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a b s t r a c t
In this paper, magnetic copper ferrite nano-particles (CuFe2O4, MNPs) are applied in the ozone/
potassium hydrogen monopersulfate (KMPS) system to degrade diazinon pesticide (DZN). To do 
so, the features of MNPs, the factors affecting the system, and the kinetic of the reaction are investi-
gated. In this matter, the KMPS/MNPs/ozone system is able to degrade 20 mg/L of DZN completely 
in 20 min under the conditions of 6 mg/L ozone, 0.6 g/L KMPS, 0.1 g/L MNPs in pH = 7. The obtained 
results pertaining to reusability and stability verify that MNPs can be utilized in this system under 
several times without losing its catalytic activity. Moreover, both KMPs and ozone increase copper 
and iron chelation. Various single, binary, and ternary systems of ozone/KMPS/MNPs are assessed 
in the DZN degradation. The effectiveness of the process is assessed in the existence of different 
types of anions toward the conclusion, in which bicarbonate has the highest whereas nitrate has 
the lowest scavenging. Additionally, some decreases in the degradation can be observed while the 
process in several different real situations is surveyed. Furthermore, the effective agents in the 
scavenging experiments prove to play a role in degradation of DZN such as sulfate radical and 
hydroxyl radical. Mineralization of diazonin in the process is evaluated via the total organic carbon 
(TOC) parameter in the ozone/MNPs/KMPS system. As expected, the mineralization occur with the 
elimination of 61%/9% of TOC. Ultimately, the by-products of the process are analyzed using gas 
chromatography–mass spectrometry.
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1. Introduction

Agricultural pests are reckoned amongst the most 
important issues preventing the growth of trees and plants. 

The most frequent way to eliminate them may be the use 
of chemical pesticides as DZN. DZN is a contact phospho-
rus compound applied both in the soil and on the aerial 
organs of plants. Having been used in fighting against rice 
stemborers in the north of Iran since 1977, this insecticide 
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has been of the highest consumption among the pesticides 
(more than 10% of all) used in Iran in 2010 [1]. DZN has 
wide application and is used against domestic insects, 
garden pests, ornamental plants, pets, and even flies and 
mosquitoes in stables [2]. It is also applied in spraying 
garden parks [3]. Chemicals like DZN may be conducive 
to increasing food products; however, their waste may be 
found in groundwater and rivers causing many problems 
for the ecosystem and human beings. Accordingly, research-
ers explore ways to prevent and check such agricultural 
chemicals, which are resistant to biotic decomposition for a 
long time, and at very low concentrations, they may have 
irretrievable effects on human health [4–8].

Despite being inexpensive and ecofriendly among 
others, biological treatment may not be able to totally 
degrade the pesticides owing to their toxicity for micro-
organisms [9]. Degradation of persistent organic contam-
inants via free radicals may be the outcome of advanced 
oxidation processes (AOPs). In this regard, to degrade 
organic compounds many techniques, such as catalytic 
ozonation, photocatalysis, electrochemical processes, and 
Fenton oxidation are applied in order to create hydroxyl 
radicals with the redox potential of 2.8 V [10]. Various com-
binations of AOPs are known as gifted ways to degrade 
contaminants [11]. Earlier, sulfate radical-based AOPs 
have been used in preference to hydroxyl radical-based 
AOPs like longer half time and higher redox potential 
(E0 = 2.5–3.1 V) of sulfate radical [12,13]. Various meth-
ods may be applied to activate the chemical oxidants of 
potassium hydrogen monopersulfate (KMPS) and persul-
fate as precursors aiming at producing sulfate radicals. 
Thanks to its asymmetrical structure, KMPS (HSO5) is more 
straightforward than persulfate to be activated [14].

Various methods are applied to activate KMPS in order 
to produce sulfate radical from among them are heat, 
transition metals (iron, cobalt, and copper), ultraviolet 
rays [15,16], and ultrasonic waves [17]. Owing to its high 
frequency in the earth’s crust and lower toxicity, iron has 
attracted researchers’ attention more than the other transi-
tion metals [18,19].
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Several studies have been conducted on degradation 
of pollutants by sulfate radical. Among others, the activa-
tion methods via transition metals in homogenic or heter-
ogenic form have been used. The homogeny having better 
performance is hard to recover. Furthermore, the hetero-
geneous process possesses the catalyst recover and avoids 
the transition metal [20]. A combination of two or more 
AOPs in a reactor is called an advanced oxidation hybrid 
process including cases such as photo-Fenton, sonopho-
tocatalysis, O3/H2O2/UV, photosonalysis, sonolysis, ozo-
nation, and electro- Fenton. Hybrid processes are used to 

increase efficiency, and nowadays various compounds of 
AOPs regarding the treatment of POPs and toxic materials 
have been studied [21,22]. Both oxidants ozone and KMPS 
could be activated as heterogene to produce hydroxyl rad-
ical and sulfate radical, respectively. The heterogenic cata-
lysts are widely used in this respect and are categorized in 
the following three groups: (1) based on metals and metal 
oxides; (2) based on carbon; (3) composites of carbon and 
metals on different supports [23–25]. Among other hetero-
genic catalysts, metal oxides are positioned in higher con-
ditions and are more noteworthy owing to reuse in several 
cycles. Although cobalt oxides have had the best function in 
KMPS activation, iron-based metal oxides are more applica-
ble in this regard. Since certain iron oxides have magnetic 
properties, their separation from the solution is far easier. 
For instance, Fe3O4, g-Fe2O3, and (FeO(OH)) are widely 
employed to activate hydrogen peroxide [26,27].

Recently, the usage of various spinels with the general 
formula (AB2O4) has been common to activate oxidants. 
Here, A and B are transition metals or alkaline earth metals 
[28,29]. The element B is usually regarded as iron known 
generally as ferrite. Ferrite nanoparticles are used mostly 
as absorbent, catalyst, and photocatalyst to curb environ-
mental pollution. Magnetic copper ferrite nano-particles 
CuFe2O4 (magnetic nanoparticles (MNPs)) is another spi-
nel extensively used for a long time in pharmaceutical 
and metallurgical industries, and has been mostly consid-
ered for AOPs owing to its high magnetic properties in the 
degradation of organic materials. Indeed, MNPs consist of 
hematite (Fe2O3) and copper oxide (CuO) and have the prop-
erty of both metal oxides. The redox cycle is facilitated by 
the presence of the oxidant, so that Fe2+/Fe3+ and Cu2+/Cu3+ 
can be converted to each other during the reaction [30,31].

As a catalyst, copper nanoferrite has been used for 
KMPS [30], persulfate [32], hydrogen peroxide [28], and 
ozone [33]. Through the active sites of Cu(II) in CuO and 
Fe(III) in Fe2O3, copper ferrite nanoparticles considerably 
contribute to the activation of oxidants. In recent years, the 
activation of oxidants by CuFe2O4 MNPs has been the focus 
of researches [32,34]. Utilization of MNPs in coincident acti-
vation of KMPS and ozone has not been yet studied. Indeed, 
the use of one activator to catalyze two different oxidants 
has not been the subject of the investigation thus far in the 
sanitization of polluted waters. In this fashion, the interac-
tion of the oxidants could have had a synergic impact on 
the catalyst nonattendance. Therefore, merging of ozone, 
MNPs and KMPS would be the incorporation of liquid–
solid reaction (KMPS/MNPs), liquid–gas reaction (KMPS/
ozone), and gas–solid reaction (ozone/MNPs) opening 
a new window in studies on the combination of AOPs.

In this research, a new-fangled tripartite blend of AOPs 
(KMPS/MNPs/ozone) was studied to degrade an insecti-
cide (DZN). Effective factors of the process were investi-
gated on the DZN degradation. Reusability and stability 
of MNPs were evaluated by recycling the catalyst and the 
leaching test. The systems achievement was assessed in 
different matrices (tap water and secondary effluent). To 
decide on mechanism, experiments of scavenging were 
conducted via several chemical explorations. Lastly, trans-
formation of diazonin was recognized using the produced 
intermediates all through the degradation.
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2. Materials and methods

2.1. Chemical substances

DZN (C12H21N2O3PS) (CAS number 333-41-5) was 
obtained from Sigma-Aldrich Co., (USA) KMPS, etha-
nol, and tert-butyl alcohol were acquired from Merck Co., 
(Germany). Methanol with high performance liquid chro-
matography (HPLC) grade was also acquired from Merck 
Co. Water with HPLC grade was supplied by Samchum 
Company (South Korea). Additionally, deionized water 
was employed in performing the experiments and supply-
ing the solutions.

2.2. MNPs provisions and features

The co-precipitation method was applied in syn-
thesizing MNPs. In this regard, 40.0 mL of 0.25 M solu-
tion of Cu(NO3)2·H2O and 40.0 mL of 0.50 M solution of 
Fe(NO3)3·6H2O were combined via a magnetic stirrer during 
15 min. Then, the ammonia solution (25.0%) was dribbled 
into the combination. By addition of the ammonia, the 
pH of the solution was checked. When reaching 12.0–12.5, 
the pH induces a dark precipitate. The precipitates were 
heated at temperature 80°C for 1 h, and then, they were 
repeatedly rinsed by deionized water. Afterward, they were 
detached through an external magnet, and were dried up 
at temperature 105°C for 2 h. At the last stage, the acquired 
samples were calcinated at temperature 600°C for 4 h [35,36].

The morphology and particle size were studied via 
a field emission scanning electron microscopy (FESEM) 
(MIRA3 TESCAN, Czech Republic). A Fourier transform 
infrared (FTIR) spectra was applied to determine the bond 
group in MNPs recorded through a BRUKER TENSOR II 
(Germany). Crystallographic MNPs structure was spec-
ified by the X-ray diffraction (XRD) analysis registered 
using a D8 advanced Bruker diffractometer with Ka-Cu 
radiation (Germany). The Brunauer–Emmett–Teller (BET) 
specific surface area as well as pore volume were mea-
sured through the N2 adsorption/desorption with a Belsorp 
mini II Japan. The distribution of pore size was computed 
via the Barrett, Joyner, and Halenda (BJH) technique.

2.3. Degradation of DZN through KMPS/MNPs/ozone

A stock of DZN solution was daily established via dis-
solving DZN in 1 L deionized water by a magnetic stirrer 
intended for 30 min. Afterward, it was set on an ultra-sonic 
instrument for 30 min. A KMPS solution was daily set up by 
dissolving KMPS in 250 mL of deionized water. To arrange 
an ozone stock solution, an ozone generator of capacity 
0.4 g/h was employed. The ozone gas was constantly sparged 
in the bottom of a 1 L reactor with 500 mL deionized water 
solution by a ceramic diffuser during 30 min leading to a 
steady state with ozone concentration as 0.1584 ± 0.01 g/L. 
The concentration of ozone was always figured out by the 
iodometric method. At the outset (KMPS/MNPs/ozone), 
some amounts of KMPS and MNPs were supplemented to 
the DZN solution (5.0–40.0 mg/L) in a 100 mL sealed flask. 
A known aliquot of ozone stock solution was inserted to the 
solution to obtain the suitable aqueous ozone concentration 
(4.0–20.0 mg/L). The flask holding the solution was mixed 

by a shaker subject to the conditions of 250 rpm and 25°C. 
The solution pH was adjusted by sulfuric acid and sodium 
hydroxide (0.1 M). Samples were obtained at regular inter-
vals and filtered by a 0.22 µm syringe filter for the DZN 
analysis. Then, the samples were quenched by ethanol.

2.4. Analytical procedures

DZN was determined by a HPLC (KNAUER, Germany) 
with an ultraviolet (UV) detector. The detection wave-
length of DZN was 220 nm based on the results of the 
spectrophotometer scan. The stationary phase was run by 
applying a C-18 column (150 mm × 4.6 mm). The isocra-
tic mobile phase was performed through a ratio of 70:30 
of water and methanol with the flow rate of 0.8 mL/min. 
Additionally, 20 µL of sample was manually injected, 
while the column temperature was maintained at 30°C. 
Retention time was 4.8–5.2 min for the DZN peak, while 
the analysis time was continued up to 10.0 min. The cali-
bration curve R-squared was 0.9999 for nine levels of DZN 
(0.01–40.0 mg/L). Total organic carbon (TOC) was evalu-
ated by a TOC analyzer (Shimadzu, Japan). Chemical oxy-
gen demand (COD), biochemical oxygen demand (BOD), 
bicarbonate, chloride, and sulfate ions were measured in 
accordance with standard methods [37]. TDS was evalu-
ated via a TDS meter (HACH, Germany). The concentra-
tions of copper and iron were specified through an atomic 
absorption spectrometer (AA spectrophotometer CTA-3000).

2.5. Gas chromatography–mass spectroscopy analysis

Gas chromatography–mass spectroscopy (GC/MS) anal-
ysis was employed to prepare the intermediates of DZN 
degradation using GC (7890B, Agilent, USA) equipped 
with a mass spectrometer (5977B, Agilent, USA). A cap-
illary column (VF-1 ms, 15 m, 0.25 mm, and 0.25 µm) was 
used in the analysis. Helium served as the carrier gas, and 
the samples were analyzed under the following conditions: 
initial temperature at 39°C for 4 min, ramp up at 8°C/min 
to 80°C and remained for 1 min, ramp up at 10°C/min to 
150°C and remained for 1 min, then increased to 260°C with 
a ramp up of 10°C/min, injector = 80°C, volume = 5.0 µL, 
split = 20, source temperature = 250°C, and full scan. 
Compounds were recognized via comparing their respec-
tive mass spectra and relative abundance of acceptance 
match criteria to those of standards, and through comparing 
them to the pesticide, NIST, and Wiley mass spectral library.

2.6. Measurement of ozone in solution

To measure ozone, we resorted to iodometry [38]. 
The ozone dosage was determined by the titration iodo-
metric method, which is run semi-intermittently, and in 
which ozone is measured by adding gas ozone to the dis-
continuous reactor. It depends on the mass transfer char-
acteristics of the reactor. Moreover, some compounds that 
consume ozone may evaporate during the examination.

2.7. Required chemicals

Sulfuric acid 2 normal, standard solution of sodium 
thiosulfate 0.01 normal, standard solution of sodium 
thiosulfate 0.05 normal, and iodide potassium solution 2%.
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2.8. Experiment method

The ozone output from the generator was determined 
by passing the ozone gas through distilled water solution. 
The 200 mL container with the addition of 2% potassium 
iodide solution was acidified with sulfuric acid. Then, it 
was titrated by thiosulfate 0.005 or 0.01 normal. Following 
disappearance of the yellow color of the solution, 2–4 mL 
starch reagent solution was added, and titration contin-
ued until the blue color disappeared. Finally, the value of 
ozone was obtained via the following relation:

Ozone mg/L( ) = −( )× ×A B N
V

24
 (4)

In Eq. (4), A (mL) represents the thiosulphate sodium 
consumed in the sample container, B (mL) is the thiosul-
fate sodium consumed in the control container, N stands 
for the normality of thiosulfate, and V (L) designates the 
volume of the sample.

2.9. Determination of zero load point

In this research, pHZPC of copper nanoferrite was deter-
mined using the pH alteration method. To this end, 30 mL 
potassium nitrate 0.1 molar (electrolyte) was poured into 
six 50 mL bechers, and the pH of each solution was reg-
ulated using potassium hydroxide and nitric acid 0.01 
molar in the range 2–12. Each Becher was added by 0.5 g 
copper nanoferrite. Magnet was used to stir the solu-
tion. The opening of the bechers was blocked by para-
film to prevent evaporation of the solution and entry of 
atmospheric gases. The bechers were put on a shaker for 
48 h at 120 rpm. After the lapse of the required time, the 
pH of each solution was read by a pH-meter. At the last 
stage, the initial values of pH were drawn vs. the differ-
ences of initial pHs, and pHzpc was recognized from its 
intersection with the zero point equal to 7 [38].

3. Results and discussions

3.1. MNPs attributes

Fig. 1a shows the FESEM of the synthesized MNPs. 
FESEM is used to characterize the size and morphology of 
the nanoparticles. As seen, the copper ferrite nanoparticles 
are sphere-shaped and arranged side by side with relatively 
the same sizes. The average sizes of these nanoparticles fall 
in the interval 19–27 nm. In addition, the agglomeration of 
nanoparticles may occur owing to their magnetic properties 
as well as interactions [39,40].

N2 adsorption/desorption was applied to determine 
the pore diameters and surface area of the nanoparti-
cles. Fig. 1b1 depicts the N2 adsorption/desorption dia-
gram for MNPs, and it portrays the pore diameter distri-
bution (Fig. 1b2). Accordingly, the surface area of MNPs 
was obtained as 36/323 m2/g. The average diameter of 
the nanoparticles was, according to Fig. 1b1, estimated 
as 17/593 nm, while the pore volume was obtained as 
0.1598 cm3/g. Based on the results, the synthesized nanopar-
ticles are set in the mesopore category, and hence have an 

appropriate catalytic capacity. Fig. 1c shows the M-H hys-
teresis for MNPs. At the presence of a magnet, the MNPs 
could be easily recovered, which may be considered a 
good synthesis [31,41]. Fig. 1d shows the EDS spectra of 
MNPs where the inadequacy of impurity in the prepared 
MNPs is observed in consideration of the peaks of Fe, Cu, 
and O. Weight percentages of Fe and Cu were regarded as 
21%/28% and 28%/4%, respectively, which in view of the 
CuFe2O4 structure, is in harmony with the latter synthesis.

Fig. 1e illustrates the XRD spectra of the synthesized 
MNPs used in determination of the crystal phase. The dif-
fraction peaks at the angles 2θ = 18.43°, 30.35°, 35.75°, 43.35°, 
57.25°, and 62.92°correspond to the levels (111), (220), 
(311), (400), (511), and (440), respectively. All these levels 
are consistent with (JCPDS file no. 77-0010) and are an evi-
dence of the crystal structure of CuFe2O4. The results indi-
cate the lack of impurity of the synthesized CuFe2O4. Fig. 
1f illustrates the FTIR spectra of the MNPs. As observed, 
two sharp vibrations are occurred at 432.96 and 524.5 cm–1, 
which may be pertained to the bands of Fe–O and Cu–O 
in the MNPs. Various analyses conducted with the aim of 
determining the features of MNPs had results showing 
that the synthesized nano-particle had magnetic properties 
with high purity in both mesopore and nano contexts.

3.2. Impacts of effective factors

The pH of solution is reckoned amongst the effective 
parameters in AOPs. In addition to influence of the oxidiz-
ing power of radicals, pH may concern the catalyst’s sur-
face, and expedite the effect of adsorption of pollutants 
and oxidant upon the catalyst [42]. To this end, the com-
petence of DZN removal was studied under the conditions 
of ozone concentration = 6 mg/L, catalyst dose = 0.1 g/L, 
KMPS = 0.6 g/L, and DZN concentration as 20 mg/L during 
a 20 min experiment time with the results presented in 
Fig. 2a. According to these results, the high efficiency was 
observed around neuter pHs and above, so that the profi-
ciency of DZN degradations in the pHs: 3, 4, 5, 6, 7, 8, 9, and 
10 were obtained as 87%, 94%, 95.3%, 97.5%, 99.2%, 99.3%, 
99.3%, and 99.5%, respectively. In fact, the efficiency of the 
process has been reduced under acidic conditions. The 
high competence in neuter and alkaline situations may be 
because the alkaline conditions of degradation in the ozo-
nation progress toward generating free radicals; however, 
KMPS moves non-radically in such conditions [43,44]. It 
should be noted that the oxidation power of radicals, par-
ticularly hydroxyl radical, and diminishes in alkaline pHs. 
Therefore, the oxidation power as for the hydroxyl radi-
cal is 1.8 V in alkaline pHs, and is equal to 2.8 V in acidic 
conditions [11]. Furthermore, the value of pHzpc of the syn-
thesized catalyst was obtained as 7. In other words, the effi-
ciency of the process in high pHs does not increase owing 
to this issue. In addition, the catalyst surface receives a neg-
ative charge under alkaline conditions (pH > 7), and repul-
sion occurs between the catalyst and peroxy monosulfate as 
an oxidant. Moreover, the electrostatic repulsion may occur 
between the catalyst and the negative charges of diazinon.

Most investigations on sulfate radical processes indicated 
that the proper action of the system occurred under neutral 
conditions. It is observed that the efficiency of the process 
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Fig. 1. Features of CuFe2O4 (a) FESEM image, (b1) nitrogen adsorption–desorption isotherm, (b2) pore size distribution (inset), 
and (c) magnetization (M) vs. applied magnetic field (H).
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Elt Line Int Error K Kr W% A% ZAF Formula Ox% Pk/Bg Class LConf HConf Cat#

O Ka 655.1 17.5657 0.4834 0.3004 50.25 78.81 0.5977 0.00 175.01 A 49.53 50.97 0.00
Fe Ka 648.9 1.2924 0.4293 0.2667 28.47 12.79 0.9368 0.00 43.27 A 28.07 28.88 0.00
Cu La 101.9 23.4677 0.0873 0.0542 21.28 8.40 0.2550 0.00 9.19 A 20.51 22.05 0.00

1.0000 0.6213 100.00 100.00 0.00 0.00
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was also reduced under acidic conditions, which may be 
due to the attendance of overload proton (H+) capable of 
scavenging oxidizing agents of hydroxyl and sulfate radi-
cals (reactions (5) and (6)) [45,46]. This phenomenon occurs 
in most studies to degrade a dyestuff and the resistant 
organic materials in processes based on sulfate and hydroxyl 
radicals [45,47]. Consistent with the results, pH = 7 was 
adopted. Table 1 presents the statistical results of this section:

H HO e H O+ • −+ + → 2  (5)

H SO e HSO+ •− − •−+ + →4 4  (6)

The oxidant dosage as the major agent has always been 
directly associated with the generation of free radicals. 
Thus, the effects of ozone concentration were examined 

Table 1
Statistical results of pH optimization

Descriptive

Statistics Standard 
error

pH optimum Mean 6.50 0.866
95% confidence  

interval for mean
Lower bound 4.45
Upper bound 8.55

5% trimmed mean 6.50
Median 6.50
Variance 6.000
Standard deviation 2.449
Minimum 3
Maximum 10
Range 7
Interquartile range 5
Skewness 0.000 0.752
Kurtosis –1.200 1.481

pH optimum Mean 0.42813 0.151984
95% confidence  

interval for mean
Lower bound 0.06874
Upper bound 0.78751

5% trimmed mean 0.40903
Median 0.26250
Variance 0.185
Standard deviation 0.429877
Minimum 0.000
Maximum 1.200
Range 1.200
Interquartile range 0.700
Skewness 1.042 0.752
Kurtosis –0.146 1.481

pH optimum Mean 97.8575 0.75941
95% confidence 

interval for mean
Lower bound 96.0618
Upper bound 99.6532

5% trimmed mean 97.9528
Median 98.6850
Variance 4.614
Standard deviation 2.14794
Minimum 94.00
Maximum 100.00
Range 6.00
Interquartile range 3.49
Skewness –1.043 0.752
Kurtosis –0.143 1.481
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under the conditions pH = 7, catalyst dosage = 0.1 g/L, 
KMPS = 0.6 g/L, DZN concentration as 20 mg/L during 
20 min with the results shown in Fig. 2b. As the ozone 
concentration grows, the proficiency of the process slightly 
increases as expected, which may correspond to more cre-
ation of free radicals and reactive oxygen species (ROS). 
Once the ozone concentration was zero, the efficiency of 
the KMPS/copper nanoferrite system reached 95.3%, which 
may be linked to the generation of sulfate radical owing 
to the activation of KMPS by copper nanoferrite. By add-
ing ozone dosage, the efficiency of the process was slightly 
increased guaranteeing that the presence of ozone raises the 
free radical generation. However, no significant effects were 
observed by the furtherance of ozone concentration. This 
is due to the reaction of ozone with hydroxyle and sulfate 
radicals, so that the less oxidizing radicals of hydroperox-
yle and KMPS were produced. The overdosing of the ozone 
concentration in sulfate radial-based processes has not been 
yet tested. Nevertheless, the ozone overdosing is reported 
in both catalyzer and direct ozonation processes [48,49]:

HO O O HO• •+ → +3 2 2  (7)

SO O O SO4 3 2 5
•− •−+ → +  (8)

Accordingly, an 8 mg/L concentration could justify 
the liability of ozone concentration in the system. Table 2 
presents the statistical results of this section.

Moreover, the KMPS concentration may contribute to 
production of oxidizing species. The effect of KMPS dosage 
on the conditions of pH = 7, catalyst dosage of 0.1 g/L, 6 mg/L 
of ozone, and DZN concentration of 20 mg/L was stud-
ied in 20 min experiment. Fig. 2c shows the results. In the 
absence of KMPS (ozone/copper nanoferrite), the efficiency 
of DZN removal reached 87% due to the catalytic degrada-
tion of ozone in the catalyst surface. Addition of 0.3 g/L of 
KMPS caused to enhance the efficiency of producing free 
radicals. By increasing to 0.6 g/L, the process efficiency for 
the DZN removal reached 95.3%. No efficiency boost was 
attained by increasing the KMPS dosage to 0.6 g/L. This is 
the result of the reaction of free radicals with the excess or 
non-reacted KMPS, not with DZN [14,50].

Many researchers have investigated the scavenging 
effect of KMPS on high concentrations. Jaafarzadeh et al. 
[16] reported such a considerable effect in the case of dye 
removal. Additionally, in 2009 [51], this fact was accompa-
nied by the indication that the reaction speed of KMPS with 
these radicals was very high (105/M s) [51,52]. To provide 
active sites for the degradation of oxidants, the catalyst dos-
age well affects the activation of the latter. In this regard, 
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Fig. 2. Effective parameters in the KMPS/MNPs/ozone system for DZN elimination: (a) the impact of pH (20.0 mg/L DZN, 0.6 g/L 
KMPS, 6 mg/L O3, 0.10 g/L MNPs, and 20 min reaction time), (b) the impact of ozone dosage (pH = 7.0, 0.6 g/L KMPS, 0.10 g/L 
MNPs, 20.0 mg/L DZN, and 20 min), (c) the influence of KMPS concentration (pH = 7.0, 6 mg/L O3, 0.10 g/L MNPs, 20.0 mg/L DZN, 
and 20 min), and (d) the impact of MNPs loading (pH = 7.0, 6 mg/L O3, 0.6 g/L KMPS, 20.0 mg/L DZN, and 20 min).
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the catalyst dosage was studied under the conditions of 
pH = 7, 0.6 g/L of KMPS, 6 mg/L of ozone with 20 mg/L 
DZN during 20 min. Fig. 2d shows the results. As observed, 
in the absence of copper nanoferrite (ozone/KMPS), the 
process efficiency to remove DZN is 81.9%, indicating that 
the interplay between these two oxidants is more effective 

than the ozonation and activation of the KMPS heterogen. 
Moreover, it demonstrates that ozone and KMPS have a syn-
ergic effect, so that ozone plays the role of an activator for 
KMPS. In fact, ozone first reacts with the ion of KMPS to gen-
erate ozonide and KMPS radicals. Then, during the following 
reactions, the sulfate and hydroxyle radicals will be degraded 

Table 2
Statistical results of the optimizing ozone

Descriptive

Statistics Standard 
error

Ozone optimum Mean 10.00 3.055
95% confidence  

interval for mean
Lower bound 2.15
Upper bound 17.85

5% trimmed mean 10.00
Median 10.00
Variance 56.000
Standard deviation 7.483
Minimum 0
Maximum 20
Range 20
Interquartile range 14
Skewness 0.000 0.845
Kurtosis –1.200 1.741

Ozone optimum Mean 0.52067 0.143651
95% confidence  

interval for mean
Lower bound 0.15140
Upper bound 0.88993

5% trimmed mean 0.51846
Median 0.43550
Variance 0.124
Standard deviation 0.351871
Minimum 0.141
Maximum 0.940
Range 0.799
Interquartile range 0.704
Skewness 0.343 0.845
Kurtosis –2.297 1.741

Ozone optimum Mean 97.3950 0.71753
95% Confidence  

interval for mean
Lower bound 95.5505
Upper bound 99.2395

5% trimmed mean 97.4061
Median 97.8200
Variance 3.089
Standard deviation 1.75759
Minimum 95.30
Maximum 99.29
Range 3.99
Interquartile range 3.52
Skewness –0.344 0.845
Kurtosis –2.297 1.741
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as the final product and the major agent of degradation [53]. 
Table 3 presents the statistical results of this section:

O SO SO3 5
2

8
2+ →− −  (9)

SO O SO8
2

3 5
− •− •−→ +  (10)

SO O SO8
2

2 4
22− −→ +  (11)

O SO O SO3 5 2 42+ → +•− •−  (12)

O O O3 2
•− •−→ +  (13)

H O O HO HO2 + → +•− − •  (14)

Adding nanoferrite to the system, the efficiency was 
increased, so that in dosages 0.5, 0.1, 0.2, 0.3, and 0.4 mg/L, 

Table 3
Statistical results of KMPS optimization

Descriptive

Statistics Standard error

KMPS optimum Mean 0.875 0.4270
95% confidence 

interval for mean
Lower bound –0.484
Upper bound 2.234

5% trimmed mean 0.861
Median 0.750
Variance 0.729
Standard deviation 0.8539
Minimum 0.0
Maximum 2.0
Range 2.0
Interquartile range 1.6
Skewness 0.753 1.014
Kurtosis 0.343 2.619

KMPS optimum Mean 1.41175 0.397215
95% confidence 

interval for mean
Lower bound 0.14764
Upper bound 2.67586

5% trimmed mean 1.37428
Median 1.07450
Variance 0.631
Standard deviation 0.794430
Minimum 0.913
Maximum 2.585
Range 1.672
Interquartile range 1.325
Skewness 1.826 1.014
Kurtosis 3.330 2.619

KMPS optimum Mean 92.94125 1.986074
95% confidence interval for 

mean
Lower bound 86.62068
Upper bound 99.26182

5% trimmed mean 93.12861
Median 94.62750
Variance 15.778
Standard deviation 3.972148
Minimum 87.075
Maximum 95.435
Range 8.360
Interquartile range 6.626
Skewness –1.826 1.014
Kurtosis 3.330 2.619
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the DZN removal efficiency was obtained as 95.9%, 98.6%, 
96.4%, 98.6%, and 98.8%, respectively. One can observe 
that the efficiency increases with the increase of the cat-
alyst concentration; however, no efficiency increase 
was occurred after a 0.1 mg/L increase. Therefore, even 
such a value of concentration may affect the system. 
Table 4 displays the statistical results of this section.

According to Table 5, Jaafarzadeh et al. [54] used the 
process of ozone/CuFe2O4/PMS to degrade 2,4-dichloro-
phenoxyacetic. The results of various experiments implied 
that this combination could degrade 2,4-dichlorophe-
noxyacetic under the conditions of pH = 6.0, 2.0 mM PMS, 
16.0 mg/L O3, and 0.2 g/L catalyst. The nanoparticle CuFe2O4 
outshines its compounds, namely CuO and Fe2O3. It is a 

Table 4
Statistical results of MNPs optimization

Descriptive

Statistics Standard 
error

MNPs optimum Mean 1.6750 0.66254
95% confidence 

interval for mean
Lower bound –0.0281
Upper bound 3.3781

5% trimmed mean 1.6389
Median 1.5000
Variance 2.634
Standard deviation 1.62288
Minimum 0.00
Maximum 4.00
Range 4.00
Interquartile range 3.21
Skewness 0.395 0.845
Kurtosis –1.470 1.741

MNPs optimum Mean 0.37850 0.105830
95% confidence 

interval for mean
Lower bound 0.10646
Upper bound 0.65054

5% trimmed mean 0.38100
Median 0.33650
Variance 0.067
Standard deviation 0.259229
Minimum 0.000
Maximum 0.712
Range 0.712
Interquartile range 0.439
Skewness –0.106 0.845
Kurtosis –0.605 1.741

MNPs optimum Mean 98.1050 0.52918
95% confidence 

interval for mean
Lower bound 96.7447
Upper bound 99.4653

5% trimmed mean 98.0922
Median 98.3150
Variance 1.680
Standard deviation 1.29622
Minimum 96.44
Maximum 100.00
Range 3.56
Interquartile range 2.20
Skewness 0.111 0.845
Kurtosis –0.597 1.741



S.J. Moosavi et al. / Desalination and Water Treatment 216 (2021) 263–282274

stable catalyst and could be re-used up to 5 times for more 
experiments and degradation [54]. Rodriguez [55] applied 
the ozonation process to remove 2,4-dichlorophenoxyacetic 
from the aquatic environment. The catalyst alumina/nickel 
oxide adapted by them was able to activate the ozone by 
0.1 g/L. They reported that the catalyst could create the 
active radical types on the surface. Moreover, one could 
mention the usability of this catalyst under neutral con-
ditions. A noteworthy by-product that appeared in this 
study is Malic acid, which is an indication of the sufficient 
presence of hydroxyle radical in the environment [55]. To 
degrade Fenastine, Qi [33] used catalytic ozonation. The cat-
alyst used in that research was CuFe2O4 made of chemical 
precipitation. The conclusion was that in the simple ozo-
nation, both ozone and hydroxyle radical were the main 
agents in the degradation of the pollutant. In addition, they 
deduced that the presence of the catalyst by 2 g/L could 
increase the process efficiency; however, the catalyst has 
not high efficiency alone. Ying et al. [56] employed bone 
charcoal and the nanoparticle of iron in the absorption and 
degradation of 2,4-dichlorophenoxyacetic. They inferred, 
by their investigation, that the complete degradation has 
occurred through 330 mg/L iron, 170 mg bone charcoal, 
and 10 mg/g 2,4-dichlorophenoxyacetic during 40 h.

Yao et al. [57] used MnFe2O4 as a catalyst to activate 
PMS. The efficiency of using this catalyst by 0.05 g/L 
is much above that of manganese homogen solution. 
Furthermore, the magnetic separation of this catalyst is 
especially easy. They showed that the re-use of this cata-
lyst up to 4 times has no effects on the process efficiency. 
In the activation procedure of PMS, to degrade iopromide 
as a resistant pollutant, Zhang et al. [30] used CuFe2O4. They 
realized that the latter is more effectual than CuO from 
the viewpoints of efficiency and stability. The efficiency 
of PMS/CuFe2O4 under the conditions of 0.2 mM PMS, 
pH = 6, 1 µM iopromide concentration, and 0.1 g/L catalyst 
during 10 min was nearly 80%. Liu et al. [58] used the pro-
cess ozone/Cu-Fe–O in the degradation of a dyestuff. The 
catalyst was the combination of copper oxide and copper 
ferrite. They studied the effects of parameters such as pH, 
catalyst dose, ozone dose, initial concentration of the dye-
stuff, and the experiment time. The outcome of their exper-
iment indicated an appropriate function of the degradation 

process, so that the rates of COD and dye removal during 
60 min and under the conditions of pH = 6.8, 30 mg/L 
ozone, and 1 g/L catalyst concentration were 70% and 90%, 
respectively. The corresponding rates in the simple ozona-
tion were obtained as 48% and 66%, respectively. Finally, 
they pointed out the properness of the above-mentioned 
catalyst from the viewpoints of stability and reusability.

Nie et al. [59] resorted to the catalytic ozonation and 
the Fe-CO/ZrO2 catalyst to degrade 2,4-dichlorophenoxy-
acetic. Their observations yielded the result that the process 
above was suitable in the degradation of 2,4-dichlorophe-
noxyacetic, so that they could mineralize more than 60% 
of organic carbon by 2 g/L catalyst in a concentration of 
10 mg/L 2,4-dichlorophenoxyacetic. This showed a 30% 
increase in efficiency compared to the simple ozonation 
process. To activate PMS, Shukla [60] utilized active cobalt/
activated carbon as a catalyst, and investigated the acti-
vation rate upon phenol degradation. The results of their 
study indicated that the main oxide was Co2O3. Phenol 
was completely degraded by 0.2 g/L catalyst during 60 h, 
while the organic carbon reduction as the mineralizing 
index was obtained as 80%. The final deduction made by 
them was that the cobalt/carbon enjoyed good stability, and 
that the activation of PMS in the presence of this catalyst 
followed the first-rate kinetic. In the present study, the sys-
tem of ozone/KMPS/MNPs can completely degrade dia-
zinon under the conditions: 6 mg/L ozone, 0.6 g/L KMPS, 
0.1 g/L copper nanoferrite, and pH = 7, during 20 min.

As observed, the catalyst dose is optimum relative to 
similar researches. It could be so deduced that there is a 
synergy and overlap between the two oxidants of ozone 
and KMPS and copper nanoferrite as the catalyst in the 
degradation of diazinon. The synergy is also discerned 
in the experiment time, so that the duration of 20 min is 
extremely appropriate and optimum as compared to other 
similar investigations. The presumption of pH = 7 appears 
to have high vitality in the synergy effect and successive 
feat of the experiment. Overall, the ultimate inference is 
that the AOP applied in this research was thriving in the 
degradation, mineralization, and detoxification of the 
toxic substance of diazinon.

The effect of the initial DZN concentration in ozone/
copper nanoferrite/KMPS was investigated for the range 

Table 5
Comparison of the catalyst dose to other references

ReferenceOxidizingCatalyst 
dosage

CatalystOxidation system

[54]2,4-dichlorophenoxyacetic0.2 g/LCuFe2O4Ozone/CuFe2O4/PMS
[55]2,4-dichlorophenoxyacetic0.1 g/LAlumina-supported Ni catalystsAlumina-supported Ni catalysts/ozone
[33]Phenacetin2 g/LCuFe2O4Ozone/CuFe2O4

[56]2,4-dichlorophenoxyacetic0.33 g/LFe0 nanoparticlesFe0 nanoparticles supported by biochar
[57]Organic pollutants0.05 g/LMnFe2O4MnFe2O4/PMS
[30]Iopromide0.1 g/LCuFe2O4CuFe2O4/PMS
[58]Dyestuff1 g/LCu–Fe–OCu–Fe–O/ozone
[59]2,4-dichlorophenoxyacetic2 g/LFe–Co/ZrO2Fe–Co/ZrO2/ozone
[60]Phenol0.2 g/LCo2O3Co2O3/PMS
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5–40 mg/L with pH = 7, 0.6 g/L of KMPS, 6 mg/L ozone, 
and 0.1 g of catalyst for the duration of 20 min with the 
results shown in Fig. 3a. As observed, degradation of DZN 
was completed in low concentration, but in 10, 20, and 
40 mg/L after 20 min, some of the pollutant was remained. 
Obviously, more time was needed for complete degrada-
tion. Indeed, the rate of radicals generated in the system 
was constant, so that with an increase in the number of the 
molecules in the pollutant (which means the increase in 
concentration), a smaller amount of the material was sub-
ject to radicals attack. The first-order rate kinetic was exer-
cised to determine the reaction degree of DZN degradation. 
Accordingly, the following equation was applied:

−
 
 

=ln
DZN
DZN

t kt
0

 (15)

Here, k denotes the first-order rate constant (min–1), 
t designates the reaction time (min), [DZN]0 is the ini-
tial concentration of DZN (mg/L), and [DZN]t stands for 
the concentration at time t. Fig. 3b depicts the diagram 
log[DZN] against t. The values of k in the ozone/copper 
nanoferrite/KMPS process for the concentrations 5, 10, 20, 
and 40 mg/L are 0.4143, 0.2019, 0.1841, and 0.1728 min–1, 
respectively. As observed, the speed of degradation of 
DZN at the concentration of 5 mg/L is three times as much 

as that at the concentration of 40 mg/L. Most studies have 
indicated that the constant k decreases as the initial concen-
tration increases. In addition, the half-life of the pollutant at 
concentrations 5, 10, 20, and 40 mg/L was calculated as 1.67, 
3.43, 3.67, and 4.01 min, respectively. In other words, at con-
centrations less than 40 mg/L, 50% of DZN is degraded in 
less than 5 min. These facts, along with the diagram above 
confirm that the degradation have well-followed the first-
rate kinetic. The effect of temperature at 10°C, 25°C, and 
45°C was examined under the conditions of pH = 7, 0.6 g/L 
of KMPS, 6 mg/L of ozone, concentration of 20 mg/L of DZN, 
and 0.1 g/L copper nanoferrite, and their reaction constant 
were presented in Fig. 3c. Decreasing temperature to 10°C 
led to dwindling of the constant k, which may be due to the 
deactivation of KMPS at low temperature. Several investi-
gations have indicated that KMPS was not easily activated 
at temperature of 10°C. Furthermore, the increase in tem-
perature caused a growth in k values. At high tempera-
tures, KMPS were activated, the O–O bond was broken, and 
the hydroxyle and sulfate radicals were produced [61,62]. 
On the contrary, ozone became instable at high tempera-
tures, and its solubility was decreased with a reduction of 
tendency to reaction with the catalyst and KMPS. Indeed, 
temperature had a dual effect upon the reaction, so that it 
increased or decreased the reaction speed [63,64]. One could 
express the changes of rate constant k with the temperature 
using the Arrhenius equation (Eqs. (16) and (17)).
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Fig. 3. (a) Impact of the initial DZN concentration on DZN degradation in KMPS/MNPs/ozone (pH = 7.0, 6 mg/L O3, 0.6 g/L 
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k Ae E RTa= − /  (16)

log logk A
E
RT
a= −

2 303.
 (17)

where A is the Eigen-constant of the reaction, e is the base of 
the natural logarithm, Ea is the activation energy (in J/mol), 
R denotes the mole gas constant, and finally T stands for 
the Kelvin temperature. The Ea value may be obtained from 
the rate constants at two different temperatures. Assuming 
that K1 is the rate constant at temperature T1, and K2 is 
that at temperature T2, then:

E
TT
T T

K
Ka = −
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2 1

2

1

. log  (18)

where Ea for two temperatures 10°C and 25°C was obtained 
as 5.63 kJ/mol.

3.3. Reusability and stability

Possibility of reuse is reckoned among the applied 
aspects of the catalyst. As cited in the previous section, 
after the end of the reaction, the catalyst was separated 
via a magnet. Afterward, it was washed with deionized 
water before being dried up at a temperature of 65°C to be 
reused. DZN removal was measured once with a catalyst 
participating in the reaction, and the next time with a cat-
alyst having no reactions under the conditions of pH = 7, 
0.6 g/L of KMPS, 6 mg/L of ozone, concentration of 20 mg/L 
of DZN, and 0.1 g/L copper nanoferrite. Fig. 4 presents the 
results. We observe that the degradation percentage has 
fallen from 99.2% to 98.4% for the former catalyst. This 
less than 1% decline indicates the catalyst stability [65]. 
Recycling of the catalyst was performed only by washing 
and drying at a 65°C temperature under moderate con-
ditions. Hence, one acknowledges that the synthesized 
copper nanoferrite is much more stable and apt for reus-
ability; an issue which is environmentally considerable. The 
rate of leaching of iron and copper after the employment of 
MNPs in the KMPS/MNPs/ozone system was studied with 
0.141 mg/L leaching value for iron and 0.061 mg/L value 
for copper. No significant leaching was detected in the sys-
tem, which is a token of high stability of the catalyst. Wang 

et al. [40] in their dye removal study demonstrated that 
while using only one oxidant, the leaching rate of the cat-
alyst was more than 1 ppm. In another research using one 
oxidant, it was shown that the leaching rate was 0.1 mg/L [66].

3.4. Contrasts between processes evaluations

Catalytic systems were compared from the activity 
viewpoint. Under the conditions of pH = 7, 0.6 g/L of KMPS, 
6 mg/L ozone, and 20 mg/L concentration of DZN in 20 min, 
and the results are presented in Fig. 7. In CuFe2O4, ≡Cu (II) 
can make KMPS into sulfate radical and Cu(III). Furthermore, 
Cu(III) generates Cu(II) and SO5

•– when reacting with KMPS. 
SO5

•– in adjacency with each other could jointly generate 
sulfate radical and oxygen. Moroever, sulfate radical may be 
generated by the reaction of SO5

•– with ozone, affecting the 
DZN degradation [30,34]. Additionally, Fe(III) in the struc-
ture of CuFe2O4 reacts with KMPS and produces SO5

•– and 
Fe(II). Then later, in turn, can generate sulfate radical [67,68].

HSO Fe III SO Fe II H5 5
− •− ++ ( ) → + ( ) +  (19)

HSO Fe II SO Fe III OH5 4
− •− −+ ( ) → + ( ) +  (20)

In fact, the functions of both transition metals are 
effectual in the production of sulfate radicals. Since the stan-
dard potential of reduction of Cu(III)/Cu(II), Fe(III)/Fe(II), 
and HSO5/HSO4 is 2.3, 0.77, and 1.82 V, Cu(III), respectively, 
which might be easily reduced via Fe(II) and KMPS [30].

Fe II Cu III OH Fe III Cu II OH( ) + ( )… → ( ) + ( )…− −  (21)

The reduction/oxidation cycle of Fe(III)/Fe(II) and Cu(III)/
Cu(II) has caused the synergic effect in copper nanoferrite. 
The catalyst operation when contacting with ozone is unlike 
KMPS, so that the radical generation is rendered by the 
hydroxyle groups bonded on the surfaces of metal oxides. 
Indeed, ozone is activated through the following chain 
reactions, and it has produced hydroxyle radicals [69,70].

3.5. Absorption differentiation and degradation reaction

According to investigations, persistent organic pollut-
ants are not completely oxidized nor mineralized during 
the ozonation process. There are several ways to improve 
the oxidation capacity of organic compounds, which can 
reduce reaction time and the related costs. Accordingly, 
the combination of some catalysts with ozone has been 
widely considered for the treatment of industrial wastewa-
ter and surface water. The catalyst is regarded as a chem-
ical compound that is able to exert an accelerating and 
directing effect on the progression of a reaction, which is 
thermodynamically possible [33,56].

Three mechanisms are identified in the non-homoge-
neous catalytic ozonation process, which are depicted in 
Fig. 5: (1) chemical absorption of ozone on the catalyst’s 
surface causing to generate active varieties and oxidation 
of organic molecules; (2) chemical absorption of organic 
molecules on the catalyst’s surface; (3) chemical absorption 
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Fig. 4. Reuse of MNPs (pH = 7.0, 6.0 mg/L O3, 0.6 g/L KMPS, 
0.10 g/L MNPs, and 20.0 mg/L DZN).
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of ozone and organic molecules on the catalyst’s surface 
followed by the reaction of the absorbed varieties with 
each other [57,58].

The mere usage of oxidants (ozone and KMPS) and 
the catalyst, as observed, has not been of an ideal util-
ity. Certain studies relate this to the catalyst dosage, not 
adsorption of DZN on the surface, low concentration 
of the oxidants, or their small potential in reaction with 
the pollutant. The column dedicated to MNPs shows the 
absorption of diazinon on the catalyst. In this stage, only 
absorption occurs at 65.48%, and since degradation does 
not occur, the nanoparticle cavities remain occupied by 
diazinon. In the MNPs/ozone; however, both diazinon and 
ozone are on the nanoparticles, and the absorption and 
degradation occur simultaneously and heterogenically. 
Therefore, if this column is compared to the ozone column 
where diazinon is degraded homogenically at 55.98%, one 
deduces that the presence of the nanoparticles as catalyst 
increases the efficiency of diazinon degradation by 31%. 
This efficiency increment is also observable in the col-
umn of KMPS/MNPs compared to that of KMPS. Finally, 
the synergy effect of absorption, along with degradation 
in the MNPS/KMPS/ozone system, is increased by 99.2%.

As Fig. 5 shows, if deionized water treatment is intended, 
the double KMPS/MNPs system can be used. However, if 
the water contains salts and organic matter like second-
ary effluent, the efficiency of the double system is dimin-
ished (Fig. 8c); to increase the efficiency, the triple system 
MNPs/KMPS/ozone must be chosen.

3.6. Effect of anions and natural water

In water resources, the corporation of various com-
pounds, particularly anions, may be influential on AOPs. 
Hence, the ozone/MNPs/KMPS process was studied in the 
presence of the existing anions, and the pertaining results 
are depicted in Fig. 6a. As seen, in the presence of sulfate 
ion, no significant changes were observed in the efficiency 
of the main process, which may be on account of the sul-
fate radical essence of the process. The effect of chloride 
ion on AOPs has been reported as inhibitory and promo-
tional in the literature. Hereby, the generated radicals can be 

scavenged and produce different species of chlorine (Cl•, Cl2
•–, 

ClOH•–, and Cl2), which has lower redox potential [71,72].
In addition, chloride ion may react directly with 

ozone and KMPS to inhibit the production of free radi-
cals [24,73]. In this regard, Zhou et al. [74] investigated 
the impact of chloride ion concentration on orange II 
decolorization through KMPS/Co2+. Chloride ion enjoyed 
a dual effect in the KMPS/Co2+ system, and contributed to 
removal efficiency plunge at low concentration (5 mM). 
Meanwhile, a high concentration of chloride ion (500 mM) 
has increased the rate constant by 4–15 fold [74,75]. In the 
present work, the efficiency of the process is found to be 
increased in the presence of chloride ion. Nitrate has low 
inhibitory effects, which may be arisen from the production 
of nitrate radicals with lower redox potential. In any case, 
these effects are not as much discernible as other anions. 
As for nitrite and bi-carbonate, the inhibitory effect was 
detected. Being a reductive material, nitrite is used in the 
scavenging of AOPs. Therefore, it is well-expected that 
in the presence of which, the system efficiency declines. 
The electron transfer mechanism throughout radical scav-
enging for nitrite is presented in the following reaction:

HO or SO NO HO or SO NO• •− − − − •+ → +4 2 4
2

2  (22)

Nitrite could go alone into reaction with ozone and 
KMPS and deactivate them. Differently regarded as a strong 
reductive agent, nitrite may affect radicals and oxidants 
negatively [76].

HSO or O NO HSO or O NO5 3 2 4 2 3
− − − −+ → +  (23)

Bicarbonate and carbonate are considered the most 
known scavengers of free radicals. As observed, the pro-
cess efficiency is extremely decreased in the presence of 
bicarbonate, which is due to generation of carbonate and 
bicarbonate resulted from their reaction with free radicals. 
The radicals of carbonate and bicarbonate have 1.78 V redox 
potential, being much lower than that of sulfate and hydrox-
yle radicals. Moreover, the speed of reaction of bicarbonate 
and carbonate with organic compounds is 2–3 times lower 
than that of hydroxyl and sulfate [71,77,78]. Regarding 
phosphate, it could be mentioned, as pointed out in sev-
eral references, that its direct reaction with ozone could 
yield the inhibitory effect. It is noteworthy that phosphate 
could bind with the catalyst surface, and was able to deac-
tivate the oxidants. This deactivation property of phos-
phate is much greater than its scavenging property for 
radicals [79,80]. The presence of all anions in the system 
caused a slight decline in the process efficiency. In addi-
tion to what mentioned above, the decline might be due 
to increased ion strength. In other words, the ion strength 
increases with anions’ concentration growth, leading to 
the impediment of radical generation. Fig. 6b presents the 
results of the ozone/MNPs/KMPS process in natural water.

DZN solution was injected into two real environments 
(tap water of Shiraz and secondary effluent of wastewater 
treatment plant of Shiraz). The system efficiency for the 
deionized water was 99.2%, which was used in the con-
trol experiment. The efficiency rates for tap water and 
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secondary effluent were decreased to 93% and 77.3%, 
respectively. The slight decrement in tap water could be 
linked to the dissolved solids in water, which was eluci-
dated above. The efficiency decrease of the process for the 
secondary effluent was much more than that for tap water. 
Coupled with different anions scavenging free radicals, the 
organic load content (BOD5 = 70 mg/L for secondary efflu-
ent) led the efficiency to 77.3%. This is because the organic 
materials existing in the secondary effluent emulate with 
DZN to react with radicals. Therefore, the reaction of free 
radicals with the target pollutant is stopped.

3.7. Active agents in DZN degradation

To identify active species in the degradation of pollut-
ants, chemical alcohols are frequently used in sulfate rad-
ical-based processes. Accordingly, alcohol is employed to 
scavenge both hydroxyl and sulfate radicals, and another 
alcohol is used in the scavenging of the hydroxyl radi-
cal. The difference between these two scavengers shows 

the contribution rate of the sulfate radical. In the present 
study, owing to high rate in reaction, we used ethanol to 
scavenge sulfate and hydroxyl radicals [81]. In addition-
ally, alcohol without alpha hydrogen like tert-butyl alcohol 
(TBA) with k = 1/M s 8–7.6 × 108 was used to scavenge the 
hydroxyl radical.

The reaction speed of this alcohol is 1,000 times slower 
than that of the sulfate radical. Therefore, one can real-
ize the contribution rate of hydroxyl and sulfate from the 
difference between them [82]. Hence, two scavengers of 
ethanol and TBA were analyzed in four systems to deter-
mine active species. These systems include ozone/MNPs/
KMPS, ozone/MNPs, KMPS/MNPs, and ozone/KMPS. 
Fig. 7a depicts the effect of inhibitory factors on the ozone/
MNPs/KMPS system. Ethanol has caused the system effi-
ciency to decrease only to 27%, indicating the contribu-
tion of sulfate and hydroxyl radicals to DZN degradation. 
We observe that in the presence of TBA, the degradation 
rate has reached 65% for the duration of 20 min. This rate 
shows that the hydroxyl radical has played a minor role in 
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and reaction time = 20 min).
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this phenomenon in respect to sulfate. Sulfate radical in the 
aqueous solution can be converted to the hydroxyl radical, 
which is pointed out by many authors like [57,83,84]:

H O SO HO H SO2 4 4
2+ → + +•− • + −  (24)

In Fig. 7b, the system of ozone/KMPS follows almost 
the same procedure. Fig. 7c shows the effect of scaven-
gers on the KMPS/copper nanoferrite system. In this Fig. 
7, we observe that the degradation rate is decreased in the 
presence of the two scavengers of TBA and ethanol. This 
occurrence indicates that the main agents in the system are 
the hydroxyl and sulfate radical. Decreases in the values 
of removal efficiency are observable, demonstrating that 
the hydroxyl radical is responsible in the degradation. As 
stated before, in the water solution, the sulfate radical may 
be transformed into the hydroxyl radical. Fig. 7d illustrates 
the functions of the two scavengers in the ozone/copper 
nanoferrite. We observe that the conduct of ethanol is more 
distinguished than TBA, which is due to the highlighted 
role of the sulfate radical. Nonetheless, TBA is also account-
able for the decline of the process efficiency. Specifically, it 
is the evidence for the performance of the hydroxyl radical 
in this system. From the above discussion, one infers that 
both active species in this system are fully responsible for 
the degradation.

3.8. Mineralization process

Mineralization of the process was studied in the ozone/
MNPs/KMPS system based on the parameter TOC with 
the results presented in Fig. 8. As expected, the miner-
alization had a good rate of 61.9% in the TOC removal. 
This rate may occur due to the synergic effect of ozone, 
nano-particle, and KMPS. In fact, the generation of free 
radicals for mineralization in this system was sufficient.

3.9. Determination of by-products obtained from the 
DZN degradation by the ozone/MNPs/KMPS process

GC/MS analysis was applied to determine by-prod-
ucts in the process. As can be seen, six compounds of the 

GC/MS spectrum were identified (Fig. 9). The pathway for 
the DZN degradation was proposed based on the obtained 
compounds. (It is worth mentioning that dichlorometh-
ane was used to extract DZN from water prior to the GC/
MS analysis. For this reason, chlorine was set on some 
compounds resulted from the analysis, which were 
avoided in the proposal of the degradation pathway).

4. Conclusion

In this study, the process of ozone/MNPs/KMPS on the 
degradation of DZN – a high usage pesticide – was eval-
uated. According to the derived results, the ozone/MNPs/
KMPS system can degrade completely 20 mg/L of diazinon 
under the conditions of 6 mg/L ozone, 0.6 g/L KMPS, 0.1 g/L 
MNPs, and pH = 7 during 20 min. The results demonstrated 
that the efficiency of the system was more related to the 
concentration of KMPS and nano- particle than to ozone. 
Therefore, the usage of KMPS and nano-particle in high 
concentration has not positive effects on the DZN degra-
dation. Furthermore, the pH of the solution had a slight 
influence on the system, so that the efficiency had the 
highest rate in the range pH = 7–10. The pH in the range 
3–6 showed no significant drop, and the DZN degradation 

Fig. 7. Impacts of two scavenging agents on the DZN elimination (a) KMPS/MNPs/O3, (b) KMPS/O3, (c) KMPS/MNPs, and (d) MNPs/
O3 (conditions: pH = 7.0, KMPS = 0.6 g/L, O3 = 6.0 mg/L, MNPs = 0.10 g/L, and TBA = ethanol = 11.5 g/L).

Fig. 8. TOC removal of (conditions: 20.0 mg/L DZN, pH = 7.0, 
KMPS = 0.6 g/L, O3 = 6 mg/L, MNPs = 0.10 g/L, and 30 min).
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was carried out with high percentage. A temperature 
above 25°C slightly affected the degradation. MNPs could 
be used in the system without losing its catalytic activity 
at the stage of reusability. Moreover, the leaching rate of 
iron and copper ions was inconsiderable. In the evaluation 
of the process in the presence of different anions, it was 
indicated that bicarbonate had the most, and nitrite had 
the least inhibition. The process efficiency was also scru-
tinized in several real waters. The active agents were rec-
ognized using the scavenging agents, and the contribution 
of hydroxyl and sulfate radicals in the DZN degradation 
was revealed. The by-products were analyzed using GC/
MS, and 6 intermediate compounds were characterized 
before proposing the DZN oxidation. Eventually, a combi-
nation of AOPs in this work was capable of refining such 
a resistant pollutant as DZN in the water environment. 
Although any merger of processes complicates their mech-
anism and analysis, the current study promises the advent 
of hybrid processes in water and wastewater treatment.
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