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A direct spectrofluorimetric method for the quantitative analysis of benomyl in natural waters is
described here. Benomyl is an unstable, fluorescent fungicide that mainly decomposes into carbendazim
and n-butyl-isocyanate in organic and aqueous solutions. The kinetics of benomyl solvolysis reactions
were investigated in organic solvents (methanol and acetonitrile) and in aqueous solvent systems, includ-
ing B-cyclodextrin (B-CD), sodium dodecyl sulphate (SDS), dodecyltrimethylammonium chloride
(DTAC), cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium hydroxide (CTAQOH),
Brij-700, Triton X-100 and water, at different pH and/or NaOH concentrations. The benomyl fluores-
cence signal was found to be quasi-completely stable in 102 M NaOH aqueous solution, various alkaline
(102 M NaOH) organised media, p-CD neutral solution and Triton X—100 aqueous solutions of different
pH. Based on these results, a direct spectrofluorimetric analytical method was developed for the determi-
nation of benomyl in 102 M NaOH aqueous solution and Triton X-100 solutions (pH7 and 102 M
NaOH), with wide linear dynamic range (LDR) values of two to three orders of magnitude, very low limit
of detection (LOD) and limit of quantification (LOQ) values of 0.002-0.5 ng/ml and 0.007-2.0 ng/ml, re-
spectively, and small relative standard deviation (RSD) values of 0.2-1.7%, according to the medium.
This direct spectrofluorimetric method was applied to the evaluation of benomyl residues in natural wa-
ters, with satisfactory recovery values recorded (87-94%).

Keywords: benomyl; solvolysis Kinetics; solvent effects; direct fluorescence analytical method;
water analysis.

KHMHETHYKO UCIIMTYBAIBE HA COJIBOJIM3ATA U IUPEKTHA CIIEKTPO®JIYOPOMETPUCKA
AHAJIM3A HA ®YHI'HIIUJIOT BEHOMMXJI BO ITPUPOTHU BOAN

Onuiias € JUpeKTeH CreKTpOodIyOpOMETPHCKH METOJ 38 KBAHTUTATHBHA aHAIM3a HA OEHOMHI BO
OpUpOIHA BoIU. BeHoMmIoT € HecTabuieH, (yopecieHTeH (QYHTHUIMI [ITO BO OPraHCKH W BOIHU
pacTBOPH TJIABHO CE PaslokyBa Ha KapOeHaa3uM u N-OyTuinsonujaHat. KMHETHKaTa Ha peakiuuTe Ha
conBonu3a Oellle WCIUTYBaHA BO OPTaHCKM pacTBOPYBauM (METAHON M AlETOHUTPHI) W BO BOJHU
cucreMu, BKIydyBajku B-umknomekctpun  (B-CD), watpuymmomermicyndar (SDS), momermt-

* This work was presented in part at the XV" ISLS 2012 (International Symposium on Luminescence
Spectrometry — Abstract 47) in Barcelona (Spain), 19-22 June 2012.
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tpumeTmwiaMmonnyM-xuapokeun  (DTAC), uneruntpumermwiamonuyMm-xiopun (CTAC), uertuntpu-
metunamonnyM-xuapokeus (CTAOH), Brij-700, Triton X-100 u Boma Ha pasznmuunau pH w/mnmm koH-
nentpanmy Ha NaOH. beme yTBpaeHo neka ¢IryopeclieHTHHOT CUTHANI Ha OEHOMMIIOT € LEJIOCHO KBa3H-
crabunen Bo BogeH pactBop Ha 102 M NaOH, pasuu mpyru ankananm memmymu (102 M NaOH),
HerypaieH pactBop Ha B-CD u Bomuu pactBopu Ha Triton X-100 mpu pasuu pH. Bp3 ocHoBa Ha oBue
pe3yaTaTd € Pa3BUEH IUPEKTEH CIEKTPO(UIyOpOMETPHCKH aHAIUTHYKM METOJ 3a OIpelelyBame Ha
Gerommn Bo Boxuu pactsopu o 102 M NaOH u ua Triton X-100 (pH = 7 u 102 M NaOH), co mmpok
nuHeapeH auHamuuku omncer (LDR) co BpemHOCTH 01 HEKOJIKY pelia Ha TOJIEMHUHA, MHOTY HUCKH TPaHHITH
Ha nereknuja (LOD) u rpanunym Ha kBanTHduKaimja (LOQ) o 0,002—0,5 ng/ml u 0,007-2,0 ng/ml u
Manmu penatuBHH cTanmapanu nesujamuu (RSD) ox 0,2-1,7%, Bo 3aBucHOCT on MeauyMmoT. OBOj
JUPEKTEH CIEKTPOo(IyopoMeTpucKH MeTo] Oellle IIPUMEHET 3a ONpeAelyBambe Ha OCTaTOL HAa OEHOMMII

BO TIPUPOHU BOJH CO 3aIOBOIUTEIIHH aHATUTHYKHU pUHOCH (87—94%).

Knyunu 360poBu: OeHOMWII; KWHETHKA Ha COJIBOJIM3a; €(DEKT Ha pacTBOpYBaY;
JMpEKTeH (DITyOpeclleHTeH aHAIMTHYKH METO]]; aHaJIn3a Ha BOJia

1. INTRODUCTION

Throughout the world, a great variety of pes-
ticides are applied to both rural and urban zones in
order to control and eradicate pests. In Senegal,
most of the sprayed anti-parasitic compounds are
widely utilised in a large and longitudinal peri-ur-
ban agricultural area called the "Niayes area",
where cultures are practiced during all seasons, and
where most fruits and vegetables consumed in
Dakar are harvested. Because of the number of
pesticides used in the Niayes area and their persis-
tence, serious problems related to chemical pollu-
tion and natural water contamination considerably
affect its aquatic ecosystem. As a consequence, the
development of rapid, sensitive, selective and pre-
cise analytical methods that are able to determine
the level of pesticide residues present in the envi-
ronment is necessary.

Benomyl is a benzimidazole carbamate fun-
gicide introduced by DuPont Company in 1968,
which is selectively toxic to micro-organisms and
invertebrates, particularly earthworms. Because of
the occurrence of cases of birth defects, possibly
related to this fungicide, and of the worldwide
prevalence of resistance of parasitic fungi to beno-
myl, its production by DuPont ceased in 2001.
Nevertheless, benomyl is still produced by other
manufacturers, and remains in use in several coun-
tries, such as Senegal, where it is applied in the
Niayes area. Generally, benomyl is utilised against
a range of fungal diseases of full field crops and
fruits [1-7]. For example, it is used to destroy
some parasites, such as curvularia lunata, which
attack rice grains [7]. Moreover, benomyl has the
particularity to be unstable, and to solvolyse in or-
ganic or aqueous solutions, mainly yielding car-
bendazim, a relatively stable, fluorescent com-
pound, which is also considered a fungicide, and n-
butyl isocyanate [1, 3-6].

Due to this instability, the direct analysis of
benomyl in solution is difficult to realise, and,
most papers describe indirect analytical methods
based on the carbendazim determination, although
the analyte is often referred to as benomyl [2, 3, 8-
11]. For example, a simple, indirect spectrofluori-
metric method was reported for the determination
of benomyl in grapes, in which benomyl was rap-
idly solvolysed in organic solvents to give the
highly fluorescent metabolite carbendazim [2].
Benomyl was also determined by an indirect
method, based on dispersive liquid-liquid micro-
extraction (DLLME) of benomyl from acidified
water sample solutions and conversion into car-
bendazim via solvolysis reactions, using dimethyl
formamide (DMF) as an organic solvent, followed
by liquid chromatography (LC) with fluorimetric
detection [10]. In another indirect method, sample
preparation involved supercritical fluid extraction
with carbon dioxide, and further analysis of beno-
myl and other pesticides was performed without
any additional clean-up step either by gas chro-
matography-mass spectrometry (GC-MS), after
conversion into carbendazim and subsequent deri-
vatisation with pentafluorobenzyl bromide (PFB-
Br)/K,COs;, or by LC with diode array detection
(LC-DAD), without derivatisation [11]. In addi-
tion, some papers have also presented several ana-
Iytical methods for benomyl analysis in solution,
without taking into account its possible solvolysis
[12-15]. Nevertheless, there have been several
analytical studies of benomyl, which attempted to
stabilise the fungicide concentration before per-
forming analysis [16-19]. One of these methods
was solid-phase spectrofluorimetry (SPF), in which
the relative fluorescence intensity of benomyl fixed
on Cyg silica gel was directly measured after drying
and packing the gel beads in a 1-mm silica cell, by
means of a solid phase attachment, leading to the
low limit of detection (LOD) of 0.04 ng ml™* [16].
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Furthermore, synchronous SPF was applied to the
simultaneous determination of benomyl and more-
stan residues in waters, with LOD values of 0.15
and 0.18 ng-ml", respectively [17], and a spectro-
fluorimetric flow injection method was proposed
for the resolution of binary mixtures of two fungi-
cides, namely benomyl and thiabendazole, in wa-
ters and commercial formulations, with LOD val-
ues of 3.6 and 0.06 ng ml™, respectively [18]. Us-
ing another spectrofluorimetric method, performed
in acidic aqueous solution at pH = 1.0 and 25 °C,
benomyl was stabilised and its fluorescence inten-
sity was increased in the presence of p-sulfonato-
calix[6]arene and of modified cyclodextrins (CDs),
the best LOD value of 17.4 ng ml™* being obtained
with hydroxypropyl-p-CD [19].

On the basis of these observations, we have
developed in this work a simple, direct spectro-
fluorimetric method (i.e. without degradation) for
determining benomyl in liquid solution, after a
preliminary Kinetic study by fluorescence of its
solvolysis reaction. For the first time, the benomyl
degradation reaction kinetics were investigated by
fluorescence, and compared in several media,
namely organic solvents (acetonitrile and metha-
nol), aqueous solutions of different pH, and or-
ganised media, including aqueous micelles with
various surfactants and p-CD solution. One of the
aims of the kinetic study was to evaluate the sol-
vent conditions in which benomyl was quasi-sta-
ble, allowing its direct determination. Afterwards,
we established a direct spectrofluorimetric method
for the benomyl determination under optimal sta-
bility conditions, and applied this analytical method
for the evaluation of benomyl residues in spiked
natural waters collected in the Niayes area.

2. EXPERIMENTAL
2.1. Reagents

Analytical-reagent grade benomyl (98%
m/m) and carbendazim (98% m/m) were purchased
from Cluzeau Info Labo (Sainte-Foy-la-Grande,
France). Sodium hydroxide pellets (97% m/m) and
spectroscopic-grade solvents, including acetoni-
trile, methanol, and chloroform, were obtained
from Sigma Aldrich (Taufkirchen, Germany). Do-
decyltrimethylammonium chloride (DTAC, 99%
m/m), cetyltrimethylammonium chloride (CTAC,
25% wt. solution in water, d = 0.968), cetyl-
trimethylammonium hydroxide (CTAOH, 10% wt.
solution in water, d = 0.988), sodium dodecy! sul-
phate (SDS, 98% m/m), Brij-700 pellets (99%
m/m, n = 100), Triton X-100 (10% wt. solution in
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water, d = 1.01) and B-cyclodextrin (B-CD 98%
m/m) were also received from Sigma Aldrich. Bo-
rate buffer solutions of different pH values (4, 7
and 10) were purchased from Cluzeau Info Labo.
Distilled water was used for preparing agueous
solutions of surfactants and $-CD.

2.2. Apparatus

All spectral measurements were performed
at room temperature with a Perkin-Elmer, Model
LS-55 spectrophotofluorimeter interfaced with a
microcomputer and processed by a software FL-
WinLab. Standard quartz fluorescence cuvettes
with a 1-cm path length (Labo Moderne, France)
were used for measurements, and a Pipetman 20-
1000 pl micropipette (Gilson, France) was used for
dilutions. All analytical measurements were carried
out under the same conditions of spectrophoto-
fluorimeter sensitivity (slits width = 10nm/10nm,
excitation/emission). The pH measurements were
performed with a Consort pH-meter Model P107.

2.3. Procedures
2.3.1. Solution preparation

Stock solutions of surfactants (SDS, DTAC,
CTAC, CTAOH, Brij-700, Triton X-100 = 0.02
mol/L), cyclodextrin (B-CD = 0.01 mol/L) and
NaOH (1.0 mol/L) were prepared in 50-ml volu-
metric flasks with distilled water, and used for
serial dilutions. These solutions were protected
against light with aluminium foil and could be
stored in a refrigerator at 6°C for further use. On the
contrary, benomyl working solutions were freshly
prepared in the solvent under use and analysed im-
mediately after preparation, in order to minimise
possible fungicide decomposition. For the benomyl
borate buffer solutions, the fungicide solubility was
achieved by a 2-min ultrasonic stirring.

2.3.2. Analytical measurements

An aliquot of fungicide working solution was
placed in a quartz cuvette, and the fluorescence
spectra were recorded at a scanning speed of 500
nm/min. Fluorescence intensity was monitored at
fixed analytical excitation (Aex) and emission (Aem)
maximum wavelengths of the fungicide by measur-
ing the spectra height signal. All fluorescence
measurements were corrected for the solvent (back-
ground) signal with the appropriate blank. The ki-
netics of benomyl solvolysis reactions were studied
in the various media under study by recording the
variation of fluorescence intensity vs. time at the
fungicide maximum emission wavelength.
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2.3.3. Preparation of spiked natural water samples

Water samples were collected in 1.5 | amber
glass bottles from natural waters (well, river, sea,
draining waters), located inside and on the limits of
the agricultural Niayes area. All samples were
filtered through a quartz filter in order to remove
any suspended organic matter. 10 ml volumes of
natural water samples were spiked in flasks with a
known amount of fungicide, allowing a final con-
centration to be obtained within the calibration
curve linear dynamic range (LDR). Afterwards, 0.1
ml of 1 M NaOH solution was added, and then
each spiked natural water sample was introduced
in a 250 ml separator funnel with 10 ml of chloro-
form. After 5 min of vigorous shaking, the organic
phase was collected in a 100 ml beaker while the
aqueous layer was used for a second extraction.
After a third extraction, the combined organic ex-
tracts were gently evaporated to dryness in a bath
at 40°C. The dry residue was then dissolved in a
10 ml volume of analytical medium, and used for
the fluorescence measurements.

3. RESULTS AND DISCUSSION

Firstly, we investigated by fluorescence the
kinetics of benomyl solvolysis reaction in several
media (organic solvents, aqueous solutions of dif-
ferent pH, aqueous micelles and B-CD solutions);
secondly, we developed and optimised a valid
quantitative analytical procedure for the direct
spectrofluorimetric determination of benomyl.

3.1. Study of the benomyl solvolysis
reaction kinetics

Benomyl is very weakly soluble in water
(solubility = 3.6 mg/l at pH 5 and 25 °C) [4], stable
under normal solid conditions of storage, but de-
composes into carbendazim in solution. Conse-
quently, as already indicated, benomyl solutions
were always freshly prepared in the media under
study. Preliminary tests showed that the fungicide
was strongly fluorescent in all of the studied me-
dia, including methanol, acetonitrile, aqueous so-
lutions of different pH, B-CD, SDS, DTAC,
CTAC, CTAOH, Brij-700 and Triton X-100. In
most media, the fluorescence signal was found to
significantly increase or, in some cases, decrease
with time, according to the medium (Figs. 1-3).
The fluorescence signal evolution was attributed to
the benomyl degradation into reaction products,
mostly carbendazim and n-butylisocyanate [4, 5].
Due to this particular behaviour, we decided to

investigate the benomy! solvolysis kinetics in these
different media and evaluate the conditions (sol-
vent and pH) in which the observed fluorescence
signal would remain practically constant.

3.1.1. Organic solutions

In the case of benomyl acetonitrile and
methanol solutions, the fluorescence intensity (lg)
significantly increased with time, and then attained
a plateau region within approximately 100 min for
both solvents (Fig. 1). However, in the plateau
region, a continuous, rather weak and slow Ig in-
crease was observed even after 24 hours. The ex-
istence of a plateau region in these kinetic curves
indicated that the benomyl solvolysis reaction in
organic media was not total, but led to equilibrium
between benomyl and its degradation product(s) [5].
Analogous Kinetic curves, apparently following a
first-order kinetic law and recorded by means of a
HPLC-DAD method, were also reported by Anas-
tassiades and Schwack [11] for the conversion of
benomyl into carbendazim in acetonitrile solution.
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Fig. 1. Kinetic curves of benomyl (10°° M) solvolysis in:
(a) acetonitrile, (b) methanol

The initial increase observed for the I value
might be explained by the hypothesis that the most
abundant metabolite (carbendazim) formed was
probably more fluorescent than benomyl itself in
these organic solutions [2]. Indeed, it is worthwhile
noting that we independently recorded the excita-
tion and emission spectra of both fungicides, and
that we found that they were practically similar and
quasi-completely overlapped. Since, in our study,
the evolution of analytical fluorescence signal with
time was measured at constant fluorescence exci-
tation and emission maximum wavelengths
(Aex= 286 nm/A.m =306 nm), which corresponded
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to both fungicides, the observed Ir increase could
be considered to be in agreement with the above-
mentioned hypothesis.

3.1.2. Aqueous media

For aqueous media, preliminary measure-
ments showed that the benomyl solvolysis rate
markedly varied with the pH value. Moreover,
there was a significant difference in kinetic behav-
iour between the borate buffer and the sodium
hydroxide aqueous solutions when these reagents
were used to obtain the desired pH values.

3.1.2.1. Effect of NaOH aqueous solution
concentration

In sodium hydroxide solutions, we observed
that the benomyl solubility and stability increased with
the NaOH concentration, whereas the fluorescence
signal in the plateau region of kinetic curves decreased
for increasing NaOH concentrations (Fig. 2).
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Fig. 2. Kinetic curves of benomyl (10° M) solvolysis
in different NaOH aqueous solutions.
NaOH concentration = (a) 10°* M; (b) 10° M:; (c) 102 M

The kinetic curve obtained at a concentra-
tion of 102 M NaOH showed that the benomyl
fluorescence signal only slightly varied with time
until approximately 50 min. In contrast, in more
diluted NaOH solutions (10 M and 10 M), the
benomyl fluorescence intensity moderately in-
creased with time, confirming that, as already men-
tioned, the major degradation product (carben-
dazim) was more fluorescent than benomyl itself.
In addition, the fluorescence excitation and emis-
sion maximum wavelengths of benomyl (242 nm,
287 nm/316 nm) and of its main reaction product,
carbendazim (248 nm, 290 nm/323 nm) were very
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close, and overlapped in most NaOH solutions. We
can conclude from our results that benomyl
seemed to be much more stable in an aqueous 102
M NaOH solution than in the other, more diluted
NaOH solutions, which suggested the notable role
of the OH™ ions for stabilising benomyl. Although
the benomy!l fluorescence signal was smaller in the
former solution, this stronger alkaline solution
could be used as a reference medium for further
analytical studies.

3.1.2.2. pH effect of borate buffer solutions

Benomyl borate buffer agueous solutions
were directly prepared at pH values of 4, 7 and 10.
The fluorescence signal of these solutions de-
creased progressively with time, the fastest rate
being observed in the case of the pH 10 solutions
(Fig. 3). Moreover, this behaviour was different
from that observed for NaOH aqueous solutions, in
which, as mentioned above, the OH" ions appeared
to play an important role in benomyl stabilisation.

Fluorescence Intensity (a.u.)

0 1I0 2I0 3I0 4IO 5I0 60
Time (min)
Fig. 3. Kinetic curves of benomyl (10°® M) solvolysis
in buffer borate aqueous solutions of different pH.
(a) pH =10; (b) pH=7; (c) pH = 4;
(d) in alkaline solutions of [NaOH] = 102 M

3.1.2.3. Effect of aqueous organized media

The benomyl solvolysis kinetics were also
investigated in several agueous organised media,
namely SDS, DTAC, CTAC, CTAOH, Brij-700,
Triton X-100 and B-CD solutions. In most organ-
ised media, the benomy! solvolysis kinetic curves
were characterised by a more or less important
apparent fluorescence intensity decrease with time,
with the exception of CTAOH for which a fluores-
cence signal increase over time, followed by a
plateau, was observed. Also, it is worthwhile not-
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ing that, in the case of Triton X-100 solutions at
various pH values and of B-CD neutral solutions,
no significant fluorescence intensity variation with
time was found. Indeed, in the latter two organised
media, benomyl presented remarkable stability
behaviour without any pH dependence. This fea-
ture can be related to the particular hydrophobic
(or aggregational) properties and/or micropolarity
of the Triton X-100 micelles and B-CD core, which
were significantly different to those of the SDS
micelles core [20]. In these conditions, it is prob-
able that the micropolarity of Triton X-100 mi-
celles and of B-CD would allow benomyl, which
possesses a notable polar region, to find a more
satisfactory adsorption site in these organised me-
dia. Also, the difference in hydrophobic properties
might permit a higher affinity of Triton X-100
micelles and B-CD core to the weakly water-
soluble fungicide benomyl molecules.

Table 1

3.1.3. Fluorescence properties, degradation times
and stability of benomyl in different media

In Table 1, the benomyl fluorescence excita-
tion and emission maximum wavelengths, its op-
timal degradation (solvolysis) times (tox), corre-
sponding to the time at which a fluorescence pla-
teau region was reached, and/or its stability charac-
teristics, in the different media and pH conditions
under study are summarised.

The benomy! fluorescence spectra, recorded
in methanol, acetonitrile, 10 M and 10 M NaOH
aqueous solutions, and in p—CD, CTAOH, CTAC,
DTAC, SDS, Brij-700 and Triton X-100 neutral
and/or alkaline solutions (10° M NaOH), pre-
sented similar features and shapes, with strong
excitation and emission maximums, located in the
273-300 nm and in the 304-397 nm regions, re-
spectively (Table 1 and Fig. 4).

Medium effect on the benomyl fluorescence properties and solvolysis reaction kinetics

Medium pH conditions Aex/em (NM) 2 tope (Min) ° Co(M) ©
Methanol - 286/306 100 2x10°
Acetonitrile - 286/306 100 2x10°
Water [NaOH] =10 M 287/316 15 2x107°
Water [NaOH] = 10 M 287/316 stable 8x107°
B-CD Neutral @ 290/333 stable 10°
CTAOH Neutral @ 302/332 30 2x10°
CTAC Neutral ¢ 293/397 non-stable 2x107°
Brij-700 Neutral @ 293/390 non-stable 6x107
SDS Neutral @ 281/321 non-stable 6x107°
DTAC Neutral ¢ 2731317 non-stable 10°°
Triton X-100 Neutral ¢ 275/304 stable 10°°
B-CD [NaOH] =10 M 288/322 stable 8x10°
CTAC [NaOH] =10 M 286/317 stable 8x10°
Brij-700 [NaOH] =10 M 300/334 stable 8x.10°®
SDS [NaOH] =10 M 291/323 stable 10°®
DTAC [NaOH] =10 M 2731317 stable 10°®
Triton X-100 [NaOH] =10 M 275/304 stable 10°®

#Lex and Aem = analytical excitation and emission maximum wavelengths (nm). btopt = optimal degradation time (min), corresponding to the time
at which a fluorescence plateau region was reached. ©co= benomyl initial concentration (M). “Neutral = pH 7 medium obtained by using equi-

molar concentrations (0.01 M) of NaOH and HCI.

The excitation maximum wavelengths were
only moderately affected by the change in medium
(Adex = =14 — +19 nm) relative to methanol, ac-
cording to the medium), whereas, for the emission
maxima, more or less important shifts were ob-
served in some media. For example, rather strong
emission maximum wavelength red-shifts (Alen =

11-91 nm) were found in neutral B—CD and micel-
lar media (CTAOH, CTAC, Brij-700, SDS) rela-
tive to methanol, with the exception of Triton X-
100, for which the spectral shift was practically
negligible (Adem = —2 nm). Also, in the particular
case of CTAC and Brij-700 media, important
emission maximum wavelength blue-shifts (Adem =

Maced. J. Chem. Chem. Eng. 33 (2), 237-248 (2014)
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—56 to —80 nm) were observed, upon going from a
neutral to a strongly alkaline organised medium
(10° M NaOH). In contrast, moderate emission
maximum wavelength shifts generally occurred in
strongly alkaline organized media, such as B-CD,
CTAC, DTAC, Triton X-100 and Brij-700, relative
t0 102 M NaOH (Adem = —12 to +18 nm). Moreover,
a significant enhancement of the benomyl fluores-
cence signal was observed in agueous micelle media
and B-CD solutions, which appeared to be the most
convenient media for analytical purposes. This
behaviour was in agreement with data in the litera-
ture, which generally indicated an increase in the
analyte solubility and fluorescence signal in these
organised media [21-25].

(a)- Brij-700
(b)- CTAC
(c)- B-CD
(d)- Water
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Fig. 4. Fluorescence excitation and emission spectra
of benomyl (10°® M) in 102 M NaOH solutions. (a) 0.006 M
Brij-700; (b) 0.006 M CTAC; (c) 0.01 M B-CD; (d) water

In the case of kinetic curves with a plateau
region, the to, values in methanol, acetonitrile, 10
M NaOH and neutral CTAOH solutions ranged
between 15 and 100 min, depending on the particu-
lar medium (Table 1).

In contrast, as already stated, benomyl was
practically stable in B-CD neutral solution and
Triton X-100 solutions of various pH. Moreover,
the fluorescence signal was practically constant in
102 M NaOH aqueous solution, as well as in f—
CD, SDS, CTAC, DTAC, Brij-700 and Triton X-
100 alkaline solutions (102 M NaOH), suggesting
that benomyl was also stable in these media (Fig. 5).
Therefore, the latter alkaline media seemed to be the
most convenient for direct quantitative fluorescence
analysis of benomyl, since the fluorescence signal
was practically constant in these media.
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Fig. 5. Kinetic curves of benomyl (107 M) solvolysis
in different 102 M NaOH aqueous organized media:
(a) SDS (0.06 M); (b) DTAC (0.006 M); (c) B—CD (0.01 M);
(d) CTAC (0.006 M); (e) Brij-700 (0.006 M)

3.1.4. Kinetic laws and rate constants of benomyl
solvolysis reactions

In the case of aqueous solutions of various
pH (pH = 4, 7 and 10), and of neutral and/or
buffer, organised aqueous media, including DTAC,
CTAC, SDS, Brij-700, for which the benomyl
fluorescence signal apparently decreased with
time, we used two distinct equations to treat the
Kinetic curves, in order to evaluate the solvolysis
rate constant values. These equations were, respec-
tively, for the first-order reactions:

In (l;:o/l;:) =kt (1)
and, for the second-order reactions:
(Ir/l)) =1 +k [B]ot (2)

in which: I and I = fluorescence intensity values
attimest=0andt >0, [B]o = benomyl initial con-
centration, and k = solvolysis rate constant. For both
equations, the goodness of the plot was judged by
means of the correlation coefficient (r?) values.
The kinetic equation (1) or (2) that gave the best fit
(i.e. r? closer to unity) was considered the correct
one, and the experimental k values were deter-
mined from the selected equation.

In Table 2, the benomyl solvolysis kinetic
results obtained in aqueous solutions of different
pH, and in organised aqueous media, namely
DTAC, CTAC, SDS, Brij-700 at different pH are
presented.

As can be seen, the benomyl solvolysis reac-
tion followed a first-order kinetic law in agueous
solutions, CTAC and DTAC, whereas a second-
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order law was observed in SDS and in Brij-700.
The half-life time (ty,) values strongly varied ac-
cording to the medium, from 15 min in DTAC
(pH4) to 117 min in SDS (pH7), which indicated
that the benomyl degradation rate was relatively
slow, and dependent on the type of medium. The
benomyl solvolysis rate constant values ranged

Table 2

between about 0.01 and 0.10 min™* for the 1% order
reactions, and between 8.5x10° and 3.6x10* | mol™
min* for the 2™ order reactions, according to the
medium used. Generally, most k values were
smaller in neutral (pH7) aqueous solutions and
organised media than at acidic or basic pH.

Kinetic parameters of the benomyl solvolysis reactions in different media

Cc
ty2

k

Medium &P (min) r2d (minLor M* min'%) © Orderf
Water (pH = 4) 32 0.989 2.1(+ 0.1) x107° 1
Water (pH = 7) 63 0.990 1.1 (£ 0.05) x1072 1
Water (pH = 10) 16 0.995 43 +(0.1) x107? 1
CTAC (Neutral) 72 0.987 9.7 (+0.7) x1072 1
DTAC (pH = 4) 15 0.987 4.5 (+0.3) x1072 1
DTAC (pH = 7) 22 0.985 3.2(+0.3)x1072 1
SDS (pH = 4) 88 0,971 1.1 (+0.1) x10* 2
SDS (pH = 7) 117 0.985 8.5 (£ 0.6) x10? 2
SDS (pH = 10) 28 0.992 3.6 (£ 0.1) x10* 2
Brij-700 (Neutral) 9 56 0.997 4.5 (+0.2) x10° 2

3pH = borate buffer solution pH values. ° co = benomyl initial concentration = 10° M, except otherwise indicated.
®ty, = solvolysis reaction half-life time (min). ¢ = kinetic equation correlation coefficient.
®k = solvolysis rate constant (min~*or M~ min™*) and absolute error (). Order = reaction kinetic order.9 co=4 x 10° M.

3.1.5. Effect of the natural water sample type on
the benomyl solvolysis reaction kinetics

For application purposes, we also investi-
gated the benomyl solvolysis kinetics in different

Table 3

natural water samples (sea, river, well, and drain-
ing waters) and in distilled and tap waters by fluo-
rescence. Kinetic and physicochemical parameters
are given in Table 3 for the benomyl solvolysis
reaction in various water sample types.

Kinetic and physicochemical parameters of the benomyl (co, = 10°® M) solvolysis reaction in different types
of water samples and at various pH values

NPOC

C
tue

Type of water sample (v (mS/(::m) b pH (min) r2d (mirtor M min®) ® Order
Distilled water 0.15 0.001 7.01 131 0.994 53(x0.2) x107° 1
Sea water 3.56 42.90 9.32 291 0.982 2.4(£0.2)x10° 1
River water 1.43 0.069 6.89 295 0.995 2.3 (£0.1) x10°3 1
Well water 1.23 0.896 8.31 475 0.991 1.5 (+0.1) x107° 1
Tap water 3.25 0.385 7.33 747 0.972 1.3 (+0.05) x10° 2
Draining water 2.95 0.091 6.71 1274 0.997 7.8 (+0.1) x10? 2

#NPOC (ng/ml) = dissolved organic carbon, corresponding to the non-purgeable organic carbon present in natural waters. Calculated from

the equation: NPOC = TOC - POC, with NPOC = non-purgeable organic carbon, TOC = total organic carbon and POC = purgeable organic carbon.
® & (mS/cm) = water sample conductivity.  ty, = solvolysis reaction half-life time (min). ¢ r? = kinetic equation correlation coefficient.

® k = solvolysis rate constant (min™or M min™) and absolute error (+). "Order = reaction kinetic order.

The half-life time (ty,) values markedly var-
ied according to the type of water sample, from
about 130 min for distilled water to about 1270
min for draining water, which indicated that the
benomyl solvolysis rate was rather slow, and
strongly dependent on the type of water sample.

Moreover, the solvolysis rate constants were de-
termined by equations (1) or (2), as described
above. The k values obtained widely varied with
the type of water sample, since they were between
about 0.0015 and 0.0053 min™* for the 1% order
reactions, and between about 7.8x10? and 1.3x10° |
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mol™ min* for the 2" order reactions (Table 3).
The solvolysis reaction kinetic order was also de-
pendent on the type of water sample. Indeed, the
reaction was of the first-order in distilled water,
sea, river and well waters, but of the second-order
in tap and draining waters. However, there was
apparently no correlation between the benomyl
solvolysis rate constants and various water sample
physicochemical parameters, such as the non-
purgeable total organic dissolved carbon (NPOC),
pH, and conductivity (o) (Table 3). This suggests
that several combined physicochemical factors,
varying significantly with the type of water sam-
ple, had an important and complex effect on the
benomyl solvolysis rate constants. Moreover, be-
nomyl appeared to be rather more stable in tap and
draining waters, which would increase its persis-
tence in both types of water samples. For the two
later water sample types, because of the occurrence
of second order solvolysis reactions, the benomyl
persistence duration in aqueous environment would
increase at lower initial benomyl concentrations.

3.2. Benomyl determination by the direct
spectrofluorimetric method

3.2.1. Analytical figures of merit

In order to select the most interesting condi-
tions from the analytical standpoint, we optimised
our direct spectrofluorimetric method for benomyl
determination by comparing the I values in the
various media under investigation, in which a
quasi-complete fluorescence signal stability was
obtained. Relative to the benomyl fluorescence
signal in 10° M NaOH aqueous solution, which
was used as a reference medium, the highest I¢
values were found in Triton X-100 micellar me-
dium under alkaline conditions (10° M NaOH)
and at pH7. Therefore, for comparison purposes,
we decided to evaluate the analytical figures of
merit of the fungicide in these three selected me-
dia, namely 10 M NaOH aqueous solution, Triton
X-100 at pH7 and in 10> M NaOH (Table 4).

Table 4
Spectrofluorimetric analytical figures of merit for the determination of benomyl
. LDR? b 2¢ LoD ¢ LOQ® RSDT
Medium (ng/ml) Slope r (ng/ml) (ng/mi) (%)
Water ([NaOH] = 10 * M) 14-8800 0.89 0.997 0.5 2.0 1.7
Triton-X-100 (pH = 7) 0.4-652 0.99 0.999 0.04 0.14 0.5
Triton-X-100 ([NaOH] = 10 M) 0.01-64 0.98 0.999 0.002 0.007 0.2

3DR = Linear dynamic range.  Slope = slope of the calibration line. ©r? = Correlation coefficient. “ LOD = limit of detection, defined as the concentration of benomyl
giving a signal-to-noise (S/N) ratio of 3 (IUPAC criterion). * LOQ = limit of quantification, defined as the concentration of benomyl giving a signal -to-noise (S/N) ratio of

10 (IUPAC criterion). "RSD = relative standard deviation (n = 3).

As can be seen in Table 4, linear calibration
curves of fluorescence intensity vs. benomyl con-
centration were obtained over rather wide linear
dynamic range (LDR) values of about two to three
orders of magnitude, with r? values very close to
unity, which indicated a good linearity of the ana-
Iytical curves. As expected, the slopes of the log-
log plots were near unity. The reproducibility of
measurements, evaluated with freshly-prepared
benomyl solutions, was satisfactory, as indicated
by the small relative standard deviation (RSD)
values comprised between 0.2 and 1.7%. The limit
of detection (LOD) values were calculated on the
basis of a benomyl concentration giving a signal-
to-noise (S/N) ratio of 3 (IUPAC criterion). The
LODs significantly varied with the medium, rang-
ing from very low values of 0.002 and 0.04 ng/ml
in Triton X-100 (respectively, in 10> M NaOH and
pH7 solutions) to a higher value of 0.5 ng/ml in
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102 M NaOH aqueous solution. These differences
meant that LOD values were about 12-250 times
lower in Triton X-100 micellar medium than in
classical, alkaline (10% M NaOH) aqueous solu-
tion, which demonstrated the great analytical inter-
est of utilising a micellar medium. The correspond-
ing limit of quantification (LOQ) values, calcu-
lated for a signal-to-noise (S/N) ratio of 10, were
comprised between 0.007 ng/ml in Triton X-100
102 M NaOH and 2.0 ng/ml in 102 M NaOH
aqueous solution (Table 4).

It is worthwhile emphasising that the best
LOD and LOQ values, i.e. 0.002 ng/ml and 0.007
ng/ml, obtained for benomyl in Triton X-100 10°*
M NaOH by our direct fluorimetric method, were
several orders of magnitude lower than those re-
ported by authors using various indirect methods,
based on the preliminary conversion of benomyl
into carbendazim, such as fluorimetry (LOD = 12
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ng/ml) [2], the DLLME-LC method with fluor-
imetric detection (LOD = 3.3 ng/ml) [10], and GC—
MS after derivatisation with PFB-Br/K,CO; (LOD
= 3 ng/ml) [11]. Similarly, some direct spectro-
fluorimetric methods in the literature, in which the
benomyl concentration was stabilised by several
means before performing analysis, also led to sig-
nificantly higher LOD and LOQ values than those
reported in our study. For example, solid-phase
spectrofluorimetry (SPF) gave a LOD of 0.04
ng/ml [16], synchronous SPF vyielded a LOD of
0.15 ng/ml [17], a spectrofluorimetric flow injec-
tion method led to a LOD of 3.6 ng/ml [18], and
another spectrofluorimetric method provided a
LOD of 17.4 ng/ml in hydroxypropyl-B-CD [19].
Therefore, the very low LOD and LOQ values
obtained in our work suggested that direct fluores-
cence in Triton X-100 media can be considered as
a convenient and very sensitive method for deter-
mining benomyl residues in natural waters.

Table 5

3.2.2. Analytical applications to spiked
water samples

To verify the applicability of the proposed di-
rect spectrofluorimetric method to authentic sam-
ples, benomyl was determined in spiked tap water,
distilled water and natural water samples (sea water,
river water, draining water and well water), after the
above-described liquid-liquid extraction procedure.
The water sample pH was adjusted to 12 by adding
a 102 M NaOH solution before the extraction pro-
cedure. As shown in Table 5, we found satisfactory
mean recovery values in the case of the various
types of water samples under study, ranging from
87.5% to 94.1% for tap and distilled water, and
from 88.9% to 93.8% for natural water samples, at
different added benomyl concentrations. RSD val-
ues were rather small (1.4-3.9%), which indicates a
good reproducibility of the direct spectrofluorimet-
ric method for analytical applications.

Analytical application of the direct spectrofluorimetric method to the determination of benomyl
and evaluation of recovery values in spiked tap and distilled water and natural water samples

Water sample Added benomyl Found benomyl Mean recovery? RSDP (%)
concentration (ng/ml) concentration (ng/ml) (%) n=3
Tap water 44.1 38.6+1.5 87.5 3.9
Distilled water 441 41.5+£0.6 94.1 1.4
Sea water 44.1 40.8+1.5 92.5 3.7
River water 441 40.1+£0.9 90.9 2.2
Draining water 56.7 50.4£1.6 88.9 3.2
Well water 56.7 53.2+0.8 93.8 1.5

aTriplicate measurements for each benomyl concentration. ® RSD = relative standard deviation.

4. CONCLUSION

We can conclude from our work that beno-
myl is solvolysed in several organic and aqueous
solutions, but practically not in neutral 3-CD and
Triton X-100, in 102 M NaOH aqueous solution,
and in organised media under alkaline conditions
(10> M NaOH). The comparative kinetic study of
the benomyl solvolysis reaction in various media
has led us to develop and optimise a very reliable,
simple and sensitive spectrofluorimetric analytical
method for the determination of benomyl in alka-
line conditions, based on the direct fluorescence
measurement of benomyl concentrations, without
notable interference with the subsequent carben-
dazim formation. Indeed, although carbendazim is
a compound that is relatively more stable than
benomyl, its eventual presence in natural waters,
possibly interfering with the benomy! fluorescence,

should not result in any analytical problems be-
cause of the extraction procedure used in our spec-
trofluorimetric method prior to the effective analy-
sis of natural waters. The main point of interest of
this direct spectrofluorimetric method is that it can
be easily applied to benomyl-treated fields, allow-
ing the quantitative analysis of benomyl residues in
an aqueous environment. Indeed, when spread in
the environment, the fungicide is naturally sol-
volysed in agueous medium. However, as shown
by our kinetic study, solvolysis is not complete
since the different benomyl degradation reactions
reach a plateau region in most of the media inves-
tigated, which means that, under these conditions,
equilibrium is achieved. In fact, immediately after
collecting a natural water sample, it is recom-
mended to add 10> M NaOH solution, in order to
maintain a constant benomyl concentration in the
water samples. We have obtained excellent ana-
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Iytical results, which have enabled us to detect and
quantify benomyl at very low concentrations, in
the ng/L range, with satisfactory recovery values in
natural water samples. Another interesting feature
of our method is that direct spectrofluorimetry is
also very useful for monitoring the degree of de-
composition of benomyl in organic and aqueous
solutions. Therefore, we have acquired the know-
how required for realising the effective manage-
ment of benomyl in aquatic systems.
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