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a b s t r a c t
Azo dyes are one of the most important groups of synthetic dyes. These dyes are compounds resis-
tant against decomposition by biological processes and are used in textile industries. The aim of 
this study was to decoloration of textile Acid Red 18 dye by hybrid UV/catalytic ozonation process 
(COP) advanced oxidation process (AOP) using ZnO (synthesized by thermal method) as a catalyst, 
immobilized on a stone surface. The process efficiency was investigated using parameters of pH, con-
tact time, catalyst concentration and initial concentration of dye in the hybrid process. Dye removal 
mechanisms were identified in the sole ozonation process, COP and photocatalytic process (UV/
ZnO). X-ray diffraction, scanning electron microscopy and transmission electron microscopy analy-
ses were used to study the structural properties, morphology, and size of the ZnO nanoparticles. 97% 
dye removal was obtained at a contact time of 40 min, pH: 5, catalyst concentration of 3 g/L and dye 
initial concentration of 25 mg/L. The Yazdbaf textile factory wastewater was selected as a real sample 
and its physicochemical quality was determined. Also, the Acid Red 18 dye removal efficiency was 
obtained 65% in the optimal conditions. Kinetic studies showed that the decomposition reaction 
follows pseudo-first-order kinetics. The UV/COP hybrid process as an AOP has high efficiency in 
removing resistant dye contaminants from textile wastewater.
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1. Introduction

Colored wastewater is the most important problem in
the textile industry. Most dyes are compounds with complex 
structures and have characterizations such as toxicity, car-
cinogenicity, mutagenic effect, stability in the environment 
and low biodegradability [1,2]. In accordance with the 

color index (CI), more than 10,000 different dye types are 
synthesized and available in the world. Azo and anthra-
quinone dyes at 70% and 15% abundance in the textile 
industry respectively are the biggest groups in color cate-
gories. Approximately 700,000 tons of dyes are produced 
for various industrial applications around the world annu-
ally, of which about 50% is discharged into the environment 
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through wastewater [3]. The variation in textile wastewater 
content from this high production has created problems in 
textile wastewater treatment. The discharge of textile waste-
water into the environment and aquatic ecosystems leads to 
a decrease in water quality [4], prevention of penetration of 
light into deep water, disruption of the photosynthesis pro-
cess, interference in the ecology of receiving waters, and the 
loss of plant life. Also, these compounds are toxic, carcino-
genic and mutagenic, effects causing irreparable damage 
to the environment; therefore, effective and efficient treat-
ment of these compounds is a necessity for the preservation 
of the environment [5]. The complex aromatic structure of 
dyes makes them more stable and difficult to remove from 
wastewater discharged into receiving waters. As well as, in 
Iran, many carpet weaving, cloth printing, and textile indus-
tries produce many non-separable dyes, which cause envi-
ronmental complications [6]. Azo dyes are one of the most 
important groups of artificial colors that because of low 
price, high solubility and stability are used in textile indus-
tries. These compounds are resistant to biodegradation and 
do not decompose under aerobic conditions. Some processes 
used for dye color removal in the textile industry are biolog-
ical purification [7,8], bioelectrochemical system integrated 
with a membrane biofilm reactor [7], pyrolysis technique 
[9], Fenton and Fenton-like [10], ion exchange [11], adsorp-
tion [12,13], photocatalyst [14,15], electrolysis [16–18], and 
membrane processes [19]. Each of these methods has advan-
tages and disadvantages. Removal of resistant pollutants 
such as dyes in biological systems occurs slowly and under 
certain biological conditions [3,5]. Some methods such as 
surface absorption, ion exchange, and membrane processes 
cannot decompose pollutants and only cause the transfer of 
pollutants from one phase to another, creating secondary 
pollution needing to be refined again. In addition, some lim-
itations of these methods are membrane blocking, adsorbent 
surface saturation and the need to wash and regenerate the 
adsorbents and resins, which increases the costs. Therefore, 
the application of most of these techniques is not pervasive 
in industries. Advanced oxidation processing (AOP), as a 
green technology based on situ generations that produce 

strong destructive radicals such as hydroxyls (OH•), does 
not have the aforementioned limitations [20]. Hydroxyl 
radicals with high oxidizing ability react with color mole-
cules, destroying them and converting them into harmless 
organic compounds such as CO2 and H2O·UV/H2O2, O3, 
Fenton, ultrasonic and photocatalytic degradation, etc. are 
the most widely used AOPs [21]. The application of ozona-
tion for decolorization and removal of organic materials is 
often under consideration by many researchers as a viable 
AOP process [22]. Negatively, ozone application for direct 
removal of pollutants has limitations such as high energy 
consumption for ozone production, incomplete degrada-
tion of some resistant compounds and ozone selectivity. Yet 
positively, in some cases the application of catalysts in the 
catalytic ozonation process (COP) can cause an increase in 
the production of destructive radicals, leading to increased 
ozonation process efficiency and subsequent process cost 
reduction [22]. Metal ferrites and metal oxides like CoFe2O4, 
ZnFe2O4, Fe2O3, MnO2, Ce2O3, WO3, TiO2, ZnO, CoO, Al2O3, 
and MgO, etc. are solid catalysts that are widely used in the 
photocatalytic processes [23–30]. Among the various metal 
catalysts, a ZnO catalyst was chosen for study because of low 
cost, wider band and better stimulation by ultraviolet irradi-
ation [31]. If the COP process is exposed to UV radiation, the 
process of photo-catalysis occurs simultaneously [32]. The 
UV/COP process as a new hybrid oxidation advanced pro-
cess has properties such as prevention of secondary pollu-
tion in the environment, strong degradation ability, reduced 
need of increasing the oxidizing agent’s dose, high process 
speed and suitability for organic pollutants removal. In the 
hybrid AOP UV/COP organic materials in wastewater are 
removed through several types of mechanisms simultane-
ously (Fig. 1) [32].

Oxidation of organic compounds and indirect oxidation 
by H2O and OH radicals which are produced as a result of 
ozone degradation in the water can cause contaminants’ 
destruction [33]. Ozonation process efficiency increases with 
the addition of UV rays (O3/UV) and a metal catalyst [34]. 
The organic oxidation mechanism in O3/UV and COP pro-
cesses is based on hydroxyl radical production and resulting 

Fig. 1. Acid Red 18 dye removal mechanisms in the hybrid advanced oxidation process UV/COP.
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in effective contaminant degradation [34]. In addition, the 
photocatalytic degradation process also occurs simultane-
ously. In photocatalytic degradation, energy comes from UV 
rays or sunlight shining as photons on ZnO immobilized 
on a stone surface, and this causes electron excitation in the 
valence bands of ZnO, with the electron moving to the con-
duction band. This electron transformation makes a hole (h+) 
in the valence band. H+ reacts with water and hydroxide and 
a hydroxyl-reactive radical is produced [31,35].

In this process recycling and light scattering in sus-
pension and the electrons and holes recombination in cat-
alysts are the problems that can be pointed out which could 
reduce consequently, degradation efficiency and hydroxyl 
production. To solve these problems some methods such 
as nanoparticles immobilization on a media and the use of 
strong oxidants like ozone along with a photocatalytic pro-
cess are recommended [18]. Immobilizing nanoparticles on 
inert surfaces enable their reuse, and the significant reduc-
tion in the number of nanoparticles in outlet wastewater 
makes nanoparticle removal methods such as filtering and 
centrifuging outlet wastewater unnecessary [36,37]. Ozone 
is a powerful oxidant that has high oxidation potential (2.07) 
and shows high efficiency when it combines with other 
processes. Ozone has a lot of advantages such as a reduc-
tion in toxic byproducts production, short reaction time, 
etc. The aim of this study is the decoloration of textile Acid 
Red 18 dye by hybrid UV/COP AOP using ZnO as a cata-
lyst immobilized on a stone surface, and determining the 
effective parameters in the removal process, with the rec-
ommendation of new methods in environmental wastewater 
management in these industries.

2. Materials and methods

CH3CH2OH, H2SO4, NaOH, ZnSO4, 7H2O and Na2CO3, 
all 99.8% pure, were provided by Merck & Co. (Germany). 
Acid Red 18 dye at 99.9% purity was obtained from Alvan 
Paint Company (Tehran, Iran). Flat, rough waste stones of 
suitable dimension for the reactor floor-standing were used 
as a catalyst bed.

2.1. Synthesis of ZnO nanoparticles by thermal method

ZnO nanoparticles were synthesized by a thermal 
method based on Zn4(SO4)(OH)6·0.5H2O conversion. First, 
a 0.5 molar solution of ZnSO4·7H2O and a 0.4 molar solu-
tion of Na2CO3 were prepared. Next, sodium carbonate 
solution was added drop by drop to zinc sulfate solution to 
form Zn4(SO4)(OH)6·0.5 in H2O at 70°C for 45 min with high-
speed mixing [38]. The sediment was collected by the filter. 
Sediment was washed several times with distilled water and 
ethanol then dried at 70°C in the oven. The obtained precur-
sor was immobilized on 3 pieces of flat and rough stone 3 in 
20 cm and to calcination it was placed in an electric furnace 
(BADi) for 1 h at 850°C.

2.2. Reactor design and operation

All experiments were done in a laboratory-scale reactor. 
A plexiglass reactor was used in testing, with dimensions 
of 10 cm × 25 cm × 5 cm, made as shown in Fig. 2. Three 
UV-C lamps (6-watt) were placed on the reactor. Ozone 
generators (Modular Ozone Generator, France) were used 
to produce ozone, which was injected into the reactor by air 
bubbles at a fixed rate of 4 L/min (3 mg/min). The distance 
between the catalyst bed surface and the UV irradiation 
source, used together to produce hydroxyl radicals, was set 
at approximately 2 cm. To mix materials in the reactor a per-
istaltic pump with a flow rate of 1 mL/s was used.

A synthetic solution of Acid Red 18 with a specific 
concentration (1,000 mg/L) was prepared and stored in 
a dark place. The initial pH of the solution was adjusted 
using HNO3 and H2SO4 and was measured by a pH meter 
(HANNA model, Japan). To investigate the effects of vari-
ous concentrations of color (25, 50, 75, and 100 mg/L), dif-
ferent pH’s (4, 7, 9, and 11), and different times in removal 
of color rate (5, 10, 15, 20, 25, 30, 35, and 40 min), 350 ml 
of solution with specific varying concentrations and pH 
was poured inside the reactor in the presence of the UV 
lamp and ozone. The effects of various processes such as 
photolysis, COP, sole ozonation process (SOP) and photo-
catalysis were evaluated. The physicochemical quality of 

Fig. 2. Peristaltic pump (1), ZnO synthesized nanoparticles on stone bed (2), UV lamp (3), cubic reactor (4), and Transformer (5).
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Yazdbaft textile factory wastewater (Yazd, Iran) was deter-
mined and the amount of dye removal was evaluated in the 
optimum conditions. Due to the low concentration of Acid 
Red 18 in wastewater, this dye was added to the wastewater 
sample until the dye concentration reaches to 25 mg/L.

Initial concentration and color output at a wavelength 
of 507 nm was measured by using a UV spectrophotome-
ter (Shimadzu model, Japan). An X-ray diffraction ana-
lyzer (XRD) (Philips X’PERT,  Netherlands) was used to 
determine the constituent phases and the crystalline size 
of ZnO nanoparticles immobilized on the stone surface. 
To determine the morphology, microscopic structure, and 
synthesized ZnO nanoparticles’ size, a scanning electron 
microscopy (SEM) (KYKY-EM3200, China) and transmission 
electron microscopy (TEM: Philips CM30, Netherland) were 
used. The reaction kinetics were studied with the pseudo-
first- order equation. The results were analyzed by using 
SPSS-22 software.

3. Results and discussion

3.1. Characterization of ZnO catalyst

XRD analysis was used to evaluate the phase struc-
ture changes and the crystalline size of ZnO nanoparticles 

immobilized on the stone. The XRD pattern of the ZnO nano-
particles synthesized by thermal method and calcined at 
850°C is shown in Fig. 3.

The presence of 31.8°, 34.5°, 36.3°, 47.5°, 56.5°, 62.8°, 
66.2°, 68°, 69°, 72.5°, and 77° in XRD pattern is in accordance 
with hexagonal wurtzite structure of ZnO nanoparticles 
which is in agreement with JCPDS standard cards no. 
05-0664. It shows that the ZnO crystalline structure did not 
change at high temperatures. No extra peaks were observed 
in this diffraction, which indicates the synthesis of pure 
ZnO nanoparticles. In addition, the peaks’ severity and 
their narrow width are indicative of high purity crystalline 
nanoparticles [39,40].

Fig. 4 shows SEM images of the ZnO nanoparticles’ 
morphology and size, after being synthesized under thermal 
conditions.

In the investigation of the SEM results, ZnO nanoparticles 
ranging in size from 40.4 to 89.3 nm were observed in spher-
ical and semi-spherical structures. In addition, the nano-
particle surfaces are rough and porous. The images obtained 
from TEM analysis were investigated to achieve more infor-
mation about hollow spherical and semi- spherical ZnO 
structures [40]. Fig. 5 shows TEM images of the ZnO semi- 
spherical structures, which confirm their hollow structures.

3.2. Mechanism and effect of involved processes in dye removal 
by the hybrid process UV/COP

Using the hybrid AOP UV/COP, the amount of Acid 
Red 18 dye removal was tested simultaneously under the 
influence of several types of degradation processes such as 
photolysis (UV), SOP, COP and photocatalysis (ZnO/UV). 
To determine the effect of each process, the dye removal 
efficiency for each process was evaluated separately in the 
same conditions and the results are compared in Fig. 6.

As shown in Fig. 6, with Acid Red 18 dye at an initial 
concentration of 25 mg/L, neutral pH (6.5), and after contact 
time 40 min in photolysis (UV), photocatalysis (ZnO/UV), 
SOP, ozonation under UV irradiation and UV/COP ozona-
tion processes, a removal rate was obtained at 36%, 86.5%, 
86%, 90%, and 97%, respectively. The minimum dye removal 
is related to the photolysis (UV) process. It is clear that due to 
the dye’s high stability and complex structure the molecule Fig. 3. XRD diffraction of ZnO nanoparticles.

Fig. 4. SEM images of ZnO nanoparticles synthesized by using thermal method, immobilized on a stone surface.
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breakdown by direct photolysis is not easily possible and 
takes a lot of time [41]. In the SOP process, ozone degrades 
dye molecules by two mechanisms: 1. Ozone directly attacks 
a specific part of the dye molecule and degrades it. 2. Ozone 
molecules degrade and produce hydroxyl radicals. These 
radicals have high destructive property. Both types of mech-
anisms are important but ozone molecules contribute less 
than hydroxyl radicals toward this pollutant’s resistance 
to degradation [5,36]. Also, because of high energy con-
sumption, the application of ozone alone is not affordable 
for the complete degradation of resistant organic materi-
als. The ozone process efficiency increases in combination 
with other factors such as UV, catalyst, etc. (Eqs. (1)–(4)) 
[5,34,36,42,43].

O H O hv O H O2 2 2 23 + + → +  (1)

H O hv OH2 2 + → •2  (2)

O H O HO HO O M S23 2 2 2
2 1 11 0 10+ → + + = ×−• • − − −K .  (3)

H O HO H2 2 2↔ +− +  (4)

According to Eqs. (5)–(12) in the photocatalytic process 
of (ZnO/UV) UV irradiation on the ZnO immobilized on a 
stone surface, the ZnO undergoes optical excitation and 
ZnO valence band electrons move to the conduction band. 
These excited electrons transferred to the conduction band 
leave positive holes in the ZnO catalyst valence band, which 
facilitates destructive hydroxyl radical formation [6,35].

ZnO hv ZnO e hCB VB+ → +( )− +  (5)

h H O OH HVB 2
++ •+ → +  (6)

h OH OHVB
+ − •+ →  (7)

h Acid Red Oxidation Acid RedVB
+ •++ →18 18  (8)

e O OCB
− • −+ →2 2

 (9)

• − • ++ + → +O HO H H O O22 2 2 2  (10)

• − •++ → →O Acid Red Acid Red Oxidation Acid Red2 18 18 18
  

 (11)

OH Acid Red Acid Red Oxidation Acid Red• •++ → →18 18 18   

 (12)

In the photocatalytic process, some limitations such as 
catalyst optical corrosion by UV irradiation inhibit envi-
ronmental pollutant removal. Furthermore, free excited 
electrons can fill available catalyst valence band electron 
positions and reduce photocatalytic activity [37]. In this 
study the maximum dye removal observed was with the 

Fig. 5. TEM images of synthesized ZnO nanoparticles by using thermal method, immobilized on a stone surface.

Fig. 6. Effect of involved processes in the Acid Red Dye 18 
removal rate with a hybrid UV/COP process (dye initial concen-
tration: 25 mg/L, contact time: 40 min, and pH: 6.5).
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hybrid UV/COP process. According to Eqs. (13)–(18), with 
the UV/COP process both the hydroxyl radical production 
and dye removal efficiency were increased [6,32,37,43,44].

ZnO hv e h+ → +− +  (13)

O e O3 3+ →− •−  (14)

O H O HO3 2 3
•− + •+ → +  (15)

HO O HO3 2
•− •→ +  (16)

Therefore, the application of advanced oxidation inte-
gration systems overcomes some problems and limitations 
in each sub-process and increases the efficiency and stabil-
ity of water and wastewater treatment systems. Hassani et 
al. [45] in their study entitled “Photocatalytic ozonation of 
ciprofloxacin from aqueous solution using TiO2/MMT nano-
composite: nonlinear modeling and optimization of the 
process via artificial neural network-integrated genetic algo-
rithm” concluded that ciprofloxacin at a concentration of 
20 mg/L with the presence of nanoparticles at concentration 
0.04 g/L, pH: 5 and subject to 30 min of photocatalytic ozona-
tion processing had a 90% removal rate, which is higher than 
the ozonation, photolysis, adsorption, catalytic ozonation, 
and photocatalytic processes removal rates. These results are 
consistent with the results of this study.

3.3. Effect of Acid Red 18 initial concentrations

The effect of Acid Red 18 initial concentrations in the 
range of 25–100 mg/L under optimal conditions was investi-
gated. The results are shown in Fig. 7.

By increasing the color concentration from 25 to 
100 mg/L, the removal efficiency decreased from 97% to 
69%, at a contact time of 40 min. The dye initial concentra-
tion is an important parameter in the degradation rate and 
the removal rate correlates with the dye initial concentration. 
In the AOP, hydroxyl radicals are produced but the number 
of these radicals is limited. So obviously, under the same 

conditions, the number of produced radicals will be the 
same and by increasing the dye concentration, the number 
of produced radicals will not be sufficient for all dye mole-
cules to completely degrade. For full molecule degradation, 
more contact time is required, and a higher number of radi-
cals is needed to react [20,46,47]. Mahmoodi et al. [46] study 
in 2011 investigated color degradation by copper ferrite 
nanoparticles in the photocatalytic ozonation process and 
observed that by increasing the color’s initial concentration 
from 50 to 200 mg/L, the removal efficiency was reduced. 
The highest removal rate was at a concentration of 50 mg/L.

3.4. Effect of dose of ZnO as a catalyst immobilized on a 
stone surface

To investigate the effect of immobilized ZnO on dye 
removal efficiency in the UV/COP process, concentrations of 
1, 2, and 3 g of synthesized nanoparticles were immobilized 
on stone surfaces and the dye removal rate was investigated 
at an initial dye concentration of 25 mg/L. The results are 
shown in Fig. 8.

By increasing the nanoparticle concentration from 1 to 
3 g/L, the dye removal efficiency was increased from 86% 
to 97%. In the hybrid UV/COP process, ZnO nanoparticles 
play an important role. According to Eqs. (5)–(16), these 
nanoparticles as a catalyst have an effective role in photo-
catalytic degradation and the COP process. Increased ZnO 
concentration produces more photocatalyst active sites, and 
combined with UV increasing the electron excitation rate, 
more hydroxyl radicals are generated [31,47]. In a study con-
ducted by Vaiano regarding advanced photocatalytic phenol 
removal using modified ZnO nanoparticles by silver, the 
ZnO/Ag photocatalytic activity was increased significantly 
by increasing nanoparticle concentrations from 0.075 to 
0.15 g, and subsequently, the phenol removal efficiency also 
was increased. But no significant changes were observed at 
higher concentrations [48]. Khataee et al. [49] in a 2017 study 
in Iran demonstrated that by increasing the montmorillon-
ite nanocomposite dose metronidazole removal efficiency 
increased. The reason for increased efficiency is the increased 
number of catalytic sites.

Fig. 7. Effect of dye initial concentration on the efficiency of the 
hybrid UV/COP process (contact time: 40 min, pH: 5, catalyst 
concentration 3 g/L, and O3: 3 mg/min).

Fig. 8. Effect of catalyst concentration on the hybrid UV/COP 
process efficiency (contact time: 40 min, pH: 5, initial color 
concentration: 25 mg/L, and O3: 3 mg/min).
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3.5. Effect of pH

pH is one of the most effective parameters affecting 
AOPs. The effect of pH on Acid Red 18 dye degradation was 
investigated in the range of pH 3–11. The results are shown 
in Fig. 9.

In the hybrid UV/COP process, no significant fluctua-
tions were observed in dye removal efficiency by changing 
the solution’s initial pH. By increasing the solution initial 
pH from 4 to 7, the removal efficiency decreased from 97% 
to 90%. Further increasing the pH from 7 to 11 resulted in the 
removal efficiency increasing again from 90% to 92%. These 
fluctuations could be related to the SOP and photocatalytic 
processes efficiencies at different pH. In the SOP processes, 
changes in pH can cause significant changes in the process 
efficiency. According to Eqs. (17) and (18) in the SOP and 
UV/O3 process, acidic and neutral pH have less contribution 
than basic pH in the removal of organic materials. In alka-
line conditions, ozone molecules degrade, and destructive 
radicals such as O3

•–, O2
•– and •OH are produced [31,48,50]. 

The OH radical oxidation potential is 2.33 V while the ozone 
oxidation potential is 2.07 V. With hydroxyl radicals in 
alkaline conditions the process efficiency is increased com-
pared with ozonation, as in alkaline conditions hydroxyl 
radicals degrade dyes rapidly and non-selectively [42,51].

O OH O HO3 2 2+ → +− −  (17)

O HO Intermediate products O O OH3 2 3 2+ → ( )•− •− •, ,  (18)

ZnO oxidizes to Zn2+ according to Eq. (19). It should be 
noted that the ZnO photocatalytic process efficiency in acidic 
conditions is higher than in alkaline conditions. The cata-
lyst surface gets a positive charge and more dye molecules 
adsorb on the catalyst surface, which subsequently increases 
the removal efficiency [31,48].

ZnO h Zn OVB+ → ++ +2 2 *  (19)

The efficiency of the SOP and the photocatalytic pro-
cesses decrease in acidic and basic conditions, respectively. 
Therefore, the application of the UV/COP hybrid system 
overcomes the other processes constraints and can be used 
for environmental pollutants removal from different types of 
wastewater with differing acidity.

Many researchers have observed that the organic com-
pounds degradation in ozone hybrid oxidation processes 
is directly affected by the pH. In the Parsa et al. [52] study, 
the maximum Acid Red 18 degradation by ozone-elec-
trolysis process was obtained at pH = 2. Because at low 
pH, the maximum dye molecules degradation occurs by 
direct reaction with ozone while hydroxyl radicals showed 
significant effect at high pH. It shows that ozone molecules 
effectively oxidize Acid Red 18 chromophore molecules 
compared to hydroxyl radicals, which leads to an increase 
in the degradation rate at low pH. Furthermore, the appli-
cation of the ozonation hybrid with the electrolysis process 
at acidic pH was increased the process efficiency [52].

In another research, Parvarideh et al. [53] performed a 
comparative study on the malachite green dye decolorization 
by the catalytic ozonation and ozonation processes. The 
results showed that the malachite green dye decoloriza-
tion rate in the alkaline condition was more effective than 
the acidic and neutral conditions in the ozonation process. 
But, in COP processes, there was no significant effect on the 
malachite green dye decolorization rate in the acidic, alka-
line and neutral conditions [53]. These results conform to the 
present study.

3.6. Degradation kinetics

Pseudo-first-order kinetics are used to describe the dye 
removal. This model is commonly used for Azo dye degra-
dation in AOPs and color removal in liquid leachate. Hence, 
the kinetic of Acid Red 18 degradation was evaluated at 
concentrations of 25, 50, 75, and 100 mg/L and in the range 
of 0–40 min using the first-order kinetic model according 
to Eq. (20) [6,31]. Then the required time to achieve the 99% 
removal efficiency was calculated from Eq. (21) [54].

ln
C
C

K t
t

0
1









 = −  (20)

t
k99
0 01

=
− ln .  (21)

where K1 is the first-order kinetic equation rate constant 
(1/min), C0 is the equilibrium concentration and Ct is the 
concentration at time “t” [6]. Fig. 10 shows the pseudo-first- 
order kinetics diagram of dye degradation in the hybrid 
UV/COP process. By drawing Ln(C0/Ct) in contrast to the 
reaction time the linear graph was obtained which calculated 
the rate constant with it.

In Table 1 the rate constant (k), the correlation coefficient 
(R2), and the time required to degrade 99% of the Acid Red 
18 dye are shown.

The results of Table 1 show that Acid Red 18 dye removal 
efficiency of 99% was obtained between 56 and 165 min in 

Fig. 9. Effect of the solution initial pH on the hybrid UV/COP 
process efficiency (contact time: 40 min, dye initial concentra-
tion: 25 mg/L, catalyst concentration: 3 g/L, and O3: 3 mg/min).
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the hybrid UV/COP process. The correlation coefficient (R2) 
of more than 99% in the pseudo-first-order kinetics equa-
tion for different color concentrations confirms that the 
pseudo-first-order kinetics model is suitable for describing 
the Acid Red 18 dye degradation rate. Also, the rate con-
stant speed decreases by increasing the color concentration 
[54,55]. Orge et al. [55] in their study entitled “Photocatalytic 
ozonation of aniline with TiO2 carbon composite materials” 
achieved similar results. The most important mechanism 
in the AOP is the active hydroxyl radical production, with 
high oxidation potential; by combining oxidation processes 
more hydroxyl radicals are produced and the reaction speed 
increases.

3.7. Influence of interference pollutant on dye removal rate

The results of the Yazdbaf textile factory wastewater 
quality analysis and the dye removal efficiency in the opti-
mum conditions are shown in Table 2.

The influence of interference pollutants in the real sam-
ple was investigated. As can be seen in Table 2, the dye 
removal efficiency decreased from 97% in the synthetic 
sample to 65% in the real sample. In the hybrid UV/COP 
AOP in the presence of ozone, the organic compounds 
degraded through two types of mechanisms. Ozone directly 
reacts with compounds that have double bonds and free 
radicals that generated from ozone, indirectly react with 

organic matters. The produced ozone and hydroxyl radi-
cals, use to degrade the dye molecules and intermediates 
which produced from dye decomposition in synthetic sam-
ple [49,50]. In the real sample, ozone directly reacts with 
organic matters in the wastewater such as detergents and 
benzene. But the produced hydroxyl radicals from UV/O3 
non-selectively reacts with all compounds in the wastewater 
which leads to reduce the dye molecules removal efficiency.

4. Conclusion

In this study, the UV/COP hybrid oxidation process was 
used for Acid Red 18 dye removal from textile wastewater. 
The color removal processes, mechanisms, including SOP, 
COP, and photocatalysis were investigated and the optimal 
removal conditions were identified in the hybrid process. A 
maximum dye removal rate using the UV/COP hybrid pro-
cess was obtained at a contact time of 40 min and an ini-
tial concentration of 25 mg/L. The hybrid process has high 
efficiency in all pH ranges. pH change did not produce a 
significant change in the efficiency process. As shown, this 
process in both acidic and basic conditions has the ability 
to remove resistant organic compounds, overcomes some 
problems and limitations of added processes, and can be 
used for some environmental pollutants removal in differ-
ent industries.
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Fig. 10. Kinetics of Acid Red 18 degradation in the hybrid UV/
COP process (pH: 5, catalyst concentration 3 g/L, and O3: 
3 mg/min).

Table 1
First-order kinetic rate constants and the time required to 
degrade 99% of the Acid Red 18 dye in the hybrid UV/COP 
process (pH: 5, catalyst concentration: 3 g/L, and O3: 3 mg/min)

C0 (mg/L) R2 K (1/min) t99 (min)

25 0.9887 0.083 55.5
50 0.9947 0.046 100
75 0.9992 0.033 139.5
100 0.9987 0.028 164.5

Table 2
Results of the Yazdbaf textile factory wastewater quality anal-
ysis and the dye removal efficiency in the optimum conditions 
(contact time: 40 min, pH: 5, catalyst concentration: 3 g/L, O3: 
3 mg/min)

ResultsAnalysis

8.9pH
4,850Electrical conductivity (µs/cm)
660Turbidity (NTU)
3,200Chemical oxygen demand (mg/L)
350Biochemical oxygen demand (BOD5) (mg/L)
9,000Total dissolved solids (mg/L)
2,800Total suspended solids (mg/L)
120Detergent (mg/L)
145Benzene (mg/L)
18Cr (mg/L)
30Pb (mg/L)
14Ni (mg/L)
65%Removal efficiency of Acid Red 18 (%)
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