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a b s t r a c t

An environmentally friendly analytical procedure with high sensitivity for determination of carbaryl
pesticide in natural waters was developed. The flow system was designed with solenoid micro-pumps
in order to improve mixing conditions and minimize reagent consumption as well as waste genera-
tion. A long pathlength (100 cm) flow cell based on a liquid core waveguide (LCW) was employed to
increase the sensitivity in detection of the indophenol formed from the reaction between carbaryl and
p-aminophenol (PAP). A clean-up step based on cloud-point extraction was explored to remove the inter-
fering organic matter, avoiding the use of toxic organic solvents. A linear response was observed within
the range 5–200 �g L−1 and the detection limit, coefficient of variation and sampling rate were estimated
as 1.7 �g L−1 (99.7% confidence level), 0.7% (n = 20) and 55 determinations per hour, respectively. The
reagents consumption was 1.9 �g of PAP and 5.7 �g of potassium metaperiodate, with volume of 2.6 mL
iquid core waveguides
arbaryl

of effluent per determination. The proposed procedure was selective for the determination of carbaryl,
without interference from other carbamate pesticides. Recoveries within 84% and 104% were estimated
for carbaryl spiked to water samples and the results obtained were also in agreement with those found by
a batch spectrophotometric procedure at the 95% confidence level. The waste of the analytical procedure
was treated with potassium persulphate and ultraviolet irradiation, yielding a colorless residue and a

rgani
decrease of 94% of total o
fischeri bacteria.

. Introduction

Carbamates are one of the most important classes of pesticides.
arbaryl (1-naphthyl-N-methyl carbamate) is a broad-spectrum

nsecticide, used to control more than 100 kinds of pests in crops
uch as beans, bananas, potatoes and domestic vegetables [1]. How-
ver, this substance inhibits the cholinesterase enzyme, impairing
he functions of the central nervous system and can cause nau-
ea, vomit, broncho-constriction, blurred vision, convulsions, coma
nd respiratory failure, in addition to its teratogenic characteristics
2].

Several procedures have been described in the literature for the
nalysis of carbaryl in different matrices [3–7], mainly based on
hromatographic separation [8–11]. The 8318 reference method,

ecommended by the United States Environmental Protection
gency (EPA) for the determination of N-methylcarbamates in soil,
ater and wastes, for example, is based on high performance liquid

hromatography (HPLC) with fluorimetric detection after post-

∗ Corresponding author. Fax: +55 11 3815 5579.
E-mail address: frprocha@iq.usp.br (F.R.P. Rocha).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.12.005
c carbon. In addition, the residue after treatment was not toxic for Vibrio

© 2010 Elsevier B.V. All rights reserved.

column derivatization. Before analysis, the analyte is extracted with
a mixture of ethylene glycol, methanol and acetonitrile [1].

The spectrophotometric determination of carbaryl can be
performed using p-aminophenol (PAP), p-N,N-dimethylphenyl-
enediamine dihydrochloride or 1-amino-2-naphthol-4-sulphonic
acid as chromogenic reagents, forming a product with absorption
maximum between 600 and 700 nm. For analyte extraction from
water samples, up to 200 mL of chloroform are used per deter-
mination [3]. Other spectrophotometric procedures are based on
diazotization with trimethylaniline (TMA) in a micellar medium
containing sodium dodecyl sulfate [2]. The anionic surfactant was
used to dissolve TMA and provides a suitable medium for the
coupling reaction with 1-naphthol. Later, the same anionic surfac-
tant was used in an acid-induced cloud-point extraction coupled
to derivatization with 2-naphthylamine-1-sulfonic acid (ANSA)
reagent for determination of carbaryl residues in waters and veg-
etables. The proposed method showed good analytical features,

including low detection limit, but a large amount of concentrated
HCl was used (5.0 mL per sample) [12]. Alternatively, a proce-
dure based on double cloud-point extraction for determination of
carbaryl in natural waters was proposed. The analyte was sepa-
rated from the matrix using Triton X-114 in an alkaline medium in
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rder to avoid the use of toxic organic solvents. Cloud-point pre-
oncentration of the indophenol product was explored to increase
ensitivity and to improve the detection limit [13].

The spectrophotometric determination of carbaryl has also
een implemented in flow systems [6,14–17]. A single-line man-

fold based on the reaction of carbaryl with diazotized sulfanilic
cid in alkaline medium was used in the first work described in
he literature [15]. A linear response was observed within the
ange 0.1–40 mg L−1 carbaryl, with a detection limit and coeffi-
ient of variation estimated as 0.08 mg L−1 and 3.8%, respectively.
ther flow-based procedures have exploited the reaction of the
ydrolyzed carbaryl with p-aminophenol in an alkaline medium,

orming indophenol blue, with maximum absorption at 585 nm
14–17]. The carbaryl extraction step consumes large amounts of
eagent—2.5 g of anhydrous sodium sulfate, 60 mL of methylene
hloride and 10 mL of sodium hydroxide per determination [15] or
0 mL xylene, followed by back-extraction of the �-naftolate with
.2 mol L−1 NaOH [16].

Recently, a flow procedure based on chemiluminescence [18]
as developed, exploiting the oxidation of the pesticide by Ce(IV)

n a nitric acid medium containing rhodamine 6G as a sensi-
izer. Solid-phase extraction was used to concentrate and separate
he analyte from the matrix, followed by elution using 5 mL of
1:1 ethyl acetate: n-hexane solution. The eluent was collected

nd evaporated to dryness under a nitrogen stream. Ethanol was
irectly added to the residue and the amount of analyte was
hen determined. A new solvent extraction and concentration pro-
edure using microchip technology was based on thermal lens
pectroscopy [19]. After pesticide hydrolysis in alkaline medium
nd coupling of 1-naphthol with diazotized trimethylaniline, the
eaction product was extracted with toluene as a colored azo-dye.

Sensitivity in spectrophotometry can be enhanced by increas-
ng the optical path, hence a larger amount of absorbing species is
vailable to interact with the radiation beam. However, for cells fab-
icated with conventional materials, the increase in the optical path
s limited by the excessive attenuation of the radiation beam, also
emanding higher sample volumes [20]. Liquid core waveguides
LCWs) with capillary dimensions have been used to circumvent
hese drawbacks. The capillary tubes are constructed with a poly-

er with refractive index lower than that of water (e.g. Teflon AF
amily) or by fused silica covered with this material. In this way,
adiation incident at a suitable angle in the liquid core is constrained
nside the waveguide by total reflection that occurs between the
iquid and the tube wall [21,22]. These devices have been used for
he determination of species at nanomolar level in environmen-
al samples [23–25], including gaseous analytes [26] and also for

easurements based on turbidimetry [26,27] or luminescence [22].
In this work, an improved flow-based procedure for determi-

ation of carbaryl in natural waters is described. The procedure is
ased on the alkaline hydrolysis of carbaryl to 1-naphthol which is
oupled to the oxidized form of PAP. The flow system was designed
ith solenoid micro-pumps to minimize reagent consumption and

ong pathlength spectrophotometry (LPS) was explored to increase
ensitivity. The clean-up step, often carried out with organic sol-
ents, was replaced by a simple, fast and environmentally friendly
loud-point extraction. The waste was photochemically decom-
osed and characterized before toxicity tests with the marine
acteria Vibrio fischeri.

. Experimental
.1. Apparatus

The flow system was constructed with four solenoid micro-
umps of 12 (P1, P2 and P3) and 7 �L (P4) nominal volume per
ulse (Biochem Valve Inc., Boonton, NJ, USA; model 090SP), a pair
lanta 81 (2010) 327–333

of three-way solenoid valves (NResearch, West Caldwell, NJ, USA),
0.7 mm i.d. polyethylene tubes and a Perspex joint. A Pentium I
microcomputer was used for system control and data acquisition.
The solenoid micro-pumps and valves were controlled through a
parallel port of the microcomputer by using a power drive based on
a ULN2803 integrated circuit. Spectrophotometric measurements
in dual-wavelength mode (585 and 750 nm) were carried out with a
multi-channel CCD spectrophotometer (Ocean Optics, Dunedin, FL,
USA; model USB2000) coupled to a tungsten-halogen light source
(Ocean Optics; model LS-1). Optical fibers (100 or 600 �m) were
used to transmit the radiation. A 100 cm optical path (250 �L inter-
nal volume, 0.55 mm i.d.) flow cell (Ocean Optics; model LPC-1)
was also employed. The control software was developed in Visual
Basic 6.0 (Microsoft, Redmond, WA, USA) and the software supplied
by the manufacturer of the multi-channel spectrophotometer was
used for data acquisition.

The photo-reactor used for waste degradation was similar to the
previously described [28]. It consists of a 400 W low-pressure mer-
cury lamp, obtained from a common street lightning fluorescent
lamp (Philips) by removing the external glass bulb. The socket of
the lamp was fixed at the ends of a PVC cylindrical tube (10.2 cm
i.d., 60 cm length) commonly used in construction field to transport
sewage. The lamp was powered by an appropriate power supply
(Serwal RIM426B, 220 V) and shows a continuous emission spec-
trum, predominantly in the visible and emission lines typical of
mercury vapor at 254, 313 and 366 nm. The waste generated was
positioned in a beaker at 10 cm from the lamp and kept under
constant agitation.

UV–vis absorption spectra were obtained with a spectropho-
tometer (HITACHI, Schaumburg, IL, USA; model U-3000), equipped
with a quartz cuvette (1 cm). Total organic carbon was determined
using a SHIMADZU TOC–5000A analyzer (Santa Clara, CA, USA). A
SHIMADZU LC-20 AT liquid chromatograph with UV–vis detector
was used in characterization studies of the generated waste. In tox-
icity tests, a luminometer MICROTOX 500-B-7120 (Carlsbad, CA,
USA) with integrated control and measurement units was used.

2.2. Reagents and solutions

All solutions were prepared with analytical grade chemi-
cals and distilled and deionized water. The reference solutions
were prepared in the range 5.0–400.0 �g L−1 (2.5 × 10−8 to
2.0 × 10−6 mol L−1) carbaryl (Sigma–Aldrich, St. Louis, MO, USA) by
dilution of a 7.5 × 10−5 mol L−1 stock solution, prepared in 5% (v/v)
ethanol (Merck, Darmstadt, Germany).

The reagents were 4.6 × 10−5 mol L−1 p-aminophenol
(Sigma–Aldrich, R1) and 2.0 × 10−4 mol L−1 potassium metaperi-
odate (Merck, R2) solutions prepared by dissolving appropriate
amounts of the chemicals in water. A 1.0 × 10−2 mol L−1 sodium
hydroxide (Merck) solution was employed as carrier.

Carbamate pesticides (aminocarb, bendiocarb, carbofuran,
pirimicarb and propoxur) were obtained from Sigma–Aldrich. Solu-
tions at 1.2–9.9 × 10−7 mol L−1 concentrations were prepared in
water.

River and lake water samples were collected in the state of
São Paulo, Brazil. Samples were filtered through a 0.45 �m cellu-
lose acetate membrane and preserved at −4 ◦C, being stabilized at
ambient temperature immediately before analysis.

2.3. Flow diagram
The flow manifold, shown in Fig. 1, was operated according to
the switching course of the active devices described in Table 1. The
binary sampling approach [29] was adopted for solutions handling.
Low volume aliquots of the solutions were inserted in tandem into
the analytical path, generating a sampling profile that was repeated
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Fig. 1. Flow diagram of the system for carbaryl determination. P1–P4: solenoid
micro-pumps; V1, V2: three-way solenoid valves; S: sample; C: carrier stream; R1

and R2: p-aminophenol and potassium metaperiodate reagents, respectively; B:
100 cm long polyethylene coil; D: spectrophotometer; x: Perspex joint point and
W: waste vessel.

Table 1
Switching course of the solenoid micro-pumps and values for carbaryl determi-
nation with the flow system shown in Fig. 1. The status 1/0 indicates a pulse of
current in the solenoid pump. 0 and 1 indicate that valves are switched off and on,
respectively.

Step Description P1 P2 P3 P4 V1 V2 Pulses or time

1 Sample insertion 1/0 0 0 0 0 1 7a

2 Reagent 1 insertion 0 1/0 0 0 0 1 3a

3 Reagent 2 insertion 0 0 1/0 0 0 1 1a

4 Stopped flow 0 0 0 0 0 0 20 s
5 Sample transportation 0 0 0 1/0 0 0 220
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and signal measurement
6 Sample replacement 1/0 0 0 0 1 0 100

0 0 0 1/0 1 0 50

a Eight sampling cycles

ntil the programmed number of sampling cycles was reached. The
olume of each solution was defined by the programmed number
f pulses of the corresponding micro-pump.

The analytical cycle was started by pumping sample and
eagents through P1, P2 and P3 pumps (steps 1, 2 and 3). These
liquots underwent fast mixing at the interfaces, establishing the
rst sampling cycle. The sequence was repeated eight times to form
he sample zone and then the flow was stopped for 20 s (step 4).
he sample zone was carried out towards detection at 585 nm by
ctuation of P4 (step 5). The analytical signal was based on peak
eight and measurements were taken in triplicate.

Valve V1 was used to replace solutions, avoiding passage
hrough the analytical path and minimizing the risk of contami-
ation. Before analyzing another sample, valve V1 was switched
n while pump P1 was actuated (100 pulses) to fill the connection
ube with a new sample. Pump P4 was then actuated (50 pulses) to
emove the sample aliquot by the carrier through valve V1 (step 6).
alve V2 was used to avoid drawbacks caused by the hydrodynamic

mpedance of the LCW cell in formation of the sampling zone.
High performance liquid chromatography [10] with UV detec-

ion at 220 nm was adopted as a reference for the analysis of
arbaryl in water samples. The mobile phase was acetonitrile:water
40:60) at a flow-rate of 1.3 mL min−1.

.4. Sample clean-up
For carbaryl separation from interfering species, aliquots of
3 mL of the sample or reference solutions containing from 5.0 to
00.0 �g L−1 of the analyte, 400 �L of 1 mol L−1 NaOH and 1 mL Tri-
on X-114 (7.5%, v/v) were transferred to 15 mL graduate flasks of
olyethylene. The mixture was kept for 10 min in a thermostatic
lanta 81 (2010) 327–333 329

bath at 40 ◦C and phase separation was accomplished by centrifuga-
tion for 10 min. The supernatant aqueous phase containing carbaryl
hydrolyzed to 1-naphthol was then completely separated from the
organic matter in the sample and employed for the spectrophoto-
metric determination.

2.5. Characterization of treated waste

The total organic carbon content was determined by the differ-
ence between measurements of total carbon and inorganic carbon.
Measurements of total carbon were made by the introduction of
the residue in a heated reaction chamber (670 ◦C) containing a
platinum catalyst adsorbed on aluminum oxide. The water was
vaporized and the residual carbon converted into CO2, which was
measured in an infrared analyzer. The inorganic carbon was mea-
sured by a similar approach, but with phosphoric acid in the
chamber.

Characterization of the waste generated was also carried out by
HPLC. The chromatographic conditions used were based on those
described by Aceituno et al. [30]: C-18 column (25 mm × 4.6 mm),
mobile phase (flow-rate 0.7 mL min−1)—95% of 0.68 mol L−1 formic
acid/ammonium formate buffer and 5% methanol (isocratic mode,
2 min), 5–100% methanol (gradient, 13 min) and 100% methanol
(isocratic mode, 15 min). The analytical separation of the residue
with and without degradation in the presence of titanium dioxide
or potassium persulphate was carried out.

Toxicity tests were based on the marine bacteria Vibrio fischeri.
The parameter used for toxicity evaluation was the inhibition of
the bacteria bioluminescence after contact with the toxic waste.
The bacteria were grown in a liquid medium and then frozen at
−30 ◦C. In order to reactivate the metabolism and emission of light,
the bacteria were placed in a rebuilding medium, consisting mainly
of NaCl and KCl [31,32]. After 20 min with temperature stabilized at
15 ◦C, the luminescence was measured before and after addition of
the waste. The pH of all solutions was previously adjusted between
6 and 8.5 and the salinity between 20 and 50 g L−1 to avoid the effect
of these parameters on the bioluminescence of bacteria.

3. Results and discussion

3.1. System optimization

Spectrophotometric carbaryl determination was based on the
formation of indophenol blue from the product of carbaryl
hydrolyzed and the oxidized PAP, which showed absorption max-
imum at 585 nm (Eq. (1)). The flow system (Fig. 1) was designed
with solenoid micro-pumps in order to improve mixing conditions
due to the inherent pulsed flow as well as to minimize reagent con-
sumption and effluent generation. Optimization was carried out by
the univaried method, using a 100 cm optical path flow cell. The
effect of the sample/reagents ratio was evaluated with the flow sys-
tem shown in Fig. 1. Best sensitivity was achieved with seven pulses
of sample (84 �L), three pulses of p-aminophenol (36 �L) and one
pulse of potassium metaperiodate (12 �L) in eight sampling cycles.
(1)

The magnitude of the blank signal is a critical parameter in LPS,
affecting both the working range and the detection limit. Blank
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Table 2
Ranges studied and optimized conditions for carbaryl determination.

Parameter Range studied Selected value

Pulses of sample 1–7 7
Pulses of R1 1–6 3
Pulses of R2 1–6 1
Sampling cycles 1–10 8
[PAP] (�mol L−1) 4.6–92 46
[KIO4] (�mol L−1) 50–1000 200
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tion in natural waters after sample spiking with 50 or 100 �g L−1.
As shown in Table 4, recovery values within 84% and 104% were
obtained by using the proposed procedure, indicating absence of
matrix effects. The proposed procedure was then applied to car-

Table 3
Relative response for some carbamate pesticides
with the proposed procedure.

Pesticide Relative response (%)

Carbaryl 100
[NaOH] (mol L−1) 0.01–1.0 0.01
Reactor (cm) 50–200 100
Stopped flow period (s) 0–200 20

ignals can be originated from absorption by the reagent mix-
ure or perturbations by Schlieren effect [33]. In some previous
pplications involving LPS, the concentration of reagents and thus
he analytical performance were limited by the blank magnitude
25]. As the p-aminophenol reagent absorbs at the measurement
avelength, optimization was performed taking into account the
agnitude of both analytical and blank signals. The analytical signal
as ca. five times higher when the p-aminophenol concentra-

ion was varied from 4.6 × 10−6 to 9.2 × 10−5 mol L−1. On the other
and, the blank signal increased 6.5 times under the same condi-
ions and thus the p-aminophenol concentration was maintained
t 4.6 × 10−5 mol L−1.

The KIO4 reagent was used to oxidize the p-aminophenol to
ield benzoquinoneimine. The effect of this reagent was evaluated
n the range 5.0 × 10−5 to 1.0 × 10−3 mol L−1, resulting in signifi-
ant increase in the analytical response up to 2.0 × 10−4 mol L−1

analytical signal 50% higher than that obtained in the lowest con-
entration evaluated). The magnitude of the blank was not affected
y the oxidant concentration.

Indophenol blue formation occurs in an alkaline medium that is
lso required for carbaryl hydrolysis. As NaOH concentrations up
o 0.1 mol L−1 in the carrier did not significantly affect the analyti-
al and blank signals, a concentration of 0.01 mol L−1 was selected.
he reactor coil length was varied from 50 to 200 cm and the ana-
ytical signal increased gradually up to 150 cm, indicating that the
ffect of increased residence time on the formation of indophe-
ol blue overcame the effect of the higher sample dispersion. A
00 cm long reactor coil was then selected, providing suitable mix-

ng conditions and repeatability, with the sample residence time
eing increased by the stopped flow approach. The analytical sig-
al was 14% higher with a 20 s stopping period, which is significant

or the analysis of carbaryl at low concentrations. A trend to a signal
ecrease was observed after 20 s, because diffusion of the product
as not compensated for the rate of indophenol formation. A sum-
ary of the ranges studied and the selected values is presented in

able 2.

.2. Analytical features and application

A linear response was observed between 5.0 and 200.0 �g L−1

arbaryl, described by the equation: A = −0.0163 + 0.0038C (�g L−1),
= 0.999 (Fig. 2). Perturbations characteristic of the Schlieren effect
ere observed before the analytical signals, especially due to the
se of NaOH solution as carrier. In order to compensate for this
ffect, measurements were based on dual-wavelength spectropho-
ometry (measurements at maximum absorption of the product
nd at the reference wavelength, in which the product does not
bsorb) [34]. The detection limit was estimated at 1.7 �g L−1 with

99.7% confidence level, and the coefficient of variation was 0.7%

n = 20). The sampling rate was 55 determinations per hour with
eagent consumption estimated at 1.9 �g of p-aminophenol and
.7 �g of potassium metaperiodate per determination and waste
olume of 2.6 mL per determination.
Fig. 2. Transient signals obtained for carbaryl reference solutions measured in trip-
licate. Numbers indicate carbaryl concentrations in �g L−1. The inset shows the
corresponding calibration graph.

When natural water samples were analyzed by the proposed
procedure, interferences were observed due to absorption by
organic matter in the samples. All samples evaluated absorbed
significantly at the measurement wavelength, with absorbances
between 0.095 and 0.399. Aiming to eliminate the spectral inter-
ference, a clean-up procedure based on cloud-point extraction
was adopted. After sample clean-up, the absorption at 585 nm
was reduced by at least 75%, while the surfactant rich-phase
showed a dark color indicating extraction of the interfering species.
The extraction method was highly efficient because carbaryl is
highly soluble and easily hydrolyzed in the alkaline medium.
This was demonstrated by a study carried out to evaluate the
effect of the clean-up step on carbaryl determination. When a
5.0 × 10−7 mol L−1 carbaryl solution was analyzed in triplicate with
and without the preliminary extraction, absorbance values were
0.208 ± 0.004 and 0.206 ± 0.007, respectively. The signals did not
show significant differences, indicating that the analyte remains in
the aqueous phase after cloud-point extraction.

The relative response for some carbamate pesticides
(aminocarb, bendiocarb, carbofuran, propoxur and pirimicarb)
was estimated from the slopes of calibration curves obtained in the
same concentration range (2.6 × 10−7 to 2.6 × 10−6 mol L−1) and
the results are presented in Table 3. Carbamate pesticides did not
cause interference (signal variation lower than 2%) showing that
the procedure is selective for carbaryl. This occurred because the
formation of indophenol blue from other carbamates is slower (ca.
8 min is required to reach the steady state condition for propoxur,
for example), while product formation was instantaneous from
carbaryl.

The proposed procedure was applied to carbaryl determina-
Aminocarb 2
Bendiocarb 0.8
Carbofuran 0.3
Pirimicarb 0
Propoxur 1.4
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Table 4
Addition-recovery experiment of carbaryl in natural water samples.

Sample Carbaryl (�g L−1) Recovery (%)

Spiked Found

1 50.0 41.8 ± 2.1 83.6 ± 4.2
100.0 93.4 ± 4.8 93.4 ± 4.8

2 50.0 44.8 ± 2.7 89.6 ± 5.4
100.0 92.8 ± 2.6 92.8 ± 2.6

3 50.0 51.8 ± 0.4 104 ± 0.8
100.0 103 ± 1 103 ± 1

4 50.0 42.5 ± 1.6 85.0 ± 3.2
100.0 94.6 ± 2.1 94.6 ± 2.1

Table 5
Mean values and estimates (n = 3) for carbaryl determination in natural waters after
addition of 50 or 100 �g L−1 carbaryl.

Sample Carbaryl (�g L−1)

Proposed procedure Reference procedure [10]

1 60.4 ± 1.0 57.9 ± 2.5

b
r
H

b
a
[
o
r
v
i
1
m

S2O8 + HO → HSO4 + SO4 + 1/2O2 (4)

T
A

F
i

2 60.2 ± 1.5 59.2 ± 1.0
3 101 ± 4 101 ± 1
4 121 ± 1 121 ± 1

aryl determination in natural water after sample spiking and the
esults (Table 5) agreed with the reference procedure based on
PLC [10] at the 95% confidence level.

The analytical characteristics were better than those obtained
y using other flow procedures based on the reaction with p-
minophenol and potassium metaperiodate in alkaline medium
14] (Table 6). The detection limit was 15 times lower than the
bserved in flow injection analysis with continuous addition of
eagents and in the multicommutation-based system with solenoid

alves, and 24 times lower than the observed in the sequential
njection system. The sensitivity obtained with the LCW cell was
25, 270 and 80 times higher in comparison with the FIA, SIA and
ulticommutation-based procedures, respectively. The reagent

able 6
nalytical features of flow-based procedures for carbaryl determination based on format

Procedure Sensitivity (L mol−1) Detect

FIA 6.1 × 103 26
SIA 2.8 × 103 40
Multicommutation with solenoid valves 9.5 × 103 26
Proposed procedure 7.6 × 105 1.7

a 99.7% confidence level.

ig. 3. Effect of mass (A) and time of exposure (B) of (a) TiO2 (HCl 0.22 mol L−1 and H2O2 0.
n carbaryl determination.
lanta 81 (2010) 327–333 331

consumption decreased considerably in comparison with the other
evaluated procedures. The more significant reduction was in com-
parison to the flow injection system, in which reagent consumption
435- and 71-fold lower for KIO4 and p-aminophenol were observed.
For the multicommuted system with solenoid valves, the consump-
tion was ca. 16 and three times lower for KIO4 and p-aminophenol,
respectively.

3.3. Waste photo-degradation

In aiming to develop cleaner analytical procedures, replacement
of toxic reagents without affecting the analytical performance is
rarely feasible. Alternatives to minimize the reagent consumption
and generation of toxic wastes associated with waste treatment
are then required. The complete oxidation (also called mineral-
ization) of an organic compound generates CO2, H2O and mineral
acids as final products. With this objective, the advanced oxidative
processes are characterized by the generation of highly oxidizing
species, especially hydroxyl radicals (•OH), capable of promoting
the rapid degradation of various pollutant compounds [35]. Various
alternatives can be explored for the production of these radicals,
allowing adaptation to specific treatments. Waste degradation was
carried out by heterogeneous photocatalysis (TiO2 + H2O2) or by
treatment with persulphate coupled to UV irradiation. The decom-
position of the persulphate ion, with the formation of sulfate radical
(Eq. (2)) can be induced by irradiation. In a second step, the sulfate
radical reacts with water forming the hydroxyl radical (Eq. (3)). In
subsequent stages, S2O8

2− is decomposed as indicated by Eqs. (4)
and (5) [36].

S2O8
2− → 2 SO4

•− (2)

2 SO4
•− + H2O → HSO4

− + HO• (3)

2− • − •−
SO4
•− + HO• → HSO4

− + 1/2O2 (5)

The effect of the mass of the reagents (TiO2 and K2S2O8) on the
reduction of total organic carbon (TOC) was evaluated within the

ion of indophenol blue.

ion limita (�g L−1) Sampling rate (h−1) Reagent consumption
(�g/determination)

KIO4 PAP

90 2480 135
20 193 11
70 92 5.0
54 5.7 1.9

02 mol L−1) and (b) K2S2O8 on total organic carbon reduction of the waste generated
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Table 7
Degradation of the waste generated in carbaryl determination.

Parameter TiO2 K2S2O8

Colorless residue m = 0.15 g and t = 20 min m = 0.30 g and t = 5 min
Reduction TOC > 94% m = 0.15 g and t = 10 min m = 0.30 g and t = 5 min

a

ig. 4. Chromatograms of reagents and waste without degradation (A) and the
esidue before and after degradation with (B) titanium dioxide and (C) potassium
ersulphate. The chromatogram for a persulphate solution is also shown for com-
arison (C).

ange 0.05–0.30 g in 30 mL of waste (Fig. 3A). The waste mineral-
zation (generating CO2 and H2O) was favored when the mass of
oth reagents (TiO2 and K2S2O8) was increased. For 0.20 g of TiO2,
n increase on the residual organic carbon was observed. This effect
ay be due to scattering of incident radiation by solid particles in

uspension. For lower reagent amounts, this effect must be offset
y increased efficiency of the formation of hydroxyl radicals. The
ffect of the time of exposure to ultraviolet radiation was evaluated

ith 0.15 g of K2S2O8 or 0.30 g of TiO2 for 30 mL of waste, respec-

ively. Reductions in total organic carbon above 94% were obtained
ith titanium dioxide with 20 min of exposure to UV radiation or by
sing potassium persulphate with 5 min of UV irradiation exposure
Fig. 3B).
Toxicity Toxic, necessary 1:5 dilution Non-toxic
Cost (US$ per liter of

waste)
10.4 8.2

a Assay with Vibrio fischeri bacteria.

Characterization of the treated waste was performed by HPLC.
The analytical separation was carried out for the waste before and
after degradation in the presence of titanium dioxide or potassium
persulphate (Fig. 4). It was possible to characterize the peaks of
both reagents and the waste generated before treatment (Fig. 4A).
After waste degradation using titanium dioxide with exposure to
ultraviolet radiation for 10 min, a peak characteristic of the prod-
uct of carbaryl hydrolysis was observed. However, by increasing
the exposure time to 30 min, the total mineralization of the waste
was observed (Fig. 4B). By using potassium persulphate, only the
peak characteristic of the reagent was identified in the remaining
solution after total mineralization of the residue (Fig. 4C).

A critical parameter is the toxicity of the waste before and
after the degradation process. Toxicity tests were performed using
the marine bacteria Vibrio fischeri, which are luminescent, gram-
negative and facultative anaerobic. In favorable environmental
conditions (pH and salinity of the medium), the bacteria show
natural bioluminescence. The test is based on measuring the light
emitted by the bacteria after exposure to a sample for 15 min [32].
The intensity of luminescence is compared to a control test, in
which the sample has not been added. In the presence of toxic
substances, the bioluminescence decreases proportionally to the
waste toxicity. A residue is considered non-toxic if the inhibition
of luminescence is lower than 20% [37]. The assays were carried
out on the residue before and after degradation with titanium
dioxide or potassium persulphate. Inhibition levels of 87% and
100% of bioluminescence were found for waste samples before and
after treatment with titanium dioxide, respectively. Therefore, the
residue treated with TiO2 and H2O2 is considered more toxic to the
Vibrio fischeri bacteria than the residue without degradation. This
is probably due to the presence of H2O2 that cannot be completely
eliminated during waste treatment and indicates that TOC mea-
surements are not enough to conclude about the viability of waste
treatment. According to these results, residues without degradation
or treated with titanium dioxide should be three times or five times
diluted before discarding. However, for the residue treated with
potassium persulphate, inhibition of 19% characterizes the waste
as non-toxic to the Vibrio fischeri bacteria.

Table 7 summarizes the results obtained with the procedures
evaluated for waste degradation. The best results (fast treatment
yielding a low toxicity waste) were achieved by using K2S2O8 at a
22% lower cost compared to the process using TiO2.

4. Conclusions

The analytical features of the proposed system with a 100 cm
optical path flow cell were superior to those obtained by other
procedures based on reaction with p-aminophenol and potassium
metaperiodate in an alkaline medium. Furthermore, the proce-
dure was selective for carbaryl with relative responses to the other
carbamate pesticides lower than 2%. The determination of this pes-

ticide in natural water samples was possible without interference
from the matrix after cloud-point extraction, which avoids the use
of organic solvents. The degradation of the generated waste yielded
a colorless residue with 94% reduction in total organic carbon after
5 min of exposure to UV radiation. Toxicity tests with marine bac-
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eria Vibrio fischeri classified the waste as non-toxic and the cost for
egradation was estimated as US$ 8.00 per liter of waste.
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