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Abstract

Carbaryl, a modern pesticide widely used for both agricultural and non-agricultural purposes, was determined from the chemiluminescenct
produced in its reaction with Ce(IV) in a nitric acid medium containing rhodamine 6G as sensitizer, using flow-injection techniques. A straight-
forward automatic method based on measurements peak height and peak area, which are directly proportional to the carbaryl concentratic
was thus developed. Calibration graphs are linear over the concentration range from 50 to 2006. e limit of detection, as determined
according to Clayton, is 45.6 and 28.7 ngmlfor peak height and peak area measurements, respectively. The relative standard deviation
for 10 samples was less than 1.4% with both types of measurements. Two commercial formulations containing carbaryl were analysed usin
both types of measurements, which provided acceptable recovery values. Solid-phase extraction was used to concentrate and separate
analyte from the matrix. The method was successfully applied to the analysis of spiked water samples as well as in soil and grain sample:
The proposed method exhibited a high selectivity no other pesticide containing the naphthalene group such as antu, napropamide or naftala
etc., was found to interfere with the determination of carbaryl.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction closed, continuous flow environment. Because it allows the
rapid, reproducible mixing of sample and reagent near the
The usefulness of chemiluminescent (CL) systems in an- detector, it is particularly well suited to monitoring transient
alytical chemistry relies on some special features including light emission from CL reactions in the liquid phase.
a high sensitivity and wide dynamic ranges due resulting  The FI technique has been used to investigate the fun-
from their kinetic and luminescent properties, no external damental chemistry of CL reactions, optimize post column
light source — which avoids scattering, the production of reaction conditions for liquid chromatography and quantify
background photoluminescence, and typical problems aris-analytes in relatively clean or synthetic matrices. In the last
ing from instability in external sources — reduced interfer- few years, however, there has been a marked growth in the
ence relative to non-selective processes, modest equipmentise of FI-CL for the analysis of real sample matridesl 2].
requirements and a high flexibility for the determination ofa  Also recently CL reactions have been developed by
wide variety of species that can participate in the CL process. treating analytes with a wide range of strong oxidants such
Flow-injection (FI) is by now a consolidated excellent as MnQ,~ in acidic and alkaline media, CIQ Ce(lV) or
technique for rapid, automated, quantitative analyses thatH,O, and reductants, under variable chemical conditions
combines on-line chemical and physical sample treatment[8,13,14]. Usually, if the oxidation reaction gives a fluores-
with a wide range of flow-through detection systems in an en- cent product or the analyte itself has the typical structure for
one, then one can expect its oxidation to produce CL emis-
* Corresponding author. sion. The earliest reported CL-based determinations using a
E-mail address: joseantonio.murillo@uclm.es (J.A.M. Pulgax. flow-injection analysis assembly included those of morphine
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[15], buprenorphine hydrochlorid&6] and benzodiazepine  of carbaryl to methylamine upon UV irradiation, followed
loprazolan17]. Since then, a variety of reactions have been by off-line derivatization witho-phthalaldehyde.
used mainly for the analysis of dru¢E8—21]. Sensitizers, The aim of this work was to develop a simple, rapid,
micellar media and catalysts have been found to enhancedirect method for the determination of carbaryl, requiring no
CL emission. Thus, penicillamin@2], tiopronin[23], and sophisticated equipment but providing results on a par with
cefradoxil [24] have been successfully determined in the those obtained with existing methods. The proposed method
presence of quinine sulphate; and so have folic §24], is based on chemiluminescent reaction between carbaryl and
captopril[26], hydroclorothiazid¢27], phenothiazinef28], Ce(lV) in an acid medium containing rhodamine 6G as sensi-
and furosemidg29] with rhodamine 6G and hydrazine in tizer, and was successfully used to determine carbaryl in com-
the presence of dichlorofluoresceiid®]. Also, the cationic mercial formulations, water, grain and soil samples. Based on
surfactant cetyltrimethyl ammonium bromide (CTAB) was the results, the proposed method is an effective choice for the
found to increase the sensitivity of the determination of determination of this compound in various types of matrices.
tetracycline[31]. These reactions have been implemented Also, itis simple and fast enough for use in routine analyses.
mainly by use of CL-based flow-injection methods.

Modern pesticides such as-methyl- and carbamoy-
loxime carbamates are used in large amounts for both2. Experimental
agricultural and non-agricultural purposes. The use of non-
persistent carbamate and carbamoyloxime pesticides (over2.1. Reagents
1000t of theN-methylcarbamate carbaryl) — which have
replaced organochlorine and organophosphorus compounds All tests were done by using with analytical reagent grade
— has become a common practice as the primary result ofchemicals, pure solvents and Milli-Q water. Carbaryl was
their broad action spectrum, high effectiveness as pesticidesupplied by Chem Service.
and generally low mammalian toxicity. Their usefulness A stock solution of carbaryl (125mg in 1L of ethanol)
application as insecticides, fungicides, or herbicides is was diluted with water to prepare standard working strength
related to their molecular structure. Thus, the insecticides solutions. The stock standard solution of carbaryl was stored
posses th&/-substituted carbamate moiety and, generally, an at room temperature in the dark, where it remained stable for
aromatic ester or oxime function. Their insecticidal activity, at least 2 weeks.
and also their toxicity to other animals, stems from their A 25mM Ce(lV) solution was prepared from ammo-
ability to act as potent cholinesterase inhibitors. nium cerium (IV) sulphate hydrate (PanreaciQica S.A.,

The large amounts of carbaryl used require extensive Barcelona, Spain) in 4 M nitric acid daily. A concentrated
monitoring in all types of environmental samples. A number sulphuric, nitric and perchloric acid solutions were also ob-
of techniques, including chromatograptig2—35], fluo- tained from Panreac Qmica S.A. Quinine hydrochloride,
rimetry and phosphorimetr{36—39], have been used for quinidine, riboflavin, rhodamine 6G, rhodamine B, sodium
this purpose. However, only four chemiluminescence-baseddodecyl sulphate, Triton X-100, Tween 80 and cetryltrimety-
methods have been reporte@&r€z-Riz et al.[40] used an lammonium bromide were purchased from Sigma-Aldrich
Fl system in combination with two photochemical processes Co. (St. Louis, MO).
to determine carbaryl. The determination was based on the The commercial technical formulation Afracid 7.5 was
on-line photo-conversion of carbaryl into methylamine, supplied by Afrasa Industrias (Valencia, Spain) and Agro-
which subsequently reacted with Ru(bg¥) produced by carbaryl from Agrofit (Valencia, Spain); the stated carbaryl
off-line photo-oxidation of Ru(bpgf* with peroxydisul- content of both was 7.5.
phate. Orejuela and SilM#@1] determined three carbamate
pesticides in fruit juices by using HPLC with a peroxyoxalate 2.2. Apparatus
CL detector. Following liquid—liquid extraction, pesticides
were hydrolysed and derivatized with dansyl chloride in a  The flow manifold used is depictedhig. 1. The reactants
micellar medium, the dansylated derivatives being separatedwere propelled through its three lines by a Gilson Minipuls
by RP-HPLC on a C18 column and quantified from their CL 3 peristaltic pump with a total flow rate of 15mL mih
signals. More recently, Huertagfez et al[42] proposed PTFE tubing (0.5mm i.d.) was used as connectors. Aliquots
a flow-injection method for the direct determination of ofafew microliters of the sample solutions were injected into
carbaryl, based on the enhancing effect of the pesticide onrhodamine 6G carrier via a six-way injection valve and mixed
the emission produced by the oxidation of luminol with with an acid Ce(IV) solution, immediately before the PMT.
potassium permanganate in an alkaline medium. Also, The emitted CL was collected with Camspec Chemiluminis-
N-methylcarbamate pesticides have been determined incence Detector CL-2 (photosensor module Hamamatsu No.
environmental samples by including a fluorescent derivative 00 spectral response from 300 to 650 nm; spiral-type flow
of the pesticides in the peroxyoxalate chemiluminescent cell, volume 12Qul; Sawston, Cambridge). The detector was
system, in the presence of imidazole as a cat@y@t The connected to a computer via an analog-to-digital converter
fluorescent derivate is previously obtained by decomposition and data were acquired using the software Cromatography
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Fig. 1. Schematic diagram of the flow manifold for the determination of carbaryl.

Station for Windows CSW32 (Data Apex Ltd., Prague, The pH=7.Retention and quantitative elution of the analyte from

Cwech Republic) and processed by the authors. the cartridge were estimated from recovery values. A 200 mL
aliquot of a 20 ng mt? solution of the analyte was added to

2.3. Procedure the cartridge, which was then rinsed with 5 mL of buffer. The
analyte was then eluted from the cartridge with 5mL ofa 1:1

2.3.1. Calibration ethyl acetate/n-hexane mixture. The eluent was colleted and

The calibration graph was run from three replicates per evaporated to dryness under a nitrogen stream. The ethanol
point. An aliquot of the carbaryl standard solution was pipet- solution was directly added to the residue and the amount of
ted into a 10-mL calibrated flask at a final concentration of analyte in the residue was then determined using the opti-
50-2000 ng mE? and supplied with the volume of ethanol mized method.
required to obtain a 4% (v/v) concentration. The solution was
made to volume with water. The CL signal was obtained by
injecting 200uL of the working standard solution into the 2.34. .S"il and grain samples ) .
rhodamine 6G carrier stream, which was then merged with ~SOil and grain samples (50 g) were spiked with an appro-
the acid Ce(IV) solution. The CL emission intensities and ar- Priate amount of carbaryl (ethanolic solution) and blended

eas obtained as a function of the carbaryl concentration werefor 5 min using 150 mL of chloroform. The chloroform solu-
used for calibration. tion was then filtered into a 250 mL calibrated flask through

Whatman No. 1 paper, the residue being retained in the
2.3.2. Commercial technical formulations blender. Blending and separation were repeated twice with
For the determination of carbaryl in the commercial for- 25 mL portions of chloroform. The residue was washed on the

mulations, 0.1g of the sample was dissolved in 250 mL of filter paper with 10 mL portions of chloroform twice, and the

ethanol, and appropriate volumes of the solution were p|acedextracts were combined and diluted to the mark. The chloro-
in 25mL volumetric flasks to obtain final concentrations OM extractwas evaporated under reduced pressure at about
falling within the calibration graph. The CL signal for each SOOC, and the residue dissolved with 10mL of the ethanol
sample was obtained by using the general procedure on thre€°!Ution.

replicates per sample; the average of each measurement was

interpolated into the calibration graph. 3. Results and discussion

2.3.3. Surface water samples 3.1. Optimization of chemical parameters
An aliquot of the standard aqueous solution of carbaryl

(50 mg L~1) was added to the surface water to obtain acon-  The continuous-flow manifold used to optimizate the
centration of 20 ngmt?. chemical variables depicted kig. 2. It consisted of a peri-

Solid-phase cartridges packed with a reverse phase (C18staltic pump that propelled the sample, rhodamine 6G and
cartridges from Water Sep Pak/ac.) were used to concen-  acid Ce(IV) solutions through the PTFE tubes. First, the sam-
trate and separate the pesticide from its matrix. The proce-ple and rhodamine 6G solutions were merged at a Y-shaped
dure used was a modified version of that recommended by thepiece and then the resulting mixture was merged with Ce(IV)
manufacturer. The cartridge was conditioned by rinsing with in the flow cell, where the flow was abruptly stopped for
5mL of methanol, followed by 5 mL of phosphate buffer at measurement of the CL signal.
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Fig. 2. Continuous-flow manifold used to the optimize of the chemical variables.

3.2. Effect of the acid added to the Ce(IV) solution 3.4. Effect of the Ce(1V) concentration

Cerium(IV) is not readily soluble in water, but is stable The effect of the concentration of Ce(lV) on the CL
in dilute acid. We, thus, examined the effect of the acid response of carbaryl was examined over the range 10-50 mM
added to the Ce(1V) solution. To this end, 25 mM solutions in 4 M nitric acid, containing 0.1 mM rhodamine 6G. The
of Ce(IV) in 2 and 4M perchloric, nitric and sulphuric  results are shown iRig. 4. The maximum emission intensity
acids, containing of 0.1 mM rhodamine 6G, were prepared was obtained at 25mM Ce(IV). Higher concentrations
and their light emission intensity was recorded. Nitric acid of Ce(lV) resulted in lowering of the CL intensities.
resulted in highest the CL intensity. Perchloric acid exhibited Therefore, 25 mM Ce(IV) was, thus, adopted for further
a similar sensitivity. However, no emission was detected testing.
with sulphuric acid. Therefore, nitric acid was the most
suitable medium for the sensitive measurement of carbaryl. ; 5 Effect of sensitizers

Most CL reactions have low quantum efficiency and
exhibit weak luminescence as a result. This requires adding
a sensitizer, usually a highly fluorescent compound to the
reaction system. Energy is transferred from the excited
species to the sensitizer, which then emits its characteristic
light. Because the sensitizer possesses higher quantum effi-
ciency, it emits more photons and facilitates measurement.
We examined the potencial effect of various fluorophores
as sensitizers for the CL reaction. While rhodamine 6G

3.3. Influence of the nitric acid concentration

The influence of the nitric acid concentration in the
cerium(lV) solution on the CL intensity was examined. As
shown inFig. 3, the highest CL intensity was obtained at a
nitric acid concentration of 5 M, above which the CL inten-
sity decreased. Four molar concentration of nitric acid was
adopted, in order to avoid rapid deterioration of the tubing at

a higher acidity. . - ; .
g y and rhodamine B exhibited CL intensity, other compounds
120 100
1 00 ] [Ce(IV)]=25mM
90 '
. . _
g T : S 80—
é s : [HNO2)= 4M 3 1
= ' 3 70
o ] : o ]
%0 ' 60 =
0 =T , — T 50 — T
0 2 4 6 8 0 20 40 60
[HNO3] (M) [Ce(lV)] (mM)

Fig. 3. Effect of the nitric acid concentration on the CL intensity. Fig. 4. Effect of the Ce(IV) concentration on the CL intensity.
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such as quinine and quinidine did not because rhodaminein Fig. 5. Peak heightincreased with increasing flow rate up to
6G provided the highest CL efficiency; it was adopted as 6.3 mL/min, where it levelled off and then decreased above
sensitizer for further work. The effect of its concentration 8.4 mL/min. Peak area increased with increasing flow rate
was studied over the rangex110~° to 1x 10~3M. The up 4.0 mL/min and then decreased a higher values. The total
CL intensity increased with increasing rhodamine 6G flow rate selected was 6.3 mL/min.
concentrations up to 2.5 10~* M, where it levelled of and
then decreased sharply above 2.50*M as the likely
result of self-absorption of the emission by the sensitizer.
4 . .

Hencg, a 5¢ 10" M concentration of rhodamlne 6G was The variation of CL emission (peak height and area) with
used in subsequent tests. The effect of various organized, . :

. . . the injected volume was studied over the 75—-g0Q0ange.
systems, including neutral surfactants (Triton X-100, Tween

80), cationic surfactants (cetryltrimetylammonium bromide) Ereeaftoltzgl?:’hetglf:relanTr:?esaesdelé?/vti?hziﬂgraegz\i/r? V;/:'Egtlet dd\(/ac-)lume
and anionic surfactants (sodium dodecyl sulphate) on . giny

the CL reaction was also investigated. None was found upt025QuL, and then decreased slightly. Aninjected volume

to enhance CL emission, so no micellar solution was of 200uL was adopted for subsequent testing.
used.

3.9. Effect of the sample volume

3.10. Calibration curves and linearity
3.6. Effect of the ethanol percentage
We used the above-described optimum conditions to

Because carbaryl is insoluble in water, it had to be dis- develop a method for determining carbaryl over the con-
solved with the aid of ethanol. The effect of the concentra- centration range 50-2000ngmt. The calibration graph
tion of which in carbaryl solution on the CL intensity was was constructed from three replicates measurements per
thus studied. The CL intensity was found to decrease as thepoint of peak area and height. These two parameters were
ethanol content increased. A 4% ethanol concentration wasplotted against the carbaryl concentration and the resulting

thus used, as it sufficed to dissolve carbaryl. curves fitted by least-squares regression to the equation
y=a+ bx [44,45]. Table 1shows figures of merit of the
3.7. Optimization of FI parameters statistical analysis. From the random residual distribution

obtained, it follows that the calibration curve was ho-
The influence of Fl variables on the chemiluminescent re- moscedastic, i.e., the variance was constant and independent
action was examined by using the above-described FI mani-of the concentration throughout the dynamic range; so
fold (Fig. 1). The Fl variables studied: the flow rate and the both peak height and peak area were linearly related to

inserted sample volume. the carbaryl concentration over the concentration range
studied.
3.8. Effect of the flow rate Traditional methods for determining limits of detection

are biased towards protection from false positive conclusions,

The oxidant, sensitizer and carrier solutions were intro- i-€-, type I errors (reporting an analyte as present when it is
duced into the manifold at identical flow rates. The effect of not). One preferred alternative approach is to define detection

the total flow rate on the CL emission of carbaryl is illustrated limits so that protection against both false positive and false
negatives (viz., type Il errors, made in reporting an analyte

as not present when it is) is assured. The limit of detection

2500 250 obtained according to Clayton et §.6], i.e., with provi-
- Flow rate=6.3 mL/min i sion for types | and Il errors, was 28.8 and 45.6 ngthL
2000 — + Area with peak area and peak height measurements, respectively
. ® Higth —200 (e=p=0.05;n=22).
1500 — 5
® I
o 4 —150 @ Table 1
< 1000 — Figures of merit of the statistical analysis of the carbaryl calibration
i i Height method Area method
500 — — 100 Intercept (a) 2.93x 10°3 —3.30
i S.D. of intercept (§) 0.84 4.8
1 Slope (b) 131.6 1187
0 T T T T T T T 50 S.D. of slope (§) 0.8 4.5
0 4 8 12 16 20 S.D. of regression (§ 2.7 15
Flow Rate (mL/min) Determination coefficient ) 0.999 0.999
Confidence interval of intercept ~ —1.742-1.745 —13.25-6.655
Confidence interval of slope 129.9-133.3 1178-1196

Fig. 5. Effect of the flow rate on peak height and area.
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3.11. Precision, accuracy and interferences—validation 3.000E-01 (m\
of the method .

)
% 1.000E-01 -
The repeatability of the proposed method was determined>- a,m;
by analysing a series of 10 standard samples containingg 1 000E-01 | (b
800 ng m_I:l carbaryl. _Application of the thgory_ of error £ |
propagation (95% confidence level) to the calibrations graphs& o
provided a relative standard error of 0.30% and 0.19% with g -3.000E-01 \
peak height and peak area measurements, respectively. Th=
respective relative standard deviations for the replicates were s gooe-01
1.4% and 1.3%. 9.400E-01 9.737E-01 1.008E+00 1.041E+00 1.075E+00
The selectivity of the proposed method for carbaryl was SLOPE

examined by using it in the presence. of other pest|C|de§. Fig. 6. Comparison of the proposed method and the phosphorimetric
Cqmpounds S.UCh as chlorfenac, 2'14'q'Ch|9r0p.henoxyacet|cmethod. The ellipse bounds the 95% confidence region for the true slope
acid, 2-(2,4-dichlorophenoxy)propionic acid, isoproturon, and intercept on-axis, as estimated the overall least-squares regression the
propham, diuron, neburom, linurom, napropamide, antu, concentration calculated in reverse through both. The point (b, a) is the cen-
naphtalam, thiobendazole, fuberidazole exhibited no inter- tre of the ellipse corresponding to the true intercept and estimated slope. The
ference in a proportion of 1:1. A substance was assumed toP®M (1 0) corresponds to a zero intercept and unity slope.

interfere when the recovery obtained in the determination of ] ) ) .
carbaryl in its presence was 95-105%. seen, the point corresponding to the zero intercept and unity

The determination of carbaryl was validated by least- slope falls within the joint confidence region, which means
squares regressida5]. The performance of the proposed that the accuracy _of the proppsed me_thod and the currently
method in the determination of carbaryl in water was com- accepted method is not significantly different.
pared with that of a phosphorimetric meth¢87], by
analysing 10 samples containing the pesticide at levels within 3.12. Applications
the application range. The concentrations, provided by the
currently accepted method and the proposed method were The proposed method was applied to the determination
subjected to least-squared pair analysis. This procedure conof carbaryl in two commercial products: Agrocarbaryl and
siders the effects of various types of error. The presence of Afracid 7.5. Samples were prepared, as described in Section
random of errors in the test method causes points to scatter2. The recovery obtained with proposed method was quite
around the least-squares line and the calculated slope and ineonsistent with nominal contents of carbaryl in the commer-
tercept to slightly depart from unity and zero, respectively. cial preparations (Table 2) and also with those provided by
The random error can be estimated from the standard devi-the reference methd87].
ation in they-direction (also called the standard deviation The proposed method was also applied to surface water
of the estimate of onx). A proportional systematic error  samples collected at various locations in the province of Ciu-
leads to a change i so the difference betweérand unity dad Real (Spain). All samples were free of carbaryl or con-
provides an estimate of the proportional error. A constant sys- taminated with concentrations below the detection limit. A
tematic error shows up in a non-zero value for the intercept. If recovery study was, therefore, carried out with standard solu-
both methods provided identical concentrations, in the sametions of carbaryl. The procedure was then evaluated for water
samples, then the least-squares analysis would give a zeresamples, using the procedure described in Se@ids can
intercept and a unit slop€&ig. 6 shows the 95% confidence be seen fronTTable 2the recoveries were quite consistent
region for the true slope and estimated intercept. As can bewith the amounts added.

g

Table 2

Applications

Sample Amount added Recovery R.S.D. (%): proposed method Recoveny R.S.D. (%): reference method
Height method Area method

Water | (ngmL=1) 20 95.3+ 2.3 96.1+ 2.6

Water Il (ng mL~1) 20 954+ 2.1 93.2+ 2.2

Soil (ngg?) 40 97.5+ 2.6 98.4+ 1.6 97.2+ 2.1

Wheat (ng g?) 40 95.3+ 3.4 96.0+ 1.8 96.5+ 3.0

Barley (nggl) 40 945+ 2.4 95.6+ 2.3 96.0+ 2.0

Oats (ngg?) 40 98.1+ 1.8 97.4+ 2.6 98.2+ 1.9

Afracid 7.5 (%) 7.5 1015+ 15 101.4+ 1.8 99.0+ 1.5

Agrocarbaril (%) 7.5 99.2+ 0.8 100.4+ 1.1 100.6+ 2.0

R.S.D, relative standard deviation.
2 Nominal content.



592 J.A.M. Pulgarin et al. / Talanta 68 (2006) 586-593

The recoveries of carbaryl from soil and grains were deter- robustness and low cost in the detector. The present method
mined following the procedure described in Sectoknown compares favourably with a previously reported CL-based
amounts of the insecticide were added to the samples prior tomethod [40], involving UV irradiation of carbaryl in
analysis. As can be seen frarable 2, the recoveries obtained presence of acetone for conversion into methylamine, which
with the proposed method were in excellent agreement with entails producing Ru(bpy}* by photochemical oxidation

those of the reference meth{R&¥]. of Ru(bpys?* with peroxydisulphate; this method is more
complicated and uses more sophisticated instrumentation.
3.13. Possible CL mechanism In one other method43], carbaryl is decomposed to

methylamine and derivatized withtphthalaldehyde, which
Based on the CL properties of the fluorophore-sensitized results in longer analysis times among other disadvantages.
CéV reaction system, examined by Zhang et[4F], the
following mechanism can be assumed for CL production by

carbaryl: Acknowledgments
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