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a  b  s  t  r  a  c  t

The  aim  of the  study  was  to  evaluate  the  efficiencies  of  photo-Fenton  (Fe2+)  and  (Fe3+) processes  in  the
degradation  of  high-concentrations  of  esfenvalerate  (in  the  form  of  aqueous  emulsion  of  a  commercial
formulation)  using  a recirculation  flow-through  photoreactor  irradiated  with  UV light  from  a 15  W lamp
(254 nm  emission  peak).  The  results  obtained  using  a basic  photo-Fenton  (Fe2+)  reaction  (esfenvaler-
ate  17  mg  L−1;  ferrous  sulphate  1 mM;  hydrogen  peroxide  25  mM;  pH  2.5)  were  compared  with  those
acquired  when  ferrioxalate  (1,  3  or 5 mM)  served  as  the  iron  source.  Degradation  of  the active  compo-
eywords:
sfenvalerate
ndocrine disruptor
hoto-Fenton reaction
OC removal

nent  of  the  commercial  formulation  was  significantly  greater,  and  the  rate  of  oxidation  more  rapid,  using
a photo-Fenton  (Fe3+) process  compared  with  its  Fe2+ counterpart.  The  most  efficient  degradation  of  the
insecticide  (75%  in 180  min)  was  achieved  with  a reaction  mixture  containing  5  mM  ferrioxalate.  How-
ever,  under  the  same  experimental  conditions,  degradation  of  pure  esfenvalerate  preceded  much  faster
(99% in  60 min)  and  was  100%  complete  within  180  min  reaction  time.
PLC analysis

. Introduction

The pyrethroids comprise a class of synthetic compounds whose
tructures are based on those of the naturally occurring pyrethrin
nsecticides. Pyrethroids are widely employed in urban areas for
he control of pests in residential premises and on industrial sites
both interior and exterior locations), and in rural regions to pro-
ect a variety of agricultural crops [1].  The application of synthetic
yrethroid insecticides has increased substantially over the last few
ecades, concomitant with the decline in use of organophosphate
esticides that are far more toxic to birds and mammals [2,3].

Esfenvalerate [(S)-�-cyano-3-phenoxybenzyl-(S)-2-(4-
hlorophenyl)-3-methylbutyrate] is a synthetic pyrethroid that
s used against a wide range of pests including flies, moths and
eetles. Because of its lipophilic nature, esfenvalerate is consid-
red to be relatively immobile in the soil, showing only a small
endency to leach and, consequently, a low potential to pollute
round water. However, esfenvalerate can bind to particulate
atter (clay, soil and sediment) and organic material that may  be

resent in surface water in the form of a suspension [3].  Indeed,
he levels of esfenvalerate that have recently been detected in

ater and sediment samples [4,5] suggest that the insecticide may

epresent a significant toxic hazard [6].  Furthermore, esfenvalerate
as received considerable attention because of its adverse effects
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on animal and human reproductive health [7–9]. In this context,
esfenvalerate is considered a potential endocrine disruptor and
may  be capable of interfering with the proper functioning of
estrogen, androgen and thyroid hormones in humans and animals
[10]. Moreover, the pyrethroid insecticide has been included in the
initial list of 58 pesticides to be screened under the Endocrine Dis-
ruptor Screening Program (EDSP) organised by the Environmental
Protection Agency (EPA) [11]. The “Final Work Plan” adopted
by the EPA in 2010 has also called for a detailed evaluation of
esfenvalerate with respect to its potential ecological and human
health risks.

There is clearly an urgent need to elaborate efficient technolo-
gies for the removal of insecticides from water, sediments and soils.
Promising results have been achieved through the application of
advanced oxidation processes (AOPs) based on the production of
hydroxyl radicals that successively attack organic material in a non-
selective manner [12]. Hydroxyl radicals may  be generated under
atmospheric or subcritical conditions of temperature and pressure
using a variety of reacting systems involving homogeneous or het-
erogeneous phases and in the presence or absence of catalysts
and/or reactive energy (electrochemical, UV–vis or ultrasound).

The Fenton reaction is based on the complex redox interaction
between Fe2+ and hydrogen peroxide to generate hydroxyl rad-
icals, and it is believed that the Fe2+/Fe3+ complexes so-formed

play important catalytic roles in the further degradative processes.
The efficiency of the interaction is improved under UV–vis irra-
diation [12], and the so-called photo-Fenton reaction has become
one of the most widely used of AOPs in that it represents an

dx.doi.org/10.1016/j.jhazmat.2011.10.078
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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nvironmentally friendly application of solar energy with commer-
ial potential in the degradation of contaminants in effluents. While
arious photo-Fenton processes have been proposed recently for
he degradation of toxic and non-biodegradable pollutants present
n both low and high-concentrations [13–16],  no publications have
ocussed on the degradation of esfenvalerate by AOPs. The aim
f the present study was, therefore, to investigate the suitabil-
ty and efficiency of photo-Fenton processes in the degradation of
igh-concentrations of esfenvalerate in aqueous emulsion using a
ecirculation flow-through UV photoreactor.

. Experimental

.1. Chemicals

Esfenvalerate (analytical standard; purity 97%) was obtained
rom Sigma–Aldrich (St. Louis, MO,  USA; product number 46277),
hile a commercial formulation (Sumidan 25 EC®) containing

5 g L−1 esfenvalerate was purchased from an agricultural store.
ll other reagents were of analytical grade unless otherwise stated.
ethanol, acetonitrile and sulphuric acid were obtained from
allinckrodt (Xalostoc, Edomex., Mexico), formic acid (reagent

rade), sodium sulphite and ammonium molybdate were from
erck (Darmstadt, Germany), sodium oxalate and a 30% (w/w)

olution of hydrogen peroxide (reagent grade) were from Eci-
ra (São Paulo, SP, Brazil), ferric nitrate nonahydrate was from
uímis (Diadema, SP, Brazil), and ferrous sulphate heptahydrate
as from Synthy (Diadema, SP, Brazil). Purified water (resistivity

8.2 M� cm)  was prepared using a Millipore (Eschborn, Germany)
illi-Q water purification system.

.2. Photodegradation procedure

Hydrolysis and photodegradation experiments were carried out
n the laboratory scale using a recirculation flow-through UV
hotoreactor, the cell of which was maintained in a Nova Ética
São Paulo, SP, Brazil) thermostatically controlled bath and irra-
iated using a Philips (Amsterdam, The Netherlands) 15 W UVC

amp (254 nm emission peak). In each experiment, the reactor
as filled with 2 L of test solution and operated at a flow rate of

50 L h−1 [determined using an Applitech (São Paulo, SP, Brazil)
odel AP300SS rotameter].
Preliminary experiments were performed in order to estab-

ish the kinetics of hydrolytic and photolytic degradation of the
sfenvalerate-based commercial formulation. Hydrolysis was car-
ied out in the absence of hydrogen peroxide, ferrous ions and light,
nd was performed using esfenvalerate emulsion (17 mg  L−1) at its
riginal pH of 6.3, and after adjustment to pH 2.5 by the addition of
ulphuric acid. Photolysis was performed in the absence of hydro-
en peroxide and ferrous ions, using an esfenvalerate emulsion
17 mg  L−1; pH adjusted to 2.5) irradiated with UV light (254 nm).
he kinetics of both the hydrolytic and photolytic reactions were
stablished by determining the amounts of esfenvalerate remain-
ng in sample aliquots of the reaction mixture that had been
ollected at appropriate reaction times within a 180 min  reaction
eriod.

In order to evaluate the behaviour of the esfenvalerate for-
ulation during the photo-Fenton (Fe2+) procedure, an initial

xperiment was conducted using an esfenvalerate emulsion
17 mg  L−1) containing 1 mM ferrous sulphate with pH adjusted to
.5 by the addition of sulphuric acid. The reaction was  performed

y gradually adding hydrogen peroxide solution (30 mg  mL−1) at a
ow rate of 1.0 mL  min−1 over a period of 62 min  to give a final per-
xide concentration of 25 mM.  The total reaction time was 180 min,
eing the period determined in equilibrium experiments for the
s Materials 198 (2011) 370– 375 371

observation of a significant decrease in hydrogen peroxide con-
centration. In kinetic experiments, sample aliquots of the reaction
mixture were taken at appropriate reaction times. Sodium sulphite
(0.1 g) was added immediately to each sample in order to quench
the peroxide and stop the Fenton reaction. The quenched sam-
ple was subsequently diluted with methanol, filtered through a
0.45 �m cartridge and immediately analyzed in order to evaluate
the levels of esfenvalerate, total organic carbon (TOC) and hydrogen
peroxide present.

For comparison purposes, photo-Fenton (Fe3+) experiments
were performed in the presence of 1, 3 or 5 mM ferrioxalate (pre-
pared by mixing appropriate amounts of ferric nitrate and sodium
oxalate) with the pH of the reaction mixtures being adjusted to 2.5
by the addition of sulphuric acid.

2.3. Analytical procedures

Esfenvalerate was  determined quantitatively by HPLC using
a Shimadzu (Kyoto, Japan) Prominence LC 20 AT modular sys-
tem comprising two  CBM-20 A pumps, a CTO-10AS oven, a SIL
20A autosampler, an SPD-20A variable wavelength detector and
an LC-10 Workstation Class data processor. Separations were
carried out on a Supelco (Bellefonte, PA, USA) Supelcosil C-18
column (250 mm × 4.6 mm  i.d.; 5 �m),  protected by a Supelcosil
C-18 column guard column (20 mm × 4.6 mm i.d.; 5 �m),  eluted
with mixtures of 0.5% formic acid in water (solvent A) and 0.5%
formic acid in acetonitrile (solvent B) according to the program:
0–10 min, 60% B (isocratic); 10–11 min, 60–90% B (linear gradi-
ent); 11–30 min, 90% B (isocratic). The chromatographic conditions
were: oven temperature 25 ◦C; flow rate 1.0 mL  min−1; injection
volume 20 �L (Rheodyne loop); and UV detection at 277 nm.

Mineralization of esfenvalerate in the commercial formula-
tion (emulsion) and in the analytical standard (suspension) was
evaluated through TOC analysis using a Shimadzu model TOC-
VCPN analyzer. The TOC concentration included the carbon content
of the target compound, the by-products generated during the
experiment and (where appropriate) that of the ferrioxalate
present in the reaction mixture. The TOC value (mg  L−1) in the
emulsion/suspension analyzed immediately after the addition of
hydrogen peroxide (0 min) was  set at 100%, and the percentage
of mineralization was calculated from the level of residual TOC
determined in an aliquot of the reaction mixture collected at final
reaction time (180 min).

The amount of hydrogen peroxide consumed was  estimated by
measuring absorption at 350 nm (Cary-50 Scan UV-VIS spectropho-
tometer; Varian Inc., Lake Forest, USA) following the addition of
ammonium molybdate to a sample of the reaction mixture [17].

3. Results and discussion

3.1. Preliminary investigation

Since the aim of the study was to evaluate the efficiency of the
photo-Fenton degradation of esfenvalerate at high-concentrations,
the initial amount of commercial formulation employed was
always greater than its maximum solubility (0.002 mg  L−1) in water
at room temperature. Although the reaction mixture was  in the
form of an emulsion, constant circulation through the photoreac-
tor maintained homogeneity and allowed reaction kinetics to be
evaluated and compared under different experimental conditions.

No previous information was available concerning the

behaviour of esfenvalerate during photo-Fenton (Fe2+) treat-
ment and, hence, an initial study was  carried out in which the
concentrations of reagents (ferrous sulphate 1 mM;  hydrogen
peroxide 25 mM)  were chosen arbitrarily. The detection limit of
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Fig. 1. Decrease in esfenvalerate concentration during the degradation of an
esfenvalerate-based commercial formulation by hydrolysis at pH 6.3 and 2.5, and by
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Fig. 3. Level of residual hydrogen peroxide evaluated during the degradation of
an  esfenvalerate-based commercial formulation by a photo-Fenton (Fe2+) process

−1

F
p

hotolysis at pH 2.5 [reaction mixture: esfenvalerate 17 mg  L−1; absence of ferrous
on  and hydrogen peroxide].

he HPLC method (0.018 mg  L−1) governed the amount of esfen-
alerate (17 mg  L−1) required in the reaction mixture in order to
btain optimal kinetic evaluations.

The pH value (2.5) of the reaction mixture was determined
ccording to a literature report [13] that claimed pH 3–4 as the
ptimum range to promote the formation of hydroxyl radicals in
enton processes.

Preliminary experiments revealed that esfenvalerate was not
ubstantially degraded by hydrolysis or photolysis carried out in
he absence of hydrogen peroxide and ferrous ions. Thus, after
80 min  of reaction, the degradation of esfenvalerate in the com-
ercial formulation stabilized at 12% following hydrolysis at pH

.3 or 2.5, and at 15% following photolysis (Fig. 1). Oxidation of
sfenvalerate during the photo-Fenton (Fe2+) reaction proceeded
ery slowly (Fig. 2). The concentration of esfenvalerate started to

how a significant reduction (of 11%) only after 120 min  of reac-
ion, and degradation of the commercial formulation stabilized at
9% after 150 min. Additionally, the removal of TOC (initial value

ig. 2. Decrease in esfenvalerate concentration and HPLC-UV profiles during the degrad
rocess [reaction mixture: esfenvalerate 17 mg  L−1; ferrous sulphate 1 mM;  hydrogen per
[reaction mixture: esfenvalerate 17 mg L ; ferrous sulphate 1 mM;  hydrogen per-
oxide 25 mM (attained by gradual addition); pH 2.5].

392.9 mg  L−1) was  extremely inefficient with a reduction of just
2.8% after the total reaction time of 180 min. On the other hand,
hydrogen peroxide was consumed throughout the reaction period
(Fig. 3), with the highest consumption occurring between ca.  90
and 120 min  of reaction time. HPLC analysis of the initial emul-
sion of the commercial formulation (Fig. 2) revealed the presence
of an unidentified component, with retention time around 13 min,
together with esfenvalerate (retention time 18 min). The HPLC peak
associated with this compound was  almost entirely eliminated
after 120 min  of reaction (Fig. 2), and the timing of this degradative
process appeared to coincide with the highest rate of consumption
of hydrogen peroxide. The low efficiency of degradation of esfen-
valerate observed with the commercial formulation could be linked
to the presence of this unidentified organic compound, which was
probably more reactive than esfenvalerate. It is apparent from the
HPLC profile of the reaction mixture determined at 180 min of reac-

tion time (Fig. 2) that degradation of esfenvalerate commences only
after complete oxidation of this unidentified component has been
completed.

ation of an esfenvalerate-based commercial formulation by a photo-Fenton (Fe2+)
oxide 25 mM (attained by gradual addition); pH 2.5].
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Fig. 4. Decrease in esfenvalerate concentration during the degradation of an
esfenvalerate-based commercial formulation by photo-Fenton (Fe3+) processes
[reaction mixtures: esfenvalerate 17 mg  L−1; ferrioxalate 1, 3 or 5 mM;  hydrogen
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Fig. 5. Level of residual hydrogen peroxide evaluated during the degradation of
3+

5 mM;  hydrogen peroxide 25 mM;  pH 2.5). As shown in Fig. 6, the
eroxide 25 mM (attained by gradual addition); pH 2.5].

.2. Influence of iron source on the photo-Fenton reaction

It is known that complexes of Fe3+ in acidic medium absorb
trongly in the wavelength range applicable to photolysis, i.e.
rom 250 to 480 nm,  and their presence improves the efficiency
f the photo-Fenton degradation of hazardous materials [18]. In
his context, potassium ferrioxalate has been employed exten-
ively as a chemical actinometer in the measurement of light
ntensity [12,19,20].  The intermediates and products formed in het-
rogeneous photo-Fenton systems in which ferrioxalate surface
nd solution complexes were subjected to photolysis have been
eported [12,21].  In the present study, degradation of esfenvaler-
te (in the form of a commercial formulation) by photo-Fenton
Fe2+) reaction was compared with that affected by a photo-
enton process employing a Fe3+ oxalate complex. Additionally,
he effect of iron concentration on esfenvalerate degrada-
ion conducted under different experimental conditions was
etermined.

In order to evaluate the efficiency of the Fe3+ complex, the
onditions of the preliminary photo-Fenton (Fe2+) experiment
ere repeated but with ferrioxalate 1 mM replacing the ferrous

ulphate. As shown in Fig. 4, oxidation of the commercial formu-
ation in the presence of Fe3+ complex was very efficient with
he concentration of esfenvalerate being reduced by 21% within
0 min  of reaction and by 42% at the termination of the reac-
ion (180 min). Moreover, at the end of the photo-Fenton (Fe3+)
xperiment, TOC removal had attained 11.6%, a value that is
ore than 4-fold greater than that obtained with photo-Fenton

Fe2+).
The concentration of hydrogen peroxide in the reaction mix-

ure containing 1 mM  ferrioxalate stabilized at around 12.1 mM
fter 120 min  of reaction, representing a consumption of 48% of
he reagent supplied during the experiment (Fig. 5). This means
hat, although around 50% of the peroxide added was  still present
n the reaction mixture, its availability did not hinder the scav-
nging action of the hydroxyl radicals. Thus, despite the different
egradation rates observed, hydrogen peroxide was still being use
fficiently throughout the experiment.

The results presented here indicate that, along with the organic
ompounds present in the insecticide emulsion, esfenvalerate is
ore efficiently oxidized when ferrioxalate rather than ferrous sul-

hate is used as iron source. It has previously been suggested that
he high quantum yield of Fe2+ generated by the ferrioxalate com-
lex represents one of the main reasons for the high efficiency of

errioxalate in the photo-Fenton (Fe3+) compared with that based
n the use of Fe2+ salts [20].
an  esfenvalerate-based commercial formulation by photo-Fenton (Fe ) processes
[reaction mixtures: esfenvalerate 17 mg L−1; ferrioxalate 1, 3 or 5 mM;  hydrogen
peroxide 25 mM (attained by gradual addition); pH 2.5].

3.3. Influence of ferrioxalate concentration on the photo-Fenton
reaction

In order to determine the effect of Fe3+ complex concentration
on the efficiency of the photo-Fenton degradation of esfenvaler-
ate, reactions were carried out using 3 and 5 mM ferrioxalate while
maintaining the concentrations of commercial formulation and of
hydrogen peroxide at the levels employed in the earlier experi-
ments (Fig. 4). The most efficient elimination of insecticide was
achieved in the presence of 5 mM ferrioxalate with 75% of the
esfenvalerate having been removed after 180 min  reaction time in
comparison with the 42 and 53% degradation observed with 1 mM
and 3 mM ferrioxalate, respectively. Additionally, TOC removal
in the presence of 5 mM ferrioxalate attained 46% (initial value
523.1 mg  L−1) at the end of the reaction against values of 11.6 (initial
value 226.8 mg  L−1) and 15.2% (initial value 379.6 mg  L−1) achieved
with 1 and 3 mM ferrioxalate, respectively.

While there were no significant differences in the amount of
hydrogen peroxide required to bring about the degradation of
esfenvalerate in the presence of 1 or 3 mM ferrioxalate (Fig. 5),
the peroxide was  almost totally consumed (0.26 mM residual) after
180 min  reaction time with 5 mM ferrioxalate. It is well know that
when the hydrogen peroxide concentration is too high, simultane-
ous reactions can occur that consume peroxide in the matrix thus
reducing the efficiency of hydroxyl radical generation [15,22]. In
the present study, peroxide was  gradually consumed during the
reaction period, and even after stabilization of esfenvalerate degra-
dation (i.e. after 120 min  reaction), which implies that the reagent
was  utilised efficiently in each of the experiments.

3.4. Influence of esfenvalerate matrix on the photo-Fenton
reaction

It has been demonstrated that some organic compounds poten-
tially present in commercial formulations can seriously affect the
efficiency of the degradation process. In order to investigate this
aspect further, degradation experiments were performed using
pure esfenvalerate (analytical standard). For this purpose, an appro-
priate amount of the standard was dissolved in methanol and the
resulting solution diluted with water (in the proportion of 1:400,
v/v). The experiment was  performed using the reaction conditions
that had previously provided the most efficient degradation of the
commercial formulation (i.e. esfenvalerate 17 mg  L−1; ferrioxalate
degradation of pure esfenvalerate was  rapid (94% degradation in
60 min) and the standard had been completely eliminated after
180 min. Similarly, in comparison with commercial formulation,
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esfenvalerate by a photo-Fenton (Fe3+) process [reaction mixture: standard esfen-
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Fig. 7. Level of residual hydrogen peroxide evaluated during the degradation of
pure esfenvalerate by a photo-Fenton (Fe3+) process [reaction mixture: standard
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Fig. 8. HPLC-UV profiles of an esfenvalerate-containing reaction mixture after (a)
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[

 min  and (b) 60 min  of degradation by a photo-Fenton (Fe3+) process [reaction
ixture: esfenvalerate 17 mg  L−1; ferrioxalate 5 mM;  hydrogen peroxide 25 mM

attained by gradual addition); pH 2.5].

he consumption of hydrogen peroxide occurred far more rapidly
n the presence of pure esfenvalerate with 99% of the reagent having
een used up during the first 60 min  of reaction and 100% consumed

t 180 min  (Fig. 7). However, TOC removal attained only 36% (initial
alue 705.3 mg  L−1) at the termination of the reaction owing to the
eneration of carbon-containing by-products that can be observed
n the HPLC profiles presented in Fig. 8.

[

s Materials 198 (2011) 370– 375

4. Conclusion

Esfenvalerate, present in aqueous emulsions of a commercial
formulation, could be degraded in a recirculation flow-through UV
photoreactor using variations of the photo-Fenton process. Hydrol-
ysis and photolysis of esfenvalerate in the absence of hydrogen
peroxide and ferrous ions led to the degradation of just 12 and
15%, respectively, of the active component of the commercial for-
mulation following 180 min  of reaction. Photo-Fenton processes
carried out under diverse experimental conditions, including dif-
ferent types and amounts of iron sources, revealed that the most
efficient degradation (75% in 180 min) of esfenvalerate in the com-
mercial preparation could be achieved with a reaction mixture
containing 5 mM ferrioxalate and 25 mM  hydrogen peroxide at
pH 2.5. Under the same experimental conditions, however, degra-
dation of pure esfenvalerate proceeded much more rapidly (99%
in 60 min) and was complete within 180 min  reaction time. The
observed variation in the efficiency of degradation of the two
forms of esfenvalerate was  caused by the presence of an organic
compound in the commercial formulation that was more reactive
than active principle itself. Although the degradative efficiency of
the photo-Fenton (Fe3+) reaction was  enhanced by an increase in
ferrioxalate concentration, TOC removal (mineralization) was  not
complete owing to the formation of organic by-products.
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