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Abstract Hexahedron-like BiPO, microcrystals were
sucessfully synthesized via a template-free hydrothermal
method. The resulting samples were characterized by X-
ray diffraction (XRD), field-emission scanning electron
microscopy (FESEM), transmission electron microscopy
(TEM) and UV-vis spectroscopy. The BiPO, samples
were of pure monoclinic phase, and the initial amount of
PO; ™ during synthesis did not show obvious effect on the
phase properties of the materials. The hexahedron-like
BiPO, microcrystal had explicitly cut edges, and its
thickness was about 1 pm. The photocatalytic performance
of the BiPO, catalysts was evaluated by photodegradation
of RhB under UV light irradiation with commerial
Degussa P25 TiO, as reference. Compared with P25, the
BiPO, catalysts displayed higher photocatalytic activity,
with 98.7% of RhB degraded during 60-min experiment.
Cost evaluation analysis was adopted to describe the
energy consumption of the degradation process, and the
results suggested the potential application of this material
in the field of dye-contaminated wastewater treatment or
environmental matrices remediation.
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1 Introduction

In the past few decades, heterogeneous photocatalysis of
semiconductors has been applied to water-splitting and
organic pollutant degradation under both UV and
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visible-light irradiation [1]. Many oxide semiconductors,
including TiO,, ZnO, SnO,, CdS and CeO,, have been
studied as the photocatalyst to purify air, water and soil
polluted with various hazardous chemicals [2,3]. Among
diverse photocatalytic materials, TiO, is by far one of the
most efficient and economical photocatalysts due to
titania’s abundance, nontoxicity, low-cost, unique opti-
cal-electronic properties and mild effect on the environ-
ment [4—6]. However, the fine powder of TiO, with high
photocatalytic activity renders its application for industrial
application, during which after reaction the small particles
are too difficult to recover by traditional wastewater
treatment techniques, and may re-pollute the water [7,8].
Moreover, owing to its relatively inefficient quantum yield
and wide band gap energy, TiO, cannot be used in large
scale industrial wastewater treatment [9].

Bismuth-based nanostructured materials (BiWOy,
BiOBr, Bi,MoOg, etc.) have recently attracted much
attention because of their unique properties [10-13]. As
an important multicomponent semiconductor, bismuth
phosphate (BiPO,) is widely studied as a good catalyst,
orthophosphate ion-sensor, and separating agent [14].
Several methods have been applied to synthesize single-
phase micro- or nano-scale BiPO4 materials. BiPO4 nano-
cocoons and nanorods with different phases were success-
fully prepared by solvothermal method, and the materials
proved the potential photoluminescence properties [15]. To
controllably prepare the Bi salt nanocrystals, a method
using high-temperature hydrolysis reaction was adopted
for the synthesis of tailored BiPO, nanocrystals with
enhanced photocatalytic performances [16]. However, to
synthesize BiPO,4 materials by the facile method is still a
challenge.

In the present work, BiPO, catalysts were prepared
by a facile template-free hydrothermal method, using
Bi(NOs)3-5H,0 as Bi source. Effect of the initial amount
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of PO}~ during the preparation process was also explored.
The physicochemical properties of the BiPO, samples
were characterized by XRD, FESEM, TEM and UV—vis
DRS techniques. The photocatalytic performance of the
synthesized catalysts was investigated by the degradation
of rhodamine B (RhB) under UV light irradiation.
Furthermore, cost evaluation was applied to illustrate the
potential environmental application of this material in the
wastewater treatment processes.

2 Materials and methods
2.1 Chemicals and reagents

Bismuth nitrate pentahydrate (Bi(NOs);-5H,0), sodium
phosphate tribasic dodecahydrate (NazPO4-12H,0),
HNO; and rhodamine B (RhB) were in analytical grade
and purchased from Tianjin Chemical Reagent Corpora-
tion, China. P25 TiO, was purchased from Degussa
Corporation (anatase:rutile= 80:20, particle size of 21
nm, BET area of 50 m?-g™"). Ultrapure water was prepared
by a Milli-Q water purification system (Millipore, Bedford,
MA, USA). All the chemicals were used as received
without further purification.

2.2 Synthesis of BiPO, catalysts

BiPO, catalysts were prepared via a facile hydrothermal
method with Bi(NO3)3-5H,O as Bi source. In a typical
procedure, a quantity of 1.14g NazPO,4-12H,O were
dissolved in 20 mL ultrapure water, then 20 mL of 0.15
mol-L™" Bi(NO3);-5H,0 stock solution was added
dropwisely with vigorous stirring. The obtained solution
was magnetically stirred for 30 min, and transferred to a
50 mL Teflonlined autoclave vessel, which was maintained
in the oven at 180°C for 72 h. After naturally cooling
down, the products were centrifuged, and the precipitates
were rinsed thoroughly with distilled water and ethanol
several times. The samples were then dried in the oven at
60°C for 5 h. The above molar ration of PO;~ to Bi** was
1:1, and the sample was denoted as BiPO4-B. The effect of
the amount of PO;  was further investigated, and the
corresponding molar ratios of PO}~ to Bi** were adjusted
to 0.7:1 and 1.3:1, with the resulting samples named as
BiPO4-A and BiPO4-C, respectively.

2.3 Characterization

The phase structure of BiPO, catalysts was recorded by a
diffractometer (Max-2500, Rigaku D, Japan) using Cu Ka.
radiation (A = 1.54178 A). The morphologies and sizes of
the samples were determined by field-emission scanning
electron microscopy (FESEM, FEI Nanosem 430, China)
and transmission electron microscopy (TEM, JEM-100CX

II, Japan). The optical properties of the samples were
evaluated by a spectrophotometer (UV-3600, Shimadzu,
Japan) equipped with integrating spheres using BaSO, as
reference at room temperature.

2.4 Photocatalytic experiments

The photocatalytic degradation experiments were per-
formed in a photochemical reactor (XPA-2, Nanjing
Xujiang Machinery Factory, Nanjing, China). A 100 W
mercury lamp (Institute of Electric Light Source, Beijing)
was used as UV light source, which was positioned in the
middle of the cylindrical quartz cold trap. The whole
system was cooled by circulating water and maintained at
room temperature. In each experiment, an amount of 0.2 g
catalyst was added to the reaction system containing 200
mL of 0.1 mol'L"" RhB. The resulting suspension was
magnetically stirred in darkness for 30 min to achieve
adsorption—desorption equilibrium. After turning on the
light, aliquots of 4 mL reaction solution were sampled at
predetermined time intervals. The concentration of RhB
was determined by UV—vis absorption spectra (Shimadzu
UV1600) at wavelength of 554 nm with the supernatant
pre-centrifuged at 3000 rpm for 10 min. The conversion of
RhB was calculated by the following equation:

¢

Conversion(%) = 1——-,
Co

(D
where, Cy and C, were the initial adsorption equilibrium
concentration of RhB and the reaction concentration at
time ¢ (min), respectively.

3 Results and discussion

3.1 XRD analysis

Figure 1 presented the XRD patterns of catalysts
prepared at various molar ratios of Na;PO4-12H,0 to
Bi(NOs)3-5H,0. The XRD images were well indexed to
the crystallized pure monoclinic phase BiPO4 with lattice
parameters of @ = b = 6.982, ¢ = 6.476 A (JCPDS No. 15-
0767) (its standard image was shown at the bottom of Fig.
1), without other characteristic peaks observed, indicating
the high purity of obtained BiPO, catalysts. The intense
and sharp diffraction peaks indicated the high degree of
crystallinity of the BiPO, catalysts. Comparison of the
XRD images of BiPOy4-A, BiPO4-B and BiPO4-C showed
no obvious changes for positions or intensities of the
diffraction peaks, suggesting that the initial amount of
PO; "~ did not influence the phase properties of the BiPO,4
catalysts. In the following parts, BiPO4-B (molar ratios of
PO; to Bi** at 1:1) was chosen as model catalyst and
denoted as BiPOy,.
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Fig. 1 XRD patterns of the synthesized BiPO, catalysts with the
molar ratios of Na;PO,4-12H,0 to Bi(NOs)3-5H,0 at 0.7:1 (a),
1:1(b) and 1.3:1 (c), respectively

3.2 Morphology

The morphologies and sizes of the prepared catalysts were
depicted by SEM and TEM analysis (Fig. 2). The
fabricated BiPO, samples were hexahedron-like micro-
crystals with explicit cut edges. The thickness of the BiPO,
microcrystals was about 1 um. Compared with P25 TiO, of
21 nm in size, the as-synthesized BiPO, catalysts may be
easily separated from the photocatalytic reaction system
via self-sedimentation, which is beneficial for its practical
industrial application. Some faces of the samples were
hollow (Fig. 2(b)), which can facilitate the diffusion of
reactants/intermediates during the photocatalytic process.
TEM picture of the BiPO, samples (Fig. 2(c)) confirmed
the explicit cut edges of the prepared catalysts. The regular
square diffraction spot array of SAED pattern (inset in Fig.
2(c)) confirmed the well crystallized single-phase of BiPOy,
samples, which was consistent with the results of XRD
analysis.
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3.3 Optical ability

For a semiconductor photocatalyst, the optical absorption
property determines its electronic structure and migration
of the light-induced electrons and holes, which plays
important roles during the photocatalytic process [17].
Optical absorption ability of BiPO4 was determined by the
UV-vis spectroscopy, and the corresponding result was
displayed in Fig. 3. The intense absorption band with a
steep edge of the spectrum indicated that the absorption in
the UV region was due to the intrinsic band gap transition
instead of the transition from the impurity levels [18]. The
BiPO,4 samples showed obvious absorption in the UV light
region with an absorption edge of 310 nm. For a crystalline
semiconductor, the optical absorption near the band edge
follows the following equation:

ahv = A(hv—E,)?2, @)

where, a, v, E, and A are the absorption coefficient, the
light frequency, the band gap, and a constant, respectively
[19]. Thus, the band gap energy of BiPO, samples was
estimated to be ca. 4.0 eV. This was in agreement with the
previous reported values [20].

3.4 Photocatalytic degradation of RhB by BiPOy,

Figure 4 illustrated the RhB removal efficiencies as a
function of reaction time with Degussa P25 TiO, as
reference. Preliminary experiments indicated that adsorp-
tion-desorption equilibrium between RhB and the catalysts
was achieved after 30 min continuous stirring in the dark.
The removal efficiencies of RhB by BiPO,4 and P25 were
98.7% and 93.8%, respectively, after 60 min irradiation.
Photodegradation of RhB versus the irradiation time
follows the pseudo first-order kinetic model:

C =kt 3)

_ 11'160 app?s

Fig. 2 SEM (a and b) and TEM (c) images of the prepared BiPO, catalysts



Lei LI et al. Removal of rhodamine B from aqueous solution by BiPOy hierarchical architecture 385

where C, and C, are the initial RhB concentration and
concentration at reaction time 7 (min), respectively; &, is
the reaction rate constant. The parameter k,,, can be
determined by the gradient of the line of In(C,/Cy) versus
time £ In this study the reaction rate constants k,,, for
BiPO4 and P25 were calculated to be 0.071 and 0.043
min~', respectively. The synthesized BiPO4 powders
proved to be efficient for RhB removal from solution,
and the obtained reaction rate constants k,,, were
comparable to reported values by other researchers with
Bi,WOg, Bi;MoOg, or highly ordered macro-mesoporous
anatase TiO, film [21,22]. Compared with P25 TiO,, the
higher k£ value of BiPO, suggested the significantly
superior photocatalytic activity of the synthesized BiPOy,
which was probably ascribed to the following two reasons.
First, the relatively high crystallinity of the BiPO,4 sample
meant the few defects in the photocatalysts, which may
serve as recombination centers for the photoexcited
electron-hole pairs and result in the superior photocatalytic
activity of BiPO, catalyst [23]. Secondly, BiPO, semi-
conductors are of high position of the valence band and
high separation efficiency of electron-hole pairs [24],
which leads to a reduction in the probability of the
recombination of ¢ /h* pairs and an increase of the charge
transfer, facilitating the photocatalytic process.

12
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Fig. 3 UV-vis absorption spectra of the obtained BiPO, catalysts

The temporal changes of RhB with respect to BiPO,
were likely caused by the de-ethylation and efficient
decomposition of RhB in a stepwise manner [25]. The
photocatalytic process was initiated by the photoabsorp-
tion of light, which generated electrons (e”) and holes (h™).
The holes subsequently reacted with the molecular H,O to
yield HO- radicals. Simultaneously, the newly formed
electrons reacted with the adsorbed molecular oxygen and
produced the superoxide radical anion O,, which was
further transformed to the -OOH radicals [26]. The
existing active oxygen radicals (HO-, -OOH) oxidized
the adsorbed RhB by the attack of the N-ethyl group and

led to the stepwise de-ethylation, producing a series of N-
deethylated intermediates. During this process, the original
N,N,N',N',-tetraethylated rhodamine molecule (4,,,, = 554
nm) was gradually transformed to N,N,N'-tri-ethylated
rhodamine (A,.x = 539 nm), N,N'-di-ethylated rhodamine
(Amax = 522 nm), N-ethylated rhodamine (A, = 510 nm),
and finally to rhodamine (A,,x = 498 nm) [27-29]. Parallel
to that, destruction of the dye chromophore ring structure
took place, and the dye molecules were degraded with the
extending irradiation time [28]. With the prolonged UV-vis
illumination, the whole processes ended in the mineraliza-
tion of the formed intermediates to small molecules, such
as NH;, CO,, and H,O.

3.5 Environmental applications

This study demonstrated high photocatalytic performance
of the synthesized BiPO, catalysts on the degradation of
RhB in aqueous solution under UV light irradiation. The
half-lives of corresponding contaminants were calculated
from the equation #,, = In2/k,,,, and results were
summarized in Table 1. By comparison of the data from
photolysis of RhB, both P25 and BiPO, could significantly
shorten the #,,,, and their ¢, , values were in the same order
of magnitude.

The electrical energy per order (Egp) is proposed to
assess the electrical energy required to remove unit mass of
pollutant. The Egg is defined as the number of kWh of
electrical energy required to reduce the concentration of a
pollutant by 1 order of magnitude (90%) in 1 m® of the
contaminated water, and the equation is expressed as
follows [3]:

P x t x 1000

4)
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Fig. 4 Photocatalytic degradation of RhB (1.0mg'L') by
different catalysts under UV light irradiation. Initial RhB
concentration was 10.0 mg-L ™", and catalyst dosage was 1.0 gL~
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Table 1 Apparent rate constants, half-life and Ego for the degradation of RhB in the reaction systems

&/ min™! half-life/min Ero (kW h- m™ order )
photolysis 0.0057 121.60 24.367
P25 TiO, 0.043 16.12 0.323
BiPO,4 0.071 9.76 0.014

In(Cy/C) = kyppt. ©))

where, P is the rated power (kW) of the advanced
oxidation process system, ¢ is the irradiation time (h), V'
is the volume (L) of the water in the reactor, Cy and C are
the initial and final pollutant concentrations and k is the
pseudo-first-order rate constant (min™') representing the
decay of the pollutant concentration. The calculated Ero
values (Table 1) by P25 and BiPO, catalysts showed the
same trend as #1,, values. The low energy consumption by
synthesized BiPO, catalysts demonstrated that less energy
was needed for keeping the high degradation efficiency in
the BiPO, system. These results imply that the synthesized
BiPO, catalysts could efficiently degrade organic dye
compounds, suggesting the promising prospect in the
application of BiPOy catalysts for costly treating organic
contaminants in wastewater.

4 Conclusions

Hexahedron-like monoclinic phase BiPO,4 was synthesized
via a facile hydrothermal method with bismuth nitrate
pentahydrate as Bi source. The band gap energy of the
BiPO,4 samples was determined to be about 4.0 eV, which
indicated the strong absorption in the UV region.
Compared with P25 TiO,, the superior photocatalytic
performance of the prepared samples can be ascribed to the
synthetic effect of its relative high crystallinity and high
separation efficiency of electron-hole pairs. RhB was
degraded in a stepwise manner in the BiPO,/UV system,
during which the reactive radicals (HO-, -OOH) oxidized
RhB by a stepwise de-ethylation process, and the whole
reaction ended in the mineralization of the formed
intermediates to small benign molecules. Cost evaluation
results demonstrated the potential application of the
obtained BiPO, materials for the removal of organic
dyes from wastewater.
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