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AgsPO,;-Supported Magnetic
Hydroxyapatite Composite as Green
Photocatalyst for the Removal of Cationic

and Anionic Dyes from Aqueous Solution

Eggshells were used as the main source for the synthesis of hydroxyapatite (HAp),
and the semiconductor material Ag;PO, was synthesized by the crystal formation
process on magnetic HAp. X-ray diffraction, scanning electron microscopy, the
Brunauer-Emmett-Teller surface area, and X-ray photoelectron, Fourier transform
infrared, and ultraviolet-visible light diffuse reflectance spectroscopy were em-
ployed to study the phase structure, surface morphology, and optical properties of
the composite photocatalyst. The photocatalytic activities of the synthesized com-
posites were explored for the photodegradation of both cationic (Methylene Blue)
and anionic (Reactive Red 195) dyes, achieving efficiencies of around 99 % and
96 %, respectively. Vibrating sample magnetometry showed the excellent regener-
ability of the magnetic composite after five cycles, demonstrating its potential for
removing cationic and anionic dyes from aqueous solutions.
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1 Introduction

Nowadays, water pollution is a growing concern for industries
such as the textile, paper, and pharmaceutical industries.
Among them, the textile industry releases a significant amount
of organic dyes every day. Due to the existence of many aro-
matic rings in the structures of these dyes that are highly resis-
tant to chemical processes [1], their removal from wastewater
with traditional biochemical and physicochemical methods is
difficult [2]. Thus, advanced methods have been used, such as
photocatalysis [3,4], adsorption [5], and biological treatments
[6]. The photocatalysis method is cost-effective and could de-
grade azo compounds under visible irradiation [7,8]. Many
researchers have focused on developing catalysts with low cost,
narrow band gap energy, large surface area, high electron-hole
pair separation efficiency, ease of fabrication, and operatability
under visible light to improve the photodegradation efficiency
[9-11].

Silver orthophosphate (Ag;PO,), known as a photocatalyst,
has a relatively narrow band gap (2.36-2.43 ¢V). Therefore, as
a highly efficient photocatalyst, Ag;PO, has the ability to act as
an antibacterial agent [12], oxidize water [13,14] and decom-
pose organic compounds in aqueous solutions under visible
light irradiation [15]. However, an insurmountable problem for
silver salts as semiconductor photocatalysts is their poor stabil-
ity [16]. Also, photocorrosion of Ags;PO, occurs during the
absence of an electron acceptor in the photocatalytic process
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[17,18]. Therefore, the advancement of the catalytic stability
and activity of these silver-based semiconductor photocatalysts
has become a critical task. Recently, more and more researches
have focused on the proper support for the catalyst in order to
enhance the application of composite photocatalysts. Ag;PO,
composite photocatalysts like Ag;PO,/SAPO-34 [19], AgsPO,/
AlPO4-5 [20], AgsPO, and multiwalled carbon nanotubes [21],
Ag;PO, and graphene [22], and Ag;PO,/CNFs/silica fiber [23]
are effective photocatalysts for Methylene Blue (MB) and
Rhodamine B (RhB) degradation.

Hydroxyapatite (HAp) [Ca;o(PO4)s(OH),] is known as the
main component of bone and teeth, belonging to the family of
apatites [24]. It is one of the materials with excellent biocom-
patibility, bone-bonding properties, and filament induction
[25]. HAp is a bioceramic that is mainly used in dentistry and
bone regeneration applications due to its similarity with the
inorganic components of bone [26]. Besides, HAp is used as an
adsorbent of metal ions or organic substances such as nicotinic
acid and phenol [27,28]. However, the photocatalytic activity
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of an Ag;PO,-supported HAp composite is restricted due to
the difficulty of its separation in practical applications. In order
to overcome this problem, iron oxide minerals were added into
the HAp support to make it easily recoverable by an external
magnet [29]. Magnetite (Fe;O,4) is known as the magnetic iron
oxide; featuring no noxiousness and easy fabrication and sepa-
ration, it has received considerable attention regarding its
encapsulation among different catalysts [30].

This study aimed to evaluate the photocatalytic activity of
an Ag;PO,-supported magnetic HAp catalyst composite
(denoted as Ag;PO,/HAp@Fe;0, hereafter) to degrade the cat-
ionic dye MB and the anionic dye Reactive Red 195 (RR 195)
in aqueous solution under visible light irradiation. The com-
posite HAp@Fe;O, was synthesized by a simple coprecipitation
method, and the Ag;PO, nanoparticles were formed by deriv-
ing the phosphate ions from HAp. In addition, the effects of
the photocatalyst dosage, the dye concentration, and the pres-
ence or absence of H,O, on the degradation of the dyes and
the recoverability of the composite Ag;PO,/HAp@Fe;0, pho-
tocatalyst were also studied.

2 Experimental
2.1 Materials

Eggshells were collected from local sources in Vietnam. Silver
nitrate (AgNO;, >99.98 %), iron(II) chloride tetrahydrate
(FeCl,-4H,O, >98%), iron(Il) chloride hexahydrate
(FeCly-6H,0, >98%), MB (> 97%), and RR 195 (99 %) of
analytical grade were purchased from Sigma-Aldrich. Phos-
phoric acid (H;PO,4, 85%), ammonia solution (NH;, 28 %),
and ethanol (C,HsOH, >99.7 %) were purchased from Sino-
pharm Chemical Reagent Co. Ltd., China.

2.2 Synthesis of Materials
2.2.1 Synthesis of Magnetic HAp (HAp@y-Fe,03)

Eggshells were washed with deionized water to remove any
odors and impurities. After pretreatment, they were finely
ground to powder and calcined at 300°C to remove organic
components, then further heated at 900°C to decompose
CaCOj; to CaO. The product was obtained in the form of a fine
white powder.

H;PO, (0.5M, 100 mL) was added slowly into 100 mL solu-
tion containing 2.8 g CaO; the pH of the mixture was adjusted
in the range of 10-12 using NH; solution under vigorous
stirring and the resultant mixture was marked as mixture A.
Mixture B contains 0.37 g FeCl,-4H,O and 1.0g FeCl;-6H,0
dissolved under vacuum in deionized water at 80 °C with vig-
orous magnetic stirring. The pH of mixture B was maintained
between 9 and 10. After 2 h, mixture A was added slowly into
mixture B, and the resulting mixture was stirred vigorously for
1h and then autoclaved for 48 h. After aging, the sample was
dried at 60°C for 48h and calcined at 300°C for 3h. The
obtained product has the light brown color of maghemite.
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2.2.2 Synthesis of Ag3PO,4-Supported Magnetic HAp
(Ag3P04/HAp@’Y'FEZO3)

Four different amounts of AgNOj; (0.1, 0.15, 0.203, and 0.254 g,
corresponding to the weight percentages of Ag;PO, of 20, 30,
40, and 50 wt %, respectively, were dissolved in distilled water.
Firstly, 4.0 g magnetic HAp was dispersed in 200 mL H,O and
the suspension was stirred intensively for 15min. Then, a
particular amount of silver nitrate solution was added dropwise
into the stirred magnetic HAp suspension. After reacting for
5h, the precipitates were separated by a permanent magnet,
washed with distilled water and dried at 60 °C under vacuum
for 24 h. The obtained composites were labeled as 20 %, 30 %,
40 %, and 50 % Ag;PO,/HAp@y-Fe,0s5.

2.3 Characterization

The crystal lattice structure of the synthesized samples was
determined by X-ray powder diffraction (XRD) using a D8
Advance system (CuKe, copper radiation, 4 =0.154 nm, 3° min~!
scanning speed; Bruker, Germany). The surface morphology
was observed by a scanning electron microscope (S-4800,
Hitachi). The Fourier transform infrared (FT-IR) spectra were
measured with an FT-IR Affinity-1S (Shimadzu). Ultraviolet-
visible light diffuse reflectance spectroscopy (UV-vis DRS) was
performed with the UV-2600 spectrophotometer from Shimad-
zu. The Brunauer-Emmett-Teller (BET) specific surface area
was determined at the temperature of liquid nitrogen (77 K) us-
ing the N, adsorption-desorption technique on a ChemBET-
3030 system. X-ray photoelectron spectroscopy (XPS) was con-
ducted using an ESCALab 250 spectrometer (Thermo VG,
UK). Vibrating sample magnetometry (VSM) was measured on
the DMS 880 VSM 100/700 K magnetometer.

2.4 Point of Zero Charge Determination Method

The point of zero charge (PZC) of Ag;PO,/HAp@y-Fe,O; was
measured by the salt addition method [31]. Typically, 50 mg of
each sample was dispersed in 50 mL 0.1 M KCl in 100-mL glass
Erlenmeyer flasks by magnetic stirring for 30 min. The initial
pH values (pHp) of the suspension were adjusted to several
values between 2 and 12 by adding either 0.25 M HCI or NaOH
solution, measured by a calibrated Hach pHC201 pH meter
with an accuracy of +0.02. After shaking for 24 h in a revolving
water bath to reach equilibrium, the resulting pH values were
measured. The difference between the initial and final pH
values (ApH = pH-pH,) against the initial pH was plotted.
The pH value where ApH was zero was taken as the PZC.

2.5 Photocatalytic Activity and Active-Species
Trapping Experiments

The activity of the Ag;PO,/HAp@y-Fe,05 magnetic photocata-

lyst was evaluated through the ability to degrade the cationic
dye MB and the anionic dye RR 195 under visible irradiation.
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The degradation process was performed as follows: 50 mg of
the catalyst was dispersed in the dye solution (30 mL, 50 ppm).
The solution mixture was placed in the dark for 60 min to
reach the adsorption-desorption equilibrium. Then, it was irra-
diated by a 125-W Xe lamp and 0.5mL H,O, as an oxidant
was added to the mixture. After each hour, 3-mL samples were
taken and centrifuged to recover the catalysts. The samples
were analyzed using a UV-Vis 2450 spectrometer at a maxi-
mum wavelength of A =664 nm for MB and A =541 nm for RR
195. The active species in the photocatalytic process could be
identified by a trapping experiment with tert-butyl alcohol
(TBA), potassium dichromate (K,Cr,0,), ammonium oxalate
monohydrate (AO), and 1,4-benzoquinone (BQ), which was
similar to the photodegradation experiment except that a num-
ber of scavengers were added into the dye solution

AgsPO, content increased from 20 % to 50 %, indicating that
Ag;PO, accumulated more on HAp@y-Fe,O;. This result is
consistent with the previous study of Gan et al. [33].
HAp@y-Fe,O3 and the composite samples were measured
with FT-IR spectroscopy to confirm the chemical structures. In
Fig. 2, the peaks at 566 and 602cm™" were assigned to v, of a
triply degenerate bending mode of (PO,)*". The characteristic
peaks at 1029 and 1096 cm™ were attributed to a triply degen-
erate asymmetric stretching mode (v;) of (PO,)*" in HAp. The
peak at 966cm™' was due to the non-degenerate symmetric
stretching mode (v;) of the (PO,* group [19,20]. The peaks
at 1639 cm™" were attributed to OH". Furthermore, the absorp-
tion peak at 1458 cm™! was a characteristic band of CO32’,
which may be due to air in the synthesis process [34]. Typical

at the beginning of the irradiation. All the experi-  a)
ments were performed under ambient conditions.

The conversion of the dye was calculated based
on its initial concentration, C, (mgL™), and the
concentration C, (mg L) of dyes in the solution at
reaction time ¢ (min).

A= {M] x 100 (1)
Co

where A is the conversion (%) of the dye(s).

Intensity (a.u.)

3 Results and Discussion
3.1 Characterization of the Samples

The crystal and chemical structures of the synthe-

Hydroxyapatite (HAp)
HAp@y-Fe,)O3
40%Ag3PO/HAp@y-Fey03

(210)

sized materials including HAp, HAp@y-Fe,03, and

the 20-50 % Ag;PO,/HAp@y-Fe,0; composites 10 20 30 20 (de r:gs) 50 60
were characterized by XRD. The results are shown 9
in Fig. 1. b) S 20%A
©Ag3PO 4/ HAp@y-Fe,0
Characteristic diffraction peaks of the apatite & 3P

phase in the HAp structure were observed at
20 =25.9° 31.77°, 32.87°, 34.04°, 49.5°, and 53.10°,
corresponding to the (002), (211), (300), (202),
(213), and (004) planes (JCPDS 09-0432). With the
HAp@y-Fe,O; sample, the peak intensity of HAp

30%Ag3P04/HAp@'Y-F€203
40%Ag3PO/HAp@y-Fe,03
50%AgsPO4/HAp@'y-F6203

decreases due to the coverage on the surface. Fur-
thermore, characteristic peaks of y-Fe,O; appeared
at 260 =35.7° and 53.3°, corresponding to the mag-

netic diffraction (311) and (422), respectively, of
the maghemite crystal planes (JCPDS 39-1346).
The Ag;PO, photocatalyst was successfully synthe-
sized using HAp as a source of phosphate ions.
Typical diffraction peaks of Ag;PO, were observed
at 20 =20.9°, 29.7°, 33.4°, 36.7°, 47.9°, 52.9°, 55.2°,
and 61.92° corresponding to the (110), (200),
(210), (211), (310), (222), (320), and (400) crystal

Intensity (a.u.)

planes, respectively (JCPDS 06-0505). These dif-
fraction peaks can be indexed to the pure body- 10
centered cubic (bcc) structure of Ag;PO, [32]. In
Fig. 1b, the diffraction peaks of Ag;PO, were
sharper along with a higher intensity when the
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Figure 1. XRD patterns of (a) pure HAp, HAp@y-Fe,0s, 40 % AgzPO,/HAp@y-
Fe,03, and (b) the 20-50 % AgsPO,/HAp@y-Fe,03 composites.
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Figure 2. FT-IR spectra of (a)pure HAp, HAp@y-Fe,0s, 40 % AgsPO4/HAp@y-
Fe,03, and (b) the 20-50 % AgsPO,/HAp@y-Fe,O3 composites.

absorption bands of y-Fe,O3 were in the range of 450-640 cm™!
[35]. The peaks at 875 and 1117 cm™ confirm the chemisorp-

tion of HAp onto the y-Fe,O; surface [10]. For the Ag;PO,/
HAp@y-Fe,O; composites, no characteristic vibrations of
Ag;PO, were observed, due to the similar chemical structures
of Ag;PO, and HAp [36].

The specific surface areas and pore sizes of HAp@y-Fe,O3
and 40 % Ag;PO,/HAp@y-Fe,0; were determined by using the
N, adsorption-desorption and Barrett-Joyner-Halenda (BJH)
methods (Fig. 3 and Tab. 1).

The N, adsorption-desorption isotherm of HAp@y-Fe,0;
and 40 % Ag;PO,/HAp@y-Fe,O5 was a type-IV isotherm. The

Chem. Eng. Technol. 2021, 44, No. 10, 1850-1862

hysteresis curves were of type Hy, characteristic of
a uniform size and a cylindrical pore shape. The
surface area of the HAp@y-Fe,O; support was
56.96 m’g"!, significantly lower than that of
Ag;PO,/HAp@y-Fe,0; with 74.33 ng’l. The for-
mation of Ag;PO, crystals on the surface of HAp
had increased the surface area. However, silver
phosphate crystal formation slightly reduced the
pore volume, from 0.48 to 0.36cm’g™’, and the
pore size also decreased from 33.68 to 19.34 nm.
Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were per-
formed to analyze the structural and morphological
characteristics of HAp, HAp@y-Fe,0;, and the
40 % Ag;PO,/HAp@y-Fe,O5 photocatalyst (Fig. 4).
The SEM image of HAp is shown in Fig. 4a; it can
be seen that HAp has a rod structure with a length
of 200-300nm. SEM of the HAp@y-Fe,O; and
40 % Ag;PO,/HAp@y-Fe,O; composites (Fig. 4b, c)
show that the y-Fe,O; and Ag;PO, nanoparticles
could not be clearly observed through SEM. In ad-
dition, the TEM images of 40 % Ag;PO,/HAp@y-
Fe,0; clearly show that the rod-shaped structure of
HAp was interspersed with spherical nanoparticles
of y-Fe,O3 and Ag;PO, nanoparticles were success-
fully immobilized on the surface of HAp@y-Fe,0s.
XPS was performed to inspect the surface com-
positions and chemical states of the 40 % Ag;PO,/
HAp@y-Fe,O3 samples. The XPS results (Fig. 5a)
show the presence of Ag, P, Ca, O, P, and Fe ele-
ments, and carbon impurities were observed in
Ag;PO,/HAp@y-Fe,0;. Fig.5b shows the binding
energy of Ag3d with two peaks converging at
368.18 and 374.17 eV, corresponding to Ag3ds,
and Ag3d,,. This indicates the existence of the
Ag" ion in Ag;PO,/HAp@y-Fe,Os. The binding
energy of 133.07 eV was assigned to P 2p (Fig.5¢).
Two types of oxygen peaks appeared in the
Ag;PO,/HAp@y-Fe,O; composite (Fig.5d). The
binding energy of 531.3eV suggested that the
oxygen originated from the non-bridging (P=0)
oxygen atoms of Ag;PO,, whereas the binding en-
ergy of 532.9¢eV indicated that the oxygen origi-
nated from the bridging oxygen atoms (P-O-Ag)
and the adsorbed oxygen or water molecules [37].
Thus, the appearance of Ag species that exist in the

Table 1. BET specific surfaces (Sger), pore volumes (V,), and
pore sizes (D) of HAp@y-Fe,03 and 40 % AgsPO4/HAp@y-Fe,0s.

Samples SBET Ve D

m’¢"]  [em’g"]  [nm]?
HAp@y-Fe,0, 56.96 0.48 33.68/34.44
40 % Ag:PO,/HAp@y-Fe,05  74.13 0.36 19.34/19.53

© 2021 Wiley-VCH GmbH

dThe pore diameters were calculated from the adsorption/
desorption branch of the isotherm using the BJH method.
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Figure 3. (a) N, adsorption-desorption isotherms and (b) pore
size distribution (inset) of HAp@y-Fe,O; and 40% AgsPO,/
HAp@y—Fe203.

form of Ag" ions was confirmed. The XPS spectrum of Ca2p
(Fig. 5e) with two peaks of Ca2ps, (347.1eV) and Ca2p,),
(350.7 eV) characterizes the state of Ca2p in HAp [38,39]. In
Fig. 5, the binding energy was 710.7 eV, which characterizes
the oxidized state of Fe**, as reported by Blomquist et al. [40].
This confirmed the absence of Fe(II) ions in the structure of
v-Fe,0s.

The absorbent properties of a semiconductor determine its
photocatalytic activity. Thus, the UV-vis DRS method was car-
ried out for the 20-50% Ag;PO,/HAp@y-Fe,O; composite
photocatalysts (Fig. 6a).

In previous reports, the absorption edge of pure Ag;PO, was
observed at 530 nm [12,41], while the adsorption edge of the
composites slightly shifted to the long-wavelength region. The
absorption wavelengths of the 20-50 % Ag;PO,/HAp@y-Fe,05
composites were 635, 652, 708, and 673 nm, respectively. The
band gap energies of the composites were calculated using the
Kubelka-Munk equation [42].

ahv = A(hv — Eg)n/2 (2)

Chem. Eng. Technol. 2021, 44, No. 10, 1850-1862
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where E, is the band gap of the semiconduction, A is the ab-
sorption constant, 9 is the frequency of light (s™), and  is the
Planck constant. The value of n was determined by the transi-
tion model of the semiconductor. In the previous study [43],
n=1 was determined by the indirect transition of semiconduc-
tors. For 20 %, 30 %, 40 %, and 50 % Ag;PO,/HAp@y-Fe,0s,
the band gap energy values were 1.95, 1.9, 1.75, and 1.84 eV,
respectively. When the content of Ag;PO, increased to 50 wt %,
the band gap energy increased again, proving that, when
Ag;PO, entirely covered the surface of HAp, the band gap en-
ergy will gradually shift to the level of pure Ag;PO,, which was
2.33 eV. Also from the obtained results it was shown that, when
Ag;PO, nanoparticles were loaded onto the HAp@y-Fe,O5
support, the band gap values were lower than those of pure sil-
ver phosphate. This could be due to the addition of maghemite
nanoparticles which absorb sunlight. The light creates pairs of
charge carriers in the composite photocatalyst, consisting of a
negatively charged electron and a positive charge hole [44, 45],
indicating that the use of the HAp@y-Fe,O5 support as the pre-
cursor was a crucial factor in increasing the efficiency of the
photocatalyst.

The charge separation of the catalysts was investigated by
the analysis of room temperature photoluminance (PL) spectra.
As shown in Fig.7, all the photocatalysts show a broad PL
emission peak centered at around 602 nm. It can be found that
the PL emission intensities reach the maximum value for the
20 % Ag;PO,/HAp@y-Fe,O3 composite and decrease signifi-
cantly with the 30-50 % Ag;PO,/HAp@y-Fe,O; composites.
Notably, the 40 % Ag;PO,/HAp@y-Fe,O; composite exhibits
the lowest PL emission intensity, clearly demonstrating that the
recombination of the photogenerated electron-hole pairs was
effectively inhibited to increase the photocatalytic activity and
performance yield.

3.2 Photocatalytic Activity

The isoelectric point is an essential factor of the surface and is
closely related to the material adsorption properties. When the
solids disperse in water with a pH value lower than the isoelec-
tric pH, the material surface is positively charged due to H' ion
adsorption in aqueous solution, resulting in ApH variation in
positive solution and conversely. Fig. 8a shows the dependence
of the ApH on the initial pH value (pH;) of the photocatalytic
composite. From Fig. 8a, the isoelectric point of 40 % Ag;PO,/
HAp@y-Fe, 05 was determined to be 6.8. Hence, the composite
can adsorb both anionic and cationic dyes.

Fig.8b illustrates the photocatalytic performance degrada-
tion of RR 195 and MB using the 40 % Ag;PO4/HAp@y-Fe,0;
composite under visible light irradiation for 4h. The results
show that the photodegradation of RR195 reached 96.82 %
after 4h, and the MB dye was completely degraded within 3 h,
indicating that 40 % Ag;PO4/HAp@y-Fe,O; could efficiently
harvest sunlight to drive the photocatalytic reaction. This is
entirely consistent with the value obtained from the isoelectric
point on the surface of HAp@y-Fe,O; with pHpyc=6.8. The
HAp@y-Fe,O; surface is thus positively charged in acidic
pH (pH<6.8) and negatively charged in alkaline pH
(pH >6.8). The obtained results in Fig.8b showed that the

www.cet-journal.com
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HAp@y-Fe,O5 composite.

Ag;PO,/HAp@y-Fe,0; photocatalyst has a high degradation
efficiency with both the MB and RR195 dyes. However, as
RR 195 has a complex structure and a longer degradation time
than MB, RR 195 was chosen as the model dye to evaluate the
factors affecting the photocatalytic efficiency of Ag;PO,/
HAp@y-Fe,O;. Additionally, looking at the supplementary
data (see Supporting Information Tab. S1), the performance of
Ag;PO,/HAp@y-Fe,O; in this study is comparable to or far
outweighs those of other materials such as O-g-C;N,/H-ZSM-5
[10], Fe-AO-n-PAN [46], or Ag;PO,/Ag [32], which were
tested under similar conditions.

3.2.1 Effect of the AgzPO, Contents

The photocatalytic activities of the 20-50 % Ag;PO,/HAp@y-
Fe,O; composites were evaluated by the degradation of RR 195
in aqueous solution (30mL) under visible light irradiation.
Before the Xe lamp irradiation, the mixture containing the
Ag;PO,/HAp@y-Fe,O; and RR 195 solution was magnetically
stirred for 1h in the dark to reach the adsorption-desorption
equilibrium. Fig.9a shows that the Ag;PO,/HAp@y-Fe,05
composite with 40 % Ag;PO, exhibited the highest photocata-
lytic activity, degrading 96.82 % of RR 195 after 4h of irradia-
tion. However, when the Ag;PO, content reached 50 %, the
degradation efficiency was reduced to 88.83 %. Due to an in-
crease in the active-phase content, the Ag;PO, nanoparticles
agglomerated, thereby reducing the penetration of light into

Chem. Eng. Technol. 2021, 44, No. 10, 1850-1862
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HAp@;y-Fe,0, 40%Agz;POJHAP@1-Fe,0;

1.00ur|n IMS-NKL 5.0kV 5.3mm x50.0k SE(M)

the inner layer of the solution. It can be assumed that the
reduction in catalytic activity is due to the shielding effect of
the catalyst [47-49]. Therefore, 40 % Ag;PO4/HAp@y-Fe,05
was determined to be the optimal active-phase dose, which was
used in the subsequent experiments.

3.2.2 Effect of the RR 195 Concentration

The effect of the initial concentration of RR 195 on the photo-
catalytic activity was investigated with concentrations ranging
from 30 to 90 ppm under visible light (Fig. 9b). The dye degra-
dation efficiency depended on the initial concentration of
RR 195. For example, 50 ppm of RR 195 shows the highest deg-
radation efficiency at 96.82 %; when the initial concentration of
RR 195 increased from 50 to 90 ppm, the photocatalytic effi-
ciency decreased from 96.82% to 82 %. The obtained results
show that the photocatalyst had a high adsorption ability with
low concentrations of RR 195; this could be due to the larger
surface area of the photocatalyst material. Furthermore, in-
creasing the dye concentration will stimulate the interaction
between the initial dye molecules and forms the intermediate
products of the adsorption process. Pare et al. [50] suggested
that, when the irradiation time and catalyst content are con-
stant, *O, radical formation on the catalyst surface decreases
with increasing initial dye concentration.
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Figure 5. XPS spectrum of the 40 % AgsPO,/HAp@y-Fe,O3 composite photocatalysts: (a) survey scan, (b) Ag 3d, (c)P2p, (d)O 1s,

(e) Ca2p, and (f) Fe 2p.

3.2.3 Effect of an Oxidizing Agent on the
Photodegradation of RR 195

From the quantum point of view, the low quantum efficiency is
due to the rapid recombination between photogenerated elec-
tron-hole pairs. The oxidant H,0, was added to the reaction

Chem. Eng. Technol. 2021, 44, No. 10, 1850-1862
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system to prevent this recombination. H,O, can act as scav-
enger of electrons that were produced during photocatalysis.
The OH™ ion that was produced from the decomposition reac-
tion of H,O, under light in turn reacts with holes (h*), thus
restricting the recombination of electrons and holes in the
molecular orbital of the photocatalyst [51,52]. In additon,
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Figure 6. (a) UV-vis diffuse reflectance spectra, (b) Kubelka-Munk

plot of the 20-50 % AgsPO4/HAp@y-Fe,03 composites.

H,O, can also act as the source of oxidation because it con-
sumes conduction band electrons to form active valence band
holes that oxidize RR 195. The reaction between conduction
band electrons formed free radical anions (*O,  and °*OH).
Fig. 9c shows that 96.82 % of RR195 was degraded using the
oxidant H,0,. However, the conversion of RR195 under the
same conditions also reached 92.82 % without using H,O,. The
decrease in the conversion rate during the photodegradation of
RR 195 was negligible when using the 40 % Ag;PO,/HAp@y-
Fe,0; photocatalyst. Phosphorus addition in the structure of
Ag;PO, appears to have adjusted both its structure and
oxidation capacity, and thus led to higher photooxidation by
Ag;PO, under visible light irradiation [15]. Moreover, the
40 % Ag;PO,/HAp@y-Fe,O; composite released silver ions,
which were reduced by photoexcited electrons and led to the
rapid carrier (electrons-holes) separation, both with and with-
out H,0, [53].

3.3 Reusability

The recyclability and reusability of composite photocatalysts
are essential for practical applications. Fig.10a shows the
degradation of RR 195 using the photocatalyst. After the first
degradation cycle, the photocatalyst was collected by an exter-
nal magnet and used for the next cycles. The catalytic efficiency
of 40 % AgsPO,/HAp@y-Fe,0; remained at over 90 % after five
consecutive uses, indicating the high reusability of the Ag;PO,/
HAp@y-Fe, 05 composite.

The magnetic stability of the photocatalyst was measured by
VSM. The obtained results from Fig. 10b show that the satura-
tion magnetization of Ag;PO4/HAp@y-Fe,0; before and after
the five recycles were 2.9 and 2.7 emug™, respectively, at a
magnetic field of 100000Oe, implying that the magnetic
response to the magnetic field was maintained.
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610 Figure 7. Photoluminescence spectra of the 20-
50 % Ag3PO4/HAp@y-Fe,05 composites.
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Figure 8. (a) PZC for the AgsPO,/HAp@y-Fe,O3 composite;
(b) RR195 and MB photocatalytic degradation over the
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3.4 Mechanism of Photocatalytic Degradation Without H.O 272
of MB and RR 195 08 L 272
The trapping experiment of various active species was investi-
gated by photodegradation of the MB and RR 195 dyes. BQ, o6 L
AO, TBA, and K,Cr,0; were used as the superoxide radical o
(°O5"), hole (h™) scavenger, hydroxyl radical (*"OH), and elec- 8
tron (e|_) scavenger, respectively. As shown in Fig. 11a,b, the 04l
maximum values of photodegradation of MB and RR 195 were '
achieved in the absence of quenchers. The introduction of TBA
and K,Cr,0; leads to a negligible effect on the photodegrada- 02l
tion of MB and RR 195, indicating that *OH and e|_ are also
minor activated species in the photodegradation of cationic
(MB) and anionic (RR195) dyes. In contrast, the addition of 0.0
BQ significantly suppresses the photodegradation activity of 0 1 2 3 4

the Ag;PO,/HAp@y-Fe,O; composite, revealing that the
superoxide radical plays a crucial role in the photocatalytic
process. The addition of AO also slightly decreases the photo-
catalytic activity of the dyes. From this, it was confirmed that
°0,” was responsible for the MB and RR 195 degradation.
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Reaction Time (hour)

Figure 9. Photodegradation of RR195 under various reaction
conditions of (a) photocatalysts, (b) concentration of the RR 195,
(c) without H,0, and with 0.5mL H,0,. Reaction conditions:
Vsample =30mL, Mphotocatalyst = 50mg, 0.5 mL H,0,.
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Figure 10. (a) Stability study on the photocatalytic degradation
of a RR195 solution over 40% Ags:PO,/HAp@y-Fe,Os under
simulated sunlight irradiation. (b) Magnetic hysteresis loops of
40 % AgsPO4/HAp@y-Fe,0O3 before reaction and after five
recycles. Reaction conditions: Viample = 30 ML, Mppotocatalyst =
50 mg, 0.5 mL H,0,.

Based on the above discussion, the active species *O,” and h*
work together to degrade the MB and RR 195 dyes. The reac-
tions are proposed as follows:

Ag,PO,/HAp@y-Fe, 05 -+ visible irradation —>ecp + hyy

(©)
ecp + 0, "0, 4)
*0, + dyes — degradation products (5)
ht + dyes — degradation products (6)

Chem. Eng. Technol. 2021, 44, No. 10, 1850-1862

© 2021 Wiley-VCH GmbH

Figure 11. Trapping experiments of active species during the
photocatalytic degradation of (a)MB and (b)RR195 over the
40 % AgsPO,/HAp@y-Fe,03 photocatalyst under Vvisible light
irradiation. Reaction conditions: Vsample = 30 ML, Mpnotocatalyst =
50mg, 0.5 mL H,0,.

4  Conclusions

As green photocatalyst, the Ag;PO,/HAp@y-Fe,O; composite
with well-dispersed Ag;PO, nanoparticles on magnetic HAp
was successfully synthesized in aqueous solution via coprecipi-
tation. Eggshells were used as the main source for the synthesis
of HAp. The crystal structure, surface morphology, chemical
state, optical properties, and recoverability by an external
magnetic field were investigated by XRD, SEM, BET analysis,
XPS, UV-vis DRS, and VSM. The Ag;PO,/HAp@y-Fe,03 sam-
ples exhibited high photocatalytic activity in degradation for
both anionic and cationic dyes under visible light. The
Ag;PO,/HAp@y-Fe,O; composite with its ease of fabrication,
high photocatalytic activity, convenient recovery by magnet,
and high reusability has potential as photocatalyst for practical
applications in treating organic pollutants using direct solar
energy.
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Abbreviations

AO ammonium oxalate monohydrate

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

BQ 1,4-benzoquinone

FT-IR Fourier transform infrared

HAp hydroxyapatite

MB Methylene Blue

PL photoluminance

PZC point of zero charge

RR 195 Reactive Red 195

SEM scanning electron microscopy

TBA tert-butyl alcohol

TEM transmission electron microscopy

UV-vis DRS ultraviolet-visible light diffuse reflectance
spectroscopy

VSM vibrating sample magnetometry

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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