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Abstract A novel and efficient surfactant-assisted dispersive
liquid-liquid microextraction combined with high-
performance liquid chromatography—photodiode array detec-
tion was developed for the determination of phenylurea
herbicides in water samples. Based on this procedure, which
is a dispersive-solvent-free technique, the extractant is
dispersed in the aqueous sample using methyltrialkylammo-
nium chloride. Compared with the conventional dispersive
liquid—liquid microextraction, the new extraction method has
many advantages such as higher extraction efficiency, low
cost, reduced environmental hazards, and consumption of less
extracting solvent. A few microliters of chloroform containing
an appropriate amount of methyltrialkylammonium chloride
(mixture of C8—C10) was used to extract the analytes from
water samples. The main parameters relevant to the extraction
process (namely, type of surfactant, selection of extractant
solvent, extractant volume, surfactant concentration, ionic
strength, and extraction time) were investigated. The
performed analytical procedure showed limits of detection
ranging from 2.3 to 18 ng/L, and precision ranges from 0.6%
to 2.0% (as intra-day relative standard deviation, RSD) and
from 1.3% to 8.3% (as inter-day RSD) depending on the
analyte. The method showed good linearity between 0.04 and
40 pg/L with squared correlation coefficients better than
0.9920. This newly established approach was successfully
applied to spiked real water samples.
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Introduction

The traditional liquid-liquid extraction (LLE) method has
been in use for years as a basic and powerful method for
sample preparation. However, it is time consuming, uses a
large volume of expensive and hazardous organic solvents,
and employs multistep procedures associated with the high
risk of analyte losses. Nowadays, attention is focused on
techniques that are environmentally friendly and reduce the
cost of analysis by reduction or complete elimination of
organic solvents [1].

Solid-phase extraction (SPE), which was developed as a
complement to or replacement for LLE, is one of the
sampling techniques most commonly used in many areas of
chemistry including environmental, pharmaceutical,
clinical, food, and industrial chemistry [2, 3]. SPE has
several advantages over LLE. The main advantages are
minimal consumption of harmful solvents, ease of automa-
tion, and shorter processing time. Although SPE uses much
less solvent than LLE does, it is still in the milliliter range
and normally an extra step is required to concentrate the
extract down to a small volume.

Interest in microextraction techniques in analytical
chemistry has been first reported in 1990 by Arthur and
Pawliszyn when they introduced solid-phase microextrac-
tion (SPME) [4]. SPME is a solvent-free, simple, and fast
extraction method. It has, in general, higher detection
limits than SPE because the extraction is not exhaustive
with a narrower application range due to the difficulties
encountered when analyzing hydrophilic and non-volatile
compounds [5, 6]. The major drawback of this procedure
is its high cost, sample carry-over, fiber fragility, and
limited lifetime of the fiber.

In recent years, a number of solvent microextraction
approaches have been developed that include single-drop
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microextraction [7-9] and liquid-phase microextraction
(LPME) [10—12]. These methods, which have been devel-
oped as alternatives to SPME, avoid some of the problems
associated with SPME. They have, however, their own
disadvantages such as instability of the solvent drop,
formation of air bubbles in the hollow-fiber LPME, time-
consuming extraction procedure, failure in most cases to
easily attain equilibrium even after a long time, and low
precision [7—12].

Surfactants have been widely used in extraction process-
es and separation sciences [10, 13-20]. In order to enhance
efficiency of LPME techniques, surfactant is added into the
aqueous donor phase solution [14, 15]. Also, to increase the
extraction of hydrophilic drugs, carrier-mediated LPME has
been reported. In this technique, ionic surfactants (as
carrier) are added to the sample solution [10, 16] or are
dissolved in the impregnation solvent in the pore of hollow
fiber [17, 18]. In 2006, Assadi and Coworkers developed a
novel LPME technique called dispersive liquid—liquid
microextraction (DLLME) [21]. In this method, an appro-
priate mixture of extraction and disperser solvents is rapidly
injected into the aqueous sample by a syringe to form a
cloudy solution. The analyte in the sample is extracted into
the fine droplets of the extraction solvent. After extraction,
phase separation is performed by centrifugation, and the
enriched analyte in the sedimented phase is determined by
chromatography or spectrometry methods. The advantages
of this novel method include very short extraction time,
ease of operation, low cost, and high enrichment factors.
Since its introduction, DLLME has been successfully
applied for the determination of trace organic pollutants
and metal ions in different media [22-25].

One of the main disadvantages associated with DLLME,
however, is that it uses relatively high volumes (in the mL
range) of a polar solvent such as methanol or acetonitrile to
disperse the extraction solvent into the aqueous sample.
The use of a disperser organic solvent results in lower
extraction efficiency due to increased solubility of the
analytes in solution. Additionally, utilization of relatively
high volumes of a harmful solvent is environmentally
unfriendly. In 2009, a DLLME method with little solvent
consumption was developed to reduce the negative effect of
disperser solvent [25]. In addition, in a novel micro-
extraction technique (ultrasound-assisted emulsification
microextraction (USAEME)) [19], a few microliter volume
of water-immiscible extraction solvent is dispersed into
sample aqueous solution by ultrasound-assisted emulsifica-
tion without using any dispersive solvent. The ultrasound-
assisted emulsification is usually carried out either at 25 °C
for 10 min [19, 20] or at 35 °C for 5 min [19]. To diminish
emulsification time and enhance extraction efficiency, the
use of a surfactant as emulsifier in USAEME has been
reported [20]. In this method, surfactant is added into the
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aqueous solution to accelerate the formation of fine droplets
of the extraction solvent in an aqueous sample solution
under ultrasound radiations [20].

In the novel DLLME technique developed here (i.e.,
surfactant-assisted dispersive liquid-liquid microextraction
(SADLLME)), to avoid the use of a disperser organic solvent,
a surfactant is used to emulsify water-immiscible organic
solvent into the aqueous sample solution. A few microliters of
an organic solvent containing an appropriate amount of
methyltrialkylammonium chloride (mixture of C8-C10)
(Aliquat 336) was used to extract the analytes from water
samples. Seven phenylurea herbicides (tebuthiuron, fluome-
turon, diuron, propanil, siduron, linuron, and diflubenzuron)
were used as model compounds. The analytes were determined
by liquid chromatography—photodiode array detection. The
parameters affecting extraction efficiency were also studied and
optimized. The analytical performance and possible application
of the method in real water sample analysis was investigated.

Experimental
Chemicals and reagents

Tebuthiuron, fluometuron, diuron, propanil, siduron, linuron,
and diflubenzuron were purchased from Fluka (Buchs,
Switzerland). A stock standard solution of the analytes
(500 mg/L) was prepared in acetonitrile and stored at —4 °C.

An intermediary standard solution at a concentration of
2 mg/L was prepared by diluting the standard solution in
methanol. More diluted working solutions were prepared
daily by diluting the intermediary standard solution with
HPLC water.

HPLC-grade methanol, acetonitrile, and CHCl; (99%)
were purchased from Caledon Laboratories (Georgetown,
ON, Canada). CS, (99%), CCly (99%), CH,Cl, (99%),
C,CI3F; (98%), HPLC-grade water, methyltrialkylammo-
nium chloride (mixture of C8—C10) (Aliquat 336), trioctyl
phosphine oxide (TOPO), oleic acid, and diphenylamine (as
the internal standard (IS)) were obtained from Merck
(Darmstadt, Germany). Other reagents and solvents were
also obtained from Merck.

HPLC analysis

A Hewlett-Packard 1090-1I liquid chromatograph (now
Agilent, Palo Alto, CA, USA) equipped with a UV—Vis diode
array detector was used. The system was equipped with a
Rheodyne 7125i injector with a 20-uL loop. Separations were
carried out at room temperature on a 5-um, 125x4 mm
LD. C,g reversed-phase column (LiChrospher 100 RP-18)
preceded by a guard column (104 mm, 5 um) of the same
packing material from Merck (Darmstadt, Germany).
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Gradient elution was accomplished by using acetonitrile
(solvent A) and a 12 mM phosphate buffer solution at pH
2.5 (solvent B). The gradient contained the following steps:
0-2 min isocratic 20% A; 2—24 min linear gradient from
20% A to 50% A; 24-26 min isocratic 50% A; 26-28 min
linear gradient from 50% A to 70% A; 28-32 min linear
gradient from 70% A to 90% A. The mobile phase was
constantly degassed using helium sparging and used at a
flow-rate of 1.0 mL/min. The detections were performed at
245 nm for diuron and propanil at 250 nm for tebuthiuron,
fluomethuron, siduron, diflubenzuron, and linuron and at
280 nm for diphenylamine.

Extraction procedure

For the SADLLME, an aliquot of 5.0 mL of an aqueous
solution containing the analytes was placed in an §-mL
glass test tube with a conical bottom. CHCIly (73 uL)
containing 5% (w/v) Aliquat 336 was injected into the
sample solution using a 100-uL. GC syringe, and the
mixture was then gently shaken for 30 s until a cloudy
solution was formed in the test tube. The cloudy solution
contained very fine droplets of CHCI; dispersed in the
aqueous sample, and the analytes were extracted into the
fine droplets. After centrifugation of the mixture at
3,800 rpm for 6 min, the extraction phase was settled at
the bottom of the conical test tube (about 40 uL). The
deposited phase was transferred to another test tube with a
conical bottom using a 50-uL. HPLC syringe. The extracted
phase was evaporated to a volume of about 4 uL with a
gentle stream of nitrogen gas (~2-min evaporation time).
The residue was dissolved in 21 pL of water—methanol
mixture (1:1) containing 1 mg/L IS, and a 20-uL aliquot
was injected into the HPLC system for analysis.

Real samples

River water sample was taken from the Zayandeh-rood
River (Isfahan, Iran). Groundwater was collected from an
area around the city of Isfahan. Tap water was collected
from IUT Campus. To eliminate particulate matter, the
water samples were filtered through a 0.45-um nylon
membrane filter (Millipore, Bedford, MA, USA).

Calculations

The enrichment factor (EF) was measured as the ratio
between the analyte concentration in the settled phase (Ciey)
and the analyte concentration before extraction (C,) in the
aqueous sample:

Cset
Co

EF =

(1)

Absolute recovery (R%) was defined as the percentage of
the total analyte (ny), which was extracted into the settled
phase (nge).

RY% = et o 100 = St X Vst
no o X Vaq
Vse
= EF x —% % 100 (2)
v,

aq

where V. and V,q are the volumes of the sedimented
organic solvent and the aqueous sample solution, respec-
tively. The relative recovery (RR%) is calculated from the
following equation:

Cfound - Creal

RR% = x 100 (3)

Cadded
where Ciound, Creal, and Cagqeq are analyte concentration
after addition of a known amount of the standard solution
into the real sample, analyte concentration in the real
sample, and concentration of a known amount of the
standard solution spiked to the real sample, respectively.

Results and discussion

In the conventional DLLME method, a volume of about
0.5-3 mL of the disperser solvent (e.g., methanol, acetoni-
trile, or acetone), which is miscible with the organic
solvent, is used to disperse a non-polar extraction solvent
in an aqueous sample. The addition of this relatively large
volume of the organic solvent, which is miscible with
water, leads to the reduced extraction efficiency of the
method due to an increase in the solubility of the analytes
in the sample solution.

In ultrasound-assisted surfactant-enhanced emulsifica-
tion microextraction [20], as previously described, to
enhance the dispersion of extraction solvent in the aqueous
sample, the surfactant is added into to aqueous phase. The
solvent is emulsified in the presence of ultrasonic radiation
(3-min sonication time). In comparison with USAEME
[19], the addition of surfactant accelerates the formation of
fine droplets of the extraction solvent in aqueous sample,
hence decreasing the extraction time.

In this study, the surfactant was added to the water-
immiscible extraction solvent. Following the addition of the
extraction solvent to the aqueous phase, the solvent was
dispersed in the solution, and a stable emulsion system was
formed, without the aid of ultrasound irradiation. Due to the
formation of very fine solvent droplets, the surface area among
the extraction solvent and the aqueous phase is essentially
large. Therefore, as it will be seen later, quick equilibrium (less
than 0.5 min) was achieved due to the fast transition of analytes
from aqueous phase to extraction solvent.
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Method optimization

The effects of all such parameters as the kind and volume of
extraction solvent, the type of surfactant, the surfactant
concentration in extraction solvent, salt addition, and extrac-
tion time that could probably influence the performance of
extraction needed to be investigated and optimized in order to
achieve high extraction efficiency of phenylurea herbicides
from water samples. Sample pH is another important
parameter in the DLLME procedure. Adjustment of the pH
of the sample can improve the sensitivity of the method for
acidic and basic analytes. However, many authors have found
that sample pH has no influence on the extraction efficiency of
phenylurea pesticides [26-29]. This is because the phenyl-
urea compounds are nearly neutral. Therefore, solution pH
was not investigated in this study.

In this study, seven compounds were selected as represen-
tatives of phenylurea herbicides to determine their behavior
under the extraction conditions. All the determinations were
based on the ratio of the analyte peak area to the internal
standard, averaged from three replicate measurements.

Selection of the surfactant Three types of surfactant,
namely the cationic (Aliquat 336), the anionic (oleic acid),
and the non-ionic (TOPO), were investigated. To study the
effect of surfactant type, extraction solvent (chloroform)
containing 5% (w/v) each surfactant was added into the
5 mL of water sample spiked with 30 pg/L of the studied
compounds. In these experiments, the sedimented phase
volume was 20 pL. As a result, among the three surfactants
investigated, Aliquat 336 and oleic acid give highest and
lowest extraction recovery for the analytes respectively.

Fig. 1 Effect of different 800 -
extraction solvent on
SADLLME. Extraction condi- 200

tions: concentration of analytes,
30 pg/L; sample volume,

5.0 mL; volume of sedimented 600
phase, 20.0 pL; concentration of

Aliquat 336 (as disperser), 5% s
w/v; salt addition, no NaCl g 500

added, room temperature ~
3 400

[

b=
= 300

[3)
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Since phenylurea herbicides have no acidic and basic
functional groups, they are nonionizable and form no ion-
pair complex with any of the surfactants. Therefore, the
enhancement of extraction efficiency was not due to the
formation of ion pairs. It is possible that the analytes
interact with the surfactants through non-ionic intermolec-
ular forces such as dispersion and polar interactions [18]. In
the previous reports [17, 18, 30], Aliquat 336 has been
applied for the extraction of both dissociate and associated
forms of analytes. According to the results, Aliquat 336
was selected as the best surfactant.

Selection of the extraction solvent The selection of a
suitable extraction solvent is critical for the DLLME
process. In the selection of the extraction solvent, certain
properties of the solvent that need to be considered are: (1)
higher density than that of water, (2) good chromatographic
behavior, (3) ability to extract analytes of interest, and (4)
low solubility in water. Based on these requirements, five
different extraction solvents including CCl, (density,
1.59 g/mL), CS, (density, 1.26 g/mL), CH,Cl, (density,
1.33 g/mL), CHCl;y (density, 1.48 g/mL), and C,Cl;F;
(density, 1.58 g/mL) were selected. In order to pick up a
constant volume of the deposited phase (20 uL), different
volumes of the extraction solvents (35, 30, 100, 50, and
39 HL) of C2C13F3, CC14, CH2C12, CHC13, and CSZ
containing 5% w/v Aliquat 336 were used, respectively.
The average peak area (triplicate) and the standard
deviation for the different extraction solvents are depicted
in Fig. 1. As can be seen in Fig. 1, the extraction
efficiencies using CHCI; obtained for all the analytes were
higher than those with other solvents. Therefore, CHCl;

B Tebuthiuron
Fluometuron
Diuron

& Propanil

B Siduron

O Linuron

& Diflubenzuron

Type of extraction solvent
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was selected as the extraction solvent for the purposes of
this study.

Effect of surfactant concentration in extraction solvent
Variations in Aliquat 336 concentration (as the disperser)
cause changes in the volume of the sedimented organic
solvent. To avoid this and also to achieve a constant volume
of the sedimented organic solvent, chloroform volumes
containing various amounts of Aliquat 336 were studied.
Constant experimental conditions were used that included
the use of different chloroform volumes (i.e., 55, 55, 54,
and 52 pl) containing 1.0%, 2.0%, 5.0%, and 10.0% (w/v)
Aliquat 336, respectively. In this step, the volume of the
sedimented phase was kept constant (20 pL). The effect of
Aliquat 336 concentration on extraction efficiency is shown
in Fig. 2 As can be seen, extraction efficiency for
tebuthiuron was slightly reduced with increasing surfactant
concentration up to 2%, beyond which it remained
constant. Extraction efficiency for fluometuron, diuron,
and linuron were almost constant with increasing surfactant
concentration. For other compounds, extraction efficiency
appeared to reach its maximum at 5% concentration of the
surfactant. So, the 5% w/v was selected as the optimum
concentration of Aliquat 336.

Effect of extraction solvent volume A volume range
(42-105 pL) of the extraction solvent containing 5% (w/v)
Aliquat 336 was used to estimate the influence of different
volumes of the extractant on extraction recovery. Figure 3
shows the curves for sedimented phase volume versus
volume of the extraction solvent. As can be seen, increasing

Fig. 2 Effect of disperser con- 300 -
centration on SADLLME.

Extraction conditions: concen-

tration of analytes, 10 ug/L; 250 4
sample volume, 5.0 mL; extrac-
tion solvent, CHCls; volume of
sedimented phase, 20.0 puL; salt
addition, no NaCl added, room
temperature

200 o

150

100

Relative peak area

50

the extraction solvent volume from 42 to 105 uL caused a
corresponding increase in the volume of the sedimented
phase (9.0-70 uL). Figure 4 displays the effect of chloro-
form volume on the extraction efficiency of phenylurea
herbicides. The maximum response was obtained when
73 uL CHCI; was used. Using 105 puL CHCl;, however,
did not cause any significant changes in extraction efficiency.
Based on these results, 73 uL of CHCl; was chosen for
further experiments.

Effect of salt concentration In DLLME experiments, the
extraction of the analytes can be enhanced or retarded by
adding salts [24, 31] depending on the nature of the
analytes. To investigate the influence of ionic strength on
the performance of DLLME, various concentrations of
NaCl (0-0.33 g/mL) were studied. Increasing the ionic
strength of the sample from 0 to 0.33 g/mL increased the
volume of the deposited organic solvent due to the decrease
occurring in the solubility of the extraction solvent in
aqueous phase. The results showed a slight decrease in the
extraction efficiency with increase in NaCl concentration
for the selected phenylurea herbicides. Hence, no salt was
added in the following experiments.

The effect of extraction time The effect of extraction time
(interval time after shaking a mixture of the surfactant and
the extraction solvent in the aqueous sample and prior to
centrifugation onset) on the performance of SADLLME is
considered to be a major parameter that must be investi-
gated and evaluated. This parameter was studied over the
range of 0.5-5 min under constant experimental conditions.

& Tebuthiuron
Fluometuron
E Diuron

® Propanil
Siduron
& Linuron
& Diflubenzuron

(NIRRT

2 5 10
Concentration of Aliquat 336 (%, w/v)
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Fig. 3 Effect of the extraction 80 1
solvent (CHCl3) volume on the
sedimented phase volume in —_ 70 4
SADLLME. Extraction condi- '_3]_
tions: water sample volume, 2 60 A
5.00 mL; concentration of =
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The extraction time profiles show that peak area variations
versus extraction time were not significant. It is because
after the formation of the cloudy solution, the surface area
between the extraction solvent and the aqueous sample
became significantly large. So, the transfer of the analytes
from the aqueous sample to the extraction solvent took
place very quickly. The equilibrium state subsequently
obtained correspondingly fast and the extraction time was
rather short. The most time-consuming step in this method
was the centrifugation of the cloudy solution on the basis of
the extraction procedure, which took about 6 min. The
method can, therefore, be considered as very rapid, which is
the most distinct benefit of the DLLME technique over
other microextraction methods [21, 32].

Fig. 4 Effect of extraction 300 1+
solvent volume on SADLLME.
Extraction conditions: concen-
tration of analytes, 10 ug/L; 250 A
sample volume, 5.0 mL;
extraction solvent, CHCls;
concentration of Aliquat 336 s 200 1
(as disperser), 5% w/v; salt =
addition, no NaCl added, -:é %
room temperature & 150 é
/
E %
g é
E 100 - ;
é
7
50 1 g
%
g
0 . 4
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Method validation

The following optimum conditions were selected: 5.0 mL
of the sample solution, 73 uL CHCl; as the extraction
solvent containing 5% (w/v) Aliquat 336, and 6.0 min
centrifugation at 3,800 rpm at room temperature, without
any salt addition. Under these conditions, precision, linear
range, limit of detection, recovery, and the enrichment
factor of the proposed method were investigated. The
results are presented in Table 1.

The calibration curve was linear in the range 0.1-40 pg/L
for tebuthiuron, fluometuron, propanil, diuron, and linuron;
0.04-0.4 and 0.4-40 pg/L for siduron; and 0.04-20 pug/L for
diflubenzuron. The values of the squared correlation coeffi-
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@ Linuron
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LR

52 73 105
Volume of CHCI, (uL)
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Table 1 Linear calibration range, squared correlation coefficient, precision, recovery, detection limit, and enrichment factors for SADLLME-

HPLC-DAD of phenylurea herbicides

Compound Linearity range (nug/L) ” EF* Recovery® Precision (RSD%) LOD® (ng/L)
Intra-day Inter-day®
Tebuthiuron 0.1-40 0.9981 128 64 0.6 3.9 18
Fluometuron 0.1-40 0.9990 150 75 1.0 3.8 17
Diuron 0.1-40 1.0000 167 83 1.9 25 14
Propanil 0.1-40 0.9999 166 83 1.9 1.5 13
Siduron 0.04-0.4 0.9921 183 91 2.0 8.3 2.3
0.4-40 0.9991

Linuron 0.1-40 0.9987 178 89 1.9 3.1 13
Diflubenzuron 0.04-20 0.9989 198 99 1.8 1.3 32

# Enrichment factor

b Recovery was calculated according to Eq. 2 by analyzing water samples spiked at 1 pg/L (n=3)

¢ Limit of detection for kSy/m (k=3)

dIntra—day repeatability was calculated by analyzing water samples spiked at 1 pg/L within 1 day (n=3)

¢ Inter-day repeatability was calculated by analyzing water samples spiked at 1 ug/L over a period of 3 days (7=3)

cient (+*) ranged from 0.9920 to 1.000. The intra-day
precision of the method was evaluated by analyzing three
spiked HPLC-grade water samples (1 pg/L). The relative
standard deviations (RSDs) were in the range of 0.6-2.0%
for all the analytes used. The inter-day precision of the
method was determined by performing three consecutive
extractions each day over a period of three working days.
The inter-day RSDs varied between 1.3% and 8.3%. Limits
of detection (LODs), based on three times of standard
deviation of blank to slope of calibration curve (3S,/m), were
between 2.3 and 18 ng/L.

The enrichment factors were obtained by three replicate
extractions of water samples spiked with 1 pg/L of the analytes.
The results indicate that enrichment factors varied from 128 to
198. Based on Eq. 2, absolute recoveries for the water sample
spiked with 1 pg/L were estimated at about 64 to 99.

At present, the proposed method yields a very low
detection limit (2.3 to 18 ng/L) compared with the records
reported in previous studies of DLLME, SPE, and SPME
combined with GC-MS, LC-MS, LC-fluorescence, and
LC-UV for the analysis of phenylureas in water samples
(Table 2). These low detection limits are probably due to

Table 2 Comparison of SADLLME-HPLC-DAD with other extraction methods for determination of phenylurea herbicides in water samples

Method Sample volume  LOD (ng/L) RSD Extraction solvent  Extraction time  Reference
(mL) (%) volume (pnL) (min)

SPE-LC-MS* 500 7-15 14-22 3,000 71 [33]
SPME-LC-PIF-FD° 3 21-30 36 - 50 [26]
SPE-LC-PIF-FD 300 80x10°-230x10*  1-1.6 2,000 60 [34]

In-tube SPME-HPLC-ESI-MS ~ 0.45 10-320 26-53 - 12 [35]
DLLME-HPLC-UV* 5 10-200 3-7.8 150 <1 [36]
PDLLME-HPLC-UV* 5 100-280 1.5-59 70 <l [27]
SADLLME-HPLC-UV 5 2.3-18 0.6-2 73 <1 Proposed method

#Solid-phase extraction-liquid chromatography—mass spectrometry

bSolid-phase microextraction—high-performance liquid chromatography—post column photochemically induced fluorimetry derivatization—fluorescence

detection

¢ Dispersive liquid-liquid microextraction-high-performance liquid chromatography—diode array UV detection

9 Partitioned dispersive liquid-liquid microextraction—high-performance liquid chromatography—diode array UV detection
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Table 3 Analytical results of
phenylurea herbicides in spiked
real water samples

Relative recovery was calculated
according to Eq. 3 by analyzing
real water samples spiked at

1 ng/L

bRepeatability was calculated by
analyzing real water samples

spiked at 1 pg/L within 1 day
(n=3)

high enrichment factors obtained by the method. Satisfac-

Compound Sample RR? (%) RSD® (%) ”
Tebuthiuron Tap water 94 8.6 0.995
Zayandeh-rood river 100 2.1 0.999
Well water 98 1.7 0.999
Fluometuron Tap water 91 4.7 0.998
Zayandeh-rood river 95 4.6 0.995
Well water 100 5.9 0.999
Diuron Tap water 91 52 0.992
Zayandeh-rood river 102 1.0 0.999
Well water 92 4.7 0.997
Propanil Tap water 104 3.1 0.998
Zayandeh-rood river 98 1.4 0.999
Well water 96 1.1 0.998
Siduron Tap water 91 7.9 0.998
Zayandeh-rood river 96 1.4 0.998
Well water 101 1.6 0.997
Linuron Tap water 91 7.7 0.998
Zayandeh-rood river 96 2.0 0.998
Well water 96 2.7 0.999
Diflubenzuron Tap water 100 52 0.999
Zayandeh-rood river 98 1.3 0.998
Well water 100 43 0.998

tory inter- and intra-day precisions and high extraction

recovery within a very short time are among its other
advantages. The proposed method also yields better values
for the enrichment factor than other methods do, especially

for polar compounds.

Fig. 5 Obtained chromatogram
of phenylurea herbicides after
SADLLME of zayandeh-rood
river water sample spiked at
0.2 pg/L (A=250 nm). (1)
tebuthiuron, (2) fluometuron,
(3) diuron, (4) propanil, (5)
siduron, (6) linuron, (7) diflu-
benzuron, (8) internal standard
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Real water analysis

In order to determine possible matrix effects and investigate
the suitability of the proposed SADLLME method for real
water analysis, experiments were carried out with tap,

ground, and river (Zayandeh-rood) water samples spiked at

mAU 4
2.5
24
4
1.5+
5
2
14
0.5
T T T T 1 1 T T T,
10 125 15 17.5 20 22.5 25 27.5 min
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concentration levels between 0.1 and 1 pg/L with the
standard solution of the studied compounds. The results
showed that the waters analyzed were either free of
phenylurea herbicides or had concentrations below detec-
tion limits. A good linear relationship was observed
between the spiked amounts and peak areas of the analytes
in real samples (+*>0.99). Recoveries and precision levels
were obtained as listed in Table 3. As can be seen in the
table, the relative recoveries, which are defined in Eq. 3,
ranged from 91% to 104%. RSDs (n=3) ranged from 1.0%
to 8.6% for a spiked concentration level of about 1 pg/L.
This means that the matrices of the real water samples had
no plain effects on the recovery or extraction efficiency of
the analytes from real water samples. Figure 5 shows a
chromatogram of the spiked Zayandeh-rood river water
sample obtained after SADLLME.

Conclusion

A novel, simple, and disperser-solvent-free method based
on SADLLME combined with HPLC-DAD was developed
for the analysis of phenylurea herbicides in water samples.
The technique exhibited excellent results for real water
samples with many advantages such as very high extraction
efficiency and recovery, low cost, low matrix effects, and
minimum extractant solvent consumption (without the use
of dispersive solvent), all of which agree with green
chemistry criteria. The surfactant used for the proposed
method is environmentally friendly and cost effective to
such an extent that the amounts used for effective extraction
schemes are minimal compared with the amounts of
organic solvents used in conventional DLLME.
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