller than that of Nig 11Fepg9Os NPs (Mg = 82.8 emu/g at 70 kOe) [43] but higher
than that of NigoFe; 80014 NPs (Mg = 44.15 emu/g at 9 kOe) [47]. This difference may
be due to the differences in Ni concentration and the applied magnetic field, although
their crystalline sizes are quite similar. In addition, Yasemian et al. [47] also showed a
monotonous decrease in saturation magnetization with particle size that increases with Ni
concentration. However, the superparamagnetic behavior and the high Mg value obtained
for our samples are suitable for the purpose of separating photocatalysts from solution.
As the content of PANI in the nanocomposites increases, the saturation magnetization
gradually decreases. This can be attributed to the decrease in the magnetic component
percentage, accompanied by the increase in non-magnetic PANI layers on the surface of
the FN NPs [39]. The presence of PANI in the nanocomposites introduces non-magnetic
elements, leading to a reduction in the overall magnetic properties of the material.
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Figure 6. M(H) curves of samples: (a) FN, (b) PFN1, (c) PFN2, and (d) PFN3. The inset shows
enlarged M(H) curves of samples.
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Table 1. Specific surface area (SSA), saturation magnetization (Ms), remnant magnetization (M),
band-gap energy (Eg), and first-order rate constant (k) of samples.

Sample Name Mass Ratio of. PAI:II in SS? Mg M, Eg k o
Nanocomposites (%) (m*/g) (emu/g) (emu/g) eV) (x10~3 min—1)

FN - 89.05 66.5 0.27 24 1.74

PFN1 5 98.25 57.6 0.18 2.1 2.27

PEN2 10 106.87 50.0 0.33 1.9 7.31

PEN3 15 98.88 39.5 0.19 1.8 6.17
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3.6. Specific Surface Area Analysis

The surface area of the adsorbent plays a unique role in the adsorption study. The
Brunauer-Emmett-Teller (BET) technique was employed to determine the average pore size
and specific surface area of PANI, FN, and PFN nanocomposites via nitrogen adsorption-
desorption analysis. The adsorption and desorption curves of PANI and a typical PFN
nanocomposite (PFN2) are shown in Figure 7. The results obtained are summarized in
Table 1.
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Figure 7. N2 adsorption-desorption isotherms of (a) PANI and (b) PFN2 nanocomposites.

The data shows that the specific surface area (SSA) of PFN2 nanocomposites is greater
than that of PANT and FN NPs. PANTI has a low SSA of 1.42 m2/ g, indicating it is a material
with low porosity [45]. In contrast, the PFN nanocomposites have the corresponding high
SSA values of 98.25, 106.87, and 98.88 m? /g for PF1, PF2, and PF3, respectively, for highly
porous materials. The relationship between the SSA of PFN nanocomposites and their
photocatalytic activity will be discussed in the subsequent section.

3.7. UV-Vis Analysis

The UV-vis spectra of FN, PFN1, PEN2, and PFN3 provide information about the
wavelength region in which the nanocatalyst absorbs light (Figure 8a). Koli et al. [41]
reported that the Fe304 NPs exhibit absorption only in the ultraviolet (UV) region and
weakly in the visible region due to their wide band-gap energy (Eg) of 3.0 eV. In this exper-
iment, all the samples showed strong absorption in the visible region. The introduction
of Ni doping in Fe3Oy leads to a reduction in the Eg value of Fe3Oy, allowing for stronger
absorption in the visible region and enhancing the photocatalytic process [41]. The reduced
Eg value indicates that the nanocomposites are more efficient at utilizing visible light for
photocatalytic reactions.
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Figure 8. (a) UV-vis spectra and (b—d) Tauc plots for samples: (1) PANI, (2) FN, (3) PFN1, (4) PEN2,
and (5) PEN3.

The Tauc equation was employed to quantitatively estimate the band gap [48]:
ahv = A(hv — Eg)2 4)

where « is the absorption coefficient, hv is the photon energy, and A is a constant that does
not depend on the photon energy. The Tauc plots in Figure 8b,c indicate that the Eg value
decreases as the PANI mass ratio in the nanocomposites increases, namely 2.4, 2.1, 1.9, 1.8,
and 0.6 eV for FN, PFN1, PFN2, PFN3, and PANI, respectively (Table 1). The decrease
in Eg with increasing PANI content indicates the successful incorporation of PANI into
the nanocomposites, which enhances their ability to absorb visible light and potentially
improves their photocatalytic activity [48].

3.8. Photocatalytic Activity of PANI/FN Nanocomposites

During the first 30 min in the dark, a small amount of RhB (about a few percent) was
adsorbed by the PFN nanocomposites. Furthermore, an adsorption-desorption equilibrium
is established, and after that, the decrease in RhB concentration is due to the photocatalytic
ability of the PFN nanocomposites when irradiated by an Xe lamp source. The photo-
catalytic degradation of RhB decreased as the time of visible light illumination increased
(Figure 9a). In addition, the degradation rate of RhB in PFN nanocomposites increased
with increasing PANI mass ratio to 10% and decreased with further increases in PANI mass
ratio. Other reports [48,49] also showed that the loading amount of PANI relative to SnzO4
had a significant impact on the photocatalytic activity efficiency. The degradation of RhB
in 180 min is 75, 70, 40, and 29% for PEN2, PFEN3, PFN1, and FN, respectively. This result
showed that the best photocatalytic degradation efficiency of PEN2 was nearly 2.6 times
higher than that of FN.
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Figure 9. (a) Photocatalytic degradation under different photocatalysts. (b) The irradiation time
(to 180 min) dependence of In(Cy/C). (c) Temporal evolution of the RhB absorption spectra of PFN2;
(d) Irradiation time (to 300 min) dependence of C/Cy and In(Cy/C) for PFN2.

The dependence of In(Cy/C) over time for the catalysts is presented in Figure 9b.
Assuming that the kinetic behavior of photocatalytic degradation follows a first-order
kinetic rate equation (1), the rate constants (k) are calculated as 7.31, 6.17, 3.18, 2.27, and
1.74 x 1073 min~! for PEN2, PFN3, PEN1, and FN, respectively (Table 1). The first-order
kinetic model fits the experimental data well. The degradation rate of RhB has a close
correlation with the SSA and the photocatalytic efficiency. The PFN2 nanocomposite with
the highest SSA value of 106.87 m? /g exhibits the highest rate and photocatalytic activity
in degrading RhB. Manfei et al. [48] suggested that the enlarged SSA of the PANI/Sn3O4
nanocomposites promotes the absorption of additional dye molecules, which is favorable
to the dye degradation process.

The PFN2 nanocomposite with the highest photocatalytic ability was selected to
investigate the photodegradation of the RhB for a longer time. After 300 min, the absorp-
tion spectrum of RhB showed that the decomposition had occurred almost completely
(Figure 9c). The dependence of C/Cy and In(Cy/C) vs. time exhibited that the RhB decom-
position rate is approximately 98% in 300 min of irradiation (Figure 9d).

In recent times, there have been several studies on the photocatalysis of nanocomposite
materials for the degradation of RhB [50], Acid Blue 113 [51], Methylene Blue [52], and
Bromophenol Blue [20]. The photocatalytic efficiency depends on different factors, such
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as the dosage of adsorbents/photocatalysts, initial dye concentration, light source type,
illumination power, and time. Therefore, it is challenging to compare photocatalytic results
using different experimental conditions. For example, Matos et al. [53] reported that
the photocatalytic efficiency reached 98% in 60 min using GF@CuS—Fe;0, and H,O;.
The research results in [54] indicated that the best photocatalytic efficiency (70%) using
the TiO,-CoFe,O4-PANI 3-component composite requires an illumination time of 7 h.
Fatimah et al. [20] pointed out that the degradation efficiency of Bromophenol blue using
Fe304-Fe;O3 nanocomposites and HyO, approximated about 98% under both UV and
visible light exposure in 60 min. Overall, the improved photocatalytic efficiency of polymer-
inorganic nanocomposite could mainly be caused by the synergistic effects of PANI and
inorganic. Our results show that PANI/Fe; g5Nig 1504 is still competitive among the other
photocatalysts to degrade organic dyes to some extent.

3.9. Photodegradation Mechanism

The mechanism of RhB photodegradation has been suggested in previous reports [48,55]
and can be illustrated schematically in Figure 10. Briefly, when PFN photocatalysts are
irradiated with a photon energy greater than the energy band gap, electrons in the valence
band (VB) of FN nanoparticles and PANI can be excited to the conduction band (CB),
resulting in the generation of e~ and h* in their VB and CB independently.

2PFN + hv — PFN(e ) + PEN(h*)

NHE (eV)

PANI

Fe285Nio0.1504

Fe2.55Nin.1504

H:0

Figure 10. Schematic representation of the photocatalytic mechanism.

The hole in the VB diffuses to the surface, where it undergoes an oxidation reaction
with RhB. Additionally, it reacts with water to produce an *OH-hydroxyl radical.

RhB + PEN(h*) — RhB+ + PFN

H,O + PEN(h*) — *OH + H* + PFN

Electrons in the CB diffuse to the surface and undergo a reduction reaction with
O;. These reactions have created a very strong oxidizing *OH hydroxyl radical that can
decompose organic substances on the surface of the photocatalyst.

PFN(e™) + O, — O* * + PEN
PFN(e™) + O> * + H+ — HO,* + PEN
HO? + H+ — H,0,

H,O, +e- —*OH + OH™

RhB + *OH — CO, + H,O
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In addition, Manfei et al. [48] suggested that the improved photocatalytic efficiency is
due to the formation of a p-n junction at the FN and PANI interfaces, which facilitates the
optical transfer generated and effectively inhibits the photogenerated electron-hole pairs.

4. Conclusions

In summary, novel PANI/Fe; g5Nig 1504 (PFN) nanocomposites with different PANI
mass ratios were successfully prepared by the co-precipitation method combined with an
in-situ polymerization process. XRD and Raman measurements confirmed the interaction
between PANI and FN nanoparticles. TEM images, in agreement with the XRD data, led to
the assumption that the nanocomposites had a core-shell structure, with the FN nanoparti-
cles (approximately 10 nm in size) coated by PANI. Thermal analysis indicates that PANI
thermal stability is improved by the presence of FN nanoparticles in nanocomposites. The
magnetic measurements confirmed the superparamagnetic behavior and high saturation
magnetization of the PFN nanocomposites. As a result, these nanocomposites can be easily
separated from the solution due to their magnetic properties. Moreover, the presence of
PANI in PFN nanocomposites significantly improves their photocatalytic activity. Further-
more, the PEN2 photocatalysts have the best photocatalytic efficiency of 98% on RhB in
300 min of visible light illumination. Finally, PEN photocatalysts with good photocatalytic
activity, inexpensive materials, and easy preparation could be potential candidates for
wastewater purification applications.
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