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Abstract

Background: The discharge of untreated wastewater containing toxic and resistant compounds into
the environment is a serious threat for ecosystems. Therefore, this study was conducted to evaluate the
treatment of poison production factory wastewater using heterogeneous catalytic ozonation process (COP).
Methods: Magnetic carbon nanocomposite was used as a catalyst at concentrations of 1, 2, and 4 g/L. Its
effect on improving the treatment process was evaluated at reaction time of 30, 60, 90, and 120 minutes. At
the end of each experiment, parameters including total organic carbon (TOC), chemical oxygen demand
(COD), biological oxygen demand (BOD,), pH, electrical conductivity (EC), and turbidity were measured.
Results: It was revealed that in single ozonation process (SOP), the maximum removal efficiencies of TOC,
COD, and BOD, were achieved at reaction time of 120 minutes as 56%, 40%, and 11.7%, respectively. By
adding the catalyst to the wastewater, the treatment process was improved, so that the maximum removal
efficiencies of COD (91%), TOC (73%), and BOD, (74%) were obtained at catalyst concentration of 4 g/L.
Under this condition, BOD,/COD ratio increased from 0.22 to 0.64. Also, the results of analysis of ozone
consumption per each mg of reduced COD showed that its amount sharply decreased from 2.1 mgO,/
mg COD removal in the SOP, to 0.34 mgO,/mg COD removal in the COP. The results of kinetic reaction
analysis also revealed that the rate constant increased from 0.007 to 0.02 min™.

Conclusion: According to the results, it can be concluded that the COP at a catalyst concentration of 4 g/L,
by decomposing resistant compounds and increasing the biodegradability, can be used as a suitable pre-
treatment method for biological processes.

Keywords: Wastewater, Treatment, Nanocomposite, Catalytic ozonation, Kinetics

Citation: Ghahrchi M, Bazrafshan E, Adamiyat Badan B, Dadban Shahamat Y, Gohari E Application
of heterogeneous catalytic ozonation process for treatment of high toxic effluent from a pesticide
manufacturing plant. Environmental Health Engineering and Management Journal 2020; 7(2): 79-88. doi:
10.34172/EHEM.2020.10.

Article History:
Received: 16 February 2020
Accepted: 2 May 2020
ePublished: 15 May 2020

*Correspondence to:
Yousef Dadban Shahamat
Email: Dr.udadban@goums.ac.ir

Introduction

Nowadays, with increasing resistant compounds in
industrial wastewater, more stringent environmental
regulations, inefficiency of conventional treatment
methods for removal of such pollutants to achieve
desirable standards are among the main problems of
wastewater treatment industry, which require more
research for finding new and effective methods to remove
the pollutants (1).

Pesticide manufacturing industry is categorized as one
of the industries, which its wastewater contains resistant
and recalcitrant compounds, such as confidor, paraquat,
glyphosate, and abamectin. The discharge of wastewater
containing such toxins into water resources leads to
surface and groundwater pollution and endangers public
health (2,3).

Confidor or imidacloprid (C,H, CIN.O,) is a systemic
insecticide, which is widely used to control many
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agricultural pests. The United States Environmental
Protection Agency (USEPA) has determined the
permissible concentration of confidor in surface water and
groundwater about 36.04 ppb and 2.09 ppm, respectively.
Paraquat (C ,H CLN,) and glyphosate (C,HNO,P) are
applicable to control weeds, which act non-selectively. As
the solubility of paraquat in water is high, contamination
of water resources and damage to aquatic organisms
are highly likely. Also, damage to the kidneys, liver, and
lungs has been reported by this herbicide (4). Another
herbicide, glyphosate, was classified by the World
Health Organization (WHO) in 2015 as a carcinogenic
compound for humans (5). So far, no guidelines have been
put in place for the residual glyphosate and paraquat in
water resources, however, the European Union (EU) has
determined the limited value for each type of herbicide in
drinking water as 0.1 ug/L (6). Abamectin with chemical
formula of C,H O (Bja) and C_H O, (Bb), is an
insecticide that has contact and digestive properties, as
well as a gradual effect on pests, however, its crippling
effect occurs quickly. The amount of LD50 for rats is 10
mg/kg. According to a research on rats, the exposure to
0.40 mg/kg/day of abamectin, increases stillbirths, and
decreases pup viability, lactation, and pup weights (7).
There are several methods for removal of pesticides, but
the most commonly used methods are thermal absorption,
membrane processes, contaminated soil washing,
biological removal, and chemical and electrochemical
processes, each of which has its own advantages and
disadvantages (8). For example, absorption methods and
membrane processes can be effective in removing poisons
from wastewater, but they have also some disadvantages
such as absorbent loss, incomplete treatment, high
system cost, while it requires revival. Also, biological
treatment is not suitable for treatment of wastewater
containing pesticides and insecticides, which have a
polycyclic structure and resistant, because the treatment
is incomplete and sludge disposal is difficult. Therefore,
due to the recalcitrant and resistant structure of poison
compounds, the use of oxidation methods to degrade
these pollutants are preferred today. So far, several
studies have been done in this field. Dridi Gargouri et
al investigated the efficacy of electrochemical oxidation
process to remove dimethoate insecticides with PbO,
electrode, and reported 90% chemical oxygen demand
(COD) removal efficiency at a current density of 50 mA/
cm? after 8 hours of reaction time (9). Hachami et al
investigated electrochemical oxidation of methidathion
as an organophosphorus pesticide by SnO, and boron-
doped diamond (BDD) anodes. They reported that COD
removal efficiencies under conditions of 2% NaCl, 60 mA/
cm? current density, and 120 minutes reaction time, using
SnO,and BDD electrodes, were 73% and 85%, respectively
(10). However, the expensive nature of the electrodes and
the complex operation of the system are the limits for
using these methods on a larger scale.

Recently, newer methods, such as the use of ultrasonic
waves and advanced oxidation technologies, such as
plasma, Fenton, photo-Fenton, wet oxidation by peroxide,
ozonation, and photocatalytic processes such as O,/UV,
have been used for the treatment of industrial wastewater.
But, these methods due to complex operation and high
cost of treatment in field are not attractive processes
(8,11,12).

Advanced oxidation processes (AOPs) are methods that
act based on the production of free radicals of hydroxyl,
which have high ability to decompose various organic
materials.

Today, in the AOPs, homogeneous or heterogeneous
catalysts are used to remove non-biodegradable
compounds, which in most cases, the toxicity of pollutants
is very high. So that, they are mostly used as a pre-
treatment for biological treatment process. The effect of
AOPs depends on the treatment conditions including: pH,
temperature, and concentration of the reactants (13,14).
Catalytic ozonation process (COP) is one of the
AOPs that utilizes catalysts. With the decomposition
of ozone molecule, hydroxyl radicals are produced,
which are stronger oxidizing agents than ozone (15).
In single ozonation process (SOP), decomposition of
toxic substances is usually not complete and effective.
Furthermore, most of the intermediates produced are
more toxic and non-degradable. However, the COP can
overcome this limitation (16). In the COP, if soluble metal
ions, such as Fe?*, Cu®*, Mn?*, Co** are used as catalysts,
the process is homogeneous catalytic ozonation and if
insoluble metal oxides and other insoluble compounds
are used, this process is called heterogeneous catalytic
ozonation, which AC, Fe,O,, MnO,, CuO, Fe,O,/CoO,
Cuw/ZrO,, Mn/TiO,, and AlZO3 are of these kinds of
catalysts (17). In a study by Maddila et al, heterogeneous
photocatalytic ozonation of bromoxynil pesticide using
Cs-doped bare TiO, as photocatalyst was investigated.
They found that after 2 hours reaction time, 100% of
the pesticide was decomposed (18). Mosleh and Rahimi
used the combination of ultrasonic cavitation and
Cu,(OH)PO,-HKUST-1 MOF as a visible-light driven
photocatalyst for degradation of abamectin pesticide.
They reported that under optimum conditions this
process is capable of destroying 99.93% of abamectin in 20
minutes reaction time (19). In another study by Pourzad et
al, the mineralization of paraquat by visible light-induced
photocatalytic degradation using N-doped TiO2@SiO2@
Fe304 nanocomposite was investigated. They reported the
maximum total organic carbon (TOC) removal efficiency
by this process as 84.71% (4). In general, despite the high
efficiency of the mentioned processes, the toxicity of some
catalysts such as TiO2 for human body, the difficulty
of the process operation and its high cost are the main
disadvantages of these processes (20,21).

Activated carbon (AC) is one of the catalysts that has
attracted the attention of majority of researchers. Since
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ozone oxidizes the absorbed material in AC, and on the
other hand, AC itself can act as a catalyst to decompose
ozone into hydroxyl radicals, simultaneous application
of AC and ozone can increase the removal efficiency of
pollutants (16,22,23).

Another advantages of using AC as a catalyst
include ineffectiveness of temperature in the process
performance, lower consumption and optimal use of
ozone, ineffectiveness of radical scavenger factors such
as bicarbonate, which is a major contributing factor in
the AOPs, as well as the lack of influence of pH (24).
One of the disadvantages of the AC powder application,
is its separation after the reaction and the possibility of
its recovery and return to the system (25,26). By adding
magnetic iron nanoparticles, superparamagnetic particles
or magnetic AC lead to the synergistic effect of catalyst
and its easy recycling for repeated use, which can resolve
the problems of recycling and effectiveness of the catalysts
and also improve the removal efficiency of pollutants (26).
In this study, the COP using modified AC with Fe,O,
nanoparticles was used to treat real wastewater of
pesticide manufacturing plant. In this method, in addition
to the possibility of application on a higher scale, the
limitations of other methods, such as the complexity of
the operation, high cost and toxicity of the catalysts, as
well as the existence of the catalyst in the effluent have
been improved. However, so far this method has not been
used for treatment of extremely toxic wastewater.

Materials and Methods

Characteristics of wastewater

The wastewater under study was prepared from a pesticide
manufacturing plant in Gorgan city. Characteristics of the
wastewater samples collected including the amounts of
poisons (confidor, paraquat, glyphosites, and abamectin)
and minor amounts of other possible pesticides, are shown
in Table 1.

Characteristics of catalyst

The catalyst used in the COP, was a nanocomposite made
of AC modified by Fe O, via impregnation method, which
its characteristics is thoroughly studied and mentioned
in previous studies. Also, according to the results of these
studies, pHzpc was 7.7 and natural pH of the wastewater
was about 7, therefore, it was considered as the optimum
pH and all experiments were performed at this pH (16,27).

Chemicals

Potassium dichromate (K,Cr,0.), sulfuric acid (H,SO,),
mercuric sulfate (HgSO,), silver sulfate (Ag,SO,),
potassium hydrogen phthalate (HOOCCH,COOK),

Table 1. Characteristics of the pesticide manufacturing plant wastewater

potassium iodide (KI), ferrous chloride tetrahydrate
(FeCl,, 4H,0), ferric chloride hexahydrate (FeCl,, 6H,0),
ammonia (NH,), and powdered AC (PAC) were purchased
with analytical purity from Merck Company (Germany).

The COP and SOP processes

A cylindrical reactor was used to treat the wastewater
using the SOP and COP. The height and inside diameter
of the reactor were 100 and 5 cm, respectively, that
in each experiment, 250 mL of the wastewater was
transferred to the reactor for the treatment process. Since
the reactor was designed as a Semi-Batch system, ozone
gas with concentration of 33 mg/min entered from the
bottom of the reactor through a ceramic bed stone and
the wastewater influent was continuously introduced to
the batch reactor. The air stream containing ozone gas
after contacting with the solution, exited from the top
of the reactor and excessive ozone gas was trapped in
two impingers containing potassium iodine (20%), and
consequently, removed from the system.

The schematic of the reactor is shown in Figure 1. Ozone
gas was generated from pure oxygen via corona discharge
(99.9%) and an ozone generator (Aryoun Tabriz Company,
Iran) manufactured in France, with capacity of 5 gO,/h.
The inlet flow of ozone was adjusted by a rotameter (with
capacity of 3.5 L/min) to a value of 0.5 L/min.

Analyses method

At the end of each experiment, some of the treated
effluent was taken to determine the concentrations of
TOC, COD, and biological oxygen demand (BOD,), as
well as pH, electrical conductivity (EC) (HACH, HQ40d
model), and turbidity (HACH, 2100Q model). Samples
were taken from both discharge valves and mixed for
homogenization. The TOC concentration was measured
by a TOC analyzer device (Jena 3100, Germany) based
on the NPOC (Non-Purgeable Organic Carbon) program
with a temperature program including combustion
chamber at 800°C, Peltier temperature of 10°C, and the
flux of oxygen gas was equal to 5 logs per 200 mL/min.
The COD concentration was determined using Closed
Reflux method (5220D) according to “Standard Methods
for the Examination of Water and Wastewater” book by a
spectrophotometer (HACH, DR5000 model, Germany) at
a wavelength of 600 nm (28).

Then COD removal efficiency was calculated based on
Eq. (1):

COD removal efficiency (%) = [(COD,- COD )/ C ] x100 (1)

Where, COD, and COD, are the initial concentration

Parameter TOC (mg/L) COD (mg/L)

BOD, (mg/L) pH

Turbidity (NTU) EC (us/cm)

Value 977.5 3888

13333 6.88 242 484
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Figure 1. Diagram of treatment process.

of COD and the concentration of COD at any time (t)
(mg/L), respectively.

To determine the amount of biodegradable organic
matter, the concentration of BOD, was measured using
barometric method.

The ozone concentration in the inlet and outlet of the
reactor was measured according to Method 2350E (KI)
(29,30). Also, ozone consumption for COD reduction was
calculated according to Eq. (2):

t
vV CODy—COD;

Ozone Consumption (OC, mgO /mg COD) = 2)

Where Q, V, C,, C,» and t are gas flow rate (L/min),
liquid volume (L), off-gas ozone concentration (mg/L),
input ozone concentration (mg/L), and time, respectively
(31).

Finally, the following first-order kinetic model was used
to determine the pollutant removal reaction rate as Eq.

(3):

—Kjt (3)

G _
Ln =
Where C, and C, are the COD concentration at reaction
time of £ and ¢, respectively, and K, is the reaction rate
constant (32).

Results

In this study, the wastewater containing various pesticides,
such as confidor, paraquat, glyphosites, and abamectin
was treated under the SOP and COP.

In the COP, the effect of different concentrations of
catalysts (1, 2, and 4 g/L) on the treatment process
improvement was investigated by measuring the amounts
of COD, TOC, BOD,, pH, EC, turbidity, and ozone
consumption. Also, the kinetic reactions for each process
were calculated and evaluated. The results obtained from
each parameter are discussed further in the following
sections.

Performance of the SOP and COP for TOC and COD
reduction

At the end of each experiment, the concentration of TOC
and COD were measured and the amounts of TOC/TOC
and COD/COD, were calculated, and the results are
shown in Figure 2. According to this figure, the amounts
of TOC/TOC, and COD/COD, in the SOP with injection
of 33 mg/min ozone decreased during the reaction time, so
that the minimum amounts of these parameters achieved
at reaction time of 120 minutes, were about 0.59 and 0.43,
respectively. However, by adding different concentrations
of the catalyst (1, 2, and 4 g/L) in the COP, the reduction
of the TOC and COD concentration, were considerably
enhanced, which at catalyst concentration of 4 g/L, after
120 minutes of reaction time, the minimum amounts of
TOC/TOC, and COD/COD, were obtained to be about
0.23 and 0.08, respectively.

Mineralization and evaluation of pH, EC, and turbidity

In the present study, by measuring TOC, the mineralization
of these complex organic compounds and their
decomposition by the SOP and COP were investigated.
The results of the TOC removal efficiency are shown in
Figure 3. As shown in this figure, in both SOP and COP,
TOC removal efficiency increased over time, so that the
amount of this parameter in the SOP at reaction times of
30, 60, 90, and 120 minutes were obtained as 24%, 33%,
39%, and 40%, respectively. In return, in the COP, with
addition of a catalyst in the presence of ozone, the TOC
concentration was significantly reduced and with regard to
the nonselective characteristic of hydroxyl radicals, the rate
ofthe TOC removal efficiency increased over time. Among
different concentrations of catalyst (1, 2, and 4 mg/L), the
best performance of the COP was at concentration of 4
mg/L. In this condition, the maximum TOC removal
efficiency (73%) was obtained at 120 minutes. In addition
to removal efficiency of TOC, the amount of pH, EC, and
turbidity of the effluent were measured, and the results are
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Figure 2. Effect of catalyst concentration on the TOC/TOC_ and COD/COD, values at different times (pH: 6.88, EC: 484 pS/cm, turbidity: 242 NTU).
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Figure 3. Effect of catalyst concentration on the TOC removal efficiency, pH, EC, and turbidity of effluent at different times (pH: 6.88, EC: 484 uS/cm, turbidity:

242 NTU).

shown in Figure 3. Evaluation of the final pH in the COP
indicates an increase in its values in the first hours. In the
SOP, the effluent pH was almost neutral, whereas in the
COP, especially at the maximum catalyst concentration,
pH of the effluent was acidified. As can be seen in Figure 3,
in the SOP, EC increased from 484 to 739 uS/cm, however,
in the COP, this increase was more significant. The values
of this parameter, at 120 minutes of reaction time and at
catalyst concentrations of 1, 2, and 4 mg/L were 752, 802
and 926 pS/cm, respectively. Turbidity of effluent was
another parameter that was tested in each experiment. The
results showed that turbidity in the SOP increased over
time. Also, in the CODP, at catalyst concentrations of 1 and
2 g/L, the values of this parameter during the first hour
were ascending. But, at catalyst concentration of 4 g/L, the
wastewater turbidity, with a relative increase in the first
minutes, after 2 hours of reaction time was decreased to
about 120 NTU.

Ozone consumption

As mentioned earlier, ozone consumption in the reactor
was measured using Eq. (2). The amount of ozone
consumption per mg/L of COD removed was calculated
and the results are shown in Table 2. As shown in this table,

the amount of ozone consumption in the SOP at reaction
time of 30, 60, 90, and 120 minutes were 1.54, 1.74, 1.81,
and 2.1 mg/L per mg/L removal of COD, respectively. By
adding the catalyst in the COP, a decreasing trend was seen
for these values and at concentration of 4 g/L and reaction
time of 120 minutes, the minimum ozone consumption
was obtained to be 0.34 mg O,/mg COD.

Biodegradability

In this study, BOD5/COD of raw wastewater was 0.22,
indicating the low biodegradability of its nature. However,
by performing the SOP and COP, the values of this index
for treated effluent were improved and the results are

Table 2. The effect of catalyst concentration on ozone consumption per
COD removal (mg O3/mg COD reduction)

Environmental Health Engineering and Management Journal 2020, 7(2), 79-88

Time (min)

Process

30 60 90 120
SOP, Catalyst =0 g/L 1.54 1.74 1.81 2.1
COP, Catalyst =1 g/L 1.3 0.87 0.78 0.76
COP, Catalyst =2 g/L 0.82 0.69 0.62 0.61
COP, Catalyst =4 g/L 0.59 0.43 0.39 0.34
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shown in Figure 4. According to the findings, BOD,/COD
increased in the both processes. The maximum amount
of BOD_/COD in the SOP, after 120 minutes of reaction
time was equal to 0.51. The concentration of BOD,
under this condition was 867 mg/L, which was more
than the primary concentration of BOD,. In the COP, by
increasing the amount of catalyst and reaction time, BOD,
concentration was decreased, and consequently, led to an
increase in BOD,_/COD. At catalyst concentrations of 1, 2,
and 4 g/L and reaction time of 120 minutes, BOD, values
were 610, 453, and 220.8 mg/L and the ratio of BOD,/
COD were 0.47, 0.57, and 0.64, respectively.

Kinetic study

To understand the rate of oxidation reactions by each of
the SOP and COP, the reaction kinetics were calculated
based on the pseudo-first-order kinetic (Eq. 3.), and the
obtained results are shown in Figure 5. The minimum
amount of constant velocity (k) was obtained in the SOP,
but by adding catalyst, this constant increased, so that at

880

0.6

catalyst concentration of 4 g/L, the maximum value of K
was obtained to be about 0.02 min™.

Discussion
The findings showed that the performance of the COP
was better than that of the SOP in reducing the COD and
TOC concentration from the pesticide manufacturing
plant wastewater. In the SOP, ozone acts through direct
and indirect oxidation to degrade and remove pollutants
(21). In direct oxidation, ozone molecule directly enters
the reaction with organic matter and oxidizes it, this
mechanism occurs more in acidic pH (33). But indirect
ozone oxidation, which is usually carried out in alkaline
conditions, leads to the decomposition of ozone and
production of radical hydroxyl. According to Eqs. (4
and 5), these radicals react with contaminant molecules
that contain different toxins and degrade substances into
simpler compounds (16).
0, +H,0 — 2HO,

03 + HO, — HO- + 20,

(4)
(5)
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Figure 4. Effect of catalyst concentration on the concentration of BODS and biodegradability at different times. (a): SOP, Catalyst = 0 g/L, (b): COP, Catalyst
=1g/L, (c): COP, Catalyst = 2 g/L, (d): COP, Catalyst = 4 g/L (pH: 6.88, EC: 484 uS/cm, turbidity: 242 NTU).

0.025
0.02 4 >
259 . 0015 §
g
E o014
M 3
2] 0.005 §
—~ 0
o8 0 1 2 3 4
\5: 15 ] Catalyst concentration (g/L) A
| A
n
1 A
=
A u
054 o SOP
7 B Catalyst=1g/L
pu A Catalyst=2 g/L
Catalyst=4g/L
0 T T T T T T
0 20 40 60 80 100 120 140
Time (min)
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Application of ozone alone has limitations, such as high
energy consumption, selectivity, and lack of complete
mineralization of pollutants especially for resistant
compounds. In contrast, the COP which acts through
ozone decomposition by catalysts and hydroxyl radical
production, does not have the limitations of the SOP.
One of the catalysts used in the COP is AC, which in
combination with ozone, the limitation of adsorption
capacity and active sites of this adsorbent has been
improved (34,35). According to the results of other studies,
the reaction of ozone with active carbon in the presence of
organic compounds is calculated using following Egs. (6-
11) (36,37):

TOC, + AC > TOC,-AC (6)
0,+AC & O-AC (7)
TOC,-AC + O,-AC — TOC + H,0, 8)
H,0,+ AC <> H,0,-AC )
H,0,-AC + O-AC — HO- + AC (10)
TOC, + HO- — TOC + HO - (11)

AC modification can increase function groups at the
catalyst surface to react with ozone. In this study, the
AC was modified with Fe,O, nanoparticles, which act as
a catalyst in the COP. According to the results of other
studies, production of radical hydroxyl and degradation
of contaminants in this process can be done through the
following mechanisms (25,38,39):
o Ozone adsorption by functional groups at the
catalysts surface including AC modified with Fe,O,
o Decomposition of ozone molecule and production of
strong radical species such as hydroxyl radical
These radicals are strong oxidizers, which can be
very effective in decomposing recalcitrant and toxic
compounds.
So far, several studies have been conducted on the
application of COP to remove various pollutants from
wastewater, in all of which superiority of this process has
been confirmed in comparison with the SOP. Wu et al
compared the efficiency of the SOP and COP in removal
of phenolic compounds in the presence of AC and Mn/
AC catalysts. In this research, they found that in the COP,
the constant amount of decomposition (k) for phenolic
compounds was much higher than that in the SOP. Also,
this constant for AC/Mn catalyst was higher than that for
AC alone (40). Fan et al, investigated the degradation of
atrazine toxicity by the SOP and COP using multi-walled
carbon nanotubes as a catalyst, and concluded that the
COP leads to further reduction in wastewater toxicity and
increase in atrazine mineralization (41). In another study,
Akhtar et al investigated the removal of sulfamethoxazole
from wastewater by combined adsorption and COP using
Fe,0,/CeO, and AC, and reported that at absorbent
concentration of 2 g/L and contact time of 70 minutes, the
removal efficiency was promoted from about 37% in the
SOP to 86% in the COP. The reason for this increase was

mentioned to be the production of more radical hydroxyl
as a result of ozone decomposition (42).

In this study, increasing the catalyst concentration
improved the COP performance in reducing the ratio of
COD/COD, and TOC/TOC,. Generally, by increasing
the catalyst concentration, the catalyst surface area and
active sites are expanded, and subsequently, improves
the adsorption-catalytic oxidation process by increasing
the absorption of pollutants on the catalyst surface area,
decomposition of ozone and production of more active
oxidizing species. However, in the COP, the function of
catalyst at different concentrations is affected by several
factors including the conditions of the catalyst reaction,
the type of catalyst, the characteristics of target pollutant,
and the amount of efficiency required (21). Hence, in
the present study, a catalyst concentration of 4 mg/L was
considered as the optimal value. Similar results were
reported by other studies that have used the COP to
remove resistant contaminants (43,44).

As mentioned before, the wastewater under treatment
contained various pesticides including confidor, paraquat,
glyphosites, and abamectin. These pesticides are aromatic
compounds with benzene rings. By ozone injection,
these toxins are oxidized and converted into simpler
compounds with shorter chains. But, as shown in Figure
3, in the SOP, the rate of mineralization was almost stable
after 90 minutes of reaction time. In fact, at the onset of
the SOP, the concentration of compounds that are easily
oxidized by ozone is higher. With increasing time, the
concentration of these compounds decreased and the
SOP efficiency for mineralization of organic compound
did not increase significantly (33). But, in the COP, the
hydroxyl radicals produced during the process, acted as
non-selective and performed complete mineralization of
complex compounds, which is consistent with the results
of a study by Trapido et al (45). Other studies have shown
that some of the intermediate compounds produced
during the oxidation process include 4.4’-bipyridine,
monopyridone, 4-picolinic acid, and hydroxyl-4-picolinic
acid. By continuing the reaction of radical hydroxyl with
these compounds, the long chains were oxidized to shorter
chains and became simpler carboxylic acids including
oxalic, acetic, formic, and succinic acids (46).

By considering the results of the effluent pH changes, this
result can be understood. In the COP, pH increased in the
first 60 minutes. This increase is due to the characteristics
of the catalyst and the presence of functional groups on
its surface, which leads to an increase in pH, however,
after this time, pH decreased (16). Due to the oxidation
of organic compounds by the SOP and especially the
COP and production of simpler intermediates such as
carboxylic acids, the pH reduction is justifiable and lower
final pH in the COP, can be attributed to the improved
performance of the process in decomposition of organic
contaminants. Hu et al, treated the industrial wastewater
containing resistant compounds using COP, in which
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carbon aerogel was used as a catalyst. They reported
a decrease in the effluent pH and it can be due to the
generation of acidic intermediate compounds (47), which
is consistent with the results of other studies (42,48).
Increasing EC of the wastewater over time also confirms
these results. In fact, the oxidation of larger organic
compounds during the SOP and COP and formation of
simpler compounds and ions, lead to an increase in EC.
However, it should be noted that the EC values in the
COP, especially at a catalyst concentration of 4 g/L, were
higher than those in the SOP. In a study by Ghahrchi et
al, ozonation and electro-catalytic ozonation of toxic and
recalcitrant compounds in mature landfill leachate were
performed and it was found that the mineralization of
complex compounds leads to an increase in EC and this
increase is more noticeable in the electro-COP (49). These
results indicate better performance of the COP in the
mineralization of contaminants through the generation
of radical hydroxyl, which is consistent with the results of
several studies (50-52). The turbidity of the effluent was
another parameter, which was investigated in this study.
The increase of turbidity can be due to the formation
of intermediate compounds and turbulence caused by
ozone injection. However, in the COP, by adding 4 g/L
of the catalyst, the mineralization of the compounds in
the wastewater was completed and this limitation was
improved.

The reduction in the amount of ozone consumption was
another advantage of the COP, which its value was related
improving the efficiency of COD removal in COP leads to
reduced amount of ozone consumption. The amount of
ozone consumption is very important in terms of economic
and energy consumption. Pocostales et al also reported
that in the COP, ozone consumption is significantly
reduced for removal of certain amounts of pharmaceutical
compounds from wastewater (8). Biodegradability of
wastewater is determined by calculating the BOD,/COD
ratio. Usually, for wastewater with BOD,/COD ratio less
than 0.3, biological methods are not effective. The AOP
processes such as COP not only oxidize pollutants in the
wastewater, but also increase biodegradability and reduce
wastewater toxicity.

To describe this fact, it should be noted that oxidation and
degradation of larger organic compounds into smaller
molecules and incomplete mineralization of organic
compounds by ozone can lead to an increase in the BOD,
concentration. Therefore, the main reason for the increase
in the BOD,/COD ratio was the increase in the BOD,
concentration, and the decrease of COD amount was
not significant. The results obtained in other studies to
improve the biodegradability of wastewater confirms the
results of this study (49,53).

But, in the COP, the hydroxyl radical production and
complete mineralization of organic compounds by these
radicalsled toareductionin the concentration of BOD, and
significantly COD, which increases the biodegradability of

wastewater containing toxins. As shown in Figure 5, it can
be concluded that the COP performance is clearly better
than the SOP performance in treatment of wastewater.
Also, higher amounts of velocity constant in the COP
confirm the higher speed of oxidation process in removal
of contaminants.

Conclusion

In this study, the treatment of pesticide manufacturing
plant wastewater by heterogeneous catalytic ozonation
using carbonaceous nanocomposite was investigated.
These catalysts in the presence of ozone, produce
hydroxyl radical as a strong oxidant, which results in an
effective removal of contaminants. Furthermore, due to its
magnetic properties, it is easy to collect this catalyst from
effluent. The optimum condition was obtained at catalyst
concentration of 4 g/L and reaction time of 120 minutes,
under which the ratios of TOC/TOC, and COD/COD,
were reduced to 0.26 and 0.088, respectively. But, in the
SOP, the ratios of TOC/TOC and COD/COD, were about
0.599 and 0.43, respectively. During oxidation of organic
compounds in the SOP and COP, pH was decreased.
Although pH decline in the SOP was not significant, but
at catalyst concentration of 4 g/L in the COP, the effluent
pH became so acidic. The amount of EC at catalyst
concentrations of 0, 1, 2, and 4 g/L and reaction time of
120 min were 739, 752, 802, and 906 uS/cm, respectively,
and the amounts of turbidity were obtained to be 718, 433,
342, and 120 NTU, respectively. The EC increase indicates
mineralization and degradation of larger and more
stable organic molecules, which consequently, increases
biodegradability. In the COP, at catalyst concentration of 4
g/L, ozone consumption for COD removal is significantly
reduced. Production of hydroxyl radicals in the COP
as a result of ozone reaction with catalyst increased
oxidation process, the process efficiency, as well as the
oxidation rate of the pollutants. Given that the effluent
sample in this study was real, the results can be used
directly in wastewater treatment produced in the poison
manufacturing industry and similar industries. In order
to complete the results of this project in the future, the
ozone consumption momentarily for consumed TOC can
be measured by stoichiometry of the ozone reaction.
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