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Vanadium (V, V) and chromium (Cr, VI) are simultaneously photocatalytically reduced to less-toxic
V(VI) and Cr(III) by mimetic solar light with ZnWO4 nanoparticles prepared by hydrothermal synthe-
sis. The reduction efficiencies can reach 68.8% for V(V) and 97.3% for Cr(VI) in 3 h, respectively,
which are comparable to those by microbial fuel cell technology carried out in over 10 days. The
prepared ZnWO4 nanoparticles are characterized by XRD, SEM, EDS, TEM, and Uv-vis-DRS tests.
Electrochemical calculation shows high acidity benefits the rapid reduction of V(V) and Cr(VI). In
addition, the applied ZnWO4 nanoparticles can be recycled and reused for 5 repeated photocat-
alytic reduction runs. And after 5 runs, the recycled ZnWO4 nanoparticles can also present good
photocatalytic activity with a reduction efficiency of about 60% for V(V) and 90% for Cr(VI). The new
procedure on the simultaneous reduction of V(V) and Cr(VI) by photocatalysis may be promisingly
applied in contaminated wastewaters, combining the remediation and possible V and Cr recovery.

Keywords: Nanosized ZnWO4, Photocatalysis, Vanadium, Chromium, Simultaneous Reduction,
Wastewater Treatment.

1. INTRODUCTION
Combined pollutant in wastewaters is widely produced
throughout the world, bringing serious challenges and con-
strains on conventional wastewater treatments.1–3 Vana-
dium (V, V) and chromium (Cr, VI) are the main toxic
and even fatal metals found in wastewater discharged from
V mining.4 They are often produced in large quantities in
water with low pH value even to about 1.8 and concentra-
tions usually from 10 to 400 mg/L.5 And the toxicity of V
depends on its chemical state, in which V(V) is more toxic
than the other species of V.6�7 Meanwhile, Cr(VI), identi-
fied as one of the 17 chemicals posing the greatest threat
to human health, is a well-known mutagen, teratogen, and
carcinogen, besides being highly corrosive.

Previous methods for the removal of V(V) from wastew-
ater have been limited in the use of chemical precipita-
tion and sorption.8–10 As for the removal of Cr(VI), the
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methods have involved in the use of cationic and anionic
ion-exchange resins, chemical and electrochemical precip-
itation, membrane filtration, and sorption.11�12 These meth-
ods are usually operated with high cost, generating large
amount of sludge that is difficult to be disposed. Besides,
these methods can hardly recover the valuable metals from
the treatment process. To date, few publications have been
available that address the techniques for the removal and
recovery of V(V) from V containing wastewater without
generating sludge.13 In our previous work, a microbial
fuel cell technology (MFC) was reported to simultaneously
reduce V(V) to V(IV) and Cr(VI) to Cr(III) from mining
wastewater.2 However, over 10 days was needed for one
experiment turn with the highest reduction efficiency for
V(V) of only 67.9%.
In literature, heterogeneous photocatalysis reduction

(HPR), as a relatively new technique for water or air
purification, can work under natural sunlight, which is
an appealing opportunity for green chemistry.14 For HPR,
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TiO2 is the most widely investigated photocatalyst, exhibit-
ing very good photocatalytic performance and stability in
aqueous media under illumination. However, the applied
TiO2 suffers from low light conversion efficiency and
wide band gap.15�16 On the other hand, transition metal
tungstates of MWO4 type (M = Co, Cu, Cd, Mn, Pb
and Zn) are attracting more and more attention due to
their interesting physicochemical properties, such as fer-
roelasticity, ionic conductivity, and photoluminescence.17

Recently, the photocatalytic properties of MWO4 toward
the degradation of organic contaminants under UV and
visible-light irradiation have been reported,18–23 among
which ZnWO4 presents the highest photocatalytic activity
in the degradation of methylene blue (MB) and methyl
orange (MO).24–26 Although the photocatalytic reduction of
individual Cr(VI) has been investigated,27–29 and there has
paper about the individually photocatalytic reduction of
V(V) has been published recently.30 Until now, the simul-
taneously photocatalytic reduction of V(V) and Cr(VI) has
not been reported, and further investigation is needed in
order to bridge the existing gaps.
The conversion of V(V) and Cr(VI) to less toxic V(IV)

and Cr(III) would be a useful approach for the remedia-
tion of contaminated water. Besides, the resultant V(IV)
and Cr(III) can be easily precipitated and separated by
controlled precipitation.31–33 Apparently, from these con-
siderations, photocatalytic reduction of V(V) and Cr(VI)
simultaneously from wastewater is of significant impor-
tance. In the present study, a new technique is reported,
i.e., V(V) and Cr(VI) are simultaneously reduced to the
less toxic V(IV) and Cr(III) both in a rather high reduc-
tion efficiency by homemade ZnWO4 nanoparticles using
a photocatalytic method.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of Nanosized ZnWO4 Particles
All chemicals used in the present experiments were
obtained from commercial sources, and were analytic
grade reagents without any further purification. The
applied nanosized ZnWO4 was synthesized by a hydrother-
mal method. In a typical synthesis, it started from the sto-
ichiometric amounts of Zn(NO3�2 · 6H2O and Na2WO4 ·
2H2O. And the following procedure was accomplished at
room temperature: two transparent solutions were obtained
by dissolving 1×10−3 mol of Zn(NO3�2 ·6H2O in 30 mL
of distilled water (solution A) and 1 × 10−3 mol of
Na2WO4 · 2H2O in 30 mL of distilled water (solution B),
respectively. Afterwards, the solution A was added drop-
wise to solution B under vigorous stirring. The pH value
of the mixed solution was then adjusted to 9.0 using dilute
H2SO4 and NaOH solution (0.5 M). After being vigor-
ously stirred for about 30 min, the solution was loaded
into a 100 mL teflon-lined autoclave. The autoclave was
then heated to 180 �C and maintained at this temperature
for 24 h under autogenous pressure and then cooled down

to room temperature naturally. The white precipitate was
collected and washed with distilled water and ethanol for
several times. Finally, the sample was dried in a vacuum
oven at 50 �C for 4 h.34

2.2. Product Characterization
The phase composition of the products was identified
by powder X-ray diffraction (XRD) on a Bruker D8-
Advance X-ray diffractometer at 40 kV and 100 mA with
Cu K� radiation (� = 1�5406 Å) through a continuous
scanning mode at a speed of 5�/min. The microstructure
of the products was examined by a JSM-6390LV scan-
ning electron microscope (SEM), which was attached with
an energy dispersive X-ray (EDX) spectroscopy, and a
JEM2010 transmission electron microscope (TEM). The
UV–vis absorption spectra were recorded on a Varian Cary
100 Scan UV–vis system equipped with a lab sphere dif-
fuse reflectance accessory.

2.3. Photocatalytic Reduction of V(V) and Cr(VI)
The UV-light photocatalytic reduction of V(V) and Cr(VI)
was carried out in a cylindrical pyrex flask with a capac-
ity of 100 mL. Typically, the reaction system contain-
ing 50 mL V(V) and Cr(VI) aqueous solution (both in
10 mg/L) and ZnWO4 nanoparticles (50 mg) was first
magnetically stirred under a dark cover for 30 min to reach
the adsorption equilibrium of metal ions with the catalyst,
and then exposed to the light from a 500 W Hg lamp
equipped with a cutoff filter (313 nm< �< 400 nm). The
Hg lamp has the strongest emission at 365 nm. At specific
time intervals, 3 mL of the reactive solution was taken
from the reaction system by a syringe. Then the collected
solution was centrifuged to remove the ZnWO4 powder.
After that, the amounts of V(V) and Cr(VI) were analyzed
by the spectrophotometric method at 540 and 600 nm,
respectively.5 And the reduction efficiency for V(V) was
determined as the ratio of the V(V) concentration before
and after the catalytic reaction, so as the reduction effi-
ciency of Cr(VI).

3. RESULTS AND DISCUSSION
3.1. Phase Composition Analysis of the Product
Figure 1 shows the XRD patterns of the as-prepared
ZnWO4 powder. The measured lattice constants are
a= 4�691, b = 5�720, and c = 4�925 Å, and all the
detected diffraction peaks can be well indexed to pure
monoclinic sanmartinite ZnWO4 (JCPDS card no. 15-
0774) without detecting any other impurities, suggesting
the successful preparation of ZnWO4 crystals.25 The cal-
culated particle size of the prepared ZnWO4 powder by
Scherrer equation using the parameters of (002) peak is
122 nm. In addition, the XRD pattern of the product
presents the peaks of a sharp shape in Figure 1, indicating
the leading role of hydrothermal treatment in improving
the crystallization of ZnWO4.

35
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Figure 1. Typical XRD pattern of the as-prepared ZnWO4 powder.

3.2. Microstructural Analysis on the Product
Figure 2 displays the typical SEM image of the as-
prepared ZnWO4 powder. The ZnWO4 photocatalyst was
presented as homogeneous particles. The recorded EDX
spectrum shows that the prepared photocatalyst almost has
the same stoichiometry with pure ZnWO4 (Fig. 3). It is
also clearly observed from Figure 4(a) that the ZnWO4

nanoparticles are of homogeneous morphology with a par-
ticle size of about 100 nm, which is in accordance with the
calculated result by the Scherrer equation from XRD anal-
ysis. The ZnWO4 product is rod-like particles, and each
particle is 100 nm in length and 30 nm in width. Besides,
Figure 4(b) shows the high-resolution field-emission TEM
(HRTEM) image of ZnWO4 nanoparticles. The lattice
fringe spacing is 0.566 nm, which corresponds well to the
characteristic (010) planes of ZnWO4.

3.3. UV-Vis Diffuse Reflectance
Spectrum of the Product

The optical properties of ZnWO4 particles are very essen-
tial for determining their photocatalytic efficiency. Figure 5

Figure 2. Typical SEM image taken on the as-prepared ZnWO4

powder.

Figure 3. EDX spectrum of the as-prepared ZnWO4 powder taken from
the square as shown in Figure 2.

illustrates a typical UV-vis-diffuse reflectance spectrum
(DRS) of the as-prepared ZnWO4 nanoparticles. The
absorption intensity was observed to be mainly in the
range of ultraviolet, as reported in Ref. [36]. The observed
steep shape of the spectrum indicates that the UV light
absorption is due to the band-gap transition instead of the

Figure 4. TEM (a) and HRTEM (b) images of the as-prepared ZnWO4

powders.
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Figure 5. Typical diffuse reflectance absorption spectrum of the as-
prepared ZnWO4 powder.

transition from the impurity level. Two peaks appeared in
the range of 200–350 nm for the sample. The peaks at
292 and 262 nm could be attributed to direct excitation in
ZnWO4, while the peak at 219 nm was correlated to the
electron transfer from the anion to the cation sublattice.37

For a crystalline semiconductor, the optical absorption near
the band edge, Eg, follows the equation: Eg = 1240/�,
wherein � is the wavelength obtained from the tangent line
of the UV-vis-DRS of ZnWO4. By the equation, Eg was
calculated to be 3.54 ev. The band gap energies of ZnWO4

photocatalysts were coincident with the literature.38�39 For
W -based semiconductors, it was already found that exci-
tons are formed due to the transitions into the tungstate
W5d states hybridized with O2p and possess a very strong
tendency for self-trapping. Free electrons and holes can
be created due to the transitions into cationic states.40

An active photocatalyst for the reduction of high valence
metal ions must have a conduction band (CB) with strong
reducing ability and photogenerated electrons with high
mobility. The CB of ZnWO4 has shown strong ability to
photocatalytic reduction of the high valence metal ions in
the work described in the next section.

3.4. Photocatalytic Reduction of V(V) and Cr(VI) by
Nanosized ZnWO4 Particles

The photocatalytic activities of the prepared ZnWO4

nanoparicles for the reduction of V(V) and Cr(VI) are
shown in Figure 6. The reduction efficiencies for V(V)
and Cr(VI) were 68.8% and 97.7%, respectively, after 180
min of irradiation. However, it will take 10 days to get the
same reduction efficiencies by MFC technology.5

From Figure 6, it can be seen that the reduction effi-
ciency of Cr(VI) increased rapidly at the beginning and
became stable after 2 h of radiation, while the reduction
efficiency for V(V) increases steadily during the whole 3 h
operating period. And the reduction efficiency of V(V) is
comparable to that of our previous work, in which the reac-
tion was operated for ten days with a reduction efficiency

Figure 6. Photocatalytic reduction efficiency of V(V) and Cr(VI) by
the as-prepared nanosized ZnWO4 particles.

of V(V) of 67.9%.5 From Figure 6, it can also be seen that
Cr(VI) is reduced more quickly than V(V). Although both
V(V) and Cr(VI) have high electrochemical redox poten-
tials as presented in Eqs. (1) and (2), the electrochemical
redox potential of Cr(VI) was relatively higher than that
of V(V). So electrons from anode are first consumed by
Cr(VI) reduction.

VO2++2H++ e− →VO2++H2O

E� = 0�991 V (1)

Cr2O
2−
7 +14H++6e− → 2Cr3++7H2O

E� = 1�33 V (2)

If we suppose that at the begining there are 0.1% of
V(V) and Cr(VI) reduced to V(IV) and Cr(III), after 3 h of
photocatalysis reaction, according to Figure 6, there will
be actually 68.8% of V(V) reduced to V(IV), and 97.3%
of Cr(VI) be reduced to Cr(III), respectively. From Nernst
equation, from the beginning to the end of the reaction, the
actual potentials (mV) of both V and Cr redox reactions
are presented as follows:

ECr = 1330−138�1×pH−9�862× lg[Cr3+�2/�Cr2O
2−
7 �

= 1140∼ 1078 mV (3)

EV = 991�0−118�4×pH−59�17× lg[VO2+�/�VO+
2 �

= 955�5∼ 756�2 mV (4)

where [VO2+], [VO2+], [Cr3+] and [Cr2O
2−
7 ] are the con-

centrations of the different types of ions in the solu-
tion. Thus the electrons can be transferred to Cr(VI)
more conveniently. The ECr and EV values increased with
the increasing concentration of H+, indicating the higher
ability of accepting electrons of Cr(VI) at lower pH.
In addition, Cr(III) would be precipitated on the surface of
photocatalysts as Cr(OH)3 at increased solution pH, cov-
ering the activity sites of the catalysts.41 And V(IV) would
be precipitated in the form of VOX2 (X− is anions).42
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Figure 7. Photocatalytic reduction efficiency of V(V) and Cr(VI) with
repeated use of nanosized ZnWO4 in 5 consecutive cycles.

Therefore, this better performance could be attributed to
the relatively higher actual electrochemical redox poten-
tials of Cr(VI) and V(V) and the activity sites of the cata-
lysts at low pH in this work.

3.5. Durability of the Nanosized ZnWO4

Particle Photocatalyst
To determine the durability and reusability of the pre-
pared ZnWO4 nanoparticles, the photocatalyst was sepa-
rated from the aqueous solution after each reaction run,
followed by washing with distilled water and ethanol for
several times. Then the sample was dried in a vacuum
oven at 50� for 4 h. Afterwards, the photocatalyst was
re-used in the subsequent reaction under identical condi-
tions. The result is presented in Figure 7. As seen from this
figure, the photocatalytic reduction efficiencies of V(V) and
Cr(Cr) remained fairly consistent throughout the 5 repet-
itive experiments. This result reveals that the photocata-
lyst continues to reduce high valence metal ions after each
reduction cycle, with a stable reduction efficiency of around
60% for V(V) and 90% for Cr(VI). Hence, the as-prepared
ZnWO4 particles exhibited great potential for repeated uti-
lization in the photocatalytic reduction of V(V) and Cr(VI).

As previously mentioned, V(V) is the most toxic of
the species of V, after the reduction of V(V) to V(IV),
the element becomes less toxic and can be easily treated
by downstream processes.2 At present, the conventional
method to treat Cr(VI) is to reduce it by chemical or bio-
logical means into non-toxic Cr(III). The HPR technol-
ogy presented here can simultaneously reduce V(V) and
Cr(VI) in a very short time compared with biological mean
and without sludge compared with chemical wastewater
treatment.

4. SUMMARY
V(V) and Cr(VI) are pollutants commonly found in V min-
ing wastewater. By employing V containing wastewater

as the photogenerated electrons acceptor, the simultane-
ous reduction of V(V) and Cr(VI) has been successfully
achieved by using nanosized ZnWO4 as photocatalyst.
The maximum photocatalytic reduction efficiencies reach
68.8% for V(V) and 97.3% for Cr(VI) in 3 h, which is a
relatively short time when compared with biological treat-
ment method. The high acidity of the V mining wastewater
benefits the rapid reduction of V(V) and Cr(VI). After 5
repeated reduction runs, the recycled ZnWO4 still showed
good photocatalytical reduction activity. The result shows
that the photocatalyst used in the present study has good
durability and bright prospect of practical applications.
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