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Abstract
Background: Wastewater contaminated with dyes such as Reactive Blue 203 can produce a lot of health 
problems if it is released into the environment without a suitable treatment. Although there are several studies 
on dye removal from wastewater, removal of Reactive Blue 203 has not been investigated by hybrid methods. 
Therefore, the aim of this study was to investigate the removal of Reactive Blue 203 from aqueous solution, 
using combined processes of zinc oxide (ZnO) nanoparticles, Fe(VI) oxidation process, and UV radiation. 
Methods: The removal of dye from aqueous solution using ZnO nanoparticles, Fe(VI) oxidation process, and 
UV radiation was individually evaluated. Then, the results of combined methods were compared. Hydraulic 
retention time (HRT), pH, and temperature were the most important factors which were investigated in this 
study.
Results: ZnO nanoparticles, Fe(VI) oxidation process, and UV radiation were able to remove 97%, 71%, and 
47% of the dye in the optimal conditions, respectively. Also, the removal of dye using combination of Fe(VI) 
oxidation process/UV radiation, ZnO nanoparticles/Fe(VI) oxidation process, and ZnO nanoparticles/UV 
radiation under optimum conditions was 100%. It seems that the combined methods were significantly more 
effective than the methods alone for removal of dye from water.
Conclusion: UV radiation alone is a simple and efficient method for removal of Reactive Blue 203 from 
water. Removal of Reactive Blue 203 using Fe(VI) oxidation process can be completed in a fraction of second, 
therefore, it can be categorized as a rapid reaction.
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Introduction
Widespread use of chemicals in various industries in 
the world results in the production of a large amount 
of wastewater (1). There is a large amount of chemicals 
in industrial wastewater. These chemical compounds 
can be toxic, carcinogenic, teratogenic, and mutagenic 
(2). Therefore, it is necessary to treat wastewater before 
its release in the environment (3). Dyes are chemical 
compounds that make the wastewater colored. The use 
of dyes for textile fabrics turns back to 10 000 BC. The 
Reactive Blue 203 dye is one of the most common used 
dyes in the textile industry and its molecular structure is 

shown in Figure 1.
Although dyes are usually produced in the form of solid 
powder, they should be dissolved into the aquatic solution 
for painting the fabric. Therefore, textile industries are 
responsible for producing a large amount of contaminated 
wastewater that can increase serious environmental 
issues (4). Most dyes, even in extreme light conditions, 
are very stable. For this reason, they cannot be effectively 
eliminated by physical, chemical, and biological methods 
(5). A wide range of dye concentration between 30 and 
714 mg/L has been reported in different studies (6,7). 
Different methods such as oxidation, adsorption, and 
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photo-oxidation processes are usually used to remove dye 
from wastewater. Oxidation processes are considered as a 
popular method for the treatment of water-soluble dyes (8). 
Ozone, chlorine, chlorine dioxide, and hydrogen peroxide 
are among the well-known oxidants used to treat colored 
wastewater. Although chlorine is an inexpensive oxidizer, 
trihalomethanes (THMs) are formed as a byproduct in the 
wastewater treatment (9). Since THMs have carcinogenic 
effects, they are considered as the environmental 
pollutants. Therefore, the use of chlorine as an oxidizing 
agent can remove a wide range of pollutants and generate 
new pollutants in wastewater. Ozone and chlorine dioxide 
have no side effects but they are very expensive (10). 
Recent studies have introduced new oxidizing agents 
that can be used in the wastewater treatment. Fe(VI) is 
a chemical that has the highest oxidation power in the 
acidic environment compared to the other oxidants (11). 
This chemical not only oxidizes organic compounds, but 
also kills microorganisms (12). In aqueous solutions, 
Fe(VI) converts to Fe(III), which is known as a coagulant 
(10). Fe(VI) can be used for oxidation, coagulation, and 
disinfection of urban and industrial wastewater in one 
reactor. Many attempts have been made to use the Fe(VI) 
oxidation process to remove various contaminants from 
the wastewater (11,13-21).
Photocatalytic oxidation is another popular method that 
has been widely used to remove dye from wastewater. 
Photocatalytic oxidation is defined as chemical change 
through light radiation, including visible and invisible 
wavelengths (22). Nowadays, researchers are studying 
nanosemiconductor photocatalysts since they have 
several exciting properties (23). In many cases, particles 
between 1 to 100 nm in size are called nanoscale particles. 
Solid particles are composed of atoms and molecules. 
By reducing the particle size, solid particles exhibit 
different characteristics, probably due to changes in the 
bonding state of the atoms and molecules of the particles. 
The nanomaterials have a large surface area and are 
totally different from bulk materials (24). Therefore, the 
nanomaterials show incredible efficiency for different 
uses (25). There are many known semiconductor such 
as zinc oxide (ZnO) and titanium oxide (TiO2), which 
have a large energy gap. Such semiconductors show 
appropriate results for different applications like paints, 
gas sensor, biosensor, sunscreen, and solar cells (26,27). 
From commercial aspect, ZnO has priority to other 
semiconductors as it is very cheap. For this reason, it was 
used in this study. Nanoparticles of ZnO are prepared by 
several methods including alkaline deposition, thermal 
decomposition, micro-emulsion, organic-zinc hydrolysis, 

and thermal degradation of the plasma. Some studies 
claimed that existing ZnO nanoparticles can enhance 
some certain removal processes of pollutants from water 
(22,28). Darvishi Cheshmeh Soltani et al reported that the 
treatment of textile wastewater can be improved by using 
ZnO nanoparticles (29). Darvishi Cheshmeh Soltani et al 
used a rectangular photo-reactor equipped with carbon 
black (CB)/ZnO nanocomposite film to degrade methyl 
orange dye (30). They found that the optimum initial dye 
concentration, reaction time, CB/ZnO ratio and initial 
pH were 13 mg/L, 95 minutes, 0.05, and 5, respectively. 
They reported that under optimum condition nearly 
80% of methyl orange dye could be removed by CB/
ZnO. The ability of ZnO nanoparticles can be enhanced 
by ultraviolet radiation. UV is a powerful radiation 
that is applied for wastewater treatment alone or with 
photocatalytic oxidants (31). Talaiekhozani et al reported 
that UV radiation can be efficiently used to remove 
hydrogen sulfide from municipal wastewater (32). Using 
UV radiation with photocatalytic oxidants such as ZnO 
or TiO2 can improve pollutants removal (33). UV causes a 
large number of chemical interactions. These interactions 
are more intense at a wavelength about 0.3 µm. 
Although many studies have already been done on 
the removal of pollutants using UV radiation, Fe(VI) 
oxidation process, and ZnO nanoparticles (34-39), but no 
study has investigated the effect of combination of these 
methods to remove dye from wastewater. In this study, the 
effects of Fe(VI) oxidation process, ZnO nanoparticles, 
and UV radiation and their combination on the removal 
of Reactive-Blue 203 dye were investigated.

Materials and Methods
Analytical methods
A synthetic wastewater was used for the experiments. 
To prepare synthetic wastewater, a suitable amount of 
Reactive Blue 203 dye was dissolved into distilled water 
to provide a solution of 39 mg/L. All of the chemicals 
except Reactive Blue 203 and ZnO nanoparticles were 
purchased from Merck Company. Reactive Blue 203 was 
purchased from Alwan Company (Hamedan, Iran). ZnO 
nanoparticles were purchased from Scharlau Company 
(Barcelona, Spain) with a purity of 99.9%. Several studies 
have shown that Reactive Blue 203 can be measured by a 
spectrophotometer (40). Therefore, the concentration of 
dye in synthetic wastewater was measured using a UV-
VIS spectrophotometer (UNICO model S2100 SUV) at 
a wavelength of 631 nm. To measure the amount of UV 
radiation, a GBT5/OFRG3 8W UV meter was used. In 
this study, for all experiments, equation 1 was used to 
determine the removal efficiency of dye.
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where C1 is the initial concentration of dye (mg/L), C2 is 
the secondary concentration of dye (mg/L), and RE is the 

Figure 1. Molecular structure of Reactive Blue 203.
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Textile dye decolorization by isolated fungal strains
The dye used in this study was Remazol Marine Blue (CI

Reactive Blue 203) and its chemical structure was given in Fig.
1. The textile dye was added to the solid media at 200 mg/l of
final dye concentration before autoclaving. Petri dishes with
isolated fungal strains were incubated at 26ºC for four weeks
and monitored in order to detect decolorization capability.

Spores of some fungal strains such as Abortiporus biennis
(Strain no: ECN 100601), Cortinarius sp. (Strain no: ECN 100602),
Ganoderma carnosum (Strain no: ECN 100603), Lactarius
delicious (Strain no: ECN 100604), Lepista nuda (Strain no:
ECN 100605), Lyophyllum subglobisporium (Strain no: ECN
100606), Pleurotus ostreatus (Strain no: ECN 100607), Ramaria
stricta (Strain no: ECN 100608) and Trametes versicolor (Strain
no: ECN 100609) were isolated and pure cultures were obtained.

In order to observe the ligninolytic enzymes production by
screening, 0.01% guaiacol and syringaldazine were used as an
indicator for the ligninolytic enzyme rection with isolated fungal
strains on 2% MEA or PDA plates. The positive reactions were
determined by a colorless halo around microbial growth. Table
2 presents a comparison of reactions of isolated fungal strains
with containing synthetic indicators on appropriate agar plates.

Table 1. Screening for ligninolytic enzyme in fresh fruit body
extracts.

            Fungal strains MnP(U/L) Lac (U/L)

Abortiporus biennis 27.04 -
Agaricus sp 22.49 4.27
Agrocybe aegerita 19.60 3.463
Agrocybe sp. 1 76.44 28.86
Agrocybe sp. 2 21.61 1.83
Clitocybe sp. 17.4 163.60
Coprinus atramentarius 142.70 2.34
Coprinus domesticus - -
C. plicatilis 11.91 9.00
Cortinarius sp 1 59.14 7.22
Cortinarius sp 2 16.54 15.35
Ganoderma carnosum 86.19 -
Inocybe lacera 2,363 1,120
Inocybe longicystis 17.20 113.90
Lactarius delicious 34.1 0.36
Lepiota naucina 7.96 -
Lepista nuda 39.48 25.98
Lepiota sp. 1 25.79 6.42
Lepiota sp. 2 18.90 4.39
Leptonia lazunila 12.90 17.40
Lyophyllum subglobisporium 56.22 165.7
Pleurotus ostreatus 52.78 3.64
Ramaria stricta 85.61 87.64
Rhizopogan luteus 3.17 -
Russula rosacea 52.89 57.76
Russula sp. 57.89 26.64
Suillus luteus - -
Trametes hirsuta 31.48 5.61
Trametes versicolor 993.43 136.68
Volveriella sp. 4.90 -

Figure 1. Chemical structure of Remazol Marine Blue (CI Reactive
Blue 203)
Tetrasodium-4-amino-6-[2,5-dimethoxy-4-(2-sulfoxyethylsulfonyl)
phenylazo]-5-hydroxy-3-(4-(2-(sulfoxyethylsulfonyl)
phenylazo)naphtalene-2,7-disulfonate (C28H29N5O21S6.4Na)

RESULTS AND DISCUSSION

Screening for ligninolytic enzyme in fresh fruitbody extracts
Literature about geographical and climatic repartition of

autochthonous fungal flora or describing biodiversity in a given
region for ligninolytic enzymes production is scarce (9). In this
study, thirty autochthonous fungal strains were harvested from
Bornova-Izmir in Turkey and identified in Ege University, Faculty
of Science Microbiology Section according to their macroscopic
and microscopic properties. In the fresh fruitbody extracts, laccase,
manganese peroxidase and lignin peroxidase activities were
screened. Table 1 gives the primary screening results in detail.

The highest level of ligninolytic activities was obtained by
the T.versicolor, well known ligninolytic enzyme producer, which
has both Lac and MnP activities (Table 1). Although Trametes
hirsuta phylogenitically closely related to the specie of
T.versicolor, has quite low laccase activity compared with
T.versicolor. However, it is necessary that to consider the age
of mushroom, when T.hirsuta as well as A.biennis was harvested,
they were highly old. We also noticed that Lyophyllum
subglobisporium, Inocybe longicystis, Clitocybe sp., and
Ramaria stricta, which have never been presented in the
literature due to secretion of ligninolytic enzymes, have laccase
and Ganoderma carnosum, Lepista nuda and Agrocybe sp.
have manganese peroxidase activities. However, while Coprinus
atramentarius showed high manganese peroxidase activity,
Coprinus domesticus presented neither manganese peroxidase
nor laccase acitivity. Therefore, screening of ligninolytic
enzymes in the fresh fruit body extracts can be a quick screening
method and it can give some ideas about further experiments.
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removal efficiency of dye from synthetic wastewater (%). 
The experiments were performed as batch and one factor 
at a time (OFAT) method. Scanning electron microscope 
(SEM), X-ray diffraction (XRD), and Brunauer-Emmett-
Teller (BET) test are usually used to analyze some 
characteristics such as size and specific surface area of 
nanoparticles (5). In this study, the characteristics of ZnO 
nanoparticles were analyzed using SEM, X-RD, and BET.
 
UV radiation
Since UV radiation cannot pass through the glass, a dish 
(20 × 12 × 2.5 cm) was used to study the dye removal using 
UV radiation, which is called UV container in this study. 
The UV container had a low depth and high surface. The 
UV lamp was installed in a distance of few millimeters of 
the synthetic wastewater surface.

pH
Seven UV containers containing 100 mL of synthetic 
wastewater were prepared. Then, pH of synthetic 
wastewater in the containers was adjusted to 1, 3, 5, 7, 9, 
11, and 13 by adding a suitable amount of 4 N hydrochloric 
acid or 2 N sodium hydroxide. Next, the containers were 
placed under UV radiation with power of 170 mW/cm2 at 
23°C for 15 minutes. At the end, the dye concentration in 
the containers was measured. 

Hydraulic retention time 
Fourteen UV containers containing 100 mL of synthetic 
wastewater were prepared. Then, the pH of synthetic 
wastewater was adjusted to 13 by adding a suitable 
amount of 2 N sodium hydroxide. It should be noted that 
in this study, the optimum pH for dye removal using UV 
radiation was obtained to be 13, therefore, this pH was 
used for the next experiments. Next, the containers were 
exposed to UV radiation with power of 170 mW/cm2 at 
23°C for 1 to 55 minutes. Eventually, the dye concentration 
in the containers was determined. 

Temperature 
Six UV containers containing 100 mL of synthetic 
wastewater were prepared. Then, pH of synthetic 
wastewater was adjusted to 13. Next, the containers were 
exposed to UV radiation with power of 170 mW/cm2 for 
50 minutes at temperatures of 10, 30, 40, 50, 55, and 60°C, 
respectively. Finally, the concentration of remaining dye 
in the containers was measured. 

UV radiation 
Five UV containers containing 100 mL of synthetic 
wastewater were prepared. Then, pH was adjusted to 13 by 
2 N sodium hydroxide. Next, the containers were exposed 
to UV radiation with power of 10 to 170 mW/cm2 at 23°C 
for 15 minutes. After that, the dye concentration in each 
container was measured. 

Fe(VI) oxidation process
There are several effective factors on Fe(VI) oxidation 
process such as concentration of organic matter, pH, 
Fe(VI) concentration, temperature, presence of impurities 
etc (12,16-18). In this study, the effect of pH, Fe(VI) 
concentration, hydraulic retention time (HRT), and 
temperature was investigated. 

pH 
Eleven 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, pH of synthetic 
wastewater was adjusted to 1 to 13 by adding a suitable 
amount of hydrochloric acid or sodium hydroxide, 
respectively. Next, Fe(VI) was added to each flask to 
obtain the concentration of 3.3 mg/L. After that, the flasks 
were kept at 23°C for 15 min. Finally, the concentration of 
remaining dye in the solutions was determined. 

Fe(VI) concentration
Six 250 mL Erlenmeyer flasks containing 250 mL of 
synthetic wastewater were prepared. Then, pH of synthetic 
wastewater was adjusted to 1 by adding a suitable amount 
of hydrochloric acid. Next, 0.9, 1.5, 2, 2.7, 3.3, and 4 mg 
of Fe(VI) was added to each flask, respectively. After that, 
the flasks were kept at 23°C for 15 min. Eventually, the dye 
concentration in the flasks was measured. 

Hydraulic retention time 
Eleven 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, pH of synthetic 
wastewater was adjusted to 1 by adding a suitable amount 
of hydrochloric acid. Next, Fe(VI) was added to the flasks 
to obtain the concentration of 3.3 mg/L. After that, the 
flasks were kept at 23°C for 1 to 40 minutes, respectively. 
Finally, the concentration of remaining dye in each flask 
was determined. 

Temperature
Six 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then pH of the 
synthetic wastewater in each flask was adjusted to 1 by 
adding a suitable amount of hydrochloric acid. Next, 
a suitable amount of Fe(VI) was added to each flask to 
obtain the concentration of 3.3 mg/L. After that, the flasks 
were kept at temperatures of 23, 30, 40, 50, 60, and 70°C 
for 15 minutes. Finally, the dye concentration in each flask 
was measured. 

ZnO nanoparticles 
pH
Six 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, pH of each 
flask was adjusted to 1, 3, 6, 9, 11, and 13, respectively. 
Next, ZnO nanoparticles were added to each flask to 
achieve the concentration of 200 mg/L. Next, the flasks 
were incubated by a shaker incubator at 150 rpm at 23°C 
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for 15 minutes. Finally, the dye concentration in each flask 
was measured. 

ZnO concentration 
Nine 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, a suitable 
amount of ZnO nanoparticles was added to each flask to 
obtain the concentration of 200 to 1000 mg/L, respectively. 
Next, pH was adjusted to 9 by adding sodium hydroxide. 
After that, the flasks were incubated by a shaker 
incubator at 150 rpm at 23°C for 15 minutes. Ultimately, 
the concentration of remaining dye in each flask was 
determined. 

Hydraulic retention time 
Six 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, pH of synthetic 
wastewater was adjusted to 9 by adding a suitable amount 
of sodium hydroxide. After that, ZnO nanoparticles 
were added to each flask to achieve the concentration 
of 800 mg/L. After that, the flasks were incubated by a 
shaker incubator at 150 rpm at 23°C for 1 to 30 minutes, 
respectively. Then, the concentration of remaining dye in 
each flask was measured. 

Temperature 
Seven 250 mL Erlenmeyer flasks containing 100 mL of 
synthetic wastewater were prepared. Then, Fe(VI) was 
added to each flask to obtain the concentration of 800 
mg/L. Next, the pH was adjusted to 9 by adding a suitable 
amount of sodium hydroxide. After that, the flasks 
were incubated by a shaker incubator at 150 rpm for 15 
minutes at temperatures of 10, 20, 30, 40, 50, 60, and 70°C, 
respectively. Finally, the concentration of remaining dye 
in the flasks was measured. 

Isotherm models 
In this study, isotherm models of Langmuir, Freundlich, 
Temkin, Dubinin–Radushkevich (D-R), Generalized, 
and Jovanovic were investigated (Table 1). Freundlich 
isotherm has been empirically achieved. Freundlich 
isotherm is shown in Eq. 2. In this equation, x/m is the 
amount of adsorbed adsorbate per adsorbent, Ce is the 
equilibrium concentration of adsorbate in the solution 
after adsorption process, and n and Kf are constant 
coefficients of Freundlich isotherm. Eq. (2) is analogous 
of linear equation (y = ax +b). The amount of Kf and n 
is calculated using plotting log(x/m) versus log(Ce). 
Langmuir isotherm is shown in Eq. 3. In this equation, 
a and b are constant coefficients of Langmuir isotherm. 
Eq. 3 is similar to the general linear equation; therefore, a 
and b can be calculated by plotting Ce(x/m) versus Ce. The 
Temkin isotherm is shown in Eq. 4. In this equation, KT 
is the equilibrium binding constant (L/mg) and constant 
B1 is related to heat of adsorption. In this equation, the 
constants KT and B1 can be calculated using a linear plot 
of qe versus ln(Ce). The D-R isotherm is shown in Eq. 5. In 
this equation, qe is D-R constant and ε can be calculated 
using Eq. 6. In Eq. 5 and 6, qe is the maximum amount 
of adsorbate that can be adsorbed on the adsorbent, B 
is the constant related to energy, Ce is the equilibrium 
concentration (mg/L), R is the universal gas constant that is 
equal to 8.314 J/mol.K and T is temperature (Kelvin). The 
Generalized isotherm is shown in Eq. 7. In this equation, 
KG is the saturation constant (mg/L), N is the cooperative 
binding constant, qmax is the maximum adsorption 
capacity of the adsorbent (mg/g), qe (mg/g) and Ce (mg/L) 
are the equilibrium dye concentrations in the soil and 
liquid phase, respectively. The values of N and KG in Eq. 
7 are obtained from the slope and intercept of the plots. 
Eq. 8 shows the linear form of the Jovanovic model, where 

Isotherm Equations Isotherm Equation No. 

log (𝑥𝑥𝑚𝑚) = 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑓𝑓 +
1
𝑛𝑛 log(𝐶𝐶𝑒𝑒) 

Freundlich (2) 

𝐶𝐶𝑒𝑒
(𝑥𝑥 𝑚𝑚⁄ ) =

1
𝑎𝑎𝑎𝑎 +

1
𝑎𝑎 𝐶𝐶𝑒𝑒  Langmuir (3) 

𝑞𝑞𝑒𝑒 = 𝐵𝐵1 ln(𝐾𝐾𝑇𝑇) + 𝐵𝐵1 ln(𝐶𝐶𝑒𝑒) Temkin (4) 

𝑙𝑙𝑛𝑛𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑛𝑛𝑞𝑞𝑠𝑠 − 𝐵𝐵𝜀𝜀2 D-R (Part 1) (5) 

𝜀𝜀 = 𝑅𝑅𝑅𝑅𝑙𝑙𝑛𝑛 (1 + 1
𝐶𝐶𝑒𝑒
) D-R (Part 2) (6) 

𝑙𝑙𝑛𝑛 [(𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
𝑞𝑞𝑒𝑒

) − 1] = 𝑙𝑙𝑛𝑛(𝐾𝐾𝐺𝐺) − 𝑁𝑁𝑙𝑙𝑛𝑛(𝐶𝐶𝑒𝑒) Generalized (7) 

ln𝑞𝑞𝑒𝑒= ln𝑞𝑞max−𝐾𝐾𝐽𝐽𝐶𝐶𝑒𝑒 Jovanovic (8) 

 

Table 1. The list of isotherms investigated in this study
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Ce is the equilibrium concentration (mg/L), 𝐾𝐽 is constant 
coefficient of Jovanovic, 𝑞𝑒 is the amount of adsorbate 
that was adsorbed onto the adsorbent at equilibrium stage 
(mg/g), and 𝑞max is the maximum adsorption capacity 
obtained from the plot of ln𝑞𝑒 versus  𝐶𝑒.

Results
UV radiation
The effect of HRT, UV radiation power, pH, and 
temperature on the dye removal using UV radiation is 
shown in Figure 2. The results showed that the increase 
of pH had a negative effect on the dye removal efficiency 
(Figure 2a). The increased temperature between 10 and 
60°C did not have a significant effect on the dye removal 
(Figure 2b). The dye removal efficiency was sharply 
increased when HRT increased between 1 and 15 minutes 
(Figure 2c). The UV power between 10 and 70 mW/cm2 
had a significant effect on the dye removal (Figure 2d).

Fe(VI) 
The effect of different factors including pH, HRT, 
temperature, and concentration of Fe(VI) on the dye 
removal using Fe(VI) oxidation process is shown in Figure 
3. The results showed that the dye removal efficiency using 
Fe(VI) sharply decreased when pH increased from 1 to 4 
and 10 to 13 (Figure 3a). But the dye removal efficiency 
had a constant trend at pH values between 4 and 10. The 
reaction between Fe(VI) and the dye could be completed within the first few seconds, therefore, HRT was not 

considered as an effective factor in the dye removal by 
Fe(VI) (Figure 3b). Although some researchers reported 
that the reaction between Fe(VI) and some special dye is 
rapid (2), but others reported that pollutants removal using 
Fe(VI) needs a long HRT to be completed (10). Therefore, 
further studies on the effect of HRT on various pollutants 
oxidation by Fe(VI) are required. Temperatures between 
23°C and 30°C were not effective in the dye removal using 
Fe(VI). The maximum dye removal of 65% was obtained 
at 40°C. Temperature more than 40°C reduced the dye 
removal (Figure 3c). The increase of Fe(VI) concentration 
up to 3.3 mg/L had a positive effect on the dye removal 
(Figure 3d). Similar results about the effect of temperature 
on pollutants removal using Fe(VI) have been reported 
(2,32,39,41).

ZnO nanoparticles
In this study, SEM was used to determine the size of 
nanoparticles. The results showed that the size of ZnO 
nanoparticles was between 27 and 58 nm (Figure 4). 
Also, the results of X-RD test for ZnO nanoparticles are 
presented in Figure 5. The results of BET test revealed that 
the specific surface area of purchased ZnO nanoparticles 
was about 13 m2/g. The effect  of temperature, HRT, pH, 
and concentration of ZnO nanoparticles on the dye 
removal using ZnO nanoparticles is shown in Figure 
6. According to this figure, all mentioned factors had 
significant effect on the dye removal efficiency.
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Figure 2. The effect of HRT, UV radiation power, pH, and temperature on 
dye removal using UV radiation. (a) The effect of pH on dye removal using 
UV radiation at 23°C, UV radiation of 170 mW/cm2, and HRT of 15 min. (b) 
The effect of temperature on dye removal efficiency using UV radiation at 
pH 13, UV radiation of 170 mW/cm2, and HRT of 50 min. (c) The effect of 
HRT on dye removal using UV radiation at 23°C, pH 13, and UV radiation 
of 170 mW/cm2. (d) The effect of UV radiation power on dye removal 
efficiency using UV radiation at 50°C, pH 13, and HRT of 50 min.

Figure 3. The effect of different factors on dye removal using Fe(VI) 
oxidation process. (a) The effect of pH on dye removal using Fe(VI) at 23°C, 
HRT of 15 min, and Fe(VI) concentration of 3.3 mg/L. (b) The effect of HRT 
on dye removal using Fe(VI) at 23°C, pH of 1, and Fe(VI) concentration of 
3.3 mg/L. (c) The effect of temperature on dye removal using Fe(VI) at pH 
of 1, HRT of 10 min, and Fe(VI) concentration of 3.3 mg/L. (d) The effect 
of Fe(VI) concentration on dye removal using Fe(VI) oxidation process at 
40°C, HRT of 10 min, and pH of 1. 
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Isotherm models
Isotherm models are mathematical equations that 
express the equilibrium values of a substance at different 
concentrations that is chemically or physically absorbed 
on the surface of certain solid at a constant temperature. 

Figure 4. The SEM image of ZnO nanoparticles.

Figure 5. The results of X-RD for ZnO nanoparticles.

Figure 6. The effect of temperature, HRT, pH, and concentration of ZnO 
nanoparticles on dye removal using ZnO nanoparticles. (a) The effect of pH 
on dye removal efficiency using ZnO nanoparticles at 23°C, HRT of 15 min, 
and ZnO nanoparticles concentration of 200 mg/L. (b) The effect of ZnO 
nanoparticles on dye removal efficiency at 23°C, HRT of 15 min, and pH 9.  
(c) The effect of HRT on dye removal efficiency using ZnO nanoparticles 
at 23°C, pH 9, and ZnO nanoparticles concentration of 800 mg/L. (d) The 
effect of temperature on dye removal efficiency using ZnO nanoparticles at 
pH 9, HRT of 15 min, and ZnO nanoparticles concentration of 800 mg/L.

Figure 7. The regression results of Langmuir, Freundlich, Generalized, 
D-R, Temkin, and Jovanovic isotherm models. (a) Freundlich. (b) Langmuir.  
(c) Generalized. (d) Temkin. (e) D-R. (f) Jovanovic.

The investigation of different isotherm models (Figure 7) 
showed that the absorption of dye on ZnO nanoparticles 
could be described by Langmuir isotherm (R2=0.89). The 
constant coefficients of these models are also shown in 
Table 2. As shown in this table, the maximum adsorption 
capacity calculated using Jovanovic, D-R, and Langmuir 
is 14.05, 22.29, and 26.59 mg/g, respectively. Since the 
results of this study showed that the adsorption of dye can 
be described by Langmuir isotherm, the real maximum 
capacity of ZnO nanoparticles is 26.59 mg/g (Table 2). 
Honorio et al reported that the maximum adsorption 
capacity of 57.473 mg/g could be obtained for Reactive 
Blue dye when soybean hulls was used as adsorbent (42). 
This report revealed that many other cheap and accessible 
adsorbents can be used instead of ZnO nanoparticles with 
the same and even more removal efficiency.

Combination of ZnO nanoparticles and UV radiation
One of the aims of this study was to evaluate the 
combination of different methods to remove dye from 
water. In this section of study, combination of ZnO 
nanoparticles with UV radiation was investigated. The 
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results are shown in Figures 8 and 9. Since, the effect of 
nanoparticles concentration was investigated in several 
different studies (43), therefore, it was not considered in 
this study.

Combination of UV radiation and Fe(VI)
The effect of temperature, pH, and HRT on dye removal 
efficiency using combination of UV radiation and Fe(VI) 
oxidation process is illustrated in Figure 8. The results 
demonstrated the dye removal efficiency using this 
combined method at pH values between 2 and 13 was 
higher than pH 9 (Figure 10a). In this section of study, 
the effect of temperature (30 to 60°C) on the combination 
of UV radiation and Fe(VI) was investigated. Increasing 
temperature had a somewhat negative effect on the dye 

Figure 8. The effects of pH, HRT, and UV power on dye removal efficiency 
using combination of ZnO nanoparticles and UV radiation. (a) The effects 
of pH and HRT on dye removal efficiency using combination of ZnO 
nanoparticles and UV radiation at 23°C, UV power of 70 mW/cm2, and ZnO 
nanoparticles concentration of 800 mg/L. (b) The effects of pH and HRT 
on dye removal efficiency using combination of ZnO nanoparticles and 
UV radiation at 23°C, UV power of 170 mW/cm2, and ZnO nanoparticles 
concentration of 800 mg/L.

Figure 10. Effect of temperature, pH, and HRT on dye removal efficiency 
using combination of UV radiation and Fe(VI) oxidation process. (a) The 
effect of HRT on dye removal efficiency using combination of UV radiation 
and Fe(VI) oxidation process at different pHs,  23˚C, Fe(VI) concentration 
of 3.3 mg/L, and UV radiation power of 170 mW/cm2. (b) The effect of HRT 
on dye removal efficiency using combination of UV radiation and Fe(VI) 
oxidation process at various temperatures, pH 2, Fe(VI) concentration of 
3.3 mg/L, and UV radiation power of 170 mW/cm2.  

Figure 9. Effect of HRT and temperature on dye removal using 
combination of ZnO nanoparticles and UV radiation (70 mW/cm2).

Table 2. Constant coefficients of Langmuir, Freundlich, Generalized, D-R, Temkin, and Jovanovic isotherm models

Jovanovic Generalized D-R Temkin Freundlich Langmuir

qmax kj R2 N kG R2 qe B R2 KT B1 R2 kf n R2 a (qmax 
(mg/g))

b (KL (L/
mg)) R2

14.05 0.0099 0.47 2.57 377.09 0.46 22.92 2E-05 0.58 1.37 5.40 0.52 0.10 3.51 0.51 26.59 0.102 0.89
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removal using combined methods (Figure 10b).

Combination of ZnO nanoparticles and Fe(VI) oxidation 
process
The effect of pH, temperature, and HRT on dye removal 
using combination of ZnO nanoparticles and Fe(VI) 
oxidation process was investigated in this part of the study. 
The effect of pH between 2 and 13 is shown in Figure 11a. 
The results of evaluation of the effect of temperature on 
the dye removal efficiency using combination of ZnO 
nanoparticles and the Fe(VI) oxidation process are shown 
in Figure 11b.

Discussion 
UV radiation
UV radiation is a powerful beam that can decompose 
various chemical compounds. In this study, direct UV 
was radiated to the surface of water contaminated with 
dye. The results showed that four factors of temperature, 
pH, HRT, and UV radiation power were effective in 
removing dye from contaminated water exposed to the 
UV radiation. pH is a factor affecting the efficiency of 
chemical and photochemical reactions. This study showed 
that increased pH values could increase the dye removal 
efficiency by UV radiation (Figure 2a). At pH 1, only 5% 
of the dye was removed from the water. By increasing pH 
to 7, the dye removal efficiency reached 17%. By changing 
the conditions from neutral to alkaline, the dye removal 
efficiency was increased sharply. At pH values of 9, 11, 
and 13, the dye removal efficiency was 39%, 80%, and 
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95%, respectively. According to Figure 2a, UV can remove 
the dye due to the production of free electron or free 
radical on the dye molecule. So, a negative charge will be 
produced on the dye molecules. In acidic ambient (pH<4), 
the breakdown of dye molecule is not possible due to the 
absorption of UV photons by the high concentration of 
H3O

+ cations. As shown in Figure 2a, the dye removal by 
UV radiation was enhanced by increased pH of solution, 
increased OH- concentration, and decreased H3O

+ 
disturbance. 
Figure 2b illustrates that the efficiency of UV to remove 
dye was increased at higher temperatures. So, the increase 
of entropy of system and the number of collision to 
achieve equilibrium is the main reason to enhance the 
UV efficiency. It was revealed that 87% of the dye was 
removed in the first 20 minutes of the reaction in the 
presence of UV (Figure 2c). As mentioned above and 
shown in Figure 2d, the UV radiation can remove dye 
with a high efficiency. The UV has been used to remove 
different pollutants. Talaiekhozani et al reported that 
nearly 100% of formaldehyde was removed from water 
using UV radiation (38). Such reports show that the UV 
radiation can be efficiently used for the removal of a wide 
variety of chemicals. 

Fe(VI)
pH is one of the most important parameters affecting 
oxidation reactions. The effect of pH variations on the dye 
removal efficiency is shown in Figure 3a. As can be seen, 
by increasing pH from 1 to 13, the dye removal efficiency 
decreased sharply from 71% to 5%. The dye removal 
efficiency was constant at pH values between 3 and 9. By 
increasing pH from 9 to 13, the dye removal efficiency 
was significantly reduced. It implies that in acidic 
environments, the rate of removal process is higher. This 
fact can be explained by examining the rate of ferrate(VI) 
degradation. Fe(VI) is generated using electrolysis process 
based on equation 9. 
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Figure 11. The effect of temperature, pH, and HRT on dye removal 
efficiency using combination of ZnO nanoparticles and Fe(VI) oxidation 
process. (a) The effect of pH and HRT on dye removal efficency using 
combination of ZnO nanoparticles and Fe(VI) oxidation process at 23°C, 
Fe(VI) concentration of 3.3 mg/L, and ZnO nanoparticles concentration of 
800 mg/L. (b) The effect of temperature and HRT on dye removal efficiency 
using combination of ZnO nanoparticles and Fe(VI) oxidation process at pH 
2, Fe(VI) concentration of 3.3 mg/L, and ZnO nanoparticles concentration 
of 800 mg/L.

                                                                                                (9)

The color of electrolyte is changed to purple when Fe(VI) 
is generated. There are two important forms of Fe(VI): 
FeO4

-2 and HFeO4
-. The rate of Fe(VI) consumption can be 

calculated using equation 10:

K(Fe(VI)) = K1(HFeO4
-) + K2(FeO4

2-)                            (10)

Comparison of constant consumption rates of HFeO4
–

(K1=1.24×107 M/S) and FeO4
2– (K2=8.41×102 M/S) shows 

that HFeO4
– is dominant. Consequently, the reaction 

rate of HFeO4
– and dye was higher than that of FeO4

2– 

(16). Therefore, HFeO4
– has a key role in the removal of 

dye compared with FeO4
2–. Under acidic condition, the 

dominant species of Fe(VI) is HFeO4
– and under basic 

conditions, Fe(VI) is mainly appeared in the form of 
FeO4

2–. Since HFeO4
– is more effective than FeO4

2–, Fe(VI) 
is much more effective in acidic condition.
HRT is an important parameter in determining the 
size of chemical reactors. The effect of HRT changes on 
dye removal is shown in Figure 3b. As can be seen, the 
reaction between Fe(VI) and the dye was rapid. A rapid 
reaction means that it can be performed in a very short 
HRT. One of the advantages of rapid reaction is that to 
remove dye, a very small reactor is needed that reduces 
costs. Talaiekhozani et al reported that changes in HRT 
did not have any significant effect on Fe(VI) removal 
efficiency (32). 
Temperature is a parameter that influences the oxidation 
reactions. Figure 3c shows the effect of temperature on 
the dye removal efficiency. As shown in this figure, the 
increase of temperature from 23°C to 40°C has a positive 
effect on the dye removal efficiency using Fe(VI). The 
results of this study showed that temperatures above 40°C 
had a negative effect on the removal of dye from the water 
using Fe(VI), which is consistent with the results of the 
study by Eskandari (10). She investigated the effect of 
temperature on the conversion rate of Fe(VI) to Fe(III). 
She reported that Fe(VI) is gradually converted to Fe(III) 
based on the equation 11 (10):

4Na2FeO4 + 10H20 → 8NaH + 4Fe(OH)3 + 3O2 ↑          (11) 

Eskandari demonstrated that the conversion rate of Fe(VI) 
to Fe(III) at temperatures between 20 and 50°C does not 
have a significant variation. When temperature increases 
to more than 50°C, the conversion rate of Fe(VI) to 
Fe(III) also raises, therefore, the concentration of Fe(VI) 
in the solution declines. Fe(III) is a strong coagulant 
but it cannot be used as an oxidant for the removal of 
organic compounds (9). It means that the ability of 
Fe(VI) oxidation is decreased at temperatures above 
50°C. There are two known ways for degradation of the 
Fe(VI): (a) self-degradation and (b) reactions with organic 
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compounds. Talaiekhozani et al provided an empirical 
equation to predict the removal efficiency of dye in various 
environmental conditions including temperature, pH, and 
HRT when Fe(VI) is used (2). Although this empirical 
equation is specifically designed to remove 1,9-Dimethyl-
Methylene Blue zinc chloride double salt, it can also be 
used to predict the suppression of other dyes by Fe(VI).
One of the important parameters in controlling the dye 
removal is concentration of Fe(VI). In this study, the effect 
of initial concentration of Fe(VI) on the dye removal 
efficiency was investigated (Figure 3d). The results showed 
that by increasing the concentration of Fe(VI) from 0.9 to 
3.3 mg/L, the dye removal efficiency increased. However, 
at a concentration more than 3.3 mg/L, no change in the 
efficiency was observed. In this study, it was found that 
the best ratio of dye to Fe(VI) is 11.81. Han et al reported 
that 97.5% bisphenol A (BPA) removal was achieved when 
Fe(VI) oxidation process was used (44). Such studies 
illustrate that Fe(VI) oxidation process can be applied 
for a wide range of chemicals specially for recalcitrant 
compounds. Zhou and Jiang revealed that Fe(VI) had a 
much higher reactivity with ciprofloxacin than ibuprofen 
(45), therefore, it can be concluded that the reaction of 
Fe(VI) with all chemicals is not the same. The results 
of this study showed that Fe(VI) oxidation is not an 
appropriate process for Reactive Blue 203 dye since only 
71% of the dye is removed under optimum condition. 

ZnO nanoparticles
Figure 4a shows that increasing the concentration of 
nanoparticles between 0.02 and 800 mg/L, leads to a 
linear increase in the removal efficiency of the dye. 
However, the rate of dye removal decreased when the 
concentration of nanoparticles increased to more than 
800 mg/L. The results showed that using 200 mg/L of ZnO 
nanoparticle, only 10% of the dye was removed. Also, 41% 
of the dye was removed when the concentration of ZnO 
nanoparticles was 800 mg/L. Increasing the concentration 
of nanoparticles from 800 to 100 mg/L, resulted in only a 
2% increase in the dye removal efficiency.
The amount of dye removal was increased by changing pH 
from acidic to alkaline. The dye removal was reduced at 
pH 11. It means that the effect of the ZnO nanoparticles 
decreased at a pH higher than 10 (Figure 4b). It can 
be due to this fact that the dye has a negative charge in 
alkaline solution and is repulsed by negative adsorber 
surface at pH values higher than 9. It is obvious that the 
concentration of OH- will be saturated at a pH near to 14 
and causes a disturbance on the surface of adsorber to 
prevent the adsorption of dye by ZnO. So, the dye removal 
decrease at pHs higher than 11. As shown in Figures 5c 
and 5d, with an increase in temperature, the efficiency of 
dye removal was reduced which is against the mechanism 
of the effect of increase of temperature and increase of 
entropy on adsorption. The reason of these phenomena 

can be explained according to the effect of an increase in 
temperature on the structure of ZnO adsorber. The volume 
of pores and total volume of ZnO decrease by an increase 
in temperature due to empty space of ionized oxygen in 
the ZnO structure and electron transfer among stimulated 
pores. By increasing the volume, it can be expected that 
the surface of adsorption and the adsorption efficiency are 
decreased (46-49).

Combination of ZnO nanoparticles and UV radiation
One of the aims of this study was to evaluate the 
combination of different methods to remove dye from 
water. In this section of the study, combination of ZnO 
nanoparticles with UV radiation was investigated. The 
results showed that HRT had a major effect on the removal 
of dye when a combination of ZnO nanoparticles and UV 
radiation was used. The results showed that at a pH more 
than 9, the UV radiation power of 170 mW/cm2, and HRT 
of 20 minutes approximately 98% of the dye was removed. 
Increasing HRT to more than 20 minutes did not increase 
the dye removal efficiency. The results demonstrated that 
pH has a key role in this process. As shown in Figure 8a, 
an increase in pH from 2 to 13 leads to an increase in the 
dye removal efficiency. At pH 2, an HRT more than 30 
minutes was required to remove 98% of the dye. The effect 
of intensity of UV radiation on the removal efficiency of 
dye was also investigated in this study. The amount of UV 
radiation in Figures 8a and b was 170 and 70 mW/cm2, 
respectively. The required HRT to remove 98% of the dye 
at pH 9 under UV radiation with power of 70 mW/cm2, 
was 25 minutes. (i.e., 5 minutes more than that required 
for UV radiation of 170 mW/cm2). Further studies are 
needed to understand whether increasing UV radiation 
power is economic or increasing HRT. 
In this study, temperature was also investigated and 
it was found that the removal efficiency of dye using 
combination of ZnO nanoparticles and UV radiation had 
a higher performance at higher temperatures. However, 
at temperatures above 20°C, the dye removal efficiency 
was very close to each other (Figure 9). The results of 
this study showed that at 50°C, only 98% of the dye can 
be removed in the HRT of 10 minutes. Further studies 
are required to understand increasing temperature is 
economic to remove dye using combination of ZnO 
nanoparticles and UV radiation or increasing HRT. The 
results showed that under UV radiation, the reaction of 
ZnO nanoparticles to temperature was changed. The 
increase in temperature has a detrimental effect on the 
dye removal efficiency when ZnO nanoparticles alone 
were used. Also, temperature was not recognized as an 
effective factor when UV radiation alone was used. The 
results revealed that when ZnO nanoparticles used under 
UV radiation, the temperature became an effective factor 
on dye removal.
The ZnO nanoparticles that draw the researchers’ 
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attentions as a good semiconductor in the presence of 
UV radiation to remove pollutants from wastewater, act 
as a catalyst and adsorb high energized photon. So, the 
hydroxyl group will be produced by the nanoparticles 
in the presence of UV radiation. When nanoparticles 
adsorb photon containing energy higher than the energy 
gap of nanoparticle structure, it can lead to transfer of 
electron from the valence band to conduction band. If 
the separation of electrical charge happens, electron will 
transfer to the surface of catalyst and takes part in the 
reduction-oxidation reactions.
Temperature acts as an important parameter that can affect 
the photocatalytic adsorption. The increase of temperature 
makes the transfer of electrons to the surface of catalyst 
to be higher and the production of pore-electron to be 
easier. These electrons and pores themselves, are able to 
degrade the organic pollutants and increase the efficiency 
of photocatalytic pollutants removal (50). Shahrezaei et al 
stated that temperature was the most effective parameter 
on the efficiency of photocatalytic pollutants removal 
(50). They also stated that the optimum temperature to 
remove organic oil refinery pollutants was 45oC and the 
concentration of catalyst was 100 mg/L.

Combination of UV radiation and Fe(VI)
In this section of study, the combination of UV radiation 
and Fe(VI) oxidation process was investigated. The results 
showed that the increase in temperature up to 40°C had a 
positive effect and more than 40°C had a negative effect on 
dye removal efficiency using combination of UV radiation 
and Fe(VI) oxidation process (Figure 10b). The reason of 
this phenomenon was previously explained in the section 
of dye removal using Fe(VI) oxidation process alone. Also, 
the effect of pH on the dye removal efficiency showed that 
the highest dye removal efficiency was obtained at two pHs 
of 2 and 13 (Figure 10a). The results illustrated that the 
HRT between 0 and 10 minutes has a significant effect on 
the removal efficiency, but by increasing the HRT to more 
than 10 minutes, this effect became less significant. At 
40°C, pH 2, Fe(VI) concentration of 3.3 mg/L, and the UV 
radiation power of 170 mW/cm2, nearly 99% of the dye was 
removed in 15 min. However, the dye removal efficiency 
was not higher than 53% under the same condition at pH 
9. Apparently, further studies are recommended to identify 
the reasons for such a behavior in the removal of dye using 
the combination of UV radiation and Fe(VI) oxidation 
process. Talaiekhozani et al reported that 65% and 73% 
of hydrogen sulfide and chemical oxygen demand (COD) 
were removed, respectively, when the combination of UV 
radiation and Fe(VI) was used (39). It seems that this 
method is more effective in the removal of dye compared 
with that of hydrogen sulfide and COD. 

Combination of ZnO nanoparticles and Fe(VI) oxidation 
process
In this part of the study, the effect of pH and HRT 

on the removal of dye using the combination of ZnO 
nanoparticles and the Fe(VI) oxidation process was 
investigated. The effect of pH between 2 and 13 is shown in 
Figure 11a. The pH reduction results in an increase in the 
removal efficiency of the dye. The maximum dye removal 
efficiency at pH 13 and HRT of 50 minutes was 28%. The 
maximum dye removal efficiency at HRT of 50 minutes 
was 57% when pH 9 was achieved. At pH of 2 and HRT 
of 50 minutes, the maximum removal efficiency was 67%. 
The optimum HRT was also different at various pH levels. 
For example, at pH values of 13, 9, and 2, the optimum 
HRT value was 20, 10, and 5 minutes, respectively.
The results of evaluation of the temperature effect on the 
dye removal efficiency using the combination of ZnO 
nanoparticles and the Fe(VI) oxidation process are shown 
in Figure 9b. The temperature increase had a positive 
effect on the dye removal efficiency using combination 
of ZnO nanoparticles and the Fe(VI) oxidation process. 
Increasing the temperature from 30 to 60°C led to an 
increase in the dye removal efficiency from 69% to nearly 
100%. Honorio et al showed that 96% of the Reactive Blue 
203 dye was removed from water using advance oxidation 
process (AOP) (42). Comparing these results with the 
results of this study revealed that combination of ZnO 
nanoparticles and Fe(VI) oxidation process may work 
better than the AOP.

Conclusion 
In this study, the effective factors on the removal 
efficiency of Reactive Blue 203 using UV radiation, Fe(VI) 
oxidation process, absorption by ZnO nanoparticles, the 
combination of ZnO nanoparticles and Fe(VI) oxidation 
process, UV radiation and ZnO nanoparticles, and the 
composition UV radiation and Fe(VI) oxidation process 
were investigated. Also, the removal mechanism for some 
of the above-mentioned methods was presented. Removal 
of Reactive Blue 203 using Fe(VI) oxidation process can 
be completed during a fraction of seconds; therefore, 
it can be categorized as a rapid reaction. UV radiation, 
Fe(VI) oxidation process, and ZnO nanoparticles were 
able to remove 97%, 71%, and 47% of the dye under 
optimal conditions, respectively. Also, 100% of the dye 
was removed when the combination of Fe(VI) oxidation 
process and UV radiation was used under optimum 
conditions. Combination of ZnO nanoparticles and Fe(VI) 
oxidation process was also able to remove nearly 100% 
of the dye. Using the combination of ZnO nanoparticles 
and UV radiation under optimal conditions, the removal 
efficiency of the dye was close to 100%. All three factors 
including temperature, pH, and HRT were highly effective 
on hybrid processes. It was also found that by combining 
the various methods as mentioned in this study, the effect 
of some factors such as pH and temperature varies on 
the removal efficiency of dye using the processes. For 
example, when the ZnO nanoparticles alone were used, 
the increase in temperature have a negative effect on 
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the dye removal efficiency, but when the combination 
of UV radiation and ZnO nanoparticles was used, the 
temperature had a positive effect on the dye removal 
efficiency. Since the effect of the concentration of ZnO 
nanoparticles on the combination of ZnO nanoparticles 
and UV radiation was not investigated, it is recommended 
to investigate this parameter in future studies. The effect 
of dye concentration was not also evaluated in this study, 
therefore, it is recommended to investigate this parameter 
in future studies. Furthermore, it is recommended that 
the kinetics reaction of dye removal using UV radiation 
be evaluated in future studies. 
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