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Abstract In the present report, the oxidative degra-
dation of an endocrine-disrupting compound triadi-
menol has been investigated using the photo-Fenton
reaction. Different reaction conditions that affected
the degradation kinetics were examined including
the iron (Fe?*) ions and hydrogen peroxide (H,0,)
concentrations, the initial concentration of triadime-
fon, and the type of iron salt. The degradation rates
proved to be strongly influenced by the above param-
eters. The reaction conditions in terms of Fe*" and
H,0, concentrations were systematically studied
and optimized using an experimental design through
central composite design. The kinetics of the process
can be characterized as pseudo-first-order. As iron
and hydrogen peroxide concentrations increase, the
degradation rate of triadimenol accelerates and com-
plete degradation can be achieved after a short time
of illumination. The effectiveness of the five different
iron salts on the degradation performance were also
investigated. Experiments with longer time illumina-
tion can lead to complete mineralization and detoxi-
fication of triadimenol solutions. The properties of
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the proposed oxidative degradation scheme make it a
promising candidate for wastewater treatment.
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1 Introduction

Environmental pollution is a pervasive problem with
widespread ecological consequences. For this reason,
many substances have been characterized by US EPA
as priority pollutants (Malato et al., 2009). In the last
decades, one of the most important class of pollut-
ants, endocrine-disrupting chemicals, has received a
lot of attention (Chihiro et al., 2003). An endocrine-
disrupting chemical is an exogenous substance that
causes adverse health effects in an organism, or its
progeny, and can damage the endocrine function
(Voulvoulis et al., 2008). In this class belong a wide
range of substances such as pesticides, fungicides,
and phthalates.

Fungicides are a group of chemicals which are
used to protect crops such as soft fruits from fungal
attack (Albanis et al., 2000). In the last years, large
amounts of fungicides have been applied in the Medi-
terranean region. In Greece, for example in 1987, they
used 3,600,000 kg of fungicides while in USA each
year more than 73 million pounds is applied (Baird
& DelLorenzo, 2010). As a result of their extensive
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use, fungicide residues can be found in surface waters
such as rivers. Lately, some fungicides have found
use as alternatives in paints, in order to protect boats
from algae and seaweeds.

One main class of fungicides is triazoles. Cona-
zoles are systemic fungicides which belong to the fam-
ily of triazoles. These compounds are characterized by
a five-membered nitrogen heterocyclic ring (Baird &
DeLorenzo, 2010). Conazoles protect crops by inhib-
iting the biosynthesis of ergosterol, which role is to
maintain the fluidity in fungal cells. From the family of
conazole fungicides, the two most important members
with wide use are triadimefon [1-(4-chlorophenoxy)-
3,3-dimethyl-1-(1H-1,2,4,-triazol-1-yl)-2-butanone]
and triadimenol [B-(4-chlorophenoxy)-a-(1-1-
dimethyl-1H-1,2.4,-triazole- 1-ethanol] (Fig. 1). These
compounds have chiral centers and consist of one and
two pairs of enantiomers (Del Nozal et al., 2003). Tri-
adimefon blocks fungal attack through his biotransfor-
mation into triadimenol.

Triadimenol is a metabolite of triadimefon and has
curative and eradicative effect (Da Silva et al., 2001). It
is typically used to control the powdery mildews in cere-
als, fruits, tomatoes, and ornamentals (Du et al., 2007).

Traditional methods of water disinfection typically
involved treatment methods which are often chemi-
cally, energetically, and operationally intensive, and
have considerable cost, engineering expertise, and
infrastructure, all of which precludes their world-
wide use. Additionally, chemical treatments (i.e.,
using NHj;, chlorine compounds, HCl, NaOH, O;,
permanganate, ferric salts, anti-scalants, corrosion
control chemicals, and ion exchange resins) and their
residuals (sludge, toxic waste) can increase the prob-
lems regarding to the contamination and salting of
freshwater sources (Malato et al., 2009). In order to
remove or to degrade these substances, new methods
were applied, known as advanced oxidation processes
(AOPs).

Fig. 1 Chemical structure
of triadimefon and triadi-
menol

Triadimefon
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Advanced oxidation processes can be used for
water decontamination comprising organic pollutants,
diversified to bio-recalcitrant and/or for disinfection
removing current and emerging pathogens. These
methods rely on the formation of highly reactive
chemical species which degrade even the most recal-
citrant molecules into biodegradable compounds.
More specifically, they are based on the formation of
hydroxyl radicals (OH), which can act as high oxida-
tive species (oxidation potential 2.80 V) and can be
generated through different pathways (Byrne et al.,
2015; Malato et al.,, 2009). Some systems which
belong to AOPs are Fenton reaction (Fe**/H,0,),
photo-Fenton reaction (Fe**/H,0,/hv), UV/H,0,, O,/
H,0,, and O;/UV (Cavalcanti et al., 2021; de Oliveira
Marques Cavalcanti et al., 2022; Santana et al., 2021;
Von Sonntag, 2008).

In Fenton reaction, hydrogen peroxide is decom-
posed in water and oxygen in the presence of iron
ions in aqueous solutions which produces 'OH stoi-
chiometrically and results in oxidation of the Fe(II) to
Fe(III) (Malato et al., 2009). The reaction which takes
place is described below:

Fe*™ + H,0, — Fe** + HO + OH~
Fe** + Hy,0, — Fe** + HO, + H*
Fe’* + H,0, — Fe(OH),”" — Fe** + HO + OH~

The main benefit of Fenton’s reagent over other
HO' systems is its lower cost compared to TiO, par-
ticles or O; generators. The use of light-induced
reactions in water treatments has drawn increasing
attention recently. The photo-assisted Fenton reaction
naturally provides faster kinetics and an increased
mineralization level than the thermal reaction in
the absence of light. In photo-Fenton reaction, the
use of light (A<500 nm) accelerates the formation
of hydroxyl radicals through the following reaction
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that regenerates Fe’* ions and turns the process to
catalytic:

Fe(O,H)*" + hv —» Fe** + HO,

In the present study, the oxidative degradation of
triadimenol using photo-Fenton reaction is investi-
gated here for the first time. The photo-Fenton reac-
tion has been used for the homogeneous treatment of
polluted aqueous solutions. Various parameters (such
as Fe** and H,0, concentration, the type of iron salt)
that affected the degradation kinetics were systemati-
cally examined and optimized using central compos-
ite design. The main goals of the present study were
(1) to investigate the kinetics of the fungicide disap-
pearance in aqueous solution and (ii) to study the
degree of mineralization.

2 Experimental
2.1 Reagents, solutions, and materials

Triadimenol was of analytical grade (>95%) and
purchased from Sigma-Aldrich (Chemie GmbH,
Steinheim, Germany). HPLC-grade solvents, ace-
tonitrile, and water were supplied by Merck. Hydro-
gen peroxide (H,0,, 30%) was supplied by Panreac
(Quimica S.L.U., Castellar del Vallés, Barcelona,
Spain). Iron salts including Fe,(SO,);, FeCl;-6H,0,
and Fe(NO;);-9H,0 were supplied by Merck, while
FeSO, and Fe(NH,),(SO,), by Panreac (Quimica
S.L.U., Castellar del Valles, Barcelona, Spain) and
Fe(ClO,); by SigmaOAldrich (Chemie GmbH, Stein-
heim, Germany). Stock solutions of triadimenol at
concentration of 50 mg L~! and all solutions for the
experiments were prepared in deionized ultrapure
water protected from the light and stored at 4 °C.
Water was produced by Direct-Q Millipore purifica-
tion water system (Bedford, MA).

2.2 Analytical Instrumentation and Conditions

All analyses were carried out on Waters Acquity
UPLC-PDA System (Waters, Manchester, UK)
equipped with a thermostated autosampler and
column oven. The analytical column consisted
of a Waters Acquity UPLC BEH C;; column
(50%2.1 mm, 1.7 pm) (Milford, MA, USA) using a

flow rate of 0.35 mL min~!. The elution of the com-
pounds was performed isocratically using a mixture
of water:CH;0H, 60:40% v/v, respectively. The col-
umn temperature was set constant at 25 °C. The injec-
tion volume was 5 pL and the detection of the analyte
was performed at 224 nm.

The dissolved organic carbon (DOC) was deter-
mined by Shimadzu V-csh TOC analyzer (Kyoto,
Japan) and for the examination of the toxic properties
of the sample’s measurements were carried out using
MICROTOX test measuring the luminescence of bac-
teria V. fisheri at 5 and 15 min of time exposure. For
this test, the salinity must be 2% and for this reason
it was necessary the adjustment of the pH (7.0+1.0)
and of the osmotic pressure.

2.3 Experimental Procedure

The experiments were performed using a 500-mL
Pyrex UV reactor equipped with a 125-W high-pres-
sure mercury lamp surrounded by a Pyrex filter block-
ing wavelengths below 290 nm. A tap water cooling
circuit was employed to kept the temperature at the
range of 30-35 °C. There was no extra purge of air or
oxygen in the reactor. The initial triadimenol concen-
tration was 20 mg L™!. Samples were withdrawn from
the reactor at certain time intervals and the triadime-
nol concentration was determined by UHPLC-PDA
using a C18 BEH analytical column (50%2.1 mm,
1.7 pm). The elution of the compound was performed
using a mixture of H,0:MeOH, 60:40% v/v.

In the preliminary experiments, four systems
namely (i) UV irradiation, (ii) Fe’* combined with
UV-A, (iii)) H,O, combined with UV-A, and (iv)
Fe3*, H,0, combined with UV-A, were investigated
(Chiou et al., 2006). The concentrations of Fe3* and
H,0, were 1 and 20 mg L™}, respectively.

3 Results and Discussion
3.1 Primary Degradation—Kinetics

The photodegradation of triadimenol in the presence of
the semiconductors is shown in Fig. 2. Four different
well-known systems (UV, Fe(Il)/UV, H,0,/UV, and
Fe(IlI)/H,0,/UV) were studied. As derived from Fig. 2,
photo-Fenton system provided the best performance,
because almost complete degradation of the initial
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Fig. 2 Photodegrada-
tion of triadimenol in the
presence of UV light,

Fe**/UV, H,0,/UV, Fe**/
H,0,/UV, C,=20 mg
L7, C(Fe*H)=1mgL™!,
C(H,0,)=20mg L.}

%remaining Triadimenol

—— UV
—=—Fe(lll)/UV
—— Hydrogen peroxide/UV

—a Fe(lll)/Hydrogen
peroxide/UV

35

= |

15 20 25

t(min)

compound after 30 min of light exposure is achieved.
In photo-Fenton system, the use of light increases the
generation of hydroxyl radicals, which are the main oxi-
dizing species as already mentioned above.

Observed degradation rate constants were esti-
mated by fitting the plots (concentrations vs time) to a
pseudo-first-order kinetic model, as described by the
following equation:
anQ =kt

0

where C (mol L™!) is the concentration of the triadi-
menol, C, is the initial concentration, and k (min~")
is the observed reaction rate constant. The apparent first
order constant k was found to be 0.35% min~!, while
half-time (¢,,) was estimated to 2.0 min (R?=0.93).

3.2 Effect of Iron Salt Type

Different iron salts can be used as the source of Fe>* for
the photo-Fenton reaction, and the effect of the anions

to degradation process was examined. It should be
underlined that the regulation of pH of the solution was
performed with the acid containing the same anion as
the salt used (i.e., in the case of Fe(NO;);, the acidifica-
tion was made by HNO;). Experiments with different
iron salts were performed and the results are illustrated
in Fig. 3. The experiments indicated that faster decom-
position was achieved with iron nitrate, Mohr’s salt, and
iron sulfate, because in the case of chloride salt, chlo-
ride anions can act as hydroxyl radical scavengers. The
effectiveness of the different salts is given below:

FeSO, > Fe(NOy), > Mohr > Fe(ClO,), > Fey(SO,), > FeCl,

According to the literature, the temperature is a
vital parameter of the photo-Fenton process efficiency
(Pignatello et al., 2007). Generally, the efficiency
is progressively enhanced at elevated temperature
resulting to faster regeneration of ferrous allowing
Fe”* available to produce ‘OH. However, higher tem-
peratures led to a detrimental loss of iron due its pre-
cipitation (Zapata et al., 2009). To avoid the above

Fig. 3 Effect of anions

on photodegradation of 2,9 1

triadimenol in the presence 285 -

of Fe** or Fe”* (1 mg L"), -

H,0, (20 mg L"), and UV £ 281

light (C,=20 mg L") E 275
Ty 27
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o
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E
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issue, the temperature was controlled about 30-35 °C
during the process.

3.3 Effect of Iron and Hydrogen Peroxide
Concentrations—Optimization Using Central
Composite Design

Two of the most important parameters affecting the
efficiency of photo-Fenton system are iron and hydro-
gen peroxide concentration. For this purpose, pre-
liminary experiments were conducted with different
concentrations of iron ions and hydrogen peroxide.
The results are shown in Fig. 4. Obviously, as the
iron concentration increases, the degradation rate of

triadimenol is faster. This behavior could be expected,
since the concentration of hydroxyl radicals, which is
the main oxidizing agent, is directly combined to the
concentration of Fe** (Bizani et al., 2014). An appar-
ent optimal concentration of iron ions would be the
1 mg L', As the major disadvantage of photo-Fen-
ton system is the iron removal at the end of the treat-
ment, the optimum approach would have the lowest
residual concentration of the pesticide with the least
iron concentration. As hydrogen peroxide is con-
cerned, the degradation rate is faster as its concentra-
tion of increases up to concentration level of 20 mg
L™ and leveled-off. Thereafter, a slight decrease was
observed due to that hydrogen peroxide can act as

Fig. 4 Effect of iron con-
centration in the presence 6-
of A UV light and H,0, » A
(20 mg L'y and B hydro- 5 e
gen peroxide concentration — ) e
in the presence of UV light "-C e
and Fe (1 mg LY on the = 4 e
degradation rate of triadi- ‘_E ,,//
menol (C,=20 mg L-.hH l_l 3 B e
O — *
¥
Eof
2 »
1- ‘
0 <K’/
0 1 2 3 4 5 6
[Fe™] (mglL)
3,57 B
3
T 25
£~
\—E 2 1
-
> 157
$ 1]
-
0,5
0 T T T T 1
0 20 40 60 80 100 120
[H20:] (mg/L)
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Table 1 Central composite
design matrix. Response
factor results (%remaining

Standard run  Cp, (mg L™")  Cypp0p (mg L7H)

% remaining C (after % remaining DOC (after
1 min of illumination) 60 min of illumination)

compound and %remaining 1 +1 +1 0 32.03

Doc) 2 +a 0 297 37.11
3 +1 -1 13.06 71.7
4 0 -a 80.96 38.02
5 -1 -1 87.49 85.36
6 -a 0 97.16 93.09
7 -1 +1 88.82 74.63
8 +1 +1 19.59 17.57
9 0 0 6.64 10.94
10 0 0 21.43 18.35
11 0 0 6.64 10.62

3D Surface A
120 % Remaining C

4‘ —
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~
N
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05 14 23 32 41 5
A: C(Fe) (ma/L)
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Factor Codeg: Actus

% Remaining DOC

97

~
N
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B:

28

05 14 23 32 4.1 5
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Fig. 5 Response surface and contour plots for the remaining percent of compound in the presence of iron ions and hydrogen perox-

ide A after 1 min of illumination and B after 60 min of illumination
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Fig. 6 Plot of observed and predicted values for central com-
posite design for A after 1 min of illumination and B after
60 min of illumination

hydroxyl radical’s scavenger under these experimen-
tal conditions (Parra et al., 2000).

In order to further investigate and optimize both
concentrations of iron and H,O, on photo-Fenton
efficiency, a central composite design (CCD) was
applied. The CCD is a widely used design typically
for quadratic models fitting that combines a two-level
factorial design with axial points (star points) and
at least one point at the center of the experimental
region in order to fit quadratic polynomials (Hibbert,
2012; Stalikas et al., 2009). This design has some
characteristics (Bezerra et al., 2008; Manousi et al.,
2022; Tsanaktsidou et al., 2022; Zacharis & Vastardi,
2018): (i) it requires a number of experiments accord-
ing to the equation of N=k*+2 k+ C,, where k is the

number of the factors and C,, is the central point repli-
cates, (ii) a-values depend on the number of variables
and can be calculated from the type a=2(k-p)/4, and
(iii) all factors must be studied in five levels (—a, — 1,
0,4 1,4+ a). Center points are usually repeated to get
a good estimation of experimental error (pure error).
The value of “a” needed to ensure orthogonality and
rotatability can be calculated from the following
equation. In our case, eleven experiments were car-
ried out. The dependent variables are the remaining
percent of compound and the dissolve organic carbon
(DOC%) remaining after 1 and 60 min of illumina-
tion, respectively. The concentration range of iron
was set between 0.5 and 5 mg L™! and for hydrogen
peroxide 5-120 mg L~!, respectively. The Design
Expert 7.1.6. (trial version, Stat Ease) software sta-
tistic tool was used to analyze the CCD and to plot
the response surfaces. The factorial design points are
tabulated in Table 1.

Figure 5 shows the response surfaces and the con-
tour plots built up with the experimental data of Table 1.
These plots show the effect of hydrogen peroxide and
iron ion concentration on the compound decomposition
and DOC removal after 1 and 60 min of illumination,
respectively. According to Fig. 5A, it can be concluded
as iron concentration increases less compound remains.
On the other hand, when iron and hydrogen peroxide
concentration increase further than optimal values, a
negative effect appears on the remaining percent of
DOC (Fig. 5B). According to CCD for the decompo-
sition of triadimenol, the proposed model is linear and
for DOC removal is quadratic. The calculated R of the
models was higher than 0.7477 indicating that the pre-
dicted models can explain adequately the responses.
The models were statistically validated using ANOVA
(Online resource 1). The p-value of “lack-of-fit” (LOF)
was higher than 0.05 and therefore non-significant
associated to the pure error (at 95% probability level).
Diagnostic plots (i.e., normal probability plot of residu-
als, plot of residuals against to the predicted values) are
shown in Fig. 6. The data were monotonously dispersed
around the line; thus, there is a good correlation between
the predicted and actual responses.

As far as the disappearance of triadimenol is con-
cerned, the proposed model can be described as:

RemainingC% = +44.09 — 41.56 X [Fe?*] — 12.36 x [H,0,]

—3.60 x [Fe’*] x [H,0,]
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Fig. 7 A Triadimenol and DOC reduction and B %bioluminescence inhibition as a function of irradiation time in presence of UV

light. [Fe**]=1mg L™}, [H,0,]=20 mg L™}, C,=20 mg L~.!

The optimum concentrations suggested from the
statistical analysis are 5 and 120 mg L~! for [Fe?*]
and [H,0,], respectively. The estimated remaining tri-
adimenol % (after 1 min of illumination) was 13.43%.

In the case of DOC removal, the corresponding
model can be expressed by the following equation:

RemainingC% = 12.56 — 18.24 x [Fe’*] - 11.36 x [H,0,]
— 722 X [F ] % [H,0,] +42.27 x [Fe* T

+11.73 x [H,0,]

The optimum conditions for the DOC removal
were 1.2 and 35 mg L™! for the concentration of iron
and H,0,, respectively. Under these experimental
conditions, the remaining DOC % after 60 min of
illumination was calculated to be 8.8%.

3.4 Mineralization—Toxicity Evaluation

Two of the main goals of AOPs are the mineralization
of the substance and the decomposition into less toxic
by-products. In order to evaluate the degree of miner-
alization, longer period experiments were performed,
in which dissolved organic carbon (DOC) was meas-
ured. For the estimation of toxicity, the luminescent
bacteria V. fisheri was used. The results are shown
in Fig. 7. After 90 min of illumination, complete
removal of triadimenol was achieved, while DOC
removal was 80% but after 3 h complete mineraliza-
tion could be accomplished. The estimation of tox-
icity shows that triadimenol is not a very toxic com-
pound in the beginning and after 2 h of illumination

@ Springer

formulation of by-products with no toxicity was
observed.

4 Conclusions

In this study, the degradation of the endocrine-dis-
rupting compound triadimenol using the photo-Fen-
ton reaction was investigated. The conclusions of this
research can be summarized as follows:

1) Photo-Fenton system is very effective for the decom-
position of triadimenol. Almost complete degrada-
tion after 30 min of illumination was achieved.

ii) Iron and hydrogen peroxide concentration are two
main parameters affecting the efficiency of photo-
Fenton system. As iron concentration increases,
the degradation rate is faster and it is better to add
adequate quantity of H,0, in order to keep it stable.

iii) Central composite design shows that incensement
of iron and hydrogen peroxide concentration up to
a point accelerates the degradation rate of photo-
Fenton reaction. Same conclusion arises when
these parameters were investigated with univariate
analysis. The best model for the remaining percent
of compound is the linear while for the remaining
percent of DOC is the quadratic. Both univariate
and multivariate analyses show that iron concen-
tration is a more important parameter than hydro-
gen peroxide concentration.

iv) Experiments with different salts as iron source were car-
ried out. Best results were got with Fe(NO;)s, because
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chloride ions can act as hydroxyl radical scavengers and
sulfate ions can make complexes with iron ions.

v) Triadimenol is not a very toxic compound. After
3 h of illumination, formation of no toxic by-
products and complete mineralization of target
compound is observed.

The present photo-oxidative method is considered
acceptable and efficient for the treatment of triadime-
nol-contaminated water by reducing the operating costs
and the prolonged duration of the treatment.
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