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and photocatalytic degradation of four types of
dyes with mechanismt
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The present study involved the facile and green preparation of FesO4/HAP/Ag (HAP:hydroxyapatite)
nanocomposites as catalyst, and followed by comprehensive investigation of their photocatalytic
degradation four types of dyes. The photocatalytic degradation of sunset yellow, eosin, allure red and
sudan red Ill dyes under illuminated circumstances were conducted. The structure and morphology of
the catalyst was characterized and analyzed by advanced analytical techniques, such as X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), mapping and X-ray photoelectron spectroscopy (XPS). The photocatalytic
performance of the catalysts were evaluated in detail. The influence of various parameters, including the
dosage of catalyst (PMS) further examined. The
photoelectrochemical including cyclic voltammetry electrochemical impedance

and peroxymonosulfate and pH were
(CV),

spectroscopy (EIS) and diffuse reflectance spectroscopy (DRS), scavenger analysis were discussed. The

studies

findings indicated that the FezsO4/HAP/Ag composites demonstrated remarkable capabilities for pollutant
removal through photocatalysis, with the degradation rates of 95.6%, 99.5%, 98.4% and 88.6% for sunset
yellow, eosin, allure red and sudan red lll, respectively. The degradation mechanisms were proposed in
detail. The current study provide reference perspective for design of materials for photocatalysis system

rsc.li/rsc-advances and wastewater remediation.

1 Introduction

The rapid development of industrialization has significantly
exacerbated environmental pollution issues, particularly due to
the extensive application of organic dyes. Varieties of dyes are
commercially available, and their broad utilization across
sectors like textiles, printing, food processing and cosmetics
has rendered them into global environmental contaminants.
The elevated toxicity, recalcitrant degradability, and propensity
for bioaccumulation of these dyes pose significant risks to both
ecological systems and human health. Some dyes are not
utilized efficiently and are discharged into water environments.
This practice not only compromises water quality but also
presents direct risks to plant and animal life, as well as human's
health via the food chain, thereby increasing the likelihood of
cancer.> Conventional treatment approaches, including phys-
ical adsorption, chemical precipitation, and biodegradation,
exhibit limitations in efficiency and cost-effectiveness, and they
may also lead to secondary pollution. Therefore, it is urgent to
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develop new and efficient degradation technologies to remove
the pollutants and minimize the negative impact on the envi-
ronment and health.*” Photocatalysis has attracted significant
attention in water treatment due to its environmental friendli-
ness.® When the catalysts was illuminated, reactive oxygen
species (ROS) with potent oxidizing capabilities, including
hydroxyl radicals ("OH) and superoxide anions (O, ") generate
which indiscriminately degrade organic pollutants.”® Photo-
catalysts, especially semiconductor materials, such as TiO,,
ZnO, GO, BiVO, and various other metal oxides, are extensively
employed to degrade pollutants.”'® Nevertheless, the recovery of
the photocatalysts is a big challenge, particularly the small
nanoparticle catalyst which hinder the practical implementa-
tion. The magnetic Fe;O, or Fe,O; nanoparticles (NPs),
addresses this issue effectively and attracted significant interest
in photocatalytic processes.'* Although the magnetic Fe;0, NPs
enable recycling after treatment, the aggregation is another
question in practical applications. Research indicates that
encapsulating and loading technology can reduce aggregation
in liquid and enhances chemical stability. Hydroxyapatite is
a promising material for environmental applications due to its
biocompatibility, adsorption property, stability, and substantial
surface area.’>'® The adsorption property of HAP is closely
related to its unique crystal structure and physicochemical
characteristics. HAP belongs to the hexagonal -crystal,
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Scheme 1 Synthesis of FesO4/HAP/Ag composite NPs. (A) The
formation of FezOy, (B) formation of HAP, (C) formation of FesO4/HAP/
Ag.

containing a large number of Ca®", PO,>~ and OH™ ions. It
easily forms surface unsaturated sites, which can adsorb
charged particles through electrostatic interaction or coordi-
nation bonds. The hydroxyl of HAP can form hydrogen bonds
with polar molecules which facilitate adsorption of polar
substances. In addition, HAP NPs have high specific surface
area, which promote the adsorption of pollutants. The high
specific surface area facilitates the transfer of pollutants to
catalyst active sites and enhance light absorption, thereby
enhancing photocatalytic efficiency. Furthermore, it was proved
that HAP can generate free radicals under UV light irradiation,
and the free radicals destructed pollutants which was similar to
the function of TiO,."* However, the application of HAP is
limited due to the difficult separation. The heterogeneous HAP/
Fe;O, as composite photocatalyst exhibits nice photo-
degradation efficacy.

In addition, noble metals, such as Ag, Au, Pt and Pd are
excellent catalysts due to surface plasmon resonance (SPR) effect.
Deposition of them on the surface of Fe;0,/HAP can improve the
photocatalytic efficiency. Ag NPs exhibits excellent optical, elec-
trical and thermal properties. Ag NPs act as electron traps to
facilitate charge transfer and improve charge separation.'>'®
Specifically, when Ag is deposited onto Fe;O,4, the magnetic and
semiconducting properties of Fe;O, facilitate a magnetic loss
effect that promotes the separation of photogenerated electrons
from holes. This process enhances both the microwave absorp-
tion and photocatalytic properties of the composite material."”
The incorporation of Fe;0,, HAP and noble metals is beneficial to
photocatalytic degradation of pollutants with ease of separation,
enrichment of target and synergy. As a result, the Fe;0,/HAP/Ag
composite NPs were employed to photocatalytic degradation of
four types of dyes in this work. The synthesis of Fe;0,/HAP/Ag
composite NPs was shown in Scheme 1.

2 Materials and methods
2.1 Materials

Ferric chloride was purchased from Tianjin Bodi Chemical Co.,
Ltd. Silver nitrate was purchased from Shaanxi Shenhua
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Institute of Metallic Materials. Calcium nitrate was purchased
from Tianjin Dengfeng Chemical Reagent Factory. Sunset
yellow, eosin, allure red and sudan red III were purchased from
Tianjin Kemo Chemical Reagent Co. Deionized water was from
millipore water purification system and used in all experiments.

2.2 Synthesis of Fe;0,/HAP/Ag composite nanomaterials

2.2.1 Synthesis of Fe;0,. 2.7140 g ferrous sulfate and
5.413 g ferric chloride were measured and incorporated into
deionized water with stir, until fully dissolved. Subsequently,
the solution became alkaline by slowly adding sodium
hydroxide. Gray green ferrous hydroxide precipitate appeared.
Hydrogen peroxide was added dropwise until black precipitate
formed. The solution was heated to 60 °C and maintained for
10 min. Subsequently, the precipitate was separated with
magnet."* The product was wash with deionized water until
neutral.

2.2.2 Synthesis of Fe;0,/HAP. The Fe;0,/HAP composites
were obtained by the co-precipitation method, which simply
involved 3.5400 g calcium nitrate and 2.001 g Fe;O, powder in
a three-necked flask. The mixture was heated to 100 °C using
water bath and agitated continuously for 30 minutes. Then,
disodium hydrogen phosphate solution containing 3.22 ¢
solute was added dropwise, heated for 2 h. Subsequently, the
resultant product was rinsed and dried.*

2.2.3 Synthesis of Fe;0,/HAP/Ag. Ag NPs was obtained
following the method.” Initially, the mixture of silver nitrate
and sodium citrate solution was subjected to magnetic stirring
for 10 min. Subsequently, sodium borohydride solution was
added with stir for 30 min. Yellow solution appeared, and it was
kept at 4 °C for future use. Afterward, 0.1001 g of Fe;O0,/HAP
solid was introduced into 50 mL deionized, then subjected to
ultrasonic dispersion for 60 min. The pH was adjusted to
approximately 10.0 using sodium hydroxide solution. The
Fe;0,4/HAP solution was heated 70 °C with agitation. 20 mL of
the obtained Ag NPs was added to Fe;O,/HAP solution at 20-
minute intervals, followed 9 times, it then lasted 1 h with stir.
Subsequently, the resultant solution was aged for 24 h. The
precipitate was washed with deionized water, dried in oven,
powdered and stored.**

2.3 Characterization and instrumentation

The crystal structures of the Fe;O,/HAP/Ag were measured by
XRD (D8Advance, Bruker, German). The UV-visible absorption
spectra and infrared spectra of the target were identified by
using ultraviolet-visible spectrometer (Shimadzu UV-2600,
Japan), and infrared spectrometer (Bruker Vertex 70, Switzer-
land). The structure and morphology of the synthesized Fe;0,/
HAP/Ag NPs were investigated by transmission electron
microscopy and scanning electron microscopy (FEI Tecnai G2 S-
Twin, Thermo Fisher, USA). XPS (Kratos, UK) was used to
examine the composition of the photocatalyst.

2.4 Photodegradation of organic dyes

Four kinds of organic dyes, including sunset yellow, eosin,
allure red and sudan red III were investigated. The obtained
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catalyst were introduced into various dye solutions and stirred
in dark for 30 min to achieve adsorption-desorption equilib-
rium. Subsequently, photodegradation was conducted under
visible light. At intervals, 2 mL of aliquot were separated by
magnet. The UV-visible absorption spectrum of the dyes were
measured by UV-vis spectrometer to determine the concentra-
tion of dye. Furthermore, the reusability and photochemical
performance of the Fe;O,/HAP/Ag composite nanomaterials
were assessed through four consecutive cycles. The photo-
degradation rate was calculated using the formula. R = (C, — C/
Co) X 100%, where C,, is the initial concentration of dye and C is
the residual concentration of dye after certain time interval.*
The influence of various parameters, including the dosage of
catalyst, PMS and pH were investigated.

2.5 Exploration of the photodegradation mechanism

The p-benzoquinone (BQ), ethylenediaminetetraacetic acid
(EDTA), isopropanol (IPA), and methanol (MT) were employed
to investigate the photodegradation mechanism. They were
used as scavengers of superoxide radicals, holes, hydroxyl
radicals, and sulfate radicals, respectively. Follow the previous
photodecomposition experimental procedure, different scav-
engers were introduced into the four types of dyes systems to
determine the role of various reactive species.

3 Results and discussion

3.1 Characterization of Fe;0,/HAP/Ag composite
nanomaterials

3.1.1 XRD analysis. The XRD patterns of the synthesized
Fe;0,/HAP/Ag composite nanomaterials coincided with the
standard patterns of pure Fe;O4, HAP and Ag NPs, as shown in
Fig. 1(left). The diffraction peaks at 26 of 30.1°, 34.2°, 43.8°,
57.2° and 63.3° correspond to the main peaks of pure Fe;O,
NPs. The diffraction peak at 31.7° is typical peak of HAP.>® In
addition, the diffraction peaks at 26 of 38.1°, 44.2°, 64.3° and
77.5° are attributed to the main peaks of Ag NPs.** Therefore,
the XRD results confirmed the formation of the Fe;0,/HAP/Ag
composite nanomaterials.

3.1.2 IR analysis. The absorption band at 570 cm
appeared, which can be attributed to the stretching vibration of
the Fe-O bond for Fe;0, in FTIR, as shown in Fig. 1(right). In
addition, all the characteristic absorption bands of HAP
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Fig.1 XRD spectrum of FesO4/HAP/Ag (left), FTIR spectrum of FezO,4/
HAP/Ag (right).
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appeared in the IR spectra of Fe;O,/HAP/Ag. Specifically, the
stretching vibration of hydroxyl group (O-H) was located at
3420 cm™ ', while the bending vibration of O-H appeared at
1620 cm . The stretching modes of phosphoric acid (PO,*")
were observed at 1100 cm™', 1030 cm ' and 566 cm™},
respectively.™

3.1.3 XPS analysis. The Fe;O0,/HAP/Ag composite nano-
materials was further characterized by XPS in Fig. 2. It was
clearly confirmed the presence of P, O, Ca, Ag, and Fe elements
in Fig. 2(a). XPS witnessed the Ca 2p,,, at 349.7 eV and Ca 2p3,
at 353.5 eV in Fig. 2(b), which were assigned to the calcium
phase in HAp. XPS spectra showed peak at 133 eV for the
phosphate group (P 2p) in Fig. 2(c). The fitted peaks at 711 eV
(Fe 2p3/») and 725 eV (Fe 2p,,,) showed the high-resolution XPS
spectra of Fe in Fig. 2(d), which confirmed the successful
synthesis of Fe;0,.*” The peak for O 1s was located at 530 eV and
it was attributed to the oxygen atom in Fe;O, in Fig. 2(e). Due to
the presence of OH and P-O, there were two main peaks for O 1s
of XPS spectra, with binding energies at 529 eV and 531.9 eV,
respectively.”® The 370.9 eV and 376.9 eV witnessed the XPS of
Ag 3ds, and Ag 3d3, in Fig. 2(f), respectively.”” According to the
analysis of XPS, the results were consistent with Fe;0,4, HAP and
Ag.

3.1.4 SEM, TEM and EDS element mapping analysis. The
morphology and structure of Fe;O,/HAP/Ag composite nano-
materials were analyzed by SEM and TEM. The SEM of Fe;0,,
Fe;0,/HAP and Fe;0,/HAP/Au were shown in Fig. 3(a-c). The
HRTEM of Fe;0,/HAP/Ag and lattice fringes of HAP were shown
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Fig.2 (a) XPS of FesO4/HAP/Ag, high-resolution spectra of Ca 2p (b), P
2p (c), Fe 2p (d), O 1s (e) and Ag 3d (f).
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in Fig. 3(d) and (e). From SEM, the results showed that the Fe;0,
particles was irregular spherical shape with aggregation in
Fig. 3(a). As shown in Fig. 3(b), the rod-like deposits were HAP
NPs which were loaded on the surface of Fe;0, NPs. When Ag
NPs was loaded, Ag NPs were distributed on the surface of
Fe;04/HAP, resulting in the formation of Fe;O,/HAP/Ag, as
shown in Fig. 3(c). The HRTEM image of Fig. 3(d) evidently
showed the HAP, Ag and Fe;0,4. The HAP is regular rod-shape,
the length of HAP NPs was more than 50 nm. The Ag NPs
were deep black. Fig. 3(e) clearly showed the lattice fringes of
HAP. The elemental content of Fe;O,/HAP/Ag composite
nanomaterials was characterized by EDS, and the EDS mapping
of the nanomaterials were shown in Fig. 4(a-f). The results
showed that the NPs consisted of the elements of P, O, Ca, Fe,
and Ag, which was coincide with XPS, and it was proved the
successful synthesis of Fe;O,/HAP/Ag. The BET of HAP was
provided as ESI (S1).F

3.1.5 Photochemical properties. The optical properties of
the composites were assessed by using diffuse reflectance
spectroscopy (DRS). The optical bandgap energy (E,) was
calculated from energy-dependent optical absorbance data,
which is determined by the Tauc equation: (ahv)1/n = A(hv —
E,).”® In the equation, « represents the absorption coefficient, »
is the photon frequency, & is Planck’s constant (4.14 x 10"
eV). A is the proportionality constant, and E, represents the
band gap energy. As shown in Fig. 5(a), the E, of Fe;0,/HAP/Ag
was 1.60 eV, which belong to the narrow band gap material and
thus has higher visible light utilization.
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Fig.4 EDS of FesO4/HAP/Ag (a) and EDS element mappings of FezO4/
HAP/Ag (b—f).

In order to investigate the photoelectrochemical properties
of Fe;0,/HAP/Ag, electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were carried out. The mate-
rials underwent cyclic voltammetry test by using typical three-
electrode system with the potential range of 0.6 to 1.6 V and
scan rate of 100 mV s~ '. The Fe;0,/HAP/Ag showed a satisfac-
tory peak current in Fig. 5(b). It was attributed to its exceptional
photocatalytic activity.”® The charge separation efficiency of

2um EHT= 500KV  WD=97mm

Mag= 328KX

Signal A = SE2 ﬁ

Fig. 3 SEM of FesO4 (a), SEM of FezO4/HAP (b), SEM of FesO4/HAP/Ag (c), HRTEM of FezO4/HAP/Ag (d), and lattice fringes of HAP (e).
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Fig. 5 Band gap of FesO4/HAP/Ag (a), CV of FesO4/HAP/Ag (b), EIS of
FesO4/HAP/Ag (c), zeta potential of FesO4/HAP/Ag (d).

photogenerated electrons and holes are main influencing factor
for photocatalysis.

EIS is an effective approach for examining the impact of
charge separation. The EIS of bare electrode and Fe;O,/HAP/Ag
were displayed in Fig. 5(c). There was a positive correlation
between the arc radius of impedance and the charge transfer
resistance of the Nyquist plots, the smaller the arc radius, the
higher the charge transfer efficiency.*® The arc radius of Fe;O,/
HAP/Ag was obviously smaller than that of the bare electrode,
which suggested that Fe;O,/HAP/Ag was capable of accelerating
the process of interfacial charge transfer and achieving excel-
lent charge separation and transport.

The zeta potential of Fe;O,/HAP/Ag nanocomposites was
examined to assess the charge properties and dispersion
stability across varying pH. As illustrated in Fig. 5(d), the
isoelectric point of Fe;O,/HAP/Ag was approximately at 7. It
indicated that the zeta potential of the surface closed to zero at
this pH, resulting in weak dispersion stability. The surface of
Fe;0,/HAP/Ag exhibited positive charge under acidic conditions
(pH < 7) and negative charge in alkaline conditions (pH > 7). The
changes in charge directly influence the adsorption capacity of
the material, thus impacting the efficacy of photocatalytic
degradation.

3.2 Photocatalytic activity test

The photodegradation was analyzed by monitoring the absor-
bance peaks at different time intervals according to the
concentration of dyes. The photodegradation efficiency was
evaluated by the following equation: R = (Cy — C/Cy) x 100%,
where C, and C represent the initial concentration of the dyes
and the remaining concentration after a specified time interval,
respectively.** In addition, the degradation kinetics was also
analyzed. At low concentrations of pollutant, the model is: In(C/
Co) = —kt, where k is kinetic rate constant, it is calculated by
plotting In(C/C,) versus the reaction time.*
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Fig. 6 Effect of catalyst amount on the four types of dyes, (a) sunset
yellow, (b) eosin Y, (c) AR and (d) sudan red III.

3.2.1 Optimization of experimental conditions. The pho-
tocatalytic degradation of dyes is affected by various operating
parameters, including pH, amount of catalyst, initial concen-
tration of dye, and amount of PMS. In view of these parameters
played significant role in the photocatalytic degradation of dyes,
the effects were discussed in detail.

3.2.1.1 The dose of catalyst. It was pointed out that the
amount of catalyst play key role in photocatalytic degradation
process.*® Increasing the amount of catalyst can enhance the
opportunity for contact between the catalyst and dye molecules.
In the early stage of degradation, the generation of ‘OH and
O,’ " radicals were promoted due to the increase of active sites
on the surface of the catalyst, which enhanced the degradation
efficiency. However, when the concentration of catalyst excee-
ded a certain value, the turbidity of the solution increased,
which would hinder the penetration of UV light and thus affect
the photocatalytic efficiency. This study further confirmed the
important effect of catalyst dosage on photocatalytic degrada-
tion efficiency, as shown in Fig. 6. A decrease in the degradation
rate of sunset yellow, eosin, allure red and sudan red III were
observed when the amount of catalyst was increased from 2 mg
to 8 mg. The highest degradation rates of sunset yellow, allure
red and sudan red III were achieved with 2 mg catalyst, and
3 mg for eosin. However, the rate gradually decreased with the
increase in dosage. It was demonstrated that high dosage of
catalyst may lead to increase in light scattering, which reduces
the number of photons received per unit mass of the catalyst,
thus decreasing the photocatalytic efficiency. Therefore, the
optimal amount of catalyst was important for improving pho-
tocatalytic efficiency.

3.2.1.2 The pH of the solution. pH plays a key role in pho-
tocatalytic degradation of dye. In order to deeply investigate the
effect of pH, different pH values were carried out. The effect of
pH on sunset yellow, eosin, allure red and sudan red III were
shown in Fig. 7. When the pH was lower than the isoelectric
point of the catalyst, the Fe;O,/HAP/Ag surface presented
positive charge and thus it strongly attracted anions. In acidic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environment, the electrostatic attraction between eosin with
negative charge and catalyst with positive charge enhanced.

So, the adsorption capacity of eosin on the surface of Fe;0,/
HAP/Ag increased and thus enhanced its degradation effi-
ciency.* In contrast, sunset yellow, allure red and sudan red III
showed faster degradation rates under alkaline conditions,
which may be attributed to the fact that the photocatalysts are
more prone to generate reactive oxygen species, such as
hydroxyl radicals, which were essential for photocatalytic
degradation of the dyes. Meanwhile, under alkaline conditions,
dye molecules may undergo structural changes, resulting ease
of adsorption and degradation. Therefore, pH is a crucial
parameter in the photocatalytic degradation process.

3.2.1.3 The initial concentration of dyes. It was found that the
initial concentration of the dye significantly affected photo-
catalytic efficiency.*® In our experiments, different initial
concentrations of dyes were studied, as shown in Fig. 8.
Specifically, the degradation rate of sunset yellow reached 84%
after 40 min at 40 mg L ™" with 2 mg catalyst and pH value of 8.
The degradation rate reached 82% after 140 min with 30 mg L ™"
sudan red III under the same conditions. The degradation rate
of eosin reached 82% after 35 min with 3 mg catalyst and pH
value of 5. Under the conditions of 2 mg of catalyst and pH = 10,
the degradation rate of 20 mg L™ " of allure red was 94% after
just 10 min. The results suggested that the degradation effi-
ciency showed a decreasing trend with the increase of the initial
concentration of the dye. This could be attributed to the fact
that the increase in the number of dye molecules led to the
occupation of active sites on the surface of catalyst, which
hindered the arrival of photons and reduced catalytic efficiency.
A moderate initial concentration of dyes facilitate improve the
photocatalytic efficiency.

3.2.1.4 The dose of PMS. It was shown that the degradation
rate of dyes could be significantly enhanced through the addi-
tion of PMS under light conditions.*® The amount of PMS was
analyzed in detail. The increase in the initial concentration of
PMS will significantly enhanced the photocatalytic efficiency. In
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particular, PMS was able to generate large number of free
radicals with strong oxidizing properties under light, which
accelerated the degradation of dyes. However, it need to be
controlled within appropriate dosage. Because excessive PMS
can trigger the quenching free radicals. Therefore, the optimi-
zation of the PMS dosage is of significance for improving the
photocatalytic degradation efficiency. The effect of PMS on
sunset yellow, eosin, allure red and sudan red III were shown in
Fig. 9. After careful optimization of the catalyst dosage, pH,
initial concentration of dyes, and PMS dosage in the experi-
ment, the best experimental conditions were determined.

Specifically, 40 mg L " of sunset yellow was degraded under
the conditions of 2 mg catalyst, pH = 8 and 4 mg mL~ ' PMS for
40 min, and its degradation rate achieved 95.6%. 10 mg L ™" of
eosin was degraded under the conditions of 3 mg catalyst, pH =
5and 5 mg mL " PMS for 35 min. Its degradation rate achieved
99.5%. 20 mg L~ " of allure red achieved 98.4% after 40 min with
2 mg catalyst, 3 mg mL " PMS, and pH = 10. While 30 mg L™ * of
sudan red III achieved 88.6% after 140 min of degradation with
2 mg catalyst, 4 mg mL ™" of PMS, and pH = 8. These results
indicated that the photocatalytic degradation efficiency of dyes
can be significantly improved by precisely controlling the
experimental conditions. Photocatalytic degradation and
kinetic simulation curves of sunset yellow, eosin, allure red and
sudan red III were shown in Fig. 10(a-h), respectively.

3.2.2 scavenger analyses. In order to deeply reveal the
photocatalytic degradation mechanism, the effects of different
bursting agents on the photocatalytic degradation reaction were
systematically investigated. In the experiments, hydroxyl radi-
cals (OH"), holes (h"), sulfate radicals and superoxide radicals
(O,"7) were targeted and captured by isopropanol (IPA), ethyl-
enediaminetetraacetic acid (EDTA), methyl orange (MT) and
benzoquinone (BQ), respectively. The results were shown in Fig.
11. Among the four types of bursting agents, BQ exhibited the
most significant inhibition effect. It was indicated that super-
oxide radicals (O, ") play key role in the degradation process.

Specifically, the added BQ significantly reduced the
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photodegradation efficiencies of sunset yellow, eosin, allura
red, and sudan red III, with degradation rates of 34.2%, 53.7%,
43.6% and 33.6%, respectively. In addition, EDTA, IPA and MT
also showed some inhibitory effects. These findings provide
important insights into understanding the role of active species
in the photocatalytic degradation process.

3.3 Degradation mechanisms

The photocatalytic degradation mechanism was investigated in
detail. The mechanism of Fe;O,/HAP/Ag nanocomposites in the
photocatalytic degradation process involved several key steps,
including absorption of light, generation and separation of
electron-hole pairs, and generation of reactive oxygen species
(ROS). The three layers, namely Fe;O,, HAP and Ag play
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Fig. 11 Photocatalytic degradation of the four types of dye by FezO4/
HAP/Ag with added scavengers.

nanocomposite material has unique role in photocatalytic
degradation. Under light radiation condition, the nano-
composites could effectively absorb light, which prompted the
electrons to jump from valence band to conduction band,
resulting in the generation of photogenerated electron-hole
pairs. For Fe;O,, it played significant role in separation. As
heterogeneous photocatalyst, Fe;O, based nanocomposites
showed catalytic activity in some degree due to synergistic
effects. 3738

For HAP, the valence band electrons of HAP was excited, they
transferred to the conduction band, the holes kept in the
valence band under light conditions. The surface of HAP was
electrically conductive, associated with change in the PO,’*",
which leaded to the formation of oxygen vacancies. These
oxygen vacancies converted to superoxide anions (O,"”) by
adsorbing O, and capturing photogenerated electrons from
HAP. As a result, the rate of photo-oxidation enhanced.**"** The
photogenerated vacancies can directly oxidized the dyes.

. . . . Meanwhile, hydroxyl radicals (‘OH) appeared via H,O
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)

molecules and OH- groups as electron donors. So, the formed
‘OH and O,"~ were facile to degrade dyes. The generation of free
radical were shown in the equation.

As common precious metal, Ag NPs exhibit strong surface
plasmon resonance (SPR) effects, which facilitated absorption
of visible lights, and result of hot electrons. The hot electrons
from Ag transfer to HAP. While, the holes kept on the surface of
Ag. This process can significantly reduced the probability of
electron-hole recombination. It also produced localized elec-
tromagnetic field enhancement effect, which further promoted
the separation of photogenerated electron-hole pairs.*>** In
addition, because of the combination of HAP and Ag, Schottky
barrier formed and promoted charge separation. This Schottky
barrier prevented recombination of electrons and holes, thereby
prolonged the lifetime of charge carriers. The photoinduced
electrons were then captured by O, and produced O,
Furthermore, the holes reacted with H,O molecules and
produced ‘OH. Meanwhile, ‘SO,~ was produced due to the
reaction among PMS,0," and photogenerated electrons. The
‘SO, interacted with H,O molecules to generate’OH. In one
word, these photogenerated electrons and holes react with
oxygen and H,O as well as PMS to produce ROS such as "OH,
0,"7, 'SO,~, and h', which were capable of non-selectively
attacking and degrading the four types of dyes, as shown in
Fig. 12. The synergistic effects among the components of Fe;0,,
HAP, and Ag in the Fe;0,/HAP/Ag nanocomposites collectively
contributed to the efficient degradation of dyes.

For Ag:

Ag+ v — Ag* — Ag(e”) + Ag (h")
Ag(e”) + HAP — HAP (¢")
e +0, = 'Oy
h* + OH™ — "OH

h*+H,0 - "OH + H*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Recirculation of FezO4/HAP/Ag photocatalysts under light (a),
XRD (b) and FT- (c) of FesO4/HAP/Ag photocatalysts before and after
degradation.

For PMS:
HSOs™ + hv — "SO,~ + SO,>~ + H*

hJr + HSOS_ - 'SO4_ + H+

e + HSOs~ — ‘SO, + OH™

‘SO,” + H,0 — "OH + SO, + H*
'SO,~ + OH™ — "OH + SO

‘SO, + 0, — SO2 + 0,

3.4 Stability and repeatability

In order to comprehensively evaluate the stability and reusability
of Fe;0,/HAP/Ag photocatalysts in the degradation of dyes, four
cycles of experiments were carried out on Fe;O,/HAP/Ag under
optimal conditions. Despite a minor reduction in the photo-
catalytic effectiveness of Fe;O,/HAP/Ag after each cycle, the
elimination rate of sunset yellow remained at 94.2% in the fourth
cycle in Fig. 13(a). In addition, the structural stability of Fe;O.,/
HAP/Ag after photocatalytic degradation was analyzed by FTIR
and XRD techniques as shown in Fig. 13(b) and (c). A comparison
of the catalyst before and after degradation revealed no signifi-
cant changes in peak. These results highlighted the excellent
structural stability of the photocatalyst. In summary, the synthe-
sized nanocomposite photocatalysts not only exhibited excellent
photocatalytic performance but also high structural stability. The
Fe;0,/HAP/Ag can be considered as highly efficient and stable
photocatalyst for the degradation of dyes.
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4 Conclusion

In the study, multifunctional three layers of Fe;O,/HAP/Ag
nanocomposites were successfully prepared and systematically
evaluated for their application in photocatalytic degradation of
four types of dyes. The experimental results showed that the
degradation efficiencies of Fe;O,/HAP/Ag photocatalysts for
sunset yellow, eosin, allure red and sudan red III reached
95.6%, 99.5%, 99.4% and 88.6%, respectively, under the
optimal conditions. In addition, photoelectrochemical proper-
ties of the catalyst including cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) were studied. It was
demonstrated that the Fe;O,/HAP/Ag nanocomposites was
excellent photocatalyst. The photocatalytic degradation mech-
anisms was proposed in detail. The 'OH, 0,"~, 'SO,~, and h"
played significant role in the degradation process. Furthermore,
the catalyst exhibited unique stability and reusability. It is
candidate for photocatalytic degradation in practical applica-
tions. This work not only reveals the potential of Fe;0,/HAP/Ag
composites as an effective photocatalyst for the removal of
hazardous dyes, but also provides new ideas for the develop-
ment of green and efficient photocatalysts. The Fe;O,/HAP/Ag
composites not only act as photocatalyst but also candidate as
surface-enhanced Raman spectrum substrate and probe in the
field of environment, food, biology, medicine.
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