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Abstract

This communication reports a pioneering study on the synthesis of BiVO4 and photocatalytic reduction
of Cr(VI)-polluted wastewaters. Monoclinic phase BiVO4 micron-crystals with adjustable morphology
were synthesized via a solid-phase route. The structures, morphology, optical properties of the BiVO4
micron-crystals were characterized by X-ray diffraction, field emission scanning electron microscopy,
UV-vis diffuse reflectance spectra, Fourier transform infrared spectroscopy spectra, and photocurrent
measurements. Besides, their photocatalytic properties were tested for the reduction of aqueous Cr(VI)
under visible light (A > 420 nm) irradiation. The photocatalytic tests showed that the photocatalytic ac-
tivities of BiVO4 powders in aqueous Cr(VI) depended on the dark adsorption amount for Cr(VI) and
number of photogenerated carriers. BiVOs-(c) exhibited the highest photocatalytic reduction efficiency
that attributed to highest separation and transfer efficiency of photogenerated electrons and holes. Be-
sides, effects of photocatalytic experiment parameters (including dosage of photocatalyst and coexistent
anions and cations) on the Cr(VI) removal rate by BiVOu4-(c) were also investigated, and *OH play an
important role in the BiVO4 photocatalytic reduction Cr(VI). Copyright © 2019 BCREC Group. All
rights reserved
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1. Introduction chromate-related industries, such as electroplat-
ing, pigment production, leather tanning [1-4].
Cr(VI) has acute toxicity and high mobility in
water, which induced multiple human diseases
and ecological problems [4-6], also the world
. ] health organization proposed the concentration
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Hexavalent chromium (Cr(VI)) is a common
heavy metal contaminant in the effluents from
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nomical and environmental-friendly methods of
removing the Cr(VI) wastewaters. Photocata-
Iytic reduction of Cr(VI) into Cr(III) has now
been proven as an effective procedure for treat-
ing Cr(VI) wastewaters [7-12] due to its high
efficiency, low cost, environmental friendly, and
exploitation of solar energy. Consequently, it is
desirable to develop new visible-light-
responsive semiconductor photocatalysts cater
to industrial application of photocatalytic tech-
nology treat large scale Cr(VI) wastewaters,
and make full use of solar energy.

Bismuth vanadate (BiVOs) has attracted
considerable attention due to its photocatalytic
activity under visible light irradiation and
higher stability [13-15]. BiVO4 has three crys-
talline phase, respectively named as monoclinic
scheelite, tetragonal zircon and tetragonal
scheelite [13-15], of which the monoclinic bis-
muth vanadate with a band gap of 2.4 eV ex-
hibits much higher visible-light photocatalytic
activity [14]. It is well known that the photo-
catalytic properties strongly depend on the
crystal structure [14,16], recently, monoclinic
structure BiVOs4 powder was synthesized by
various techniques, such as: Jiang [14] pre-
pared spherical-shaped monoclinic structure
BiVO4 by the solution combustion synthesis
method and improves the photocatalytic activi-
ty of degradation of methylene blue. Monoclinic
bismuth vanadate powders were synthesized by
aqueous processes and photodegradation of
methylene blue solution was determined under
visible-light irradiation (A > 420 nm) [17].
BiVO4 crystallites was prepared in the low-
temperature molten salt method and exhibited
UV-vis absorption [18]. Zhang [19] synthesized
monoclinic structured BiVO4 nanosheets in the
presence of sodium dodecyl benzene sulfonate
(SDBS) as a morphology-directing template by
hydrothermal synthesis, also photodegradation
of RB under solar irradiation. Zhou [20] ob-
tained monoclinic scheelite structure BiVO4 via
sonochemical method, and the photocatalytic
activities were also evaluated by decolorization
of methyl orange under visible light. Zhang [21]
reported that wvisible-light-driven BiVOs was
synthesized by metalorganic decomposition
method, and evaluated the photodegradation of
MB. Although BiVO4 as a visible light photo-
catalyst is used removing the organic pollution,
there is rare report that BiVO4 photocatalytic
reduction of aqueous Cr(VI) under the visible
light irradiation.

Herein, we report a simple synthesis of
monoclinic BiVO4 powders and photocatalytic
activities of the as-synthesized BiVO4 powders
were evaluated in the reduction of aqueous

Cr(VI) under visible-light (A > 420 nm) irradia-
tion. The effects of the coexistent anions and
cations on Cr(VI) removal rate were analysed.
Furthermore, reaction mechanism of photo-
catalytic reduction of hexavalent chromium by
bismuth vanadate is proposed.

2. Materials and Methods

All the analytically grade reagents were
used without further purification, and pur-
chased from Sinopharm Chemical Reagent Co.,
Ltd. Water used in experiment was distilled
and deionized.

2.1 Preparation of BiVO4

The powders of 4.0 mmol of Bi(NOs3)s-5H20
and 4.0 mmol NH4VO3 were mixed in an agate
mortar for 40 min, then the bronzing mixture
were transferred into a corundum crucible at
300~700 °C for 2 h in a muffle furnace. After
the crucible naturally cooled to room tempera-
ture, the resultant product was washed with
deionized water and ethanol, and dried in air
at 100 °C for 5 h. For the convenience of de-
scription, the products obtained at the 300 ~
700 °C were named BiVOy-(a)~(e).

2.2 Material Characterization

X-ray diffraction (XRD) patterns were ac-
quired using a German Bruker AXS D8 AD-
VANCE X-ray diffractometer. Field emission
scanning electron microscope (FESEM) images
were obtained using a Japan Hitachi S-4800
field emission scanning electron microscopy.
Fourier transform infrared spectra were meas-
ured on German Bruker fourier transform in-
frared spectrometer at room temperature with
the sample in a KBr beam splitter. UV-vis dif-
fuse reflectance absorbance spectra were ob-
tained on American Varian Cary 5000 UV-vis-
NIR spectrophotometer with an integrating
sphere attachment, employing BaSO4 as refer-
ence. Photocurrent were obtained using a
CHI660E electrochemical workstation, employ-
ing a conventional three-electrode electrochem-
ical cell. The electrolyte solution was 0.1 mol/L
Naz2S04 aqueous solution. The light source was
a 35 W LED lamp for the photocurrent meas-
urement.

2.3 Visible Light Photocatalytic Activity Stud-
ies

The photocatalytic activity of the as-
synthesized samples was evaluated in the re-
duction of aqueous Cr(VI) under a 200 W Xe
lamp (using cutoff filters) irradiation in photo-

Copyright © 2019, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 14 (2), 2019, 338

chemical reactor. The experiments were per-
formed at 25 °C as follows: 100 ~ 500 mg photo-
catalyst powders and 1.0 mL of 100 mg/mL cit-
ric acid aqueous solution were added into
quratz bottles with 300 mL of 30 mg/L K2Cr207
aqueous solution, magnetically stirred in the
dark for 80 min to realize Cr(VI) adsorption
equilibrium. During the visible light (A > 420
nm) irradiation, about 3 mL of suspension was
taken out from the reactor at a fixed interval
and filtered using cellulose acetate membrane
filter with pore size is 0.22 um to separate the
photocatalyst powders. The Cr(VI) content in
the filtrates was determined using the stand-
ard diphenylcarbazide method with a detection
limit of 0.005 mg/L by measuring the absorb-
ance at 540 nm [22].

3. Results and Discussion
3.1 Characterization of Samples

Crystalline structure and phase purity of
the synthesized BiVO4 samples were investi-
gated by XRD. Figure 1 (a)~(e) show the XRD
pattern of the as-synthesized BiVOs4, which pre-
pared via the mixed powders of 4.0 mmol of
Bi(NOs3)3-5H20 and 4.0 mmol NH4VOs at 300 ~
700 °C for 2 h, respectively. All the XRD peaks
of the as-prepared BiVO4 exhibited well crys-
tallinity, and showed an excellent match with
JCPDS NO.14-0688 which represents mono-
clinic phase BiVOs. Other diffraction peaks

54800 15.0kV 8.8mm x7.00k SE{U)

54800 15.0kV 8.8mm x30.0k SE(U)

arising from possible impurities were not de-
tected. The intensity of the diffraction peaks of
BiVO4 was stronger accordingly with increase
of temperature.

It is known that the morphologies of the
products are depend upon the intrinsic struc-
ture, and also relate to the growth kinetics of
the reaction process. As can be seen from Fig-
ure 2, BiVOs-(a), (b), (¢), (d), and (e) are com-
prised micron-lever particles and exhibited dif-
ferent morphologies. The FESEM images of
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Figure 1. XRD patterns of as-synthesized
BivOs-(a)~(e)

Figure 2. FESEM images of as-synthesized BiVOu- (a)~(e)
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BiVOs-(a) and (b) showed a block-like accumu-
lation structure (about 1~2 pm in size), which
were combined of 120~160 nm blocks. With in-
creasing the reaction temperature, the block-
like nanoparticles transformed into nanoparti-
cles and displayed serious agglomeration [3]
which showed in Figure 2(c) and (d). It was
seen that the smooth surface and irregular-
shaped particles with 1~2 pm in Figure 2(e).
The agglomeration phenomenon attributed to
the faster speed of molecular movement led to
the faster growth rate of the crystal nucleus
when reaction temperature was increased,
which formed the larger size particles [3,23,24].
The FESEM images disclosed the influence of
reaction temperature on the size and morpholo-

gy-

3.2 Optical Properties

FTIR spectra were further used to analyse
the functional groups on BiVOu4-(a)~BiVOs-(e)
prepared by solid-state process (Figure 3). For
the all sample of BiVO4 powders exists a broad
peak at 700~850 cm-! with shoulders at 730,
830 ecm-1, furthermore a weak infrared band at
473 cm-1 is also visible. According the litera-
ture [24,25], Bi—O vibration is recorded at 473
cm-1, 730 cm-!, and 830 cm-! assigned to the
symmetric and asymmetric stretching vibration
of the V-0, respectively. FTIR peaks at about
1637 cm-! and 1382 cm-!l, which can be as-
signed to bending vibrations of absorbed H20
molecules and absorbed NOs- [26], also the
weaker infrared band of NOs- was observed at
a higher temperature sample due to the desorp-
tion.

The photo-absorption abilities of the sam-
ples were measured by the UV-vis diffuse re-
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Figure 3. FTIR spectra of as-synthesized
BiVO4-(a)~(e)

flectance spectra according to the molecular
spectra formed in the process of electrons move
up to higher energy levels when the semicon-
ductor absorb energy. Figure 4 displays the
UV-vis diffuse reflectance spectra of as-
synthesized monoclinic-phase BiVOy, it can be
seen all samples exhibit excellent light absorp-
tion in the UV-vis light region and has an ab-
sorption edge at about 550 nm. The band gap
energy (Eg) of BiVO4 were evaluated using the
following equation [27,28]:

ahv =B (hv — Eg)n'2 (1)

where a, h, v, E,, and B are the absorption
coefficient, Planck’s constant, light frequency,
the bandgap energy and a constant related to
the material, respectively. The n symbol is
determined by the type of optical transition of
the semiconductor, n=1 for a direct transition
and n=4 for a indirect transition. According to
the previous literature, BiVOy4 is a direct band
gap semiconductor [29,30], and n value equal
1. As shown in Figure 4, the bandgap energy of
the BiVO4 can be estimated from the curve of
(Bhv)2 versus (hv), by extrapolating the linear
portion of the (Bhv)?2 versus (hv) curves to
absorbance equal zero. The E; values of BiVOj4-
(a)~(e) were estimated to be about 2.43, 2.42,
2.40, 2.40, and 2.45 eV, respectively.

3.3 Photocatalytic Activity

The photocatalytic activities of BiVOus-
(a)~(e) are evaluated using Cr(VI) as target un-
der visible light irradiation shown in Figure 5,
and the equilibrium between Cr(VI) and
BiVOs-(a)~(e) can be achieved after mixed for
80 min in the presence of citric acid. Figure 5
showed that all the as-synthesized BiVO4 had
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Figure 4. UV-vis diffuse reflectance spectra of
BiVOs- (a) ~(e) and plot of (Bhv)2 versus (hv) of
BiVOs- (c) )
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photocatalytic activities in the reduction of
aqueous Cr(VI) under visible light irradiation,
Cr(VI) concentration decreased continuously
with increasing irradiation time. In contrast,
both the photocatalytic activities and the dark
adsorption amount for Cr(VI) of the as-
synthesized BiVO. followed the same order of
BiVOs4-(c) > BiVO4-(b) > BiVO4-(a) > BiVOs-(d) >
BiVOs-(e) under the same visible light irradia-
tion. For instance, the reduction rates of Cr(VI)
over them were in turn 28.3 %, 24.2 %, 21.2 %,
15.7 % and 7.3 % after 100 min irradiation. The
photocatalytic activities of BiVOs-(a)~(e) dif-
fered greatly, indicating that the synthesis con-
ditions of BiVO4 played an important role in
the process of photocatalysis.

The reaction rate constants (k) for photocata-
Iytic reduction of Cr(VI) by different products
were obtained using the pseudo-first order ki-
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Figure 5. Photocatalytic reduction of aqueous
Cr(VI) in the presence of BiVOs-(a)~(e) under
visible light irradiation
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Figure 6. Plots of In(Co/C;) vs irradiation time
(t) for obtaining the values of reaction rate con-
stant (k) and correlation coefficient (R2) in the
presence of different products

netic model [1,31-34]:
In(Co/Cy) = kt 2)

where Cyp and C; denoted the Cr(VI)
concentration at the irradiation time of 0 and ¢
min, respectively. The plots of In(CdCy) vs
irradiation time (¢f) as well as the obtained
values of & and correlation coefficient (R2) in
the presence of different products are shown in
Figure 6. It can be seen from Figure 6 that
BiVO4-(c) exhibited the highest visible light-
driven photocatalytic activity, which was likely
due to the most efficient separation and
transfer of photogenerated electrons and holes
(Figure 9). The E; value of BiVOs-(c) was
estimated to be 2.40 eV which is the smallest
band gap value among as-synthesized BiVOys.
Under the same intensity of wvisible light
irradiation, BiVOs-(c) can produce the most
photogenerated carriers which also provides
the most available photogenerated electrons for
photocatalytic reduction of Cr(VI).

Figure 7 shows the photocatalytic activities
of 100~500 mg BiVOus-(c) and without photo-
catalyst in the reduction of aqueous Cr(VI) un-
der visible light irradiation, also the contrast
experiment (in present of photocatalyst and
without light irradiation) was tested. As shown
in Figure 7, the Cr(VI) concentration remained
almost unchanged in the process of blank and
contrast experiments, which disclosed that
Cr(VI) can not undergo photodegradation when
absent of BiVO4. The dark adsorption amount
for Cr(VI) is increasing as the dosages of
BiVOs-(c) increased, but he photocatalytic re-
duction rate of Cr(VI) increased firstly and
then decreased. Furthermore 300 mg BiVO4-(c)
treated 300 mL of 30 mg/L K2Cr207 exhibited
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Figure 7. Photocatalytic reduction of aqueous
Cr(VI) in the presence of different dosages of
BiVOs-(c) under visible light irradiation
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the highest photocatalytic efficiency. The ex-
perimental results can be explained that the in-
crease dosages of photocatalyst provided a
large amount of surface-active points, but also
increased suspension of solution [35].

The coexistent SO42-, Cl-, and NOs~ anions
as well as Mg2+ and Al3* cations had no signifi-
cant effects on the adsorption and photocatalyt-
ic reduction of Cr(VI) by BiVO4-(c) (Figure 8).
The coexistent PO43- anions can obviously re-
tard the photocatalytic reduction of Cr(VI) by
BiVOs-(c) (Figure 8), probably because that
PO43- can fiercely compete with Cr(VI) for the
surface adsorption sites of the photocatalyst
and H* ions in the solution [36]. In contrast,
the coexistent Fe3* and Cu2* cations can greatly
enhance the photocatalytic reduction of Cr(VI)
by BiVOs-(c) (Figure 8). It was possibly because
that Fe3* and Cu2* may act as a catalyst or the
media of electron transfer for the reduction of
Cr(VI) [36,37], that 1s, photocatalytic reduction
of Fe3+ and Cu2?* into Fe2* and Cu* in the pres-
ence of organic acids (HCA) by BiVOs-(c) can
occur more easily, and the additional reduction
of Cr(VI) by Fe2+ and Cu* can accelerate the to-
tal removal rate of Cr(VI).

4. Results and Discussions

The transient photocurrent responses of as-
synthesized BiVOs-(a)~(e) are shown in Figure
9. The photocurrent response was stability and
regeneration in each switch-on and switch-off
cycle for all BiVO4-(a)~(e). Obviously, the pho-
tocurrents of BiVOs-(c) were far larger than
other, this remarkably increased photocurrent
may be the result of faster electro transfer and
a more efficient separation of photo-generated
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Figure 8. Effects of coexistent cations
(sulfates) on the Cr(VI) removal rate by BiVOs-

(©

electrons and holes. Thus, BiVOs4-(c) were effi-
cient in the generation, separation and transfer
efficiency of photogenerated electrons and
holes, which contributed to the greatly im-
proved photocatalytic activity.

The valence band and conduction band
edge positions of BiVOs was calculated from
Equations (2) and (3) [27,38]:

Evs=yx—E.+ 0.5E, 2)
ECB = EVB — Eg (3)

where x is the energy of free electrons on the
hydrogen scale, Evs, Ecs, E., and Eg are the VB
energy, CB energy, the absolute electronegativ-
ity with the value is 4.5 eV, and the band gap
of the semiconductor, respectively. Therefore, x
is equal to 6.08 eV for BiVOy4, and the Evs and
Ecp value of BiVOy is calculated to be 2.78 eV
and 0.38 eV.

Based on the calculation, the position of CB
of BiVO4 (+0.34 eV) i1s more positive than the
potential of Oz2/*O2-( —0.33 V versus NHE) [39],
thus, the photoexcited electrons on the CB of
pure BiVO4 can not react with Oz to produce
*O2-. However, the VB potential of BiVO4 (2.74
eV) 1s higher than +OH/H20 (+2.72 eV versus
NHE) [40], so the holes in the VB of BiVO4 can
oxidize the absorbed water molecules to give
more *OH, another powerful active species for
decomposing the chromophores of organic pol-
lutant. As can be seen form FigurelO, no ESR
signals were observed when the reaction was
performed in the dark. As expected the charac-
teristic peak of *OH signals of BiVO4, which
implying the number of * OH radicals produced
in the BiVO4. Therefore, *OH play an im-
portant role in the BiVO4 photocatalytic reduc-
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Figure 9. Transient photocurrent response of
BiVOs-(a)~(e) in 0.5 mol/Li Na2SO4 under visi-
ble light illumination
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tion Cr(VI). Based on the above analysis, a pos-
sible photocatalytic mechanism of BiVOys is pro-
posed (Figure 11). Under the visible light irra-
diation, BiVO4 can be initiated to yield the pho-
togenerated electron-hole pairs. The photogen-
erated electrons on the CB edge of BiVO4 can-
not reduce Oz into <Oz~ radicals, therefor
Cr(VI) was reduced into Cr(III) by photogener-
ated electrons. At the same time, the holes in
the VB of BiVO4 could oxidize H20 to yield
*OH, citric acid was used to scavenge the pho-
togenerated holes, thus decreasing the recombi-
nation of electron-hole pairs and setting free
more electrons available to reduce Cr(VI).

5. Conclusions

A high efficiency visible light-driven photo-
catalyst of monoclinic phase BiVO4 was synthe-
sized via solid-state technique. It was found
that the influence of reaction temperature on
the size and morphology. The as-synthesized
BiVO4 powders exhibit excellent visible light
absorption and had photocatalytic activities in
the reduction of aqueous Cr(VI) under visible
light irradiation. The as-synthesized BiVOu4-(c)
exhibited the highest photocatalytic reduction
efficiency that attributed to much higher sepa-
ration and transfer efficiency of photo-
generated electrons and holes. The coexistent
PO43~ anions can obviously retard the photo-
catalytic reduction of Cr(VI), and Fe3*, and
Cu2* cations can greatly enhance the photo-
catalytic reduction of Cr(VI) by BiVOs The
*OH play an important role in the BiVO4 pho-
tocatalytic reduction Cr(VI).

DMPO--OH

DMPO-+0,’

Intensity (a.u.)

blank

322 324 326 328 330
B (mT)

Figure 10. DMPO spin-trapping ESR spectra
for BiVO4-(C), in methanol dispersion for
DMPO-+02- and in aqueous dispersion for
DMPO-+OH
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