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A combination of the partial least square method in its first variable (PLS-1) with micellar-enhanced photo-
chemically-induced fluorescence (MEPIF) was developed for the simultaneous determination of synthetic binary 
mixtures of four sulfonylurea herbicides in aqueous micellar solutions, and applied to tap water analysis. Because of 
their similar features, the MEPIF emission spectra of these herbicides were found to severely overlap in the whole 
wavelength region. After optimization of the calibration matrix, the PLS-1-MEPIF method was applied to the resolu-
tion of chlorsulfuron/metsulfuron methyl and sulfometuron methyl/3-rimsulfuron binary mixtures. The analytical re-
sults obtained by the PLS-1-MEPIF method were presented and compared to those of the first-derivative PIF one. An 
application of the PLS-1-MEPIF method to the quantitative analysis of Paris tap water samples spiked with the herbi-
cide binary mixtures led to recovery values ranging between 63 and 118 %, depending on the mixture.   

Key words: partial least square; micellar-enhanced photochemically-induced fluorescence; sulfonylurea herbicides; 
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СИМУЛТАНО ОПРЕДЕЛУВАЊЕ НА БИНАРНИ СУЛФОНИЛУРЕА ХЕРБИЦИДНИ СМЕСИ  
СО МЕТОДОТ НА ПАРЦИЈАЛНИ НАЈМАЛИ КВАДРАТИ КОМБИНИРАН СО МИЦЕЛАРНО 

ЗАСИЛЕНА ФОТОХЕМИСКИ ИНДУЦИРАНА ФЛУОРЕСЦЕНЦИЈА  
ПРИМЕНETA НА ВОДА ОД ЧЕШМА 

Разработен е метод на симултано определување на бинарни смоли од четири сулфонилуреа хербициди 
во водни мицеларни раствори со комбинација на метод на парцијални најмали квадрати (PLS-1) со мицеларно 
засилена фотохемиски индуцирана флуоресценција (MEPIF). Поради сличните својства, добиените MEPIF 
емисиони спектри на овие хербициди во голем степен се преклопуваат во целата бинарна област. По 
оптимизација на калибрационата матрица методот PLS-1-MEPIF беше применет за раздвојување на 
претходно подготвени бинарни смеси од хлоросулфурон/метсулфурон и сулфометронметил/3-римулфурон. 
Добиените аналитички резултати од методот PLS-1-MEPIF се презентирани и споредени со оние добиени од 
деривативниот метод PIF (прв извод). При примена на методот PLS-1-MEPIF за квантитативна анализа на 
примероци од вода од водоводната мрежа во Парис во кои се додадени бинарни смеси, во зависност од 
смесата се добиаат аналитички приноси меѓу 63 и 118 %. 

Клучни зборови: парцијалн најмали квадрати; мицеларно засилена фотохемиски индуцирана 
флуоресценција; сулфонилуреа хербициди; анализа на вода од чешма 
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INTRODUCTION 

Partial least square (PLS) method is a very ef-
ficient numerical tool with a high resolution 
power. Indeed, in the case of complex samples for 
which spectral overlapping is often a serious limi-
tation, PLS analyses have been shown to be ex-
tremely useful for resolving the obtained spectra 
[1–13]. As a consequence, the rapid development 
of the PLS method during the last fifteen years and 
its notable application to the resolution of lumi-
nescence spectra has made it complementary to the 
derivative spectra technique and, in some in-
stances, an even better, alternative method [4–12]. 
The most remarkable feature of PLS is that the 
concentration levels of any interfering substance in 
a mixture do not need to be precisely known in 
advance for the mixture resolution. Therefore, a 
broad range of structurally-similar compounds 
and/or complex environmental samples can be ana-
lyzed by PLS [8, 9, 12, 13]. 

Sulfonylurea herbicides constitute a very im-
portant class of pesticides which were introduced in 
the mid-1970s for the control of weeds in crops 
[14]. They are characterized by very similar chemi-
cal structure, spectroscopic and physicochemical 
properties [14, 15], which make their identification 
and determination by using the classical lumines-
cence methods in mixtures of two or more herbi-
cides very difficult. In previous studies [16, 17], 
we have shown that the photochemically-induced 
fluorescence (PIF) approach was a very sensitive 
method for the individual determination of sulfon-
ylurea herbicides, but was poorly selective for 
screening mixtures of these compounds because of 
the strongly-overlapping PIF spectra. However, we 
have been able to increase the selectivity of this 
method by using the first-derivative PIF (1D-PIF) 
spectra [18]. Indeed, we have accomplished the 
simultaneous determination of three binary mix-
tures of sulfometuron methyl with chlorsulfuron, 
metsulfuron methyl and 3-rimsulfuron, respec-
tively, in aqueous micellar solutions by using the 
1D-PIF method, with the zero-crossing point pro-
cedure. Nevertheless, we have been unable to re-
solve other mixtures, such as chlorsulfuron – 
metsulfuron methyl mixtures, because of the 
strongly-overlapping PIF emission peaks. 

For this reason, we decided to improve the se-
lectivity of the PIF method by combining it with 
the PLS method for the determination of binary 
mixtures of sulfonylurea herbicides. Therefore, the 

aim of this work was to investigate the ability of 
the PLS method in its first variable (PLS-1 method), 
combined with the micellar-enhanced PIF (ME-
PIF) analytical signal, to simultaneously determine 
various binary mixtures of the four sulfonylurea 
herbicides under study. More precisely, our goal 
was not to resolve all the possible, binary combi-
nations of the four herbicides, but to develop the 
PLS-1-MEPIF method, to evaluate its perform-
ances, and to test its capability to resolve mixtures 
otherwise impossible to separate by the previ-
ously-used 1D-PIF spectral technique [18]. Under 
these conditions, we were able to resolve two bi-
nary mixtures of sulfonylurea herbicides by using 
the PLS-1-MEPIF method. We also applied the 
developed method to the quantitative analysis of 
Paris tap water samples spiked with binary mix-
tures of the herbicides under study.  From the envi-
ronmental standpoint, this also shows the potential 
importance of the developed PLS-1-MEPIF 
method for the quantitative study of waters con-
taining herbicides at trace levels. 

EXPERIMENTAL 

Reagents 

Chlorsulfuron (99.2 %, m/m), metsulfuron 
methyl (97.4 %, m/m), 3-rimsulfuron (99.1 %, m/m) 
and sulfometuron methyl (99.2 %, m/m) were a 
generous gift from E.I. DuPont de Nemours and 
Co, Inc. (Wilmington, DE, USA). Spectroscopic 
grade methanol (Merck, Darmstadt, Germany) was 
utilized for preparing the stock solutions of herbi-
cides. Cetyltrimethylammonium chloride (CTAC), 
25 % wt. solution in water (Aldrich, Milwaukee, 
WI, USA) and sodium dodecyl sulfate (SDS, 
99 %, m/m) analytical reagent grade (Acros Or-
ganics, Geel, Belgium) were used as received. So-
dium hydroxide (97 %, m/m) was obtained from 
Prolabo (Rhône Poulenc, Paris, France). 20 % 
(v/v) of pH 8 buffer solutions (Acros Organics) 
were used for pH adjustment. Alkaline solutions 
(pH=11.8) were prepared with a suitable concen-
tration of NaOH. Distilled water was used for pre-
paring the micellar solutions of CTAC and SDS. 
For analytical applications, Paris tap water sam-
ples were freshly collected in our laboratory and 
stored in plastic flasks at room temperature. The 
samples were spiked and analyzed within three 
days of their collection. 
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Apparatus and software 

All spectral measurements were performed at 
room temperature with a Kontron SFM-25 (Zurich, 
Switzerland) spectrofluorimeter interfaced with a 
microcomputer. Uncorrected MEPIF spectra were 
recorded and memorized by using a K-wind 25 
data control and acquisition program (Zurich, Swit-
zerland). An unfiltered Osram (Eurosep, Cergy-
Pontoise, France) 200 W HBO high-pressure mer-
cury lamp with a Spotlight power supply was used 
for photolysis reactions. The photochemical set-up 
included a Schoeffel Instruments (Cunow, Paris, 
France) GmbH light-box consisting of a fan, the 
mercury lamp and a quartz lens. A standard Hellma 
(Mullheim, Germany) quartz fluorescence cuvette 
with a 1 cm pathlength was placed on an optical 
bench, at 30 cm from the mercury lamp. During 
photolysis, the solutions were stirred magnetically 
in the quartz cuvette.  

The Microcal Origin version 6.00, application 
software was used for the data statistical treatment, 
and the Parvus version 1.3 software, for the appli-
cation of PLS-1. 

Preparation of solutions 

Stock solutions of herbicides (10
–3

 mol/L) 
were freshly prepared by dissolving the compound 
in methanol. Serial dilutions were carried out with 
distilled water to obtain working standard solutions. 
All solutions were protected against light with alu-
minium foil and stored in a refrigerator. Stock solu-
tions of SDS (0.1 mol/L), CTAC (0.1 mol/L) and 
NaOH (1 mol/L) were prepared with distilled wa-
ter and used for serial dilutions. Herbicide aqueous 
micellar solutions were prepared by transferring 
10–50 µL aliquots of the methanolic working stan-
dard solutions to 5 mL volumetric flasks, adding 
the needed volume of SDS or CTAC stock solu-
tion, 25 µL 1 mol/L NaOH, or 1 mL pH 8 buffer 
solutions and diluting to volume with distilled wa-
ter. The solutions were shaken before UV irradia-
tion and analytical measurements. All working 
standard solutions and aqueous micellar solutions 
contained less than 1 % (v/v) methanol. 

Photolysis reactions, analytical measurements  
and PLS-1-MEPIF method application 

An aliquot of the herbicide aqueous micellar 
solution was placed in a quartz cuvette and irradi-
ated for a fixed time at room temperature. Curves 
of MEPIF intensity (I

F) vs UV irradiation time (tirr) 
were constructed at the analytical excitation (λex) 
and emission (λem) wavelengths of each individual 
herbicide photoproduct. Time intervals of 20–60 s 
were used, depending on the herbicide. 

Uncorrected MEPIF emission spectra were re-
corded at the optimum tirr ( opt

irrt ) values, in the 
range of, respectively, 340–500 nm for the chlor-
sulfuron/metsulfuron methyl mixtures, and 320–
480 nm for the sulfometuron methyl/3-rimsulfuron 
mixtures, which implies 161 experimental points 
per spectrum. Before PLS-1 modelling, the MEPIF 
emission spectra were corrected for the solvent 
(blank) spectral signal, and smoothed. These data 
were then collected in a 10×161 (lines×rows) di-
mensional matrix before computation. 

Calibration matrices of ten chlorsulfuron/met-
sulfuron and sulfometuron methyl/3-rimsulfuron 
binary mixtures were prepared according to their 
various concentration ratios. All the solution con-
centrations, used for the calibration matrices, were 
measured in a random order. 

Tap water sample analysis 

10 mL Paris tap water samples were spiked 
with chlorsulfuron (36.0 µg/mL), metsulfuron 
methyl (3.84 µg/mL), 3-rimsulfuron (4.32 µg/mL) 
and sulfometuron methyl (36.4 µg/mL), respectively, 
and the solutions were stirred in an ultrasonic bath 
for 10 min before being stored in the dark, and 
used as the natural water stock solutions. Synthetic 
binary mixtures were obtained by transferring 5–
200 µL aliquots of the stock solutions of both 
components to 5 mL volumetric flasks, adding the 
needed volume of aqueous micellar solution, 25 
µL of 1 mol/L NaOH solution, or 1 mL of pH 8 
buffer solution, and diluting to the mark with dis-
tilled water. Before being spiked with herbicides, 
all tap water samples were checked for the absence 
of fluorescent dissolved species. The recovery ef-
ficiency values were calculated using the opti-
mized calibration matrices by application of the 
PLS-1-MEPIF method. 
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RESULTS AND DISCUSSION 

Preliminary MEPIF studies 

Initially, we investigated the PIF spectral 
properties of the four herbicides in various aqueous 
micellar media, and we optimized the analytical 
conditions, including the SDS and CTAC concen-
trations of the micellar solutions, as well as the 
pH, UV irradiation time and analytical excitation 
and emission wavelength values, for each indi-
vidually-studied herbicide [16]. In order to analyze 
the synthetic binary mixtures of herbicides, we 
decided to choose compromised optimum analyti-
cal conditions, in order to keep the measured ME-
PIF signal of the mixtures analytically-suitable for 
the quantitative studies. Table 1 summarizes these 
new optimum analytical conditions for the two 
binary mixtures under study (chlorsulfuron/met-
sulfuron methyl and sulfometuron methyl/3-
rimsulfuron). The optimized, mean analytical ME-
PIF excitation (λm

ex ) wavelength used for each bi-
nary mixture was taken as the arithmetic average 
of the λex values of both components, and an iden-

tical optimum UV irradiation time ( opt
irrt  ) value 

was selected for both components in each mixture. 
When recorded under optimum conditions, 

the individual MEPIF emission spectra of the her-
bicides under study severely overlapped, the over-
lapping effect being more prominent in the case of 
chlorsulfuron and metsulfuron methyl than in that 
for sulfometuron and 3-rimsulfuron (Fig. 1 and 2). 
These spectral features mean that the conventional 
calibration procedures could not be satisfactorily 
applied for the quantitative resolution of the corre-
sponding mixtures. Also, the determination of both 
components can be complicated by the occurrence 
of intermolecular interactions taking place be-
tween the different sulfonylurea herbicides within 
the mixtures. This particular phenomenon can be 
observed in both figures, in which the experimen-
tal MEPIF emission spectra obtained from a binary 
mixture was compared to the theoretically-ex-
pected spectra for the same mixture, i.e., the ME-
PIF spectra calculated by numerically averaging 
the MEPIF signals from each independently-taken 
pure substance. Indeed, as it can be seen in Figures 
1 and 2, it appears that the mixture experimental 
and calculated MEPIF spectra differed in both in-
tensity and shape, therefore suggesting that, not 
only is the proportionality relationship between the 
MEPIF signal intensity and herbicide concentra-

tion not simple, but that it also depends on the oc-
currence of intermolecular interactions. 

320 360 400 440 480 520
0

20

40

60

80

100

120

140

160

(4)
(3)
(2)
(1)

PI
F 

In
te

ns
ity

Wavelength  (nm)

(4)- Binary mixture, λex = 317 nm
(3)- Chlorsulfuron, λex = 312 nm
(2)- Numerical average of spectra 1 and 3
(1)- Metsulfuron methyl, λex = 322 nm

 
Fig. 1. Experimental MEPIF emission spectra of:  

(1) metsulfuron methyl (61.5 ng/mL) – λex = 322 nm;  
(3) chlorsulfuron (360.0 ng/mL) – λex = 312 nm; (4) a mixture 
of both herbicides in the same concentration ratio – λex = 317 nm. 

The curve (2) represents the numerically-averaged MEPIF 
emission spectra of the pure substances (spectra 1 and 3) 
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Fig. 2. Experimental MEPIF emission spectra of:  

(1) sulfometuron methyl (728.0 ng/mL) – λex = 290 nm;  
(3) 3-rimsulfuron (136.1 ng/mL) – λex = 317 nm; (4) a mixture 
of both pesticides in the same concentration ratio – λex = 304 nm. 

The curve (2) represents the numerically-averaged MEPIF 
emission spectra of the pure substances (spectra 1 and 3) 

Experimental design of the calibration matrices 
for the PLS-1-MEPIF method 

The PLS-1 technique is a typical full-
spectrum method where the analytical signal data 
are fitted to many other data points, thus improv-
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ing the analytical precision. For the experimental 
design of the calibration matrices, we selected the 
MEPIF emission spectral region between 340 and 
500 nm for the chlorsulfuron/metsulfuron methyl 
mixtures, and 320 and 480 nm for the sulfometu-
ron methyl/3-rimsulfuron mixtures, with 161 
points/spectrum. We used a training set of ten 
samples of various concentrations for each of the 
type of binary mixtures under study, as indicated 
in Table 2. The concentration ranges investigated 
for each mixture component were, respectively, 
288–720 ng mL–1 / 23–70 ng mL–1 for the chlorsul-
furon/metsulfuron methyl mixtures and 145–730 
ng mL–1 / 17–130 ng mL–1 for the sulfometuron 
methyl/3-rimsulfuron mixtures. All MEPIF emis-
sion spectra were recorded using mean excitation 
wavelength constant values of λm

ex  = 317 nm and 

λm
ex  = 304 nm, respectively, for the first and sec-

ond type of mixtures (Table 1).  

T a b l e  1  

MEPIF optimum analytical conditions  
used for the determination of sulfonylurea 

 herbicides in binary mixtures 

Binary mixture Medium λ
ex

/λ
em

a) pH λm
ex

c) opt
irrt  d)

 (mol/L) (nm)  (nm) (s) 

Chlorsulfuron 
[SDS], 
6·10

–2
 312 / 398 11.8b) 317 150 

Metsulfuron-Me 
[SDS], 
6·10

–2
 322 / 378 11.8b)   

Sulfometuron-Me 
[CTAC], 

2·10
–3

 290 / 341 8 304 150 

3-Rimsulfuron 
[CTAC], 

2·10
–3

 317 / 365 8   

a).Analytical excitation (λ
ex

) and emission (λ
em

) maximum 
wavelength values of the MEPIF spectra. 

b)pH value corresponding to [NaOH] = 5·10–3 mol/L. 
c) 
λm

ex  = analytical excitation  wavelength value used for the 
binary mixtures, corresponding to the arithmetic average of the λ

ex
 

values of  the two components of  the mixtures. 
d)Compromised optimum irradiation time ( opt

irrt  ) value used for 

the mixtures. 

T a b l e  2  

Results of the calibration matrices obtained 
 for the PLS-1-MEPIF determination 

 of ten samples of sulfonylurea herbicide binary 
mixtures in various concentration ratios 

Chlorsulfuron Metsulfuron-Me Sulfometuron-Me 3-Rimsulfuron

(ng mL–1) (ng mL–1) (ng mL–1) (ng mL–1) 

Sa
m

pl
e N

° 

True/Predicted True/Predicted True/Predicted True/Predicted 

C1 360.0 / 364.3 61.5 / 69.1 728.0 / 729.0 129.6 / 136.1

C2 720.0 / 720.4 30.7 / 26.4 218.4 / 217.3 108.0 / 111.1

C3 576.0 / 567.4 46.1 / 52.6 364.0 / 343.3 86.4 / 81.7 

C4 360.0 / 360.7 61.5 / 61.6 291.2 / 296.8 64.8 / 68.2 

C5 576.0 / 581.8 23.1 / 27.8 546.0 / 573.0 43.2 / 46.5 

C6 288.0 / 279.5 38.4 / 37.4 145.6 / 166.1 34.6 / 28.6 

C7 432.0 / 429.8 69.1 / 66.7 728.0 / 742.4 25.9 / 21.9 

C8 504.0 / 509.2 38.4 / 39.6 546.0 / 496.7 17.3 / 19.1 

C9 648.0 / 645.7 53.8 / 51.4 364.0 / 357.4 64.8 / 91.9 

C10 288.0 / 293.5 69.1 / 58.7 291.2 / 298.9 129.6 / 91.2 

Selection of the optimum number of factors  
and statistical parameters 

In order to select the optimum number of fac-
tors in the PLS-1 algorithm used to model the sys-
tem without overfitting the concentration data, we 
applied a cross-validation procedure, leaving out 
one sample at a time. The herbicide concentration 
of each binary mixture was then predicted and 
compared with the known, experimental concen-
tration of the corresponding mixture. 

The prediction errors sum of squares 
(PRESS) is a measure of how well the training set 
can predict the concentration for each number of 
factors. We used the convenient F-ratio probability 
value to estimate the significance of a PRESS 
value greater than the minimum. It can be consid-
ered that, as the difference between the minimum 
PRESS value and other PRESS values becomes 
smaller, the probability that each additional factor 
is really significant decreases. Empirically, it is 
recommended to choose a number of factors for 
the PRESS value corresponding to an F ratio prob-
ability below 0.75, since using the number of fac-
tors that gives a minimum PRESS value generally 
leads to some overfitting [3a, 13].  The plots of the 
PRESS values vs the number of factors, generated 
from prediction of chlorsulfuron, metsulfuron 
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methyl, sulfometuron methyl and 3-rimsulfuron by 
the PLS-1 method, are given in Figs. 3 and 4. Un-
der these conditions, the application of the soft-
ware program indicated that six and three were the 
optimum number of factors, respectively, in the 
case of chlorsulfuron and metsulfuron methyl pre-
diction, whereas five and three were used as op-
tima, respectively, for sulfometuron methyl and 3-
rimsulfuron prediction (Table 3 and Fig. 3 and 4).  

T a b l e  3  

Statistical parameters of the calibration matrices 
used for the PLS-1-MEPIF simultaneous  

determination of the binary mixtures  
of sulfonylurea herbicides under study 

Binary mixtures Number 
of factors 

RMSDa) rb) REPc) 
(%) 

Chlorsulfuron 6 5.2 0.999 1.1 
Metsulfuron–Me 3 2.1 0.991 4.3 

Sulfometuron–Me 5 14.8 0.997 3.5 
3-Rimsulfuron 3 5.8 0.990 8.2 

a) RMSD = root mean square difference. 
b)r = correlation coefficient. 
c)REP = relative error of prediction. 
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Fig. 3. PRESS plot and optimum number of factors generated 

from prediction of (●) chlorsulfuron and (∆) metsulfuron 
methyl by the PLS-1-MEPIF method 
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Fig. 4. PRESS plot and optimum number of factors generated 

from prediction of (●) sulfometuron methyl and  
(∆) 3-rimsulfuron by the PLS-1-MEPIF method 

The predicted concentrations of the various 
binary mixture samples under study are shown in 
Table 2, and are compared with the true concentra-
tion values. The agreement between the predicted 
and true concentration values is rather satisfactory 
in most cases. In these predictions, both the mean 
error and the relative standard deviation obtained 
can be regarded as acceptable. Indeed, when the 
concentrations predicted by the PLS-1 model for 
the training set were plotted vs. the true concentra-
tions of the four herbicides, straight lines with cor-
relation coefficient (r) values larger than 0.99 were 
obtained. We present in Table 3 the values ob-
tained for the various statistical parameters, gener-
ally used in the PLS-1 method [5, 6, 13], including 
the root mean square difference (RMSD), the rela-
tive error of prediction (REP, in %) and the corre-
lation coefficient (r). The RMSD values represent 
an estimation of the absolute error of prediction 
for each component. For both types of binary mix-
tures investigated, the found RMSD values ranged 
from 2.1 to 14.8, depending on the herbicide, 
which can be considered as satisfactory. The r val-
ues were comprised between 0.990 and 0.999, and 
the REP values were going from 1.1 to 8.2 %, ac-
cording to the herbicide, which is acceptable.  

Analysis of spiked tap water samples 

Tap water samples spiked with binary mix-
tures of the herbicides were investigated. The op-
timized calibration matrices were applied to the 
simultaneous determination of mixtures of chlor-
sulfuron/metsulfuron methyl and sulfometuron 
methyl/3-rimsulfuron in samples of spiked Paris 
drinking water. Eight series of samples of the bi-
nary mixtures were prepared and processed ac-
cording to the proposed PLS-1-MEPIF method. 
The obtained results show that the recovery values 
of the chlorsulfuron/metsulfuron methyl mixture 
(Table 4) were in the range of 74–118 % for chlor-
sulfuron and 72–86 % for metsulfuron methyl. In 
the case of the sulfometuron methyl/3-rimsulfuron 
mixture (Table 5), the recovery values were within 
the 78–99 % range in the case of sulfometuron 
methyl and the 70–106 % range for 3-rimsulfuron. 
In most instances, these recovery values are satis-
factory. However, in the case of metsulfuron 
methyl, the recovery values are significantly lower 
than expected, relative to that of the other compo-
nents of the mixtures. This is probably due to the 
fact that a compromised optimum irradiation time 
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( opt
irrt ) value of 150 s was chosen for this mixture, 

while the optimum UV irradiation time of the her-
bicide metsulfuron methyl, taken alone, was only 
60 s [16]. Under these conditions, the obtained 
metsulfuron methyl fluorescent photoproduct 
might be photolysed into a weakly fluorescent by-
product because of the longer irradiation time 
which had to be selected for the PIF study of the 
corresponding mixture. 

T a b l e  4  

Recovery values of chlorsulfuron/metsulfuron 
methyl mixtures, obtained by the PLS-1-MEPIF 

method 

Chlorsulfuron 
(ng mL–1) 

  Metsulfuron methyl
(ng mL–1) 

 

Added Found Recovery 
(%) 

Concen-
tration 
ratio a) 

Added Found Recovery
(%) 

576 528 91.7 9.4:1 61.5 50.5 82.1 
288 339 117.7 4.2:1 69.1 53.2 77.0 
648 564 87.0  21:1 30.7 26.5 86.3 
504 375 74.4 9.4:1 53.8 40.9 76.0 
432 380 88.0 9.4:1 46.1 34.5 74.9 
576 457 79.4 9.4:1 61.5 44.2 71.9 
720 552 76.7  24:1 23.1 16.9 73.2 

a) Concentrations expressed in ng mL–1. 

T a b l e  5  

Recovery values of sulfometuron methyl/3-
rimsulfuron mixtures, obtained  
by the PLS-1-MEPIF method. 

Sulfometuron methyl 
(ng mL–1) 

  3-Rimsulfuron
(ng mL–1) 

 

Added Found Recovery 
(%) 

Concen 
tration ratio a) 

Added Found Recovery
(%) 

364 358 98.4 8.4:1 43.2 45.7 105.8

546 452 82.8 8.4:1 64.8 57.5 88.8

728 566 77.8 8.4:1 86.4 69.0 79.9

364 311 85.5 2.8:1 129.6 91.0 70.2

728 593 81.5 21:1 34.6 27.0 78.0

546 514 94.2 21:1 25.9 26.3 101.6

218.4 214.3 98.2 12.6:1 17.3 14.9 86.2

a) Concentrations expressed in ng mL–1 

Advantages of the PLS-1-MEPIF method for 
determination of sulfonylurea herbicides 

The results obtained by using the PLS-1 ap-
proach for the MEPIF determination of sulfonyl-
urea herbicides in binary mixtures demonstrate 
several important analytical advantages relative to 
the other methods described in the literature [4, 7, 
18]. 

Indeed, the PLS-1-MEPIF method is a full-
spectrum technique, which improves the precision 
of the quantitative analysis. Moreover, within the 
calibration or training set, the levels of any inter-
ference do not need to be known. In these condi-
tions, the analysis time is reduced, since it is not 
requested to perform complicated sample pre-
treatment and interference study [4, 7]. 

Also, when compared to the 1D-PIF tech-
nique, the PLS-1-MEPIF method appears to be 
more selective for the resolution of herbicide mix-
tures. Indeed, several binary mixtures of sulfonl-
urea herbicides, such as the chlorsulfuron–met-
sulfuron methyl mixture could not be resolved by 
the 1D-PIF method, because of the strongly-
overlapping PIF emission peaks [18]. On the con-
trary, in the present study this latter mixture was 
satisfactorily resolved by the PLS-1-MEPIF 
method. Therefore, the PLS-1-MEPIF method can 
be considered as complementary to the 1D-PIF 
technique, and, in some instances, to be even supe-
rior for the quantitative analysis of binary mixtures 
of sulfonylurea herbicides. 

CONCLUSION 

In this study, we have developed a simple, 
rapid, precise and novel PLS-1-MEPIF method for 
the successful, simultaneous determination of in-
dividual herbicide concentrations in binary mix-
tures of sulfonylurea herbicides (chlorsulfuron/-
metsulfuron methyl and sulfometuron methyl/3-
rimsulfuron) at the trace level in tap water. The 
method can quantitatively resolve the severely 
overlapped MEPIF spectra of sulfonylurea herbi-
cides, recorded in the presence of surfactants SDS 
or CTAC, with the PLS-1 algorithm. Therefore, 
the PLS-1-MEPF method is particularly useful for 
the determination of mixtures of photoreactive 
analytes such as sulfonylurea herbicides, which are 
characterized by very similar PIF spectra. This 
method constitutes a great improvement in terms 
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of selectivity, in comparison with the other previ-
ously-reported PIF methods for the quantification 
of sulfonylurea herbicides [16–18]. Also, the 
method can be used for the rapid determination of 
traces of sulfonylurea herbicide residues in natural 
water samples, by applying a simple pre-
concentration step and without the need of a com-
plex separation step. 
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