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a b s t r a c t

An efficient, sensitive and fast stopped-flow method has been developed to determine asulam in water,
based on its inhibition effect on the horseradish peroxidase–luminol–hydrogen peroxide chemilumines-
cence reaction, (HRP–luminol–H2O2). Ultra fast data acquisition (0.20 s) facilitates excellent selectivity
because no interferences from concomitants in the matrix act in such short time scale. The precision as
repeatability (expressed as relative standard deviation, n = 10) was 0.4% at a 40 pM level. The detection
limit was 1.5 pM (0.35 ng/L) and 7.15 pM in pure and raw water, respectively. The calibration data over
Keywords:
Asulam, Chemiluminescence, Solid-phase
extraction, Stopped-flow

the range 5–60 pM present a correlation coefficient of r = 0.9993. The proposed method has been applied
to determine asulam in water samples by using solid-phase extraction (SPE). Mean recovery value was

1

c
i
o
D
d
v
l
t
p
p
i
d
o
[

a
p
s
s
t
l

l
a
h
[
(
t
e
e
i
a
t
o
c
m
i
[

a
s

0
d

98.1 ± 2% at 50 pM level.

. Introduction

Asulam (methyl 4-aminobenzenesulfanilyl carbamate) is a
arbamate pesticide with a widely broad spectrum of biolog-
cal activity, acts by stopping the cell division and growth
f plant tissues, can accumulate and remain in environment.
ue to its good solubility in water, creates a compromise to
evelop suitable analytical methods [1,2]. In literature, a great
ariety of analytical techniques are employed to quantified asu-
am at trace level. Currently, gas or liquid chromatography is
he most used method for analyzing pesticides [3], and solid-
hase extraction (SPE) is often performed for concentrating and
urifying analytes in the samples, prior analysis [4–6]. Analyt-

cal determination by means of synchronous fluorescence with
erivatization with fluorescamine [7], or based on its native flu-
rescence with a flow injection (FI) analysis system, has been used
8,9].

Chemiluminescence (CL) is a luminescence technique showing
s main advantages its high sensitivity, easy of use and sim-

le instrumentation, being actively applied for the detection of
mall amounts of chemical species at ultra-trace levels. Con-
idering the kinetic characteristics of this technique, anyone of
he reaction components, including CL substrate, oxidant, cata-
yst, cofactor, sensitizer, enhancer and inhibitor can be made rate
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imiting and hence be determined [10]. The oxidation is usu-
lly conducted in a basic solution in the presence of an oxidant:
ydrogen peroxide [11], hypochlorite [12], iodine [13], or oxygen
14], and catalysts: peroxidases such as horseradish peroxidase
HRP) [15,16], or lactoperoxidase [17], and metals ions [18]. Among
hem, HRP–luminol–H2O2 system is most popular and has been
mployed in many assays [19,20]; moreover, this system has been
mployed to quantify analytes who act as enhancers [21,22] or
nhibitors [23]. Particularly, in the determination of carbamates
s analytes, only few contributions have been found based on
he CL of Ru(bpy)3

3+ reaction [24], and on the peroxyoxalate CL
xidation in the presence of a fluorophore [25]. This technique
an be easily coupled to a flow injection manifold as detection
ode or assembled to stopped-flow technique, where rapid chem-

cal reactions are studied on the millisecond to second time scale
26].

In this study, we have found that the pesticide asulam produces
n inhibition on the CL emission from the HRP–luminol–H2O2
ystem. Under the optimum experimental conditions, the very
ast CL emission is proportional to the concentration of asulam,
he whole transient signal can be recorded in about 200 ms. The

ain features of this technique are its ability to mix the sam-
le and reagent solutions automatically, the possibility of making
xperiments shortly after mixing, a high overall precision, the

inimization of potential interferences, and its suitability for

ast and slow reactions. Based on these findings, a simple and
ast new direct stopped-flow CL method has been developed
or the determination of asulam in water by using solid-phase
xtraction.

http://www.sciencedirect.com/science/journal/00399140
mailto:f_garcia@uma.es
dx.doi.org/10.1016/j.talanta.2008.06.025
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Tris–HCl buffer pH (0.02 M) was investigated in the range 8.2–9.5,
and the maximum CL was observed at pH 8.4 (Fig. 1); there-
fore, Tris–HCl buffer (0.02 M and pH 8.4) was selected and used
for subsequent studies. The effect of luminol concentration was
studied in the range 5–150 �M, the best results were obtained
F. García Sánchez et al.

. Experimental

.1. Reagents and solutions

Ultrapure water (Millipore 60 system, Bedford, MA, USA) was
sed for the preparation of all solutions, except asulam which was
repared in acetone. Luminol (5-amino-2,3-dihydrophthalazine-
,4-dione), horseradish peroxidase, type VI-A (16 U/mg) and
ris–HCl (99–99.5%) were purchased from Sigma (St. Louis, USA).
ydrogen peroxide (H2O2) 30% (p/v) by Merck (Darmstadt, Ger-
any). Asulam (methyl[(4-aminophenyl)sulfonyl]carbamate)

98.1%), MCPA (4-chloro-o-tolyloxyacetic acid), 2,4,5-T (2,4,5-
richlorophenoxyacetic acid), amitrole (3-amino-1,2,4-triazole),
nd atrazine (2-chloro-4-(ethylamine)-6-(isopropylamine)-s-
riazine) were purchased from Riedel de Häen, Seelze, Germany
nd employed without further purification. Diclorprop (2-(2,4-
ichlorophenoxy) propanoic acid) and metamidofos (O,S-dimethyl
hosphoramidothioate) was provided by Dr. Ehrenstoffer
aboratories (Augsburg, Germany).

The stock solution of luminol (2 mM) was prepared by dis-
olving 35.44 g of solid in a 0.1 M of Tris–HCl buffer solution (pH
.4); this solution is stable when stored in the dark. 13.68 U/mg
f lyophilized HRP was prepared in water by dissolving 1.3 mg of
he parent HRP in 25 mL. H2O2 (1 M) was prepared in water by dis-
olving 752 �L in a volume of 25 mL. The concentration of H2O2 was
etermined daily by measuring the UV absorbance at 240 nm using
240 = 39.4 cm−1 M−1 [27]. Asulam (1 mM) stock solutions were pre-
ared by dissolving in acetone 11.51 mg to a final volume of 50 mL.

.2. Apparatus

A Perkin-Elmer LS-50 (Beaconsfield, UK) luminescence spec-
rometer with the light source switched-off was used. The
pparatus was set in the phosphorescence mode with 0.00 ms
elay time and 60 ms gate time. The slit-width of the emission
onochromator was set at 20 nm with � = 425 nm and photomul-

iplier voltage set manually to 700 V. The samples were placed in
quartz cuvette continuously stirred with a magnetic stirrer. The

hemiluminescent reaction was triggered by injecting HRP solution
ith a syringe, through a septum.

The study of the CL emission at short times was carried out
n an SLM-Aminco 48000s fluorometer equipped with a MilliFlow
topped-flow reactor (Urbana, IL), with the light source turned off
nd no optical filter before the photomultiplier. The stopped-flow
eactor permits observation of the reaction velocity of the reactants
hich are forced through a mixing chamber and into an observation

ell. The two 5 mL driving syringes were filled with the reactants
nd whose positions are simultaneously driven by a pressurized
itrogen-operated plunger. After leaving the observation cell, the
ixed reactants advance the piston of a stopping syringe, which

s brought to a “dead” stop against the tip of a micrometer. Just
rior to stopping, a switch is closed, thereby supplying a triggering
ignal which opens the electronic data acquisition. The cell vol-
me was 32 �L. Equal volumes of the two reagent solutions were

ntroduced into the cell when a pressure of 4.5 bar was applied on
he two supply syringes. The dead time was 1.0 ms, flow velocity
0 mL/s, and mixing efficiency was >98%. The intensity (in V) was
ollected throughout the reaction at a rate of 10 ms per point with
photomultiplier gain of 10 and a voltage of 900 V.
.3. Methods

.3.1. General procedure
For the study of the asulam signals at short times, a syringe

f the stopped-flow apparatus was filled with HRP (0.6 U/mL) in
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.02 M buffer solution (pH 8.4) and the other with a mixture of
uminol (3 × 10−5 M), H2O2 (2 × 10−3 M), 0.02 M buffer solution and
ariable volumes of asulam to obtain 5–60 pM concentrations. The
nitial rates (dI/dt) were measured by subtracting the signal val-
es at 0.08 s from that at 0 s. All measurements were carried out at
5 ± 0.1 ◦C.

.3.2. Procedure for the determination of asulam in water
Due to the good solubility of this pesticide in water [28], a pre-

oncentration step is necessary to reach at trace level the limit of
etection. Solid-phase extraction was performed with Lichrolut SPE
P-18 (500 mg, 6 mL) from Merck. Previously, the SPE cartridges
ere conditioned by passing, according to the manufacturer recom-
endations, 2 mL of methanol followed by 10 mL of LC-grade water

hrough the cartridge at a flow rate of 3 mL/min. The extraction
ubes were set with a VisiprepTM SPE Vacuum Manifold system pur-
hased from Supelco. Fifty milliliters of asulam solution (10−8 M)
ere percolated through the C18 cartridges at a constant flow rate
etween 4 and 8 mL/min. After preconcentration, the extraction
as eluted with 2 mL of methanol and evaporated to dryness with
gentle stream of nitrogen and reconstituted with 500 �L of water.

Equal volumes of the two reagent solutions were introduced into
he cell when a pressure of 4.5 bar was applied on the two supply
yringes. All measurements were carried out at 25 ± 0.1 ◦C.

. Results and discussion

.1. Optimization of the factors affecting the asulam
etermination at short times

The experimental conditions were optimized by means of the
nivariate approach. The efficiency of HRP–luminol–H2O2 system

s highly dependent on reaction pH. Tris–HCl buffer pH has been
eported previously to give a higher CL intensity with luminol as
ompared with other buffer solutions [19]. Therefore, in the pro-
osed method, the effect of Tris–HCl concentration was studied

n the range 0.01–0.1 M. The maximum CL inhibition with asulam
as observed at a Tris–HCl concentration of 0.02 M. The effect of
ig. 1. Initial slope (0–80 ms) at several pH values. Experimental condi-
ions: [Tris–HCl buffer] = 0.02 M; [HRP] = 0.6 U/mL; [luminol] = 3 × 10−5 M; H2O2

2 × 10−3 M).
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Table 1
Inhibition data for asulam (n = 5)

Asulam (pM) Inhibition (%) R.S.D. (%)

0 1.10 3.04
20 25.93 0.81
40 48.96 2.81
80 66.53 3.05

120 81.25 1.09
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Table 2
Interference study at 50 pM asulam level

Interference Asulam:interference (w/w) Recovery (%)

2,4,5-T 1:1 88.2
1:0.5 95.6

Diclorprop 1:1 98.6
MCPA 1:1 98.7

Atrazine 1:1 79.2
1:0.5 86.9
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the solid-phase extraction was applied and best recoveries were
160 87.23 1.34
20 89.51 1.42
00 95.03 0.8

t 30 �M, compromises between signal reproducibility and blank
ignal value. Further experiments were realized using 30 �M as
ptimum luminol concentration. The effect of hydrogen peroxide
n the determination of asulam was investigated in the range of
.2–3 mM, and the best result was obtained with 2 mM. Same pro-
edure was carried out with the peroxidase (HRP) concentration,
eaching the 0.6 U/mL as the optimum value of analysis.

.2. Study of the CL with asulam at short time

The preliminary experiment, carried out in the SLM-Aminco
pparatus, showed the CL reaction of luminol was inhibited by asu-
am, at very low level of concentrations (pM). Blank signals were
btained using the luminol–H2O2 system by itself and catalyzed
y peroxidase. In Table 1 are presented the inhibition data of this
ystem and illustrated in Fig. 2, measured between 0 and 120 ms
nd were obtained the slopes of the initial rates (dI/dt) versus asu-
am concentration over the range 20–400 pM. The data are obtained

ith the aid of the following expression:

I =
(

Sb − S

Sb

)
× 100

here I is the inhibition (in %) and Sb and S are the mean of
ve separate measurements of the slope of the blank and signals,
espectively.

.3. Quantitative analysis and main analytical figures of merit
The calibration data of CL inhibition versus concentration of
sulam were obtained over the range 0–400 pM. According to
he experimental data, the linear analytical range was established
etween 5 and 60 pM. A calibration graph obtained by least-squares
reatment was: % ICL = 1.19 [asulam] + 1.93627 (n = 5), with a corre-

ig. 2. % Inhibition against asulam concentration (pM). Conditions as in Fig. 1.
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1:0.25 88.9

etamidofos 1:1 98.1
mitrole 1:1 98.9

ation coefficient of 0.9993 and R.S.D. = 0.40%. The detection limit
1.5 pM, 0.35 ng/L) was calculated as three times the standard devi-
tion of seven blanks divided by the slope of the calibration graph.
uantification limit (10�) was 5 pM.

.4. Interferences

In order to study the determination of asulam in real water sam-
les, the effect of other pesticides that can be present in water
t similar levels was studied. In Table 2 are ordered the results
btained over samples containing 50 pM asulam. The selectivity of
he proposed methods against the pesticides checked is confirmed,
xcept for atrazine that cause a severe interference (1:0.25, 88.9%).

.5. Application

In order to assess the potential of the method described, the
roposed method was applied to the recovery of asulam in tap
ater samples, collected from the university. After collection, sam-
les were filtered through a cellulose membrane filter (cellulose
cetate, pore size 0.45 �m, 47 mm diameter, Whatman, Maidstone,
K), to remove some possible suspended solids. Into a 50 mL cali-
rated flask were transferred an aliquot of 25 �L of 10−8 M asulam
tandard solution, the final concentration was of 5 pM (1.15 ng/L).

According to the procedure described above (see Section 2.3),
btained when the pH of the solution was adjusted at pH 3. With
his, a calibration graph was obtained from the kinetic curve (Fig. 3)
t the 175 ms over the range 5–60 pM. Least-squares treatment
ives %ICL = 1.445 [asulam] − 6.603 (n = 5), with a correlation coef-

ig. 3. Kinetic curves of the calibration graph for asulam in tap water. (1) 0 pM; (2)
0 pM; (3) 30 pM; (4) 40 pM; (5) 50 pM; (6) 60 pM. Analytical signal obtained at
75 ms.
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Table 3
Comparison of the performances of the proposed method with the previously published one

Sample DL Recovery (%) R.S.D. (%) Technique

Tap water 0.35 ng/L 98 1.90 This method
Tap water 1 �g/L 86 6.50 MEKC-UV detection [29]
Tap water 0.8 �g/L 88 5.80 MEKC-electrochemical detection [29]
Tap water 0.04 ng 90–118 1.13 HPLC with derivatization [30]
Natural water 10.9 �g/L 53–98 <5.3 CE-UV detection [31]
Natural water 0.9 �g/L 82–102 <6.5 CE-electrochemical detection [31]
Water samples 40 �g/L – 4.1 Photochemiluminometric [10]
Water samples 5 �g/L – 1 FIA-fluorescence [8]
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cient of r = 0.994 and R.S.D. = 0.78%. The detection limit (7.15 pM)
as calculated as in Section 3.3. The mean recovery values of three

eparate determinations over 0.5 mL (50 mL reconstituted to 0.5 mL
n the preconcentration step and transferred to a drive syringe of
mL) of water samples containing 50 pM spiked asulam was 98.14%
ith a R.S.D. = 1.90%.

The proposed method was compared with others described in
iterature; in Table 3 are depicted the analytical specifications of
hese methods [29]. As can be seen detection limit of the method
escribed here is the best. Employing the compared techniques

n natural waters, low recoveries are obtained [30]. It is known
nd well established that colloidal matter, suspended solids and
issolved organic material as humic substance may significantly
ffected the asulam partition and adsorption process from liquid to
olid sorbent.

. Conclusions

The kinetic information offered by the first instance (0.2 s)
f the transient chemiluminescence signal from the system
RP–luminol–H2O2 when the pesticide asulam is present, allows
s to perform a very sensitive analytical method for the determina-
ion of asulam at trace levels, based on the inhibition of the initial
hemiluminescence of the base reaction. In addition to the high
ensitivity, few interferences affect the method because data acqui-
ition uses the initial steps of the chemiluminescent reaction and
voids side reaction from concomitant in the matrix having slower
inetic constants.

cknowledgement

The authors thank the Ministerio de Ciencia y Tecnología of the
pain Government for financial support (Project CTQ04-07778).
eferences

[1] P. Veerasekaran, R.C. Kirkwood, E.W. Parnell, Pestic. Sci. 12 (2006) 325.
[2] A. Kaufmann, A. Kaenzig, Food Addit. Contam. 21 (2004) 564.
[3] S.J. Lehotay, A. de Kok, M. Hiemstra, P. van Bodegraven, J. AOAC Int. 88 (2005)

595.

[
[

[

– TLC [32]
1.6 Synchronous fluorescence with derivatization [7]
1.16 Fluorometric [33]

<5 FIA-amperometric [34]

[4] F.A. Esteve-Turrillas, A. Pastor, M. de la Guardia, Anal. Chim. Acta 553 (2005)
50.

[5] H.G.J. Mol, A. Rooseboom, R. van Dam, M. Roding, K. Arondeus, S. Sunarto, Anal.
Bioanal. Chem. 389 (2007) 1715.

[6] H. Kerkdijk, H.G.J. Mol, B. van der Nagel, Anal. Chem. 79 (2007) 7975.
[7] F. García Sánchez, A. Aguilar, C. Cruces, Talanta 39 (1992) 1195.
[8] I. Subova, A.K. Assandas, M.C. Icardo, J.M. Calatayud, Anal. Sci. 22 (2006)

21.
[9] M. Nakamura, T. Yasukawa, T. Igarashi, S. Yamada, S. Aizawa, Busenki Kagaku

49 (2000) 65.
10] A. Chivulescu, M.C. Icardo, J. Mateo, J.M. Calatayud, Anal. Chim. Acta 519 (2004)

113.
11] A. Navas Díaz, F. García Sánchez, J.A. González García, Chemiluminescence 327

(1996) 165.
12] J.B. Claver, M.C.V. Mirón, L.F. Capitán-Vallvey, Anal. Chim. Acta 522 (2004)

267.
13] T. Fujiwara, U. Mohammadzaii, H. Inoue, T. Kumamaru, Analyst 125 (2000)

759.
14] H. Nakamura, Y. Abe, R. Koizumi, K. Suzuki, Y. Mogi, T. Hirayama, I. Karube, Anal.

Chim. Acta 602 (2007) 94.
15] A. Navas Díaz, F. García Sánchez, M.C. Ramos, M.C. Torijas, Sens. Actuators B:

Chem. 82 (2002) 176.
16] H.-C. Yeh, W.-Y. Lin, Talanta 59 (2003) 1029.
17] Y. Yoshiki, K. Okubo, Y. Akiyama, K. Sato, M. Kawanari, Luminescence 15 (2000)

183.
18] K. Sato, S. Tanaka, Microchem. J. 53 (1996) 93.
19] F. García Sánchez, A. Navas Díaz, J.A. González García, Anal. Chim. Acta 310

(1995) 399.
20] A. Navas Díaz, M.C. Ramos, M.C. Torijas, Anal. Chim. Acta 363 (1998) 221.
21] N. Kuroda, R. Shimoda, M. Wada, K. Nakashima, Anal. Chim. Acta 403 (2000)

131.
22] Y. Dotsikas, Y.L. Loukas, Talanta 71 (2007) 906.
23] A. Navas Díaz, F. García Sánchez, J.A. González García, J. Photochem. Photobiol.

A: Chem. 113 (1998) 27.
24] T. Pérez-Ruiz, C.M. Lozano, V. Tomás, J. Martín, Analyst 127 (2002) 1526.
25] E. Orejuela, M. Silva, J. Chromatogr. A 1007 (2003) 197.
26] A. Navas Díaz, J.A. González García, Anal. Chem. 66 (1994) 988.
27] J.S. Wang, H.K. Back, H.E. van Wart, Biochem. Biophys. Res. Commun. 179 (1991)

1320.
28] B. Ingham, M.A. Gallo, Bull. Environ. Contam. Toxicol. 13 (1975) 194.
29] M. Chicharro, A. Zapardiel, E. Bermejo, A. Sánchez, Anal. Chim. Acta 469 (2002)

243.
30] F. Garcia Sánchez, A. Navas Díaz, A. García Pareja, V. Bracho, J. Liq. Chromatogr.

Rel. Technol. 20 (1997) 603.
31] M. Chicharro, A. Zapardiel, E. Bermejo, A. Sánchez, R. González, Electroanalysis
16 (2004) 311.
32] A.E. Smith, L.J. Milward, J. Chromatogr. 265 (1983) 378.
33] M. Nakamura, T. Yasukawa, T. Igarashi, S. Yamada, S. Aizawa, Bunseki Kagaku

41 (2000) 65.
34] H.P.A. Nows, C. Delerue-Matos, J.L.F.C. Lima, E.M. Garrido, P. Vincke, N.A. Maes,

Int. J. Environ. Anal. Chem. 82 (2002) 69.


	Determination of asulam by fast stopped-flow chemiluminescence inhibition of luminol/peroxidase
	Introduction
	Experimental
	Reagents and solutions
	Apparatus
	Methods
	General procedure
	Procedure for the determination of asulam in water


	Results and discussion
	Optimization of the factors affecting the asulam determination at short times
	Study of the CL with asulam at short time
	Quantitative analysis and main analytical figures of merit
	Interferences
	Application

	Conclusions
	Acknowledgement
	References


