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In this study, TiO2/Ag nano photocatalyst was synthesized by sol-gel method 
and used for degradation of Chloridazon (CLZ) in aqueous media. The prepared 
catalyst was characterized using powder X-ray diffractometry (XRD), Fourier 
transform infra-red (FTIR), and field emission scanning electron microscopy (FE-
SEM) techniques. The Crystallite sizes of pure TiO2 and Ag/TiO2 nanoparticles 
were 20 and 60 nm, respectively. The Central Composite Design (CCD) was 
employed for experimental design and statistical analysis of independent 
operational parameters.  According to the results of Response Surface 
Methodology (RSM) plots of Design-Expert software, the optimal conditions 
for each critical variable were as the follows: time at 113 min, pH at 6.8, 
initial concentration of CLZ at 40 mg/l, and catalyst concentration at 0.83gr/l. 
The maximum effectiveness in the experimental and predicted CLZ removal 
was 94.2 and 93.5%, respectively. The outcomes of Analysis of variance 
(ANOVA) demonstrated high determination coefficient quantities (R2 = 0.9997, 
Predicted R2=0.9989, and Adjusted R2=0.9994) which validated the reliability 
of the second-order regression model.
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INTRODUCTION 
Because of the widespread and extreme 

applications, pesticides are considered highly used 
micropollutants which are applied for eliminating 
different types of insects and weeds to inhibit plant 
diseases. Even though the major objective of the 
application of pesticides is increasing the efficiency 
of agricultural products, the presence of different 
environmental and human-related adverse effects 
due to their application is inevitable. According to 
the various types of pesticides and their half-life, 
they remain, collect and convey to water and soil for 
long time. The water-solubility, poisonous nature, 
and low biodegradability of pesticides can result in 

ecological contamination because of penetration 
into both groundwater and surface water. Generally, 
water sources that are in proximity of agricultural 
regions include relatively high concentrations of 
pesticide residuals, as a result, application of such 
water sources can likely pose significant hazards to 
human beings [1-2].

One of the well-known pesticides related to the 
pyrazinone category is chloridazon (5-amino-4-
chloro-2-phenyl-3(2H)-pyridazinone). In order to 
fight against the broad-leaved weeds of beet cultivars 
as a barricade to the photosynthesis process after 
and before planting the sugar beets, chloridazon 
is utilized. Due to the inadequate octanol-water 
partitioning coefficient (Kow) and significant organic 
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carbon-water partitioning coefficient (Koc) of CLZ, 
it can readily transfer to different environments. 
As a result, CLZ possesses a significant capacity to 
penetrate into both groundwater and surface water 
sources [2]. However, chloridazon elimination 
from water has not been exhaustively investigated. 
In limited explorations, for the elimination of 
CLZ, ozonation [3], photolysis with TiO2 [4], and 
adsorption [5] have been used and the elimination 
effectiveness was completely different, varying 
from 5% to 100%. Moreover, except Azaari et 
al. [6] who studied the feasible side-products of 
CLZ decomposition throughout photolysis with 
TiO2, the aforementioned areas are not adequately 
explored. Hence, additional investigation of CLZ 
elimination from water resources is essential. 
Lately, different explorations suggested that 
advanced oxidation processes (AOPs) are highly 
effective approaches for the remediation of 
different pesticide-driven wastewater sources. 
These processes are remarkably dependent upon 
the generation of non-selective and powerful OH• 
radicals by decomposition of H2O2 which can 
effectively treat wastewaters. In comparison with 
biological and chemical methods, AOPs not only 
do not generate significant quantities of sludge but 
also are not based on phase-changing approaches, 
hence can completely and effectively minimalize 
different types of recalcitrant contaminants [7-8].

Although using simple photocatalysts such as 

TiO2 has many benefits, however, the electron-
hole recombination is a disadvantage of TiO2 
nanoparticles during organic materials degradation 
lead to the lower rate of photocatalysis. The 
photocatalytic efficacy of nano TiO2 for degradation 
of organic pollutants could be increased by 
depositing metal ions onto TiO2 surface. It has 
proven that the electron-hole recombination 
limitation of TiO2 nanoparticles within the 
degradation of organic materials can be reduced 
by decorated silver (Ag) nanoparticles over the 
surface of TiO2. Photo deposition, hydrothermal, 
co-precipitation, sol-gel, and impregnation are 
some of the methods which have been used for 
synthesizing silver-doped TiO2 with various 
morphologies [9-11]. Each synthesizing approach 
has certain pros and cons regarding its preparation 
process and operational efficiencies. The variation 
in the photocatalytic activity of Ag/TiO2 produced 
by various approaches can originate from thermal 
remediation throughout the photocatalyst 
preparation, dosage of silver loading in the ultimate 
photocatalyst, nanometer-scale particle size, and 
the oxidation state of silver on the titanium dioxide 
surface [12-13]. Chen et al. [14] synthesized Ag@
TiO2 nanocomposite for degradation of Rhodamine 
B. The obtained results indicated the higher 
photocatalytic efficiency of Ag@TiO2 composite 
compared to TiO2 nanoparticles. Ag-modified TiO2 
photocatalyst has been used for the degradation 

Table.1. properties of chloridazon. 

 

 

  

Table.1. properties of chloridazon.
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of Indigo carmine under visible light irradiation 
[15]. Khanna and Shetty [16] synthesized Ag/
TiO2 core-shell for degradation of azo dyes. Tahir 
et al. [17] evaluated the capacity of Ag/TiO2 nano 
photocatalyst for degradation of methylene blue. 
Results exhibited that 90% of methylene blue was 
degraded within 40 min of irradiation along with 
Ag/TiO2 composite. Leong et al. [18] enhanced the 
degradation efficiency of TiO2 nanoparticles toward 
amoxicillin and 2,4-dichlorophenol by deposition 
of Ag nanoparticles onto the 100% anatase TiO2 
surface. However, there is no study about the 
application of Ag/TiO2 nano photocatalyst for the 
degradation of CLZ in an aqueous environment.  

In this work, the TiO2/Ag nano photocatalyst 
was prepared and characterized using XRD, FE-
SEM, and FT-IR, techniques and it was applied 
for the degradation of CLZ. The CCD, as one of 

the most popular branches of RSM, was employed 
to explore the influence of four independent 
parameters including treatment time, pH, initial 
concentration of CLZ, and concentration of 
photocatalyst on the efficiency of CLZ removal. 

EXPERIMENTAL 
Materials

Titanium tetraisopropoxide (TTIP, 98%), 
Sodium citrate tribasic dihydrate (C6H5Na3·2H2O, 
were purchased from Aldrich. Silver nitrate 
(AgNO3), nitric acid (HNO3), ethanol, sulfuric acid 
(H2SO4, 99%) and sodium hydroxide were supplied 
from Merck. Titanium dioxide P25 Degussa 
(99.5%) was supplied from Nippon Aerosil Co. Ltd.  
from Osaka, Japan. 

The chloridazon pesticide is supplied from the 
product Pyrazon commercially, containing 65% of 

 
Fig.2. XRD patterns of (a) TiO2 nanoparticles, and (b) TiO2/Ag nanocomposite. 
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Fig. 2. XRD patterns of (a) TiO2 nanoparticles, and (b) TiO2/Ag nanocomposite.

 
Fig.1. FT-IR Analysis of TiO2 and TiO2/Ag nano photocatalyst. 

  

5001000150020002500300035004000

In
te

ns
ity

(a
.u

)

Wavenumber(cm-1)

TiO2

TiO2/Ag3400

1696

1637

1130

Fig. 1. FT-IR Analysis of TiO2 and TiO2/Ag nano photocatalyst.
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chloridazon as an active compound. The physical 
and chemical characteristics of chloridazon are 
shown in Table 1(Bike Ulu et al., 2020).

Synthesis of nanosized TiO2/Ag 
Methodology and synthesizing conditions are 

two main parameters that substantially determine 
the photocatalytic efficiencies of Ag/TiO2 
nanoparticles. Following are the major stages in the 
sol-gel method: (a) converting the alkoxides to metal 
hydroxides through using hydrolysis, (b) formation 
of gels by condensation process, and (c) drying to 
achieve Ag/TiO2 photocatalyst. Typically, titanium 
tetrachloride (TiCl4), tetrabutyl orthotitanate 
(TBOT), or titanium tetraisopropoxide (TIP) are 
titanium precursors, which combined with silver 
precursor (generally silver nitrate), accompanied 
by low temperature (less than 100 °C) hydrolysis. 
To provide homogeneous properties, the pH value 
should be monitored and regulated continuously 
during the synthesis process. Usually, for additional 
crystallization, some calcination process at high 
temperature is required because the sol-gel 
method commonly generates low crystalline or 
amorphous Ag/TiO2 nanoparticles [19]. Ag/TiO2 
photocatalysts can be produced by the following 
equations (ethanol was utilized as solvent):

Ti(OH)4 + C2H5O − Ag → Ti(OH)3 − Ag + C2H5OH      (1) 

  
                                                                                 (1)

                                                                                 (2)4Ti(OH)3 − Ag + O2 → 4TiO2 − AgNP + 6H2O              (2) 

  The TiO2/Ag nanoparticles were synthesized by 

a sol-gel method including a reduction agent. Silver 
nitrate and Titanium tetraisopropoxide were used 
as precursors of silver and titanium, respectively.

Sodium citrate tribasic dihydrate was applied as 
a reduction agent, and distilled water was employed 
in the tests. In a sealed four-way flask, about 2.0 
mmol of AgNO3 was mixed with 500mL of sodium 
citrate solution (4.0 mmol/L), and with continuous 
stirring, the temperature of the reaction was 
increased to 80 ◦C. The color of the solution was 
detected to switch from colorless to violet-brown 
signifying the reduction of silver. Formerly, 0.15 
mol HNO3 and 1 mol titanium tetraisopropoxide 
were added to the solution, and for 24 h it was 
continued at 50 ◦C to acquire TiO2/Ag sol. The 
obtained sol was dried at 105 ◦C for 24 h and then 
it was calcined in the air between 300 and 700 ◦C 
for 2 h.

Batch photoreactor
As described in the previous work [20], the 

batch glass reactor with 25 cm in wide, 50 cm in 
length and 7 cm in height was used. The air was 
bubbled from the bottom into the reactor through 
a sparger. In all tests, the aeration rate was constant 
and uniform, and the magnet was placed in the 
middle of the reactor to stir the solution. Around 
the reactor was completely covered with insulation 
to prevent penetrating UV lights to outside. In 
addition, due to the high surface of the reactor 
and its low height, it was possible to diffuse oxygen 
uniformly throughout the reactor.

The conditions for all sampling were the same, 

 
Fig 3. The SEM images of TiO2/Ag catalysts. 

  

Fig. 3. The SEM images of TiO2/Ag catalysts.
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and all the solutions were exposed to ultraviolet
light without having a dead zone. The catalyst 

particles were suspended and slightly settled by 
stirring and aerating. The ultraviolet light source is 
a UV lamp from Philips Company in Holland with 
a length of 43 cm, a diameter of 2 cm, and a power 
of 15 w. This lamp is of low mercury pressure type. 
The lamp was placed horizontally above the reactor 
for the uniform radiation of the solution. The 
distance from the lamp to the surface of the reactor 
solution was 20 cm. The pH was adjusted by NaOH 
or HNO3 (0.1 M) solution by PT-10P Sartorius pH 
meter.  

Characterization tests
The structure of TiO2 and TiO2/Ag 

nanoparticles were recorded using X-ray powder 
diffraction (XRD) on a Philips instrument (X’pert 
diffractometer using CuKα radiation) at 25°C with 
a scanning speed at 0.03° (2θ) s−1. 

 The morphology of the nano photocatalyst was 
characterized by FE-SEM (MIRA3TESCAN-XMU, 
FE-SEM) after gold coating. The concentration of 
CLZ was tested by HPLC technique Shimadzu, 
LC-20A Prominence, Japan with C18 column (250 
mm × 4.6 mm), LC-20A solvent delivery unit, 
CBM 20A system controller, SIL 225 nm UV-VIS 
detector and 20A auto-sampler. Acetonitrile and 
ultra-pure water mobile phases were applied at 35% 
and 65% rates, respectively, with a fixed flow rate at 
1 mL/min.

RESULTS AND DISCUSSION 
FT-IR Analysis of TiO2 and TiO2/Ag nano 
photocatalyst

The molecular structure of the synthesized 
catalyst was characterized by FTIR spectra. The 
infrared spectrum of Ag/TiO2 is measured by 
Perkin-Elmer FT-IR spectrophotometer with KBr 
pellets and illustrated in Fig. 1. As illustrated, the 

spectrum demonstrates the TiO2 sample. The peak 
of Ti-O vibration is shown in the range of 4000-
500 cm-1. The peaks at 3400 cm-1 and 1637 cm-1 
are related to O-H tensile and bending vibrations, 
respectively [21].

XRD results 
The XRD patterns of synthesized TiO2 and 

TiO2/Ag 0.8 wt. % catalysts are demonstrated in 
Fig. 2. The peaks at 2θ = 24.8◦, 37.3◦, 48.2◦, 54.4◦, 
56.3◦, 63.0◦, 70.5◦, and 75.6◦ correspond to the 
anatase phase of the TiO2 nanoparticles [22]. 

The diffraction peaks at 2θ = 38.1◦, 44.3◦, 64.4◦, 
and 77.4◦ planes with face-centered cubic (FCC) are 
attributed to the Ag (JCPDS no 04-0783) [23]. But, 
the Ag/TiO2 containing 0.8 wt. % did not show any 
peak that recommended Ag, because of its lower 
concentration. 

The XRD patterns imply that the increasing 
silver content not only changes the crystalline 
size of the ultimate product but also accelerates 
titanium dioxide phase transfer from anatase 
to rutile. Rising the dopant dosage results in 
increasing the crystallite sizes. In addition, based 
on the outcomes, because of the grain-boundary 
pinning produced by dopant ions, 0.8 % of doped 
silver content might be optimal, which can regulate 
the development of crystallite and accumulation. 

Moreover, based on XRD patterns, in contrast 
to bare titanium dioxide, which demonstrated 
the existence of both rutile and anatase phases, 
silver doping improves the anatase stability which 
is observed only in the XRD results of Ag/TiO2 
nanoparticles.

The XRD patterns of silver-doped TiO2 
photocatalyst annealed at 500 °C and proved the 
presence of anatase phase with no impurity in 
Ag or AgNO3 phases and validated the absolute 
doping of silver in titanium dioxide. Moreover, it 
was detected that the crystallinity of silver-doped 

Table 2. Independent variables according to the CCD. 

 

  

Table 2. Independent variables according to the CCD.
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TiO2 nanoparticles advanced with annealing 
temperature. 

The crystal phase of the sample was recognized 
using XRD as shown in Fig. 2. The major phase of 
the synthesized nano photocatalyst is anatase. 

The Crystallite size of pure TiO2 was 20 nm, 
while the dimensions of Ag/TiO2 nanoparticles 

were reported at about 60 nm.
The average crystalline size was achieved from 

the expansion of the main intense peak of anatase, 
by the Scherrer equation (Eq.3). The crystallite 
sizes (d) of synthesized nanoparticles were 
considered using the Scherrer formula, where λ is 
the wavelength of CuKα, θ is the Bragg’s angle, and 

 

  

Table 3.  Design of experiments for each condition with their response (CLZ removal).
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β is the full width at half maxima of the diffraction 
peaks. 

𝑑𝑑 = 0.9λ
β cosθ                                        (3) 

  

                  (3)

SEM results 
The SEM image was employed to characterize 

the shape, size, and morphologies of the formed 
nanoparticle clusters. It displays the non-uniform 
aggregation of the Ag/TiO2 nano photocatalyst, 
which results in a high surface area. The SEM images 
of the prepared Ag/TiO2 nano photocatalyst are 
presented in Fig. 3. The SEM images of synthesized 
nanoparticles confirmed the homogenous spherical 
structure of TiO2/Ag nanoparticles with a slightly 
aggregation of nanoparticles.

Experimental design
Typically, for the interpretation of complicated 

experimental designs, polynomial regression 
models are used. Since these models can 
appropriately extrapolate data besides offering 
simple functions for the prediction of variables. 

In the conditions where correlations between the 
variables and response values are obvious, through 
the application of regression models, the results 
must be statistically analyzed.

The CCD was employed to study the effect 
of initial concentration of CLZ ( ), catalyst 
concentration (B), pH(C), and the treatment 
time on the removal of CLZ. The range of input 
parameters is shown in Table 2. 

The CCD comprised axial points ( 𝑛𝑛𝐴𝐴 = 8 𝑟𝑟𝑟𝑟𝑛𝑛𝑟𝑟  

  

) 
at distance α from the central point, a replicated 
central point ( 𝑛𝑛𝐶𝐶 = 7 𝑟𝑟𝑟𝑟𝑛𝑛𝑟𝑟  

  

), and factorial points 
( 𝑛𝑛𝐹𝐹 = 16 𝑟𝑟𝑟𝑟𝑛𝑛𝑟𝑟  

  

) from a full 24 factorial design. A 
value of 𝛼𝛼 = (𝑛𝑛𝐹𝐹)

1
4 = 2  , was taken to make the 

design rotatable [24]. 
To study the appropriateness of the model and 

evaluate the experimental error, replicates were 
used. Normally, the experimental design comprises 
30 runs (Table 3) in random order to minimize the 
effects of inessential variables on the response. 

In this study, the Design-Expert software 
version 10, (Stat-Ease Incorporation, USA, MN) 
was utilized for analyzing the experimental 

 
Table 4.  ANOVA tests in the removal of CLZ by TiO2/Ag photo catalysts. 

 
 

Table 4.  ANOVA tests in the removal of CLZ by TiO2/Ag photo catalysts.
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outcomes. For the prediction of response (Y) the 
polynomial equation (Eq.4) was recommended by 
the software as a function of independent variables. 

𝑌𝑌 = 𝛽𝛽0 + ∑ 𝛽𝛽𝑖𝑖4
𝑖𝑖=1 𝑥𝑥𝑖𝑖 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖24

𝑖𝑖=1 + ∑ ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑖𝑖4
𝑖𝑖=1,𝑖𝑖<𝑖𝑖

4
𝑖𝑖=1                                    (4) 

  

 (4)

Table 3 demonstrated the experimental 
outcomes for independent variables and the 
response values. Where,  is a constant coefficient, 

 coefficient of linear effect,  is the coefficient of 
quadratic or squared effect,  is representing the 
coefficient of interactions effect, xi is the coded 
independent parameters and Y is the response 
value. 

If there is a relation between the factors and 
response, the achieved data should be analyzed 
statistically by regression.

Analysis of variance (ANOVA)
For investigation and optimization of 

influential major parameters on the CLZ removal 
effectiveness, the response surface methodology 
(RSM) was used. As was shown in Table 4, the 
ANOVA results were used to explore the interaction 
between each independent variable and response. 
As it was depicted in the ANOVA Table, the model 
p-value was determined at 0.05. The F-value is an 
indication of model significance. In the conditions 
where the calculated F-value is higher than F-value, 
the p-value will be remarkably decreased which 
implies the model significance. According to the 
ANOVA results, the F-value of 167.06 confirmed 
that the model is highly robust towards the effect of 
noise. In other words, the feasibility of happening 
such a large F-value due to noise is only 0.01% [25]. 

 
(a) 

 

 
(b) 

Fig.4. a) Contour plot, and b) 3-D plots, for the influence of catalyst and CLZ concentration on CLZ degradation 

through TiO2/Ag catalyst. 
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Fig.4. a) Contour plot, and b) 3-D plots, for the influence of catalyst and CLZ concentration on CLZ degradation 

through TiO2/Ag catalyst. 

  

Fig. 4. (a) Contour plot, and (b) 3-D plots, for the influence of catalyst and CLZ concentration on CLZ degradation through TiO2/Ag 
catalyst.
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As a widely accepted criterion, the p-values lower 
than 0.05 are an indication of the significance of 
that term. In the current work, A, B, C, D, AB, CD, 
AC, BD, A², B², and C² are significant model terms 
and in contrast AD, CD, and BD are considered as 
insignificant model terms because their p-values go 
beyond mentioned criterion. When there is a lot of 
insignificant model terms (except those required to 
maintain the hierarchy of the model), the reduction 
can improve the efficiency of the model.

The Model F-value of 3608.76 indicates the 
model is highly significant and the possibility of 
occurring such a large F-value because of noise is 
only 0.01%. In the current study, A, B, C, D, AB, 
AD, CD, A², B², C², D² are significant model terms 
because they have p-values less than 0.05. Also, 
p-values higher than 0.1 imply that model terms 

are insignificant. In the case of many insignificant 
model terms (without considering those terms 
which must be present for maintaining model 
hierarchy), for enhancing statistical parameters of 
the model, the model reduction would be a suitable 
approach. The “Lack of Fit” is the quantity that 
the model predictions miss the observations. It is 
measured by comparing residual error with pure 
error from the replicated design points, which 
usually are the central points in the experiment. 
If the lack of fit value goes beyond F-value, it is 
implied that there is a fault in the lack of fit, and as a 
result the regression model needs improvement. In 
this vein, the F-value of lack of fit at 0.58 indicates 
that the lack of fit is significant and the possibility 
of occurring such a large F-value for lack of fit is 
78.27% because of noise. Always, insignificant lack 

 
(a) 

 

 
(b) 

Fig.5. a) Contour plot, and b) 3-D plots, for the influence of treatment time and CLZ concentration on CLZ 

degradation through TiO2/Ag catalyst. 
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Fig.5. a) Contour plot, and b) 3-D plots, for the influence of treatment time and CLZ concentration on CLZ 

degradation through TiO2/Ag catalyst. 

  

Fig. 5. (a) Contour plot, and (b) 3-D plots, for the influence of treatment time and CLZ concentration on CLZ degradation through 
TiO2/Ag catalyst.
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of fit values is desirable. 
The Adj.R² of 0.9994 and the Pred.R² of 0.9989 

are in good harmony with each other because their 
difference is less than 0.2. The signal-to-noise ratio 
was calculated by adequate precision and a ratio 
higher than 4 is favorable. The adequate precision 
of 217.009 demonstrates a proper quantity of 
signal. As a result, this model can be utilized for 
the navigation of experimental design space. To 
anticipate response values for particular levels of 
each parameter, the coded equation can be utilized. 
The high and low levels of each variable are coded 
by +1 and -1, respectively. Through a comparison 
of coefficients of each variable, their relevant effect 
on the response can be recognized. 

Moreover, because increasing the values 
of the sum of squares results in an increase in 
the significance of parameters as a result, for 
determining the significance of a given variable, 
the sum of squares must be explored [26]. Based on 
the outcomes, Eq.5 was presented the anticipated 
response equation (second-order polynomial).

                                                                              (5)removal of clz(%)= +77.52 - 15.71A+ 5.02B - 1.13C 
+ 15.25D - 1.49AB - 0.2187AC - 3.07AD - 0.1812BC + 
0.2688BD + 0.3688CD - 7.78A2 - 4.92B2 - 3.14C2 - 10.77D2                                 

Moreover, through using the original units of 
each parameter for their given level in the actual 
equation, the anticipation of response values can 
be performed. Since coefficients are scaled to adapt 

 
 

(a) 

 

 
(b) 

Fig.6. a) Contour plot, and b) 3-D plots, for the influence of pH and catalyst concentration on CLZ degradation by 

TiO2/Ag photocatalyst. 
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(b) 

Fig.6. a) Contour plot, and b) 3-D plots, for the influence of pH and catalyst concentration on CLZ degradation by 

TiO2/Ag photocatalyst. 

 
  

Fig. 6. a) Contour plot, and b) 3-D plots, for the influence of pH and catalyst concentration on CLZ degradation by TiO2/Ag 
photocatalyst.
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the units of each variable, the actual equation 
cannot be utilized to ascertain their effect on the 
response [27].

Effect of initial concentration of TiO2/Ag
The influence of TiO2/Ag dosage on CLZ 

degradation is shown in Fig. 4. As shown, the CLZ 
degradation percentage was improved to some 
extent and after that, an increase in catalyst dosage 
did not change the degradation efficacy notably. 
Enhance in catalyst dosage increased the interaction 
between catalyst and chloridazon herbicide which 
increased the degradation efficiency of CLZ.

Therefore, the catalyst dosage at 0.83gr/l was 
selected as optimum catalyst dosage to remove CLZ 

 

(a) 

 

 
 

(b) 
Fig.7. a) Contour plot, and b) 3-D plots, for the influence of treatment time and catalyst concentration on CLZ 

degradation through TiO2/Ag catalyst. 
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(b) 
Fig.7. a) Contour plot, and b) 3-D plots, for the influence of treatment time and catalyst concentration on CLZ 

degradation through TiO2/Ag catalyst. 
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TiO2/Ag catalyst.

in synthetic wastewater. 
The influence of silver dosage on the ultimate 

characteristics of the Ag/TiO2 nanocatalyst was 
explored by Mogal et al. [28]. Using a single-
step sol-gel route through dissolving Ag and Ti 
precursors with ammonia and methanol, the silver-
doped TiO2 nanoparticles with 0.8 wt % of silver 
were synthesized. 

Influence of initial CLZ concentration
The influence of CLZ initial concentration on 

the degradation of CLZ using TiO2/Ag catalyst is 
illustrated in Fig. 5. As shown, the time needed 
for complete degradation of CLZ using TiO2/
Ag catalyst was increased with increase in initial 
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CLZ concentration. Furthermore, enhancement 
in CLZ concentration results in a decrease 
in the degradation rate of the CLZ. In higher 
concentrations of CLZ, due to the limited number 
of requirements of reactive species for reaction 
with CLZ, more time was needed for complete 
degradation of CLZ. Further increase in pollutant 
concentration led to a decrease in degradation 
efficiency.

As the concentration of CLZ increased, more 
pesticide molecules reacted with available active 
sites consequently, the degradation rate increased. 
But the high concentration of CLZ, acts as a filter for 
the incident light, which decreases the formation of 
hydroxyl radicals, and subsequently degradation 
efficiency [29].

Effect of initial pH on degradation of CLZ 
In an aqueous medium, the adsorbent 

capacity is influenced by pH via changing the 
surface properties of the adsorbent. The rate of 
photocatalytic degradation of CLZ was slightly 
higher in the neutral and slightly acidic pH range as 
shown in Fig. 6. This behavior is due to the increase 
in the photocatalytic degradation rate due to the 
improved availability of hydroxyl radicals. The 
adsorption on Ag-TiO2 is due to surface features 
and reactivity mainly originating from the surface 
hydroxyl groups. 

The effect of pH on CLZ degradation using TiO2/

Ag photocatalysts in the range of 3 to 9 is shown 
in Fig. 6. As shown, the maximum degradation of 
CLZ occurred at pH of 6.8 using TiO2/Ag catalysts. 
Chloridazon has a pKa= 1.  At pH above 1, the 
chloridazon herbicide has a negative charge.  On 
the other hand, the point of zero charges (PZC) 
of TiO2/Ag catalyst is about 6 [30]. Therefore, the 
positive holes are considered as the main oxidation 
stage at pH lower than 6, while hydroxyl radicals 
are considered as the principal species at pH upper 
than 6 [31]. The pH of 6.8 is considered as an 
optimal pH value in CLZ degradation. 

Influence of treatment time on degradation of 
chloridazon 

The degradation time is a very important 
variable in designing the photocatalytic process. 
The influence of reaction time on degradation 
of CLZ using TiO2/Ag catalysts for 60 mg L−1 of 
initial CLZ concentration at 25oC is shown in Fig. 
7. It was clear that after 115 min, the active sites of 
catalyst were saturated, and then the degradation 
rate was reduced due to the adsorption of CLZ by 
intra-particular sites of TiO2/Ag catalysts. Almost 
the internal and external active sites of TiO2/Ag 
catalysts were saturated at the end of reaction.  

The synthesized TiO2/Ag particles were 
washed with distilled water and ethanol and 
reused three times for degradation of CLZ from an 
aqueous environment. The chloridazon removing 

 
Fig.8. Pareto chart for operational variables in CLZ removal. 

 

 

Fig. 8. Pareto chart for operational variables in CLZ removal.



135J. Nanoanalysis., 9(2): 123-136, Spring 2022

 M. Abdolkarimi, et al. / Degradation of Chloridazon in an Aqueous Environment

percentage did not significantly change after three 
times. The gained results showed the high capacity 
of TiO2/Ag catalyst in practical processes [32].  

The Pareto charts
An operative statistical-based technique to 

investigate the synchronized influence of parameters 
is RSM. The Pareto chart was analyzed to identify 
the significant variables that affect the response. 
The influences of experimental variables on the 
response at optimum conditions in contour plots 
and three-dimensional response surfaces (Figs.4-7) 
were envisioned thru Pareto charts (Fig. 8).

The graphical Pareto chart is performed to show 
the effect of each operative variable on the response 
and evaluated by the resulting equation (Eq.6). 

𝑃𝑃𝑖𝑖 = ( 𝑏𝑏𝑖𝑖2
∑𝑏𝑏𝑖𝑖2

) × 100                      (6) 

 

 

 

                                                                           (6)

The term bi signifies the effect of the numerical 
coefficient for each variable. The concentration of 
CLZ and pH were the significant parameters that 
impact the removal of CLZ. Other researchers 
attained parallel results via a Pareto chart [33].

CONCLUSION 
This study describes the synthesis of TiO2 and 

TiO2/Ag catalysts via the sol-gel method. The 
prepared catalysts were used for the removal of 
chloridazon along with UV irradiation. FE-SEM 
analysis showed the synthesis of uniform TiO2 and 
TiO2/Ag composite. The Crystallite size of pure 
TiO2 and Ag/TiO2 nanoparticles was 20 and 60 nm, 
respectively. The obtained results showed that the 
Ag/TiO2 nano photocatalyst had a higher efficiency 
in degradation of CLZ compared to TiO2.

The CCD was employed to study the removal 
of CLZ in an aqueous environment. The effect of 
four critical, independent parameters, including 
the initial concentration of CLZ, treatment time, 
pH, and catalyst dosage on the response has 
been explored. The optimal conditions for each 
critical variable were as the following: time at 113 
min, pH at 6.8, initial concentration of CLZ at 
40 mg/l, and 0.83gr/l of catalyst. The maximum 
effectiveness in the experimental and predicted 
CLZ removal was 94.2 and 93.5%, respectively. 
The outcomes of ANOVA demonstrated high 
determination coefficient quantities (R2 = 0.9997, 
Predicted R2=0.9989, and Adjusted R2=0.9994) 
which validated the reliability of the second-
order regression model. In order to interpret 

the influence of each parameter besides their 
interactions on each other, the contour and 3-D 
plots were utilized.  
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