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Easy synthesis was performed for ZnO nanoparticles by precipitation 
method followed by its calcination in atmospheric oxygen at a temperature 
range 400-550°C for 2 h. XRD, TEM, SEM, BET surface area and  
UV-vis spectroscopy analyses were utilized for ZnO characterization. The 
as-synthesized ZnO nanoparticles showed high photocatalytic efficiency 
for the removal of aqueous phenol comparing with direct photolysis using 
UV radiation. ZnO calcined at 400°C (ZnO-400) has an average crystallite 
size of about 43 nm and a particle size range 15-40 nm according to XRD 
and TEM analyses, respectively. It has a hexagonal wurtzite structure with 
an estimated optical band gap energy of 3.17 eV from spectrophotometric 
analysis. The BET surface area decreases from: 13.8 m2/g to 8.34 m2/g 
with increasing calcination temperature from 400 ºC to 550 ºC.  

 
 

INTRODUCTION* 

Semiconductor nanoparticles have gotten 
impressive considerations since a few decades ago 
because of their basic arrangement, controllable size, 
morphological tunability, novel physical and 
chemical properties, simple functionalization, and 
more extensive applications such as solar cells, 
electroluminescent devices, electrochromic windows 
and chemical sensors.1,2 The metal oxides utilized 
within these applications are obliged to have a high 
surface area in addition to great electrical, 
electrochemical and structural properties. 

Among them, ZnO is a versatile material with 
multifunctional properties that has a wide band gap 
(3.3 eV) with a substantial exciton binding energy of 
60 meV at room temperature,2 has high chemical 
stability, high electrochemical coupling coefficient, 
broad range of radiation absorption and high 
photostability.3 It has been utilized within gas 
                                                            
 

sensors, optoelectronics, photovoltaic applications, 
photocatalytic oxidation, sun-based cells and 
analytical sensing.4-7 Also, it has been included in 
different industries like rubber, pharmaceutical, 
cosmetics, textile, electronics and electrotechnology, 
and other industries.1,3,8 Moreover, different qualities 
of novel nanostructures of ZnO have been effectively 
integrated through numerous synthetic routes, for 
example, nanowires, nanobelts, and nanotetrapods.1 

Using of photocatalytic methods as a technology 
for water treatment is rapidly developing.9,10 These 
photocatalytic methods are capable of decomposing 
organic pollutants in the aqueous media and may lead 
finally to their mineralization. However, adoption of 
an appropriate treatment method depends on some 
factors like the nature of the pollutant, its 
concentration, the efficiency of treatment method and 
its economic cost, etc. Various characteristics of the 
photocatalysts can be controlled by controlling the 
different preparation conditions like the precursor, 
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the calcination temperatures, the pH and doping 
with different cations and anions.11-17 

Phenol and its derivatives exhibit acute toxicity 
and emerge to the environment through various 
natural and industrial sources.18 Leached phenol 
gives ground and surface waters unpleasant odor 
and taste. Although, phenol is a refractory organic 
pollutant to the normal treatment techniques, 
photocatalysis method was used effectively to 
remove phenol from aqueous environments.19-21 
Therefore, mineralization of phenol by new, 
effective, and inexpensive methods is an 
environmental demand. ZnO is a cheap 
semiconductor material and is known to have high 
photocatalytic efficiency under UV and sunlight 
irradiation.18,22,23 Herein, we synthesized ZnO 
nanoparticles photcatalyst by the precipitation 
method followed by its calcination in atmospheric 
oxygen at the temperature range 400-550°C. 
Different analytical and microscopic techniques 
were used to characterize ZnO nanoparticles that 
were used adequately for phenol removal from 
water under UV irradiation.  

RESULTS AND DISCUSSION 

ZnO was prepared by means of sol-gel 
technique by different authors and utilized viably 
for the photocatalytic oxidation of phenol.20,24 
However, sol-gel integrated ZnO contains 
adsorbed water and might be a better choice in 
case of further surface functionalization via 
covalent bonding with adsorbed OH groups. In our 
study, we favored calcination of ZnO so as to 
acquire dry and stable nanoparticles.  

The following Miller indices: (1 0 0), (0 0 2),  
(1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and 
 

(2 0 1) were observed in Figure 1, which are 
consistent with (JCPDS card No. 36–1451) 
indicating the formation of hexagonal wurtzite 
ZnO structure for the dried precipitate.  

 
Characterization  

of the as-synthesized ZnO powder 

Figures (2a) and (2b) show the XRD patterns of 
ZnO calcined at 400 ºC and 550 ºC, respectively. A 
series of nine intense characteristic peaks related to 
the corresponding Miller indices (1 0 0), (0 0 2),  
(1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and 
(2 0 1), are observed for both samples. These peaks 
are consistent with the standard pattern of 
hexagonal wurtzite ZnO structure and match well 
with the JCPDS data [JCPDS # 36-145]. These 
results demonstrate the good crystallinity of the 
synthesized ZnO samples in addition to the 
absence of impurities (high purity). Also, the ZnO 
structure is not changed or affected after 
calcination. Using K=0.9 for hexagonal structures, 
the average crystallite size was calculated from 
XRD analysis using the Scherrer equation (eqn. 1) 
to be 43.12 nm and 44.99 nm for ZnO-400 and 
ZnO-550, respectively.  

 
cos
Kλ

τ
β θ

=   (1) 

where (τ) is the crystallite size, (λ =1.5405 Å) is 
the x-ray wavelength, (β) is the line broadening at 
half the maximum intensity (FWHM) in radians, 
(θ) is the Bragg angle, and (K) is the shape factor 
and its value interchangeable dependent on the 
shape of crystallites, from 0.89 for spherical to 
0.94 for cubic particles. 

 

 
Fig. 1 – XRD pattern of the dry precipitate obtained before calcination and after the drying step at 140oC. 
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Fig. 2 – XRD pattern of (a) ZnO-400 and (b) ZnO-550. 

 

 
Fig. 3 – (a) TEM image of ZnO-400 (b) SEM image of ZnO-400. 

 
Figures 3(a) and 3(b) show the TEM and SEM 

images of ZnO calcined at 400 ºC. These figures 
confirm the homogeneous nature of ZnO surface. It 
is also clear that ZnO particles are mostly 
aggregated and consist of nearly hexagonal grains 
of uniform shape in the nanoscale which is 
consistent with the XRD results. Also, the values 
of the particle size given in Figure 3(a) are in 
complete accordance with the mean crystallite size 
calculated from the XRD analysis for the same 
sample. The SEM image of the same ZnO sample 
is given in figure 3(b). This figure confirms the 
homogeneity of ZnO surface. 

The UV-vis spectrum of ZnO-400 is given in 
figure 4(a). The value of the onset wavelength (λ) 
of absorption was determined to be 418 nm. The 
corresponding band gap was calculated from the 
following equation (eqn.2):20  

 1240
( )gE
nmλ

=   (2) 

where 1240 is a constant which equals hc, h is 
Plank’s constant (6.626 x10-34 J s), c is the speed of 
light (2.998 x 108 m.s-1), and λ is the cutoff 
wavelength at 418 nm. The calculated value of the 
band gap using this equation is 2.97 eV. This value 

is slightly smaller than in the literature and this 
may be explained due to the slight increase of the 
ZnO particle size. 

Another way to estimate the band gap energy is 
to calculate the absorption coefficient (α) which is 
related to the length of the absorption media 
(thickness of cell) and absorbance by the following 
relation (eqn.3):25 

 2.303 A
L

α ⎛ ⎞= ⎜ ⎟⎝ ⎠
  (3) 

where α is the absorption coefficient, A is the 
absorbance, and L is the thickness of the cell and 
equal unity in this case. This method is most 
abundant for thin-film manufactured ZnO and the 
optical band gap could be calculated, assuming an 
indirect allowed transition, using Tauc equation 
(eqn.4):25 

 ( ) ( )2 – gh C h Eα ν ν=   (4) 

where C is constant and hν is the incident photon 
energy. A plot of (αhv)2 vs hν is shown in Figure 
4(b), Eg is estimated to be 3.17 eV by extrapolating 
the straight line to αhv = 0. This value is in 
agreement with the previous value. 
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Fig. 4 – (a) UV–Vis spectra of calcined ZnO powder at 400°C  

(b) The indirect allowed transition calculated optical energy band gap for ZnO-400. 
 

The three ZnO samples (calcined at 400, 450 
and 550°C) were outgassed at 200 °C for 1 h prior 
to BET surface area measurements. The values of 
BET were found to be 13.8, 13.7 and 8.34 m2/g for 
samples calcined at 400, 450 and 550oC, 
respectively. This indicates the decrease of BET 
surface area with increasing calcination 
temperatures and this could be explained due to the 
increase of the particle size as indicated by XRD 
analysis. The above results show that ZnO-400, 
which exhibited the highest surface area among 
others, could be used effectively as a photocatalyst 
for phenol removal. 

Photocatalytic activity of ZnO nanoparticles 

In these experiments ZnO-400 was used as the 
photocatalyst for phenol removal from water. The 
phenol solution was left in contact with air because 
oxygen plays an important role in the photocatalytic 
process.26 In addition it was stirred using a magnetic 
stirrer for a better contact between the photocatalyst 
and the aqueous solution.  

Preliminary experiments (at similar experimental 
conditions but in the absence of the radiation source) 
showed that less than 6% of phenol was removed 
after 17 hours of stirring. No intermediates were 
found in HPLC chromatogram suggesting that the 
decrease of phenol concentration is attributable to an 
adsorption process only.  

Figure 5 shows the removal of phenol by direct 
photolysis using UV radiation alone and by UV in 
the presence of ZnO nanoparticles. The reaction is 
fast in the first hours then the rate decreases 

gradually. It is clear that ZnO/UV have higher 
efficiency for phenol removal than UV alone. 
Removal of phenol by UV alone may be due to the 
formation of hydroxyl radical in the presence of O2.26 

Formation of a polymer was also suggested to 
explain the removal of phenol by UV direct 
photolysis.27 The enhancement of the rate of phenol 
removal in the presence of ZnO photocatalyst may be 
attributed to the formation of hydroxyl radical 
resulting from the reduction of oxygen or water. It is 
noteworthy that catechol, hydroquinone and 
resorcinol were detected as removal products beside 
short chain carboxylic acids as shown in Figure 5 
(1S, Electronic Supplementary Information (ESI). 
Carbon Oxygen Demand (COD) test can be used to 
quantify the amount of organics in water. We used 
this test to examine the efficiency of the prepared 
ZnO for further decomposition of the products 
formed due to phenol removal. For this purpose a 300 
mL phenol (initial COD is 53.9 mg/L) was treated in 
the presence of UV and 300 mg of ZnO. After 24 hrs 
of treatment the COD was decreased to 6.5 mg/L. 
This result indicates that ZnO is efficient for the 
decomposition of the products formed during phenol 
photo degradation under the experimental conditions 
used. 

The photocatalytic activity of the as-
synthesized ZnO was also tested with another 
small organic pollutant, formic acid, and in the 
presence of sunlight. The results, discussed in 
details in ESI, indicate that ZnO could be used 
efficiently for other organic pollutants. Also, it 
could be used at a wide range of wavelengths in 
addition to direct sunlight. 
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Fig. 5 – Removal of phenol by UV and ZnO/UV. 

Phenol conc. = (1x10-3 M), λ=330 nm and the reaction temperature changed from 26 to 37ºC. 
 

EXPERIMENTAL 

Preparation of ZnO photocatalyst 

ZnO has been prepared as follows: 11 g of zinc acetate 
dihydrate were dissolved in a mixture of 20 mL distilled water 
and 20 mL absolute ethanol. While the solution was subjected 
to vigorous stirring and a temperature of 70°C, a basic 
aqueous solution of ammonium bicarbonate (NH4HCO3) and 
ammonium carbamate (NH2COONH4) mixture of equal 
weights was added slowly to this solution till complete 
precipitate. The precipitate was filtered off, washed well by 
ethanol and distilled water, dried at 140oC in an oven and then 
it was calcined in a muffle furnace, in air, at different 
temperatures (400, 450 and 550ºC) for 2 hrs.  

Method and apparatus 

All experiments were carried out in a semi-batch apparatus 
using 500 mL Pyrex glass beaker. 400 mL of distilled water 
containing 1 mM of phenol in addition to 500 mg of the 
catalyst were irradiated using a UV irradiation lamp (Philips, 
maximum intensity at λ = 330 nm). The beaker was held at a 
fixed distance under the UV lamp in a small box, the interior 
walls of which were covered by aluminum foil. In all 
photocatalytic experiments, the solutions were stirred using a 
MSH-20A hotplate stirrer with the same stirring speed in each 
experiment. The temperature was measured using a 
thermometer and the beaker was covered with glass watch in 
order to prevent the mechanical loss of solution.  

Instrumentation 

An x-ray diffractometer model (Shimadzu, XRD-7000, 
Japan) with Ni filtered Cu Kα radiation (λ=1.5418 Å) was 
used to characterize the formed precipitate before calcinations 
and a diffractometer model (Brucker Axs-D8 Advance) (using 
Manual DIFFRAC Plus EVA 2001 method) was used for the 
identification of ZnO after calcination. The crystallite size was 
calculated from the XRD results using the Scherrer equation 
(eqn.(1)). 

Transmission electron microscope (TEM) instrument 
model (Jeol JEM-1230 Electron Microscope, 120 kv, Japan) 

was used for the determination of particle size as well as the 
shape for ZnO-400. 

The surface morphology of ZnO-400 sample was 
investigated using the scanning electron microscope, (SEM) 
(Jeol, JSM-636DLA, Japan). 

Ultraviolet-Visible spectrophotometer model (Shimadzu 
2460, Japan) was used for the determination of the onset 
wavelength (λ) of absorption for the ZnO sample calcined at 
400 ºC. 

The specific surface areas of the different catalysts were 
calculated using the BET method from the nitrogen adsorption 
isotherm of the calcined samples at the liquid nitrogen 
temperature, ca. -196oC, using an automatic ASAP 2010 
Sorptometer, Micromeretics, USA. 

Analysis 

Phenol and its degradation products were analyzed by 
High Performance Liquid Chromatograph (HPLC, PERKIN-
ELMER model 1022 LC). Detection was carried out at 210 
nm with a 785A UV-Vis detector. The chromatograph was 
supplied with a Supel Cosil LC -18 column (15cm x 4.6 mm x 
5 µm). A mixture of water, acetonitrile and H3PO4 (89.9: 10: 
0.1 by volume, respectively) with a flow rate of 1 ml\min was 
used as an eluent. Samples were analyzed by HPLC 
immediately after centrifugation. All samples were analyzed 3 
times and the average peak area was calculated. The 
concentration of a compound was calculated using a 
calibration curve. 

COD is a measure of the amount of oxygen that is 
consumed by a reaction in a given solution and is expressed in 
mass of oxygen consumed over a certain volume of solution 
(mg/L). COD was measured by filterphotometer 
(LOVIBOND, Germany) using the dichromate/H2SO4 method.  

CONCLUSIONS 

ZnO nanoparticles were synthesized successfully 
by a precipitation method followed by its calcination, 
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in air, at 400-550ºC for 2 hrs. The resulting ZnO 
nanoparticles were characterized by different 
techniques and were used for the removal of 
phenol from water. ZnO/UV exhibited higher 
photocatalytic efficiency for phenol removal from 
aqueous media than direct photolysis by UV alone 
thanks to the higher rate of hydroxyl radical 
formation. ZnO nanoparticles calcined at 400°C 
has the highest efficiency among others obtained at 
higher temperatures mainly due to their smaller 
size and higher surface area. ZnO-400 was found 
also photocatalytically active with other organic 
pollutant, formic acid, and under different 
irradiation sources including sunlight. 
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