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This paper presents the development of a new flow-injection system combined with

solid-surface fluorescence detection for the determination of the widely used fungicide thi-

abendazole. Nylon powder was probed as a novel solid support for building the optosensor.

The method is based on the on-line immobilization of thiabendazole onto nylon in a contin-

uous flow system, followed by the measurement of its native fluorescence. Aqueous samples

are directly injected in a water carrier, resulting in a very simple and economical method.

The analytical figures of merit obtained using 1500 �L of sample and 75% methanol (v/v)

as eluting solution were: linear calibration range from 8 to 120 ng mL−1 (the lowest value
Fluorescence optosensor

Nylon powder

Thiabendazole

corresponds to the quantitation limit), relative standard deviation, 0.9% (n = 5) at a level

of 64 ng mL−1, limit of detection calculated according to 1995 IUPAC recommendations is to

2.8 ng mL−1, and sampling rate of 14 samples h−1. The potential interference from other agro-

chemicals, metal ions and common anions, and the viability of determining thiabendazole

in real water samples were also evaluated.
1. Introduction

Flow injection solid-matrix fluorescence (FI-SMF) is an ana-
lytical methodology which combines the retention of species
of interest in active solid supports with on-line fluorescence
detection. In this way, the advantages of SMF (sensitivity and
selectivity) are added to those corresponding to methods car-
ried out in flow systems (mainly speed and automation) [1,2].
Molina Dı́az et al. have reported a comprehensive review of the
fundamental principles of flow-through optosensors, includ-
ing practical considerations [3].

The most common materials used as solid supports for
packing the flow cell are ion-exchange resins, C bonded
18

phase silica beads and polymers without exchanging groups
[3]. There is an increasing interest for establishing new mate-
rials which would be able to improve the performance of
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optosensors. In the present paper, the use of nylon powder
as a new material for FI-SMF was investigated. The ability of
a nylon membrane for producing luminescence signals from
different analytes retained on its surface has been already
investigated by our group [4–6]. In the present work, we
selected one of the previously studied analytes, thiabenda-
zole (2-(4′-thiazolyl)benzimidazole; TBZ), to probe whether
this ability is preserved in a FI system. TBZ is a systemic ben-
zimidazole fungicide, commonly used in agriculture as the
main active compound of different commercial products [7].
Both sensitivity and selectivity of the methods based on the
native fluorescence of TBZ can be improved by using solid-
matrix fluorescence. Thus, gels such as sephadex G-15 and C
18

silica gel have been successfully used as solid supports for the
spectrofluorimetric determination of TBZ in samples of differ-
ent origin [8–13]. In the specific case of FI-SPS methodologies
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and pumped through the flow system at a flow rate of
0.9 mL min−1. When TBZ reaches the solid support filling the
flow cell, it is retained and its relative fluorescence intensity is
measured. Once the maximum fluorescence signal is attained
a n a l y t i c a c h i m i c a a c

or TBZ determination, C18 silica gel was used, since it was
roved that this matrix provides a higher signal enhancement

n relation to the dextran-type solid support [10–13].
Our interest is to examine the quality of the powder nylon

s a suitable solid support for implementing a TBZ optosen-
or, and to contribute to broaden the field of new materials
pplicable to FI-SMF. The different variables which have an
nfluence on the fluorescence intensity of TBZ retained in this

aterial are analysed, and other TBZ optosensors are dis-
ussed.

. Experimental

.1. Reagents and solutions

ll reagents were of high-purity grade and used as received.
hiabendazole was obtained from Riedel-de Haën (Seelze,
ermany). Methanol was purchased from Merck (Darmstadt,
ermany). 6-6 Nylon probes were generously donated by
uPont Argentina S.A. With the purpose of obtaining nylon
owder, the 6-6 nylon probe was scratched with a file. The
esulting powder was then sieved through a stainless steel
trainer of 150 �m grain size. A stock solution of thiabenda-
ole (ca. 300 �g mL−1) was prepared in methanol. From this
olution, stock aqueous solutions were prepared by taking
ppropriate aliquots, evaporating the methanol by use of dry
itrogen and diluting with water to the desired concentra-
ions.

.2. Instrumentation

Gilson Minipuls-3 (Villiers-Le-Ber, France) peristaltic pump
ith rate selector was used to generate the flow stream.

wo six-port medium pressure injection valves, equipped
ith exchangeable fixed volume loops, were used to intro-
uce the sample and the regenerative solution, respectively.
Hellma (Müllheim, Germany) 176.052-QS flow-through cell
ith a light-path length of 1.5 mm and 25 �L inner volume was
acked with nylon powder and placed in the sample compart-
ent of the fluorescence spectrometer. The entire light-path

f the cell was filled with a suspension of nylon powder in
he same methanol–water mixtures used as eluent (see below)
ith the aid of a syringe. The level of solid support was suf-
cient to cover the entire detection area, and an additional
mount was put into the cell to prevent the effect of its pos-
ible compactation. While the inlet of the flow-through cell
as kept free, its outlet was blocked with some glass wool to
revent displacement of nylon particles by the carrier. PVC
ubing (0.76 mm i.d.) and fittings were used to connect the
ow-through cell, the rotatory valves and the carrier solution
eservoir.

Fluorescence signals were measured using an Aminco Bow-
an (Rochester, NY, USA) Series 2 luminescence spectrometer

quipped with a 7 W pulsed xenon lamp. Instrumental vari-
bles were optimised to obtain the maximum sensitivity for

BZ detection. Final selected values were: excitation and emis-
ion slit widths of 4 and 8 nm, respectively, excitation and
mission wavelengths of 300 and 340 nm respectively, and the
hotomultiplier tube (PMT) voltage was set at 450 V.
0 1 ( 2 0 0 7 ) 196–203 197

The pH of the sample solutions was measured with a
Metrohm (Herisau, Switzerland) 713 pH meter equipped with
a combined glass electrode.

Samples of powder nylon were photographed by means
of an AMR 1000 Scanning Microscope (Amray, USA). Samples
were previously sputter-coated with a gold layer in order to
make them conductive.

2.3. Optosensing manifold and general procedure

A scheme of the flow-injection system used in the present
work is shown in Fig. 1. Volumes of 500, 1000 or 1500 �L of
sample solution are inserted into the carrier stream (water)
Fig. 1 – Microscopic photographs of powder nylon at the
following magnifications: (A) 49 times, (B) 190 times and (C)
980 times.
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Fig. 3 – Excitation (ex) and emission (em) fluorescence
spectra of TBZ immobilized onto nylon powder;
[TBZ] = 120 ng mL−1; �ex/em = 300/340 nm; ex/em slit
198 a n a l y t i c a c h i m i c a

(maximum peak height), 500 �L of aqueous–methanol mix-
tures (20, 30, 50, 75 or 100% (v/v) methanol) used as eluting
solutions are injected in the system by means of the second
injection valve, in order to completely regenerate the solid
support. Every sample is inserted in the system at least in trip-
licate and the optosensor response is taken as the difference
between the maximum TBZ fluorescence emission and the
background signal. The sampling rates were measured under
each working condition and are discussed below.

2.4. Influence of the pH

The variations in the relative fluorescence signal of TBZ as a
function of pH of the injected solution were analysed follow-
ing a titration procedure. To a 200 mL stirred hydrochloric acid
solution (pH ∼ 3) of 120 ng mL−1 TBZ, NaOH solution (1–0.01 M)
was added in small increments until a pH of about 10. For each
pH point, 500 �L of solution were taken and introduced in the
FIA system, and the relative fluorescence emission obtained
from the optosensor was read. This procedure was repeated
so as to provide about 15 pairs of spectra and pH values. The
small variation of the total volume in the potentiometric vase
(less than 4% in the whole run) did not produce a significant
influence in the signal obtained. The experimental run was
conducted in duplicate.

3. Results and discussion

3.1. Nylon powder as solid support

A solid support for flow-through optosensors should fulfil
several requirements such as [3]: (1) mechanical resistance,
(2) chemical inertia to both the carrier and the eluting solu-
tions, (3) particle size large enough to avoid overpressure
in the system, (4) low background-signal and (5) fast kinet-
ics of the retention/elution process. According to our results,

nylon satisfies these requisites. Fig. 2 shows microscopic pho-
tographs of powder nylon. Interestingly, although the particles
are not spherical and have heterogeneous shapes, the ana-
lyte retention in their surface is adequate enough to give

Fig. 2 – Schematic diagram of the flow-injection analysis
system.
widths = 4/8 nm; PMT voltage = 450 V. The dashed lines
correspond to the background signals.

very reproducible fluorescence signals, even after replacing
the solid phase before each measurement. As will be indicated
below, the relative standard deviations (R.S.D.s) in different
working conditions range between 0.6 and 3%.

3.2. Fluorescence properties on nylon powder

It was demonstrated that nylon powder is able to retain TBZ
as well as nylon membranes [6]. The excitation and emis-
sion fluorescence spectra of TBZ retained in powdered nylon
are shown in Fig. 3. These spectra, with a maximum near
300 nm for the excitation and two unresolved maxima at
340 and 351 nm for emission, do not significantly differ from
those developed in aqueous solution (�exc/em = 303/360 nm [10];
298/355 nm [8]), on C18 silica gel (�exc/em = 309/354 nm [10];
305/358 nm [11]; 299/339 and 353 nm [14]), or on Sephadex G-15
gel (�exc/em = 303/350 nm [8]). The small changes on the fluo-
rescence spectra can be attributed to the modification of the
surrounding environment of TBZ in each case.

3.3. Flow-injection system

3.3.1. Influence of the carrier and eluent
Methanol, water and methanol/water mixtures were probed
as carriers to transport TBZ through nylon powder, and it was
concluded that water produced the highest TBZ signal. This
is a fortunate result, because it facilitates the experimental
work, avoiding large waste volumes of organic solvents and
decreasing the analysis time when real aqueous samples are
analysed. Fig. 4 shows typical shapes of fluorescence signals
versus time obtained when a TBZ solution is subjected to flow
analysis under different experimental conditions discussed
below. In this figure, a decrease of the fluorescence intensity
can be observed after the maximum is reached. This effect can
ascribed to a partial elution of the retained compound. How-
ever, a complete elution of TBZ, with the concomitant recovery

of the baseline, must be achieved with an effective eluent.

Since it was corroborated that methanol/water solutions
are useful eluting agents, mixtures with different percent-
ages of methanol were checked. It was demonstrated that
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Fig. 4 – Flow-injection response for: (A) successive 1000 �L
of 120 ng mL−1 TBZ injections using methanol 20% (v/v) as
eluting solution and (B) successive 1000 �L of 60 ng mL−1

TBZ injections using methanol 75% (v/v) as eluting
solution. Each inset shows the corresponding shape with
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n expanded time axis. Arrows indicate the arrival of the
luent to the active surface.

n increase of methanol in the eluting solution from 20
o 75%, leads to both higher fluorescence signals and to
horter times for recovering the baseline. The obtainment of
igher emissions can be attributed to the fact that a certain
mount of methanol remains retained on the nylon support,
oth when the cell is filled with a suspension of nylon in a
ethanol–water mixture (see Section 2.2) and when the eluent

s passed through the cell, increasing the quantum efficiency
f TBZ. The fast recovery of the baseline when the eluent con-
ains a higher amount of methanol, with the concomitant
ncrease on the sampling frequency, can be ascribed to the
uitable eluent power of this solvent. Nevertheless, a higher
ethanol percentage (e.g. 100%) produces a detrimental effect

n the sensitivity, possibly due to a desorption process pro-
uced by methanol.

.3.2. Influence of flow rate and sample volume
he influence of the flow rate on the relative fluorescence
ntensity of TBZ was studied using rates between 0.56
nd 1.84 mL min−1, and the same concentration of analyte.
e could observe that using flow rates between 0.56 and

.9 mL min−1 the signal is high and almost constant. However,
0 1 ( 2 0 0 7 ) 196–203 199

when the rate is increased beyond 0.9 mL min−1 a decrease (of
about 20%) in the intensity is detected. As expected, increas-
ing the flow rate shortens the analysis time. As a compromise
between the analysis time and sensitivity we selected a flow
rate of 0.9 mL min−1 for the experiments.

It is known that one of the advantages of sensors based
on solid-matrix fluorescence is the potential increase in the
sensitivity, by increasing the sample volume used for analysis
due to the accumulation of a higher amount of analyte on
the support [15–17]. However, it should be taken into account
that high injection volumes reduce the sampling frequency.
The influence of sample volume on sensitivity and limit of
detection of TBZ was studied by using three different sample
loops (500, 1000 and 1500 �L). The results obtained are shown
in Table 1 and will be discussed below.

3.3.3. Influence of the sample pH
With the purpose of optimizing the pH of the TBZ samples, a
study of the influence of this parameter on the fluorescence
signal of TBZ was carried out. This study showed that the flu-
orescence intensity increases from pH ca. 3.0 until it reaches a
maximum at pH ca. 4.5, and then it remains almost constant
in the pH range 4.5–10. In this latter pH range, TBZ is fixed
to nylon in its neutral form. This behaviour is similar to that
observed when room-temperature phosphorescence of TBZ
retained in a nylon membrane is evaluated as a function of
the pH of the spotted solution [6]. In conclusion, because the
range of pH values where the signals remain high and con-
stant is wide and does include the neutral pH, the working
aqueous samples were directly injected without the need of
using buffers.

3.3.4. Stability of the optosensor
The stability is a very important aspect when designing detec-
tors for using in flow systems. The stability of the studied
sensor was evaluated using two different eluting solutions: 20
and 75% methanol (v/v). Each experiment was carried out as
follows: 1000 �L of water samples containing a fixed TBZ con-
centration were consecutively injected in the system (about
15 uninterrupted injections). The carrier was then allowed to
flow without sample during about one and a half hours, and a
new set of injections was started afterwards.

Fig. 4 displays the fluorescence response obtained by using
both eluting solutions. According to our results, the response
of the optosensor remains almost constant during 6 h when
75% methanol (v/v) is used as eluting solution, and 10 h if 20%
methanol (v/v) is employed as eluent, allowing in both cases
to accomplish a large number of determinations. However, the
signals decrease by about 10% when the measurements are
made after a day of intermittent use. It is possible, as it occurs
in all solid surfaces, that the adsorptive properties of nylon
are deteriorated with the repeated use/regeneration cycles,
leading to a decreased fluorescence signal.

3.4. Analytical figures of merit
Table 1 shows the figures of merit presently obtained for the
calibration curves. As can be seen in this table, both differ-
ent volumes of sample and different eluting solutions were
evaluated with the purpose of comparing the results. The lin-
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Table 1 – Analytical parameters

Sample volume (�L)

500 1000 1500

20a 30a 50a 75a 100a 20a 30a 50a 75a 100a 20a 30a 50a 75a 100a

Upper limitb (ng mL−1) 500 500 500 400 400 200 150 150 120 120 150 150 120 120 120
mc (AFU ng−1 mL) 0.088 0.121 0.189 0.267 0.244 0.177 0.233 0.293 0.355 0.311 0.209 0.270 0.323 0.547 0.446
(Sm)d (AFU ng−1 mL) 0.001 0.001 0.001 0.002 0.002 0.002 0.004 0.005 0.003 0.003 0.002 0.003 0.004 0.004 0.004
he (AFU) 0.7 3.2 2.0 7.6 8.0 0.4 −0.3 0.6 1.7 0.8 0.4 0.2 3.2 2.4 0.3
(Sh)f 0.3 0.3 0.5 0.6 0.6 0.3 0.4 0.4 0.2 0.2 0.2 0.2 0.3 0.3 0.2
(Sy/x)g (AFU) 0.46 0.54 0.81 0.94 0.97 0.64 0.73 0.92 0.49 0.48 0.55 0.67 0.63 0.60 0.68
(�−1)h (ng mL−1) 5.1 4.5 4.3 3.5 4.0 3.6 3.2 3.1 1.4 1.5 2.6 2.5 2.0 1.1 1.5
LODi (ng mL−1) 15.7 13.3 12.7 11.3 12.7 9.8 8.9 8.5 3.5 4.0 6.6 6.4 5.0 2.8 3.9
LOQj (ng mL−1) 44 38 36 32 36 28 25 24 10 11 19 18 14 8 11
R.S.D.k (%) 0.8 (360) 0.6 (360) 1.0 (250) 0.6 (280) 0.8 (250) 1.8 (96) 2.8 (64) 2.2 (72) 1.1 (64) 1.3 (64) 3.0 (54) 2.7 (54) 1.7 (64) 0.9 (64) 1.2 (64)
Sampling rate (samples h−1) 13 15 18 22 28 12 13 15 18 20 9 10 12 14 15

a Methanol (%): in the eluting solution.
b Corresponding to the calibration curve.
c The slope of the calibration curve (m) is the calibration sensitivity according to IUPAC [24]. AFU: arbitrary fluorescence units.
d Standard deviation of the slope of the calibration graph.
e h = intercept of the calibration graph.
f Standard deviation of the intercept of the calibration graph.
g Residual standard deviation [25].
h Inverse of analytical sensitivity (�): is the minimum concentration difference which can be measured. � = m/Sy/x [26].
i Limit of detection: calculated as Ref. [19].
j Limit of quantitation: calculated as (10/3.3) × LOD.
k Relative standard deviation for the concentrations (ng mL−1) given in parentheses.
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ar relationship between the amount of retained TBZ and the
uorescence intensity was corroborated applying the F test
ecommended by IUPAC [18]. The use of increasing volumes
f sample is seen to lead to higher sensitivities and lower
ampling rates, which were also included in Table 1. In this
able, the above indicated relationship between the methanol
resents in each evaluated eluting solution and the corre-
ponding limit of detection (Section 3.3.1) can be observed.

In comparing the limit of detection (calculated according
o 1995 IUPAC Recommendations [19] using 0.05 as assur-
nce probabilities) obtained with 1500 �L of sample and 75%
ethanol (v/v) as eluting solution with those reported for

ther analytical methods, one may conclude that the result
erein obtained is reasonably good. Limits of detection from
.08 to 2.35 ng mL−1 using different sample volumes (from 40
o 3200 �L) have been reported for C18 silica gel as support
10–12]. Nevertheless, it should be considered that conclusions
btained from comparing limits of detection of SMF methods
o only have relative value since, as indicated above, these

imits can be improved by using higher sample volumes.
The sampling frequencies obtained under each experi-

ental condition (ranging from 9 to 28 samples h−1) are very
atisfactory, and are comparable (and are better in certain
ases) than those indicated using other TBZ fluorescence-
ased optonsensors [10–12].

.5. Interference study

he detection of TBZ might be susceptible to the interfer-
nce of compounds concomitantly retained by nylon. These
nterferences can either increase the resulting signal (if they
mit near the TBZ emission), or produce a less intense sig-
al by quenching. Therefore, a systematic study for detecting

nterferences was carried out, analyzing foreign agrochem-
cals and inorganic ions which are likely to be present in

ater samples (Table 2). This study was performed adding
nown amounts of each tested species to a solution con-
aining 60 ng mL−1 of TBZ. Then, 1000 �L of each solution
ere injected in the FIA system, using methanol–water 75%

Table 2 – Interference study

Foreign species Action

Al3+, Fe3+, Co2+, Ni2+, PO4
3−, NO3

−a

Cu2+

Thiram Fungicide
Imazalil Fungicide
Carbendazim Fungicide
Fuberidazole Fungicide
Cypermethrin Insecticide
Malathion Insecticide
Imidacloprid Insecticide
Dimethoate Insecticide
Carbaryl Insecticide
2,4-Dichlorophenoxy acetic acid Herbicide
4-Chloro-2-methylphenoxy acetic acid Herbicide
1-Naphthylacetic acid Plant growth r

a Other ions are indirectly evaluated in the recovery studies carried out in
b Maximum tested tolerance level.
0 1 ( 2 0 0 7 ) 196–203 201

(v/v) for elution. The amounts were such that the relation-
ship (ng mL−1 foreign species/ng mL−1 TBZ) ranged up to a
value of 10. When interference effects occurred, the concen-
tration of the foreign species was progressively reduced until
the effect was not significant. Tolerance was defined as the
relative amount of interfering species that produced an error
not exceeding ± 3.3% in the determination of TBZ. This value
represents three times the relative standard deviation (R.S.D.)
corresponding to the evaluated experimental condition (see
Table 1).

None of the evaluated inorganic ions, except Cu2+, produce
significant changes in the measured fluorescence intensity of
TBZ at the evaluated concentrations. According to literature,
TBZ is able to form coordination complexes with several metal
ions, including those here studied [20–23]. These complexes
can either preserve or modify the fluorescence properties of
TBZ. We have experimentally corroborated that the fluores-
cence of TBZ in aqueous solution suffers a quenching effect
in the presence of Cu(II) ion and thus it is apparent that this
also occurs on the solid support. On the other hand, different
agrochemicals may interfere with TBZ. For example, when the
concentration of carbendazim is four times higher than the
TBZ concentration, a decrease in the signal is detected. This
fact can be attributed to an inner filter effect, which is mani-
fested at high carbendazim levels. Finally, the results indicate
that carbaryl, fuberidazole and 1-naphthylacetic acid produce
the greatest interferences due to the fact that they also fluo-
resce in nylon with emission wavelength near that of TBZ. The
remaining species do not produce interference in the deter-
mination of the studied analyte at the evaluated tolerance
levels.

3.6. Application of the method

In order to evaluate the application of the present method

and the potential interference from background matrices from
waters of different origin, a recovery study by spiking real
water samples with TBZ was carried out (Table 3). The reported
values correspond to the average of three measurements on

Tolerated foreign species/TBZ
(ng mL−1/ng mL−1) ratio

10b

2
10b

10b

4
0.5

10b

10b

10b

10b

1
10b

10b

egulator 0.5

real water samples (see Table 3).
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Table 3 – Recovery study of thiabendazole in spiked
water samplesa

Taken (ng mL−1) Found (ng mL−1) Recovery
± R.S.D. (%)b

Tap waterc

32 33.1 103.4 ± 0.6
60 61.3 102.2 ± 0.9
120 125.0 104.2 ± 0.6

Underground waterd

28 29.1 103.9 ± 0.3
60 63.5 105.8 ± 0.5
120 119 99 ± 1

Underground watere

28 27.9 99.6 ± 0.2
60 58.7 98 ± 1
120 123 103 ± 1

Mineral waterf

32 32.9 102.8 ± 0.6
60 63.2 105.3 ± 0.5
120 124.6 103.8 ± 0.4

River waterg

28 27.5 98.2 ± 0.9
60 59.4 99.0 ± 0.9
120 122.0 101.7 ± 0.4

River waterh

28 27.9 99.6 ± 0.5
60 62.2 103.7 ± 0.2
120 119.0 99.2 ± 0.6

a 1000 �L of sample and 75% (v/v) methanol as eluting solution.
b Mean of three determinations.
c From Rosario City (Santa Fe, Argentina).
d From Carcarañá City (Santa Fe, Argentina).
e From Funes City (Santa Fe, Argentina).
f From Villavicencio hills (Mendoza, Argentina). This water

contains NaHCO3 (350 �g mL−1), Ca(HCO3)2 and Mg(HCO3)2
(259 �g mL−1), Na2SO4, CaSO4 and MgSO4 (234 �g mL−1), NaCl,
CaCl2 and MgCl2 (47 �g mL−1), CaF2 (1.4 �g mL−1) and oligoelemnts

r

(1.5 �g mL−1).
g From the Carcarañá River (Argentina).
h From the Paraná River (Santa Fe, Argentina).

each sample. The results suggest that interference from the
background (inorganic ions and organic compounds possibly
present in the studied samples) is absent in the investigated
waters.

4. Conclusions

For the first time, nylon powder has been implemented as
support for a flow-through fluorescence optosensor. The pro-
posed optosensor represents a satisfactory contribution to the
field of new FI-SMF supports, in view of its simplicity, sensi-
tivity and relative specificity. An issue to be considered is that
methanol is only used for the elution process, and that organic
solvents are not employed neither in the sample nor in the car-
rier solution. This fact decreases the cost of the analysis, and

is also easier and safer for the analyst.

The concept of “optimal working conditions” in the sys-
tem under study, and in general in methods based on FI-SMF,
depends on the proposed objectives. For example, if very low
6 0 1 ( 2 0 0 7 ) 196–203

concentrations of analyte must be determined, a higher vol-
ume of sample and 75% methanol (v/v) eluting solution should
be used. On the other hand, if the interest is focused on the
sampling rate, lower volumes of sample, higher flow rates and
pure methanol as eluent should be considered. Finally, when
a cheaper analysis is needed, lower amounts of methanol
(in detriment of the sensitivity and sampling frequency) are
recommended. Studies including the use of other eluting solu-
tions are in progress.

In conclusion, a general evaluation of the results obtained
allows us to assert that the good qualities of nylon powder
as optosensor makes this support very attractive for future
analytical applications.
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