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Abstract Imazalil (IMZ) is a widely used fungicide for the
post-harvest treatment of citrus, classified as Blikely to be
carcinogenic in humans^ for EPA, that can be only partially
removed by conventional biological treatment. Consequently,
specific or combined processes should be applied to prevent
its release to the environment. Biological treatment with
adapted microorganism consortium, photo-Fenton, and
coupled biological photo-Fenton processes were tested as al-
ternatives for the purification of water containing high con-
centration of the fungicide and the coadjutants present in the
commercial formulation. IMZ-resistant consortium with the
capacity to degrade IMZ in the presence of a C-rich co-sub-
strate was isolated from sludge coming from a fruit packaging
company wastewater treatment plant. This consortium was
adapted to resist and degrade the organics present in photo-
Fenton-oxidized IMZ water solution. Bacteria colonies from
the consortia were isolated and identified. The effect of H2O2

initial concentration and dosage on IMZ degradation rate, av-
erage oxidation state (AOS), organic acid concentration,

oxidation, and mineralization percentage after photo-Fenton
process was determined. The application of biological treat-
ment to the oxidized solutions notably decreased the total
organic carbon (TOC) in solution. The effect of the oxidation
degree, limited by H2O2 concentration and dosage, on the
percentage of mineralization obtained after the biological
treatment was determined and explained in terms of changes
in AOS. The concentration of H2O2 necessary to eliminate
IMZ by photo-Fenton and to reduce TOC and chemical oxy-
gen demand (COD) by biological treatment, in order to allow
the release of the effluents to rivers with different flows, was
estimated.
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Introduction

Imazalil (IMZ) is a postharvest pesticide widely used for the
control of fungi that attack citrus and other vegetables and
fruits. It is usually commercialized in the form of aqueous
emulsions containing the active compound and coadjutants.
IMZ, C14H14Cl2N2O, belong to the family of the imidazole; it
is moderately soluble in water and persistent in soils. The
United States Environmental Protection Agency (US-EPA)
had classified this fungicide as Blikely to be carcinogenic in
humans^ (EPA 1999; Santa Cruz Biotechnology 2010). The
presence of IMZ was detected in postharvest wastewater
(Santiago et al. 2013) and in influent and effluent of secondary
wastewater treatment plants. IMZ is only partially removed in
sewage treatment plants. (Campo et al. 2013). As a conse-
quence, it is important to use effective treatment methods for
the removal of this agrochemical from wastewater before its
discharge in water bodies. Our own studies with effluents
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produced by citrus packaging companies in Argentina indicate
that concentrations in the range 2–10 mg/L of IMZ can be
found in the effluents that discharge in the receptor water
course. The treatment of high volume of wastewater contain-
ing low concentration of pesticide may be impractical and
expensive. An alternative that may help to facilitate water
treatment, avoiding the management of high amount of water,
is the treatment of the solutions containing high concentration
of pesticide before it is mixed with water without pesticide
(coming from other steps of the packaging process). The
highest concentration of COD and IMZwas found in effluents
coming from the drencher, where the concentration of COD
was approximately 6000mgO2/L. Effluents with high concen-
tration of pollutants are also found in the washing of pesticides
containers. A strategy of treatment can be focused in the deg-
radation of the pesticide present in the concentrate solution
before it reaches the main effluent stream.

Aqueous effluents containing pesticides can hardly be
decontaminated by conventional biological treatment
(Santiago et al. 2013). However, due to the low cost and ver-
satility of this process, there are important efforts dedicated to
find microorganisms that independently or associated in con-
sortium display the capacity to degrade recalcitrant and/or
toxic compounds. Several bacterial strains have been proved
to be useful for the removal of pesticides. Pseudomonas sp.,
Pseudomonas putida , Pseudomonas aureofaciens ,
Micrococcus lylae, Achromobacter sp., Sphingomonas sp.,
and Acetobacter liquefaciens are some of the bacterial strains
which are capable of degrading several persistent pesticides
like malathion, phenylurea, DDT, carbofuran, lindane, and p-
nitrophenol (Rathore and Nollet 2012). However, none of the
species mentioned present IMZ degradation capacity. In the
case of fungicides, it was recently reported that very low con-
centration of IMZ (80 μg/L) can be partially degraded by bio-
treatment in immobilized biomass reactor (Jiménez-
Tototzintle et al. 2015). White root fungi (as Trametes
versicolor, Pleurotus ostreatus, and Phanerochaete
chrysosporium) has the capability to degrade IMZ (Karas
et al. 2011). However, the use of fungi in biological treatment
systems is a challenging task owing to their limited competi-
tiveness and low capacity to degrade other fungicides used in
the fruit packaging industry, such as tiabendazol (Perruchon
et al. 2016).

In this context, the search for microorganisms (or microbial
consortium) that display the capacity to degrade toxic and
recalcitrant compounds as IMZ is of current interest. In the
case of growth-linked biodegradation, concentration of the
substrate is generally too low to sustain an adequate microbial
growth. In both cases, it is necessary to introduce a high con-
centration of a co-substrate that can be readily metabolized to
produce enough biomass to catalyze the degradation of the
target compound. Given this constraint of biological treat-
ment, it is of interest to investigate sequential or coupled

degradation methods where biological processes are coupled
with other technologies such as advanced oxidation. This type
of coupling has been successfully used in different systems
(see for example: BallesterosMartín et al. 2009; Lapertot et al.
2007; Mantzavinos and Psillakis 2004; Zapata et al. 2010a;
Oller et al. 2007; Jiménez-Tototzintle et al., 2015).

Advanced oxidation processes (AOPs) are considered one
of the most promising technologies for the elimination of re-
calcitrant pollutants present in water effluents. AOPs involve
the generation of the powerful oxidants hydroxyl radicals
(HO•), which act as a no specific oxidant leading to mineral-
ization, or partial oxidation of several organic compounds
dissolved in water. These radicals can be generated by differ-
ent processes as TiO2-photocatalysis, UVC-H2O2, Fenton,
photo-Fenton, and other related processes (Malato et al.
2009; Soon and Hameed 2011; Ballesteros Martín et al.
2009; Hincapié Pérez et al. 2006).

Fenton process is based on the catalytic decomposition of
H2O2 in the presence of Fe(II), being HO• and Fe(III) gener-
ated as products. Fe(III) can be reduced by H2O2 to Fe(II),
entering the catalytic cycle. Fenton process can be described
by the following set of reactions:

Fe IIð ÞþH2O2→ Fe IIIð ÞþHO•þHO− ð1Þ
Fe IIIð ÞþH2O2→ Fe IIIð Þ−OOH2þþHþ ð2Þ
Fe IIIð Þ−OOH2þ→ Fe IIð ÞþHO2

• ð3Þ

The rate of the process is limited by reaction (3) which lead
to the regeneration of Fe(II), which is necessary for the conti-
nuity of the cycle. However, Fe(II) can be quickly produced
by the photodecomposition of Fe(HO)2+, which is generated
by the hydrolysis of Fe(III) in water:

Fe IIIð ÞþH2O → Fe OHð Þ2þþHþ ð4Þ
Fe OHð Þ2þ þ hν→ Fe IIð ÞþHO• ð5Þ

This process is called photo-Fenton and is produced under
illumination with light in the range 365–420 nm (Perez et al.
2002; Pignatello et al. 1999; Babuponnusami and
Muthukumar 2014). Several works showed that AOPs are
effective to degrade IMZ, both in low (μg/L) and in high
concentrations (mg/L) (Jiménez et al. 2015; Santiago et al.
2013). Besides, in the oxidation processes, organic acids are
formed, which are more biodegradable than the original com-
pound. (Hazime et al. 2012; Santiago et al. 2015).

Although AOPs have great potential for water decon-
tamination if they were applied to reduce the chemical
oxygen demand (COD) in effluents with high content of
organic matter to acceptable levels, the consumption of
the needed chemicals may be too high and the treatment
results unaffordable. In these cases, the combination of
AOPs with biological treatment may help to reduce costs.
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The key to appropriately combine chemical with bio-
oxidation is to find the adequate chemical concentration
and necessary chemical treatment time to obtain an efflu-
ent containing substances bio-degradable enough to be
mostly eliminated during bioremediation. The optimum
time is related with the biodegradability and toxicity of
the byproducts generated during chemical oxidation. Long
treatment times consume high quantities of H2O2 produc-
ing highly oxidized byproducts; these oxidized com-
pounds possess low yield for the formation of biomass
(biomass obtained/consumed carbon), a fact that can lead
to the need of introducing additional carbon source in the
system to support the growth of the microorganisms.
However, the lower biomass generation involves less
sludge formation in the process of removing organic car-
bon, helping to reduce the cost of sludge disposal. By the
other hand, short oxidation times produce byproducts with
molecules quite similar to the pesticide, which are also
toxic and recalcitrant.

Specific treatment methods or a combination of different
methods can be used to eliminate recalcitrant products from
water effluents. Taking into account the limited information
available regarding the biodegradation of IMZ and its practi-
cal implication for the depuration of wastewaters from the
fruit packaging industry, the objectives of this work were (i)
to obtain a microbial consortium able to degrade aqueous
solutions of the commercial pesticide containing high concen-
trations of IMZ and coadjutants, (ii) to partially oxidize the
pollutants by photo-Fenton treatment optimizing H2O2 con-
centration and doses, and (iii) coupling photo-Fenton and bio-
degradation in order to develop a system for wastewater
depuration with application in fruit packaging industries.

Materials and methods

Chemicals

In all the experiments, the commercial fungicide Xedrel
50® (IMZ 50 g/100 mL, Magan) was used as simulated
effluent with IMZ and coadjutants. The concentration of
the active principle is 50 %, in the form of emulsifiable
concentrate, partially soluble in water but soluble at pH 3
or lower, with a TOC value of 50 %. This commercial
product applied via waxing, dipping, and sprinkling treat-
ments, with its maximum concentration in the water used
for the treatment of fruits being 1 and 5 g/L in the wax.
For analytical purposes, pure IMZ (PESTANAL® analyt-
ical grade, Sigma-Aldrich) was used. Analytical grade hy-
drogen peroxide 30 %, ferric chloride, sodium sulfite, so-
dium hydroxide, sulfuric acid, and HPLC grade acetoni-
trile were also used.

Analytical determinations

The IMZ concentration was determined by high-performance
liquid chromatography (HPLC) with UV detector, using mod-
ular Shimadzu equipment coupled to a Shim-Pack VP-ODS,
reverse phase column (250 × 4.6 mm long, 4.6 μm particle
size, and 12 nm pore size). A mixture of acetonitrile and water
(70:30) was used as eluent (flow: 1 mL min−1) and the wave-
length monitoring was 220 nm. Total organic carbon (TOC)
analysis was carried out by combustion-infrared method with
TOC-L Shimadzu. The H2O2 concentration (Pupo Nogueira
et al. 2005) and chemical oxygen demand (COD) (Pivinski
1999) were colorimetrically determinated. Organic acids were
quantified with kit from Nanocolor® Organic Acids 3000,
Ref. 985 050; results are expressed in mg acetic acid/L (mg
aa/L).

Culture media and conditions

Two culture media were used to grow the microbial consor-
tium in the reactors. The rich culture medium contains 5.0
glucose, 2.0 g/L (NH4)2SO4, 1.0 g/L K2HPO4, 0.1 g/L
MgSO4, 0.01 g/L CaCl2. The basal culture medium was the
same as the richmedium but without organic carbon. Different
concentrations of glucose and IMZ from Xedrel 50® were
added to the media in the different experiments. Incubation
was carried out in shake flasks at constant temperature
(25 °C). The pH was periodically measured during the exper-
iment and adjusted at 7.0 by addition of small quantities of
NaOH (or H2SO4). Biomass was quantified by turbidimetry
and by dry weight. Measurements of optical density were
made at 620 nm by a UV-Vis spectrophotometer PG
Instruments Ltd. To obtain dry weight, biomass was separated
from the medium by centrifugation and then it was washed
and dried at 80 °C until constant weight. Biomass concentra-
tion (x) expressed in g/L was related to optical density (y) by
the equation y = 2.951x (R2 = 0.996).

Experimental set-up

Resistant consortium enrichment Sludge coming from a
fruit packaging company wastewater treatment plant was ex-
posed to a selection process by incubation in a rich culture
medium with increasing concentration of Xedrel 50®. In the
first step, 2.5 % of sludge was incubated in rich medium with
50 mg/L of IMZ (from Xedrel 50®) at neutral pH, 25 °C for
3 days. In the second step, 1 % of the enriched consortiumwas
subcultured in rich media with increasing IMZ concentration,
up to 500 mg/L. The consortium, named consortium 1, was
maintained by periodical subculturing in rich medium with
500 mg/L of IMZ. The same procedure was carried out with
pre-oxidized effluent. IMZ-resistant consortium obtained be-
fore was exposed to pre-oxidized effluent, and a new
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consortium named consortium 2 was generated. The main
cultivable microorganisms in both consortia were character-
ized as follows.

Isolating microorganisms from consortium 1 and 2 Serial
dilutions of cultures were incubated on rich medium agar
which consisted of 5.0 g/L glucose, 2.0 g/L (NH4)2SO4,
1.0 g/L K2HPO4, 0.1 g/L MgSO4, 0.01 g/L CaCl2, 15 g agar,
and 1000 mL distilled water. The final pH was 7.0. For some
plates, aliquots of a filter-sterilized aqueous solution of IMZ
(500 mg/L final concentration) were added after autoclaving
and cooling the media. Isolation was made picking and
subculturing colonies with morphologic differences.

Identification of isolated microorganisms by 16S rDNA
analysis Bacterial strains were grown aerobically in rich medi-
um from a single colony. Total genomic DNA was extracted
with Highway® ADN Puriprep-S kit according to the manufac-
turer’s instructions. 16S rDNA gene was amplified by PCR
using the forward-primer FD2: 5′-AGAGTTTGATCATG
GCTCAG-3′ and the reverse-primer RP2: 5′-ACGG
CTACCTTGTTACGACTT-3′. The pair of primers used, ampli-
fying nearly the full 16S rDNA gene (1300 bp), was used for
phylogenetic characterization of the isolated bacteria.
Amplifications were carried out in 25-μL reactions containing
1 U of GoTaq polymerase, 0.4 μMof each primer, and 200 μM
of each dNTP. The thermal cycling conditions were 95 °C for
5 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 1 h 30 min, with a final extension of 72 °C for
5 min. The purified PCR product was sequenced, on both
strands. The determined sequence was compared with those
available in the GenBank/EMBL database using the BLAST
program. The full 16S rRNA gene was used for phylogenetic
characterization of the isolated. Phylogenetic tree was construct-
ed by neighbor-joining method using the MEGA package. The
bar represents distance values calculated in MEGA, and values
at nod represent percentage of 500 bootstrap replicates. The
reference used was Desulfos porosinus acidophilus.

Photo-Fenton treatmentWater solutions containing 500 mg/
L of IMZ, 500 mg/L of TOC, and c.a. 1350 mg/L of COD
from Xedrel 50® were partially oxidized by photo-Fenton
process. FeCl3·6H2O (0.15 mM) and H2O2 in different doses
(3 × 0.1 g/L (that means three successive additions of H2O2,
each one corresponding to 0.1 g/L in the bulk, added after
H2O2 was consumed), 0.3 g/L, 3 × 0.3 g/L, 0.9 g/L, 1.2 g/L,
1.4 g/L, 3 × 0.6 g/L, 1.8 g/L, and 2.7 g/L) were incorporated to
the water solutions. In all the cases, the oxidant was below the
stoichiometric amount necessary to completely mineralize the
organic carbon present in the solutions; the pHwas adjusted at
3.0 using H2SO4. The reaction was carried out in a 600 mL
borosilicate glass batch reactor, with top illumination (black
light Interelec®—UVA—20 W, 35 W/m2), and magnetically

stirred. The temperature of the reactors was maintained at
25 °C with the help of a water bath. The volume of test solu-
tion was 250 mL. The reaction kinetics was studied by taking
aliquots at several times, determining for each one the IMZ
concentration, TOC, COD, organic acids, H2O2, and pH.
Sodium sulfite for TOC (2 M Na2SO3, 1:2 v/v) or acetonitrile
(1:2 v/v) for IMZ was used to quench the reaction in the sam-
ples. The photo-Fenton treatment was performed until the
complete consumption of H2O2 because the presence of
H2O2 may damage the bacterial cells, hindering the biological
process. The treated solutions were supplemented with inor-
ganic nutrients (SO4(NH4)2, K2HPO4, MgSO4, and CaCl2)
until reaching the basal medium concentrations and were used
in biodegradation assays as described below.

Biodegradation assays Biological assays with planktonic
cells were carried out in batch mode, in 100 mL Erlenmeyer
flasks incubated at 25 °C in an orbital shaker at 100 rpm, using
basal culture medium under three different pH conditions: (i)
initial pH = 7.0 without pH control; (ii) initial pH = 3.0 with-
out pH control; (iii) constant pH = 7.0, fixed at 7.0 during the
experiment by periodical addition of NaOH solution. All the
assays were run in duplicate. One set of experiments was run
in the presence of 500 mg/L IMZ (from Xedrel 50®) supple-
mented with glucose (8.5, 4.5 g/L) and inoculated with consor-
tium 1. Control experiments without IMZ or glucose were also
run (using consortium 1 as inoculum). Another set of experi-
ments was run with pre-oxidized solutions of IMZ in Xedrel
50®. The pH was adjusted at 7.0 with NaOH and controlled
all throughout by addition of NaOH/H2SO4; no external carbon
source was added, and the systems were inoculated with con-
sortium 2. In all liquid culture experiments, fresh cultures grow-
ing at the logarithmic phase were used as starting inoculum.

The following parameters were measured in samples taken at
different reaction times: pH, biomass, TOC, COD, and IMZ.
The yield biomass to substrate Y x/s was calculated by

YX=S ¼
X f −X i
� �

Si−S f
� � ð6Þ

where X and S are dry biomass and the substrate concentra-
tion, respectively, expressed in g/L.

The average oxidation state (AOS) is ameasure used to know
the average oxidation degree of organic components in a com-
plex mixture. AOS was calculated from the following formula:

AOS ¼ 4
TOC−CODð Þ

TOC
ð7Þ

where TOC and COD are expressed in moles of C/L and
moles of O2/L, respectively. AOS takes values between +4
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for CO2, the most oxidized state of C, and −4 for CH4, the
most reduced state of C (Parra et al. 2000). In the middle, the
simplest alcohol (CH4O) has AOS = −2; the simplest aldehyde
(CH2O) has AOS = 0, and the simplest organic acid (CH2O2)
has AOS = +2.

The AOS of the mineralized fraction in the biological treat-
ment (AOSmfb) was calculated by

AOSmfb ¼ 4
Δ TOCð Þ−Δ CODð Þð Þ

Δ TOCð Þ ð8Þ

Results and discussion

Isolation and identification of microorganisms
in consortia 1 and 2

The isolated microorganisms were resistant to high concentra-
tions of IMZ and/or oxidation intermediaries. Four different
colony morphologies were clearly identified in the isolation
plates: yellow, fawn, white, and pink. The fawn colony was
notoriously predominant in consortium 1. DNA from each
colony was extracted and subjected to PCR with 16S rDNA
primers in order to identify the genus and/or the species. The
results are presented in Table 1. According to different au-
thors, these microorganisms are usually found in soil contam-
inated with hydrocarbons (Owsianiak et al. 2009, Zhang et al.
2007; Vandamme et al. 1994).

It is remarkable that in the absence of IMZ but in the pres-
ence of the pre-oxidized IMZ solution (consortium 2), the
growth of higher number of species was promoted. This result
suggests that the byproducts formed after application of
photo-Fenton are less toxic than IMZ to the other microorgan-
isms present in the consortium (different than Burkholderia
cepacia (fawn colonies)).

Figure 1 shows the phylogenetic tree of bacteria typically
found in soils containing pesticides. The figure shows how
distant are the microorganisms isolated in this work, such as
Chryseobacterium sp., Burkholderia cepacia, Burkholderia
sp., and Staphylococcus sp., with respect to those found in
literature (Rathore and Nollet 2012). Besides, the distance
between each isolated strain indicates a big genetic diversifi-
cation. This diversity that is presented by the consortium
would give it a high flexibility in stress situations.

IMZ biodegradation assays

The influence of IMZ on the growth kinetics and feasibility to
degrade IMZ by an adapted microbial consortium (consortium
1), in a water solution prepared from a commercial formula-
tion, was studied in the presence and absence of added carbon
source (glucose) with pH control (pH = 7.0) by incorporation
of NaOH or H2SO4. Previous experiments run without pH
control showed that pH can decrease at values close to 3.0.
At this pH, the biomass growth stopped before all the glucose
was consumed (see Fig. S1 in supplementary material). This
pH diminution is typically a consequence of the assimilation
of ammonium when this is the main source of N. Figure 2a–c
shows, respectively, the evolution of biomass, TOC, and IMZ
in experiments run under different initial conditions. In the
control system without IMZ and 4.5 g/L glucose, the maxi-
mum amount of biomass was produced after 3 days of incu-
bation, producing 1.0 g/L of biomass. The biomass to sub-
strate yield Yx/s value was 0.22gx/gs. In the case of the samples
containing IMZ 500 mg/L with 4.5 and 8.5 g/L glucose, Yx/s
were 0.24gx/gs and 0.22gx/gs, respectively. These values of Yx/s
were very similar to those obtained in the control without
IMZ; hence, Yx/s is not affected by IMZ. This fact suggests
that the consortium do not need to spend extra maintenance
energy in cultures with high IMZ concentrations. Figure 2b
shows that in samples containing Xedrel 50®, TOC decreased
until approximately 500 mg/L, suggesting that TOC from
IMZ was not degraded. In the case of the control experiment
without IMZ, TOC decreased to values lower than 100 mgC/
L. Figure 2c shows the evolution of IMZ in systems with 0.0,
4.5, and 8.5 g/l of glucose and 500 mg/L of IMZ. Only in the
cases with added glucose, where higher amounts of biomass
were generated, IMZ concentration decreased at values close
to 50 % of the initial concentration. Adsorption experiments
indicated that IMZ was only slightly adsorbed by the biomass
in the range of concentrations used in this work (see Fig. S2 in
supplementary material). Other authors also reported that IMZ
is not adsorbed by biomass in slurries (Jiménez-Tototzintle
et al. 2015). These results suggest that the reduction in IMZ
concentration was due to degradation and that another sub-
strate should be added to the culture as carbon and energy
source to reach and sustain the necessary biomass to catalyze
the process. In the presence of a high amount of biomass, TOC
decreased only until values that correspond with the TOC

Table 1 Identification and
characterization of isolated
microorganisms

Colony Highest match Homology (%) Coverage (%) Accession number

Yellow Chryseobacterium sp. 99 100 KC479152.1

Fawn Burkholderia cepacia 99 100 KT281920.1

Pink Burkholderia sp. 99 99 KP687355.1

White Staphylococcus sp. 99 100 KT306679.1
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provided for the pesticide. This result may indicate that IMZ is
not mineralized by the biomass but converted in other species.
As mentioned previously, some fungi probed to be able to
degrade IMZ despite its toxicity, but in this work, we showed
a bacteria consortium capable to resist and partially degrade
up to 500 mg/L of IMZ. This value is more than 10 times
higher than the concentration previously reported (Karas
et al. 2011). The amount of IMZ degraded was close to
250 mg/L with a biomass concentration of 1–2 g/L. A detailed
study of the biodegradation mechanism is out of the scope of
this work; however, data suggest an unspecific attack of the
target compound due to enzymatic action, being necessary to
reach a biomass concentration threshold for achieving a sig-
nificant degradation. It is known that the oxidative enzyme
laccase in the presence of a reaction mediator (a laccase/
mediator system) degrades the postharvest fungicide imazalil
(Maruyama et al. 2007) and that the enzymatic complex
peroxidase-laccase is involved in unspecific degradation of
several pesticides (Karas et al. 2011). There is bibliographic
evidence that the bacterial strains found here presented laccase
activity (Kellner et al. 2008; Bugg et al. 2011). Besides, bio-
informatic analysis reveals high diversity of bacterial genes
for laccase-like enzymes (Ausec et al. 2011). Further studies
are in course in order to obtain more details on the degradation
mechanism.

Photo-Fenton process

The results discussed above showed that the presence of a rich
organic substrate to generate a high amount of biomass was
necessary to reduce the concentration of IMZ in solutions
containing 500 mg/L of this pesticide. The total elimination
of IMZ was not accomplished. As an alternative, a previous
oxidation treatment via photo-Fenton process was studied.

Figure 3a, b shows, respectively, the evolution of IMZ and
H2O2 during the photo-Fenton process. Different initial H2O2

concentration and dosage were tested in order to determine the
more efficient use of the oxidant. In all cases, IMZ was
completely degraded in approximately 4 h, except in the sys-
tem with 3 × 0.1 g/L of H2O2 because the first H2O2 dose was
not enough to complete the process. IMZ degradation follow-
ed pseudo-first order kinetics with half times in the range 1.5–
0.4 h depending on the initial concentration of hydrogen per-
oxide. Control experiments were performed: one without
Fe(III), another without H2O2, a third one without light, and
the last one without Fe(III), light, and H2O2. In such cases,
IMZ degradation was not detected. The H2O2 consumption
profile shown in Fig. 3b can be described in two steps with
different slopes. The first step displayed a smooth slope and
extends from the beginning of the irradiation until the elimi-
nation of IMZ. The second step displayed a steep slope and
extends from the elimination of IMZ until the consumption of
all the remaining H2O2. This phenomenon may be associated

Fig. 2 a–c Evolution of biomass, TOC, and IMZ in the solution during
the biological treatment at controlled pH = 7.0. Without glucose, 500 mg/
L IMZ (white diamond); 4.5 g/L glucose, 500 mg/L IMZ (black circle);
8.5 g/L glucose, 500 mg/L IMZ (black triangle); 4.5 g/L glucose, without
IMZ (white circle)

Fig. 1 Phylogenetic tree. Phylogenetic analysis of the isolated
microorganisms
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with the formation of carboxylic acids after IMZ degradation.
It was reported that carboxylates can complex Fe(III) and
Fe(II). Fe(III) carboxylates photolyze rapidly, reducing
Fe(III) to Fe(II). Fe(II) carboxylates react faster with H2O2

than Fe(II) (Faust and Zepp 1993). Both effects might lead
to a rapid decomposition of H2O2 after IMZ degradation.

TOC, COD, and organic acids were measured in all the
cases immediately after H2O2 was completely consumed. As
shown in Table 2, H2O2 concentration increased the percent-
age of mineralization and oxidation also increased in all the
systems. The reduction in COD was notably higher than TOC
diminution indicating that the organics present in water were
oxidized with respect to the original compounds. In systems
with 0.3 g/L total H2O2 concentration (B and C), mineraliza-
tionwas negligible indicating that H2O2 concentration was not
enough to mineralize some compound from Xedrel 50®. In
some experiments, H2O2 was incorporated in doses added
after total consumption of the previous one. When H2O2

was incorporated as three sequential additions (C, E, and I),
COD decrease was higher than for the systems with the same
amount in a single dose (B, D, and H). Similar results were
observed with respect to TOC. Incorporation of H2O2 in doses
resulted more efficient towards mineralization and oxidation
than the incorporation of the same final quantity of H2O2 in a
single dose. Similar results were reported by other authors in

different systems (Primo et al. 2008). This effect could be
related with the scavenging of hydroxyl radicals by H2O2

when applying a large initial dose of H2O2. This process pro-
duces less active HO2

• as indicated in Eq. 9 (Pouran et al.
2015):

H2O2þHO•→HO2
•þH2O ð9Þ

In all the cases, organic acids were formed in the range
172–519 mg aa/L (Table 2). The concentration of organic
acids increased with the concentration of H2O2, reaching a
maximum value when H2O2 concentration was 0.9 g/L (sys-
tems D and E). Higher concentrations of H2O2 lead to higher
mineralization, COD reduction, and lower concentration of
organic acids. These results indicated that the organic acids
were oxidized to CO2 with H2O2 concentrations higher than
0.9 g/L with the consequent reduction of its concentration and
increment in mineralization. Final pH was in the range 2.7–
2.2; the diminution in pH may be associated with the produc-
tion of organic acids as oxidation byproducts. The degradation
pathway of pure IMZ in dilute solutions by advanced oxida-
tion was recently studied by several authors. (Hazime et al.
2012, 2013, 2014; Santiago et al. 2013, 2014, 2015). In early
stages, several oxidized byproducts, produced by hydroxyl-
ation of the aromatic ring or the carbon-carbon double bound,
were detected. In the final stage, before complete mineraliza-
tion, the main products were carboxylic acid. Santiago D.E.
and coworkers reported the presence of formic, acetic, and
oxalic acid after the oxidation of 50 mg/L of IMZ by Fenton
or photo-Fenton process. IMZ degradation by advanced oxi-
dation has a complex degradation mechanism, where the dif-
ferent byproducts display different degradation degree and
H2O2 consumption rates. Complexation of Fe(III) by the ox-
idized byproducts cannot be disregarded, because it is known
that carboxylic acids form complexes with ferric iron (Zapata

Fig. 3 a Evolution of IMZ concentration in the solution when exposed to
the photo-Fenton treatment. b Evolution of H2O2 concentration in each
system. 0.1 g/L (black square), 0.3 g/L (black triangle), 0.6 g/L (inverted
white triangle), 0.9 g/L (black diamond), 1.4 g/L (white diamond), 1.8 g/
L (white circle), and 2.7 g/L (white triangle). 3 × 0.1 g/L (black square) is
shown in the insert. Asterisks indicate the times at which H2O2 doses
were added

Table 2 Mineralization and oxidation percentages, calculated from
changes in the TOC and COD values, and organic acids produced in
photo-Fenton treatment

Assay H2O2

(g/L)
Mineralization
(%)

Oxidation
(%)

Organic
acids
(mg aa/L)

A 0 0 0 0

B 0.3 0 22 172

C 3 × 0.1 0 28 224

D 0.9 4 48 485

E 3 × 0.3 5 49 519

F 1.2 7 52 494

G 1.4 10 55 475

H 1.8 27 67 466

I 3 × 0.6 47 74 357

J 2.7 59 81 279
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et al. 2010b). In particular, Fe(III)-oxalate complex has an
active role in photo-activated oxidation processes and may
help to the degradation of organic in solution (Santiago et al.
2015).

Coupled photo-Fenton—biological treatment

Based on the previous results and in order to explore the effect
of photo-Fenton treatment on biodegradability of this pesti-
cide, Xedrel 50® water solutions were photo-Fenton treated
until all IMZ and H2O2 disappeared. The remaining solutions
were submitted to biological treatment in batch reactors con-
taining the previously isolated consortium 2. In this way, both
photo-Fenton and biological treatments were coupled. The
samples that were submitted to biological treatment corre-
spond to assays A, B, C, D E, H, I, and J, indicated in
Table 2. The eight solutions were adjusted for biological treat-
ment: pHwas raised to 7.0 and the solutions were supplement-
ed with inorganic nutrients like basal culture medium. The
solutions (100 mL) were inoculated with the consortium 2
and incubated at 25 °C.

Figure 4 shows the temporal evolution of TOC during
biotreatment of solutions obtained after different photo-
Fenton treatments. Consortium showed biodegradation capa-
bility in all the systems containing IMZ byproducts. At the
end of biological treatment, the TOC considerably decreased
indicating that the photo-Fenton oxidation treatment produced
byproducts more easy to mineralize than the fungicide. The
TOC degradation rate is different depending on the degree of
photo-Fenton pretreatment. The initial degradation rate in-
creased with the total concentration of H2O2 used in the
photo-Fenton pretreatment (the slope increased from systems
B–C with 0.3 g/L H2O2 to systems H–I with 1.8 g/L H2O2

total concentration). This fact suggests the presence of many
byproducts, from the easily and faster biodegradable to the
more recalcitrant. With low doses of H2O2, byproducts are
likely similar to components of Xedrel 50® with a high

percentage of recalcitrant organic compounds. With higher
doses of H2O2, formed byproducts are likely different and
more biodegradable than Xedrel 50®; however, a higher frac-
tion of TOC was mineralized in the photo-Fenton treatment;
therefore, there were less energy and carbon source available
in the biological process.

There are three clear tendencies regarding H2O2 concentra-
tions used in the photo-Fenton treatment, previous to the
biotreatment. The amount of carbon mineralized in biological
systems is higher in systems D, E, and H, which showed
between 308 and 340 mg of mineralized carbon (representing
between 60 and 80 % of the input to biological treatment).
Pretreatments at lower and higher doses of H2O2 showed low-
er mineralized carbon (between 192 and 235 mg). In the first
case (systems B and C), oxidation was not enough to produce
biodegradable compounds, and the percentage of mineraliza-
tion was low (40–46 %). In others (systems I and J), although
the percent of mineralization was high (83–93 %), the total
amount of mineralized carbon was low due to the low carbon
input to the bioreactor. Table 3 shows AOS values of solutions
obtained after photo-Fenton treatment (final Photo), after the
biological treatment (final Coupled) and the AOS of the min-
eralized fraction in the biological treatment (AOSmfb). These
values indicate that when the reaction ends up in the biological
treatment, the AOS of the remained byproducts displayed
values between 0.6 and 0.7 (under Bacid^ level but above
Baldehyde^ level). This fact indicates that, for this system,
byproducts with these AOS are non-biodegradable. When
the photo-Fenton pretreatment was stronger (systems I and
J), the biological reaction ends up leaving more reduced com-
pounds (−1.4 and −3.2). These results suggest that a more
energetic photo-Fenton pretreatment in addition to mineraliz-
ing a larger percentage of TOC would be capable to degrade
the pesticide to more oxidized byproducts. In this particular
case, these byproducts turned out to be more biodegradable
than the original compound. At the end of the coupled treat-
ment, only the most reduced and recalcitrant compounds
which were not oxidized at any stage of treatment remained.

The AOSmfb (calculated using TOC and COD
consumption by the biomass in the biotreatment, see Eq. 8)
were almost constant around 2.5–2.9 suggesting that these
byproducts oxidized in the photo-Fenton process are easily
mineralized in the biological treatment (except for systems
with low amount of H2O2 in photo-Fenton treatment, assays
B and C). The pH of the culture rises all along the assay for the
seven conditions tested; probably due to the consumption of
organic acids generated in photo-Fenton treatment. Due to the
small amount of carbon source, a significant increase in bio-
mass in these experiments is not expected; therefore, the effect
of acidification by metabolism of the nitrogen source is not
significant.

Table 3 shows the ratio ofmol of mineralized organic carbon
by mol of consumed H2O2 (molTOC/mol H2O2) in photo-

Fig. 4 Evolution of TOC during the biological treatment of the oxidized
samples. Without photo-Fenton treatment (black circle), 0.3 g/L (black
triangle), 3 × 0.1 g/L (black square), 0.9 g/L (black diamond), 3 × 0.3 g/L
(inverted black triangle), 1.8 g/L (white circle), 3 × 0.6 g/L (white
square), 2.7 g/L (white triangle)

Environ Sci Pollut Res



Fenton treatment and after the coupled treatment. Figure 5
shows the overall oxidation percentage for the combined sys-
tems. The efficiency for TOC elimination by H2O2 unit con-
sumed decreased as the dose of H2O2 in the photo-Fenton pro-
cess increased (Eff Coupled, Table 3). Once IMZ was degraded
into byproducts, the biological treatment took care for mineral-
ization. However, even if minimization of photo-Fenton treat-
ment time helped to save in expensive reagents, decreasing
H2O2 dose leads to a lesser degree of refining of wastewater,
since in the biological treatment byproducts with AOS lower
than 0.4–0.6 were not easily degraded. The incorporation of
H2O2 in doses notably increased the percentage of mineraliza-
tion after both photo-Fenton and biological treatment at low
total H2O2 concentration (for example, 44 % for assay B vs.
59 % for assay C). The effect was less notable at higher total
H2O2 concentration (for example, 86 % for assay H vs. 91 %
for assay I). These results can be consequence of the important
increment in AOS after photo-Fenton treatment observed at low
total H2O2 concentration (compare in Table 3, AOS values for
assays B and C, with respect to assays H and I).

A compromise between the efficiency of H2O2 utilization,
and the overall efficiency of the process should be taken. This
will depend mainly on regulatory discharge standards. There

is not a universal guideline to effluents discharge due that each
place has characteristics that make it unique. In the view of
this fact, the obtained results are compared with the Argentine
legislation, particularly the legislation from Entre Rios
Province where this commercial product is frequently used
(Ley Provincial N°6260). Limits for COD are <700 mgO2/L
for discharge into the sewage, <400mgO2/L for discharge into
the Paraná River, <250 mgO2/L for discharge into smaller
rivers of the Province, and <50 mgO2/L for discharge into
the streams. Consequently, all the effluents with the coupled
treatments cover in B to I could be discharged into the sewage.
If the effluent is discharged to Paraná River, the treatments D
and E reach the limit. Treatments H, I, and J could be used to
discharge in smaller rivers.

Conclusions

Consortia with capability to resist and degrade high concen-
trations of IMZ or its oxidation byproducts in water were
isolated from sludge coming from a fruit packaging wastewa-
ter treatment plant. These consortia can resist and degrade
high concentration of IMZ. However, the complete elimina-
tion of IMZ could not be accomplished. Photo-Fenton treat-
ment was an alternative for the total elimination of IMZ in a
shorter time, but mineralization percentage was low.
However, if the solution was oxidized by photo-Fenton until
AOSmfb values were in the range 2.5–2.9, the application of a
biological treatment by inoculation with consortium 2
(adapted to the presence of oxidized IMZ byproducts) was
effective for the mineralization of the organics dissolved in
water. H2O2 concentration and dosage have an important role
in determining the AOS of the oxidized solutions. Dosage of
H2O2 resulted more efficient for IMZ oxidation than the in-
corporation of all the oxidant in only one dose. Oxidized IMZ
solutions were less toxic than pure IMZ solutions; the number
of different colonies isolated from consortium 2 was higher
than in consortium 1. The concentration of H2O2 could be

Table 3 AOS after each
treatment, AOS mfb, and
efficiency in the use of H2O2 in
the treatments

Assay AOS final
photo

AOS final
coupled

AOS mfb Eff. photo Eff. coupled
(molTOC/molH2O2) (molTOC/molH2O2)

A 0.15 0.15 – – –

B 0.56 0.31 0.86 0 1.92

C 1.21 0.71 1.98 0 2.83

D 1.91 0.65 2.48 0.07 1.08

E 1.94 0.61 2.63 0.12 1.08

F 2.00 – – 0.11 –

G 2.00 – – 0.13 –

H 2.31 0.67 2.69 0.22 0.67

I 2.13 −1.44 2.87 0.38 0.75

J 2.23 −3.23 2.88 0.32 0.5

Fig. 5 Contribution of photo-Fenton and biological treatment to
oxidation of the different systems (%COD diminution). Final COD (mg
O2/L) values are indicated above the bars
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adjusted to values that allow reducing COD until values ap-
propriate for discharge in rivers of the Entre Rios Province
(Argentina). Higher concentrations lead to a useless consump-
tion of the oxidant. Lower concentrations were not enough to
achieve the allowed levels of COD. The combination of
photo-Fenton with biological treatment (using specialized
consortium) was a successful procedure for the elimination
of IMZ and COD reduction, in concentrated solutions of com-
mercial fungicides.
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