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The enhancement of BiVO4 photocatalytic degradation of methylene blue (MB) through
peroxymonosulfate (PMS) introduction was studied under LED light irradiation. The BiVO4 catalyst
was prepared by the hydrothermal method, and its physicochemical properties were characterized
through various surface means. The influencing factors on the MB decolorization, such as the PMS
concentration, BiVO4 amount, initial solution pH value, and catalyst stability were determined. The
results presented that the photocatalytic performance of BiVO4 for MB removal was effectively
improved after adding the PMS in the photocatalysis system. Increasing BiVO4 and PMS dosages
promoted the MB elimination, and the synergy process showed satisfactory MB decolorization effect
from pH 4 to 10. Besides, the coupling system exhibited a good stability after the four recycles.
Moreover, the reactive species were identified by radicals scavenging experiments, and the results
displayed that the sulfate and hydroxyl radicals were in charge of the MB decomposition during this
collaborative process.
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1. INTRODUCTION
Organic dyes is one of the most common contaminants in industrial wastewater, and their
untreated discharges would cause serious harms to ecological environment and human health [1, 2].
There are numerous methods to eliminate dyes from water, such as physical [3, 4], biological [5, 6], and
chemical methods [7, 8]. However, searching for a quick and efficient way to treat the dye wastewaters
is still a challenge.
Advanced oxidation processes (AOPs) have attracted considerable attentions for the efficient
removal of recalcitrant organic matters [9, 10]. The most common AOPs for the dye decomposition
include ozonation [11], Fenton [12], electrochemical oxidation [13], persulfate activation oxidation [14,
15], and photocatalysis [16, 17]. Among them, the photocatalysis method could transform solar energy
to chemical energy to decompose organics with environmental friendship and without second
contamination [18, 19]. Especially the visible light photocatalytic technique is the focus of research
recently [20, 21].
Monoclinic scheelite bismuth vanadate (BiVO4) is a benign visible light driven semiconductor
photocatalyst [22], which has the following characteristics: appropriate band gap (near 2.5 eV), nontoxic, well chemical durability, and great photocatalysis performance [23]. Nevertheless, the BiVO4
application is impeded due to the low charge separation capacity and poor visible light adsorption
efficiency [24]. To overcome the obstacles, modifying with nanocomposites or combining with other
AOPs are the regular means to improve its use performance.
Peroxymonosulfate (PMS), as one of the persulfates, has been extensively researched in the
organics oxidation under various activation means, such as ultraviolet (UV), alkali, and catalysis [25].
The activated PMS can produce strong oxidative sulfate radical (HSO5−/SO4−‧, 2.5–3.1 V) over a wide
pH range after the peroxide bond of PMS being cleaved through the excitations of energy and electrons
transfer [26]. Previous researchers found that photocatalytic activation for PMS is feasible, and the light
source mainly is UV. But the visible-light photocatalytic motivation of PMS is much more desirable
[27]. Furthermore, the combination of photocatalysis and PMS activation would promote charge
separation in the photocatalytic system as an electron trapping agent, and then improve the light
utilization of photocatalyst [28].
Additionally, the traditional photocatalysis relies mostly on xenon or high-pressure mercury
lamps to produce UV or visible light. Although it provides a stable light source, it consumes too much
energy and emits lots of heat [29]. Hence, the LED light source has become eye-catching in the
photocatalysis with low-energy, feasible, and reliable properties in recent years [30].
To sum up, activating PMS by the LED light would be a promising way to enhance the BiVO4
photocatalytic performance. Therefore, a BiVO4 catalyst was prepared and added in to the visible light
photocatalysis system with PMS simultaneously serving for the methylene blue (MB) degradation in
this study. The MB decolorization activity in this synergetic system was compared with the PMS and
photocatalysis alone systems. The influencing factors on the MB removal, such as PMS concentration,
BiVO4 amount, initial pH value, and catalyst stability were investigated in the photocatalytic activation
of PMS coupling processes. Lastly, the possible catalytic mechanism was proposed based on the radical
scavenger test.
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2. EXPERIMENTAL
MB, PMS (KHSO5‧0.5KHSO4‧0.5K2SO4), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),
ammonium vanadate (NH4VO3), nitric acid (HNO3), sodium hydroxide (NaOH), sodium sulfate
(Na2SO4), sodium dodecyl benzene sulfonate (SDBS), ammonium oxalate (AO), methanol (MA), tertbutanol (TBA), and p-benzoquinone (BQ) were of analytical grade and supplied from Sinopharm
Chemical Reagent Company. All materials were employed directly without being further purified.
Deionized (DI) water was applied throughout the research.
The BiVO4 was prepared by the hydrothermal method. 2.45 g Bi(NO3)3·5H2O and 0.58 g
NH4VO3 were dissolved into 10 mL 4 mol/L HNO3 solution and 2 mol/L NaOH solution, respectively.
Then, 0.25 g SDBS was added into both of above solutions under vigorous stirring. After stirring for 0.5
h, the two solutions were mixed to obtain a bisque solution. 2 mol/L NaOH was added to adjust the pH
value to 7, and then the mixture was continues stirring for 0.5 h. After that, the suspension was transferred
into a 50 mL Teflon-lined stainless-steel autoclave, which was kept in an oven at 200℃ for 3 h. After
the autoclave was cooled to room temperature, the resultant vivid yellow sample was separated by
centrifugation and washed with DI water and ethanol several times, and then dried at 100℃ for 4 h.
The BiVO4 was characterized by X-ray diffraction (XRD, D-max-2500), scanning electron
microscopy (SEM, SUPRA55), energy-dispersive X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCA Lab 250). XRD patterns were carried out with Cu Kα
radiation (l = 0.15418 nm), which operated at 40 kV and 30 mA, and the scan rate is 5° min-1. The SEM
was a field-emission SEM equipped with an EDS for the elemental analysis. XPS investigation was
recorded with a monochromatic Al Kα as the X-ray source and hemispherical analyzer.
The photocatalytic activity of BiVO4 was determined by the decolorization of MB under a LED
lamp (GRF30, 30 W, 400~780 nm). A certain dose of BiVO4 was introduced in 100 mL MB. Before
illumination, 10 min dark adsorption with stir was to achieve the adsorption-desorption equilibrium.
Then the determined amount of PMS was added to begin the synergistic reaction. The residual
concentration of MB with time was determined by an UV spectrophotometry (SP-725) at 664 nm.
Besides, the mineralization of MB was evaluated by the COD and TOC removal. The COD was
measured by a COD rapid tester (DRB 200). The total organic carbon (TOC) was analyzed through a
TOC analyzer (Shimadzu-VCPH).

3. RESULTS AND DISCUSSION
The crystallographic structure of BiVO4 was identified by XRD as displayed in Figure 1a. It is
obvious to see that the diffraction peaks for the BiVO4 could accord with the standard maps of the pure
monoclinic phase of bismuth vanadate [31].
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Figure 1. BiVO4 characterization of XRD (a), XPS (b), SEM (c), and EDS (d).

As presented in Figure 1b, the survey XPS spectrum of BiVO4 was clearly revealed. The peaks
at 164.0 and 158.6 eV of BiVO4 belonged to Bi 4f5/2 and Bi 4f7/2, respectively. The C 1s peaks could be
due to the carbonaceous compounds in the air adsorbed on the catalyst surface [32, 33]. As seen in the
illustration of Figure 1b, the peaks at 529.8 and 531.7 eV in BiVO4 were attributed to the crystal oxygen
(O 1s) in the Bi2O22+ lattice, which represented the formation of the V-O bond [34, 35]. Those results
demonstrated that Bi3+, V5+, and O2- were observed in the fabricated BiVO4 sample. The SEM image
(Figure 1c) indicated that the prepared BiVO4 displayed a typical sheet-like morphologies in the range
of 200-500 nm. The EDS patterns (Figure 1d) corroborated that the representative peaks of Bi, V, and
O elements were detected. Above results prove that BiVO4 nanoparticles were successfully synthesized.
The MB decolorizations in different system are presented in Figure 2a. The experimental
conditions were as follows: the initial concentration of MB 5 mg L -1, PMS dosage 1 mmol L-1, BiVO4
dosage 0.2 g L-1, and initial solution pH 6. It can be observed that BiVO4 itself had a weak adsorption
capacity for the MB, and almost no decolorization effect on the MB under LED light. The removal ratio
of MB by PMS alone was 46%, while the decolorization only increased to 50% after adding the visible
light irradiation, indicating that visible light has almost no activation effect on PMS. The MB degradation
was just reached 51% under the BiVO4 system added PMS without light, which could be due to the
common effects of BiVO4 adsorption and PMS oxidation. However, under the irradiation of visible light,
99% MB was decolorized in the presence of BiVO4 and PMS, which demonstrated that MB degradation
over BiVO4 catalysts was significantly promoted after adding PMS into the photocatalytic process
(BiVO4 + PMS +Vis system). The MB removal kinetics trials satisfied the first order kinetics, as
displayed in Figure 2b. The kinetics change trends of different systems were consistent with those in the
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MB decolorization processes. The kinetic constant of MB decolorization for the BiVO4 + PMS +Vis
process was 0.279 min-1, which was higher than that of the sole BiVO4 photocatalysis (0.0745 min-1)
and sole PMS (0.0964 min-1) processes, respectively.

Figure 2. MB degradation with different systems(a) and corresponding kinetic curves (b).
Figure 3a shows the effect of different PMS dosages on the MB decolorization in the BiVO4 +
PMS +Vis system. The experimental conditions were the following: MB initial concentration 5 mg L-1,
initial pH 5.9, and BiVO4 dose 0.2 g L-1. In the dark reaction, the MB decolorization was increased with
the increasing PMS dosage. This is due to PMS is a strong oxidant itself, the more PMS added, the more
dye molecules are decomposed in the synergistic system. After turning on the light source, expect for
the excess PMS amount 5.0 mmol L-1, the MB removals were all accelerated obviously. More active
species (SO4-· and ·OH) would be generated in the photocatalytic coupling process with the increasing
PMS, improving the decolorization effect. Besides, the PMS could act the photogenerated electron
capture agent, the augment of PMS dose would decrease the recombination of photogenerated carriers
[2]. Since the final degradation effects of PMS dose 1 and 5 mmol L -1 were the same, 1 mmol L-1 was
selected as the optimal PMS dosage from the cost reason.
Figure 3b displays the effect of different amounts of BiVO4 on the decolorization effect during
the BiVO4 + PMS +Vis process. The test parameters were as follows: MB initial amount 5 mg L-1,
beginning pH 5.9, and PMS dose 1 mmol L-1. During the dark stage, the decolorization effect of MB
was not affected by the change of the BiVO4 amount, which could be attributed to the small specific
surface area and poor adsorption performance for the BiVO4. At this point, the PMS activation plays a
major role for the MB decomposition. Under the LED irradiation, the MB decolorizations were promoted
as the dosage of BiVO4 increased. It is generally believed that more photocatalyst were introduced into
this system, more photocatalytic reactions would be generated, enhancing the PMS activation and the
MB removal. After the comprehensive consideration, 0.2 g L-1 was chosen as the suitable BiVO4 amount
in the next experiments.
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Figure 3. Effect of PMS amount (a), BiVO4 dosage (b), and initial solution pH (c) on MB decolorization.
Cycle photocatalytic tests for MB decolorization (d).
Figure 3c illustrates the impact of initial pH on the decolorization of MB for the BiVO4 + PMS
+Vis. The operation conditions were as follows: MB concentration 5 mg L-1, PMS dosage 1 mmol L-1,
and BiVO4 dosage 0.2 g L-1. The initial pH change had little effect on the degradation of MB in the dark
reaction. After turning on the light source, it is apparent that the decolorization effects under neutral and
alkaline conditions were better than that in the acidic environment. Under alkaline conditions, HSO5- is
more easily to be activated, producing more ·SO4-·, promoting the dye decolorization efficiency [14].
Moreover, the BiVO4 and PMS photocatalytic system broadened the range of reaction pH for the
individual BiVO4 and PMS, which would be conducive to the real application for this synergy process.
Figure 3d depicts the stability test results of the BiVO4 + PMS +Vis process. The MB
decolorization rate of the synergistic system still reached 90% after five repeated cycles. These results
indicated that the BiVO4 could maintain the high catalytic activity after multiple reactions in the
synergetic system, and thus continuously activate PMS. However, the catalyst would be deactivated and
gradually lost during the photocatalysis and recovery step, respectively, leading to the decreasing of
photocatalytic performance.
The further degradation and mineralization effects for the MB were determined by the COD and
TOC analyses, and the results are presented in Figure 4a and 4b, respectively. The COD removal in the
BiVO4 + PMS +Vis was 40%, which was significantly higher than that in the systems of BiVO4 alone
(9%) and PMS alone (27%) under visible light irradiation. On the other side, the TOC removal for the
synergy process reached 31%, which was also obviously improved than the BiVO4 + Vis (5%) and PMS
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+ Vis (16%) processes. It can be concluded that the synergistic effect of the BiVO4 + PMS +Vis not only
improved the degradation of organic matter, but also enhanced its mineralization ability. However, when
the MB was attacked by the free radicals generated in the coupling system, some degradation
intermediates were formed by a series of decomposition reactions, such as demethylation and
dehydrogenation reactions [36-38]. These byproducts were hard to be mineralized completely.
Moreover, the UV-visible full-spectral scan was performed to confirm the MB decomposition in
the BiVO4 + PMS +Vis system, and the experimental conditions were as follows: MB 5 mg L-1, PMS
dosage 1 mmol-1, BiVO4 dosage 0.2 g L-1, and initial pH 6. As observed in Figure 4c, the maximum
absorption peak intensity at 664 nm decreased with the reaction proceeding, indicating that the
chromophoric group of the MB molecular structure was completely destroyed [39, 40]. Meanwhile, the
blue MB solution also discolored to colorless as seen in the illustration of Figure 4c.

Figure 4. COD (a) and TOC (b) removals of MB in different systems. (c) UV-Vis spectra analysis of
MB in BiVO4 + PMS +Vis system. (d) Effect of radical scavengers on MB decolorization for
BiVO4 + PMS +Vis process.

Figure 4d shows the free radical masking experiment of the BiVO4 + PMS +Vis system under
above optimized reaction conditions. In this experiment, AO, BQ, TBA, and EtOH were used as the
inhibitors of h+, ·O2-, ·OH, and ·SO4-, respectively. After the addition of BQ and TBA, the degradation
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was not significantly suppressed at the end of the dark reaction. However, there was almost no
decolorization effect during the dark reaction as adding EtOH. Above results indicated that the
nonradical function of PMS played the major role in the dark reaction process rather than other active
radicals. When the LED light was turned on, a small inhibitory effect on the MB decolorization was
represented under the introduction of BQ, and the final removal rate reached 90%, proving that the ·O2was not the main active substance in this system. Nevertheless, the decolorization efficiency only
achieved 49% after adding TBA, which demonstrated that ·OH acted a certain role. Furthermore, when
EtOH was used as the quenching agent, the MB degradation sharply decreased to 19% after 90 min
treatment, this result indicated that SO4-· could be the most significant free radicals in the synergetic
process. In addition, the removal rate was found to be accelerated after adding AO, this could be due to
the combination of AO and h+ would promote the e- production on the BiVO4, which could further
activate PMS and then produce more reactive radicals.
Hence, it can be concluded that the action order of the reactive species in the BiVO4 + PMS +Vis
system was SO4-·>·OH >·O2- > h+. Because the conduction band position of BiVO4 is not conducive to
the generation of ·O2-, and the PMS captures a large amount of e-, which would inhibit the O2- formation
[41, 42]. Besides, due to the higher valence band position of BiVO4, h+ can react with OH- to produce
more ·OH, promoting the degradation of MB [15, 43, 44]. SO4-· plays a vital role in the coupling process,
which is not only the highly oxidative radical involved in the decomposition of MB, but also participate
the ·OH generation in water, thereby improving the decolorization efficiency. Moreover, ·OH could be
generated by the reactions of OH- with h+ and SO4-·, respectively, so the synergy effect would be
prominent in the alkaline condition as previous pH control tests [45, 46]. The related reaction equations
were listed as follows:
BiVO4 + hν → h++ e(1)
e + O2 → ·O2
(2)
+
h + OH →·OH
(3)
HSO5 + e →SO4 ·+OH
(4)
+
+
HSO5 + h → SO5 ·+H
(5)
HSO5 +·OH→ SO5 · +H2O
(6)
2SO5-· → 2SO4-· +O2
(7)
2SO4 · +OH → ·OH +SO4
(8)
2SO4 · +SO4 · → S2O8
(9)
22S2O8 + OH → SO4 +·OH
(10)
SO4-· /·OH/·O2- /h++ MB → degraded products
(11)
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Figure 5. Possible photocatalytic mechanism of synergistic system.
Figure 5 displays the migration path of photogenerated carriers and the generation of free radicals
in the BiVO4 + PMS +Vis system. Under the irradiation of LED light, the addition of PMS improved the
separation of photo-generated carriers of BiVO4, then inhibited the recombination of photo-generated
carriers, and thus produced more e- and h+. On the one hand, e- could be trapped by PMS, and then
activate PMS to generate SO4-·, which enhanced the catalytic activity of BiVO4. On the other hand, a
small number of e- would react with O2 to form ·O2-, which could inhibit the recombination of carriers
and then benefit the ·OH generation through the reaction of h+ and OH-. So, the MB was degraded and
mineralized to CO2 and H2O by above strong oxidative radicals generated in the synergistic process.

4. CONCLUSIONS
In this work, the photocatalytic performance of BiVO4 nanosheets for the MB degradation was
effectively promoted with the introduction of PMS under LED visible light irradiation. The first order
rate constants of the MB removal were enhanced to 0.279 min-1 for the BiVO4 + PMS +Vis system from
0.0745 min-1 and 0.0964 min-1 for the sole BiVO4 photocatalysis and PMS oxidation alone, respectively.
Increased the BiVO4 dose and PMS amount could both improve the synergetic activity for the MB
degradation. The BiVO4/PMS coupling process could broaden the pH reaction ranges, which presented
fair decolorization efficiencies from pH 4 to 10. The synergy process exhibited a good stability in the
four recycle tests. The BiVO4 + PMS +Vis process displayed the better COD and TOC removal ratios
than the BiVO4 + Vis and PMS + Vis systems, respectively. The SO4-· and ·OH radicals were identified
as the main oxidative radicals for the MB degradation. The added PMS could trap e- and enhance the
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separation of photogenerated hole electron pairs, which can significantly the photocatalytic performance
of BiVO4 under the LED light irradiation.
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