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Zinc oxide photocatalyst was synthesized through a low-temperature co-
precipitation process using zinc sulfate as precursor for the degradation of Acid
Red 57 (AR57) under UV irradiation. The activities of the prepared photocatalyst
at different calcination temperatures (400, 500, and 600 �C) were investigated. The
synthesized zinc oxides were characterized by different techniques such as X-ray
diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy,
N2 adsorption–desorption, and pH titration for the determination of the zero-point
charge (pHZPC). The efficiency of photocatalytic degradation of ZnO prepared at
the calcination temperatures of 400, 500, and 600 �C was 90.03, 77.67, and
72.71%, respectively, after 190 min. The kinetics and scavengers of the reactive
species during the degradation were also investigated. It was found that the degra-
dation of AR57 fitted first-order kinetics and the OH• radicals were the main spe-
cies. During irradiation, the formation of OH• free radicals was ascertained by
photoluminescence studies using terephthalic acid as the probe molecule.
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1 | INTRODUCTION

Organic dyes constitute an important source of environmen-
tal contamination, since they are toxic and mostly nonbiode-
gradable.[1] Conventional treatment methods such as
biodegradation, adsorption, flocculation–coagulation, elec-
trocoagulation, and conventional chemical oxidation are not
effective enough in achieving total removal of these organic
dyes from wastewaters.[2] Therefore, different advanced oxi-
dation processes have been employed in the industry in the
last decades in order to improve the oxidation of recalcitrant
pollutants through the generation of highly reactive hydroxyl
radicals (OH•).[3–5] Heterogeneous semiconductor photoca-
talysis has recently emerged as a promising technology,
allowing the total mineralization of different refractory
organic compounds in presence of either natural or artificial
light.

Zinc oxide (ZnO) is one of the most commonly used
materials for photocatalytic applications owing to its high
chemical stability, low cost, low toxicity, and excellent oxi-
dation properties.[6] As a well-known photocatalyst, ZnO
possesses a wide bandgap of 3.37 eV and a large exciton
binding energy (60 meV). Nevertheless, its low photocataly-
tic efficiency has been a major obstacle for its use in the deg-
radation of pollutants on a large scale.[7] The
semiconducting properties make this oxide a catalyst for the
degradation of several recalcitrant substances by employing
heterogeneous photocatalysis.[8,9] When this semiconductor
absorbs ultraviolet or visible radiation, it encourages the for-
mation of highly oxidizing species that destroy chemicals
such as organic pollutants.[10] These parameters depend on
the method of preparation of ZnO, which can be formed in
several morphologies and sizes, especially in nanoscale
dimensions.[11] Although the use of tiny ZnO particles with
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large surface area can improve their photoactivity, nanoparti-
cles of ZnO are better at the end of the process.[12,13]

In this work, we used a co-precipitation technique to
synthesize ZnO nanowires by simple thermal annealing at
different calcination temperatures (400, 500, and 600 �C).
Systematic characterization of the as-prepared photocatalyst
was carried out using various techniques. The photocatalytic
activity was optimized, and a possible mechanism was pro-
posed to explain the role of the ZnO nanowires under UV
irradiation. The obtained results could be significant for the
application of ZnO as a photocatalyst to remove AR57.

2 | RESULTS AND DISCUSSION

2.1 | Fourier transform infrared (FTIR) analysis

A broad peak observed at 3,387 cm−1 corresponds to the
vibrational modes of the O–H bond (Figure 1).[14] A rela-
tively less intense peak at 1,635 cm−1 represents the O–H
stretching of the adsorbed water molecules. A very weak
peak at ~2,303 cm−1 is recognized as due to the symmetric
C–H bond, which may be present because of the environ-
mental conditions. The vibrations of ZnO are in the range
400–600 cm−1. The band at 500 cm−1 is connected with
oxygen deficiency and/or oxygen vacancy deficiency present
in ZnO.[15]

2.2 | X-ray diffraction (XRD)

The XRD patterns of the as-arranged ZnO nanowires at dif-
ferent thermal treatment temperatures are shown in Figure 2.
The observed diffraction peaks connected with well-
crystallized ZnO indicate the formation of the hexagonal
wurtzite structure with lattice constants a = b = 3.249 Å and
c = 5.206 Å (space group P63mc, JCPDS card
no. 36–1,451).[16] No additional peaks due to impurities
were detected, indicating the high purity of the as-prepared
ZnO. It can be seen that the XRD patterns of the ZnO sam-
ples are similar at different annealing temperatures
(Figure 2). The peaks at 2θ = 31.78, 34.43, 36.27, 47.55,
56.62, 62.88, 67.97, and 69.11� can be attributed to the
(100), (002), (101), (102), (110), (103), (112), and (201)
planes of ZnO, respectively.[17] The crystallite size (D, Å) of

the ZnO nanoparticles was calculated by using the Scherrer
formula (Equation (1))[18]

D=Kλ=β cos θB ð1Þ

where λ is the X-ray wavelength (1.54 Å), β is the angular
width of the peak at half its maximum intensity (full width at
half-maximum) corrected for instrumental broadening, B is
the maximum of the Bragg diffraction peak, and K is the
Scherrer constant (0.9 Å). The crystallite size of ZnO calcu-
lated from the high-intensity (101) peak was 40.5, 42.7, and
43.5 nm at the annealing temperatures 400, 500, and
600 �C, respectively. It can be easily concluded that by
increasing the annealing temperature, the average grain size
increases[19] and the specific surface area decreases.[10,20]

These results can be explained on the basis of the increased
extent of agglomeration of the ZnO particles.

2.3 | Scanning electron microscopy (SEM) analysis

Further morphological and structural characterization of
ZnO nanowires was carried out through SEM analysis.
Figure 3 shows the SEM images of the ZnO nanowires pre-
pared by the co-precipitation technique at the calcination
temperature of 400 �C. The SEM analysis indicates that the
ZnO nanowires are formed with a diameter of ~40 nm and
an average length of 296 nm. By increasing the calcination
temperature, the nanowires grew longer.[21,22] The increase
in the particle size is reflected in the decrease in the value of
the bandgap (Eg). These data are more accurate than those
obtained from the Scherrer formula, which usually carries
out the evaluation from the sizes.FIGURE 1 FTIR spectrum of ZnO at 400 �C
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FIGURE 2 X-ray diffraction spectra of ZnO nanowires at different
annealing temperatures (400, 500, and 600 �C)
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2.4 | Energy-dispersive X-ray spectroscopy (EDX)

The elemental composition of the synthesized ZnO nano-
wires was determined by EDX analysis coupled with SEM.
The peaks assigned to Zn and O were seen, but no impurity
peaks were detected, which further established that the syn-
thesized ZnO was pure and consisted of only Zn and O
(Figure 4). The weight and atomic percentage of Zn and O
are 81.85 and 18.15%, and 51.15 and 48.85%, respec-
tively.[23] The atomic percentages of Zn and O were found
to be in the stoichiometric ratio 1:1. Similar results have
been reported elsewhere for ZnO .[24,25]

2.5 | Brunauer–Emmett–teller (BET) surface area

The BET[26] surface area and Barrett–Joyner–Halenda (BJH)
pore size of ZnO at 400 �C were investigated using N2

adsorption/desorption measurements at 77 K (Figure 5).
The N2 adsorption–desorption isotherm of ZnO nanoparti-
cles can be classified as type II, which refers to a nonporous
solid at P/Po = 0.991. The isotherm is completely reversible
without any hysteresis loop, showing the absence of any
pore type that permits capillary condensation process. The
specific surface area of ZnO = 60 m2/g calculated by BET
equation in its normal range of applicability, adopting a

value of 16.2 Å for the cross-sectional area of the N2 mole-
cule. However, the total pore volume taken at a saturation
pressure and expressed as liquid volume is 0.066 cm3/g, and
the pore radius calculated by BJH pore size distribution
curve is equal to 19.22 Å. These results confirm the success-
ful preparation of high-surface-area ZnO nanoparticles com-
pared to the reference ZnO that had an area of ~13 m2/g.[27]

2.6 | Determination of point of zero charge (pHPZC)

The pH value is one of the most important parameters for
the degradation of AR57, as it determines which ionic spe-
cies is near in the adsorbate solution and the surface charge
of the sorbent. The surface charge of the ZnO was deter-
mined by PZC, which is defined as the pH (pHPZC) at which
the positive charges on the surface equal the negative
charges.[28] The pHPZC of ZnO was found to be 7.3
(Figure 6). This demonstrates that below this pH the ZnO
acquires a positive charge owing to the protonation of func-
tional groups and above this pH the surface of ZnO has a
negative charge.

2.7 | Effect of operating parameters on the
photocatalytic degradation of AR57

2.7.1 | Effect of calcination temperature

The activities of the prepared photocatalyst (ZnO) at differ-
ent calcination temperatures (400, 500, and 600 �C) were
investigated (Figure 7). The degradation efficiency of ZnO
photocatalyst was found to be 90.03, 77.67, and 72.71% at
the calcination temperatures of 400, 500, and 600 �C,
respectively. The degradation efficiency of the ZnO samples
was found to follow the order 400 �C > 500 �C > 600 �C
after UV irradiation for 30 min, which could be associated
with the grain size of the photocatalyst. The optimum tem-
perature for synthesizing most efficient ZnO nanowires is

FIGURE 3 SEM image of ZnO nanowires at the calcination temperature
of 400 �C

FIGURE 4 EDX spectrum of ZnO calcined at 400 �C
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FIGURE 5 N2 adsorption/desorption isotherm curve of ZnO calcined at
400 �C at 77 K
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400 �C and not below it. The precursor was not able to
decompose into ZnO after calcination at 300 �C.

2.7.2 | Effect of initial dye concentration

The effect of initial dye concentration on its degradation was
studied by varying the concentration of the dye from 10 to
100 mg/L, keeping the ZnO photocatalyst concentration at
2.5 g/L (Figure 8). It is found that the degradation efficiency
of ZnO sample increased initially for a dye concentration up
to 40 mg/L, and then it decreased. Therefore, the removal
efficiency of the dye can be improved by a lower initial con-
centration of the dye.[29] This may be because more dye mol-
ecules were adsorbed on the surface of the photocatalyst
when the initial concentration of the dye was high. Because
many active sites were covered by the dye molecules, the
adsorption of O2 and OH− on the photocatalyst decreased,
leading to a reduction in degeneration of the radicals.[30] Fur-
thermore, the photons were prevented from reaching the
photocatalyst surface; hence, the adsorption of photons by
the photocatalyst decreased.

2.7.3 | Effect of ZnO concentration

Adequate concentration of the photocatalyst increases the
generation rate of electron–hole pairs and thus the formation
of OH• radicals for increased photodegradation efficiency.
Figure 9 shows the effect of ZnO concentration prepared at
400 �C (20 min irradiation time, 30 mg/L initial concentra-
tion of solution, and pH = 7). When the amount of photoca-
talyst was increased, more and more active sites were found
on the photocatalyst surface, leading to enhanced formation
of hydroxyl radicals.[31] Further increase in the amount of
the photocatalyst had a negative effect because aggregation
of the catalyst particles has a screening effect, which can
prevent the photons from reaching the photocatalyst
surface.[32,33]

2.7.4 | Effect of pH

The photocatalytic activity is strongly affected by the surface
charge properties of the material, the charge of the molecule,
the adsorption of the organic molecule on the photocatalyst
surface, and the concentration of hydroxyl radicals.[34,35]

The effect of varying pH from 2 to 10 in the initial AR57
solution is shown in Figure 10 for an initial AR57 concentra-
tion of 30 mg/L over ZnO (2.5 g/L and under UV irradiation
(Lamp A). Decolorization efficiency decreases with increase
in pH, showing that the pH of the dye solution determines
the adsorption of the organic compound on the surface of
ZnO and represents an important reaction step in the overall
mechanism of dye oxidation.[36]

Dye degradation seems to be optimal at a pH around the
zero-point charge pH (pHzpc), which is 7.3 for ZnO. At a
pH lower than 7.3, the surface of ZnO photocatalyst is posi-
tively charged, whereas at a pH higher than 7.3 it becomes
negatively charged. Since AR57 is an anionic dye, a pH
lower than that corresponding to the zero-point charge favors
the adsorption of AR57 molecule on the catalyst surface,
which means improved degradation of AR57 under neutral
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at 400 �C
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and acidic conditions. However, the increase in pH leads to
an increase in Coulombic repulsion between the negatively
charged ZnO surface and the OH− species involved in the
photocatalytic oxidation mechanism,[37] which will decrease
the degradation efficiency.

2.7.5 | Effect of UV light intensity

Semiconductor photocatalyst absorbs light with an energy
equal to or higher than bandgap energy,[38] which corre-
sponds to the movement of electrons from the valence band
to conduction band by separation of holes in the valance
band. The rate of the photocatalytic degradation increases
with increasing intensity of radiation. The chance of excita-
tion of the photocatalyst can be enhanced by raising the
intensity of the incident radiation.[39] But recombination of

the electron–hole pair is a normally faced difficulty in photo-
catalysis. At lower light intensities, the electron–hole pair
separation competes with recombination, which decreases
the formation of free radicals and reduces the degradation of
the organic molecules.[40] Therefore, enhancement of the
photodegradation rate can be achieved by increasing the
intensity of the incident radiation.[41] Dependence of the
photocatalytic activity on the light intensity is shown in
Figure 11.

2.8 | Estimation of chemical oxygen demand (COD)

COD is widely used as an effective parameter to measure the
organic strength of wastewater.[42,43] The test allows the mea-
surement of waste in terms of the total quantity of oxygen
required for the oxidation of organic molecules to CO2 and
H2O. The COD of the decolorization of AR57 dye solution
was estimated at 0, 60, 120, and 180 min and found to be
145, 63, 55, and 35 ppm, respectively, using the K2Cr2O7 oxi-
dation method.[44] The photodecolorization efficiency was cal-
culated using Equation (2) and found to be 56.5, 62.0, and
75.8% at projected times of 60, 120, and 180 min, respectively.

Decolorization%= CODI –CODF=CODIð Þ×100 ð2Þ
where (CODI) and (CODF) are the COD values of blank and
treated dye solutions, respectively.

2.9 | Degradation kinetics

The degradation rate of AR57 dye on ZnO at 400 �C (2.5 g/
L) was estimated under UV irradiation (Figure 12). The deg-
radation rate (D) of the dye was calculated using
Equation (3):

D%= A0 –At=A0ð Þ×100, ð3Þ

where A0 represents the initial absorbance of AR57 solution
(blank), and At its absorbance after time t (min) of
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FIGURE 9 Effect of concentration of ZnO prepared at 400 �C on the
photodegradation activity of AR57 (20 min irradiation time (lamp A),
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irradiation/reaction. According to the Beer–Lambert law, A0

and At are proportional to C0 and Ct, where C0 and Ct are the
concentration of the blank and sample at (t) time.

A pseudo-first-order kinetics model was tested to deter-
mine the kinetic rate constant (k) for the degradation process
of AR57 on the ZnO nanoparticles, which is commonly
expressed using Equation (4).

ln Ct=C0ð Þ= kt: ð4Þ
The photodegradation rate constant (k, min−1) was calcu-

lated from the slope of the straight line segment of the plot
of ln(Ct/C0) versus t as a function of the used experimental
parameters. The linear fit between ln(Ct/C0) and the reaction
time t of AR57 dye follows a pseudo-first-order kinetic

behavior (Figure 12)[13,27] with the correlation coefficient
R2 = 0.989, and the rate constant is 0.005 min−1.

2.10 | Adsorption isotherms

Adsorption on a uniform surface with equivalent adsorption
capacity is well described by the Langmuir isotherm, which
suggests monolayer adsorption.[45] It also suggests no addi-
tional adsorption if dye molecules cover the active sites on
the adsorbent. The Langmuir adsorption isotherm was used
(Equation (5)):

Ce=Cads = 1=Qb+1=QCe, ð5Þ
where the concentration of the AR57 in the solution after
equilibrium is Ce (mol/L), and the amount of AR57 retained
on the ZnO is Cads (mol/g). The maximum adsorption capac-
ity of the monolayer is Q, and the apparent adsorption equi-
librium constant is b. The values of Q and b are
2.74 × 10−5 mol/g and 1.059 × 104 L/mol. The separation
value (RL) is given by 1/(1 + bC0), where C0 is the initial
concentration (0.0066), which indicates that the adsorption
is favorable.[46]

2.11 | Stability of Photocatalyst ZnO

In addition to its photocatalytic property, the stability of
photocatalyst is important in large-scale processes. Hence,
to investigate the stability of the ZnO photocatalyst, recy-
cling experiments of ZnO for the photocatalytic degrada-
tion of AR57 under UV irradiation were carried out. The
photocatalyst was collected after each cycle by centrifuga-
tion, then washed with distilled water and ethanol, and
dehydrated in an oven at 100 �C. The efficiency of the
degradation of AR57 reduced from 90 to 85% after three
cycles.

2.12 | Mechanism of Photodegradation

The photocatalytic reaction generally contains photoexcita-
tion, charge separation and migration, and surface
oxidation–reduction reactions.[47] The reactive species gen-
erated during illumination of photocatalysts are h+, OH−,
and O2

•−. To understand the mechanism of ZnO for the deg-
radation of AR57 dye, it is necessary to identify which reac-
tive species plays a major role in the photocatalytic
degradation process. During the photodegradation of dyes
over ZnO, e−, h+, •OH, and O2

•− are reduced by adding sil-
ver nitrate (e− scavenger), potassium iodide (h+ scavenger),
isopropanol (•OH scavenger), and p-benzoquinone (O2

•−

scavenger) into the reaction solution, respectively.[23]

Figure 13 shows the degradation rate in the presence and
absence of the scavengers. The addition of silver nitrate and
p-benzoquinone caused slight change in the photocatalytic
degradation of AR57 dye. However, the photodegradation
percentage of AR57 was considerably reduced from 82 to
29.69% and 62% with the addition of isopropanol (OH•
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scavenger) and potassium iodide (h+ scavenger), respec-
tively.[48] Hence, the hydroxyl radical (OH•) is the main
reactive species during the photocatalytic degradation
of AR57.

When the photocatalyst (ZnO) is illuminated with pho-
tons (h) of energy equal to or more than the bandgap energy
of ZnO (3.37 eV), the electrons (e−) are excited from the
valence band (VB) to the conduction band (CB) with the
simultaneous creation of holes (h+) in the valence band:

ZnO+ h!ZnO h+
VB½ �

� �
+ZnO e− CB½ �

� �
, ð6Þ

where h is the energy required to transfer the electron from
VB to CB. The electrons generated through irradiation could
be readily surrounded by the O2 absorbed on the photocata-
lyst surface or the dissolved O2

[49] to give superoxide radi-
cals (O2

•−):

e− CBð Þ +O2 !O2
•− ð7Þ

Subsequently, O2
•− can react with H2O to produce the

hydroperoxy radical (HO2
•) and hydroxyl radical (OH•),

which are strong oxidizing agents to decompose the organic
molecule:

O2
•− +H2O!HO2

• +OH• ð8Þ
Simultaneously, the photo-induced holes could be

trapped by surface hydroxyl groups (or H2O) on the photo-
catalyst surface to give hydroxyl radicals (OH•).[30]

OH− +h+
VBð Þ !OH•

ad:

H2O$ H+ +OH−ð Þ+h+
VBð Þ !OH• +H+ : ð9Þ

Finally, the organic molecules (AR57) will be oxidized
to yield carbon dioxide and water as follows:

OH• +AR57+O2 ! products CO2 andH2Oð Þ ð10Þ
Meanwhile, the recombination of the positive hole and

electron can happen, which can reduce the photocatalytic
activity of prepared photocatalyst (ZnO):

ZnO h+
VBð Þ

� �
+ZnO e− CBð Þ

� �!ZnO: ð11Þ
The formation of OH• free radicals is determined by

means of photoluminescence studies using terephthalic acid
(TPA) as a probe molecule. TPA is known to react with
OH• free radicals to yield 2-hydroxyterphthalic acid, which
shows a characteristic luminescence peak at 420 nm.[50] The
intense luminescence peak at 420 nm for the sample contain-
ing ZnO + TPA after irradiation for 30, 60, 90, 120, and
180 min clearly shows the presence of OH• free radicals
during irradiation (Figure 14).

2.13 | Correlation analysis

It is important to study the correlation between the physical
and chemical properties of the photocatalyst and its degrada-
tion properties. The degradation efficiency of ZnO

photocatalyst was found to be 90.03, 77.67, and 72.71% at
calcination temperatures 400, 500, and 600 �C, respectively.
Figure 15 shows that the relation between the particle grain
size of the photocatalyst at 400, 500, and 600 �C and the
degradation efficiency. The particle grain size of ZnO at
400, 500, and 600 �C was found to be 40.5, 42.7, and
43.5 nm, respectively. As the grain size decreases, the spe-
cific surface area increases and the photocatalyst gives a
high degradation rate of AR57. The best photocatalytic deg-
radation of AR57 was observed over ZnO calcined
at 400 �C.

3 | EXPERIMENTAL

3.1 | Materials

Zinc sulfate heptahydrate (ZnSO4�7H2O) and oxalic acid
dihydrate (COOH)2�2H2O were supplied by Sigma-Aldrich
and used as received. A commercial textile dye Acid Red
57 (Table 1) was obtained from Cromatos SRL, Italy, and
was used without any further purification. A stock solution
of AR57 (1.0 g/L) was used, which could be diluted to the
required concentration with deionized water in the experi-
ment. All chemical reagents were of analytical grade and
used without any further purification. Samples were then
conserved in desiccators over anhydrous CaCl2 for
further use.

3.2 | Photocatalyst synthesis

ZnO was synthesized through a low-temperature co-
precipitation process using deionized water as solvent. Aque-
ous ammonia (25%, 100 mL) was added dropwise to zinc sul-
fate heptahydrate (0.5 mol, 143.77 g) dissolved in deionized
water. The solution was heated at 60 �C under continuous agi-
tation using a magnetic stirrer for 30 min. During stirring, a
solution of sodium bicarbonate (0.3 mol, 25.2 g) as reducing
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acid, and pH = 7) with the excitation wavelength of 315 nm
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agent was added. The white precipitate of Zn(OH)2 was fil-
tered, washed several times by deionized water, and dried at
100 �C for 5 hr. Finally, ZnO was obtained by thermal treat-
ment at different calcination temperatures of 400, 500, and
600 �C for 5 hr. Moreover, the dried ZnO samples were sieved
with a 200-μmmesh in order to obtain small, uniform particles.

3.3 | Photocatalyst characterization

FT-IR analysis was carried out using a JASCO-FT/IR-4100
spectrometer (Jasco, Easton, MD). Finely ground samples
were incorporated into KBr disks prior to analysis in the
wavenumber range 400–4,000 cm−1. The surface morphol-
ogy of the samples was examined using SEM analysis at the
accelerating voltage of 20 kV (JEOL-JSM-6510 LV). The
elemental distribution of ZnO was analyzed using EDX on a
Leo1430VP microscope with operating voltage 5 kV. Struc-
tural variations of the as-prepared materials were investi-
gated by XRD using a Shimadzu XRD-6000 diffractometer

(Shimadzu Corporation, Tokyo, Japan) equipped with Cu
Kα radiation (λ = 1.54 Å). The 2θ value was varied between
5 and 80� at the scanning rate of 0.02�/min. The crystal sys-
tem, space group, and lattice parameters were considered
and optimized using CRYSFIRE and CHEKCELL computer
programs.[51] A UV–visible spectrophotometer (Perkin-
Elmer AA800 Model AAS) was employed for absorbance
measurements of the samples using a 1.0-cm quartz cell. A
fluorescence spectrometer (LUMINA, Thermo Scientific)
was used for fluorescence measurements of the samples
using a 1.0-cm quartz cell. The adsorption/desorption iso-
therm of N2 on ZnO at 77 K was evaluated with a Quanta-
chrome Touch Win Instruments version 1.11. For the
analysis of the curves, we utilized the BET method (P/Po

from 0.05 to 0.35) for specific area, t-plot method for exter-
nal area, volume, and area of micropores; and the BJH
method for diameter determination of the mesopores. A pH
meter (HANNA instrument model 211) and water bath
(Maxturdy 30 Wisd) were used for pH modification and
shaking, respectively. A HANNA instrument wastewater
behavior photometer (model HI 83214) was used for the
measurement of COD.

3.4 | Determination of point of zero charge

The point of zero charge (pHPZC) was resolved by the solid
addition method.[52] A series of 0.1 M KNO3 solutions
(50 mL each) were prepared and their pH values (pH0) were
tuned in the range of 1.0–12.0 by the addition of 0.1 mol/L
HCl and 0.1 mol/L NaOH. To each solution, 0.1 g of ZnO
was added and the suspensions were disturbed using the
shaking water bath at 25 �C. The final pH values of the
supernatant were determined (pHf) after 48 hr. The differ-
ence between initial (pH0) and final (pHf) values (ΔpH =
pH0 –pHf) (Y-axis) was plotted against the initial pH0 (X-

40 41 42 43

77

44

84

91

 R2 = 0.9990

P
h

o
to

d
e
g

ra
d

a
ti

o
n

 (
%

)

Grain size (nm)

FIGURE 15 Correlation curve between XRD grain size of ZnO calcined at
400, 500, and 600 �C and the photodegradation efficiency of AR57

TABLE 1 Properties of the adsorbate Acid Red 57 (AR57) used in the study

Type Anionic (AR57)

Chemical formula C24H21N4NaO6S2

Molecular weight (g/mol) 548.57

Wavelength of maximum absorption (nm) 512

Molar extinction coefficient, ε512 (M
−1 cm−1) 23,660

Chemical structure
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axis). The intersection of the resulting curve yielded the
pHPZC where ΔpH = 0.

3.5 | Photocatalytic dye degradation experiments

The experiment was set up for the photodeclorization of
100 mL (30 mg/L, pH = 7.0) aqueous solution of AR57
containing 2.5 g/L of the photocatalyst. The solution was
taken in a cylindrical Pyrex glass cell (5 cm inside diame-
ter and 10 cm height) as the reactor. The suspensions were
irradiated under atmospheric condition with a medium-
pressure UV lamp (Philips) that was positioned above the
reactor (distance 20 cm). The photocatalytic experiments
were carried out under UV irradiation at room temperature
using three UV lamps (A, B, and C) with Ephoton

(eV) 3.10–3.94, 3.94–4.43, and 4.43–12.4 with λmax

(nm) 400–315, 315–280, and 280–100, respectively. Dur-
ing the irradiation, the suspension was sampled at the reg-
ular time intervals. Before illumination, the dispersion was
magnetically stirred for 30 min (in the dark) in order to
ensure adsorption equilibrium between the photocatalyst
surface and the AR57 dye. Thus, the effect of surface
adsorption in the removal of AR57 was eliminated. The
influence of the pH of the initial solution was evaluated at
pH values from 2 to 10 (adjusted using HCl (0.1 M) and
NaOH (0.1 M)), while AR57 dye concentration was preset
at 30 mg/L for 2.5 g/L of ZnO photocatalyst. The photoca-
talyst dosage was varied from 0.1 to 0.8 g/L, for 30 mg/L
of AR57 solution, at pH 7. The influence of the AR57 dye
concentration was also evaluated by varying its concentra-
tion from 10 to 100 mg/L, at a fixed pH of 7, in the pres-
ence of 2.5 g/L of ZnO photocatalyst. Each sample was
taken out at a given time interval and immediately centri-
fuged at 20,000 rpm for 10 min to remove any suspended
solid catalyst particles, for analysis. Finally, the absorbance
of AR57 in the supernatant liquid was recorded by a UV–
visible spectrophotometer at the maximum adsorption
wavelength of AR57, i.e., λmax = 512 nm.

The degradation rate (D) of the dye was calculated using
Equation (3). The photodegradation of the pollutants follows
pseudo-first-order kinetics according to the Langmuir–
Hinshelwood model, so the photodecolorization rate of each
dye was studied using Equation (4). To confirm the photode-
gradation results, COD of the samples before and after
photodegradation experiments was calculated at regular time
intervals using the closed reflux titrimetric method.[53,54]

4 | CONCLUSIONS

Photocatalytic activity of ZnO photocatalyst was examined
for the treatment of aqueous solutions containing AR57
under UV light irradiation. ZnO sample was synthetized by
co-precipitation and calcined at different temperatures, and
they were characterized by different spectroscopic

techniques. Based on the XRD and SEM measurements, the
ZnO was present in the hexagonal wurtzite phase, and the
size of ZnO was 40.5, 42.7, and 43.5 nm at annealing tem-
peratures 400, 500, and 600 �C, respectively. In fact, the
highest photocatalytic AR57 removal from aqueous solution
was achieved by using ZnO at 400 �C as photocatalyst, con-
firmed also by the evaluation of the kinetic constant for
AR57 degradation. The effect of the operating parameters
such as pH, catalyst dosage, and the initial dye concentra-
tion, as well as the influence of UV irradiation intensity, was
estimated. It was found that the degradation of AR57 fitted
first-order kinetics and OH• radicals were the main species.
Formation of OH• free radicals during irradiation was ascer-
tained by photoluminescence studies using terephthalic acid
as the probe molecule. The degradation extent was checked
by UV–vis spectroscopy and confirmed by COD.
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