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ABSTRACT

New magnetically separable CaFe;O4/AgsPO,4, MgFe,04/AgsPO,4, rGO/CaFe,04/AgsPO,4 and
rGO/MgFe,04/AgsPO, photocatalysts synthesized by the hydrothermal and ion-exchange
deposition method. These four types of photocatalyst were used for degradation of Methylene
blue (MB), Methyl orange (MO) and 4-chlorophenol (4-CP) in aqueous solution under
visible-light illumination. The optimized photocatalyst, i.e. rGO/CaFe,04/AgsPO, with a
mass ratio of (1:3:9) composite not only shows the highest photocatalytic performance for the
degradation of MB, MO and 4-CP under visible light irradiation among the other synthesized
photocatalysts but also exhibits high reusability and stability for at least 5 cycles. It was
found that the impressive separation of electron-hole pairs as well as presence of rGO sheets

which act as a high speed charge transfer were responsible for increasing photocatalytic
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activity over the optimized photocatalyst under visible-light irradiation. A possible
mechanism for the increased photocatalytic activity of the rGO/CaFe,04/AgsPO,4 with a mass

ratio of (1:3:9) composite was discussed in detail.
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INTRODUCTION

In the ubiquitous scientific world, development of environmentally friendly catalysts is
one of the more considerable issues. Semiconductor photocatalysis as a green technology to
remove hazardous organic contaminates in water has attracted extensive attention, as it can

use sunlight irradiation as the energy source [1-4].

In the past years, some new and efficient photocatalytic materials such as Ag-based
photocatalysts have been developed in order to increase the visible-light activity. For
instance, silver orthophosphate (AgsPO4) is an efficient visible-light responsive
photocatalyst, because of its perfect capabilities in the photodegradation of organic
contaminates. AgsPO, has been considered a good semiconductor photocatalyst with high
photooxidative capabilities for O, generation from water. Unfortunately, AgsPO;, is light-
sensitive and slightly soluble in aqueous media. Therefore, AgsPO, can be photo-corroded
and decompose under light irradiation. Ag"* is transformed into weakly active Ag during the
photodegradation process, so photocatalytic activity of AgsPO, slowly decreases due to the
photocorrsion by the photogenerated electrons and the practical application of AgsPO, is

considerable limited [5-8].

In order to resolve this problem, recent studies have indicated that combining two or more
semiconductors to prepare a composite structure protects the AgsPO, nanoparticles from
dissolution in aqueous media. This strategy can enhance photocatalytic performance and
stability of AgsPO,4[9-13].

Some Ags;POs-based hybrid composites have been prepared in order to improve
photocatalytic =~ performance and  stability. For example, Ag/AgsPO; [2],
TiO./AgsPO4/graphene  [14], Fe304-AgsPO4J/Agl  [15], AgsPO4/Bi,MoOs  [5],
AgsPOg4/nitridized SroNb,O7 [16], AgsPOJ/AQ,CO3 [17], AgsPO4/CeO, [18], AgsPO4/rGO
[19-21] have been synthesized and exhibited increased photocatalytic performance and
stability than neat AgsPO,. However, aforementioned composites cannot separate and recycle
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easily. To overcome this issue, magnetic composite photocatalysts have been developed.
These kinds of composites can separate from aqueous media via an external magnet easily
[8,22].

Spinel ferrites have considered worthy of attention due to their magnetic properties and
the thermal and chemical stability of these particles. Spinel ferrites have been used for many

applications such as preparing efficient and separable composite photocatalysts [23-27].

Calcium ferrite (CaFe,O4) and Magnesium ferrite (MgFe,O,) are suitable choices for
fabrication of magnetic composite photocatalysts. CaFe,O, and MgFe,0, are visible-light
responsive semiconductors with narrow bands gap of approximately 1.9eV and 2.18eV,
respectively. Also, spinel ferrite-based catalysts can be easily separable because of their
magnetic properties [28-34].

Up to now, coupling of AgsPO,4 with spinel ferrites is rare. Chen et al. fabricated a
ZnFe,04/AgsPO,4 photocatalyst which improved the photocatalytic activity compared with
neat AgsPO, [35]. Zhao et al. synthesized NiFe,O4/Ag3PO, photocatalysts that enhanced the
photocatalytic performance towards the degradation of methylene blue [36].

In recent decades, reduced graphene oxide (rGO) has attracted tremendous attention in
photocatalysis because of its unique properties such as large surface area, better electronic
conductivity and good solution-dispersibility. In fact rGO is a good candidate for the

preparation of different graphene-based composite photocatalysts [37-41].

The extensive presence of organic contaminates in waste water from industries or
households is an serious environmental problem. These persistent organic chemicals can be

found in groundwater [8,19].

For instance, chlorophenols such as 4-chlorophenol (4-CP) in aqueous solution are
important micropollutants of the aquatic environment. Also, organic dyes (MB, MO, etc.) are
an important source of water contamination. Many technologies have been employed over the
years for water decontamination [42,43]. Among these various strategies, photocatalysis
phenomenon has attracted attention because of the simplicity, high reproducibility and perfect

performance.
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The aim of this work is to prepare magnetically separable visible-light responsive
photocatalysts, which are stable and easy to synthesize. CaFe,04/AgsP0O,4, MgFe;04/Ag3POy,,
rGO/CaFe;04/AgsPO, and rGO/MgFe,04/AgsPO4 composites were successfully synthesized.
The photocatalytic performance of these composites were evaluated by photo-degradation of
4-CP, MB, MO in water under visible-light irradiation. The synergistic effects of GO
contents in CaFe,O4/Ags;PO, and MgFe,O4/AgsPO, composites on the photocatalytic

efficiency are investigated.

The present study opens promising perspectives for increasing visible-light-driven
photocatalytic efficiency based on graphene oxide in order to destroy toxins.

MATERIALS AND METHODS

Reagents and apparatus. The materials including ferric nitrate (Fe(NO3)3.9H,0), calcium
nitrate (Ca(NOg3),.6H,0), magnesium nitrate (Mg(NO3),.6H,0), silver nitrate (AgNO3),
sodium phosphate monobasic (NaH,PO,), sodium hydroxide (NaOH) , graphite powder, MB
(C16H18CIN3S), MO (Cy4H14N3NaOsS), 4-chlorophenol (4-CP), were extra pure and
purchased from Merck company and used without further purification. Other chemicals and
solvents such as ethylene glycol (EG), ethanol (C,H¢O) were of analytical grade and used as

received.

Fourier transform infrared (FTIR) spectra of the prepared samples were recorded on a
Bruker Tensor 27 spectrometer using a KBr pellet for sample preparation at room
temperature. The structure of samples were investigated via using X-ray diffraction (XRD)
technique that were carried out on an Inel Equinox 3000 X-ray diffractometer using Cu Ka
radiation. Raman measurements (wavelength 532 nm) were acquired by an Upright Raman
microscope with DPSSVD: YAG type of laser excitation. The magnetization of the prepared
samples was measured with vibrating sample magnetometer (VSM) (Lake Shore Model
7400, Japan) operating at room temperatures. Optical absorption spectra of the prepared
samples were investigated by Ultraviolet—visible (UV—vis) diffuse-reflectance spectra (DRS)
on an Avaspec-2048-TEC UV—vis—NIR spectrometer that Barium sulfate (BaSO,) powder
was the internal standard in the wavelength range of 200—800 nm. All of the binding energies
were determined by this method. Photoluminescence (PL) spectroscopy was monitored using
a CARY ECLIPSE fluorescence spectrometer. The morphology and particle distribution were
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performed by TESCAN MIRA II field emission scanning electron microscope. The
electrochemical impedance spectra (EIS) were carried out by the Autolab
potentiostat/galvanostat apparatus in a three electrodes cell. Pt wire as the counter electrode,
AgQ/AgCI (saturated KCI) as the reference electrode and 0.5 M Na,SO, solution as the
electrolyte were applied. EIS measurements were also gained at the open-circuit voltage and
these measurements were taken in the frequency range from 0.1 Hz to 100 kHz with AC
amplitude of 5 mV. In order to fabricate of working electrode, 30 mg as-prepared catalyst
powder and 1 mL ethanol solution were sonicated and then the mixture was sprayed on a 1x1
cm? area of FTO (fluorine doped tin oxide) glass and allowed to dry at 400 °C for 1 h in
furnace. The EIS measurements were carried out at room temperature (25 °C). A 500 W

xenon lamp source equipped with AM 1.5G filter was used as the light source.

Synthesis of MFe,O, (M= Ca, Mg)/AgsPQO, photocatalysts. MFe,O, (M= Ca, Mg)/AgsPO,
composites were synthesized by an ion-exchange method. In the first step, MFe,04
nanoparticles were prepared by simple hydrothermal method. The calcium nitrate
Ca(NO3),.6H,0 and ferric nitrate Fe(NO3)3.9H,0 with a molar ratio of (1:2) were added into
60 mL ethylene glycol (EG). After being sonicated for 10 min, the pH of the solution was
adjusted to 10 using an appropriate NaOH solution. Then the resulting mixture was
transferred into a 100 mL Teflon-lined autoclave and heated to 125 'C for 24 h. After
filtration and being washed several times with ethanol, the product was dried to obtain
CaFe,O,4 nanoparticles. The MgFe,O4 nanoparticles were synthesized by the same method by

replacing the calcium nitrate with magnesium nitrate.

A procedure for preparing of CaFe,04/AgsPO, composite with a mass ratio of (1:3) is as

follows:

0.510 g (3 mmol) of AgNO; was solved in 20 mL distilled water and ammonia aqueous
solution (1.0 M) was added gradually to the aforementioned solution in order to form a
transparent solution. Then 0.17 g CaFe,O, was added into the solution and resulting mixture
was sonicated for 30 min. 10 mL aqueous solution of NaH,PO, (0.1 M) was added with drop
by drop to the above mixture while sonication, then prepared mixture was sonicated for
another 30 min. The precipitates were filtered and being washed with distilled water and
dried at 80 °C for 24 h (Scheme 1). The MgFe,O4/AgsPO, composite (1:3) were prepared via
the same procedure by replacing synthesized MgFe,O4 nanoparticles with CaFe,O,4

nanoparticles.
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The AgsPO,4 nanoparticles was prepared by a similar method without adding CaFe,O, or

MgFe,O4 nanoparticles.

Synthesis of the rGO/ MFe, O, (M= Ca, Mg)/ AgsPO, photocatalysts. Graphene oxide (GO)
was synthesized from purified graphite powder based on Hummers method [39]. In order to
synthesize rGO/ CaFe,0,4 composite a hydrothermal method was used. First Ca(NO3),.6H,0O
and Fe(NO3)3.9H,0 with a molar ratio of (1:2) were dissolved into 60 mL EG and treated
with sonicate for 10 min. Second, 0.056 g GO was dispersed into 10 mL EG. After being
sonicated for 1 h, two solutions were mixed together and sonicated for another 1 h. Then
suitable amount of NaOH solution was added to resulting solution until the pH reached 10.
The mixture was transferred into a 100 mL sealed Teflon-lined autoclave for 24 h at 125 °C.
The prepared precipitate was washed with ethanol and dried to obtain rGO/ CaFe,04
nanoparticles. Some amount of oxygen- containing groups in GO reduced during the
hydrothermal reaction process, so the products of rGO are in the prepared composite. The
similar method by replacing the calcium nitrate with magnesium nitrate was applied in order

to synthesize rGO/ MgFe,O,4 nanopaticles.

For typical preparation of rGO/MFe,04(M= Ca, Mg)/AgsPO,4 composites with a mass
ratio of (1:3:9), 0.510 g AgNO3 were dispersed into 20 mL distilled water and ammonia
aqueous (1.0 M) was added dropwise into the solution of AgNOs. Then 0.17 g rGO/
MFe,04(M= Ca, Mg) was added into the mixture sonicated about 2 h in order to make Ag*
combine with the surface of rGO/ MFe,O4(M= Ca, Mg). After that, 10 mL NaH,PO, (0.1 M)
was added into the above solution gradually. The prepared mixture was sonicated for another
30 min. Finally, the product was collected and washed with distilled water and dried at 80 °c
for 2 h.

Photocatalytic activity measurement. The photodegradation performance of the synthesized
samples were evaluated for MB, MO and 4-CP degradation in agueous solution under visible
light irradiation. A 250-W mercury lamp with a cut off filter (providing visible light Z 420
nm) as the light source was employed. Photocatalytic experiment was carried out in a 150 mL
photoreactor at room temperature (25 °C £ 2 °C). In all of the measurements, distance
between the lamp and the reactor was kept at 50 cm and its focused intensity on the reactor
was calculated 85.272 uW.cm. Fig. 1 shows the emission wavelength of the 250-W mercury
lamp with the UV cut-off filter. For each experiment, a desired amount of prepared
photocatalyst (0.5-3 g/L) was added to the MB, MO and 4-CP aqueous solutions with a
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favorite concentration of pollutant (15-35 mg/L) and illumination under continuous stirring.
Prior to irradiation, the solution was stirred in the dark for 1 h to obtain an equilibrium
between MB, MO and 4-CP aqueous solution and prepared photocatalysts. Then, the mixture
was exposed to Mercury lamp illumination under continuous stirring. At a given time interval
of irradiation, 5 mL of the reaction mixture was withdrawn and photocatalyst was
magnetically separated. The concentration of the residual MB, MO and 4-CP in the reaction
of solution were monitored by measuring the absorbance of solution at the wavelength 667,
469 and 280 nm respectively.

To study the reaction kinetic of photodegradation reaction of MB, MO and 4-CP under
visible light illumination, the pseudo-first-order model called Langmuir-Hinshelwood (L-H)
kinetic was used (Eq. (1)) [44].

dc  kKC
dt 1 +KC (1)

In which r, C, t, k and K are degradation rate (mg L™ min™%), organic pollutant
concentration in aqueous solution after the various intervals of time (mg L ™), irradiation time
(min), reaction rate constant (min ') and adsorption coefficient of organic pollutant (L mg™),

respectively. At low initial concentration of organic pollutant, the Eq. (1) is reduced to the
Eq. (2):

dC

:I'=—E=Kappl: (2)

Where Kapp is gained for organic pollutant photodegradation from plotting the graph of
In(Co/Cy) versus t.

The photocatalytic stability of the prepared photocatalysts was investigated by using
repeated test for MB, MO and 4-CP degradation. After reaction in each test, the mixture was
extracted to investigate the concentration of MB, MO and 4-CP, while the reacted prepared

photocatalysts were collected via an external magnet and dried at 80 °C for the next run.

Also, the free radical trapping experiments were carried out. Tert-butyl alchol (t-BuOH)
was chosen as the hydroxyl radical ((OH) scavenger, benzoquinone (BZQ) was chosen as the
superoxide radical (O,™) scavenger, KI was chosen as the hole (h*) scavenger.
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RESULTS AND DISCUSSION
Characterizations

FT-IR spectroscopy. Fig. 2 displays FT-IR spectra of CaFe,O4, AgsPO,4, CaFe;O4/AgsPO,
and rGO/CaFe,04/AgsPO, nanoparticles. As shown in Fig. 2a, the FT-IR spectrum exhibits
the characteristic peaks of the calcium ferrite skeleton. The small peak appeared at 3408 cm™
indicated the stretching vibration of the O-H band. Presence of this small peak is attributed to
adsorbed water at the surface of calcium ferrite nanoparticles. Also, the band at 2501 cm™ is
corresponding to the trace of atmospheric or adsorbed CO,. The peak at 1433 cm™ can be
attributed to the C-H bending frequencies of the remaining trace of EG. The band at 881cm™
correspond to Fe-O-H bending vibrations and the bands at 487 and 455 cm™ attributed to the
stretching vibration of the Ca-O and Fe-O (metal-oxygen bonds) [32,45].

Fig. 2b shows the FT-IR spectrum of AgsPO,4 nanoparticles. The band at 3176 cm™ is
attributed to the O-H stretching of water molecules. The sharp peak at 1388cm™ is related to
the antisymmetric stretching mode of the PO,> group, whereas the symmetric vibration mode
of PO,> group is found at 763cm™. The asymmetric stretching vibration of P-O bonds is
found at 1020 cm™. Also, the peak at 547cm™ is attributed to the asymmetric bending mode
of P-O bonds [46].

In spectrum of CaFe,04/AgsPO, (1:3), the absorption peak at 422 and 462 cm™ ascribed
metal-oxygen bonds that become weak and the absorption peaks at 555, 759 and 1020 cm™
can be assigned to the symmetric bending mode of P-O bonds, symmetric vibration mode of
PO,> group and asymmetric stretching vibration of P-O bonds, respectively (Fig. 2c). In
spectrum of rGO/CaFe,04/AgsPO. (1:3:9) composite (Fig. 2d), the peak at 1541 cm™ appear
due to the skeletal vibration of graphene [47].

Fig. Sla (see Supporting Information file) shows FT-IR spectra of MgFe,O,
nanoparticles. The absorption bands at 3454 and 1629 cm™ are attributed to vibration of
bonded O-H and H-O-H of adsorbed water hydroxyl ions. The band at 881 cm™ is related to
Fe-O-H vibrations in FeOOH. The peaks at 490, 492 and 457 cm™ correspond to the
vibrations of metal oxygen bonds such as Mg-O and Fe-O. The band at 1438 cm™ may be
related to C-H bending frequencies of remaining trace EG [45,48].

Fig. S1b exhibits the spectra of AgsPO4 nanoparticles and Fig. Slc displays the FT-IR
spectra of MgFe,04/AgsPO, (1:3) composite. The peaks at 486 and 524 cm™ are assigned to
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the vibrations of metal-oxygen bonds. The bands at 557 and 767cm™ are attributed to the
symmetric bending mode of P-O bonds and symmetric vibration mode of PO, respectively.
The peak at 1037 cm™ is related to asymmetric stretching vibration of P-O bonds. As shown
in Fig. S1d that is related to the sample of rGO/MgFe,O4/AgsPO, (1:3:9) the band at 1541

cm correspond to the skeletal vibration of graphene.

XRD analysis. Fig. 3 shows X-ray diffraction pattern of prepared AgsPO4 CaFe,0y,
CaFe,04/AgsPO,4 and rGO/CaFe,04/AgsPO,4 nanoparticles. All diffraction peaks can be
indexed to AgsPO, (JCPDS NO. 6-0505) or CaFe;O, (JCPDS NO. 74-2136). The XRD
pattern of CaFe,O4/AgsPO,4 (1:3) depicted in Fig. 3b indicates that the material obtained
contains just CaFe,O, and AgsPO,. Also, at the XRD pattern of rGO/CaFe,04/AgsPO,
composite no typical peak of GO at 20~10 was observed that is due to the presence of

CaFe,O,4 and AgsPO,4 nanoparticles between interlayers during the reduction process.

As shown in Fig. S2, the diffraction peaks of MgFe,O, are in agreement with standard
diffraction pattern of MgFe,O4 (JPDC NO. 36-0398). The XRD pattern of MgFe,;04/Ag3PO4
(1:3) indicated that this sample obtained contains MgFe,0, and Ag;PO, nanoparticles and no
other impurities are observed. In Fig. S2b, no peak of GO was detected. This issue is related
to the presence of MgFe,O, and AgsPO, nanoparticles between interlayer of GO sheets
[14,46,49,50].

FE-SEM images. Fig. 4a and Fig. S3a showed the FE-SEM micrograph of prepared CaFe,04
and MgFe,O4 nanoparticles, respectively. The micrographs showed the formation of spherical
CaFe,O, and MgFe,O, nanoparticles. CaFe,O, nanoparticles have diameter distribution
between 100-200 nm. The estimated particle size of MgFe,O, nanoparticles were in the range
of 50-70 nm. FE-SEM images of rGO/CaFe,0O, and rGO/MgFe,O4 composites were shown in
Fig. 4b and Fig. S3b, respectively. In a comparision, in Fig 4b, S3b homogenous spherical
particles of CaFe,O, and MgFe,O, were loaded on graphene’s surface. Presence of
graphene’s sheets could be vividly limited the aggregation and size of synthesized spinel
ferrites. It could be seen that prepared calcium ferrite had better interaction with graphene’s

sheets than magnesium ferrite.

Morphology of the prepared AgsPO,4 nanoparticles was observed in Fig. 4c. As can be
seen from Fig. 4c, prepared AgsPO, particles have irregular particles morphology.
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The FE-SEM images of CaFe,04/AgsPO, and MgFe,04/AgsPO, composites were shown
in Fig. 4d and Fig. S3c, respectively. It can be seen that the CaFe,O, and MgFe,O, particles

scattered on the surface of AgsPO, particles in aforementioned images.

Fig. 4e, f and Fig. S3d, S3e displayed the FE-SEM images of synthesized
rGO/CaFe;04/AgsPO, and rGO/MgFe,04/AgsPO, composites, respectively. The images of
the rGO/MFe,04 (M=Ca, Mg)/AgsPO, with a mass ratio of (1:3:9) indicate that rGO sheets
are embedded between the crystal particles. The calcium and magnesium ferrite nanoparticles

are agglomerated around the AgsPO, crystal to form a composite structure.

Raman analysis. Fig. 5 compares the Raman spectra of both CaFe,O4 and rGO/CaFe,04
nanoparticles. The CaFe,O, Raman plot shows the typical peaks at 440, 566, 649 and 1246
cm’, respectively. The Raman plot of rGO/CaFe,0, composites show the characteristics D
and G peaks at 1359 cm™ and 1571 cm™ in addition to the peaks that were related to CaFe,O,

nanoparticles.

Fig. S4 exhibites the Raman plot of MgFe,O, and rGO/MgFe,O4 nanoparticles. The
peaks in the range of 100-1000 cm™ were observed [43]. These peaks confirmed the pure
MgFe,O,4 nanoparticles. In Fig. S4b that is related to the rGO/MgFe,O, composites in
addition to the peaks corresponding to MgFe,0,, the characteristics D and G peaks at 1359
cm™ and 1563 cm™ appear which confirmed the dispersion of graphene oxide into reduced

graphene oxide.

VSM Magnetic analysis. The magnetic response of pure CaFe,0,4, rGO/CaFe,04/AgsPO, and
MgFe,O4 and rGO/MFe,04/AgsPO, (1:3:9) nanoparticles has been investigated by VSM.
(Fig. 6 and S5). It could be observed that presence of MFe,O4 (M= Ca, Mg) nanoparticles
introduce the magnetic behavior in rGO/MFe,04 (M= Ca, Mg)/AgsPO,4 composites. A drop in
Ms values has been observed from 30.2 emu/gm and 26.9 emu/gm for CaFe,O, and MgFe,04
to 7 and 5 emu/gm for rGO/CaFe,04/AgsPO, and rGO/MgFe,04/AgsPO,4 nanoparticles,
respectively. The lower values of the Ms can be related to the presence of AgsPO, particles
and rGO sheets in the rGO/MFe,O, (M= Ca, Mg)/AgsPO, composites. However the
magnetic behavior of rGO/MFe;O, (M= Ca, Mg)/AgsPO, composites allow their easy

separation from suspended system by an external magnet [51].
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UV-vis analysis. Fig. 7a, b and Fig. S6a exhibits the UV-vis diffuse reflectance spectroscopy
of the CaFe;04, AgsPO,4and MgFe,O4 nanoparticles, respectively. The band gap energy (Eg)
of these three samples were calculated by the following equation:

ahv = A (hv-Eg)* (3)

Where o is absorption coefficient and h is plank constant. Furthermore, v and A are light
frequency and a constant, respectively. Eq can be obtain from a region in the plot of (ohv)?

versus photon energy (hv) [37].

The band gap energy of the pure CaFe,0,4, MgFe,O,4 and AgsPO,4 nanoparticles are about
1.52, 1.68 and 1.94 eV respectively. The E4 of these three samples are low compared to
standard value, which can attribute to the different conditions of synthetic hydrothermal
method. Diffuse reflectance spectroscopy of CaFe,04/AgsPO, (1:3) and MgFe,04/AgsPO,
(1:3) composites are illustrated in Fig.7 and Fig. S6b, respectively. The value of Ey for
CaFe,04/AgsPO, composite was calculated 1.31 eV and this value for MgFe;04/AgsPO4
composite was 1.35 eV. So, these two composites have higher visible light absorption
capability. Introduce of rGO sheets decreases band gap energy of CaFe,04/AgsPO, and
MgFe;04/AgsPO, composites. The Eq for rGO/CaFe,04/AgsPO4 and rGO/MgFe;04/AgsPO,4
composites obtained 1.17 and 1.20 eV, respectively (Fig. 7d and Fig. S6c). Consequently,

rGO/CaFe,04/Ag3PO,4 composite has lower band gap energy compare to other samples.

PL results. The Photoluminescence (PL) analysis has been widely performed to study the
migration, transfer and recombination processes of photo-induced electron-hole pairs in the
prepared samples. In fact, the lower the PL signal means that the higher separation efficiency
of photo-induced electron-hole pairs, implying that more photo-induced electrons and holes
can be available for redox processes. Fig. S7 displays room temperature PL spectra of the
pure AgsPO,4 nanoparticles, as well as rGO/MFe,O4 (M= Ca, Mg)/AgsPO4 (1:3:9) composites
upon the excitation wavelength at 420 nm. The main emission peak of AgsPO,4 was vividly
decreased, owing to this fact that the recombination of photo-induced electron-hole pairs is
efficiency prevented because of the presence of MFe,O4 nanoparticles and rGO sheets. As
shown in Fig. S7 the weak pL intensity of rGO/MFe,O4 (M= Ca, Mg)/AgsPO, (1:3:9)
composites, implying that the cooperative effects between MFe,04/AgsPO, nanoparticles and
rGO sheets contributed to enhancing the charge separation efficiency and decreasing the

recombination of photogenerated electron-hole pairs effectively [52].
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Electrochemical impedance measurement (EIS). EIS analysis was employed to obtain further
insight into the charge transfer mechanisms. Fig. 8 exhibits the Nyquist plots of the
synthesized AgsPO, and of rGO/MFe,0,4 (M= Ca, Mg)/AgsPO, (1:3:9) composites at the
open-circuit voltage. The semicircle diameter of EIS is equal to total charge transfer
resistance (Rc) in the prepared samples. As shown in Fig. 8 rGO/MFe,O4 (M= Ca,
Mg)/AgsPO4 (1:3:9) composites have smaller R than pure AgsPO,4 nanoparticles, providing
evidence that the rGO/MFe,04 (M= Ca, Mg)/AgsPO,4 (1:3:9) composites have the low charge
transfer resistance and high efficient separation of photoinduced electron-hole [53].

Photocatalytic performance for MB, MO and 4-CP degradation

Evaluation of the photocatalytic activity. To evaluate the photocatalytic performance of the
synthesized samples, MB and MO photodegradation as well as 4-CP photodegradation were
carried out under visible irradiation. MB, MO and 4-CP are representative organic
contaminations. The control studies were also conducted without photocatalyst or light. The

photocatalytic degradation was calculated as follow:
% Degradation = [(Co-C;)/C]+100 4)

Where Cy and C; are concentration of organic contaminations before irradiation and after

irradiation, respectively.

First, the degradation efficiency for MB removal in the presence of prepared samples

under visible light illumination were investigated.

The amount of MB adsorbed onto CaFe,0,4, CaFe,04/Ag3PO,4 with a mass ratio of (1:3),
rGO/CaFe;04/Ag3P0O, (1:3:9) and MgFe,04, MgFe,04/Ag3PO4 (1:3), rGO/MgFe;04/AgsPO,
(1:3:9) was approximately evaluated to be ~ 4%, 9%, 12% and 5%, 8%, 9% of the initial
amount of MB, respectively. As a result, the MB degradation without light irradiation could
be neglected. As shown, the absence of any photocatalyst also concluded in no degradation,
showing the removal of MB occurred through photocatalysis. Under aforementioned
conditions, no electron-hole pairs can be formed and therefore photocatalytic behavior of
synthesized samples is not induced. It is clear that the photocatalytic performances relate to
the formation, transfer and separation of photogenerated electron-hole pairs [53-55]. As
shown in Fig. 9, pure CaFe,O, degraded only 21% of MB after 45 min while,
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CaFe,04/AgsPO,4 with a mass ratio of (1:3) showed 95% removal after 45 min that is related
to the combine CaFe,O4 and AgsPO, nanoparticles together. The CB potential of CaFe,Q, is
more negative than that AgsPO,, so the photogenerated electrons in CaFe,O,4 could migrate to
the surface of AgsPO, and simultaneously, the photogenerated holes in the VB of AgsPO,
could migrate to CaFe,O, Aforementioned process could improve the separation of
photogenerated electron-hole pairs. Based on the degradation efficiency results, the
rGO/CaFe;04/AgsPO, (1:3:9) degraded 92% of MB within 27 min. The high photocatalytic
performance of rGO/CaFe,04/AgsPO,4 could be attributed to the efficient separation of
photogenerated electron-hole pairs. The rGO is a perfect electron acceptor and electron
transporter which increases the charge separation efficiency that avoid recombining the
photogenerated electron-hole pairs. Also, rGO keeps nanoparticles dispersed hence retards
agglomeration. Consequently, photocatalytic activity could improve. Pure MgFe,O, and
MgFe,04/AgsPO4 with a mass ratio of (1:3) degraded 18% and 89% of MB after 45 min. The
rGO/MgFe;O4/AgsPO, (1:3:9) composite showed 85% removal after 27 min (Fig. S8).
Photocatalytic degradation efficiency of MO in the presence of pure CaFe,0,,
CaFe,04/AgsPO, (1:3), rGO/CaFe,04/AgsPO, (1:3:9) and pure MgFe,04 MgFe;04/AgsPO,
(1:3), rGO/MgFe;04/Ag3P0O, (1:3:9) under visible light irradiation are presented in Fig. 10
and Fig. S9, respectively. The amount of MO adsorbed onto CaFe,0,4, CaFe,04/AgsPO4
(1:3), rGO/CaFe,04/AgsPOs (1:3:9) and MgFe,04  MgFe,04/Ag3PO,  (1:3),
rGO/MgFe,04/AgsPO, (1:3:9) was evaluated to be ~ 6%, 5%, 9% and 5%, 6%, 8% of the
initial amount of MO, respectively. Consequently, the MO degradation without light could be

neglected.

It is cleared that with decreasing band gap energies of the synthesized composites,
photoactivity of prepared samples increase. In addition to MB and MO, 4-CP was selected as
another model organic pollutant in order to further investigated the photocatalytic activity of
the rGO/CaFe,04/AgsPO, (1:3:9) and rGO/MgFe,04/AgsPO, (1:3:9) that showed better
photocatalytic performance in dye degradation compare to CaFe,O4/Ags;PO, (1:3) and
MgFe,04/AgsPO,4 (1:3) composites. As shown in Fig. 11, after 160 min of irradiation, no
degradation of 4-CP observed without catalysts. The photocatalytic degradation of 4-CP in
the presence of rGO/CaFe,04/Ag3P0O,4 (1:3:9) and of rGO/MgFe,04/AgsPO,4 (1:3:9) under

visible light was 90% and 86% in about 160 min, respectively.
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The photocatalytic kinetics of the synthesized photoctalysts were also studied. Kapp is
gained for photodegradation of MB, MO and 4-CP from plotting the graph of In (Co/Ct)
versus t as shown in Fig. 12, S10 and S11, respectively. Based on the k app values, one can
compare the photocatalytic performance of the various catalysts. The obtained results
displayed that the kinetic simulation curves are close to linear curves. All of the correlation
coefficients (R?) were higher than 0.9. Consequently, the pseudo first order kinetics model fit
the experimental data well [56,57]. As a result, the photocatalytic degradation of MB, MO
and 4-CP using synthesized photoctalysts were fitted using the pseudo-first-order L-H model.
As seen in Fig. 13, S12 and S13, the degradation rate of MB, MO and 4-CP in the presence of
rGO/CaFe;04/Ag3P0O, (1:3:9) under visible light illumination was higher than of others.

Effect of concentration of catalyst on pollutants photodegradation. The effect of
rGO/CaFe;04/AgsPO, (1:3:9) photocatalyst concentration on the photodegradation rate of
MB, MO and 4-CP were investigated in the range of 0.5 g/L to 3 g/L at constant pollutants
concentration (25 mg/L) and the obtained results are illustrated in Fig. 14, S14 and S15,
respectively. As shown, the photodegradation efficiency of MB, MO and 4-CP enhances
from 0.5 to 2 g/L. At low photocatalyst concentration, the adsorbed light controlled the
activity of photocatalyst. It could be attributed to the limited photocatalyst surface area. On
the other hand, further raising the photocatalyst concentration from 2 to 3 g/L has a negative
effect on the photodegradation efficiency. This issue may cause enhanced scattering and
turbidity effects, resulting in decreased visible light penetration on the synthesized
photocatalyst surface and into the solution. The results showed that the optimum

photocatalyst concentration for pollutants degradation was 2 g/L.

Effect of initial pollutants concentration on photodegradation. Fig. 14, S16 and S17 illustrate
the interaction effect of initial MB, MO and 4-CP concentration on the degradation rate of
pollutants by changing the initial concentration of pollutants from 15 to 35 mg/L with
constant photocatalyst concentration (2 g/L) under visible light irradiation, respectively. As
the pollutants concentration increases, the amount of pollutants adsorbed on the active
surface area of photocatalyst enhances. As a result, the formation of "OH radicals will be
enhanced. The obtained results showed that the photodegradation efficiency of pollutants
decrease with increase in initial MB, MO and 4-CP concentration ranging from 25 to 35
mg/L. The increase in initial pollutants concentration decrease the visible light penetration to
the surface of photocatalyst. Furthermore, the limited active site onto the photocatalyst may

be another reason for the decreased photodegradation efficiency.
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Effect of reactive species on photodegradation of pollutants. In order to further insight into
the photodegradation pathway of organic pollutants, the free radical trapping experiments to
investigate the role of reactive species in the photocatalytic system of
rGO/CaFe204/Ag3P0O4 (1:3:9) were carried out. The degradation efficiency of MB, MO and
4-CP under various scavengers (t-BuOH as the hydroxyl radical ("OH) scavenger, BZQ as the
superoxide radical (O,") scavenger and Kl as the hole (h") scavenger) are shown in Fig.15,
S18 and S19, respectively [58].

As observed in Fig. 15, MB strongly degraded after 27 min photocatalytic treatment without
scavengers, while the addition of 1 mM t-BuOH scavenger caused fast deactivation of the
rGO/CaFe204/Ag3P0O4 (1:3:9) photocatalyst, and the degradation efficiency of MB
decreased from 92% to 41% in 27 min. So, this result indicates that all “OH play main role in
this process. The introduction of 1 mM BZQ into the system also restrained the
photocatalytic activity of the photocatalyst toward MB after 27 min reaction, demonstrating
that O, play an important role in photodegradation. When the 1mM K1 was introduced into
the system, the degradation rate was slightly reduced indicating that h* has little effect on the
MB degradation. The same observations for MO and 4-CP degradation exhibit ‘OH
participation which was formed by oxidative and reductive reactions as well as O, is the

great contributor for pollutants degradation.

Photocatalytic stability. Stability of the rGO/CaFe,04/Ag3PO,4 with a mass ratio of (1:3:9)
that had higher photocatalytic activity as compared to other synthesized photocatalysts is
another essential factor for evaluating its performance. Therefore, rGO/CaFe,04/Ag;PO,4 was
recycled for five times under the same conditions. The degradation of MB, MO and 4-CP
during each run is exhibited in Fig. 16a, b and c, respectively. The photocatalytic data
showed that photocatalytic activity of rGO/CaFe,04/AgsPO, (1:3:9) for organic
contaminations degradation changes little and even, 84%, 80% and 74% of MB, MO and 4-
CP is degraded after recycling for five times, respectively. In fact, after contact between
AgsPO, and CaFe,0O,4 particles, a p-n junction is generated, the charge carriers transfer from
CaFe,0,4 to AgsPO4. Consequently, the rGO/CaFe,04/AgsPO, displays high stability because
it does not suffer from photocorrosion during the degradation contaminates. In addition, the
rGO sheets not only enhance the charge separation efficiency but also keep nanoparticles

dispersed hence retards agglomeration so the rGO/CaFe,04/Ag3PO,4 photocatalyst shows high
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stability. The used photocatalysts separated by an external magnetic field was washed with
distilled water for two times and dried at 80 °C for 1 h.

Possible photocatalytic mechanism in rGO/MFe,O4 (M= Ca, Mg)/AgsPQO, system. In order to
elucidate photocatalytic degradation mechanism of organic pollutants over synthesized
photocatalysts, the reactive species including ‘OH, O~ and h* involved in the
photodegradation process were investigated. The photodegradation pathway of MB, MO and
4-CP over the prepared photocatalysts could be inferred, which is illustrated in Scheme 2
[59-62]. To clarify the separation of photo-induced e /h* pairs over the synthesized
photocatalysts, it is essential to estimate the conduction band (CB) and valence band (VB)

potentials of the samples. These energy levels were calculated using the following equations:
Ecs-y-E°-0.5E (5)
Eve = Ecs - Eg (6)

Where Evg, Ecg and E° are the VB, CB potentials and the energy of free electrons vs.

hydrogen (4.5 eV), respectively. Also, y is electronegativity of the semiconductor and it was

estimated via Eq. (13):

1= [ (A x (B) 1 (O] "¢ (7)

In above equation a, b, and c are the number of atoms in the compounds [63]. The values of
Egand x for AgsPO, are 1.94 and 5.98 eV, respectively. So, the Ecg and Eyg of AgsPO, were
estimated to be 0.51 and 2.45 eV versus normal hydrogen electrode (NHE). Moreover, the
estimated values of Egand y for CaFe,O4 are 1.52 and 5.54 eV, respectively. As a result, Ecs
and Eyg for CaFe,O4 are 0.28 and 1.8 eV. Ey and y for MgFe,O,4 are 1.64 and 5.67 eV,
respectively. Therefore, the Ecg and Eyg of MgFe,O4 were estimated to be 0.35 and 1.99 eV.
For CaF,0,4 and MgFe,O, particles that are p-type semiconductors, the Fermi levels are close
to VB levels and for AgsPO, particles which are n-type semiconductor, the Fermi level is

close to CB level.

Before contact between Ag;PO, and MFe,O, particles, the CB edge and Fermi level of
AgsPO, are lower than those of MFe,0,4. After contact when a p-n junction is generated, the
charge carriers transfer from MFe,O,4 to AgsPO,4. Consequently, an external electric field at
the heterojunction interface is generated [64]. The Fermi energy levels of n-AgsPO,4 and p-
MFe,O, are aligned under equilibrium conditions. In fact, the photogenerated electrons in
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MFe,O, could migrate to AgsPO,4 and simultaneously, the photogenerated holes in the VB of
AgsPO, could migrate to MFe,O4. Aforementioned process could improve the separation of
photogenerated electron-hole pairs. Consequently, the photogenerated electrons in CB of
AgsPOy, react with surface adsorbed O, to form O,", which then reacts with H* to form "OOH,
followed by rapid decomposition to ‘OH radicals. In addition, the photogenerated holes in VB
of MFe;0, could oxidize H,O and OH™ to form 'OH radicals, that are involved in the
photodegradation reaction of organic pollutants. In fact, the process of generating ‘OH can

occur by two pathways.

rGO/MFe,04/AgsPO4 shows significant advance in photodegradation of organic
pollutants compared to MFe,04/AgsPO,4. The rGO sheets are perfect speed charge transfer
ability that enhances the charge separation efficiency which prevent recombination of the
photogenerated electrons and holes. The photogenerated electrons in MFe,O4 migrate to the
rGO sheets due to marvelous electron conductivity and graphene sheets are good electron
acceptors. So, the electrons are quickly migrate to the graphene sheets. Then, the electrons
transferred to the surface of AgsPO, (Fig. 17 and S20). As a result, the electron-hole
recombination of the rGO/MFe,04/AgsPO, is inhibited. In addition, rGO sheets can delay
aggregation of nanoparticles. So, the presence of rGO sheets in the composites can promote
the separation of electron-hole pairs that this issue has a main role in the increase quantity of
active holes for organic contaminations degradation also, the probability of combination of
photogenerated electrons and AgsPO, decreases, that offers better recyclability and stability

of the prepared composites.

CONCLUSIONS

In summary, we have successfully indicated four efficient and magnetically separable
photocatalysts  CaFe,04/AgsPOs,  MgFe,04/AgsPO,s,  rGO/CaFe,O4/AgsPO,4  and
rGO/MgFe,04/AgsPO, for MB, MO and 4-CP degradation. It was shown that
rGO/CaFe;04/Ag3PO,4 with a mass ratio of (1:3:9) nanocomposite exhibits the wonderful
visible light photocatalytic activity compared with other synthesized nanocomposites, that

arises from synergistic effect between the prepared nanocomposites and rGO sheets.

On the basis of this study, the rGO/CaFe,04/Ags;PO, nanocomposite photocatalytic
system is an effective and magnetically recoverable visible light driven photocatalyst for
degradation of MB, MO and 4-CP as representative of organic contaminations.
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Fig. S1. FT-IR spectra of (a) MgFe,O4 (b) AQsPOs (C) MgFe,04/AgsPO4(1:3), (d)
rGO/MgFe,04/AgsP04(1:3:9).

Fig. S2. XRD patterns of (a) MgFe,04/AgsPO,; the iconograph in (a) is the XRD pattern of MgFe,0,
and (b) rGO/MgFe,04/AgsPO,.

Fig. S3. FESEM image of (a) neat MgFe,0,, (b) rGO/MgFe,0,4, (¢) MgFe,04/AgsPO, (1:3), (d, €)
rGO/MgFe,0,4/AgsP0O, (1:3:9).

Fig. S4. Raman spectra of (a) MgFe,O4 nanoparticles and (b) rGO/MgFe,O, hanocomposites.
Fig. S5. Magnetization curve of MgFe,0,, rGO/MgFe,0,/AgsPO, (1:3:9).

Fig. S6. The UV—Vis DRS and the band gap for (a) MgFe,0,, (b) MgFe,04/AgsP04(1:3), (c)
rGO/MgFe,0,/AgsP04(1:3:9).

Fig. S7. Photoluminescence spectra with an excitation of a diode laser (wavelength 420 nm) of
AgzPO,, rGO/CaFe,04/AgsPO, (1:3:9), rGO/MgFe,04/AgsPO, (1:3:9).

Fig. S8. The degradation efficiency for MB (25 mg/L) removal in the process of the MgFe,0y,
MgFe,O4/AgsPO,4 and rGO/MgFe,04/Ag:PO, nanocomposites under visible light irradiation
([catalyst]= 2 g/L).

Fig. S9. The degradation efficiency for MO (25 mg/L) removal in the process of the MgFe,O,,
MgFe,04/AgsPO,4 and rGO/MgFe,04/AgsPO, nanocomposites under visible light irradiation
([catalyst]= 2 g/L).

Fig. S10. Linear-log plot for the photocatalytic degradation of MO in the presence of prepared

samples under visible light irradiation.

Fig. S11. Linear-log plot for the photocatalytic degradation of 4-CP in the presence of
rGO/CaFe,0,/AgsPO, and rGO/MgFe,O4/AgsPO, nanocomposites under visible light irradiation.

Fig. S12. The degradation rate constant of the fabricated catalysts for the photocatalytic degradation
of MO under visible light irradiation.
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Fig. S13. The degradation rate constant of the fabricated catalysts for the photocatalytic degradation
of 4-CP under visible light irradiation.

Fig. S14. The degradation efficiency for MO (25 mg/L) removal using different
amount of rGO/CaFe,0,/AgsPO, (1:3:9) under visible light irradiation.

Fig. S15. The degradation efficiency for 4-CP (25 mg/L) removal using different
amount of rGO/CaFe,0,/AgsPO, (1:3:9) under visible light irradiation.

Fig. S16. The degradation efficiency for MO removal using different concentration of initial dye in
the presence of rGO/CaFe,O4/AgsPO, (1:3:9) under visible light irradiation ([catalyst]= 2g/L).

Fig. S17. The degradation efficiency for 4-CP removal using different concentration of initial
pollutant in the presence of rGO/CaFe,04/AgsPO, (1:3:9) under visible light irradiation ([catalyst]=
2g/L).

Fig. S18. Effect of different scavengers on degradation of MO by rGO/CaFe,0,/Ag;PO, under the

optimized conditions.

Fig. S19. Effect of different scavengers on degradation of 4-CP by rGO/CaFe,0,/AgsPO, under the

optimized conditions.

Fig. S20. Schematic illustration of the proposed reaction mechanism for the photocatalytic
degradation of the dyes in the presence of rGO/MgFe,04(M=Ca, Mg)/AgsPO, nanocomposite.
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Figure Captions:

Fig. 1. Spectrum distribution of the Visible light source provided by a 250-W mercury lamp with a
UV cut off filter (visible light >420 nm).

Fig. 2. FT-IR spectra of (a) CaFe,04 () AgPOs; (c) CaFe,04AgsP04(1:3), (d)
rGO/CaFe,0,/AgsP04(1:3:9).

Fig. 3. XRD patterns of (a) AgsPQO,, (b) CaFe,04/AgsPO,; the iconograph in (b) is the XRD pattern of
CaFe,0, and (c) rGO/CaFe,04/Ag;PO..

Fig. 4. FESEM image of (a) neat CaFe,0O,, (b) rGO/CaFe,04, (€) AgsPO,, (d) CaFe,04/AgsPO, (1:3),
(e, ) rGO/CaFe,04/AgsPO, (1:3:9).

Fig. 5. Raman spectra of (a) CaFe,O, nanoparticles and (b) rGO/CaFe,O, nanocomposites.
Fig. 6. Magnetization curve of CaFe,0,4, rGO/CaFe,04/Ags:PO, (1:3:9).

Fig. 7. The UV-Vis DRS and the band gap for (a) CaFe,04, (b) AgsPO,, (c) CaFe,04/AgsP0O,(1:3),
(d) rGO/CaFe,04/AgsP0,4(1:3:9).

Fig. 8. EIS Nyquist plots of the Ags;PO,4 rGO/CaFe,04Ag:PO, (1:3:9), rGO/MgFe,04/AgsPO,
(1:3:9).

Fig. 9. The degradation efficiency for MB (25 mg/L) removal in the process of the CaFe,O,,
CaFe,0,/AgsPO, and rGO/CaFe,04/Ag:PO, nanocomposites under visible light irradiation
([catalyst]= 2 g/L).

Fig. 10. The degradation efficiency for MO (25 mg/L) removal in the process of the CaFe,O,,
CaFe,0,/AgsPO, and rGO/CaFe,04/Ag:PO, nanocomposites under visible light irradiation
([catalyst]= 2 g/L).
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Fig. 11. The degradation efficiency for 4-CP (25 mg/L) removal in the process of the
rGO/CaFe,0,/AgsPO, and rGO/MgFe,O4/AgsPO, nanocomposites under visible light irradiation
([catalyst]= 2 g/L).

Fig. 12. Linear-log plot for the photocatalytic degradation of MB in the presence of prepared samples

under visible light irradiation.

Fig. 13. The degradation rate constant of the fabricated catalysts for the photocatalytic degradation of
MB under visible light irradiation.

Fig. 14. The degradation efficiency for MB removal using different amount of rGO/CaFe,0,/Ag;PO,
(1:3:9) and different concentration of initial dye under visible light irradiation.

Fig. 15. Effect of different scavengers on degradation of MB by rGO/CaFe,0,/AgsPO, under the

optimized conditions.

Fig. 16. (a) MB, (b) MO, (c) 4-CP degradation performance in consecutive cycles using the recycled
rGO/CaFe,0,/AgsP0, (1:3:9) photocatalyst through magnetic separation.

Fig. 17. Schematic illustration of the proposed reaction mechanism for the photocatalytic degradation
of the dyes in the presence of rGO/CaFe,O4(M=Ca, Mg)/AgsPO4 nanocomposite.
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