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ABSTRACT

ZnO sheets have been synthesized via microwave-assisted reaction of ZnO precursor in aque-
ous solution using a CEM microwave system. Their morphologies, crystal structures and pho-
tocatalytic performances in the reduction of Cr(VI) were characterized using scanning electron
microscopy, transmission electron microscopy, X-ray diffraction spectroscopy and UV-vis
absorption spectrophotometer, respectively. Results show that ZnO sheets synthesized in 5 min
time scale exhibits a optimal photocatalytic performance in the reduction of Cr(VI) with
removal efficiency of 81% under UV irradiation due to the maximal intensity of light absorption
and the minimal probability of electron-hole pair recombination.
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1. Introduction

Removal of pollutants contained heavy metals and
dye from both underground and surface water supplies
is increasingly demanded in water purification [1-14].
Among all heavy metals, Cr(VI) is toxic to most organ-
isms when its concentration is above 0.05 mg 1! that will
cause irritation and corrosion of human skin. Cr(VI) is
generally released from electroplating, leather tanning,
metal finishing, dyeing, textiling, steel fabricating, paint
and pigments, fertilizing, photographying, etc. There-
fore, it is very important to find an effective method to
remove Cr(VI) from industrial wastewaters. Methods
including adsorption [15-22], biosorption [23-25], ion
exchange [26,27], electrocoagulation [28-30] and mem-
brane filtration [31-34] have been widely used for the
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removal of Cr(VI). However, these technologies dem-
onstrated drawbacks, such as membrane fouling, high
power consumption and expensive for operation and
maintenance. Considerable attentions have been paid
to semiconductor oxide photocatalysis as a novel and
environmentally-friendly technology for the removal
of Cr(VI) from aqueous solutions [35-39]. Among them,
ZnO has been proven to be the promising photocatalyst
for widespreading environmental applications due to its
intriguing chemical, optical and electric properties, low
cost, and ease of availability [40-45]. Yang and Chan [46]
prepared nanoscale ZnO by co-precipitation method
and used Alizarin Red S dye to sensitize ZnO for pho-
tocatalytic reduction of Cr(VI) and a reduction rate of
90% was achieved under the irradiation of sunlight.
Chakrabarti et al. [47] showed that about 90% Cr(VI) in
aqueous solutions can be effectively reduced to trivalent
state using ZnO under UV irradiation. Qamar et al. [48]
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demonstrated the complete removal of Cr(VI) in aque-
ous suspensions of ZnO nanoparticles synthesized by
precipitation method using a novel laser-induced photo-
catalytic process without the use of any other additives.
About 95% Cr(VI) was removed within a short time (60
min) of laser exposure. However, as a promising candi-
date for photocatalytic reduction of Cr(VI), the explora-
tion on the potentiality of ZnO is not yet enough insofar.
Especially as a cheaper, quicker, and versatile technique,
microwave-assisted reaction is seldom employed to syn-
thesize ZnO for photocatalytic application.

In this work, we successfully fabricated ZnO sheets
via microwave-assisted reaction of ZnO precursor in
aqueous solution using a CEM microwave system and
investigated their photocatalytic performance. Micro-
wave irradiation can heat the reactant easily to high
temperatures in a short time by transferring energy
selectively to microwave absorbing polar solvents. Thus
it can facilitate mass production in a short time with little
consumption of energy [49-51]. ZnO sheets synthesized
in 5 min exhibits a optimal photocatalytic performance
in reduction of Cr(VI) under UV light irradiation.

2. Experimental
2.1. Synthesis of ZnO sheets

A 20 ml 0.1 M ZnSO, solution was placed in a 35 ml
microwave tube and then a dilute NaOH solution was
dropped to adjust the pH = 9. Subsequently, the solu-
tion was sonicated for 30 min to produce uniform dis-
persion. The mixture was then put into an automated
focused microwave system (Explorer-48, CEM Co.) and
treated for different time at 150°C. The as-synthesized
ZnO samples in 5, 10, 15, 20, and 25 min, named as Z-1,
Z-2,7-3,7-4 and Z-5, were isolated by filtration, washed
for three times with distilled water, and finally dried in
a vacuum oven at 60°C for 24 h.

2.2. Characterization

The surface morphology, structure and composition
of the samples were characterized using field-emission
scanning electron microscopy (FESEM, Hitachi 5-4800),
high-resolution transmission electron microscope
(HRTEM, JEOL-2010), X-ray diffraction spectroscopy
(XRD, Holland Panalytical PRO PW3040/60) with Cu
Ko radiation (V = 30 kV, I = 25 mA), and energy disper-
sive X-ray spectroscopy (EDS, JEM-2100), respectively.
The UV-vis absorption spectra were recorded using a
Hitachi U-3900 UV-vis spectrophotometer. Room tem-
perature photoluminescence (PL) spectra were recorded
on a HORIBA Jobin Yvon fluoromax-4 fluorescence
spectrophotometer, using 340 nm excitation line of a Xe
lamp as light source.

2.3. Photocatalytic experiments

The photocatalytic performance of the as-prepared
samples was evaluated using photocatalytic reduc-
tion of Cr(VI) under UV light irradiation. The samples
(1 g I'") were dispersed in the 60 ml Cr(VI) suspensions
(10 mg 1I"") which were prepared by dissolving K Cr,O,
into deionized water. The mixed suspensions were first
magnetically stirred in the dark for 0.5 h to reach the
adsorption-desorption equilibrium. Stirring under the
ambient conditions, the mixed suspensions were exposed
to UV irradiation produced by a 500 W high-pressure
Hg lamp, which emits radiation centered at various
wavelengths with the main wave crest at 365 nm. At cer-
tain time intervals, 2 ml of the mixed suspensions were
extracted and centrifuged to remove the photocatalyst.
The filtrates were analyzed by recording UV-vis spectra
of Cr(VI). The effect of various operational parameters,
that is, metal ion concentration, catalyst concentration,
pH, contact time of aqueous solution of metal ions on the
photoreactivity of proposed catalyst also were observed.
The pH was adjusted by adding 0.1 M NaOH and HCI.

The photocatalytic reaction kinetics was studied
using Langmuir-Hinshelwood model. The pseudo-
first-order equation is employed to fit the experimental
data and can be formulated as [52]:

In(C,/Co) = - kt M)

where t and k are the photocatalysis time (min) and the
reaction rate constant (min™), respectively. C,and C, are
the initial concentration and the concentration of Cr(VI)
at time ¢ (mg 1), respectively.

3. Results and discussion

Fig. 1(a)—(e) show the FESEM images of Z-1, Z-2, Z-3,
Z-4 and Z-5. It is clearly observed that ZnO displays the
sheet nanostructure and the size of sheet decreases with
the increase of synthesis time. The existence of ZnO was
confirmed by the presence of Zn and O peaks in the EDS
data (Fig. 1(f)). Fig. 2(a) and (b) show the low- and high-
magnification HRTEM images of Z-1. It gives further
insight into the structural features of the ZnO sheets and
the ZnO (100) spacing of 0.28 nm [53].

The XRD patterns in Fig. 3 show the excellent crys-
tal structures of ZnO sheets. The peaks at 31.6, 34.4,
36.1, 47.3, 56.3, 62.6, and 67.6° correspond to the (100),
(002), (101), (102), (110), (103), and (112) planes of ZnO.
No impurities such as Zn(OH), can be detected. All of
the diffraction peaks can be well-indexed to hexagonal
wurtzite crystal structure (JPCDS 36-1451), which dem-
onstrates that the long synthesis time results in not the
development of new crystal orientations or changes in
preferential orientations of ZnO.
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Fig. 1. FESEM images of (a) Z-1, (b) Z-2, (c) Z-3, (d) Z-4, (e) Z-5,
(f) EDS spectrum of Z-1.

Fig. 2. (a) Low- (b) high-magnification HRTEM images of Z-1.
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Fig. 3. XRD patterns of Z-1, Z-2, Z-3, Z-4 and Z-5.

The diffuse reflectance spectra in Fig. 4 show the
sharp characteristic absorption peak at 370 nm, indicat-
ing the presence of good crystalline and impurity sup-
pressed ZnO nanostructures [54]. The absorbance of
the as-synthesized samples decreases with the increase
of synthesis time without rendering energy shift. The
decrease of absorbance with size reduction is related to
the quantum efficiency that is lowered by the surface
structural disorder [55].

As shown in Fig. 5, the PL spectra under the excitation
wavelength of 340 nm exhibit strong emission at =380 nm,
which is attributed to free-exciton recombination crossing
the optical band gap of 1238 nm eV /380 nm = 3.26 eV. The
slightly drop of the PL peak intensities with the decrease
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Fig. 4. Diffuse reflectance spectra of Z-1, Z-2, Z-3, Z-4 and
Z-5.

1.8x10° 4
1.6x10°4
5 )
o 14x10°]
2 1.2x10°1
i 2 — 71
9 1.0x10°4 —Z2
c - Z-3
8.0x10° —Z4
Z-5
6.0x10° v T T
370 380 390 400

Wavelength / nm

Fig. 5. PL spectra of of Z-1, Z-2, Z-3, Z-4 and Z-5 at excitation
wavelength of 340 nm.

of synthesis time, indicating lower recombination rate of
the photo-induced electrons and holes in the respective
samples. The slight redshift of the PL peak with synthe-
sis time indicates the growth of particle size, being agree-
ment with the SEM data in Fig. 1.

The effect of various operational parameters, that
is, catalyst concentration, pH, metal ion concentration,
contact time of aqueous solution of metal ions on the
photocatalytic reduction of Cr(VI) using Z-2 were tested
and the results are shown in Table 1. It can be seen that
(i) the removal efficiency increases from 20% to 82%
with the increasing dosage of Z-2 photocatalyst from
0.5 g I to 1.5 g I"! due to the increase of the photo-
generated electron-hole pairs. However, when the Z-2
amount is further increased, the photocatalytic perfor-
mance deteriorates. It is because that when the photo-
catalyst dosage is increased above a certain value, the
solution transparence is crippled and scattering effect
happens. Correspondingly the light utilization rate is
reduced which lowers the photocatalytic performance of
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Effect of various operational parameters, that is, catalyst concentration, pH, metal ion concentration, contact time of aqueous
solution of metal ions on the photocatalytic reduction of Cr(VI) using Z-2

Catalyst Removal pH Removal Metal ion Removal Contact Removal
concentration efficiency efficiency concentration efficiency time efficiency
(81" (%) (%) (mg 1) (%) (min) (%)

0.5 20 5 20 2.5 64 0 16

1.0 58 7 58 5 53 10 26

15 82 9 62 10 58 20 39

2.0 29 11 17 20 42 30 58

ZnQ; (ii) the removal efficiency is significantly increased
from 20% to 58% with the increase of pH value from
5 to 7 and reaches a maxim of 62% at a pH value of 9
because more Cr(VI) is absorbed onto the photocatalyst
surface with negative charge. However, the degradation
efficiency decreases when pH value is further increased
to 11, which should be ascribed to the instability of ZnO
in strong alkali condition; (iii) the removal efficiency
decreases from 64% to 42% with the increase of metal
Cr(VI) ion concentration from 2.5 to 20 mg 17; (iv) the
removal efficiency increases from 16% to 58% with the
increasing of contact time of aqueous solution from 0 to
30 min.

Fig. 6 shows the photocatalytic reduction of Cr(VI)
under UV irradiation using Z-1, Z-2, Z-3, Z-4 and Z-5.
It is observed that the photocatalytic performance of
ZnO sheets is dependent on the synthesis time and ZnO
sheets synthesized in 5 min exhibits a optimal photo-
catalytic performance. The removal efficiency of Cr(VI)
for ZnO sheets synthesized in 5 min is 81%. However,
when the synthesis time is increased, the removal effi-
ciency decreases to 58%, 41%, 40%, 44% and 48% for Z-2,
Z-3, Z-4 and Z-5, respectively. The enhanced photocata-
lytic performance of ZnO synthesized in short time is
ascribed to the increased light absorption intensity and
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Fig. 6. Photocatalytic reduction of Cr(VI) by Z-1, Z-2, Z-3, Z-4
and Z-5 under UV irradiation. The concentrations of Cr(VI)
and photocatalyst are 10 mg 1™ and 1 g I}, respectively.

the decreased probability of the photoelectron-hole pair
recombination.

In the photocatalytic reduction process of Cr(VI),
ZnO is excited by the absorption of photon under UV
irradiate and electron-hole pairs are created:

ZnO+hv— 5 ht +e™

Cr(VI) is reduced to Cr(Ill) by the photo-generated
electrons, while the hole reaction is the oxidation of
water to oxygen as follows:

Cr,03 + 14H* + 66 —— 2Cr®* + 7H,0
2H,0 + 4h* ——— O, + 4H*

The stable final product Cr(Ill) is removed from
the aqueous solution by precipitation in the form of
Cr(OH), [56].

Fig. 7 shows the linear fitting using the pseudo-first-
order kinetic equations to the experimental data for Z-1,
Z-2,7-3,7-4 and Z-5. The values of rate constants (k) can
be obtained directly from the fitted straight-line plots of
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Fig. 7. Photocatalytic reaction kinetics of Cr(VI) with reaction
time.
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versus reaction time, which follow the order: Z-1 (0.00685
min™) > Z-2 (0.00386 min™") > Z-5 (0.00284 min™) > Z-3
(0.0021 min™") > Z-4 (0.00135 min™). Z-1 exhibits an opti-
mal photocatalytic activity under UV irradiation. The
discrepancies between model and experimental data at
initial reaction time should be ascribed to the high rate
constant, which is possibly related to the high Cr(VI)
concentration on the surface of photocatalyst when the
photocatalysis begins after dark reaction.

4. Conclusions

ZnO sheets synthesized via microwave-assisted
reaction of ZnO precursor in aqueous solution using a
CEM microwave system and their photocatalytic experi-
ments showed that: (i) the photocatalytic performance
of ZnO is sensitive to the synthesis time; (ii) ZnO syn-
thesized in 5 min exhibits an optimal photocatalytic
performance and Cr(VI) removal efficiency up to 81%;
(iii) the enhanced photocatalytic performance of ZnO
is ascribed to the increased light absorption intensity
and the lowered probability of photoelectron-hole pair
recombination. The difference between the absorbed
and the emitted light intensities shall contribute to the
photocatalytic efficiency of the material. The photo-
catalytic reduction using ZnO sheets may provide an
alternative cheaper, efficient way for removal of Cr(VI)
under UV irradiation.
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