
A

o
o
p
w
b
b
r
d
©

K

1

e
s
T
t
a
a
I
E
D
A
C
m
e

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 155 (2008) 342–349

Degradation of alachlor and pyrimethanil by combined
photo-Fenton and biological oxidation

M.M. Ballesteros Martı́n a,∗, J.A. Sánchez Pérez a, J.L. Garcı́a Sánchez a,
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bstract

Biodegradability of aqueous solutions of the herbicide alachlor and the fungicide pyrimethanil, partly treated by photo-Fenton, and the effect
f photoreaction intermediates on growth and DOC removal kinetics of the bacteria Pseudomonas putida CECT 324 are demonstrated. Toxicity
f 30–120 mg L−1 alachlor and pyrimethanil has been assayed in P. putida. The biodegradability of photocatalytic intermediates found at different
hoto-treatment times was evaluated for each pesticide. At a selected time during batch-mode phototreatment, larger-scale biodegradation kinetics
ere analysed in a 12 L bubble column bioreactor. Both alachlor and pyrimethanil are non-toxic for P. putida CECT 324 at the test concentrations,
ut they are not biodegradable. A ∼100 min photo-Fenton pre-treatment was enough to enhance biodegradability, the biological oxidation response

eing dependent on the pesticide tested. The different alachlor and pyrimethanil respiration and carbon uptake rates in pre-treated solutions are
elated to change in the growth kinetics of P. putida. Reproducible results have shown that P. putida could be a suitable microorganism for
etermining photo-Fenton pre-treatment time.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Because human activities have an increasing impact on the
cosystem, natural resource management strategies based on
ustainable and integrated development must be implemented.
he Plan of Implementation of the World Summit on Sus-

ainable Development adopted in Johannesburg [1], includes
ctions at all levels, e.g., introduction of affordable sanitation
nd industrial and domestic wastewater treatment technologies.
n order to achieve the goals for bodies of surface water, the
uropean Commission has adopted the Water Framework
irective [2] to progressively eliminate major pollutants.
lachlor is one of the 33 EU priority substances listed in the

ommission proposal (COM(2006)397 final) setting environ-
ental quality standards for surface waters (http://ec.europa.eu/

nvironment/water/water-framework/priority substances.htm),
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hile pyrimethanil is included in the Commission Directive
006/74/CE list of authorised and evaluated substances.

Alachlor, 2-chloro-2′,6′-diethyl-N-methoxymethyl acetani-
ide, is a common agricultural herbicide. Alachlor causes cancer
n laboratory animals and its mutagenicity has been demon-
trated [3]. In addition, alachlor has toxic and genotoxic effects
4], and could also contribute to infertility [5]. Pyrimethanil, N-
4,6-dimethylpyrimidin-2-yl)-aniline is an anilino-pyrimidine
estricted to use as fungicide in agriculture. Although available
tudies show no evidence of mutagenic, genotoxic or carcino-
enic potential of pyrimethanil, an increase in liver weight
ccompanied by histopatological changes in liver and thyroid
ave been observed in short-term toxicity studies in rats and
ice [6].
A variety of effective treatment techniques for wastewater

ontaining alachlor or pyrimethanil are available [7–10]. Among

hem, advanced oxidation processes (AOPs) may become the

ost extensively used for these pesticides not treatable by con-
entional techniques due to their high chemical stability and/or
ow biodegradability. Of the solar AOPs, photo-Fenton has been

http://ec.europa.eu/environment/water/water-framework/priority_substances.htm
mailto:mmenta@ual.es
dx.doi.org/10.1016/j.jhazmat.2007.11.069
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Nomenclature

DOCi initial DOC concentration given by photoreaction
intermediates (mg L−1)

DOCf DOC concentration measured at the end of culture
(mg L−1)

DOCm minimum concentration that cannot be metabo-
lized by the cells (mg L−1)

J objective function (dimensionless)
KS saturation constant (mg L−1)
KI inhibition constant (mg L−1)
rS carbon uptake rate (mg L−1 h−1)
S substrate (DOC) concentration (mg L−1)

t30 W normalized illumination time (h)
UV average solar ultraviolet radiation (W m−2)
VT total volume of water loaded in the pilot plant (L)
Vi total irradiated volume (L)
X biomass concentration (mg L−1)
X(i)mod simulated state space vector (mg L−1)
X(i)exp experimental state space vector (mg L−1)
YX/S yield coefficient on substrate (g g−1)

Greek letters
μ specific growth rate (h−1)
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μmax maximum specific growth rate (h−1)

emonstrated to be more effective than TiO2 [11–15]. Never-
heless its cost [14–16] for total oxidation of hazardous organic
ompounds remains high compared to those of biological treat-
ent. However, their use as a pre-treatment for biodegradability

nhancement of wastewater containing recalcitrant compounds
an be justified if the intermediates resulting from the reac-
ion are more biodegradable than the parent compounds and can
herefore be quickly degraded by biological treatment [17,18].
hus, photochemical pre-treatment can be shortened when com-
ined with biological oxidation. Nonetheless, photocatalytic
egradation products could be as or even more toxic and recal-
itrant than the original pollutant, so the biodegradability of
he mixture of intermediates formed as the chemical reaction
roceeds must be evaluated as a function of photo-treatment
ntensity.

There are many publications dealing with integrated chemical
nd biological oxidation processes for wastewater for a variety
f single compounds (e.g., aromatics, pesticides, etc.) [19–21]
nd multicomponent feed streams as industrial wastewater and
andfill leachate [22–24]. Coupling chemical pre-oxidation with
iological post-treatment is conceptually beneficial as it can lead
o increased overall treatment efficiencies compared with the
fficiency of each individual stage [22]. Thus, for the treatment
f complex mixture of effluents hybrid treatments appear to be
he need for the future [23]. Despite the prevalence of examples

vident in these reviews kinetic models are not widely available
s a method of analysis [25].

This paper reports on a study of the biodegradability of aque-
us alachlor and pyrimethanil solutions treated by photo-Fenton

t
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t the point when changes are caused in pure bacteria growth
inetics by photoreaction intermediates. Synthetic wastewater
ade from a mixture of biodegradable organic compounds and

he test substances (pesticides or photo-degradation intermedi-
tes) was used to assess the biodegradability of alachlor and
yrimethanil as well as the photo-treated solutions. The bacteria
. putida CECT 324 was selected as a model microorgan-
sm [26] to evaluate biodegradability, and changes observed in
rowth and degradation kinetics caused by the test substances
ere compared to the baseline given by a biodegradable C-

ource.
P. putida sensitivity to toxicity of alachlor and pyrimethanil

as first assayed in a 30–120 mg L−1 concentration range. Then
he biodegradability of the photocatalytic intermediates from
ach pesticide was evaluated in Erlenmeyer flasks as a function
f a normalized photo-treatment time (t30 W) that characterizes
he progress of the photo-Fenton process. The kinetics of larger-
cale batch-mode biodegradation was analysed in a 12 L bubble
olumn bioreactor at a selected photo-treatment time. The final
oal of the paper is to propose a consistent and reproducible
ethod for assessing biodegradability using a model microor-

anism, as an alternative to other methods based on activated
ludge.

. Materials and methods

.1. Chemicals

Technical-grade alachlor (2-chloro-2′,6′-diethyl-N-meth-
xymethylacetanilide, 95%, Aragonesas Agro S.A.) and
yrimethanil (98.2% technical grade C12H13N3, Agrevo S.A.)
ere used as received. Distilled water used in the pilot plant
as supplied by the Plataforma Solar de Almerı́a distilla-

ion plant (conductivity < 10 �S cm−1, Cl− = 0.7–0.8 mg L−1,
O3

− = 0.5 mg L−1, organic carbon < 0.5 mg L−1).

.2. Photochemical reactions

Photo-Fenton experiments were carried out at the Plataforma
olar de Almerı́a, in a compound parabolic collector solar plant
pecially developed for photo-Fenton applications [27], able to
reat up to 80 L of wastewater. It has a 4.16 m2 irradiated sur-
ace, 44.6 L irradiated volume, and cylindrical UVA-transparent
lass tubes with a 46.4 mm internal diameter and 50 mm exter-
al diameter. UV radiation was measured by a global UV
adiometer (KIPP&ZONEN, model CUV 3) mounted on a plat-
orm tilted 37◦, which provides data in terms of incident UV
W m−2). This gives an idea of the energy reaching any sur-
ace in the same position with regard to the sun. With Eq.
1), combination of the data from several days’ experiments
nd comparison of photoreactors installed at different sites is
ossible.
30 W,n = t30W, n−1 + �tn
UV

30

Vi

VT
;

�tn = tn − tn−1; t0 = 0 (n = 1) (1)
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Table 1
Concentration of alachlor and overall DOC in samples (from photo-Fenton pre-treatment) tested with P. putida CECT 324

Sample 1 2 3 4 5 6 7 8 9

t30 W (min) 0 34 61 81 91 103 110 122 134
DOC (mg L−1) 105 98.4 86.7 84.1 78.4 73.1 63.4 54.5 36.7
Alachlor (mg L−1) 123.4 26 8.62 4.82 1.33 1.36 1.04 1.3 0
Mineralization (%) 0 6 17 20 25 30 40 48 65
C −1 50.
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onsumed H2O2 (mg L ) 1.1 3.1 23.1

onsumed H2O2 is also included.

here UV is the average solar ultraviolet radiation measured
uring �tn, tn is the experimental time for each sample, VT is
he total volume of water loaded in the pilot plant (75 L), Vi
s the total irradiated volume (44.6 L, glass tubes) and t30 W is

“normalized illumination time”, which refers to a constant
olar UV power of 30 W m−2 (typical solar UV power on a
unny day around noon in a Mediterranean country). The tem-
erature inside the reactor was kept at 30 ◦C by means of a
emperature control system consisting of heating elements in
he pipes, and a heat exchanger with a secondary cooling water
ycle.

For the photo-Fenton reaction, the plant was loaded with
5 L of an aqueous solution of the parent compounds at ini-
ial concentrations of 123.4 mg L−1 of alachlor and 103 mg L−1

f pyrimethanil. The pH was adjusted to 2.7–2.9 with
2SO4. The Fe2+ concentration of 20 mg L−1 had been pre-
iously demonstrated not to affect bacterial growth. At the
eginning of the process the collectors were covered, the
H was adjusted and ferrous iron salt (FeSO4·7H2O) was
dded. After each addition of reagents, the mixture was
ecirculated until well homogenised. Finally, the necessary
uantity of reagent-grade hydrogen peroxide (30%, w/v) was
dded. Then the collectors were uncovered and photo-Fenton
egan (t30 W = 0 min). Hydrogen peroxide was measured fre-
uently and consumed reagent was continually replaced in
rder to keep the concentration at the initial 100 mg L−1.
rom these data consumed hydrogen peroxide was calcu-

ated. Hydrogen peroxide was analysed by iodometric titration,
lthough, since this method is very time consuming (around
5 min), it was also frequently determined in fresh sam-
le solutions using Merckoquant Paper (Merck Cat. No.
.10011.0001). Hydrogen peroxide present in the samples

rom photo-Fenton experiments was removed using catalase
2500 U mg−1 bovine liver, 100 mg L−1) acquired from Fluka
hemie AG (Buchs, Switzerland) after adjusting the sample
H to 7.

d

3
N

able 2
oncentration of pyrimethanil and overall DOC in samples (from photo-Fenton pre-t

ample 1 2 3 4

30 W (min) 0 98 105 108
OC (mg L−1) 72.1 67 58.4 49
yrimethanil (mg L−1) 103 23 2.3 0
ineralization (%) 0 7 19 32
onsumed H2O2 (mg L−1) 2.1 44.9 88.0 148
0 91.8 126.9 162.0 207.0 287.0

.3. Microorganism

P. putida CECT 324 was acquired from the Spanish Type Cul-
ure Collection (Colección Española de Cultivos Tipo, Valencia,
pain). Cultures were grown at pH 7.2 in beef extract, 1 g L−1,
east extract, 2 g L−1, peptone, 5 g L−1, NaCl, 5 g L−1 and agar
owder, 15 g L−1, and kept in a cryogenic solution (glycerol
7%) at −70 ◦C.

.4. Flask cultures

For parent pesticide biodegradability and toxicity studies,
uplicate cultures were incubated at 30 ◦C on a rotary platform
haker (150 rpm, 2.6 cm stroke) in 100 mL Erlenmeyer flasks
lled with 20 mL of different alachlor and pyrimethanil solu-

ions (0, 30, 60, 90 and 120 mg L−1). The flasks were inoculated
ith 80 �L of the bacterial stock described above previously
efrosted at room temperature.

For biodegradability studies of pesticides treated by photo-
enton, duplicate cultures were incubated at 30 ◦C on a rotary
latform in 250 mL Erlenmeyer flasks filled with 50 mL of
ulture medium. The flasks were inoculated with 200 �L of
acterial stock. The pesticides (123.4 mg L−1 alachlor and
03 mg L−1 pyrimethanil) treated by photo-Fenton for differ-
nt periods of time formed an additional carbon source for
hich biodegradability was going to be evaluated. Initial dis-

olved organic carbon (DOC) and pesticide concentrations for
ach sample are shown in Tables 1 and 2. Samples were filtered
hrough 0.20 �m syringe filters (AAWG, 47 mm, Millipore).
he pH value was adjusted to 7.0 with NaOH 0.1 N. Inoculum
iability was checked with 80 �L of bacterial stock in 100 L
rlenmeyer flasks filled with 20 mL of baseline culture medium

escribed below.

The baseline medium in all flask cultures (beef extract,
.2 mg L−1, yeast extract, 6.4 mg L−1, peptone, 16 mg L−1,
aCl, 16 mg L−1 glycerol 87% (v/v), 0.8 mL/L, 0.5 g L−1

reatment) tested with P. putida CECT 324. Consumed H2O2 is also included

5 6 7 8 9

111 127 153 187 224
.4 40.1 25.4 17.5 13.7 10.2

0 0 0 0 0
44 65 76 81 86

208 263 330 407 480
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H4Cl, 0.5 g L−1 K2HPO4, 0.5 g L−1 KH2PO4, 0.5 g L−1

gSO4·7H2O, and 10 mL L−1 of trace mineral solution [28])
rovides a DOC concentration of approximately 360 mg L−1,
onsidered a biodegradable carbon source. Initial bacterial con-
entration was 20 mg L−1 in all flask cultures.

.5. Bubble column bioreactor

Fermentation was done at 30 ◦C in a 12 L working-volume
ubble column bioreactor with an aspect ratio of 6 and reactor
essel diameter of 0.125 m. Gas was sparged through a perfo-
ated plate (1.5 mm hole diameter) located at the base of the
eactor. Dissolved oxygen was measured on line using a Cri-
on 60-50 polarographic electrode. Oxygen uptake rate (OUR)
as measured during culturing by the method reported by Casas
ópez et al. [29]. The gas flow rate was held constant at 0.83 vvm,
iving rise to an overall volumetric oxygen transfer coefficient
f 20.5 h−1. It can be assumed that oxygen was not a growth-
ate-limiting substrate in the experiments. pH was measured
ith a pH electrode (Crison 55 33). The reactor was fitted
ith a temperature control jacket. The top degassing zone of

he column had a jacket of its own cooled to 8 ◦C to prevent
all growth. 48 mL of bacteria stock was directly inoculated

n the bubble column bioreactor. Initial bacterial concentration
as 20 mg L−1. Inoculum viability was checked as described

n Section 2.4. Automatic sampling was done by Sigma 900
ortable Sampler. Experiments were performed in duplicate
ith repeated runs for different times for accurate assessment of
ariability.

A blank column contained the mineral medium described
bove and the carbon source supplied by the baseline cul-
ure medium. For biodegradation kinetics experiments, alachlor
nd pyrimethanil were treated by photo-Fenton (30.2 and
7.2% mineralization) as in the Erlenmeyer flask cultures.
herefore, initial DOC was 61.6 and 76.8 mg L−1 for alachlor
nd pyrimethanil, respectively, and that was increased up
o 421.6 and 436.8 mg L−1 by the baseline medium. Photo-
re-treated samples were handled in the same way as flask
ultures.

.6. Analytical methods

Biomass concentration was measured by optical density (OD)
t 600 nm [30] using a spectrophotometer (Unicam, UV 2,
ambridge, UK). The relationship between dry weight and opti-
al density was found to be X (mg L−1) = 403.3OD600 − 5.7,
2 = 0.988.

The pesticide concentration was analysed using reverse-
hase liquid chromatography (Shimadzu Lc10, Kyoto, Japan)
ith a XTerra MS C18 column (150 mm × 4.6 mm, 5 �m)

unning with a mobile phase flow rate of 0.5 mL min−1:
lachlor (H2O/acetonitrile 40/60, 225 nm) and pyrimethanil

H2O/acetonitrile 50/50, 270 nm). Samples were filtered through
.20 �m syringe filters (AAWG, 47 mm, Millipore) to remove
acteria before HPLC injection. Sample injection volume was
0 �L.

[

E
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Mineralization was followed by DOC determination in a
himadzu-VCPH TOC analyser calibrated with standard solu-

ions of potassium phthalate. Samples were pre-filtered through
.20 �m syringe filters (AAWG, 47 mm, Millipore).

. Results and discussion

.1. Alachlor degradation

Photo-Fenton degradation of this herbicide has previously
een reported in the same experimental device described in Sec-
ion 2.2, but at an initial concentration of around 50 mg L−1

nd 2, 10, 20 and 55 mg L−1 of Fe2+ [10,31]. In all cases,
echlorination was much faster than the disappearance of DOC.
hen the catalyst concentration was 20 mg L−1, alachlor was

ompletely eliminated during the “dark” Fenton reaction (with-
ut sunlight), but without attaining any mineralization. In fact,
ore than 90% of mineralization was only attained after illu-
ination (t30 W = 20 min) and a H2O2 consumption of around

5 mmol L−1, indicating that using low iron concentration the
dark” Fenton was not relevant. Indeed, the consumption of
ydrogen peroxide just when photo-Fenton began (t30 W = 0 min)
as not relevant (see Table 1). Apart from these kinetic degrada-

ion studies, toxicity using Vibrio fischeri and biodegradability
with activated sludge, Zahn-Wellens test) analyses at different
tages of alachlor oxidation, were also performed previously
27]. We were motivated to continue the study with P. putida, as
sing a well-known compound could help us interpret the results.
e also decided to increase initial concentration to almost the

olubility limit (123.4 mg L−1) in order to obtain the highest pos-
ible concentration of alachlor intermediates before applying P.
utida treatment.

In the toxicity study, P. putida was able to grow on the avail-
ble degradable carbon source with alachlor in solution. An
verage DOC consumption of 330 ± 20.9 mg L−1 was measured
t 96 h of culture regardless of pollutant concentration which
emained constant at its initial value as determined by HPLC
easurement. This shows that P. putida growth is not influ-

nced by alachlor concentration. On the contrary, acute toxicity
ests with Vibrio fischeri showed EC50 for alachlor of around
00 mg L−1 [4,18].

Different photocatalytic treatment times were applied to the
olutions to modify the alachlor chemical structure and trans-
orm it into non-toxic and biodegradable intermediates. The
emaining carbon was quantified by the DOC due to alachlor
nd intermediates (Table 1). H2O2 consumed during the test is
lso included in Table 1. At each photo-Fenton treatment time,
xpressed as t30 W, biodegradation of intermediates by P. putida
as assayed in Erlenmeyer flasks as described in Section 2.4.
fter 96 h of culture, the biodegradation efficiency (Ef) of pho-

oreaction intermediates was calculated as the ratio between the
ctual organic carbon uptake and maximum DOC consumption

32]. Eq. (2) expresses Ef as a percentage:

f = DOCi − (DOCf − DOCm)

(DOCi)
× 100 (2)
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ig. 1. Biodegradation efficiency (Ef) for alachlor photo-treated samples as a
unction of t30 W and mineralization at 96 h.

here DOCi is the initial DOC concentration given by photore-
ction intermediates, DOCf is the measured DOC concentration
t the end of culture and DOCm is the minimum concentration
hat cannot be metabolized by the cells, which is the background
evel in the blank medium accepted as 30 mg L−1.

Biodegradability of polluted water usually increases with
hotocatalytic treatment time. Fig. 1 shows the increase in bio-
ogical treatment efficiency from 34 to 78% and from 6 to 25%

ineralization with photo-Fenton reaction time in the alachlor
xperiments (see Table 1). However DOC biodegradation fell at
03 min. During photo-Fenton, many intermediates are formed
rom alachlor due to the replacement of hydroxyls, elimina-
ion of alkyls, opening of the aromatic ring, etc. [33]. It has
een reported that some of these intermediates, mainly ani-
ine derivates [12], such as the metabolite 2,6-diethylniline [4],
re more toxic than alachlor, so the decrease observed in Ef
t t30 W = 103 min is due to the presence of toxic intermediates.
eyond this time, biological treatment efficiency increased from
3 to 98% at the end of photo-Fenton reaction (t30 W = 134 min)
ecause of toxic intermediates were then degraded.

At the start of phototreatment, t30 W = 0, no alachlor interme-
iates or bacteria growth on the baseline medium had formed.
t this point efficiency is zero in agreement with the toxic-

ty studies mentioned above. Nonetheless, P. putida was able
o biodegrade the intermediates generated, even when parent
lachlor is still present at t30 W of 34, 61 and 81 min (Fig. 1),
lthough alachlor was not consumed, as confirmed by HPLC
easurements. The slight alachlor decrease found in certain

ases (i.e., 61 min or higher treatment time) could be attributed
o adsorption on biomass.

Results when photo-Fenton mineralization was not as high
around 30%), but alachlor had disappeared were scaled up
n a 12 L bubble column bioreactor. Under these conditions,
f = 60% and higher efficiency could reasonably be expected

s time of photocatalytic treatment increases. It was assumed
hat longer photo-Fenton treatment times would always enhance
ater biocompatibility. Therefore, an alachlor solution also con-

aining 123.4 mg L−1 was treated by photo-Fenton for 110 min,

b

p
f

ig. 2. Biomass growth (©) and DOC consumption (�) in a bubble column
ioreactor. (A) Blank, (B) alachlor photo-treated solution and (C) pyrimethanil
hoto-treated solution solid lines show model estimations.

hich mineralized 30.2% (H2O2 consumption 4.8 mmol L−1)
nd decreased the pesticide concentration to 2.4 mg L−1, leav-
ng 61.6 mg L−1 DOC for further biological treatment. An
dditional blank experiment was carried out with the baseline
iodegradable carbon source and no pesticide intermediates to
ompare the kinetics parameters.

Fig. 2 shows the changes in biomass concentration and DOC
ith culture time for the scaled-up experiment. Once cells had

dapted to the treated alachlor solution, they grew in 8 h, causing
sharp decrease in DOC and intense respiration. Likewise, the
aximum specific respiration rate, an important design param-

ter for scale-up, was 13.74 and 11.53 mmol O2 g−1 h−1 in the

lank and treated alachlor culture, respectively.

Fig. 3 shows a decrease in cell metabolic activity caused by
hotoreaction intermediates, causing a drop in DOC uptake rates
rom 100 to 80 mg L−1 h−1 for the blank and alachlor, respec-
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scaled-up experiment is not the efficiency (65.8%) but the 30 h
required to achieve it. Therefore, for qualitative results (i.e., for
determining whether the photo-treated solutions could be bio-

T
M

B
A
P

ig. 3. DOC uptake rate versus culture time in the blank, alachlor and
yrimethanil experiments.

ively. The delay in reaching the maximum DOC uptake rate
s longer in the photo-treated sample than in the blank because
f changes in the lag phase and growth rate discussed below.
herefore, P. putida is sensitive to photo-produced intermedi-
tes giving rise to different behaviour: longer lag phases, slower
espiration rates and carbon uptake rates.

Kinetics was fitted to Andrews’ growth model because of its
athematical simplicity and wide acceptance for representing

he growth kinetics of inhibitory substrates [34]:

= μmaxS

KS + S + (S2/KI)
(3)

here S represents the substrate concentration, in this case the
OC available for consumption by the cells. The constant KS

ndicates the ability of microorganisms to grow at low substrate
evels and KI is the inhibition constant. A high KI indicates that
he inhibition effect can be observed only in a high concentration
ange.

The model below was used for the equations for change in
iomass concentration:

dX

dt
= μX (4)

nd for DOC concentration over time once growth started after
ag phase:

S = dS

dt
= − μX

YX/S

(5)
All model parameters were determined by fitting the pro-
osed differential equations to the experimental data using
atlabTM (ver. 6.5). The Matlab Optimization Toolbox was

sed to find the model parameters. Constrained nonlinear pro-

c
r
g
d

able 3
odel growth kinetics parameter values

Maximum specific growth rate, μmax (h−1) S

lank 0.83
lachlor 0.71 5
yrimethanil 0.59 5
zardous Materials 155 (2008) 342–349 347

ramming was used for the search. The target function to be
inimized was defined as a function of the vectorized state

pace, Xexp, that is, all substrate data plus the biomass off-line
eadings. Note that each state could have a different number
f points. Simulation points were picked at the same time
s the data and arranged in the same order to conform the
ectorized simulated state space vector, Xmod. The objective
unction, J, is then defined as weighted squared differences, as
ollows:

=
N∑

i=1

(
X(i)exp − X(i)mod

X(i)exp

)2

(6)

The state vector contains the biomass and substrate data col-
ected following the experimental procedure. The model state
ector was sampled at the same times by defining an appropri-
te time vector to numerically solve the differential equations
entioned above. Upper and lower levels were taken from the

iterature.
Table 3 gives the model parameter values. The specific growth

ate depends on the presence of photo-Fenton degradation prod-
cts. First, μmax is lower and KS is higher than the blank
ulture showing the minor affinity of cells for growth on the
hoto-treated medium. Inhibition constants are lower than in
nitial DOC concentrations (around ∼100 mg L−1 for KI ver-
us ∼400 mg L−1 for organic carbon) indicating that inhibition
henomena must be taken into account even for the baseline
edium.
Calculated specific growth rates for the blank and for the

hoto-treated solution are 0.30 and 0.23 h−1, respectively, at the
ulture time when carbon uptake rates are maximum, giving:

μBlank

μAlachlor
= 0.30

0.23
≈ rS, Blank

rS, Alachlor
= 100

80
≈ rO2, Blank

rO2, Alachlor
= 13.74

11.53
(7)

As each rate was determined independently, Eq. (7) shows the
t of the growth model, which had a mean ratio of 1.25 ± 0.05.

Biodegradation efficiency (Ef) of the photoreaction inter-
ediates as expressed by Eq. (2) was 56.8% in Erlenmeyer
ask at 103 min (see Fig. 1) in 96 h. The main difference in
ompatible for biomass growth), experiments in flasks might be
ecommendable, but not for adequate quantification of biomass
rowth or DOC uptake, key parameters for proper biotreatment
esign.

aturation constant, KS (mg L−1) Inhibition constant, KI (mg L−1)

1.75 115
5.2 112
5 110
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.2. Pyrimethanil degradation

As in the case of alachlor, photo-Fenton degradation
20 mg L−1 Fe) of this pesticide has been studied previously [9],
oncluding that 50 mg L−1 of the parent compound was almost
liminated during the Fenton reaction (without sunlight), and
0% of the initial DOC was successfully mineralized consum-
ng around 45 mmol L−1 of H2O2. Pyrimethanil was completely
liminated during the “dark” Fenton reaction (without sunlight),
ut without attaining any mineralization, indicating that also in
his case the “dark” Fenton was not relevant. Consumption of
ydrogen peroxide at t30 W = 0 min included in Table 2 corrob-
rates this statement. Toxicity using Vibrio fischeri at different
reatment stages was also evaluated, demonstrating that toxic-
ty decreased during the photo-Fenton treatment. The formation
f relative stable aliphatic intermediates (acetylurea, acetamide
nd formamide) after opening of the pyrimidine ring during the
hoto-treatment has also been detected by other researchers [8].
his effect keeps the nitrogen mass balance from being closed,
nd maintains the DOC concentration relatively high up to the
nd of the process (9 mg L−1). For the same reasons as for
lachlor, we chose a well-known compound but at a higher initial
oncentration than in previous studies.

In the pyrimethanil toxicity study, DOC consumption was
imilar to alachlor, 333.6 ± 14.3 mg L−1 although in 144 h of
ulture instead of 96 h. This delay is in agreement with other
yrimethanil studies that show an EC50 of 36.1 mg L−1 [9] com-
ared to the 100 mg L−1 reported for alachlor (Section 3.1).
ndeed, as in the alachlor experiment, pyrimethanil was not
onsumed by P. putida.

Intermediates generated in photo-Fenton-treated
yrimethanil solutions are more biodegradable than the
arent compound (Fig. 4). Agüera et al. [8] observed in a study
f degradation of pyrimethanil that although many transient

pecies were formed during the process, they were not toxic
o Vibrio fischeri and a continuous decrease was observed in
he percentage of inhibition. Up to 105 min of t30 W, biodegrad-

ig. 4. Biodegradation efficiency (Ef) for pyrimethanil photo-treated samples
s a function of t30 W and mineralization at 144 h.
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bility efficiency was negligible (as shown in Fig. 4) and at
08 min (32% mineralization) efficiency was only 15%. Beyond
his photo-treatment intensity, efficiency increased up to its

aximum of 91% at t30 W = 224 min. Compared to the alachlor
xperiment, longer photocatalytic treatment times are required
o reach equivalent efficiencies and total disappearance of the
ure substance is required for biodegradation of intermediates
ormed. As confirmed by HPLC measurements, pyrimethanil
as not biodegraded at 0, 98 and 105 min of treatment time.
For kinetics estimations, a pyrimethanil solution was pre-

reated by photocatalysis to 27.2% mineralization, the minimum
hoto-Fenton treatment time to reach biodegradability. As
hown in Table 2 and Fig. 4, biodegradability was enhanced only
fter 32% mineralization. It was not possible to reach exactly the
ame point in consecutive runs (32 and 27.2%, respectively) but
slight difference in mineralization should not influence overall

esults, as demonstrated below.
Growth took place in 16 h once cells adapted to the

yrimethanil-treated solution. The maximum specific respi-
ation rate (7.34 mmol O2 g−1 h−1) and DOC uptake rate
50 mg L−1 h−1; Fig. 3) were lower than for the photo-degraded
lachlor solution.

Data fit to Eq. (3) for the pyrimethanil-treated solution as
hown in Fig. 2C gave the parameter values presented in Table 3.
he lower μmax is in agreement with the longer growth period

16 h) observed in Fig. 2C, while there was no difference in
S and KI with regard to the photo-treated alachlor solution.
ield coefficient on substrate (YX/S) was 0.94 for alachlor and
yrimethanil experiments.

Analogous to Eq. (7), the rates calculated for the blank and
hoto-treated pyrimethanil solution are:

μBlank

μPyrimethanil
= 0.30

0.18
≈ rS, Blank

rS, Pyrimethanil
= 100

50
≈ rO2, Blank

rO2, Pyrimethanil

= 13.74

7.34
≈ 1.85 ± 0.16 (8)

On the other hand, biodegradation efficiency (Ef) of the
yrimethanil photoreaction intermediates was 44.8%, three
imes higher than in the Erlenmeyer flask at a t30 W of 108 min
15%) and in a shorter culture time of 32 h. Therefore, culture
onditions have an impact on biodegradation results that must
e kept in mind when considering biodegradability of a test sub-
tance. The same considerations concerning scaled up tests for
iotreatment design included at the end of Section 3.1 should be
aken into account in this case.

. Concluding remarks

Neither alachlor nor pyrimethanil are toxic to P. putida CECT
24 at the test concentrations, but they are not biodegradable.
herefore, P. putida is useful for determining biodegradability

nhancement of wastewater containing pesticides by an AOP. A
100 min photo-Fenton pre-treatment was efficient enough to

nhance biodegradability, with the biological oxidation response
ependent on the pesticide tested. The different respiration and
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arbon uptake rates found for alachlor and pyrimethanil pre-
reated solutions are related to a change in the growth kinetics
f the model microorganism. It has been demonstrated that by
roper selection of the photo-Fenton pre-treatment time, the
astewater could be rendered biodegradable and that P. putida

ould be used to determine this time. Moreover, as it is a pure
train, results would be reproducible, which is not often possible
ith activated sludge.
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