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a b s t r a c t
Zinc oxide nanoparticles have been synthesized sonochemically from zinc acetate solution in aqueous
methanol, ethanol and iso-propanol containing about 5 volume% of alcohol. Characterization with FESEM,
XRD, AFM and BET surface area shows that the synthesized particles differ in shape and size. ZnO synthesized using isopropanol was observed to be the most crystalline one. The synthesized nanoparticles were
used for the photocatalytic reduction of hexavalent chromium in aqueous medium under solar radiation.
It was observed that the initial reduction rates varied with the difference in morphology of ZnO
crystallites.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Zinc oxide (ZnO) nanoparticles have wide technological applications in catalytic, photocatalytic, electrical and optoelectronic processes and systems [1]. For these diverse applications, size and
morphology of ZnO particles are of primary consideration. Consequently, studies on the synthesis, characterization and properties
of nanosized ZnO have received significant attention in the recent
years. It has been found that the morphology of the ZnO particles
can be modified to serve specific requirements by employing suitable synthetic processes. High energetic synthesis of ZnO nanoparticles uses techniques such as thermal evaporation and
decomposition, arc-plasma, sputtering and laser ablation, whereas
relatively low energetic synthesis routes rely on hydrothermal and
solvothermal, hydrolysis and sol–gel techniques [1]. Among the
different low energetic methods of synthesis, solution-based approach is the simplest, but the solvent and the precursor as well
as reaction conditions such as pH, temperature and time need to
be controlled properly to achieve the morphology of the
nanostructure.
Among the recent material synthesis techniques, ultrasound
(20 kHz–1 MHz) based processes have been employed by many
researchers to produce nanosized materials, alloys, composites
and metal oxides. Intensive sonication of a liquid generates bub⇑ Corresponding author.
E-mail addresses: prantik.banerjee85@gmail.com (P. Banerjee), sampac.2008@gmail.com (S. Chakrabarti), maitrasaikat@rediffmail.com (S. Maitra), bdutta@pi.ac.ae
(B.K. Dutta).
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bles by cavitation which collapse and create a very high temperature (up to 5000 K) and pressure (up to 1800 atm) momentarily
inside the collapsing cavity. This ‘hot spot’ is responsible for the
homogeneous sonochemical reactions [1]. It will be pertinent at
this point to review the more important recent literature in this regard. Jung et al. [2] reported sonochemical preparation of various
forms of ZnO nanostructure such as cup, rod, flower etc. Kandjani
et al. [3] studied the effects of temperature and sonication power
on the morphology of ZnO synthesized from ZnCl2 and KOH precursor. They observed that the spherical form predominated at
an elevated temperature and high sonication power. Bhattacharya
and Gedanken [4] prepared hexagonal ZnO nano disks using zinc
acetate in dimethyl formamide medium under ultrasound irradiation. They observed that the product was more porous when synthesized under an argon atmosphere compared to that when
exposed to air. Also, the micropores could not withstand high temperature whereas the mesopores were stable up to 550 °C. Vijayakumar et al. [5] sonochemically synthesized and characterized
nanosized oxides of copper, iron, zinc and cobalt. The starting
materials were the respective acetates in water–DMF solution.
Wei and Chang [6] synthesized zinc oxide nanoparticles from zinc
chloride and potassium hydroxide in presence of CTAB (cetyl trimethyl ammonium bromide) surfactant. It was observed that sonication at 50 °C yielded lower sized particles compared to that
synthesized at room temperature. In all of these studies, an alkali
was added for hydrolysis in order to introduce a salt in the medium
that influenced the growth-kinetics of the nanostructures. It is,
however, desirable to synthesize ZnO nanoparticles with minimum
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foreign chemicals. Hosono et al. [7] reported synthesis of zinc oxide
nanocrystals from alcoholic solution of zinc acetate at 60 °C
through chemical route without addition of a base. Zhang et al.
[8] reported one-step synthesis of trigonal-shape particles of varying morphology from zinc acetate dihydrate in paraffin oil in presence of stearic acid at an elevated temperature of 220–280 °C. The
alcohols used were methanol, ethanol and 2-methoxy ethanol.
Methanolic solution was found to be the most suitable one for
the synthesis of nano-sized zinc oxide particles.
Zinc oxide has a band gap energy of 3.2 eV and is very effective
as a photocatalyst, sometimes more effective than TiO2 in the visible region [9,10] for photocatalytic treatment of wastewater containing either organic pollutants or heavy metals or both. Kabra
et al. [11] presented a good review on the application of the photocatalytic technique for remediation of inorganic and organic pollutants in wastewater. Oxidation of organic pollutants has been
widely studied in connection with the treatment of drinking water
and industrial wastewater. However, the reducing capacity of the
semiconductor photocatalyst, which can be profitably used for
remediation of heavy metals, has been less explored.
Among different heavy metal ions present in industrial wastewater, Cr(VI) is acutely carcinogenic and toxic. Industrial sources
such as chrome plating, electronic, metallurgical, timber and
leather tanning industries release Cr(VI) in effluent streams and
such effluents must be treated to convert it to the less toxic trivalent form [12,13] before discharging into the sewer. The treatment
procedures of Cr(VI)-bearing wastewater often include reduction
of Cr(VI) and post-treatment such as coagulation–precipitation
[14], active carbon adsorption [15] or ion-exchange [16] to separate the produced Cr(III) from the solution.
Chemical reduction of Cr(VI) occurs in an acidic medium in
presence of an electron donor (e.g., Fe++, Fe(0)) [17,18], a reducing
anion (e.g., S2, SO2
3 ) [19], or an oxidizable organic (e.g., an alcohol) [20]. Photoreduction of a metal ion is accelerated if it is
accompanied by simultaneous oxidation of an organic molecule
that plays the role of a ligand or a ‘sacrificial electron donor’.
Simultaneous generation of one or more of the species O2 , HO2 ,
OH, H2O2 and HO
2 during the photo-reduction process has been
reported. Some of the important works on photo-reduction of
Cr(VI) are presented here. Ku and Jung [21] studied photoreduction
of Cr(VI) in an irradiated suspension of TiO2 (up to 12 g/L). Khalil
et al. [22] studied the effects of pH and initial concentration of
Cr(VI) on the photoreduction of Cr(VI) using an irradiated suspension of ZnO, WO3 and two varieties of TiO2. Use of a sacrificial organic to enhance photoreduction of Cr(VI) has been reported in
several recent publications. Schrank et al. [23] used Luranzol S.
Kong dye in presence of TiO2 photocatalyst at pH 2.5–7.0. Mytych
et al. [20,24,25] studied photoreduction of Cr(VI) with simultaneous degradation of aliphatic alcohols, phenols, chloro-/bromophenols and oxalate ligands. Cho et al. [26] reported reduction of
Cr(VI) with carbon tetrachloride in presence of a non-ionic surfactant as hole absorbers from suspended TiO2 irradiated with visible
light. Deng et al. [27] studied the photoreduction in the presence of
an algae, Chlorella vulgaris and proposed an empirical rate equation
based on data fitting. Liu et al. [28] used Bisphenol A as the sacrificial agent for the reduction of Cr(VI). In a recent paper, we have
reported photo-reduction of hexavalent chromium in an aqueous
medium using ZnO as semiconductor catalyst in presence of a
125 W mercury lamp as a source of UV radiation [29].
Very few reports are available on the photocatalytic reduction
of Cr(VI) employing ZnO-nanoparticles with inexpensive solar
radiation instead of relatively expensive high wattage UV-lamps.
Yang and Chan [30] studied photocatalytic reduction of Cr(VI) in
aqueous solution using dye-sensitized nanoscale ZnO under visible
light. They used Alizarin Red S dye for sensitizing nano-ZnO prepared from ZnSO4 and NH4HCO3. Reduction efficiencies of 75% with

lamp and 90% with solar radiation was achieved after 17 h with
20 mg/L initial concentration of Cr(VI).
In the present paper we report sonochemical preparation of ZnO
nanoparticle from zinc acetate at a temperature of 65 °C without
using any alkali for hydrolysis. The solvents used were about 5 volume% of methanol, ethanol and iso-propanol in water. The nanoparticles thus prepared were characterized by XRD, EDX, FESEM
and AFM. The characteristics of the particles produced using different alcohols in the aqueous medium were compared. The nanoparticles were then employed for photocatalytic reduction of
hexavalent Cr(VI) in aqueous solution under solar radiation. The
efficacies of the synthesized nanoparticles as photocatalysts are
compared with that of microsized commercially available ZnO
(M-ZnO).
2. Materials and methods
2.1. Chemicals
All the reagents used in the present investigation, were of analytical grade. Laboratory grade ZnO (about 150 lm) was used for
comparison. Triple distilled water with a conductivity 4–7 micromhos has been used in the experimental work at a pH of 6.6–6.9.
Intensity of solar radiation was measured using Metravi 1330 digital lux meter. The pH was measured using a Testr24 digital pH meter (Eutech Instruments).
2.2. Preparation of zinc oxide nanoparticles
About 230 mL of 0.02(M) solution of zinc acetate in aqueous
alcohol (210 ml water and 10 ml of methanol, ethanol and isopropanol, respectively) was taken in a bath type sonicator (Oscar
Ultrasonic cleaner, model Microclean 101 with 20 kHz frequency
and heating arrangement). The clear solution with a starting pH
5.8–6.1 was then sonicated at 65 °C for 2 h. Although cavitation
intensity of a medium depends on temperature, it is estimated that
the intensity would be around 60% of the peak cavitation intensity
of water that occurs at 35 °C [31]. The experimental temperature
was much lower than the boiling point of the medium (the minimum boiling point is 96 °C for water with 5 volume% methanol).
After sonication, the content became slightly turbid and the pH increased slightly to 6.6–6.9. This increase in pH could be attributed
to the amphoteric nature of ZnO which becomes basic when hydrated. The turbid solution was then poured into a Petri dish of
6 inches diameter and dried in a vacuum oven at 700–750 mm Hg
vacuum and 65–100 °C temperature to drive off the solvents. The
dry powder obtained was repeatedly washed with a mixture of
1:1 methanol and ethanol, centrifuged using a REMI R-24 research
centrifuge, followed by drying again under vacuum till constant
weight and stored. A set of blank experiment was performed with
exactly the same experimental condition except the stirring which
was done using a digital hot-plate with magnetic starring at the
same temperature for the same period of time. After 2 h the reaction mixture was analyzed with AFM on glass slide. For comparison, another slide was prepared with zinc acetate precursor
solution only. There was no formation of nanoparticles without
ultrasonication.
2.3. Adsorption experiments
Adsorption of dichromate on the ZnO particles was found to be
negligible. Moreover, EDS analysis of the spent catalyst from the
adsorption experiment showed no Cr(VI) adsorbed on it. We have
filtered potassium dichromate solution without catalyst to study
whether there is any adsorption/reduction of Cr(VI) occurred by
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the membrane itself and we observed no adsorption/reduction of
Cr(VI) during filtration through polycarbonate membrane. However substantial adsorption of methanol was noted on the zinc
oxide nanoparticle when adsorption experiment was conducted
separately with a high concentration of alcohol. The residual concentration of methanol was measured spectrophotometrically at
kmax = 280 nm.
2.4. Analytical methods
The concentration of potassium dichromate in solution was
determined at kmax = 349 nm [21,29] using a 1 cm quartz cell in a
UV–vis spectrophotometer (Shimadzu UV-160A).
2.5. Photocatalytic reduction of Cr(VI) in aqueous solution
Experiments under solar radiation were carried out in a stainless steel box type reactor with a quartz glass cover and having a
cooling water circulation system. The capacity of the reactor was
about 550 mL. The reactor was mounted on a magnetic stirrer for
mixing (Fig. 1). In a typical baseline experiment, potassium dichromate (K2Cr2O7) solution, (500 mL, 50 mg/L) weighed quantity of
ZnO (0.2 g) and methanol (25 mL) were taken together in the reactor. The mixture was kept in suspension with the help of a magnetic stirrer. After ensuring the adsorption equilibrium, in the
dark, the reactor with its contents was exposed to the sunlight
for 2 h. Aliquots of about 25 mL were withdrawn at definite time
intervals, filtered with Whatman Nucleopore Polycarbonate membrane (No. 111103, porosity 0.05 lm) filter under vacuum and the
filtrate was analyzed spectrophotometrically for the residual
potassium dichromate content.
3. Results and discussion
3.1. Characterization of the nanoparticles
The nanoparticles were characterized by XRD, FESEM, EDX, AFM
and BET surface area measurement. The crystal structure and purity of the product was investigated using PANalytical PW 3040/60
XRD instrument. Size and surface morphology of ZnO was analyzed
using both FESEM (Carl Zeiss, Germany, Supra 35VP) and AFM
(VEECO digital multimode nanoscope IIIa). The samples for both
AFM and FESEM were prepared on glass slides. BET surface area
was measured using Quantachrome make NOVA 4000e instrument. EDX was done using Oxford Link Isis (UK) instrument.
Fig. 2 shows the XRD patterns of ZnO samples prepared in presence of the three different alcohols as solvents. The XRD data of
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ZnO synthesized from methanol, ethanol and iso-propanol have
been compared with that of standard wurtzite ZnO crystal structure (Table 1):
It is observed from the XRD data that ZnO synthesized in the
methanol medium did not have the strongest diffraction peak for
the 1 0 1 plane, characteristic of the wurtzitic structure [32] unlike
the other two varieties of ZnO synthesized in ethanol and isopropanol medium. It may be therefore inferred that ZnO synthesized
using methanol did not possess perfect wurtzitic structure. Between the other two ZnO crystals synthesized using ethanol and
isopropanol respectively, the latter showed more crystallographic
resemblance with the standard wurtzite structure in terms of both
the intensity and d-spacing values of the XRD peaks. The sum of
the calculated errors in d-spacing values (Eq. (1)) was also observed to be less in case of ZnO synthesized in isopropanol compared to that in ethanol.

%d error ¼



dex  dstd
 100
dstd

ð1Þ

The results indicate that ZnO synthesized using isopropanol
was more crystalline compared to ZnO synthesized using other solvents in the present work. FESEM figures (Figs. 3a and 3b) also
show that the ZnO crystals from isopropanol are well-defined long
rods with hexagonal cross-section whereas those from ethanol are
less crystalline with disc-like appearance having hexagonal cross
section. ZnO from methanol exhibited flaky morphology in FESEM
image (Fig. 3c). Bhattacharya and Gedanken [4] also obtained hexagonal brittle nano discs from zinc acetate precursor in DMF medium using high intensity ultrasound. In our case, the nano-particles
do not appear to be fragile; the FESEM figures do not show any broken particles. Jung et al. [2] obtained nanodiscs of side 200 nm
from zinc acetate precursor using triethyl citrate in ammonia–
water medium. The rod-like particles we obtained in propanol
medium were of 21–28 nm size with a length of about 150–
200 nm. This is an improvement in the nanoscopic dimension compared to the product synthesized by Zhang et al. [8].
The differences in the crystallinity of the various types of nanoZnO may be attributed to the medium or solvent. Among the three
solvents, methanol is the most polar one (dielectric constant, e
32.6). As a consequence, the rate of hydrolysis of the zinc salt is
expected to be the maximum here under the experimental conditions. The relatively rapid rate of hydrolysis prevents proper crystallization of ZnO in methanol. Since the polarity of isopropanol is
the minimum (dielectric constant, e 19.92) among the three solvents, ZnO particles formed in this medium was observed to be the
most crystalline. Sizes of the nanoparticles have been calculated
using the well known Scherrer equation [33].

t ¼ 0:9k=ðBcoshÞ

ð2Þ

where, t is the grain thickness, k is the wavelength of the X-ray, B is
FWHM value of the XRD peaks and h is the diffraction angle. Table 2
shows a few characteristics of nanoparticles synthesized from different solvents.
From the above table it is apparent that with the increase in
particle size, the surface area of the ZnO samples synthesized
employing different solvents decreased.
The unit cell dimensions and volumes of the three types of ZnO
have been calculated from the following equation using the data
from XRD:

1
2

d
Fig. 1. Experimental set up for photocatalysis.

2

¼

2

2

h
k
l
þ þ
a2 b2 c2

ð3Þ

Table 3 shows the comparison of the calculated cell dimensions and
volumes.
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Fig. 2. XRD spectra for the ZnO nanoparticle synthesized sonochemically with different solvents.

From the lattice parameter values of synthesized ZnO, it is quite
evident that the process of crystallization of ZnO was not complete
employing sonication only (the standard values of lattice parameters for ZnO are a = 3.250 Å and c = 5.207 Å (JCPDS 36-1451). The

crystallinity of the material synthesized in methanol medium
was observed to be weakest under the given experimental conditions. It may be mentioned that the nano-crystalline ZnO prepared
by Hosono et al. [7] from zinc acetate precursor had lattice con-
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Table 1
Comparison of crystal structure data.
Standard wurtzite
Plane hkl
100
002
101
102
110
103
200
112
201
004
202

From methanol
0

Int%

Plane hkl

2.814
2.603
2.4759
1.9111
1.6247
1.4771
1.4072
1.3782
1.3583
1.3017
1.238

57
44
100
23
32
29
4
23
11
2
4

100
002
101
102
110
103
200
112
201
004
202

d (Å
A)

From ethanol
0

d (Å
A)
2.8268
2.6178
2.4838
1.9164
1.6278
1.4802
–
1.3801
1.3623
1.3025
1.2425

Int%

Plane hkl

49.98
60.86
96.09
35.83
53.42
52.24
–
40.94
26.85
100
11.67

100
002
101
102
110
103
200
112
201
004
202

From isopropanol
0

d (Å
A)
2.8624
2.6408
2.5088
1.9279
1.6368
1.4874
–
1.3871
1.3672
1.303
–

Int%

Plane hkl

54.69
57.32
100
20.86
30.34
29.36
–
24.59
13.88
48.47
–

100
002
101
102
110
103
200
112
201
004
202

0

d (Å
A)
2.858
2.6367
2.5095
1.93
1.6368
1.4866
1.4164
1.387
1.3662
1.3027
2.858

Int%
51.8
45.29
100
25.49
35.38
31.38
6.99
28.52
14.94
36.26
5.7

Fig. 3a. SEM image of ZnO nanoparticles synthesized sonochemically with ethanol solvent (300,000 X).

stants values a = 3.256 Å and b = 5.217 Å employing sonication followed by reflux. A strong peak is noticed at around 6° in the XRD of
unwashed ZnO nanoparticles synthesized in methanol (Fig. 4). This
peak was related to the presence of layered hydrated zinc acetate
(LHZA), Zn5(OH)8(CH3COO)22H2O. LHZA plays an important role
in the synthesis of ZnO nanoparticles from zinc acetate. The formation of LHZA in alcoholic solution basically occurs by dissolution of
zinc salt followed by hydrolysis and poly-condensation.
The formation of LHZA can be represented by the following
overall reaction [7]:

5ZnðCH3 COOÞ2  2H2 O ! Zn5 ðOHÞ8 ðCH3 COOÞ2  2H2 O
þ 8CH3 COOH

ð4Þ

This LHZA, on hydrolysis and deprotonation produces hydrated
ZnO.

Zn5 ðOHÞ8 ðCH3 COOÞ2  2H2 O ! 5ZnO þ 2CH3 COOH þ 5H2 O

ð5Þ

This hydrated ZnO is amphoteric in nature. In the absence of enough hydroxyl ion (alkaline condition), the rate of hydrolysis is
very slow. Ultrasonication enhances the rate of hydrolysis by
momentary very high temperature generated locally, but it is
highly likely that the methanol present in the medium acts as a

scavenger of free radicals formed by sonolytic fission of water as
described later. However, the LHZA can be washed off with mixture of methanol and ethanol as described before. XRD pattern of
unwashed ZnO particles exhibited a peak of LHZA with 100% intensity whereas after washing, the intensity was reduced to 39%.
Appearance of peaks in the XRD profile other than the characteristic peaks of ZnO may be related to the presence of partially decomposed different products of LHZA. Hosono et al. [7] noticed such a
peak of LHZA in ethanol solvent, but we did not observe this phenomenon except for the product prepared in methanol medium.
On the contrary, the results of Bhattacharya and Gedanken [4] or
Zhang et al. [8] are inconclusive in this respect since they reported
XRD spectrograph of washed products only.
It is true that changes in d spacing can happen from the existence of foreign atoms in the lattice structure of ZnO apart from
the shortening of lattice dimension. To ascertain the purity level
of the synthesized ZnO nanoparticles, EDX analyses of the synthesized samples were carried out using Oxford Link Isis (UK) instrument. The EDX figure is given below (Fig. 5). From the EDX
analyses of the synthesized ZnO sample it has been observed that
the sample contained only Zn (43.41 wt.%) and O (56.59 wt.%)
atoms in the composition. Hence the changes in d spacing of the
synthesized ZnO particles can be related to the formation of less
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Fig. 3b. SEM image of ZnO nanoparticle synthesized in isopropanol solvent (200,000 X).

Fig. 3c. SEM image of ZnO nanoparticle synthesized with methanol solvent (100,000 X).

Table 2
Yield, particle size and specific surface area of the nanoparticles.
Solvent

pH
(initial–final)

Yield
(%)

Particle size
[Eq. (2)] (nm)

BET surface area
(m2/g)

Methanol
Ethanol
2-Propanol

6.1–6.7
5.9–6.9
5.8–6.6

34.55
34.05
35.13

28
25
21

11.5
16.34
16.59

the AFM image of ZnO nanoparticles formed out of methanolic
solution of zinc acetate (NZnO-M).
There was no formation of nanoparticles without ultrasonication. It may be mentioned that Bastami and Entezary [34] prepared
manganese oxide nano-particles starting with Mn(OOCH3)2 but did
not observe any formation of particles in control experiments in
the absence of sonication.
3.2. Formation-mechanism of nanoparticles

clustered agglomerates with nanoscopic dimension. A lower degree of clustering resulted in lesser constrictive force on individual
crystallite, thereby broadening the d-spacing values.
FESEM and AFM images have been analyzed for the surface
morphology, shape and size of the nanoparticles. Fig. 6 presents

Zinc hydroxide, which is formed in the medium after sonication
in presence of methanol, is the product of hydrolysis of the zinc
acetate precursor. However, as it has been mentioned before,
the added methanol must have a role to play in the process,
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Table 3
Cell dimensions and volumes of the particles.
Variety of ZnO
Standard wurtzite
Methanol medium
Ethanol medium
Isopropanol medium

0

0

0

0

a (Å
A)

b (Å
A)

c (Å
A)

Cell volume (Å
A)3

2.813 ± 0.003
2.820 ± 0.013
2.8494 ± 0.034
2.837 ± 0.019

1.990 ± 0.001
1.992 ± 0.007
2.0014 ± 0.010
1.996 ± 0.004

5.207 ± 0.004
5.306 ± 0.254
5.230 ± 0.024
5.193 ± 0.156

29.147 ± 0.019
29.805 ± 1.458
29.805 ± 0.217
29.412 ± 0.939

Fig. 4. XRD spectrograph of ZnO nanoparticle generated out of methanol before washing with alcohol.

Fig. 5. EDX of ZnO nanoparticle generated out of methanol.

particularly in the mechanistic pathway involving the species
formed during sonication. It has been suggested by many researchers that the locally extreme temperature and pressure in a sonicated aqueous medium lead to splitting of water molecules into
H (atom) and OH free radical that take part in the process
although some of them recombine into water. Thus, Okitsu et al.
[35] in their work on the reaction although some of preparation

of noble metal (Pd, Au, etc.) nano-particles from their salts in an
aqueous medium in presence of polyethylene glycol proposed that
the overall process proceeds through the formation of H and OH
free radical and their reaction with both the metal salt and the organic additive. Very recently, Pollet [36] proposed a very similar
mechanism in which the organic additive in an aqueous acts as a
radical scavenger. On this basis, we propose the following
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Fig. 6. AFM image of ZnO nanoparticle synthesized sonochemically with methanol solvent.

mechanism for formation of the nano-particles that involve scavenging of H by methanol.
ÞÞÞÞ

H2 O ! H þ  OH

ð6Þ

ðCH3 COOÞ2 Zn þ 2 OH ! 2CH3 COO þ ZnðOHÞ2

ð7Þ

CH3 OH þ H ! CH3 þ H2 O
CH3 þ CH3 COO ! CH3 COOCH3

ð8Þ
ð9Þ

It may be mentioned that in a very recent paper, Bhatte et al. [37]
indicated formation of ester groups in their work on formation of
zinc oxide nano-crystals in presence of 1,4-butanediol medium.
3.3. Photocatalytic reduction of hexavalent chromium using ZnO
nanoparticles
The reaction pathway for the reduction of chromium in aqueous
medium in presence of ZnO photo catalyst may be explained as follows. The first step is the generation of a hole-electron pair upon
irradiation with UV light – the hole is responsible for oxidation
and the electron is responsible for reduction.
k1

þ

Photo-excitation : ZnO þ hm ! ZnOðh þ e Þ

ð10Þ

Turchi and Ollis [38] suggested four modes of photocatalytic
reactions, of which one reaction described the occurrence of two
free species in the fluid phase forming H2O2. Since there was no
appreciable adsorption of Cr(VI) on ZnO surface, it is possible that
homogeneous reduction of Cr(VI) in solution occurs by photogenerated H2O2 [22]. Dissolved oxygen acts as the hole scavenger
and generates H2O2 as shown in Eq. (11) below.
k2

Generation of H2 O2 : O2 þ Hþ þ ZnOðe Þ ! H2 O2

ð11Þ

A parallel reduction reaction occurs through adsorbed methanol
which gives rise to methoxy radicals upon hole scavenging.
þ

k4

Hole scavenging by methanol : CH3 OH þ ZnOðh Þ ! CH3 O

ð12Þ

The reduction reactions of Cr(VI) with hydrogen peroxide generated in situ by photo-excited ZnO as well as with the methoxy
radicals generated by hole scavenging leads to Cr(III) [Eq. (13)
and (14)]. Khalil et al. [22] suggested homogeneous reduction of
hexavalent chromium by photo-generated H2O2.

Fig. 7. Concentration history of Cr(VI) reduction using the different samples of ZnO
(process conditions: 0.2 g ZnO catalyst, initial concentration of dichromate 50 mg/L,
methanol added 25 mL, solar light 70 klux, reaction mixture 550 mL).

k3

Reduction of CrðVIÞ : CrðIVÞ þ H2 O2 þ Hþ ! CrðIIIÞ þ H2 O þ O2
ð13Þ
 k5

CrðIVÞ þ CH3 O ! CrðIIIÞ þ oxidation products

ð14Þ

Adsorption of dichromate on the ZnO particles was found to be
negligible. However substantial adsorption of methanol was noted
on all the varieties of zinc oxide nanoparticles. The reduction of
hexavalent chromium with different varieties of ZnO nanoparticles
and a commercially available microsized sample are compared in
Fig. 7. It was observed that the initial rates vary in the order
NZnO-E1 > NZnO-M > NZnO-P > MZnO. Variation in the morphology
of the crystallites perhaps affected the band gap value in the ZnO lattice. Optical band gap of ZnO has been reported from 3.27 eV for the
single crystal to 3.55 eV for the deposited film. The variation in band
gap in deposited film and nanostructured ZnO has been related to
the structural morphology and defects present in the crystal [39–
1
NZnO-E stands for the ZnO nanoparticles prepared in ethanol medium, similarly
NZnO-M: in methanol and NznO-P: in isopropanol medium. MZnO: microsized
laboratory grade ZnO.
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41]. The solvents used in the present investigation affected the morphology of ZnO crystallites. Therefore, the rate of electron–hole pair
generation varied in different ZnO structures resulting in the variation in their photocatalytic performances. Moreover, surface porosity
developed in these samples employing different alcohols as solvents
could be different, which also affected the rate of reduction of Cr(VI).
Keeping other experimental conditions constant, a 35% reduction in
Cr(VI) occurred with NZnO-E in 120 min whereas with microsized
ZnO the reduction was only 19%.
4. Conclusion
Zinc oxide nanoparticles have been synthesized by ultrasonication of aqueous-alcohol (5% by volume alcohol) solutions of zinc
acetate in the absence of alkali and at essentially neutral pH maintaining the temperature at 65 °C. The yields were about 35% in all
cases. The synthesized nanoparticles were characterized using
XRD, AFM and FESEM. It was observed that the size and other characteristics varied with the nature of the solvents used. With methanol solvent, the particle shape was flaky whereas with ethanol or
iso-propanol solvent, the cross-section was hexagonal. The nanoparticles were tested for photocatalytic reduction of Cr(VI) and
were found to have almost double reduction efficiency compared
to that of commercially available microparticles of ZnO. Also, the
photocatalytic efficiency of nanoparticles generated employing different solvents was observed to be different due to different morphology of synthesized ZnO crystallites.
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