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a b s t r a c t

Experiments based on Vibrio fischeri, activated sludge and Pseudomonas putida have been employed to
check variation in the biocompatibility of an aqueous solution of a commercial pesticide, along solar photo-
oxidative process (TiO2 and Fenton reagent). Activated sludge-based experiments have demonstrated a
complete detoxification of the solution, although important toxicity is still detected according to the
vailable online 11 June 2008

eywords:
olar detoxification
iodegradability
ctivated sludge
seudomonas putida

more sensitive V. fischeri assays. In parallel, the biodegradability of organic matter is strongly enhanced,
with BOD5/COD ratio above 0.8. Bioassays run with P. putida have given similar trends, remarking the
convenience of using P. putida culture as a reliable and reproducible method for assessing both toxicity
and biodegradability, as a substitute to other more time consuming methods.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Increasing amounts of pesticides are employed in intensive agri-
ulture, making water polluted with these chemicals a related
nvironmental concern. These effluents are not compatible with
lassical biological treatment, due to the toxicity shown towards
icro-organisms involved in those processes [1]. For this reason,
uch effort has been devoted to develop alternative methods to

eal with this problem.
One promising strategy is to employ a chemical pre-treatment

o improve the biocompatibility of the effluent, followed by an

ctivated sludge-based biological reactor [2,3]. In this context, pho-
ocatalysis has proven to be a useful method to remove toxic
ollutants from aqueous effluents; in some cases, sunlight can
e used as irradiation source, enhancing the sustainability of
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he process [4]. In particular, TiO2-based photocatalysis and the
hoto-Fenton reaction (catalytic iron salts and sacrificial hydrogen
eroxide as oxidant) can be driven under solar irradiation; differ-
nt pesticides have been treated by these methods and primary
limination of these chemicals has been accomplished [5,6].

There are some studies indicating that solar-driven photo-
xidative pre-treatments are able to detoxify pesticide containing
olutions. Different bioassays have been used to assess detox-
fication, among them the highly sensitive inhibition of the
uminescence of the Vibrio fischeri bacteria [7], or the inhibition
f the respiration of activated sludge, which is expected to be
ore closely related with the behaviour of biological reactors [8].

urthermore, an increase in the biodegradability of the sample
as been also measured employing either the biological oxygen
emand [9] or the Zahn–Wellens test [10]. Finally, some experi-
ents have been reported in which photocatalytic reactors have

een coupled with activated sludge-based reactors [11].

An alternative assay to determine the biocompatibility of the

reated effluent is to study the growth of a selected micro-organism
n the presence of the pesticide solution after different periods
f photochemical pre-treatment. The use of Pseudomonas putida
or this purpose seems interesting as it is commonly a part of the
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onsortium of micro-organisms present in activated sludge; these
ssays might combine the improved reproducibility of using a more
imple system than activated sludge, with a behaviour that is not
xpected to differ substantially to that of the biological reactors
12]. Furthermore, biodegradability assay using P. putida is faster
some few days) than the widely used Zahn–Wellens test for which
8 days are needed.

In this paper, experiments based on V. fischeri, activated sludge
nd P. putida have been employed to check variation in the bio-
ompatibility of an aqueous solution of a commercial pesticide,
long solar photo-oxidative process. Sevnol, a commercial product
ontaining carbaryl as active ingredient has been chosen as tar-
et pollutant, as previous works have demonstrated that it can be
emoved by photochemical means [13–15], although a significant
mount of organic matter remained in the solution.

. Experimental

.1. Reagents and micro-organisms

Commercial Sevnol (85% (w/w) of active ingredient, carbaryl)
as purchased from MAFA and used as received. Titanium diox-

de (Degussa P-25) was employed as heterogeneous photocatalyst.
ydrogen peroxide (30%, v/v) and ferrous sulphate employed in

he photo-Fenton reaction were purchased from Panreac and used
ithout further purification.

Biological assays were performed using activated sludge taken
rom the exit of the biological reactor of the wastewater treatment
lant from Alcoy (Spain). The sludge was diluted to keep the amount
f suspended solids in the range 1–2 g L−1; it was employed without
revious adaptation to the pollutants, in order to reproduce more
losely the behaviour of the plant.

P. putida CECT 324 was acquired from the Spanish Type Culture
ollection (Colección Española de Cultivos Tipo, Valencia, Spain).
ultures were grown at pH 7.2 in beef extract, 1 g L−1, yeast extract,
g L−1, peptone, 5 g L−1, NaCl, 5 g L−1 and agar powder, 15 g L−1, and
aintained at −70 ◦C in a cryogenic solution (glycerol 87%).

.2. Photocatalytic reactions

Solar photodegradation of the pesticide was performed in a
ilot plant for wastewater detoxification (Solardetox Acadus 2001,
cosystem), based on compound parabolic collectors, CPCs, able to
reat up to 25 L of wastewater with 2.0 m2 irradiated surface and
5.1 L irradiated volume [16]. Accumulated and instantaneous UV-
adiation could be measured by a radiometer (Acadus 85). The t30 W
arameter was employed to normalise solar irradiation: first the
ccumulated UV-radiation received by the plant is measured with a
adiometer, and then it is converted into a time scale (t30 W) by con-
idering a standard intensity of 30 W m−2 for sunlight [17], which
s a typical UV-radiation on a sunny day around noon in the South
ast of Spain. Eq. (1) is used for these calculations, where UVac is the
ccumulated solar UV-radiation (J m−2), Vi the irradiated volume
nd Vt the total volume:

30W = UVac

30
Vi

Vt
(1)

For the reactions driven in the presence of TiO2, the initial
oncentration of carbaryl was 50 mg L−1 and the amount of pho-
ocatalyst was 0.5 g L−1. In the photo-Fenton reaction, the initial

oncentration of carbaryl was close to saturation, 136 mg L−1. The
H was adjusted to 2.8 with sulphuric acid, the concentration
f Fe2+ was 20 mg L−1 and the hydrogen peroxide was contin-
ously added throughout the process, to keep its concentration

n the range of 200–500 mg L−1. Samples were filtered through

i
w
B
B
a

s Materials 162 (2009) 1223–1227

olypropylene before chemical or biological analysis. In the case of
he photo-Fenton process, absence of residual hydrogen peroxide
n the samples was checked.

.3. Chemical analyses

Carbaryl concentration was determined by means of HPLC
PerkinElmer XL Autosystem, equipped with a diode-array detec-
or and an autosampler). A reverse phase column (LiChrosphere 100
P-18) was employed, with a mixture of methanol (52%) and H2SO4
.01 M (48%) as eluent (1 mL min−1 flow). Detection was based on
he absorption at 280 nm. Samples were diluted with methanol
1:1) before filtration.

Dissolved organic carbon (DOC) was determined with a
himadzu model TOC-V CSH apparatus, based on combustion/non-
ispersive infrared gas analysis method. Chemical oxygen demand
COD) determination was carried out spectrometrically, according
o the dichromate standard method [18]; all reagents employed in
his analysis were supplied by Merck. The concentration of hydro-
en peroxide was determined by reaction with potassium iodide
nd posterior titration with sodium thiosulphate.

.4. Activated sludge and V. fischeri-based biological assays

Inhibition of the oxygen uptake rate (OUR) experiments, based
n the OECD 209 test, were carried out using an activated sludge
espirometer BM3-LAB (Neurtek) equipped with an oxygen sen-
or (WTW-Cell Ox). OUR was obtained from the difference in the
oncentration of oxygen in the activated sludge when pumped to
he oxygen sensor through two pathways of different length [19].
riefly, activated sludge (500 mL) was brought to its maximum oxy-
en uptake rate (OURmax) by addition of 1 g of solid sodium acetate.
hen, 250 mL of the aqueous solution of Sevnol were added and the
nal oxygen consumption (OURf) was determined. The inhibition
as calculated by Eq. (2a). Dilution of the sludge by addition of

he liquid sample was responsible of some decrease in the OUR, as
etermined by blank experiments (IB); thus, a corrected inhibition
as calculated by means of Eq. (2b):

(%) = OURmax − OURf

OURmax
× 100 (2a)

c(%) = I − IB
100 − IB

× 100 (2b)

OD5 determinations were carried out according to the stan-
ardised manometric method (OECD-301 series), using an
xiTop©(WTW) to seal the bottle, which contained a pressure-

ensitive material which is able to measure the depression inside.
For the inhibition experiments based on the BOD5, the mano-

etric method was also employed. The same procedure described
bove for BOD5 determination was followed, but in this case a
ighly biodegradable mixture of glucose (150 mg) and glutamate
150 mg) were added to the pesticide solution (BOD5inh). In a blank
xperiment, glucose and glutamate were added to a distilled water
olution and the BOD5 was also calculated (BOD5B). The inhibition
as calculated according to the following equation:

nhibition (%) = BOD5B − BOD5inh

BOD5B
× 100 (3)

uminescent assays were performed according to the standard-

sed ISO 11348-3 norm, using lyophilised V. fischeri bacteria, which
as purchased from Macherey–Nagel as a commercial kit (NRRL
-11177). Luminescence was measured by a Luminometer Lumifix-
io-10, also supplied by Macherey–Nagel. Toxicity was determined
fter 15 min incubation.
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.5. P. putida cultures

For biodegradability and toxicity studies for carbaryl, dupli-
ated cultures were incubated at 30 ◦C on a rotary platform shaker
150 rpm, 2.6 cm stroke) in a 100-mL Erlenmeyer flask filled with
0 mL of different solutions (0–140 mg L−1) of carbaryl. The flasks
ere inoculated with 80 �L of bacterial stock described above, pre-

iously melted at room temperature.
Photo-treated solutions of the pesticide were also submitted

o biodegradability studies. Duplicated cultures were incubated at
0 ◦C on a rotary platform in a 250-mL Erlenmeyer flask filled with
0 mL of culture medium. The flasks were inoculated with 200 �L
f bacterial stock at −70 ◦C. Carbaryl solutions (136 mg L−1) at dif-
erent treatment times constituted an additional carbon source.
amples were filtered through 0.20-�m syringe filters (AAWG,
7 mm, Millipore). The pH value was adjusted at 7.0 with NaOH
.1N addition. Inoculums’ viability was checked with 80 �L of bac-
erial stock in 100-L Erlenmeyer flasks filled with 20 mL of culture

edium described in Section 2.1.
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, NaCl,
6 mg L−1 glycerol 87% (v/v), 0.8 mL L−1, 0.5 g L−1 NH4Cl, 0.5 g L−1

2HPO4, 0.5 g L−1 KH2PO4, 0.5 g L−1 MgSO4·7H2O, and 10 mL L−1 of
race mineral solution) provides a DOC concentration of 360 mg L−1

pproximately and is considered as a biodegradable carbon source.
nitial bacterial concentration was 20 mg L−1 in all flask cultures.

. Results and discussion

.1. Toxicity and biodegradability test

Solar photodegradation of Sevnol carried out in the pres-
nce of titanium dioxide showed that complete removal of the
ctive ingredient was achieved at a normalised irradiation time
f 150 min (Fig. 1). When primary degradation of carbaryl was
omplete, the percentage of mineralization was only around 50%
DOC/DOC0 = 0.5). This is in agreement with the literature, min-
ralization could not be achieved in this experiment, due to the
eneration of organic intermediates, which are not easily photo-
xidised to CO2. However, trends in the COD indicate that there is
strong oxidation of the organic matter.

This oxidation is shown more clearly by the average oxidation

tate (AOS), which was calculated according to Eq. (4), where COD is
xpressed as mmol(O2) L−1 and DOC as mmol(C) L−1. AOS takes val-
es between +4 for CO2, the most oxidised state of C, and −4 for CH4,
he most reduced state of C. As observed in Fig. 1, the maximum

ig. 1. Photodegradation of Sevnol catalysed by TiO2 under solar irradiation. Left
-axis, given as the ratios between these parameters and their initial values: (�)
oncentration of carbaryl, (�) COD and (�) DOC. Right Y-axis, (×) average oxidation
tate (AOS). The initial values for carbaryl concentration (C0) was 34 mg L−1, TOC0

as 37 mg L−1 and COD0 was 86 mg L−1.
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ig. 2. Estimation of the toxicity for a solution of Sevnol after different periods of
olar irradiation in the presence of TiO2 according to different methods: (�) cor-
ected inhibition of the OUR of activated sludge, (�) inhibition of the BOD5 and (�)
nhibition of the luminescence of V. fischeri.

OS was reached at the end of the treatment after approximately
80 min of illumination time. AOS usually increased with treat-
ent time until almost reaching a plateau [20], which was not

bserved in this case and it was probably due to the fact that the
xperiment was not long enough. The AOS increases from +0.2 at
he beginning of the experiment to reach +2.4, which indicates
hat important changes towards more oxidised photoproducts in
he composition of the dissolved organic matter occurred, and
onsequently, changes in its biocompatibility could be expected.
ormation of more oxidised intermediates indirectly demonstrates
hat the treatment could improve biodegradability:

OS = 4(DOC − COD)
DOC

(4)

nhibition of the respiration of activated sludge was employed to
etermine the toxicity of the treated solution. This is a fast response
ethod which estimates the acute toxicity by a sharp decrease of

he respiration rate upon addition of the toxicant. Fig. 2 shows a
lot of the corrected inhibition of the OUR vs. the t30 W; this indi-
ates that an important detoxification was achieved during the
hotocatalytic process as values around 25% were measured for
he untreated solution, while the inhibition was negligible at the
nd of the experiment.

Although the inhibition of the OUR is a fast and convenient
est for toxicity, the possible cumulative effect of the pollutants
owards the micro-organisms present in the activated sludge can-
ot be detected and a more time consuming assay would be needed

or this purpose. In this context, the inhibition of the activity of
he activated sludge was estimated by the change of the BOD5 of a
ery biodegradable mixture of glucose/glutamate in the presence
f the toxicant [8]. In this case, the inoculum is submitted to the
oxicant for 5 days, and thus the possible long-time effect of the
hemicals is likely to be detected. Data in Fig. 2 indicate that inhi-
ition calculated according to this method followed similar trends
o OUR-based with an initial BOD5-inhibition above 30% to reach a
egligible toxicity at the end of the experiment. Both, BOD5- and
UR-based data indicate that no significant amounts of toxic inter-
ediates were formed during the photocatalytic process, as a clear

elationship was found between toxicity and the concentration of
arbaryl.

Finally, the more sensitive assay based on the luminescence of

he bacteria V. fischeri was also employed. Fig. 2 shows that inhi-
ition was above 90% for the untreated solution and successful
etoxification was achieved, reaching close to 30%. Nevertheless,
hese toxicity tests are usually more sensitive than activated sludge;
n particular, 30% of inhibition detected at the end of the treatment
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Table 1
Concentration of carbaryl, DOC, and mineralization (expressed as % of DOC removal in photo-Fenton pre-treatment) of the samples tested with Pseudomonas putida CECT 324

Sample 1 2 3 4 5 6 7 8 9 10

DOC (mg L−1) 76.5 66.5 65.1 61.4 57.2 48.9 44.4 39.9 30.3 18.4
C
M

i
r
b

i
p
d
a
t
a
(
p

b
a
o
t
d
o

e
r
a
A
A
1
a
A
r
i

3

a
w
a
i
t
r

F
a

p
d
a
b
T
e
t

b
t
O
o
e
t
s

w
p
d
c
t
m
s
m

t
i
(
b
c

E

w
r

arbaryl (mg L−1) 136 15.3 8.5 2.2
ineralization (%) 0 13 15 20

s already rather higher than desirable for disposal in the envi-
onment, but it could be perfectly alright for combination with a
iological system.

A careful study of the chemical analyses and toxicity bioassays
ndicate that despite the good performance of the photochemical
rocess, a complementary treatment appears convenient: despite
ifferences among sensibility of the methods, all three toxicity
ssays are coincident to conclude that it is necessary to eliminate
he carbaryl so that the toxicity considerably diminishes; however,
fter carbaryl elimination DOC concentration was still rather high
more than 40% of the initial DOC), being recommendable a com-
lementary biological treatment.

The gross parameter BOD5 was used as an indicator of the
iodegradability of the treated effluent, in order to consider the
pplicability of a biological treatment to deal with the remaining
rganic matter. Fig. 3 shows that BOD5 suffers a sharp increase at
he beginning of the photo-oxidative process, followed by a slow
ecrease that could be probably attributed to the oxidation of the
rganic matter.

The BOD5/COD ratio was calculated as this parameter is consid-
red to be a better indicator of biodegradability [3]; it increased to
each values well above 0.5, which is commonly used as a value
bove which a biological treatment could be considered pertinent.
s it was remarked in the discussion about Fig. 1, the maximum
OS was reached at the end of the treatment after approximately
80 min of illumination time; BOD5/COD ratio reached a maximum
pproximately at the same moment. Therefore, the importance of
OS for predicting biodegradability is more remarkably after these
esults as formation of more oxidised intermediates (AOS increase)
ndirectly demonstrates biodegradability improvement.

.2. Toxicity and biodegradability test using P. putida

To go further on the study of the ability of bacteria present in
ctivated sludge to metabolise the treated effluent, experiments

ere carried out also with P. putida, which is commonly found

mong the micro-organisms present in activated sludge. Higher
nitial DOC values were required for those experiments in order
o have enough DOC for permitting P. putida growth, and for this
eason, higher carbaryl concentration and the faster photo-Fenton

ig. 3. Plot of the BOD5 (�), and BOD5/COD ratio (�) of an aqueous solution of Sevnol
fter different periods of treatment.
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rocess was employed as chemical pre-treatment. By this proce-
ure, a rapid degradation of carbaryl could be achieved without
n important mineralization due to the high reaction rate achieved
y photo-Fenton with aromatic compounds [21]. Data shown in
able 1 indicate that when complete removal of the active ingredi-
nt was achieved, DOC was still 57 mg L−1, high enough to perform
he required biological assays.

As intermediates formed during the photo-Fenton process could
e slightly different to the titania-driven photocatalysis, detoxifica-
ion of the solution was checked according to the inhibition of the
UR. Before treatment, the corrected inhibition was 65% and, as
ccurred with the TiO2 treatment, samples taken after complete
limination of carbaryl were not able to inhibit the respiration of
he sludge, and thus, formation of toxic intermediates towards the
ludge could be ruled out.

In a first series of experiments, the possible toxicity of carbaryl
as studied with P. putida in Erlenmeyer flask. In this assay P.

utida was able to grow on the available degradable carbon source
espite the presence of carbaryl in solution. Although some DOC
onsumption was measured at 96 h of culture, pollutant concentra-
ion remained constant at its initial value as determined by HPLC

easurement. This result points out that P. putida growth is not
eriously inhibited by carbaryl, but the bacterium is not able to
etabolise this compound.
Samples submitted to different intensities of photocatalytic

reatment (Table 1) were assayed in Erlenmeyer flasks as described
n Section 2.5. After 96 h of culture, the biodegradation efficiency
Ef) of photo-reaction intermediates was calculated as the ratio
etween the actual organic carbon uptake and the maximum DOC
onsumption [12], according to the following equation:

f = DOCi − (DOCf − DOCm)
DOCi

× 100 (5)

here DOCi is the initial DOC concentration given by photo-
eaction intermediates, DOCf is the measured DOC concentration

t the end of culture and DOCm is the minimum concentration that
annot be metabolised by the cells, which is the background level
eached with the blank medium and accepted as 30 mg L−1.

At the start of phototreatment (sample 1), the efficiency is zero
n agreement with toxicity studies showed above, as no interme-

ig. 4. Efficiency of biodegradation (Ef) on carbaryl photo-treated samples as a func-
ion of DOC decrease at 96 h. The standard deviation of Ef was estimated to be
.6%.
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iates from carbaryl were formed and the bacteria growth on the
aseline medium. Nonetheless, P. putida was able to biodegrade the

ntermediates generated even when parent carbaryl is still present
samples 2–4, with DOC removal below 30%) although this pesti-
ide was not consumed in any case. This results in an increase in
fficiency of the biological treatment with the progress of photo-
enton reaction in the carbaryl assays. This trend can be observed
rom 13 to 36% of chemical mineralization (samples 2–6) reaching
n efficiency of biological process of 89%. Beyond sample 6, the effi-
iency is approximately constant with a slight increase to reach 97%
n the last sample. A comparison between Figs. 3 and 4 shows that
oth series of results are in general agreement, showing an increase

n the biodegradability of the sample, related with removal of car-
aryl and formation of biodegradable intermediates. This proves
hat P. putida-based assays could be an interesting tool to evalu-
te changes in the biodegradability of an experiment and deserves
urther research.

. Conclusions

Determination of the biocompatibility of the organic matter
ased on P. putida is a promising strategy as preliminary results
btained with this bacterium are comparable with those deter-
ined using activated sludge. Both methodologies have proven that
solar-driven photo-Fenton process is able to enhance significantly

he biocompatibility of an aqueous solution of carbaryl, once this
esticide has been removed, despite the mineralization of the solu-
ion was only moderate (36% DOC removal). Based on these results,
t could be concluded that assays using P. putida might be particu-
arly advantageous, as they are not moderately time consuming and
nvolve a definite living system instead of the complex and vari-
ble consortium of micro-organisms as are activated sludge. With
hese results, more research on the applicability of P. putida assay
o complex biorecalcitrant effluents is meaningful.
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