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ABSTRACT

Chloridazon (CLZ), also named as Pyrazon and classified as organochlorine pesticides, is widely
used during sugar beets cultivation. CLZ being a pesticide with high solubility in water is
likely to end up in surface and groundwater bodies because of its high mobility in soil. Due to
its toxic properties, it may cause serious problems in human health and ecological cycle. In the
present study, the removal of CLZ pesticide by Fenton and photo-Fenton processes was investi-
gated. The effects of parameters such as H,0,, Fe(Il), initial CLZ concentration, pH, and tempera-
ture were studied. It was observed that CLZ completely disappeared within 1 h and 20 min by the
Fenton and photo-Fenton process, respectively, under optimal conditions. The optimal conditions
for each processes were attained as 7.5 mg/L Fe(Il), 50 mg/L H,O,, 40 mg/L initial CLZ, pH 3 and
20°C for Fenton process, and 5 mg/L Fe*, 50 mg/L H,0,, 60 mg/L initial CLZ, pH 3 and 20°C for
photo-Fenton process. The reaction kinetics of CLZ followed Behnajady-Modirdhahla-Ghanbery
kinetic model. Desphenyl CLZ, pyridazine-3,4,5-trione, oxaluric acid, and 5-hydroxyhydantion were
identified as CLZ degradation by-products. Accordingly, the degradation pathway was proposed.
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1. Introduction

Pesticides, rank first in the category of micropollutants
due to excessive and widespread uses, are the chemicals
used to destroy weeds and insects that damage plants and to
prevent plant diseases. Although the goal is to increase the
yield of agricultural products, it is now evident that there
are so many harmful effects on the environment and human
health. Based on their categories and half-life for each
pesticide, they persist, accumulate, and transport in soil and
water for many years. These toxic, low-biodegradable, and
water-soluble chemicals can cause serious environmental
pollution due to infiltration to surface and groundwater.
Notably, water resources close to agricultural areas contain
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pesticide residues, and the consumption of these resources
may have severe risks to humans [1].

Chloridazon (5-amino-4-chloro-2-phenyl-3(2H)-pyridaz-
inone) is a pesticide belonging to the pyrazinone family.
It is used before and after planting the sugar beets to combat
the broad-leaved weeds of beet cultivars as a barrier to pho-
tosynthesis. Chloridazon (CLZ) can easily be transported
in various media owing to its high organic carbon-water
partitioning coefficient (K ) and low octanol-water parti-
tioning coefficient (K ). Therefore, it has a high potential to
enter the surface and groundwater [2]. Nevertheless, CLZ
removal from waters took a tiny place in the literature. In a
few studies, adsorption [3], photolysis with titanium diox-
ide [4], and ozonation [5] have been applied for the removal
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of this pesticide but the removal efficiencies attained were
quite variable, ranging from 5% to 100%. Besides being in
limited numbers, they are not sufficiently detailed studies,
except the one by Azaari et al. [6] who investigated the pos-
sible by-products of CLZ degradation during photolysis
with titanium dioxide. So, there is a need to study further
toward the removal of CLZ from waters.

Recently, several studies put forward that advanced
oxidation processes (AOPs) are the most efficient method
for the treatment of wastewaters containing pesticides
[7-12]. AOPs rely on the formation of hydroxyl radicals
(OH") with high oxidant properties and provide efficient
treatment. These radicals are an exceptional type of oxidant
and known as the best one (2.8 V) after the fluorine oxidant
[13]. The advantage of AOPs overall chemical and biolog-
ical processes is that they do not transfer pollutants from
one phase to the other (as in chemical precipitation and
adsorption) or do not produce high amounts of sludge [14].

Fenton Oxidation, as one means of AOPs, relies on the
OH" formed by the mixture of hydrogen peroxide (H,0,) and
iron salts (Fe*") as shown in Eq. (1) [15,16].

Fe** + H,0O, —» Fe’* + OH~ + OH* (1)

In photo-Fenton oxidation, UV irradiation contributes
to the formation of OH® by photolysis of Fe(Ill) complex
ions and H,O, as shown in Eq. (2). In the presence of H,0,,
the regenerated Fe(Il) from the photolysis of Fe(Ill) species
is oxidized by H,0, and produces a new OH". Thus, the
oxidation of organic compounds will accelerate [17].

Fe** + H,O, +hv — Fe** + H" + OH* )

In the present study, the degradation of CLZ in water
by Fenton and photo-Fenton processes were investigated.
To this purpose, the effects of operational parameters, such
as pH, temperature, H,O,, Fe(Il), and initial CLZ concentra-
tions were sought. In this respect, a series of batch experi-
ments were performed within the specified ranges of these
parameters to allow a systematic parametric study. CLZ
removal kinetics were also examined for each treatment
application, and kinetic model analysis was performed.
Additionally, by-products formation was sought.

2. Materials and methods
2.1. Pesticide studied

A pesticide CLZ is used in this study. This pesticide is
obtained commercially from the product Pyrazon, which
contains 65% of CLZ as an active compound. The physico-
chemical properties of CLZ are as presented in Table 1 [18].

2.2. Other chemicals used

The analytical grade of CLZ (297% purity) (used as a
standard solution in high-performance liquid chromatog-
raphy (HPLC) method), sodium hydroxide (NaOH), sul-
phuric acid (H,SO,), iron sulfate heptahydrate (FeSO,7H,0)
and hydrogen peroxide (H,O,) were supplied from Sigma-
Aldrich, (Germany). Other chemicals, including sodium

Table 1
Physical properties of CLZ

Name of Properties Details

Chemical name Chloridazon (5-amino-4-chloro-

2-phenyl-3(2H)-pyridazinone)

Synonym Pyrazon

Molecular formula C,,H,CIN,O

CAS number 1698-60-8
Appearance Crystalline, Colorless
Molecular weight (g/mol) 221.6

Water solubility (mg/L) 422

Density (kg/L) 1.54

logK_ 1.2

K, 89-340

Dissociation constant pKa ~ 3.38

Vapor pressure 4.50 x 107 mmHg at 20°C
Half-life (d) 105

sulfite (Na,SO,) (>98%), potassium iodide (KIO,), potassium
triiodide (KI,) were purchased from Tekkim (Turkey). The
HPLC grade acetonitrile (99.9% purity) was obtained from
Merck (Germany). All aqueous solutions were prepared with
ultrapure distilled water.

2.3. Synthetic water

Experiments were performed using synthetic water pre-
pared by injecting the desired amounts of CLZ from its
stock solution (100 mg/L) into the ultra-pure water. The
CLZ concentration range studied (20-60 mg/L) is beyond
the levels likely to be found in real domestic wastewaters
(possibly at pg/L level). But, this level of CLZ could be pos-
sible to observe in the discharges of industries producing
this pesticide. So, this concentration range could represent
such wastewaters. Also, potential degradation by-products
would be easily detectable as the by-product concentrations
will be higher when the higher influent pesticide is used.

2.4. Experiments

All experiments were performed in a cylindrical jacket
glass reactor of 1 L volume (6 cm in width, 26 cm in length).
The reactor was placed on the magnetic stirrer, which pro-
vides homogenous mixing at 600 rpm. The desired tempera-
ture was maintained with the help of a cooling circulator
connected to the reactor. During photo-Fenton experimen-
tations, as different from the Fenton oxidation, a UV lamp
which is held in a 3 cm quartz bulb is placed in the center of
the reactor (Fig. 1). UV lamp used was of 10 W low-pressure
mercury (LightTech, Hungary) emitting at 253.7 nm. Before
the lamp was placed in the quartz bulb, it was allowed
to stand for 15 min to get up to full intensity. In addition,
the reactor was covered with aluminum foil so that there
will be no loss from the light source. The UV light inten-
sity was measured by the KI/KIO, Actinometer method [19]
as 1.9912 uEinstein/s.

Before starting the experiments, the reactor was
filled with a 600 mL CLZ aqueous solution at the desired
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Fig. 1. Experimental setup.

concentration. The pH of the solutions was adjusted with
1 M NaOH or H,SO, solutions. After the pH adjustment, the
desired amounts of FeSO,'7H,O and H,O, were added to the
reactor. While determining the concentrations of Fe* and
H,O, to include in the experimental matrix, firstly, ranges
provided in the literature data belonging to Fenton’s exper-
imentation were considered. It was seen that the ratio of
H,O,/Fe* was very variable, depending on the type of pol-
lutants. Therefore, preliminary tests were performed with
CLZ and the concentrations of H,O, and Fe* to be tested
were determined. The experimental matrix implemented is
given in Table 2 for both Fenton and photo-Fenton processes.
Measurements were conducted in duplicate, and arithme-
tic averages were taken. Moreover, to quench the reactions
in Fenton and photo-Fenton processes, 0.1 g Na, SO, was
added to each sample taken [20,21].

2.5. Kinetic analysis

During AOPs, degradation kinetics of contaminants
is known to follow bimolecular kinetics and hence can be
principally described by second-order reaction kinetics

[22] [Eq. 3)]:

d| CLZ
% =k,[CLZ][H,0, | €)
where k, is the second-order rate constant, [CLZ] Contam-
inant concentration, and [H,0,] concentration of H,O,.

If H,0, is used excessively in the reaction, it will only
depend on the CLZ concentration. So, the reaction will
follow pseudo-first-order kinetics [23-26] [Eq. (4)].
d[CLZ]
———==k,|CLZ 4

T —k[CLZ] @

Another kinetic model, called Behnajady—-Modirdhahla—
Ghanbery (BMG) kinetic model [Eq. (5)], was also pro-
posed by Behnajady et al. [27] to describe the oxidation of

organics by the Fenton process. They stated that the BMG
model is simpler and more accurate to forecast the Fenton

process. Conversely, Park et al. [28] claimed that the pseudo-
first-order kinetic model can adequately interpret the rapid
degradation but not the retarded degradation whereas the
BMG model well describes both rapid initial degradation
and retarded degradation phases.

Ct _q t
¢ meﬂ ©

where m and b are constants for the oxidation capacities and
reaction kinetics, respectively. According to the equation, the
slope and the intercept m and b constants can be obtained
from the time-dependent t/[1-(C, — C)] graph [28]. These
constants can also be determined from the derivation of
the main equation of the BMG kinetic model [Eq. (6)].

ac/C,  -m
. (m+b)y ©)

In this study, both models mentioned above were tested
for Fenton and photo-Fenton oxidation of CLZ.

2.6. Analytical methods

The CLZ concentration was analyzed by HPLC (Shimadzu,
LC-20A Prominence, Japan) with HPLC C18 column
(4.6 mm x 250 mm), CBM 20A system controller, LC-20A sol-
vent delivery unit, SIL 20A auto-sampler and 225 nm UV-VIS
detector (190-800 nm). Ultra-pure water and acetonitrile
mobile phases were used at 65% and 35% rates, respectively,
at a constant flow rate of 1 mL/min for CLZ analysis in HPLC.

For the analysis of degradation by-products of CLZ, lig-
uid chromatography-mass spectrometry system (LC/MS/
MS) device was used. The final LC/MS/MS conditions were;
flow rate 0.3 mL/min, temperature 40°C, pressure 100 bar,
injection volume 0.3 pL, and 1 min analysis period in posi-
tive mode for each analysis. Methanol (5 mM), ammonium
format (5 mM), and water were used as mobile phases.

3. Results and discussion
3.1. CLZ removal by Fenton and photo-Fenton processes

Parametric studies were performed for both Fenton
and photo-Fenton process. In this respect, the effects of pH,
temperature, H,O,, Fe*, and initial CLZ concentration were
investigated under the operational conditions presented
in Table 2. In the following sections, results obtained are

provided and discussed.

3.1.1. Effect of pH

The pH is an important parameter since it plays a vital
role in the formation of OH* [29]. In an attempt to investi-
gate the effect of pH on the CLZ removal performance for
the Fenton and photo-Fenton processes, a series of exper-
iments were performed under different initial pH condi-
tions, namely, pH 2, 3, 4, and 5. The reason for selecting an
acidic pH range lies behind the fact that more OH* will be
formed at lower pH [30-32]. Also, the formation of Fe(OH),
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Table 2
Experimental matrix

Fenton process

Photo-Fenton process

T°C

]
v

H,0O, mg/L CLZ, mg/L Fe*mg/L

]
v

H,0, mg/L CLZ, mg/L Fe* mg/L T°C

100 40 5 20
100 40 5 20
100 40 5 20
100 40 5 20
100 40 25 20
100 40 7.5 20
100 40 10 20
10 40
20 40
50 40
200 40
50 10
50 20
50 60
50 40
50 40
50 40

W W W W W W W WWWwWwWwwWwau ks wnN

Qg o1 g g g1 g o g g Gl
N
o

50 40 5 20
50 40 5 20
50 40 5 20
50 40 2.5 20
50 40 7.5 20
10 40 5 20
20 40 20
50 20 20
50 60 20
50 60 30
50 60 40

W W W W W WWWwrkr wN

g a1 g g G

with a low catalytic property is to occur at higher pH values
[33]. Figs. 2a and b show the variation of CLZ concentration
with time at each pH condition for the Fenton and photo-
Fenton process, respectively.

As shown in Fig. 2a, the highest CLZ removal is attained
at pH 3 for both processes, as also supported by the literature
studies [34,35]. It can be depicted in Figs. 2a and b that when
the pH value was increased from 2 to 3, the removal rate
increases, but when the pH was increased to 4, it decreases.
This decrease in CLZ removal can be attributed to the possi-
bility of precipitation of iron source as ferric hydroxide, as
also stated by Ghaly et al. [36] and Sun et al. [24]. In addi-
tion to this, the oxidation ability of OH" could decrease with
increasing pH [37]. On the other hand, the poorer removal
efficiencies at pH 2 than at pH 3 could be explained with the
possible oxonium ion formation at pH 2 due to the strong
proton solubility of H O,.

When the removal rates observed in the Fenton and
photo-Fenton processes were compared, the positive effect
of UV light is evident. In the case of Fenton treatment, at
pH 3, the required time to reach about 99% CLZ removal
was 60 min (Fig. 2a), whereas it took only 10 min (Fig. 2b).
It can safely be stated that UV irradiation (<300 nm) became
a mild way to trigger HO, decomposition which gener-
ates OH* compared to Fenton process, as also evidenced
by Ghaly et al. [36], Shemer et al. [38] and Rubio et al. [39].
Therefore, more amount of OH* will be generated in the
case of photo-Fenton application. Moreover, when exposed
to UV light, the Fe* formed during the Fenton process will
lead to the formation of some other species, such as mono-
hydroxy complex Fe(OH)*, which can produce Fe** and
OH" through photosensitization [Eq. (7)] [40].

Fe(OH)* + hv — Fe? + OH® @)

(a) 45
40 >
35

30 A
25 A
20 A ——pH=2
15 - —0-pH=3
—a—-pH=4
—o—pH=5

CLZ (mg/L)

0 . . . . .
0 10 20 30 40 50 60
Time (min)

~
=)
p——
- =
S

D W W
S o W

——pH=2

CLZ (mg/L)

—
o

—o—-pH=3
—a—pH=14

0 10 20 30 40 50 60
Time (min)

Fig. 2. Time course variation of CLZ concentration at different
PH (a) Fenton process (CLZ = 40 mg/L; T = 20°C; H,O, = 100 mg/L;
Fe* = 5 mg/L) and (b) photo-Fenton process (CLZ = 40 mg/L;
T=20°C; H,0,=50 mg/L; Fe* =5 mg/L).



H.B. Ulu et al. / Desalination and Water Treatment 194 (2020) 429438 433

This generated Fe* could further induce the process,
according to Eq. (1). So, these additional sources of OH*
could explain the more rapid depletion of CLZ under the
photo-Fenton process as compared to the Fenton process.

3.1.2. Effect of temperature

The effect of temperature on CLZ removal by Fenton
oxidation was investigated by working at different tem-
peratures, namely, 10°C, 20°C, 30°C, and 40°C, while keep-
ing the other operational parameters constant. The results
obtained are shown in Fig. 3a. As seen from this figure, like
for the experimentations performed for the effect of pH, the
CLZ concentration declined very rapidly at first (within
1-3 min). Still, then it ceased down gradually (Fig. 3a). This
gradual decline ended up at the end of 20 min for the tem-
perature of 40°C, whereas it took 40 and 60 min for 30°C and
20°C cases, respectively. When the temperature was 10°C,
the CLZ decline was still going on, though very slowly. So,
it was evident that as the temperature increases from 10°C
to 40°C, the CLZ removal efficiency increases until 40 min.
However, at the end of 60 min, the removal performance
belonging to the temperatures of 20°C, 30°C, and 40°C was
all the same with almost >99.9%. So, it can be said that the
increase in temperature within the studied range has a

~~
=+
N~

CLZ (mg/L)

Y

0 10 20 30 40 50 60

Time (min)

(b) 70
60 %

—o— 20°C
—=— 30°C
50 - —o— 40°C
2
W 40
N 30 {
@]
20 -
10
0 - ' .
0 10 20 30 40 50 60

Time (min)

Fig. 3. Time course variation of CLZ concentration at different
temperature (a) Fenton process (CLZ =40 mg/L; H,O, =50 mg/L;
Fe(l) = 5 mg/L; pH = 3) and (b) photo-Fenton process
(CLZ =40 mg/L; H,0, =50 mg/L; Fe(Il) = 5 mg/L; pH = 3).

positive effect on the removal of CLZ. The efficiency raised
from 26% to 99.98% while the temperature rises from 10°C
to 40°C at the end of 60 min. It was also seen that degrada-
tion occurs in a shorter period when the temperature rises.
So, it can be said that the increase in the formation of OH*
with temperature increment, which accelerates the Fenton
reaction, will increase the efficiency of the CLZ removal,
as also reported by Sun et al. [41]. Fenton applied at room
temperature (20°C-25°C) should be preferred even though
40°C of temperature seems to be the most efficient tempera-
ture, considering the operating cost.

Photo-Fenton experiments were carried out at differ-
ent temperatures (20°C, 30°C, and 40°C) while keeping the
other operational parameters constant. The results obtained
are shown in Fig. 3b. As the temperature rises from 20°C to
30°C and then to 40°C, the removal of CLZ increases at a
given time of the experimentation during the first 15 min.
This trend was more observable at the 5th min of experi-
mentation. Then after the difference between them dimin-
ished, reaching >99% removal at the end of 20 min at all
temperatures studied (Fig. 3b). In other words, the initial
degradation rate of CLZ gets higher as the temperature
increases from 20°C to 40°C.

When compared with the findings of the Fenton process,
the stimulatory effect of UV light application is evident
in the case of the photo-Fenton process. For example, it
took 60 min to achieve >99% CLZ removal at the tempera-
ture of 20°C in the Fenton process (Fig. 3a) while it took
20 min at the same temperature in the photo-Fenton pro-
cess (Fig. 3b). Similarly, at 40°C, >99% CLZ removal was
attained at the end of 20 and 10 min in the Fenton and
photo-Fenton process, respectively.

3.1.3. Effect of Fe(Il)

The experiments were performed using Fe(Il) in the
range of 2.5-10 mg/L at a fixed H,O, of 100 mg/L, the tem-
perature of 20°C, and pH of 3. The results obtained are
shown in Fig. 4. It was evident that as the concentration
of Fe?" increases from 2.5 to 10 mg/L, the efficiency of CLZ
removal increases in the Fenton oxidation application. With
the photo-Fenton application, the CLZ removal efficiency
increased as the Fe? concentration increases as well. But,
the positive effect of UV light is evident. In the case of the
Fenton process, at Fe*" of 5 mg/L, the required time to reach
about 99% CLZ removal was 60 min (Fig. 4a), whereas
here it took only 10 min with the photo-Fenton applica-
tion (Fig. 4b). Moreover, in the case of photo-Fenton, when
the concentration of Fe* is increased from 5 to 7.5 mg/L,
no significant change was observed. This could be due to
the possibility of the scavenger effect of iron on the gen-
erated radicals. Because, when high amounts of Fe*" used,
although the formation rate of OH* by the decomposition of
H,O, increases, generated OH" can also be consumed by the
side reactions involving Fe* [40]. Then, Fe** will react with
the hydroxyl radicals and will form Fe(OH),, which will,
in turn, reduce the effects of the UV source on the degra-
dation of CLZ in photo-Fenton experiments [42]. Moreover,
when the iron is used in excess, it will cause a high amount
of sludge production besides the high chemical cost.
Therefore, the concentration of 5 mg/L Fe?" seems optimal.
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Fig. 4. Time course variation of CLZ concentration at different
Fe? (a) Fenton process (CLZ =40 mg/L; T = 20°C; H,0, = 100 mg/L;
pH = 3) (b) photo-Fenton process (CLZ = 40 mg/L; T = 20°C;
H,O, =50 mg/L; pH =3).

3.1.4. Effect of initial CLZ

The effect of initial CLZ concentration on CLZ removal
by the Fenton process was investigated within the concentra-
tion range between 10-60 mg/L, as seen in Fig. 5a. The other
experimental conditions were maintained as H,0O, = 50 mg/L,
T = 20°C, Fe* =5 mg/L, pH = 3, as to correspond to their
optimum values determined previously.

It was evident that as the initial CLZ concentration
increases from 10 to 60 mg/L, the CLZ removal efficiency
decreases until 40 min. However, at the end of 60 min,
the removal performance belonging to the initial CLZ of
10, 20, and 40 mg/L was all the same with almost >99%.
The removal efficiency attained for 60 mg/L CLZ was 64%
at the end of 60 min, while the removal of CLZ for 10 mg/L
CLZ was >99% at the end of 20 min. So, it was clearly seen
that when the CLZ concentration increases, the removal
efficiency decreases. This was attributed to the fact that
there will be no increase in the OH* formed during the
reaction when contaminant concentration increases, as also
reported by [43].

Fig. 5b shows the effect of initial CLZ concentration
(20, 40, and 60 mg/L) on CLZ removal by the photo-Fenton
process. The other experimental conditions were main-
tained as H,O, = 50 mg/L, T = 20°C, Fe**= 5 mg/L, pH = 3,
as to correspond to their optimum values determined. The

70
(@) —~—CLZ= 10 mg/L
60

—A—CLZ=20 mg/L
50 —0—CLZ=40 mg/L
—8-CLZ= 60 mg/L

CLZ (mg/L)

0 10 20 30 40 50 60
Time (min)
(b) 70
& —&—CLZ=20 mg/L
—0—CLZ=40 mg/L
50 —8—CLZ= 60 mg/L

30
20
10
0 3 T
0 10 20 30 40 50 60

Time (min)

Fig. 5. Time course variation of CLZ for different initial CLZ
concentrations by (a) Fenton process (H,O, = 50 mg/L; T = 20°C;
Fe* = 5 mg/L; pH = 3) (b) photo-Fenton process (T = 20°C;
H,O, =50 mg/L; Fe** =5 mg/L; pH = 3).

CLZ removal efficiency of >99% was achieved at the end
of 5 min when the initial CLZ concentration was 20 mg/L,
whereas it was 57 and 81% when initial CLZ was 40 and
60 mg/L, respectively. Since the main factor in the removal
of CLZ is the amount of OH*, which remains stable as the
initial Fe*, and H,O, concentrations are constant during the
entire experiments, it is expected to observe the decreas-
ing CLZ removal efficiency while the concentration of CLZ
increases. When compared with the Fenton process, at the
CLZ concentration of 20 mg/L, >99% removal was possible
at the end of 50 min, whereas at the CLZ concentration of
60 mg/L, CLZ removal was only 65% at the end of 60 min. So,
the positive effect of UV light is evident.

3.2. Reaction kinetics for Fenton and photo-Fenton experiments

Pseudo-first-order kinetics and BMG reaction kinetics
were applied and compared (Figs. 6a and b). The rele-
vant kinetic constants belonging to the optimal conditions
determined for Fenton and photo-Fenton processes are
provided in Table 3.

As seen from Table 3, compared to pseudo-first-order
kinetics, the BMG kinetic model gives the higher cor-
relation coefficients, indicating the better fit of the BMG
model to the data. The regression values in the BMG model
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6 being higher than 0.95 for both processes prove that the
(a) BMG model is followed perfectly. Because of being best
5 y=0.1975% o fit with BMG kinetic model for the processes, the math-
R2=0.9867 o ) ; : .
o e.matlcal equations are derived according to the correla-
4 y =0.0624x tions of operation parameters (Fe*/ H,O,, pH, T, and CLZ
S R?=0.3844 concentration) with 1/m and 1/b values, indicating the initial
g 3: degradation rate of contaminant and the theoretical maxi-
= mum contaminant removal, respectively as it was done by
2 Behnajady et al. [27] and Tung et al. [44]. The equations are
presented in Table 4.
1 ©Fenton
0 @ Photo-Fenton 3.3. Possible by-products formation of CLZ with Fenton and
0 10 20 30 40 50 60 photo-Fenton processes
Time (min) In the literature, desphenyl chloridazon (DPC) and
(b) L P—— methyl desphenyl chloridazon (Me-DPC) are generally
y =0.9523x +7.6514 .. .
60 1 2= 0.9590 ) observed as by-products of CLZ pesticide degradation
[45-47]. According to the European Food Safety Authority
50 A (EFSA) [18] report, these by-products are more harmful than
~ its active substance, CLZ. However, when determining the
% =i possible by-products, another critical point is to determine
=30 J the other by-products formed with the further degradation
= of DPC and Me-DPC. Because these intermediates have
20 A
10 1 y=0.8740x + 33151 ° Ff—llton Table 3
0 . Rl: i i . bl 1otf>—Fenton Pseudo-first-order and BMG kinetic model parameters for the
0 10 20 30 40 50 60 degradation of CLZ by Fenton and photo-Fenton processes
Time (min)
Process Pseudo-first-order BMG
Fig. 6. (a) Pseudo-first-order, and (b) BMG kinetics of CLZ k R m b R2
degradation by Fenton and photo-Fenton processes (pH = 3; !
Fe* =5mg/L; H,0, =50 mg/L; CLZ = 40 mg/L; T = 20°C for Fen- Fenton 0.0624 0.8844  7.6514 09523  0.959

ton and pH = 3; Fe* =5 mg/L; H,O, = 50 mg/L; CLZ =60 mg/L;  photo-Fenton 0.1975 09867 33151 0874  0.9953
T =20°C for photo-Fenton).
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Fig. 7. (a) LC/MS/MS spectrum of CLZ at the end of Fenton processes (T =20°C; CLZ =40 mg/L; H,0, =50 mg/L; Fe** =5 mg/L; pH = 3)
and photo-Fenton processes (CLZ = 60 mg/L; H,O, = 50 mg/L; Fe*" = 5 mg/L; pH = 3) and (b) fragment ions of pyridazine-3,4,5-trione
(m/z 42 and 56).
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Fig. 8. Possible degradation pathway for the formation of pyridazine-3,4,5-trione and oxaluric acid [5].

the potential to damage the environment. Therefore, in the
study, the possible by-products generated by Fenton and
photo-Fenton processes were also investigated. During this
analysis, it was inspired by a thesis done by Schatz [5] on
the CLZ removal by the ozonation process. Schatz [5] iden-
tified the possible by-products of CLZ during ozonation
and provided the m/z (mass vs. charge) values for the iden-
tified products.

For the by-product analysis in the Fenton and pho-
to-Fenton processes, the conditions considered as optimum

Table 4

were taken into consideration (T = 20°C; CLZ = 40 mg/L;
H,O, = 50 mg/L; Fe* = 5 mg/L; pH = 3 for Fenton and
CLZ = 60 mg/L; H,0, = 50 mg/L; Fe* = bmg/L; pH = 3 for
photo-Fenton). The same evaluation was done in these two
processes because there was no difference in the m / z values
between the samples taken at 1 h for the Fenton and 30 min
for the photo-Fenton processes. Figs. 7a and b show the
results obtained from the LC/MS/MS analysis.

It was believed that the compound formed during the
Fenton and photo-Fenton processes upon the degradation

The correlation equations for 1/m and 1/b in Fenton and photo-Fenton process

Process Parameter Equation R?
[Fe*/H,0,] 1/m = 35.864[Fe*’/H,O,]* + 0.233[Fe*"/H,O,] + 0.05 0.99
1/b = -211.73[Fe*/H,0,]* + 33.202[Fe?*/H,0,] - 0.1618 0.96
1/m =-0.0592[Fe*/H,O,]* + 0.0097[Fe*'/H,O,] + 0.1318 0.96
1/b = 1.8834[Fe*/H,0,]* - 1.9162[Fe*/H,0,] + 1.1638 0.95
pH 1/m =-0.0552pH + 0.3024 0.95
Fenton
1/b =-0.2125pH? + 1.3478pH - 1.3899 0.63
CLZ 1/m =0.0033CLZ* - 0.216CLZ + 3.4687 0.97
1/b =-0.001CLZ? + 0.0407CLZ + 0.6959 0.92
T 1/m = 0.027200%5T 0.96
1/b =-0.002T2 + 0.1247T - 0.735 0.97
[Fe*/H,O,] 1/m =-20.785[Fe*/H,0,]* + 10.767[Fe*’/H,0,] - 0.248 1
1/b = 26.578[Fe*/H,0,]* - 7.305[Fe*/H,0,] + 1.5695 1
1/m = 4.6179[Fe*"/H,O,]* - 3.7751[Fe*/H,0,] + 0.9522 1
1/b = -1.6004[Fe*/H,O,]* + 0.8625[Fe*/H,0,] + 1.0345 1
pH 1/m =-0.2694 pH? + 1.642 pH — 1.8806 1
Photo-Fenton 1/b = 0.0557 pH? — 03278 pH + 1.5864 1
CLZ 1/m =1.0715e002¢L2 0.98
1/b =-0.0007CLZ?*+ 0.0511CLZ + 0.3755 1
T 1/m =-0.0056T2 + 0.3408T — 4.1444 1
1/b=-0.0011T%+0.0716T + 0.1053 1
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of DPC is pyridazine-3,4,5-trione, with an m/z value
of 127. To prove, the fragments ions were checked. As
shown in Fig. 7b, it was proven that the compound is pyr-
idazine-3,4,5-trione, as help from the data provided by
Schatz [5]. However, since the ammonium format was used
as a buffer during the analysis, which binds 33 numbers
to the compound, it was considered that the compound of
oxaluric acid with an m/z value of 165 is formed. The pres-
ence of DPC is thought to come from the compound with an
m/z ratio of 165. Because, in the experimental analysis, it is
considered that H,O is bonded to the compound and bring
19 in number to the DPC with an m/z ratio of 146. In this
case, the mechanism of the degradation pathway would be
as given in Fig. 8.

4. Conclusions

CLZ removal from waters by Fenton and photo-Fenton
processes were studied comparatively. The optimal condi-
tions leading to the highest CLZ removal were identified
for both processes. The photo-Fenton process was superior
over the Fenton process, considering the removal efficien-
cies attained. However, one should consider the economic
feasibilities of these processes before deciding to choose
as a treatment method. In this respect, possible higher
sludge production in the Fenton process vs. the addi-
tional cost of UV light used in the photo-Fenton process
should be evaluated through a pilot-plant study. Removal
kinetics followed the BMG kinetics perfectly. By-products,
namely, DPC, pyridazine-3,4,5-trione, oxaluric acid, and
5-hydroxyhydantion were identified. For the unidentified
by-products, further studies are recommended. Because
they might be more toxic than CLZ and may pose a greater
danger to the environment. They should be identified and
their removal should be investigated further. Thereby,
the study will only be complete after these assessments.
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