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Abstract: Polycrystalline bismuth phosphate BiPO4 was synthesized by solid-state reaction at differ-
ent temperatures varying from 500 to 900 ◦C. The samples were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDS) and Raman
spectroscopy. The low-temperature phase of BiPO4 has monoclinic structure with a space group
P21/n, and was transformed into the monoclinic phase P21/m with a slight distortion of monoclinic
lattice when it was heated above 500 ◦C. The effect of the transformation on the structure, morphol-
ogy and photocatalytic properties was examined. The photocatalytic activity of each sample, in
presence of Rhodamine B (RhB) in aqueous solution, was carried out and analyzed under UV light
irradiation. Photoexperiments showed that the material prepared at 500 ◦C is the best catalyst with
degradation efficiency of the order of 96% after 12 min of reaction time under UV light irradiation.
This high photocatalytic efficiency could be due to their structural and morphological changes. The
photocatalytic degradation mechanism of RhB in the presence of the best photocatalyst BiP-500 ◦C is
proposed. The stability of the catalyst was also examined by carrying out four successive tests of the
degradation in the presence of BiP-500 ◦C. Total organic carbon (TOC) was used to further estimate
the rate of mineralization in the presence of BiP-500 ◦C (83% TOC removal). Photoluminescence
experiments performed under UV-laser light irradiation revealed emissions in the green-orange
range, with optimal intensities for the mix systems observed at 550 ◦C.

Keywords: bismuth phosphate; solid-state method; monoclinic structure; photocatalytic and photo-
luminescent properties; degradation mechanism

1. Introduction

The discharge of dye-containing effluents by textile industries is considered as one
of the major problems that threatens the aquatic environment [1–3]. In addition to the
cosmetic problem, the toxicity and carcinogenic properties of most of these dyes are of
serious concern [4,5].

Photocatalysis, as an advanced oxidation process, is considered as one of the best al-
ternatives to deal with this issue. Photocatalysis provides a powerful oxidation via the gen-
eration of highly oxidizing species, e.g., radicals OH• [6–9]. These latter are non-selective
and can lead to a good removal of all types of non-biodegradable organic contaminants
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including dyes, pesticides and pharmaceuticals [10–15]. Unlike conventional techniques,
such as the adsorption method on activated carbon or biological treatments, photocatalysis
has been considered as a cost-effective method to completely convert organics into CO2
and H2O without the production of large quantities of sludge [16–19].

During the last few years, researchers have developed many semiconductors based on
oxides [20–23], hydroxides [24,25], tungstates [26–28], molybdates [29] and phosphates [30–38]
for the decontamination of wastewater. A good photocatalyst should be simple to prepare,
nontoxic, cheap and highly effective in utilizing light for the illumination of organic
pollutants [39].

BiPO4 is a promising photocatalyst material. It has shown a good performance
in photoelectrochemical applications such as water splitting and oxidation of organic
pollutants. BiPO4 has three main crystal structures: two monoclinic phases (M1, space
group: P21/n and M2, space group: P21/m) and one hexagonal phase (H, space group:
P3121). Among them, HBIP, with a band gap of 4.6 eV, shows the lowest photocatalytic
activity, while M2 and M1, with band gaps of 4.2 eV and 3.8 eV, respectively, possess higher
photocatalytic activity [40]. M1 is reported to have much better photocatalytic activity
than that of traditional P25 TiO2 [41–44]. This high photocatalytic activity was explained
by the inductive effect of PO4

3− leading to a good separation of the electron and hole
pairs [45]. For this reason, BiPO4-based photocatalysts have been extensively studied for
environmental remediation applications [40,46–49].

So far, different methods have been used to synthesize BiPO4, including the chemical
vapor process [50,51], the hydrothermal process [30], microwave synthesis [51] and the
sonochemical method [52]. However, the preparation of BiPO4 materials with controlled
phase and morphology is still a challenge for material scientists.

The choice of the synthesis method and the control of the experimental conditions
are very important in order to reach the right structural, microstructural, and electrical
properties, which are crucial for obtaining the optimum photocatalytic properties to easily
degrade organic pollutants. For example, Table 1 summarizes the different preparation
methods of BiPO4 particles with their photocatalytic activities towards the degradation of
organic pollutants.

In our recent work [61], BiPO4 samples were synthesized from polycrystalline precur-
sors obtained by coprecipitation method, then, thermally treated at temperatures Θ of 200,
400, 600 and 900 ◦C during 3 h. The progressive formation of three polymorphs, hexagonal
phase at 200 ◦C, monoclinic P21/n at intermediate temperatures and P21/m at 900 ◦C,
allowed observing different behaviors of photocatalytic activities and photoluminescence
emissions. The role of thermal decomposition was to modify crystal structures, crystallite
dimensions and morphologies to obtain or vary certain properties. The highest photo-
catalytic efficiencies were observed with large-sized particles of biphasic BiPO4 samples
thermally treated at 400 and 600 ◦C.

Presently, we develop a systematic study of the photocatalytic and photoluminescent
properties of BiPO4 polymorphs obtained by the traditional solid-state reaction, at different
thermal treatment temperatures ranging from 500 to 900 ◦C.
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Table 1. Synthesis methods and photocatalytic properties of BiPO4.

Methods (Preparation Method/Raw Materials/Optimized
Conditions)

Photocatalytic Activity (in Comparison to the Apparent Kinetics
Constant kapp) Reference

Hydrothermal Reaction/Na3PO4 + Bi(NO3)3/pH = 1, 180 ◦C, 96 h kapp = 0.1225 min−1 for [RhB] = 10−5 M, (UV-254 11 W, cat. 0.5 g/L);
as twice as that of P25 [53]

Hydrothermal Reaction/Na3PO4 + Bi(NO3)3/pH = 1, 180 ◦C, 72 h kapp = 0.1839 min−1 for [RhB] = 10−5 M, (UV-254 11 W, cat. 0.5 g/L);
as twice as that of P25 [53,54]

Hydrothermal Reaction/Na3PO4 + Bi(NO3)3/pH = 1, 180 ◦C, 48 h kapp = 0.0858 min−1 for [RhB] = 10−5 M, (UV-254 11 W, cat. 0.5 g/L);
as twice as that of P25 [53]

Hydrothermal Reaction/Na3PO4 + Bi(NO3)3/pH = 1, 180 ◦C, 12 h kapp = 0.0594 min−1 for [RhB] = 10−5 M, (UV-254 11 W, cat. 0.5 g/L);
as twice as that of P25 [53]

Solvothermal reaction/H3PO4 + Bi(NO3)3 + CA-Na/EG-glycerol
solution, 120 ◦C, 20 h

kapp = 0.53 h−1 for [RhB] = 10−5 M and 0.12 h−1 for 10 ppm MB
(UV-254 4 W × 6, cat. 1 g/L) [55]

Flux/Bi(NO3)3 + NaH2PO4/pH = 2.2, Bi3+/PO4
3− = 1:5, 48 h kapp = 0.193 min−1 (UV-254 11 W, 0.5 g/L, [MB] = 10−5 M; [56]

Hydrothermal Reaction/NaH2PO4 + Bi(NO3)3/160 ◦C, 24 h
kapp = 0.016 min−1 for 50 ppm phenol (UV-254 11 W, cat. 0.5 g/L);

Or kapp = 0.036 min−1 by adding 60 ppm H2O2
[47]

Microwave synthesis/NaH2PO4 + Bi(NO3)3/glycerol, EG or DEG aq,
800 W, 15 min kapp = 0.035 min−1 for 10 mg/L MO (500 W Xe lamp, cat. 1 g/L) [51]

Hydrothermal reaction/Na3PO4 + Bi(NO3)3 + EDTA/HNO3,
180 ◦C, 24 h

kapp = 0.0294 min−1 for [MB] = 10−5 M (Xe 500 W, 0.5 g/L,
cat. 0.8 g/L) [57]

Electrospinning method/Bi(NO3)3 + (NH4)3PO4·+ Citric acid/PVP
0.1 g/mL, pH = 1, Electrospinning voltage 25 kV, speed 1.5 µm/s

kapp = 0.01638 min−1 for 10−5 M APMP pulping effluent (Xe 500 W
λ ≤ 400 nm, 0.5 g/L, cat. 1.3 g/L) as 3.7 times as that of P25 [48]

Coprecipitation method/Bi(NO3)3·5H2O + NaH2PO4·2H2O + glycerol−H2O
dried at 120 ◦C for 12 h, calcination in 500 ◦C for 6 h kapp = 0.1089 min−1 (UV-254 15 W, 0.5 g/L, [MB] = 3.10−5 M; [43]

Hydrothermal Reaction/Na3PO4·12 H2O+ Bi(NO3)3·5H2O/, 180 ◦C, 72 h kapp = 0.071 min−1 for [RhB] = 10−1 M (mercury lamp 100 W, cat. 1 g/L) [58]

Hydrothermal Reaction/Na2HPO4·12 H2O + Bi(NO3)3·5H2O/pH = 3,
180 ◦C, 24 h kapp = 0.001 min−1 for 10 mg/L RhB (500 W Xe lamp, cat. 1.6 g/L) [59]

Hydrothermal reaction + ultrasonic irradiation (20 kHz)/Na3PO4 +
Bi(NO3)3 + HNO3/strong sonicated for 30 min and followed by 180 ◦C, 24 h kapp = 0.1589 min−1 for 5 mg/L MB (UV-253.9 10 W Xe lamp, cat. 4 g/L) [60]

2. Experimental Section
2.1. Reagents

Bismuth oxide (Bi2O3) ≥ 99.9% was purchased from Fluka Chemika. Ammonium
hydrogen phosphate (NH4)H2PO4 ≥ 98.0% was purchased from ProLabo. The azo dye
(Rhodamine B) used in this work was obtained from Sigma-Aldrich. The purity of the dye
was greater than 95%. All the reagents were used as received, without further purification.

2.2. Elaboration of Samples

There are several methods for synthesizing phosphate-based materials in powder form.
In our previous study concerning BiPO4 [30,42,53], all samples were obtained from copre-
cipitation technique followed by thermal treatment at various temperatures [61]. In this
work, we developed a new route based on solid-state reaction. BiPO4 bismuth phosphate
was prepared from polycrystalline Bismuth Bi2O3 oxide (Fluka Chemika > 99.0%) and am-
monium hydrogen phosphate (NH4)H2PO4 (ProLabo ≥ 98.0%). Suitable amounts of these
starting precursors were ground in an agate mortar and then thermally heated at different
temperatures between 500 and 900 ◦C with a step of 50 ◦C for 3 h. The samples presently
studied at different temperatures of thermal treatment Θ will be noted BiP-Θ with Θ = 500,
550, 600, 650, 700, 750, 800, 850 and 900 ◦C.

2.3. Characterization Techniques

The identification of the crystalline powders was carried out by X-ray diffraction
(XRD). The XRD patterns of the polycrystalline ceramics were recorded at room temper-
ature using an Empyrean Panalytical diffractometer operating at 45 kV/35 mA, using
the CuK(α1−α2) radiation (λ = 1.5406 and 1.5444 Å) of copper source with Ni filter, and
working in continuous mode with a step size of 0.013◦. Scanning electron microscopy
(SEM) analysis was used to observe the morphology and the local composition of the
crystalline phases. The device used was a Supra 40 VP Column Gemini Zeiss (Zeiss, Iéna,
Germany), operated at 20 KeV, coupled with an Energy Dispersive X-rays Spectroscopy



Minerals 2021, 11, 1007 4 of 17

(EDXS) type analyzer, allowing us to determine the local elemental composition of our
materials.

Raman spectroscopy was used to correlate the vibrational characteristics with the
structural analyses from X-ray diffraction. The Raman spectra were registered at room tem-
perature using spectrometer Horiba Jobin-Yvon HR800 LabRam system, with wavenumbers
of Raman shifts ranging between 100 and 1500 cm−1. The 633 nm line of an Ar-ion laser
was used as the excitation source; the photonic power applied to the samples was limited
to 5 µW with an acquisition time of 30 s.

2.4. Photocatalytic Experiments

The photocatalytic reactor consisted of a light source of 5 UV lamps (Puritec lamp,
HNS S 7W (Osram, Berlin, Germany), λ = 254.6 nm). In the middle of the reactor, the
solution to be irradiated was placed in a beaker in which the homogeneity was ensured by
a magnetic stirrer. A cooling system was adapted to avoid the effect of temperature. The
temperature of the solution was then maintained between 26 ± 1 ◦C.

The photocatalytic performances of the photocatalysts were evaluated though the
photocatalytic degradation of RhB. Each catalyst (mass of 100 mg) was suspended in
100 mL of RhB solution (5 mg L−1). Before irradiation, the solution was stirred for 1 h
inside the photoreactor to achieve the adsorption–desorption equilibrium between the
catalyst and RhB. During irradiation, 3 mL solutions were collected at times changed from
2 to 30 min depending on the type of photocatalyst. UV visible JENWAY-6705 spectrometry
(Cole-Parmer Ltd., Paris, France) was used to determine the variation of concentration of
RhB as a function of irradiation time. To propose a degradation mechanism in the presence
of the best catalyst, disodium ethylenediaminetetraacetic acid (EDTA-2Na (Sigma-Aldrich,
Saint-Louis, Missouri, États-Unis), a scavenger of h+), isopropanol (IPA (Sigma-Aldrich,
Saint-Louis, Missouri, États-Unis), a scavenger of OH) and L-ascorbic acid (Sigma-Aldrich,
Saint-Louis, Missouri, États-Unis), a scavenger of O2

•−) were used. For each test, certain
amounts of scavengers (4 mmol L−1) were added into the rhodamine B solution prior to
addition of BiPO4 catalysts. The mineralization of RhB and its intermediates during the
photocatalytic reaction was evaluated by the measurement of total organic carbon present
in aqueous solution. Analysis was performed with a Shimadzu TOC-5000-A system
(Shimadzu, Kyoto, Japan) equipped with a non-dispersive infrared detector (Shimadzu,
Kyoto, Japan) and ASI-5000-A auto-sampler (Shimadzu, Kyoto, Japan). The temperature of
solution was maintained at 25 ± 4 ◦C. The photocatalytic efficiency was calculated from
the variation of the concentrations of RhB using the intensity Equation (1):

Degradation efficiency (%) = 100 × (C0 − C)/C0 (1)

where C0 and C are the initial and time t concentrations of RhB, respectively.

2.5. Photoluminescence Experiments

The device used to perform photoluminescence (PL) tests under UV excitation was a
Horiba Jobin-Yvon HR800 LabRam spectrometer (Horiba France SAS, Palaiseau, France)
equipped with an argon ionized laser, used as an excitation source with a wavelength
of 364.8 nm (3.4 eV), and power fixed at 5 µW. The measurements were recorded in the
spectral range between 400 and 900 nm with an acquisition time of 5 s.

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

Figure 1 depicts the XRD patterns of the as-synthesized BiPO4 samples obtained by
solid-state and calcined at different temperatures changing from 500 to 900 ◦C. All the
detected diffraction peaks for the BiP-500 sample could be indexed into the monoclinic
phase with space group P21/n (M1) single phase. When the calcination temperature
increases above 550 ◦C, the nMBIP phase is progressively transformed into the monoclinic
phase of BiPO4 with space group P21/m (M2) (Figure 2). In this instance, I crystal phase
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structure of the prepared BiPO4 samples calcined at 800 ◦C exhibits the presence of only a
single phase of M2. Upon increasing the heat treatment above 850 ◦C, the appearance of
small residues of the M1 phase is shown. To sum up, 500 ◦C, 800 ◦C, and other temperatures
give rise to a single phase of M1, a single phase of M2 and a mixture of the two phases.

Minerals 2021, 11, x FOR PEER REVIEW 6 of 18 
 

 

. 

Figure 1. XRD patterns of bismuth phosphate BiPO4 obtained after different thermal treatments. BiP-500: monoclinic M1, 

at 500 °C; BiP-550 and 600: monoclinic M1 + traces of monoclinic M2, at 550 and 600 °C; BiP-650: monoclinic M1 + monoclinic 

M2 at 650 °C; BiP-800: monoclinic M2, at 800 °C; BiP-700, 750, 850 and 900: M2 + traces of M1 at 700, 750, 850 and 900. 

 

(a) 

Figure 1. XRD patterns of bismuth phosphate BiPO4 obtained after different thermal treatments. BiP-500: monoclinic M1, at
500 ◦C; BiP-550 and 600: monoclinic M1 + traces of monoclinic M2, at 550 and 600 ◦C; BiP-650: monoclinic M1 + monoclinic
M2 at 650 ◦C; BiP-800: monoclinic M2, at 800 ◦C; BiP-700, 750, 850 and 900: M2 + traces of M1 at 700, 750, 850 and 900.

Based on the intensity of the peaks of the two phases using ′X′ Pert High Score Plus
software, Version 3.0.5, the portions of the two monoclinic crystal structures of the BiPO4
samples can be calculated and are depicted in Table 2. As can be seen, calcining the example
at 550 ◦C, a small amount of 9 mol. % of the M1 was transformed to M2. Expanding the
calcination temperature, the weight level of M2 becomes increasingly important until
complete vanishing of the M1 at 800 ◦C. Above this latter temperature, the opposite is seen;
a small amount of the unadulterated M2 has been transformed into M1.

Table 2. The transformed mole fraction of M1 and M2 samples sintered at various temperatures.

Process Parameters Weight Fraction

Calcined Powder Sintering Temperature (◦C) M1 M2

M1 500 1 0
550 0.91 0.09
600 0.86 0.14
650 0.44 0.56
700 0.34 0.66
750 0.19 0.81

M2 800 0.02 0.98
850 0.07 0.93
900 0.26 0.74
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3.2. Scanning Electron Microscopy: Morphology of the Powders

Scanning electron micrographs of the BiPO4 samples obtained at different calcination
temperatures changing from 500 to 900 ◦C show morphological changes. The BiP-500 and
600 samples (Figure 3a–c) show no significant morphology change with the presence of
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spherical particle shapes with 200–300 nm size distributions. A further increase in the
calcination temperature from 650 ◦C to 900 ◦C dramatically changed the BiPO4 particles
to irregular large particles as they aggregated and bonded with each other to form big
clusters (Figure 3d–i). Moreover, it was observed that the initial spherical morphology of
BiP-500/600 disappeared, and a new shape with a larger particle size was observed, giving
rise to a remarkable decrease in the specific surface areas.
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Figure 3. SEM images of: (a) BiP-500, (b) BiP-550, (c) BiP-600, (d) BiP-650, (e) BiP-700 (f) BiP-750, (g) BiP-800, (h) BiP-850
and (i) BiP-900.

From 700 ◦C to 900 ◦C, M2 is the major phase compared to M1. All samples show a
high purity, as the EDX analysis in Table 3 shows. Indeed, the atomic ratio Bi/P is equal to
1 in all the elaborated samples, which further confirms the successful synthesis of BiPO4.

Table 3. EDX analyses for Bi and P atoms.

Photocatalyst Atomic Percentage of Bi Atomic Percentage of P Experimental Ratio

BiP-500 50.13 49.87 1.005
BiP-550 49.96 50.04 1.001
BiP-600 50.46 49.54 1.010
BiP-650 50.91 49.09 1.037
BiP-700 50.40 49.60 1.016
BiP-750 50.43 49.57 1.017
BiP-800 51.72 48.28 1.071
BiP-850 50.01 49.99 1.000
BiP-900 51.73 48.27 1.071
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3.3. Raman Spectroscopy Study

Symmetrical changes of PO4 tetrahedra with phase transformation during heat treat-
ment were studied using Raman spectroscopy. As shown in Figure 4, some distinct
differences can be clearly seen in their vibrational characteristics compared to phosphate
groups [62,63]. Based on the group theory analysis, the isolated PO4 group has a Td
symmetry with nine internal modes which can be represented as Equation (2).

Tvib = A1 + E + 2F2 (2)
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Figure 4. Raman spectra of bismuth phosphate BiPO4 obtained at different thermal treatments.

It is worth mentioning that the representation E is doubly detached and F2 is triply
detached. The symmetrical (υ1) and asymmetrical (υ3) P–O stretching vibrations of the
PO4 group correspond to the A1 and one mode of F2 representation, respectively, while
the other modes’, F2 and E, representation correspond to the O–P–O flexion of υ2 and
υ4, respectively [64,65]. More precisely, the orthophosphate PO4 group isolated in the
monoclinic phase P21/n (M1) is characterized by several bands, such as υ1, υ2, υ3 and υ4,
which are located at 969, 461, 1039 and 597 cm−1, respectively. Depending on the symmetry
around the PO4 phosphate group and the nature of the cation introduced into the matrix,
the vibration modes mentioned above undergo a shift either towards blue or towards
red. This is the case of the polymorphic change from the monoclinic phase P21/n (M1)
to the monoclinic phase P21/m (M2) (Table 4). In other words, the symmetry of the PO4
phosphate group is changed. More precisely, the experimental values of the wavenumbers
for υ1, υ2, υ3 and υ4 are, respectively, 965, 485, 1037 and 609 cm−1 [43,64]. In the Raman
spectra, the decrease in certain bands and the increase in others show the disappearance
of one phase and the disappearance of another, which is confirmed by the fractions of
the M1 and M2 phases in each sample, which further confirms the results found by X-ray
diffraction.
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Table 4. Raman spectroscopy data and assignments of vibration bands for the monoclinic phases of
BiPO4.

Raman Data. Wavenumbers in cm−1.

M1 M2 Assignments

1039 1037 PO4 Asym. Stretching. mode ν3
983

969 965 PO4 Sym. Stretching. mode ν1
929
597 609 ν4 Bending modes of PO4
556 547
461 485 ν2 Bending modes of PO4
388 352
281 242 Bending modes of O–Bi–O
169 169 Stretching vibrations of Bi–O

4. Photocatalytic Properties

To evaluate and compare the photocatalytic activities of the obtained different phases
of BiPO4, the photodecomposition of RhB under UV light irradiation was carried out, and
the determination of kinetics constants could be then achieved by following the intensity
of the RhB absorption maximal band located at 554 nm.

To determine the kinetic constant, which characterizes the photocatalytic efficiency, a first
order kinetics rate law (Langmuir-Hinshelwood model) was proposed as Equation (3) [66]:

Ln (Ct/C0) = −kobs t (3)

Following both the adsorption/desorption (with the catalysts and without UV irra-
diation) and the photolysis (without the catalysts and under UV irradiation), the BiPO4
catalysts show only 2% degradation after 12 min of reaction time, which shows that the
RhB molecule is stable during this reaction time (Figure 5a).

Figure 5b shows that, under UV irradiation, the intensity of the pollutant absorption
band decreases with the irradiation time in the presence of BiPO4 prepared by solid-state
reaction and thermally treated at 500 ◦C. The position of the maximum of this band is
shifted from 554 to about 535 nm during decomposition.

Figure 5c shows the kinetics of photocatalytic degradation in the presence of the
various photocatalysts. After 12 min of UV irradiation, the photocatalytic efficiencies
determined from the ratio Ct/C0 of the BiP-Θ catalysts with Θ = 500, 550, 600, 650, 700, 750,
800, 850 and 900 ◦C reach the values of 96.6%, 78.6%, 69.6%, 50.6%, 24.4%, 14.3%, 17.4%,
21% and 27.7%, respectively. It should be noted that these observed efficiencies result from
both photolysis and photocatalysis effects. In other terms, the highest efficiencies should
be obtained from sample BiP-500. The results in Figure 5d show that the photocatalytic
reaction follows a pseudo-first-order kinetics rate law.

The observed rate constants kobs are reported in Figure 5e. Their values in min−1

are 0.2893, 0.1648, 0.1264, 0.056, 0.0342, 0.0175, 0.0249, 0.025 and 0.0403, for the BiP-Θ
photocatalysts with Θ = 500, 550, 600, 650, 700, 750, 800, 850 and 900 ◦C, respectively.

The photocatalytic efficiencies of the BiPO4 series produced by solid–solid reaction,
and, in particular, the high photocatalytic efficiency of the BiP-500 phase obtained at 500 ◦ C,
appear to be the highest of the series studied, the rate constants being at least 15 times
stronger than those of the other photocatalysts, especially compared to BiP-750.
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Figure 5. (a) Stability of RhB under UV light; (b) UV–vis absorption with time irradiation of a solution containing 100 mg of
BiP-500 ◦C and 5 ppm RhB; (c) Degradation efficiencies of the as-prepared samples; (d) Pseudo-first-order kinetics of the
photocatalysts; (e) Evolution of the apparent rate constant k as function of photocatalysts; (f) Effect of scavengers on the
photocatalytic degradation of RhB by BiP-500.



Minerals 2021, 11, 1007 11 of 17

These improved efficiencies could be correlated to the observed specific morphologies
characterized by well-crystallized small-sized grains, and also to the presence of the mono-
clinic phase with space group P21/n [67,68]. It is worth mentioning that the photocatalytic
properties of the obtained samples decrease as a function of the heat treatment; therefore,
these results are in a good agreement with the XRD and SEM results. Indeed, the M1
amount decreases while that of M2 increases; this latter shows less activity towards RhB
degradation, which explains the obtained results.

As we have mentioned above, the photocatalytic degradation of RhB was studied in
an aqueous suspension of bismuth phosphates. The discoloration of this pollutant in the
presence of the best photocatalyst (BiP-500 ◦C) is total after 12 min of UV irradiation at an
initial concentration of 5 mg.L−1. In order to determine the photocatalytic mechanism and
to confirm the main active species in the photocatalytic process, such as hydroxyl radical
(OH•), hole (h+) and superoxide radical (O2

•−), active species trapping experiments were
carried out. More precisely, the photocatalytic degradation of RhB in the presence of scav-
engers has been studied. Isopropanol alcohol (IPA), disodium ethylenediaminetetraacetic
acid (EDTA-2Na) and L-ascorbic acid were used as scavengers of (OH•) species, holes (h+)
and (O2

•−) species, respectively.
The removal efficiency of RhB onto BiP-500 in the presence of different scavengers

(L-ascorbic acid, EDTA-2Na, and IPA) is shown in Figure 5f. The photocatalytic degrada-
tion efficiency of RhB is 96.6% in the absence of any scavenger. L-ascorbic acid, EDTA-2Na
significantly decrease the degradation of RhB with efficiencies of 12.8% and 31.6%, re-
spectively. We obtained a degradation rate of 72.7% in the presence of IPA. These results,
therefore, show that the degradation process is enhanced predominantly by holes (h+) and
superoxide radicals (O2

•−). The hydroxyl radical plays a minor role in the degradation
mechanism since the efficiency of the degradation of was not decreased in a significant
way when this radical was inhibited. We can assume that the degradation of RhB can be
summarized in the following reactions:

BiPO4 → BiPO4 (h+, e−)
BiPO4 (e−) + O2 → O2

•−

BiPO4 (h+) + H2O → OH− + H+

BiPO4 (h+) + OH− → OH•

BiPO4 (h+) + RhB → RhB+

RhB + O2
− + h+ + OH• → CO2 + H2O + simple

molecules

Figure 6 shows the total organic carbon (TOC) removal efficiency using BiP-500 has
attained about 83% after 12 min under UV-visible light irradiation. This shows that BiP-500
exhibits important photocatalytic performance for the photodegradation of RhB. Such
results also demonstrate that the RhB would be mineralized into CO2 and H2O by the
as-prepared samples, which in is favor of its application in the field of the treatment of
wastewater.

Stability of the BiP-500 ◦C Catalyst

The photostability and reusability of the photocatalyst activity during the depollution
process is an important parameter to consider from an economical point of view. Thus, in
order to verify the efficiency of the recycling of the photocatalyst used in this work, four
recycling tests were carried out. The sample can be separated easily after each cycle of
the photocatalysis reaction. The results of photostability are shown in Figure 7. The initial
concentration of RhB was set at 0.01 mmol L–1 in the presence of 100 mg of the catalyst.

For each test, irradiation was carried out for 12 min under UV-visible. After repeating
the process four times, the photocatalytic activity slightly decreased from 96% to 82%; this
slight decrease may be due to the decrease in catalyst mass and the deactivation of some
active sites of our catalyst by the organic pollutant. These results indicate the high stability
and reusability of our photocatalyst.
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5. Photoluminescent Properties

The photoluminescence spectra of BiP-Θ materials were recorded under UV excitation
and are shown in Figure 8a,b. These emission spectra were processed using the Labspec
program. The broad emission bands observed in the range 400 to 800 nm in all the powders
of the BiP-Θ samples with Θ = 500, 550, 600, 650 and 700 ◦C (Figure 8a), show similar
profiles with a maximum at 515 ± 20 nm. The results in the literature have shown that, in
the case of Bi3+ isolated in a solid matrix, the allowed transition of Bi3+ is 3P1→1S0, and that
it is characterized by emission spectra with wavelengths close to 470 nm (2.6 eV) [61]. In
the case of the study of the three polymorphic varieties of BiPO4, the Bi3+ emissions under
excitation at 360 nm were observed at 450 nm (2.8 eV) for the hexagonal and monoclinic
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M1 phases. Currently, a wide emission band (450 to 700 nm) is systematically observed:
the emission profile can be broken down into several emissions comprising at least three
components (470, 510–520 and 600–680 nm). Emissions ranging from 500 nm to 700 nm are
generally attributed to surface defects. This was also the case for BiPO4 prepared by the
coprecipitation method, where a similar broad band was bound to the M1 structure and
attributed to transitions associated with changes in Bi3+ environments, due to the presence
of oxygen vacancy defects [VO]q◦ (where q◦ is the positive electric charge with q = 0, 1 or 2)
disrupting the PO4 and BiO8 structural groups of the monoclinic structure. Other defects
could also be at the origin of this broadband (Bi vacancies or interstitial sites).
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Minerals 2021, 11, 1007 14 of 17

The BiP-750 sample, which was characterized by the presence of the majority of the
monoclinic M2 phase, showed a single band with a maximum close to (620 ± 20 nm). In
the case of the BiP-Θ samples with Θ = 800, 850 and 900 ◦C (Figure 8b), two characteristic
bands of phase M1 (515± 20 nm) and M2 (620± 20 nm) were observed, with low intensities
compared to the other BiP-Θ samples with Θ = 500, 550, 600, 650 and 700 ◦C.

In Figure 9, we have reported the intensities of the maximum bands as a function of
the heat treatment temperature Θ. The two characteristic bands of phase M1 (515 ± 20 nm)
and M2 (620 ± 20 nm) show almost invariant intensities with Θ. We observed a maximum
for the polymorph sample BiP-550 (M1 and traces of M2). The intensity observed for this
particular sample is more than five times greater than that observed for the pure phase
BiP-500 (monoclinic M1) and one hundred times greater than that of BiP-750 and BiP-800
(monoclinic M2). These results of photoluminescence under UV (364 nm) are in good
agreement with the results of the characterization of powders by XRD, more precisely
according to the appearance and disappearance of the two monoclinic phases, M1 and M2.
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6. Conclusions

The phase change and photocatalytic properties of BiPO4 ceramics were examined.
The monoclinic phase of BiPO4 with space group P21/n (phase stable at low-temperature)
was transformed into the monoclinic phase with space group P21/m (phase stable at high-
temperature) when it was heated above 500 ◦C. When the low-temperature phase was
thermally heated at 800 ◦C, the pure phase M2 was obtained perfectly. From heat treatment
at 850 to 900 ◦C of M2, a small fraction of M2 was transformed into M1 again. From a
quantitative analysis based on the relative intensities of the two-phase mixture, the amount
of transformed phase was calculated and the photocatalytic properties of BiPO4 ceramics
with the variation of the fraction of the two phases were studied. The best photocatalytic
activity was obtained with the BiP-500/600/650 samples corresponding to the P21/n phase
and presenting the smallest grain sizes. The mechanism of photocatalytic degradation
and the stability of the best photocatalyst towards the degradation of RhB as a polluting
dye have been studied. The mineralization of the pollutant studied in the presence of our
photocatalyst was confirmed by carrying out TOC tests.
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