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The increase in the number of factories, the industrialization of human life, and the
increasing use of industrial paints have caused an increase in dye wastewater and
consequent environmental pollution. Discharging wastewater containing the dyes
mentioned above, which are often carcinogenic, is a severe threat to living organisms.
In this research, a photocatalytic method (as an advanced oxidation method) using
zinc oxide nanoparticles was investigated to treat the colored wastewater containing
methylene blue. This type of nanoparticle is cheap (based on the used synthesis
method), abundant and readily available, and low in toxicity. For this purpose, an
evaluation of the optimal ratio between zinc acetate and polyvinylpyrrolidone for the
synthesis of zinc oxide nanoparticles was carried out. Furthermore, the simultaneous
decreasing and increasing effects of independent parameters (pH, irradiation time,
methylene blue concentration, zinc acetate to PVP ratio) on the efficiency of the
photocatalytic process and kinetic model were evaluated. The results showed that the
best pollutant removal efficiency (91.7%) was obtained using the ratio of zinc acetate
and polyvinylpyrrolidone equal to 33.67 in 60 minutes of irradiation time. This result
shows that the lower ratio of zinc acetate to polyvinylpyrrolidone indicates higher dye

removal.

1. Introduction

Dye wastewater is mainly caused by the
combination of colored effluents from textile,
dyeing, etc. factories with surface water. Textile
wastewater is considered one of the significant
factories in industrial wastewater treatment due to
the high volume of wastewater and the existence of
harmful environmental factors [1]. All industries
need water directly or indirectly in a small or large
amount, and according to the type of industry and
the type of product, their water consumption
should be almost clean water. The amount and
volume of water consumed in some industries,
including textile industries is a lot and finally, their
by-product is polluted water with a very high
pollution load. The output water in dyeing is also
highly acidic and has a lot of minerals and dyes that
cause turbidity and increase the TSS of wastewater
[2,3]. The presence of dyes in textiles reduces the
amount of oxygen and other gases dissolved in
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water, and as a result of entering the environment,
disrupts the ecosystem of living organisms [4].

Methylene blue is one of the most important and
widely used dyes in the dyeing and textile
industries, It has a complex aromatic structure that
is highly resistant to heat, chemicals, light, and
even biological degradation [5]. Wastewater-
containing dyes such as methylene blue are very
dangerous for public health and the ecosystem.
These substances affect water quality by reducing
light penetration, creating eutrophication, and
increasing turbidity and suspended matter [6]. On
the other hand, due to the dry climatic conditions
and the reduction of water resources in Iran, the
need for safe water for drinking and agriculture is
felt more than before. Besides, the preservation of
water and soil resources from pollution by sewage
has been taken into consideration [7].
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There are two categories of traditional
processes and advanced and new technologies to
separate and remove pollutants from wastewater
[8]. Traditional methods are based on the initial
concentration of pollutants; extraction, absorption,
distillation, total oxidation, biological degradation,
and chemical oxidation can be mentioned [9]. New
methods are divided into two categories:
membrane separation technologies and
photocatalytic processes [10]. Membrane [11],
photooxidation [12,13], chemical oxidation,
electrochemical oxidation [14], ultrasonic and
photocatalytic method [15], adsorption and
photocatalytic method [16], plasma [17], ozonation
[18], and plasma-ozonation method [19] are among
the advanced methods. The mentioned methods
have disadvantages such as low efficiency
(electrochemical and chemical extraction process),
high cost (biological processes), production of
excess pollutants, and the need for pretreatment
[20-22]. It is also possible to remove colored
pollutants from wastewater with various methods
such as coagulation and flocculation, ion exchange,
and hybrid processes like the use of absorbent and
membrane filtration [23-25]. Most of the
mentioned cases are inefficient, and expensive,
with the volume of production sludge and
dangerous by-products. However, the use of
combined processes such as advanced oxidation
(AOP) or photocatalytic decomposition with
nanoparticles is preferred; Due to the non-
production of dangerous secondary products, high
efficiency, insensitivity to pollutants, recycling of
absorbed pollutants, and reuse of treated
wastewater. In  many studies, different
nanomaterials like TiO, [26-30], Fe,O; [31], SiO;
[32], WOs [33], ZnO [21,34], etc. have been
successful in the decomposition of pollutants.

In photocatalytic treatment using nanoparticles,
different pollutants in water and wastewater are
decomposed by nanoparticles, under the influence
of UV rays with the production of hydroxyl oxide
radicals. In that, there are two types of covered and
suspended reactors [35]. In the suspended reactor,
nanoparticles are added to the colored wastewater
in the form of powder, which is finally separated
from the wastewater after the purification process.
The most important problem of that is the recovery
of catalysts. But in the method of covering and
fixing nanoparticles on surfaces, in addition to
solving the above problem, the pollutant can be
separated and collected from the nanoparticles in
the backwash process, so that the catalyst material
can be used again. On the other hand, this
technique can be applied in industrial and semi-
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industrial pilots to solve the problem of wastewater
treatment [34]. Because in the photocatalytic
process, catalysts use light to destroy organic
substances and convert them into harmless ones
[36]. This process depends on the intensity of the
UV radiation and the duration of the radiation [37].
In several studies, the application of magnetic
nano-photocatalysts to purify the water is reviewed
[38,39]. The review of literature showed the
application of nano-photocatalysts to remove the
various dye like azo dye [40,41], methylene blue
dye [42,43], Rhodamine-B dye [44,45], reactive
blue dye [46,47], brilliant green dye [48,49],
methyl red dye [50,51]. Some researchers
investigated the destruction path of methylene blue
in water by photocatalytic process. They used TiO;
photocatalyst under UV light to purify the
competing effluents of textile industries. They
found that the photocatalyst can convert organic
oxygen into CO: in water without heating.
Removal of organic pollutants by photocatalytic
method requires a lot of time and amount of light;
To reduce the time, UV light is applied, which is
dangerous and more expensive [5]. In another
study, the photocatalytic decomposition of
methylene blue dye using zinc oxide nanoparticles
with a diameter below 50 nm and ultraviolet
(UVA) radiation in a batch reactor was
investigated. The results showed that the removal
of methylene blue dye is directly related to the
intensity of radiation. The best result of dye
removal with a concentration of 5 mg/l. was
obtained in 60 minutes with 90% efficiency. They
concluded that an increase in dye concentration led
to a decrease in the rate of dye removal [21].
Some researchers evaluated the process of
photocatalytic removal of methylene blue using
nitrogen-silver nanoparticles doped on zinc oxide
under the effect of visible light. Zinc oxide (CZ),
silver doped on zinc oxide (CAZ), nitrogen-doped
on zinc oxide (CNZ), and nitrogen-silver doped on
zinc oxide (CANZ) were synthesized by chemical
precipitation method. The results showed that for
20 mg/L methylene blue, the removal efficiency
for each of CZ, CAZ, CNZ, and CANZ
nanoparticles was 30, 35, 49, and 53%,
respectively, in 135 minutes [52]. In research
conducted in 2017, the photocatalytic effect of
ZnO/Eu nanoparticles on the removal of methylene
blue and methyl orange pollutants was evaluated.
The structure of synthesized nanoparticles, as well
as the efficiency of ZnO/Eu nanoparticles with
different percentages of Eu’" were investigated.
The results showed that for 10 mg/L methylene
blue and 1g/L photocatalyst, in 145 minutes and
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under simulated sunlight, ZnO/Eu(1%)
nanoparticles have the highest efficiency [53].

In a study conducted in 2018, the removal of
Rhodamine-B dye from wastewater by ZnO
nanoparticles and membrane filtration was
investigated [54]. In another one, the
photocatalytic removal of methylene blue and 4-
nitrophenol was conducted using magnetic
nanoparticles ZnFe,O4/ZnO/perlite under visible
light. The tests performed to remove methylene
blue with a concentration of 20 mg/L. and 4-
nitrophenol with a concentration of 10 mg/L have
resulted in the removal efficiency of 97 and 67%,
respectively. These efficiencies were achieved
when 1 g/L nanoparticles during 150 minutes were
exposed to visible light [55]. Furthermore, the
photocatalytic removal of methylene blue by using
doped manganese nanoparticles on zinc oxide
under ultraviolet light was evaluated. The
researchers investigated the effect of methylene
blue concentration, nanoparticle concentration, and
pH on the removal efficiency. In their study, 98%
removal efficiency was achieved during 120
minutes of irradiation [56].

The main objective of the current study is to
synthesize zinc oxide nanoparticles and apply them
for the removal of methylene blue dye from
colored wastewater during a photocatalytic
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process. For this purpose, the design of different
mixtures in nanoparticle synthesis was investigated
and the optimal conditions for this were defined.
Then, the parameters influencing the
photocatalytic purification process were evaluated,
such as pH, initial dye concentration, ratio of zinc
acetate to PVP, and irradiation time. Then, based
on another goal of this research, studying the
kinetics of the photocatalytic oxidation reaction
determined the model compliance with the
examined functions.

2. Materials and Methods
2.1. Methylene blue

Methylene blue is green and powdery, odorless,
and solid at room temperature, and it becomes a
blue solution by dissolving in water [57].
Methylene blue has a pH equal to 3 at a temperature
of 20 °C and is considered an acidic dye. Its
chemical formula is C;sHisN3SCl by 319.58 g/mol
molecular weight. Its structure is shown in Figure
1. The methylene blue substance used in this
research was produced by Merck, Germany.
According to Figure 2, to find the absorption
number of methylene blue, the wavelength entered
in the spectrophotometer was 664 nm.

T
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N
S
CH;

HyC© CH;

Figure 1. The structure of methylene blue [21]
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Figure 2. Wavelength curve of methylene blue
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2.2. Zinc oxide

Zinc oxide has a crystalline and powdery
structure that is hexagonally crystallized. It has
unique electrical, optical, and chemical properties
and is widely used in solar cells, ultraviolet lasers,
transparent conductive layers, photocatalysts, and
arresters [58]. Regarding the wide application of
zinc oxide and its nanoparticles, many researchers
synthesized its different morphologies by various
methods. Its nanostructures with different
morphologies include nanorods, nano bows, tower-
shaped and flower-shaped nano wires, nano combs,
nano rings, nano springs, etc. [59]. The diversity in
the unique structure of zinc oxide shows that zinc
nanoparticles are very valuable both in terms of
properties and structure. Rod-shaped zinc oxide
nanoparticle powder increases the quality of
physical and chemical resistance of materials.

Journal of Mining & Environment, Vol. 16, No. 1, 2025

In the current study, Zn (CH3COO),.2H>0 and
polyvinylpyrrolidone made by Merck (Germany)
were provided. To make the nanomaterials, 5
mixing plans were used as follows: First, a constant
amount of 0.11 g of PVP was dissolved in 11 cc of
distilled water; different amounts of zinc acetate
(0.035,1.87, 3.7, 5.538 and 7.372 g) was dissolved
in 11 cc of distilled water; After mixing the two
solutions, by keeping the temperature constant at
70 °C, and after the volume of the solution reaches
2 cc (finding a jelly state), it is placed in the oven
at 110 °C for 12 hours and then at 300 °C for 2
hours [35]. As in other studies, the best temperature
for the synthesis of zinc oxide has been reported to
be 300 °C [60]. The nanoparticles with similar
colors were produced in dark gray color according
to Figure 3-a and after grinding, they reached the
size of a nanoparticle (Figure 3-b).

(a)
Figure 3. (a) Synthesized ZnO; (b) ZnO nanoparticle

2.3. Experimental design

Statistical methods have many advantages over
traditional methods, as they allow rapid
calculations and the ability to identify relationships
between influencing factors. Various planning
methods are currently used to reduce costs and
increase test accuracy. One of the newest
experimental design methods is response surface
methodology (RSM). The central composition
design (CCD) method, a subset of RSM, is the most
well-known design method among quadratic
methods and was first introduced by Box. RSM is
used as one of the best multivariable methods in
analytical optimization to determine the optimal
model, experiments, and conditions. By placing the
number of variables and the specified minimum
and maximum range for each of the variables, the
test matrix will be designed. Therefore, the amount
of variables and the number of tests will be
determined. When the number of variables is large,
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(b)

RSM has an advantage compared to other large-
scale methods such as full factorial. This method is
a set of statistical and mathematical techniques
based on the fit of an equation and a polynomial
based on experimental data, which should describe
the behavior of a series of data that is organized
with the purpose of statistical prediction.
Therefore, the variable posing the most effect is
selected, and the necessary decision must be made
to determine which one of several experimental
variables and their effects have significant effects
on each other.

It is important to note that in this study, CCD
was used by Design Expert 11 software to design
the experiments and analyze the results. For this
purpose, several pre-tests were conducted, and
based on that, the range of independent variables
was selected. Selected limits for independent
variables are presented in Table 1. The independent
parameters in examining the removal percentage of
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dye pollutants are the concentration of methylene
blue (mg/L), solution acidity (pH), ZnO/PVP ratio,
and purification time (min), while the dependent
variable is the removal percentage of dye pollutant.

Journal of Mining & Environment, Vol. 16, No. 1, 2025

The software of Design Expert (ver. 11) was used
to provide the model. After selecting the linear
model, 30 experiments were designed (provided in
Table 2).

Table 1. The range of independent variables to investigate the removal percentage of dye pollutant

Independent variable  Unit e
ndependent variaple ni
P - 1 0 +1 +a
pH - 3.5 5 6.5 8 9.5
Time min 20 30 40 50 60
Dye concentration mg/L 10 15 20 25 30
ZnO/PVP - 0.325 17 33.675 50.35 65.025
Table 2. The designed experiments
) )
= g _ g
= 5 [ = 5 [
I DU N PO
s T 07 32 035 Bz g E 3 34 5 &g
I 2 - I 2 -
= £ E 2§ s = 2 E FE 3§ g~
.o . 1<) . .o =]
& O a g & ) a g
& &
1 5 30 15 17 60 16 8 50 25 50.35 70.7
2 8 30 15 17 62.7 17 35 40 20 33.675 66
3 5 50 15 17 84 18 95 40 20 33.675 79.4
4 8 50 15 17 88.9 19 65 20 20 33.675 62.79
5 5 30 25 17 55 20 65 60 20 33.675 91.7
6 8 30 25 17 73 21 65 40 10 33.675 782
7 5 50 25 17 79 22 65 40 30 33.675 63
8 8 50 25 17 83 23 65 40 20 0.325 88.1
9 5 30 15 50.35 47 24 65 40 20 67.025 45
10 8 30 15 50.35 63 25 65 40 20 33.675 727
15 50 15 50.35 69.7 26 65 40 20 33.675 73
12 8 50 15 50.35 72.8 27 65 40 20 33.675 73.5
13 5 30 25 50.35 50.4 28 65 40 20 33.675 729
14 8 30 25 50.35 55.9 29 65 40 20 33.675 73.1
15 5 50 25 50.35 66.6 30 65 40 20 33.675 74

2.4. Experiments method

According to the experiments designed by the
Design expert software (Table 2), first, the desired
nanoparticles were fixed on the concrete cylinders.
Then, the concrete sample was placed at a distance
of 3 cm from the 250cc beaker (for the magnet's
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rotational movement) and methylene blue solution
was poured and the pH of the solution was adjusted
according to the test conditions. Next, it was placed
in a closed and isolated chamber, on top of which
UV lamps were installed at a distance of 12 cm
from the surface of the sample. The schematic of
the experimental reactor is displayed in Figure 4.



Khataei et al.

Journal of Mining & Environment, Vol. 16, No. 1, 2025

P

UV Lamps
_¥? [ Nanoparticles
Fixed on Concrete
Methylene Blue |
Solution I~ 1
——
| m—— Magnet

Magnetic Stirrer «— |

Figure 4. Schematic of the experimental reactor

2.5. Analysis tools

In continue, after passing the required
irradiation time of the experiment and placing the
sample in a centrifuge with a speed of 4000 rpm for
30 minutes (to settle the suspended particles), the
residential concentration of dye was determined by
a spectrophotometer device at the wavelength of
664 nm (the maximum absorption wavelength)
[61]. Finally, the removal percentage of dye as the
efficiency of the photodegradation process was
calculated by Equation (1) [62].

_ Cf) x 100 (1)

0

now) = (2

where 1 is the efficiency of process; Co and C;
are the initial and residual concentration at time t,
respectively. In the end, the kinetics of the

N,
@[D
HiC CH
\N S/ N/
[ ®
CH
l

o'f\

NH,
HaC /(:/L
e SOH

degradation process of methylene blue was studied.
In this order, the test by optimum condition was
repeated and dye residual concentration at different
purification times was recorded in a constant dye
initial concentration. The rate constant, k, was
obtained by plotting the relationship between the
initial concentration and the concentration at a
certain time of methylene blue versus irradiation
time.

3. Results and discussion

According to the results of GC-MS analysis, the
degradation pathway of methylene blue is as
follows. The aqueous structure of methylene blue
was degraded to simple structures and then these
two products were reduced to final products
(displayed in Figure 5).

NH;
: “OH

= (1 COn HyO

/

COH

Figure 5. The possible destruction pathway of methylene blue
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3.1. Effect of each variable on dye removal
efficiency

In this section, the effect of each of the variables
(pH, irradiation time, dye concentration, and
ZnO/PVP ratio) on the removal efficiency of dye is
examined (shown in Figure 6).

pH: According to the results (Figure 6-a), as pH
increases, the amount of removal percentage also
increases; that is, the more acidity of the solution
goes towards alkaline, the removal percentage
improves. In fact, with the increase in pH, the
amount of negative hydroxyl is greater and the dye
removal process is performed better. In other
words, the solution pH is an important parameter in
the photocatalytic reactions that occur on a specific
surface. Because it is determinative of the surface

Journal of Mining & Environment, Vol. 16, No. 1, 2025

charge properties of the photocatalyst and the size
of formed aggregates [63]. Therefore, pH is
important both in dye properties and in the reaction
mechanisms that can contribute to dye degradation:
attack by hydroxyl radicals, direct oxidation by
holes, and direct reduction by electrons in the
conductive band [64].

In the presence of photocatalysts, the
photocatalytic process is thought to arise from
electron-hole pairs formed on the surface of the
semiconductor surface, possibly due to UV light
[65]. Holes with high oxidation potential then
directly oxidize the reactive dye or react with the
OH™ to form hydroxyl radicals. The overall
reaction between the photocatalyst and the reactive
dye can be written as Equations (2) to (5) [65].

semiconductor + hv - (semiconductor)(egg + hip) )
hig + dye — dye * (oxidation of the dye) 3
or

hig + OH™ - OH 4
OH + dye — degradationof the dye 5

In the presence of ZnO, the photodegradation
was significantly promoted at high pH. The lowest
photodegradation at low pH is due to the photolysis
of ZnO to Zn*", which occurs in acidic and neutral
solutions, whereas efficient formation of hydroxyl
radicals occurs in alkaline solutions. A similar
result related to the effect of pH on the
photocatalytic treatment has been reported by other
researchers [66].

Dye concentration: as displayed in Figure 6-b,
increasing the dye initial concentration led to the
reduction in dye removal percentage. Because a
greater number of dye molecules are absorbed on
the surface of the photocatalyst and due to the
reduction of direct contact and light penetration, it
prevents the reaction between the dye molecules
and the produced photonic holes. Subsequently, the
production of hydroxyl radicals decreases [67].
Therefore, by increasing the initial concentration of
dye, the number of dye molecules increases while
the number of photocatalytic sites is constant [68].
Accordingly, more irradiation time and energy
must be spent to remove the pollutant, and it
becomes harder for light to reach the nanoparticles.
Thus, the photocatalytic process is endangered,
while the amount of both light and nanoparticles
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was considered constant. Other researchers also
reported the same result about this parameter
[21,69].

ZnO/PVP ratio: In continue, increasing the
ratio of ZnO to PVP in the nanoparticle synthesis
decreases the removal percentage (Figure 6-c).
According to the conducted tests, the best
temperature for nanoparticle synthesis is 300 °C
[35] and the best ratio is the lowest one. Because as
much as the amount of PVP decreases, the energy
required for burning and decomposition of zinc
oxide decreases and it does not have the necessary
efficiency to create nanoparticles. The amount of
ZnO/PVP ratio to the synthesis of ZnO
nanoparticles is investigated in some studies [70-
72].

Irradiation time: According to Figure 6-d,
since the irradiation time goes up, the removal
percentage enhances, which is a natural
occurrence; because more time is available to the
zinc oxide catalysts to remove the methylene blue
pollutant. In general, the effect of the important
parameters affecting the photocatalytic process in
the removal of different dyes is given in other
researches [73-75].
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Figure 6. Effect of each variable on dye removal efficiency

3.2. Simultaneous effect of variables on dye
removal efficiency

The simultaneous effect of pH and dye
concentration is shown in Figure 7-a. In the
condition of constant irradiation time, constant
ZnO/PVP ratio, light intensity equal to 30 watts,
and time equal to 21.5 minutes, as expected, by a
decrease in dye concentration, the removal percent
improves. In addition, with the increase in pH, the
ability of nanoparticles to remove the pollutant and
finally the removal percentage increases (as
reported by [66]). Based on the results, it has the
best removal efficiency at pH=8 and a pollutant
concentration of 15 mg/L. According to Figure 7-b
(the effect of both dye concentration and ZnO/PVP
ratio), decreasing both dye concentration and
ZnO/PVP ratio causes an increase in dye removal
(in constant irradiation time and light intensity of
30 watts). How the dye concentration works in the
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photocatalytic process was explained in the
previous section. This positive and direct impact
has also been observed in another research [76].
The maximum amount of dye removal occurred in
a dye concentration of 15 mg/L and ZnO/PVP ratio
of 17. To investigate the concurrent effect of pH
and ZnO/PVP ratio, the other variables like
irradiation time and light intensity were kept
constant. It is obtained that in similar conditions,
increasing the pH and decreasing the ZnO/PVP
ratio improve the dye removal amount (Figure 7-
¢). The highest removal efficiency was related to
pH=8 and ZnO/PVP ratio equal to 17. About the
effect of irradiation time and ZnO/PVP ratio
simultaneously, it was observed that by bypassing
the time and increasing the ZnO/PVP ratio, the
removal efficiency was raised. So, an irradiation
time of 50 minutes and a ZnO/PVP ratio equal to
17 resulted in the best situation of dye removal



Khataei et al.

(displayed in Figure 7-d). In constant pH and
ZnO/PVP ratio, the effect of both variables of time
and dye concentration was evaluated and shown in
Figure 6-e. Based on that, irradiation time and dye
concentration have positive and negative effects on
the removal efficiency, respectively. Therefore, a
time of 50 minutes and 15 mg/L dye led to the best

Degradation efficiency (%)

Degradation efficiency (%)

Degradation efficiency (%)

B: time (min)

(e)

3.3. Interaction between variables

Figure 8-a shows the decreasing and increasing
effect of irradiation time and acidity variables, on
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removal efficiency. Figure 6-f represents the
concurrent effect of irradiation time and pH at
constant dye concentration and ZnO/PVP ratio. In
this way, increase in both time and pH results in an
improvement in dye removal. The best conditions
were obtained at pH=8 and 60 minutes.

Degradation efficiency (%)

Degradation efficiency (%)

B: time (min)

D: D:ZnO/PVP ratio ( mg/L) (mg/

e ¢:"“’o“c‘:“o‘:‘
SO SSSIS
S5

S0
LR Sos
SO “\
SO
OSSO
S

Degradation efficiency (%)

®

Figure 7. Simultaneous effect of variables on dye removal efficiency

each other's efficiency in dye removal. Based on
that, by increasing the time, the effect of acidity on
the removal percentage decreases. While,
according to Figure 8-b, an increase in dye
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concentration leads to an increase in the effect of
irradiation time on the removal efficiency. In
continuing, decreasing and increasing the effect of
the ZnO/PVP ratio and time on each other's
removal efficiency is presented in Figure 8-c. By

Interaction

100

B: time (min)

90_|
80_|
0 T

60 |

Degradation efficiency (%)

so| T

40 |
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increasing the ZnO/PVP ratio, no variation is
observed in the effect of irradiation time on dye
removal. Thus, no interaction between the above
variables was resulted.

Interaction

100

C: MB cons (mg/L)

90_|

80

70

60 |

Degradation efficiency (%)

50_|

40

30 35 40 45 50

B: time (min)

(b)

Interaction

100 |

%0 _|

80

70

60

Degradation efficiency (%)

50|

40 _]

D: D:ZnO/PVP ratio ( mg/L) (mg/L)

B: time (min)

(c)

Figure 8. Interaction between variables

3.4. Suggested model, optimum condition, and
validation of the model

The proposed model by software is presented in
Equation (6).

Degradation efficiency (%) = -13.94+ 6.71 pH+ 2.26 time+ 0.51 MB conc.-0.12 ZnO/PVP ratio -0.10 pH *
time- 0.02 time * MB conc.- 0.0077586206896552 time * ZnO/PVP ratio

(6)

In the resulting model, R* and p-value of the
model were obtained at about 0.9026 and <0.0001
(significant) respectively, which confirms the
validity of the proposed model. Also, the lack of fit
of the model is statistically insignificant (> 0.05),
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approving the compatibility of the suggested model
with the experimental data. Figure 9 shows the
accuracy and validity of the proposed model by
RSM. In that, the predicted amount of response by
the suggested model of RSM is displayed versus
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the actual amount of response by the experiments.
The proximity and accumulation of the predicted
points to the inclined line (which represents the
actual value obtained from the designed
experiments) indicate the effectiveness of the
model for predicting the behavior of the response
variable. By the results, the amount of affecting
parameters on removal efficiency of dye under
optimal conditions was obtained as pH=6.5,
irradiation time of 60 minutes, dye concentration of
20 mg/L, and ZnO/PVP ratio of 33.67. In this way,
the maximum amount of response (removal
efficiency of dye) was achieved at about 91.7%. It
should be noted that these conditions were checked
through the confirmation test and the validation of
the model was evaluated and confirmed.

In continue, the resulting optimum conditions
have been compared with other studies by
application of various nanoparticles in the
photocatalytic treatment of dyes (summarized in
Table 3) in which, the efficiency of the synthesized

Journal of Mining & Environment, Vol. 16, No. 1, 2025

ZnO nanoparticles in removing the methylene blue
has been well demonstrated.

Predicted vs. Actual

100

90

80 _|

70

Predicted

60 _|
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Figure 9. Predicted vs. actual amount of response
variable

Table 3. The comparison of obtained results with other studies

No. Nanoparticles Dye Conditions Removal efficiency Ref.
1  ZnO methylene blue 60 minutes 90% [20]
2 N-Agdoped on ZnO methylene blue 135 minutes 53% [52]

methylene blue 10 mg/L dye, 1g/L ZnO/Eu, 89%
3 ZnO/Eu methyl orange 145 minutes, ZnO/Eu (1-10%) 93% [53]
4 ZnO rhodamine B membrane filtration, 90 min 96% [54]
5 TiO2 azo dye 50 mg/L dye, 9.5h 69.7% [26]
. methylene blue 20 mg/L methylene blue 97%
6 ZnFe:0y/ZnO/perlite 4-nitrophenol 10 mg/L 4-nitrophenol 67% [35]
7  Mgdoped on ZnO methylene blue 120 minutes 98% [56]
methylene blue 60 min 100%
8 ZnO methyl orange 180 min 85% [77]
Rhodamine B 180 min 92%
9 Ag methylene blue 100 mg/L dye, 180 min 96.5% [78]
methylene blue 150 min 98%
10 MgO rhodamine B 180 min 94% [79]
11 TiO2 acid orange 9.5h 89% [30]
15
12 TiOs methylene blue 331107 M ¥ 96.6% [27]
13 ZnO methylene blue 60 min 91.7% Present study

3.5. The kinetics of the photocatalytic process

The

reaction kinetics

provides

valuable

information about the rate and mechanism of the
reaction that indicates the degradation of
contaminants to the products. To determine the
most appropriate kinetic model for the data of the
photocatalytic process, three types of zero-order,
first-order, and second-order kinetic equations
were used in optimal conditions. The relations
governing the considered reaction are presented in
Equations (7) to (9) [80].
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where ko (mol.L'.min"), ki (min™), and k
(L.mol " .min™") are the reaction rate constants of the
zero-order, first-order and second-order reaction,
respectively; Co is the initial concentration of dye;
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C: is the residual concentration of dye at time t
(min). K was obtained by plotting the relationship
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and second-order reaction as shown in Figure 10.
Furthermore, the obtained amount of reaction rate

between the initial concentration and the constant (k) and correlation coefficient (R?) related
concentration at a given irradiation time of to investigated reactions are summarized in Table
methylene blue against the irradiation time 4.

assuming the relations of zero-order, first-order,
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Figure 10. Kinetic models of photocatalytic dye removal based on (a) zero-order, (b) first-order, (c)
second-order reaction

Table 4. The obtained coefficients of kinetic models

No Rate of reaction k R?
1 Zero-order reaction ko=0.1566 0.9525
2 First-order reaction ki=0.0384 0.9032
3 Second-order reaction k2=0.0112 0.8013

As a result, the photocatalytic process of
removing methylene blue dye using ZnO
nanoparticles is more consistent with the zero-
order kinetic model (Figure 10-a) by a higher
correlation coefficient value (R*=0.95). A similar
study using a photocatalytic process by TiO, and
ZnO nanoparticles to remove organic dyes reported
the process compliance with a zero-order kinetic
model [81]. On the other hand, by comparison of
first-order and second-order kinetic,
photodegradation reaction followed the first-order
kinetic model in better accordance (by comparing
Figures 10-b and 10-c, and related correlation
coefficients). This result was also achieved in other
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studies on acid blue 113 dye removal by a
photocatalytic process using zinc oxide-kaolin
nanocomposite [82] as well as rhodamine B and
methylene blue dye removal by MgO nanoparticles
[79].

4. Conclusions

The growth of factories, the industrialization of
human life, and the extensive use of industrial
colors have caused an increase in colored
wastewater and consequently environmental
pollution. Discharging wastewater containing the
aforementioned  dyes, which are often
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carcinogenic, is a grave threat to living organisms.

In addition, these wastewaters have low
degradability and high toxicity. Methylene blue
dye is a common dye used in textile, rubber, paper,
leather, and pharmaceutical industries. Already
many methods such as adsorption, and chemical
and biological oxidation have been employed for
pollutant removal from wastewater. Additionally,
new methods like membrane separation
technologies and photocatalytic processes are more
applicable.  However, nanomaterials have
widespread usage in wastewater treatment due to
their features of being biodegradable, non-toxic
and having excellent water purification
capabilities. Zinc oxide nanoparticles are also an
abundant, relatively cheap (according to the used
synthesis method), and very low toxicity substance
that has wide applications in the photocatalytic
process. Thus, in this research, by using
synthesized ZnO nanoparticles, the decomposition
of methylene blue dye is investigated during the
photocatalytic process. To achieve this objective,
effective parameters in removing methylene blue
dye were considered as the mixing ratio of
nanoparticle components, pH, irradiation time, and
methylene blue concentration to investigate the
optimal conditions and improve the performance of
the photocatalytic process. The results showed that
solution pH is one of the most effective parameters
in the removal of dye. Since ZnO nanoparticles
have performed better for the removal process in
the alkaline solution. 30 watts power range of UV
lamp is suitable for photocatalytic treatment of dye.
The maximum removal efficiency (91.7%) of the
purification process was obtained at optimum
conditions such as pH=6.5, irradiation time of 60
minutes, initial dye concentration of 20 mg/L, and
zinc acetate to PVP ratio of 33.67. This result also
showed that the photocatalytic treatment of
methylene blue using ZnO nanoparticles is more
consistent with the zero-order kinetic model by
0.95 correlation coefficient. Accordingly, the
results contribute to the improvement of effective
and useful treatment strategies specifically
photocatalytic processes in dye and other organic
contaminant removal. In future studies, other
methods for synthesizing zinc oxide nanoparticles
could be investigated.
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