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Abstract The solar photodegradation of Sevnol, a com-
mercial pesticide, based on carbaryl as active principle,
was studied. Experiments have been carried out at labora-
tory and at pilot plant scale using titanium dioxide as cat-
alyst. Complete dissappearance of carbaryl was achieved,
while total mineralisation required longer irradiation. Ac-
tive sludge respirometry showed significant detoxification
of the solution. Finally, results obtained with commercial
Sevnol were consistent with those of pure carbaryl, al-
though the reaction was slower.
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Introduction

Pesticides constitute an increasing environmental concern,
above all in rural areas. Rinse water from fruit, green-
house plastic and empty pesticide containers, all contain
significant concentrations of these compounds. Although
the concentration of such pollution in wastewater is not
very high, it is very difficult to treat by conventional bio-
logical methods, as it is generally very toxic towards mi-
croorganisms. Therefore, alternative methods are needed
to solve this problem.

Photocatalysis involving titanium dioxide has proved to
be a good method for eliminating an important number
of pollutants that are recalcitrant to biological treatment.
In particular, it seems very effective for detoxification of
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effluents containing pesticides (Konstantinou and Albanis
2003).

The use of sunlight as the only irradiation source (so-
lar photocatalysis) makes photocatalysis commercially fea-
sible and more environmentally sustainable. Encouraging
results have been obtained in this way, not only at labora-
tory scale, but also using pre-industrial and even industrial
plants (Bockelmann et al. 2004).

However, a combination of photocatalysis followed by
biological treatment would further decrease operation costs
(Esplugas and Ollis 1997). In the first step, photocatalysis
destroys toxic pollutants yielding more biodegradable in-
termediates, which can easily be eliminated in a following
classic biological reactor.

The aim of this paper is to confirm the feasibility of
this strategy, by using a solar pilot plant to degrade the
pollutant measuring the detoxification achieved. Sevnol,
a commercial pesticide in which carbaryl (1-naphtyl-N-
methylcarbamate) is the active component, was chosen for
this purpose, as previous experiments carried out by other
authors (Bianco-Prevot et al. 1999; Pramauro et al. 1997)
have indicated that carbaryl can be degraded using tita-
nium dioxide as photocatalyst. Those experiments were
performed using artificial light as the radiation source.
Although decomposition of the substrate could easily be
achieved, mineralisation was not complete, and persistent
intermediates were detected.

This paper reports on treatment of aqueous solutions of
Sevnol with TiO2-mediated solar photocatalysis in a solar
wastewater detoxification plant. Active sludge respirom-
etry was employed to measure the toxicity remaining in
these solutions throughout the photoreaction (Miranda et al.
2003). Briefly, respirometry measures inhibition of active
sludge activity in the presence of the pollutant, by the oxy-
gen uptake rate (OUR) of the microorganisms present in
a biological reactor (Checchi and Marsili-Libelli 2005).
As the active sludge is taken from a municipal wastewater
treatment plant and used without adaptation to the pollutant,
a decrease in the OUR is a good parameter for determining
the irradiation period required before the effluent can be
discharged to the biological reactor.
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Experimental

Reagents and reactions

Sevnol and pure carbaryl were obtained from MAFA and
employed as received. Sevnol contains 85% (w/w) of the
active compound: carbaryl. Experiments were performed in
aqueous solutions (Milli-Q grade in experiments up to 4 l
total volume, distilled water with conductivity <10 µS/cm
for larger-volume experiments). Between 0.2 and 1 g/l of
Degussa P-25 titanium dioxide was employed as the pho-
tocatalyst. The carbaryl concentration was in the range of
0.05–0.1 g/l.

Laboratory-scale experiments under sunlight were car-
ried out in open cylindrical glass vessels (7.5 cm diameter,
8.0 cm high). The reactor was loaded with 250 ml of reac-
tion mixture and magnetic stirring was kept up throughout
the reaction. Periodic samples were taken for analysis. The
effect of evaporation was corrected by adding the necessary
amount of water.

The experiments were scaled up using two different pilot
plants, both of them based on compound parabolic concen-
trators, CPCs (Malato Rodrı́guez et al. 2004). The small one
is able to treat up to 4 l of wastewater and has an irradiated
surface of 0.26 m2, corresponding to an irradiated volume
of 1.83 l, the UV-A was measured with an Acadus-85 ra-
diometer. The larger plant can be loaded with 40 l, (3.1 m2

irradiated surface, 22 l irradiated volume), and UV radiation
was measured by a global UV radiometer (KIPP&ZONEN,
model CUV 3). Absorber tube characteristics (internal di-
ameter 29.2 mm; external diameter 32.0 mm.) are the same
in both pilot plants.

Analysis

The concentration of carbaryl remaining was determined by
means of HPLC analysis with a Perkin Elmer XL Autosys-
tem. A LiChrosphere 100 RP-18 column was used with an
isocratic mixture of methanol (52%) and a aqueous solu-
tion of H2SO4 0.01 M (48%), as the eluent. Absorbance of
the eluate was measured at 280 nm by a diode array detec-
tor. Cation concentrations were determined with a Dionex
DX-120 ion chromatograph equipped with a Dionex Ion-
pac CS12A 4 mm×250 mm column. Isocratic elution was
done with H2SO4 (10 mM) at a flow rate of 1.2 ml/min.
Anion concentrations were measured with a Dionex DX-
600 ion chromatograph using a Dionex Ionpac AS11-HC
4 mm×250 mm column. The gradient programme was
pre-run for 5 min with 20 mM NaOH, followed by an
8 min injection of 20 mM NaOH and 35 mM NaOH
for 7 min, the flow rate was 1.5 ml/min. Total organic
carbon (TOC) was determined with a Shimadzu model
TOC-V CSH apparatus, provided with an autosampler. The
sample surface tension was determined by a Krüss K-9
tensiometer.

Respirometric measurements

Inhibition experiments were carried out with a Neurtek
BM3-LAB active sludge respirometer provided with a bi-
ological reactor and an oxygen sensor (WTW-Cell Ox).
The reactor was loaded with the desired amount of active
sludge from the biological reactor of Alcoy (Spain) munic-
ipal wastewater treatment plant, and continuously saturated
with air. In order to make the system as real as possible,
sludge was employed without previous adaptation.

The OUR was obtained from the difference in the oxygen
concentration in the sludge as it was pumped to the oxygen
sensor through two pathways of different length. Sodium
acetate (1 g/l) was added to the active sludge to reach the
maximum oxygen uptake rate (OURmax). Then, the pesti-
cide was added and the final oxygen consumption (OURf)
measured. The inhibition can be calculated by Eq. 1.

Inhibition(%) = ((OURmax−OURF)/OURmax)×100 (1)

As the pollutant was in an aqueous solution, a decrease in
OUR could be expected due to sludge dilution (respirome-
try tests were performed by adding 250 ml of the solution
containing the pesticide to 500 ml of active sludge). Around
20% of inhibition can be attributed to this effect, which was
determined by a blank experiment (250 ml of distilled water
added to the sludge).

Results and discussion

Laboratory-scale experiments: carbaryl

A first series of experiments were carried out to study the
possible relationship between the degradation of carbaryl,
mineralisation achieved and detoxification of the solution.
The concentration of TiO2 was in the range of 0.2–1 g/l.

The first conclusion that can be obtained from Fig. 1 is
that results achieved with 0.2, 0.5 and 1 g/l of TiO2 were not
significantly different. The existence of an optimum TiO2
concentration and plateau behaviour beyond this point have
already been observed and explained elsewhere (Jakob et al.
1993), so it seems that more than 0.2 mg/l of TiO2 does not
increase detoxification efficiency.

Degradation of carbaryl (as measured by HPLC) was
complete after around 2 h of irradiation, showing that ti-
tanium dioxide is an efficient solar photocatalyst. This is
in agreement with previous results obtained with simulated
sunlight (Xe lamp) that also indicated complete oxidation
of this substrate (Pramauro et al. 1997). The disappearance
of carbaryl under these conditions fitted a pseudo first-
order kinetics, the rate constants obtained were 0.54×10−3,
0.47×10−3 and 0.46×10−3 s−1 for 1, 0.5 and 0.2 g/l of
TiO2. Ion chromatography indicates that nitrogen present
in the molecule was released as amines and ammonium
ions. An unquantified methylamine peak was detected next
to the ammonium peak, which could close the incomplete
N mass balance observed during the treatment. Only at the
end of the process, oxidation of NH3 to give nitrate ion can
be observed, although this reaction was very slow.
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Fig. 1 Solar detoxification of aqueous carbaryl solutions, 0.05 g/l
with different amounts of titanium dioxide. Relative concentration of
carbaryl remaining, left axis (�, 0.2 g/l TiO2), (�, 0.5 g/l TiO2) and
(�, 1 g/l TiO2); Relative TOC decrease, left axis (�, 0.2 g/l TiO2), (�,
0.5 g/l TiO2) and (�, 1 g/l TiO2); Inhibition, right axis, discontinuous
lines (�, 0.2 g/l TiO2), (�, 0.5 g/l TiO2) and (�, 1 g/l TiO2)

On the other hand, mineralisation of the substrate requires
more illumination time, as only after 5 h of irradiation the
TOC measured in the solution is negligible. This can be
attributed to the formation of stable organic intermediates
during the degradation of carbaryl. Mineralisation is ex-
pected to be even more difficult in the case of commercial
formulation or real wastewater, as other organic species
could be present.

However, as mentioned in “Introduction” section, total
mineralisation is not necessary, as once toxic pollutants are
eliminated, biological treatment seems more advisable. As
a matter of fact, respirometric experiments performed with
the treated solutions indicate that there is a considerable
decrease in the inhibition of active sludge OUR from an
initial value of 50–60% to only around 20% after 3 h of
irradiation, clearly indicating that the wastewater could be
ready for a biological treatment.

Finally, in blank experiments (irradiation of carbaryl in
the absence of TiO2), although there was some degradation
of carbaryl after 5 h (around 15%), no decrease in TOC and
no change in inhibition of the solution were observed. The
disappearance of carbaryl could be due to hydrolysis of the
carbamate group, yielding a toxic intermediate, probably a
naphthol (Pramauro et al. 1997)

Experiments were repeated with a higher concentration
of carbaryl (100 mg/l). The same trends were observed. To-
tal elimination of carbaryl was achieved (although around
4 h of irradiation was needed); decrease in TOC was also
very significant, although mineralisation was not complete,
and detoxification was even more remarkable in this case,
dropping from an initial OUR inhibition of 75% to around
20% after 5 h. This residual inhibition, as indicated in “Ex-
perimental” section, could be attributed to either dilution
of the sludge or slight remaining inhibition.

Pilot plant experiments: carbaryl

In the previous section solar photocatalysis was shown to
be an efficient detoxification method for aqueous solutions
of carbaryl, even when complete mineralisation was not
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Fig. 2 Solar detoxification of aqueous solutions of carbaryl (0.05 g/l
of active compound) in a 4 l solar plant employing different amounts
of titanium dioxide. Relative remaining concentration of carbaryl (�,
0.2 g/l TiO2), (�, 0.5 g/l TiO2); Relative TOC decrease (�, 0.2 g/l
TiO2), (�, 0.5 g/l TiO2)
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Fig. 3 Solar detoxification of aqueous solutions of Sevnol (0.05 g/l
of active compound) in a 35-l solar plant employing 200 mg/l of
titanium dioxide. Relative remaining concentration of carbaryl (�,
left axis), relative TOC decrease (�, left axis) and percentage of
inhibition of active sludge (�, right axis)

achieved. In this section, the reaction is scaled up using a
solar pilot plant able to treat larger volumes of effluent.

In the first stage, 50 mg/l solutions of the active com-
ponent carbaryl were prepared. A total volume of 4 l was
used in the smallest pilot plant described in “Experimen-
tal” section. Two different amounts of titanium dioxide, 0.2
and 0.5 g/l were tested in parallel experiments, results are
shown in Fig. 2.

First of all, it should be noted that the abscissa of Figs. 2
and 3 are expressed as t30W. Briefly, this is a convenient
method of normalising the irradiation period with respect
to the changing irradiation conditions present in solar ex-
periments: first the UV-radiation arriving at the plant is
measured with a radiometer, then it is converted into time
by considering an average intensity of 30W. This parame-
ter is calculated by the following formula, where tn is the
experimental time for each sample, UV the average solar
ultraviolet radiation during �tn, Vi the irradiated volume
and Vt the total volume.

t30W,n = t30W,n−1 + �tn
U V

30

Vi

VT
; �tn = tn − tn−1s

In the pilot plant, 0.2 g/l of titanium dioxide appeared
to be also the optimal dosage. These results coincide with
laboratory-scale results, very fast degradation of carbaryl
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(total abatement in around 90 min, while mineralisation
requires 300 min of irradiation). Detoxification of the so-
lution could also be achieved, as inhibition of the active
sludge dropped to a final value below 30%. Final inhibi-
tions in experiments employing double concentration of
carbaryl were also in the range of 20–30%.

Pilot plant experiments: commercial Sevnol

To verify the actual technical convenience of the process,
the reaction was scaled up to 35 l. In this case commer-
cial product, Sevnol, was employed to check for possible
interference by excipients present in the commercial formu-
lation. Solutions were prepared so that the concentration of
active compound was 50 mg/l and that of titanium dioxide
was 0.2 g/l. The results achieved can be observed in Fig. 3.

Results indicate that solar photocatalytic treatment of
Sevnol can be scaled up to pre-industrial volumes. Again,
in this case, complete photo-oxidation of carbaryl is ob-
served, while mineralisation is more difficult to achieve. A
clear relationship between the disappearance of the toxic
active compound and the decrease in the inhibition of the
active sludge by the solutions can be observed, reaching
this parameter final values of around 30%. The presence
of excipients in commercial Sevnol seems to slow its rate
down, as irradiation periods of 500 min are now needed
for total abatement of carbaryl, while total mineralisation
cannot be achieved even after 700 min.

Surfactants could be present among these excipients. As
a matter of fact, surface tension measurement of Sevnol
solutions showed values around 58 mN/m (far from that
of distilled water 72 mN/m), a strong indication of sur-
factants presence. This parameter was also monitored
during the photocatalytic reaction finding a surface ten-
sion of 72 mN/m during the first stages of the process
(t30W=50 min). It may be observed in Fig. 3 that during this
first 50 min of treatment, degradation and mineralisation of
carbaryl appeared to slow down due to the adsorption of
both the catalyst and the compound on the foam.

Conclusion

Solar photocatalysis using titanium dioxide is a very useful
method for treating aqueous solutions containing carbaryl,
even in commercial formulations. Total elimination of the

active component is easily achieved, both at laboratory and
pilot plant scale. However, complete mineralisation of the
solution requires a longer irradiation time. Respirometric
experiments show a relationship between degradation of
carbaryl and detoxification of the solution. For this reason,
a good strategy may be the use of photocatalysis for detox-
ification of the solution, followed by a biological treatment
to deal with remaining non-toxic organic matter.
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Hincapié M, Maldonado MI, Oller I, Gernjak W, Sánchez-Pérez
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