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INTRODUCTION

Nanocrystalline metal oxides were reported as potential
materials for the photocatalytic mineralization of organic poll-
utants in water [1,2]. Among the various metal oxides, nano-
crystalline ZnO has been reported as promising photocatalyst
owing to its unique optical properties such as high direct band
gap (3.2 eV), large excitation binding energy (60 meV), high
activity in visible light than other metal oxides and good photo-
stability [3-5]. In literature, several methods were reported for
the synthesis of ZnO photocatalyst. Some of the frequently
employed methods are sol-gel, dry chemical milling, thermal
decompositions of precursors, wet precipitation, combustion,
hydrothermal, and template assisted synthesis [1,2,6-10].

Some of these methods are highly useful to obtain pure
nanocrystalline ZnO having specific grain structures. However,
they are expensive, time consuming and also requires lots of
energy. Therefore, they cannot be employed for the large scale
production of ZnO photocatalyst. Therefore, there is a need to
obtain photocatalyst grade ZnO by low cost method. Among
the various methods, thermal decomposition of precursors is
the simplest methods for synthesis of photocatalyst grade ZnO.
Moreover, this method can be easily adopted for large scale

Accepted: 15 January 2020;

Published online: 29 April 2020; AJC-19847

In present study, ZnO photocatalysts were successfully synthesized by thermal decomposition of different precursors. Thermal decomposition |
temperatures of precursors were obtained by thermogravimetric analysis. The synthesized ZnO photocatalysts were characterized for |
their crystalline phase, surface morphology and band gap, respectively by powder X-ray diffraction, scanning electron microscopy and
diffuse reflectance spectroscopic methods. Chemical analysis of synthesized ZnO photocatalysts was performed for Zn(II) content. |
Photocatalytic activity of ZnO photocatalysts was evaluated under the solar irradiation on crystal violet dye in aqueous solution. The |
results of experiments showed that ZnO synthesized from zinc carbonate consists of higher photocatalytic activity than ZnO synthesized |
from other precursors, which is even higher than bench mark Degussa P-25 TiO, photocatalyst. ZnO synthesized from zinc carbonate is |
further used for mineralization of dyes from three different effluents. |
|
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and cost effective production of photocatalyst grade ZnO.
Thus, in present study a comparative account of photocatalytic
activity of ZnO obtained from different precursors were analyzed.
The precursors selected were zinc oxalate, zinc tartarate, zinc
carbonate, basic zinc carbonate and zinc peroxide. The photo-
catalysts were characterized by appropriate methods and their
photocatalytic activity was evaluated and compared on the
crystal violet dye as a model organic compound.

EXPERIMENTAL

Analytical reagent grade zinc acetate, tartaric acid, conc.
ammonia, 30% H,O,, basic zinc carbonate and other chemicals
were procured from Loba Cheime Pvt. Ltd. and used without
further purifications.

Synthesis of ZnO photocatalysts: ZnO photocatalysts
were synthesized by thermal decompositions of five different
precursors viz. zinc carbonate, basic zinc carbonate, zinc oxalate,
zinc peroxide and zinc tartarate. Zinc oxalate, zinc tartarate
and zinc peroxide were synthesized by prescribed methods
discussed elsewhere [11,12]. Zinc tartarate was prepared
similarly as that of zinc oxalate where oxalic acid in the reaction
was replaced by tartaric acid. Zinc carbonate was prepared by
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precipitation method. The aqueous solution of zinc acetate
(0.1M, 500 mL) was prepared and pH was adjusted to 9 by
adding concentrated ammonia at 60 °C. In this solution, 50
mL of 2M ammonium carbonate was added dropwise with
constant magnetic stirring. This resulted in the formation of
white precipitate which was then filtered through Whatman
filter paper 42. The filtered precipitate washed with distilled
water and then with ethanol. Decomposition pattern of all prec-
ursors in air to form ZnO was studied by thermogravimetric
analysis (TGA) method. All the precursors were dried in an
oven for 1 h at 90 °C and appropriate quantity was transferred
in a silica crucible. The precursor was decomposed by heating
on Bunsen burner in open crucible. The decomposition product
of each precursor was then annealed in a muffle furnace at
predetermined temperature and time which resulted in the
formation of desired ZnO photocatalyst. The benchmark catalyst
Degussa P-25 TiO, was obtained from nano-shell and used in
the present study.

Characterisation of ZnO nanoparticles: All ZnO photo-
catalysts were analyzed for Zn(Il) content by volumetric method
[13]. The crystalline phase, surface morphology and band gap
of each synthesized ZnO was studied respectively by powder
X-ray diffraction (XRD) method, scanning electron micro-
scopic (SEM) imaging and UV-visible diffuse reflectance spectra
(UV-DRS).The UV-visible absorption characteristics of synthe-
sized ZnO samples in aqueous solution were obtained by recor-
ding absorption spectra. The specific surface area was calcu-
lated by the prescribed method from the crystallite size and
powder density [14,15].

Evaluation of photocatalytic activity: Crystal violet was
used as a model organic pollutant to evaluate the photocatalytic
activity of ZnO nanoparticles. The photocatalytic degradation
experiments were conducted in the sunlight on sunny days
between 10 am to 3 pm when the sunlight intensity was in the
range of 56,900 to 65,800 lux. Crystal violet dye solution with
appropriate concentration (10 mg L') was prepared in the water
and stored in the dark. Stability of dye in an aqueous solution
in the dark in presence of ZnO as well as in the light in absence
of ZnO at pH 5 to 9 was studied before the photocatalytic
degradation experiments. The photocatalytic experiments were
executed in a flat slurry reactor as described by Shinde ef al.
[2]. The first order rate constant was calculated by Langmuir-
Hinshelwood equation [16] (eqn.1):

A,
e a

where; kqs = rate constant, A, = initial absorbance of dye
solution, A, = absorbance of dye solution at time t.

2.303
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After studying the photocatalytic degradation of crystal
violet using ZnO particles synthesized using five different
precursors, the best one was selected for further study. Photo-
catalytic mineralization of dyes from three effluents was achieved
using the best ZnO catalyst. The dye effluents were collected
from small scale fabric dying unit located at Malegaon city,
India. The chemical oxygen demand (COD) of a treated dye
solution was determined by the prescribed method [13].

RESULTS AND DISCUSSION

Thermal analysis: Thermogravimetric analysis of pre-
cursors was performed to obtain decomposition temperature
which also confirmed the formation of specific precursor. TG
curves analysis (Fig. 1) showed that zinc carbonate and basic
zinc carbonate decompose completely below 300 °C to form
ZnO while zinc oxalate and zinc tartarate decomposed respec-
tively at 430 and 560 °C. The molecular formulae were confir-
med from TG analyses and recorded in Table-1. The TG analysis
of zinc peroxide is not possible as it decomposes violently.
However, we have obtained its decomposition temperature
manually and decomposes nearly at 210 °C.
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Fig. 1. TG curves of ZnO precursors

Characteristics of ZnO precursors: Zinc(II) content in
synthesized ZnO using different precursors (Table-1) was
obtained by the chemical method of analysis and found to be
in good agreement with the molecular formula of ZnO which
revealed the high purity of all ZnO photocatalysts.

Crystallite properties of ZnO photocatalysts were conf-
irmed from their powder XRD patterns (Fig. 2). The powder
XRD of all ZnO photocatalysts consist of sharp and intense

TABLE-1
TG ANALYSIS PRECURSORS AND Zn(II) CONTENT IN ZnO SAMPLES OBTAINED FROM DIFFERENT PRECURSORS
Precursor mf Decompositign Abbreviation to ZnO Zn(II) content (%)
temperature (°C) sample

Zinc oxalate 7ZnC,0,-2H,0 430 7Zn0O,, 79.11 £0.52
Zinc tartarate 7ZnC,H,0,-2H,0 560 7Zn0,, 79.36 + 0.31
Zinc carbonate ZnCO; 280 ZnO,,, 79.56 = 0.56
Basic zinc carbonate (ZnCO;3),(Zn(0OH),); 300 ZnOy,, 79.12 £ 0.31
Zinc peroxide 7Zn0O, 210 ZnOerox 80.08 = 0.30
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Fig. 2. Powder XRD of ZnO photocatalysts

peaks representative of their high crystalline nature. The peaks
in XRD can be indexed to the plans [100], [002], [101], [102],
[110], [103], [200], [112] and [201] of ZnO crystal. All the
photocatalyst showed peak positions at similar diffraction angle

in XRD and they match with JCPDS data file number 36-1451
of ZnO having hexagonal crystalline structure. From the observed
powder XRD patterns, different crystal parameters (unit cell
parameters, crystal volume, crystal density, Zn-O bond length)
were calculated (Table-2) and found in agreement with JCPDS
data file number 36-1451 of ZnO. Furthermore, powder XRD
of any of photocatalyst did not exhibit extra peak other than
the hexagonal crystalline phase of ZnO, which further confi-
rmed high purity of their crystalline phase.

The results of powder XRD of ZnO photocatalysts were
analogous with previously reported XRD pattern for nano-
crystalline ZnO [17-19]. Crystallite sizes of ZnO samples were
calculated using Debye-Scherrer’s equation and found be
different for all five ZnO photocatalysts (Table-2).

Band gap of ZnO: Band graps of ZnO photocatalysts
were obtained from the diffuse reflectance spectra in the absor-
bance mode. From the obtained data, the graph of (absorbance)’
against the energy of radiation (eV) was plotted (Fig. 3) and
band gaps were obtained. The band gaps of photocatalysts were
found in the range of 3.16 to 3.27 eV. The observed band gaps
were consistent with previously reported values of nanocryst-
alline ZnO photocatalysts [20,21].
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Fig. 3. Graph of (absorbance)’ against energy (eV) of radiations

The light absorption characteristics of ZnO photocatalysts
were studied by recording absorbance spectra (Fig. 4) of ZnO
suspension in water. All the ZnO photocatalysts showed an
absorption maxima in the range of 369 to 386 nm, which belong
to valence to conduction band excitation of electron i.e. band
gap of ZnO sample. Small variation arises in absorption maxima
due to the small variation of crystallite size of ZnO. This obser-
vation indicates that all the ZnO photocatalysts absorbed near
to the visible region and consist of small absorbance of radiations
in the visible region.

TABLE-2
POWDER XRD CHARACTERISTICS OF ZnO PHOTOCATALYSTS
ZnO a(A) ¢ (A) Unit cell volume X-ray density Zn-0 bond Crystallite size  Specific surface

Sample (Ay (gem™) length (A) (nm) area (m* g)

Zn0O,, 3.2478 5.2022 47.5212 5.6872 1.9764 27.58 111.21
ZnOy, 3.2483 5.2031 47.5500 5.6838 1.9768 32.74 92.75
Zn0,,, 3.2483 5.2081 47.5902 5.6790 1.9774 21.57 142.36
ZnOy, 3.2467 5.2048 47.5123 5.6883 1.9759 22.36 136.35
700 ero 3.2457 5.2066 47.4998 5.6898 1.9761 12.06 249.38
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Fig. 4. UV-visible absorbance spectra of ZnO photocatalysts in aqueous
solution

Particle morphology: The particle morphologies of ZnO
photocatalysts were examined by SEM imaging (Fig. 5). The
SEM image of ZnO,.rox showed a high level of agglomeration
of small spherical particles to form large clusters. The grains
of ZnO,, were irregular in shape and showed a coexistence of
ZnO crystallites to form large agglomerates. Among the five
ZnO photocatalysts, grains of ZnOc,- and ZnOy., were elliptical
to globular in shape and consist of porous surface. The grains
of these two samples showed a separate existence. The grains
of ZnOy, photocatalyst were irregular in shape, larger in size
and showed a individual existence.

Photoluminescence characteristics: Photoluminescence
spectra of ZnO photocatalysts (Fig. 6) exhibited a first emission
peaks at 380 to 392 nm, which belongs to band gap emission
of ZnO. Other peaks which were present in visible region could
be attributed to defects in crystal structure of ZnO crystallites
[22,23]. The major difference in photoluminescence spectra
is of ZnOyeox photocatalyst which displayed a high intensity
peak in visible region. It might be due to smaller crystallite
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Fig. 5. SEM images of ZnO photocatalysts
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Fig. 6. PL spectra of ZnO photocatalysts

size of this sample since smaller crystallites are more defective
in nature.

Comparison of photocatalytic activity of ZnO photo-
catalysts: The photocatalytic activity of each synthesized ZnO
was evaluated in terms of rate constant of decolorization of
crystal violet as a model dye compound. The pseudo first-order
rate constant of decolorization reaction of crystal violet dye
was evaluated under optimized reaction conditions (pH 9,
catalystdose 0.4 g L. The graph of log(A/A,) against time is
almost straight line passing through the origin (R*> 0.95; Fig.
7). The pseudo first-order rate constant (k) was calculated from
the slope of line.The highest rate constant of decolorization
of crystal violet dye was observed with ZnO,, photocatalyst
(0.094 min™). For other ZnO photocatalysts, the rate constant
of decolorization were 0.087, 0.068, 0.064 and 0.062 min’',
respectively with ZnOyear, ZnOgy, Zngperox and ZnOy,,. Under
the optimized condition (pH = 7), a quantity of Degussa P-25
TiO, (400 mg L") and the height of effluent in reactor, the rate
constant for decolorization of the crystal violet dye was found
to be 0.071 min™.
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Fig. 7. Kinetics of the decolorization of crystal violet dye in sunlight

Owing to larger crystallite size and lower specific surface
area (Table-2) of ZnO., exhibited better photocatalytic activity
than ZnO,..ox sample, which can be attributed to its granular
structure. SEM images clearly illustrated that ZnO..:, ZnOpcyr
and ZnO,,, samples had less agglomeration of grains while ZnO,,
and ZnO,eox and samples showed higher agglomeration of
grains. The photoluminescence spectrum of ZnO,..x showed
a comparatively high intensities of peak indicated that rate of
recombination of electron-hole pair was high in this sample.
Thus, though ZnO,...x sample had higher specific surface area
but displayed lower photocatalytic activity. A ZnO,,, sample
did not show high agglomeration due to larger size of grains
therefore had a lower specific surface area. Thereby, this photo-
catalyst exhibited the lowest photocatalytic activity. The surface
of ZnO,, grains appeared rough which results in more adsorption
of dye molecules at the surface.

Photocatalytic mineralization of dye from effluent: The
dye effluent samples were collected from small scale fabric
dying unit located at Malegaon city, India. Samples were
characterized using ZnO,,, photocatalyst (Table-3, Fig. 8). The
collected effluents showed alkaline pH, which indicated the
use of caustic soda in the preparation of dye solution for dying
purposes. The photocatalytic degradation of dyes from effluents
was carried out without further adjustment of pH. The minerali-
zation is different from decolorization. The decolorization
takes place due to fragmentation of molecule while in mineral-
ization dye molecule is completely decomposed to CO, and
H,O [24]. The decolorization of dye effluent is confirmed by
recording the absorbance at A, of dye effluent. The decol-
ourized dye effluent showed a very high UV absorbance (Fig.
9), which indicated that dye effluent was colourless and contains
UV absorbing fragments of dye molecule. Thus, degradation
experiment was continued till UV absorbance becomes negli-
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Fig. 8. UV-visible spectra of the effluents
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Fig. 9. Absorbance spectra effluent-3 at 60 (decolorization stage), 120 and
180 min time of irradiation

gible. It required about 180 min for effluent-1 and 250 min for
effluent-2 and 3. All three effluents showed more than 95%
COD removal (Table-3) after 250 min of irradiation time.
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TABLE-3
CHARACTERISTICS OF DYE EFFLUENT PERCENT COD REMOVAL
Effluent Colour of the Absorbance H COD (ppm) Time of complete_: Effluent treatment COD
No. effluent maxima (nm) P PP decolourization (min) time (min) removal (%)
1 Blue 605 8.7 107 + 8 40 180 96.25 +4.7
2 Red-violet 550 8.3 68 =11 75 250 98.83 +3.6
3 Orange 490 8.4 79 +6 60 250 97.06 +4.3
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