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A  fast,  simple,  inexpensive,  sensitive,  efficient  and  environmental  friendly  direct  ultrasound-assisted
dispersive  liquid–liquid  microextraction  (DUSA-DLLME)  procedure  has been  developed  to  concentrate
five  nitroaromatic  explosives  from  water  samples  prior  to  quantification  by gas  chromatography–mass
spectrometry  (GC–MS).  An  efficient  ultrasonic  probe  has  been  used  to radiate  directly  the  samples  pro-
ducing  very  fine  emulsions  from  immiscible  liquids.  A  D-optimal  design  was  used  for  optimizing  the
factors  and  to  evaluate  their  influential  upon  extraction.  The  optimum  experimental  conditions  were:
sample  volume,  10 mL;  extraction  time,  60 s; cycles,  0.6 s(s−1);  power  of  ultrasound  energy,  40%  (70  W);
and,  extractant  solvent  (chlorobenzene)  volume,  20 �L. Under  the  optimized  experimental  conditions
the  method  presents  good  level  of  repeatability  with  coefficients  of  variation  under  6%  (n  =  8;  spiking
level  10  �g L−1).  Calculated  calibration  curves  gave  high  level  of  linearity  with  correlation  coefficient  val-
ues  between  0.9949  and  0.9992.  Limits  of detection  were  ranged  between  0.03  and  0.91  �g L−1. Finally,
the  proposed  method  was  applied  to the  analysis  of  two  types  of  water  samples,  reservoir  and  effluent
wastewater.  The  samples  were  previously  analysed  and  confirmed  free  of  target  analytes.  At  5  �g  L−1
spiking  level  recovery  values  ranged  between  75  and  96% for  reservoir  water  sample  showing  that  the
matrix  had  a  negligible  effect  upon  extraction.  However,  a noticeable  matrix  effect  (around  50%  recovery)
was  observed  for effluent  wastewater  sample.  In  order  to alleviate  this  matrix  effect,  the  standard  addition
calibration  method  was  used  for quantitative  determination.  This  calibration  method  supplied  recovery
values  ranged  between  71  and  79%.  The  same  conclusions  have  been  obtained  from  an  uncertainty  budget
evaluation  study.
. Introduction

Over the past few years the interest in nitroaromatic explosives
NE) analysis has increased due to military activities, but especially
or the continuous upsurge in terrorist activity. This has gener-
ted tremendous demand for innovative analytical tools capable
f detecting these compounds. Real samples are usually compli-
ated matrices and these compounds are at low concentration,
herefore, extraction is often recommended before detection. Con-
entional liquid–liquid extraction (LLE) and solid phase extraction
SPE) are the most commonly used methods of sample pretreat-
ent for isolation and/or enrichment of nitroaromatic explosives
1]. However, they present many disadvantages as they are tedious,
abor-intensive and time-consuming. In addition, LLE requires large

∗ Corresponding authors. Tel.: +34 965909790; fax: +34 965909790.
E-mail  addresses: lorena.vidal@ua.es (L. Vidal), a.canals@ua.es (A. Canals).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.08.011
© 2011 Elsevier B.V. All rights reserved.

amounts of organic solvents that are potentially toxic, and is dif-
ficult to automate. SPE uses much less solvent than LLE but can
be relatively expensive. Besides, prior to chromatographic analysis
LLE and SPE often require solvent evaporation in order to pre-
concentrate the samples. During this evaporation step, loss and/or
deterioration of target analytes have been reported [2].

Efforts  have been placed on the miniaturization of the SPE
and LLE procedures to remove these disadvantages. Solid-phase
microextraction (SPME) is a solvent-free extraction technique
that incorporates sample pretreatment, concentration and sample
introduction into a single procedure. However, the extraction fiber
is expensive, fragile, requires conditioning and it has a limited life-
time, and in addition, sample carry-over between runs can be a
problem [3]. Liquid–liquid microextraction (LLME) is a single-step

extraction with a very high sample-to-solvent ratio which leads
to high enrichment factor of analytes. In comparison to the tra-
ditional LLE and SPE, LLME has many advantages including wide
selection of available solvents, low cost, simplicity and ease of use,
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hort preconcentration time, virtually solventless and possibility
f automation. In addition, it is characterized by its affordabil-
ty, due to its independence of a commercial source. One of the
LME approach is based on analyte partitioning between a droplet
f organic solvent (extractant phase) and the aqueous sample
atrix, named single-drop microextraction (SDME) [4]. However,

n SDME fast stirring speed and air bubbles cause drop instabil-
ty and tend to break down the organic droplet, and relative low
recision were often reported. Other configurations of LLME have
een recently developed [5,6] with the aim of solving these prob-

ems. One of this novel liquid–liquid microextraction techniques is
he dispersive liquid–liquid microextraction (DLLME), which was
ntroduced by Assadi et al. [7,8]. DLLME is based on the forma-
ion of tiny droplets of extractant in the sample solution using
ater-immiscible organic solvent (extractant) dissolved in a water-
iscible organic dispersive solvent. This novel technique has the

dvantages of simplicity, rapidity, low sample volume, low cost,
igh recovery, and a high enrichment factor. Both microextraction
echniques (i.e., SPME and LLME) have been used for the determi-
ation of NE in soil and water samples [9–13].

Sonochemistry is a growing topic in science and technology
14]. The effects of ultrasound on chemical and physical trans-
ormations are through the phenomenon of cavitation. Cavitation
s the production of microbubbles in a liquid when a large neg-
tive pressure is applied to it [14]. Sonication can be used to
roduce very fine emulsions from immiscible liquids, which result

n very large interfacial contact areas between the liquids and
 corresponding dramatic increase in the mass transfer between
wo immiscible phases. This leads to an increment in the extrac-
ion efficiency of the procedure in a minimum time [15,16]. For
his reason, sonochemistry has been combined with dispersive
iquid–liquid microextraction and the result has been a new tech-
ique called ultrasound-assisted emulsification–microextraction
USAEME)  or ultrasound-assisted dispersive liquid–liquid microex-
raction (USA-DLLME). The use of ultrasound energy to disrupt
he extractant phase reduces the consumption of organic solvent,
ecause the necessity of using a third component (disperser sol-
ent) is not needed. Moreover, the use of disperser solvent usually
ecreases the partition coefficient of analytes into the extractant
olvent. Therefore, these drawbacks are eliminated when sono-
hemistry is introduced. This technique was for the first time
pplied to the determination of synthetic musk fragrances, phtha-
ate esters and lindane in water samples [17]. Fontana et al.
18] reported the extraction and preconcentration of polybromi-
ated diphenyl ethers from environmental waters. Ozcan et al.
19,20] extracted some selected polychlorinated biphenyls and
rganochlorine pesticides from water samples, and Cortada et al.
21] extracted geosmin and 2-methylisoborneol in water and
ine samples. Simultaneous USAEME and derivatization have

een combined to extract parabens, triclosan and related phe-
ols in water samples [22]. More recently Li et al. [23] have

ntroduced an ionic liquid-based ultrasound-assisted dispersive
iquid–liquid microextraction method (IL-based USA-DLLME) for
admium determination in water samples.

In most of the published papers cited above [17–23] an ultra-
onic bath has been used to irradiate the liquids. Nevertheless, it is
ell known that ultrasonic bath is less efficient in energy transmis-

ion than ultrasonic probe [14], and hence, the former produces a
ower rate of emulsification [24].

Therefore, the main aim of this work was to develop a new, sim-
le, rapid, inexpensive, sensitive, and efficient direct ultrasound-
ssisted dispersive liquid–liquid microextraction (DUSA-DLLME)

ethod for extraction of NEs from aqueous samples. In this method

he ultrasonic probe (i.e., sonotrode) was directly introduced into
he sample increasing the efficiency of energy transmission. DUSA-
LLME extraction parameters (i.e., sample volume, extraction time,
5 (2011) 2546– 2552 2547

cycles,  power of ultrasound energy, extractant solvent type and
volume) were optimized and the procedure was then applied to
the determination of five nitroaromatic explosives in real reser-
voir water and effluent wastewater samples. Determinations were
carried out by gas chromatography–mass spectrometry (GC–MS).
The optimization of the microextraction conditions has been done
using experimental design [25], and uncertainty budget [26] has
been used for establishing confidence as a more realistic approach
to the regulatory environment.

2.  Experimental

2.1. Chemicals, “real-world” water samples and apparatus

Nitrobenzene, 2-nitrotoluene, 2,6-dinitrotoluene, 2,4,6-
trinitrotoluene and 2-amino-4,6-dinitrotoluene (2-ADNT) were
obtained from Sigma-Aldrich (St Louis, MO,  USA). Chlorobenzene,
carbon tetrachloride, tetrachloroethylene and methanol pesticide-
grade were also obtained from Sigma-Aldrich. De-ionised water
was prepared on a water purification system (Gradient A10) sup-
plied by Millipore (Billerica, MA,  USA). Stock standard solution of
2 mg  L−1 of target compounds was  prepared in methanol. Working
solutions were prepared by proper dilution of stock standard
solution in water. All solutions were stored in the dark at 4 ◦C.

The  recovery studies were carried out using reservoir water
(Seville, Spain) and effluent wastewater (Ourense, Spain) samples,
which were also stored in the dark at 4 ◦C. Initial analysis confirmed
that they were free of all target analytes.

An ultrasonic processor (175 W,  24 kHz) with a titanium cylin-
drical sonotrode (7 mm  o.d.; 110 mm  long, reference S7) from Dr.
Hielscher (Teltow, Germany) was used as the sonic probe. The
instrument can be used in pulsed mode to enable rhythmic pro-
cessing of media. With a pulse setting of “1” the reaction mixture
is sonicated without interruption whereas with a pulse setting, for
example, of “0.5” the reaction mixture is sonicated for 0.5 s and
then sonication stops for 0.5 s. Hence, in pulse mode the ratio of
sound-emission time to cyclic pause time can be adjusted contin-
uously from 0 to 100% per second. Centrifuge table GS-6R model
of Beckman (Fullerton, CA, USA) was  used for centrifugation of the
samples.

2.2. Direct ultrasound-assisted dispersive liquid–liquid
microextraction (DUSA-DLLME)

10  mL  of sample were placed into a 20 mL  glass test tube with
conical bottom. 20 �L of chlorobenzene as extractant solvent (Cau-
tion: be aware with the hazardous for the environment. Especially
precaution should be taken for waste management and residues
after extraction) were dropped into the sample solution and then
the mixture was homogenized to avoid that the solvent remains
in the cone inhibiting dispersion. 75 mm  of the titanium cylindri-
cal sonotrode was  directly introduced into the reaction mixture for
60 s. Once the extraction was  finished the mixture was  centrifu-
gated for 4 min  at 2300 rpm in the centrifuge table. Finally, 2 �L
of the extractant phase located at the bottom of the tube were
manually injected into the GC–MS system for analysis.

2.3. GC–MS determination

All  analyses were carried-out on a Varian 3900-Saturn
2100T  Gas Chromatography/Mass Spectrometer system (Walnut
Creek, CA, USA) equipped with a Meta.X5 Tecknokroma column

(30 m × 0.25 mm,  1.0 �m)  (Barcelona, Spain). The mass spectrom-
eter employed was an ion trap (20 �A) with 0.82 s of scan time.
The injector was maintained at 220 ◦C and operated in the splitless
mode with the split closed for 0.75 min. Helium (>99.999% pure)
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F d by the DUSA-DLLME-GC-MS method. (1) Nitrobenzene; (2) 2-nitrotoluene; (3) 2,6-
d benzene) volume, 20 �L; sample volume, 10 mL;  extraction time, 60 s; cycles, 0.6 s(s−1);
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ig. 1. Typical chromatogram of a de-ionized water sample (10 �g L−1) extracte
initrotoluene; (4) 2,4,6-trinitrotoluene; (5) 2-ADNT. Conditions: extractant (chloro
nd  power, 40% (70 W).

as used as the carrier gas at a flow rate of 1.0 mL  min−1. The col-
mn oven was initially set at 60 ◦C for 2 min, then programmed
t 5 ◦C min−1 to 150 ◦C where it was held for 2 min, and finally
o 250 ◦C at 20 ◦C min−1 rate, where it was held for 10 min. The
nterface temperature was set at 200 ◦C and the detector voltage
t 4 V. A 15 min  solvent cut time was allowed for all analyses. The
ase peak ion and two other significant ions of each analyte were

solated during the whole chromatogram and were chosen as the
uantifying ions. The base peaks ion (m/z) for the target analytes
ere: nitrobenzene: 77; 2-nitrotoluene: 65; 2,6-dinitrotoluene:

65; 2,4,6-trinitrotoluene: 210 and 2-amino-4,6-dinitrotoluene:
80.  Prior to quantification, the identification of all target com-
ounds was based on their mass spectra and GC retention times.
ig. 1 shows a typical chromatogram obtained after extraction of a
piked de-ionised sample containing 10 �g L−1 of each target ana-
yte.

.4. Data handling and processing

According  to a previous work, the response of the instrument
sed in the design of experiments study was based on each area of
he peaks individually obtained during GC–MS analysis [27].

Experimental design matrices were constructed and the results
ere evaluated using the Statgraphics Statistical Computer Package

Statgraphics Plus 5.1” (Warrenton, VA, USA).

. Results and discussion

.1.  Study of experimental factors involved in DUSA-DLLME

.1.1. Solvent study

The  first step in the optimization procedure was  to select an

ppropriate extraction solvent. The solvents were selected on the
asis of higher density than water, extraction capability of tar-
et compounds and good gas chromatography behaviour. Carbon
Fig. 2. Response of the three organic solvents tested. De-ionised water samples
spiked  at concentration of 100 �g L−1. Conditions: extractant volume, 20 �L; sample
volume,  10 mL;  extraction time, 5 min; cycles, 0.5 s(s−1); and power, 55% (96 W).

tetrachloride, chlorobenzene and tetrachloroethylene were tested
as potential acceptor phases. Solvent selectivity was  evaluated with
20 �L of each extractant solvent into a 10 mL  of de-ionized water
sample spiked at 100 �g L−1 with all target analytes. From the three
tested solvents chlorobenzene gave the best results, as can be seen
in Fig. 2. Polarity of the solvents is similar, where values in terms of
log P are 2.91, 2.84 and 3.07 for carbon tetrachloride, chlorobenzene
and tetrachloroethylene, respectively. However, chlorobenzene
has an aromatic ring which allows �–� interaction with the NEs,
and therefore, higher extraction.
3.1.2.  Study of others experimental factors
Different factors can affect the extraction yield in the direct

ultrasound-assisted dispersive liquid–liquid microextraction pro-
cedure and in most cases they are correlated. Therefore, their
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Table 1
Experimental factors and levels studied on the D-optimal design.

Factor Level

Low (−1) Central (0) High (+1)

Extractant volume (�L) 20 – 40
Sample volume (mL) 5 – 10
Extraction time (s) 30 – 60
Cycles (s(s−1)) 0.4 0.7 1.0
Power (%)a 40 (70) 70 (123) 100 (175)

a Numbers in parentheses are absolute ultrasound power values in W.

Table 2
Parameters of the evaluation of significance of the proposed model.

Analyte R-square  (%) p-valuea

Nitrobenzene 99.9 0.0915
2-Nitrotoluene 99.6 0.1151
2,6-Dinitrotoluene 97.2 0.3140
2,4,6-Trinitrotoluene 98.3 0.2690
2-ADNT  98.8 0.4016
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a Significance level: 0.05.

ptimization through a multivariate approach is recommended.
he methodology based on the design of experiments (DOEs) is

 useful tool that can be used to find the best experimental condi-
ions. Various types of designs can be applied as factorial designs
20] that are appropriate for assessing main effects and interactions
etween factors; fractional designs [28] that only concerned with
he main effects, and central composite, Doehlert designs and those
esigns based on the simplex method that are used for optimizing
he experimental conditions when dealing with continuous factors
29,30]. In many cases, it is not possible to apply these classical
xperimental designs due to constraints either on the experimen-
al domain (cost of certain reagents, safety or incompatibility in the
xperimental conditions, etc.) or on the number of experiments
time-consuming analysis, cost, material, etc.). These limitations
bliged to reduce experimentation by selecting those experiments
hat, complying with the constraints enforced, keep the highest
uality of the design, the reliability of the estimations and there-
ore the conclusions derived from it. In the present work, in order
o reduce resources (time, reagents and sample) invested, and that
wo out of the five factors under study were not expected to have

 linear behaviour, the experiments to be performed were selected
ccording to the D-optimality criterion [31]. D-optimal designs
ave the property that the estimations of the coefficients of the
odel are the most precise possible [31]. More detailed information

f D-optimal design can be found in Ref. [31].
The first step of the experimental design methodology was  the

election of the factors, experimental domain and the response
unction. Three of these factors named extractant volume, sample
olume and extraction time were chosen at two  levels, low (−1)
nd high (+1), and the other two factors, namely cycles and power
f ultrasound energy were chosen at three, low (−1), central (0) and
igh (+1). The selected values chosen for each factor are given in
able 1. Three levels must be chosen for cycles and power of ultra-
ound energy in order to avoid the problem associated to lack of
inearity. It should be emphasized that the number of experiments
eeded using a full factorial design is 72. However, using D-optimal
esign the number of experiments selected by the program is only
1 (see Supplementary material for more information). As it has

een described above, the peak area of each analyte has been used
s a response of the proposed model.

The second step was the selection of the mathematical model
hich represents the phenomenon studied, and a second-order Ta
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Table 4
Optimum extraction conditions for each analyte.

Analyte Extractant volume (�L) Sample volume (mL) Extraction time (s) Cycles (s(s−1)) Power (%)a

Nitrobenzene 20 10.0 58.3 0.65 40 (70)
2-Nitrotoluene 20 10.0 59.3 0.67 41 (72)
2,6-Dinitrotoluene 20 10.0 54.0 0.88 40 (70)
2,4,6-Trinitrotoluene 20 10.0 60.0 0.65 68 (119)
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2-ADNT 20 9.2 

a Numbers in parentheses are absolute ultrasound power values in W.

inear model was proposed:

 = b0 + b1x1 + b2x2 + b3x3 + b4x4 + b5x5 + b6x1x2 + b7x1x3

+b8x1x4 + b9x1x5 + b10x2x3 + b11x2x4 + b12x2x5 + b13x3x4

+b14x3x5 + b15x4x5 + b16x2
4 + b17x2

5

here y is the response function (peak area), b0 is the intercept,
1–17 are the regression coefficients that estimate the effect of
ach factor (b1–5), interactions (b6–15) and quadratic effects of two
actors (b16–17), and xi are the independent factors, where x1 is
xtractant volume, x2 is sample volume, x3 is extraction time, x4
s cycles and x5 is power of ultrasound energy.

From the analysis of the 21 experiments results, the R-square
nd p-values from Durbin–Watson statistical test [32] are shown
n Table 2. As can be seen, values of R-square are between 97.2 and
9.9% and these values indicate that the model chosen explains the
ariability of the factors with the response (y). The Durbin–Watson
tatistic is a test to determine if there is any residual autocorrela-
ion. The significance level was settled at 0.05. All p-values shown
n Table 2 are greater than 0.05, therefore the null hypothesis is
ccepted, which considers that there is no autocorrelation in the
esiduals, and therefore the model proposed for this study was
alid.

The data obtained were evaluated by ANOVA test, and the coef-
cients of the factors are listed in Table 3. Only coefficients of main

actors are presented in Table 3, due to only few interactions for
hree out of the five analytes were significant, and the results were
lso according to those of the main factors. Therefore, to select the
ptimum conditions of the extraction procedure only the effects of
ain factors were considered. In order to determine if a coefficient

s significant and consequently, if the corresponding factor affects
he extraction procedure, the significance level was  also settled at
.05. Therefore, those coefficients, whose p-value is smaller than
.05, will be considered statistically significant.

As can be seen, extractant volume shows a negative significant
ffect upon extraction for all target analytes. Indeed, decreasing
xtractant volume increases the concentration of analyte extracted
nd therefore the signal increased. Sample volume and extraction
ime show a positive effect upon extraction for all target ana-

ytes but only for nitrobenzene and 2-nitrotoluene have significant
ffect. Indeed, increasing the sample volume results in an increase
f the total amount of analyte extracted. In case of extraction time,
he amount of analytes extracted is also increased when time is

able 5
ain  method (DUSA-DLLME-GC-MS) parameters for NEs determination in water samples

Analyte Correlation coefficient (r)a

Nitrobenzene 0.9992 

2-Nitrotoluene 0.9989 

2,6-Dinitrotoluene 0.9949 

2,4,6-Trinitrotoluene 0.9957 

2-ADNT 0.9981 

a Linear range: 1–10 �g L−1 (number of calibration points = 5, replicates = 3 for level).
b Coefficient of variation (CV): mean value for 8 replicate analyses; spiking level 10 �g 

c Limits of detection (LODs): calculated for a three signal to noise ratio (S/N = 3).
d Limits of quantification (LOQs): calculated for a ten signal to noise ratio (S/N = 10).
60.0 0.61 40 (70)

increased. Nevertheless, extraction time is not significant for three
of the five compounds, and this could be due to equilibrium is
reached in few seconds once the solvent is fully dispersed.

Cycles show a negative non-significant effect for all targets
except a negative significant effect for nitrobenzene and a pos-
itive non-significant effect for 2,6-dinitrotoluene. Decreasing the
cycles the amount of analyte extracted increases. This effect could
be explained because an increase in cycles results in a temper-
ature increase at a microscale level that will raise the vapour
pressure of a medium, and so lead to easier cavitation but less vio-
lent collapse. This large number of cavitation bubbles will act as
a barrier to sound transmission and dampen the effective ultra-
sonic energy from the source which enters the liquid medium.
Power shows a non-significant negative effect for all the com-
pounds except for 2,4,6-trinitrotoluene where the effect is positive
and for nitrobenzene that shows a negative significant effect. A
minimum of ultrasound energy is required to reach the cavitation
threshold, but when a large amount of ultrasonic power enters a
system, a great number of cavitation bubbles are generated in the
solution. These will certainly act as a barrier to sound transmis-
sion as in the cycles effect [14]. Optimum extraction conditions for
each target compound are shown in Table 4. However, compromise
values chosen as optimum for the simultaneous extraction of all
NE compounds with this method were: extractant volume, 20 �L;
sample volume, 10 mL;  extraction time, 60 s; cycles, 0.6 s(s−1); and
power, 40% (70 W).

3.2. Analytical figures of merit

The optimum conditions of direct ultrasound-assisted dis-
persive liquid–liquid microextraction were used to assess the
applicability of the proposed method for quantitative determi-
nation of target analytes by GC–MS. A calibration study was
performed by spiking de-ionized water with analytes over the con-
centration range of 1–10 �g L−1. The calculated calibration curves
gave a high level of linearity for all target analytes with correlation
coefficients (r) between 0.9949 and 0.9992 (Table 5). The repeata-
bility of the proposed method, expressed as coefficient of variation
(CV), was evaluated by extracting and analyzing eight consecutive

aqueous samples spiked at 10 �g L−1 with each target analyte, and
the CV values were ranged between 3.9 and 5.1% (Table 5). The
limits of detection (LODs) for all target analytes were determined
according to a signal-to-noise-ratio (S/N) of three and the limits

.

CV (%)b LOD (�g L−1)c LOQ (�g L−1)d

4.1 0.10 0.3
4.6 0.03 0.1
4.3 0.06 0.2
3.9 0.17 0.6
5.1 0.91 3.0

L−1.
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Table 6
Comparison of DUSA-DLLME-GC-MS method with other analytical methods for the determination of NEs.

Preconcentration
method

Separation/detection
technique

Linear range
(�g  L−1)

LOD (�g L−1) Solvent (volume) Extraction
time (min)

Volume
sample (mL)

References

SOEa HPLC-UV 1–50 0.04–0.31 Acetonitrile (165 mL) 100 770 [1]
SPMEb GC–MS 20–1000 0.03–0.29 – 15 5 [9]
SDMEc GC–MS 20–1000 0.11–0.80 Toluene (1 �L) 15 5 [10]
HF-LPMEd GC–MS 10–500 0.3–0.64 Toluene (3 �L) 20 5 [11]
DLLMEe GC-FID 0.5–300 0.09–0.4 Carbon tetrachloride/methanol

(20/750 �L)
2  9 [13]

DUSA-DLLME GC–MS 1–10 0.03–0.91 Chlorobenzene (20 �L) 1 10 This work

a Salting-out extraction.
b Solid phase microextraction.
c Single drop microextraction.
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Table 8
Found concentration of NEs in effluent wastewater samples with standard addition
calibration method.

Analyte Correlation
coefficient (r)a

Found concentration ± U
(k  = 2)b �g L−1 (recovery ± CV,
%)c

Nitrobenzene 0.9940 3.1 ± 1.3 (77 ± 14)
2-Nitrotoluene 0.9967 2.9 ± 1.1 (71 ± 8)
2,6-Dinitrotoluene 0.9965 3.0 ± 1.2 (74 ± 9)
2,4,6-Trinitrotoluene 0.9924 3.2 ±  1.2 (79 ± 10)
2-ADNT 0.9963 3.1 ± 1.9 (78 ± 12)

a Linear range: 0–6 �g L−1 (number of calibration points = 4).
b

d Hollow fiber liquid-phase microextraction.
e Dispersive liquid–liquid microextraction.

f quantification (LOQs) as ten times the above mentioned ratio.
s can be seen in Table 5 the LODs and LOQs values were found

o be in the low �g L−1 level. Limit of detection, extraction time,
xtractant solvent, solvent and sample volume and linear range
f different methods are shown in Table 6 [1,9–11,13]. The LODs
f the proposed method are of the same order or lower for some
f the analytes than those obtained in previous works. However,
LLME and DUSA-DLLME are faster (1–2 min) and easier-handle
ethods. On the other hand, LODs obtained in the present work

or 2-nitrotoluene and 2,6-dinitrotoluene are three times lower
nd almost one order of magnitude lower, respectively, than LODs
btained with DLLME method [13].

.3. Analysis of “real-world” samples

Two different types of water samples were extracted using
he DUSA-DLLME method and the extracts were quantified by
C–MS. Five aliquots of the reservoir water and effluent wastew-
ter samples were spiked at 5 �g L−1 with all target contaminants
nd analysed under the optimized experimental conditions. Pre-
iminary analysis showed that samples were free of all studied
ompounds.

The results for each set of experiments are summarized in
able 7. The amount of the extracted analytes is presented as found
oncentration and recovery values. The latter, ranged between 75
nd 96% for reservoir water, and therefore no noticeable matrix
ffects were observed. However, effluent wastewater shows recov-
ries between 49 and 88%, where 2,4,6-trinitrotoluene and 2-ADNT
hows values around 50%. This implies that there is a signifi-
ant matrix effect.The found concentration was accompanied by
xpanded uncertainty (Table 7), which values were calculated
ased on Refs. [21,26]. Uncertainty of measurement is a component

f uncertainty in all individual steps of an analytical procedure.
ence, it is necessary to determinate the sources and types of
ncertainty for all these steps. Estimation of uncertainty leads to
etter measurement reliability, renders data from inter-laboratory

able 7
ound concentration and mean recoveries of NEs in water samples.

Analyte Found concentration ± U (k = 2)a �g L−1

(recovery ± CV, %)b

Reservoir water Effluent wastewater

Nitrobenzene 4.8 ± 1.8 (96 ± 13) 3.6 ± 1.3 (72 ± 16)
2-Nitrotoluene 4.6 ± 2.0 (93 ± 13) 3.6 ±  1.5 (72 ± 15)
2,6-Dinitrotoluene 3.8 ± 1.7 (75 ± 14) 4.4 ± 1.6 (88 ± 12)
2,4,6-Trinitrotoluene 4.0 ± 1.6 (80 ± 14) 2.6 ± 1.6 (52 ± 13)
2-ADNT 4.1 ± 2.4 (81 ± 11) 2.5 ± 2.0 (49 ± 10)

a U = expanded uncertainty.
b Five replicate analyses at 5 �g L−1 spiking level.
U = expanded uncertainty.
c Three replicate analyses at 4 �g L−1 spiking level.

studies comparable, and helps to assess the statistical signifi-
cance of the difference between the measurement and a relevant
reference value [26]. As can be seen, for reservoir water no sys-
tematic error is concluded since reference value (spiked value)
is included into the found concentration ± expanded uncertainty
intervals. In the case of effluent wastewater sample a system-
atic error is concluded for nitrobenzene, 2,4,6-trinitrotoluene
and  2-ADNT, which was  confirmed with the low recovery val-
ues.

For this reason, the standard addition calibration method was
used for quantitative determination of the NEs in effluent wastew-
ater due to the matrix effects observed. The standard addition
calibration curve was performed with effluent wastewater until
6 �g L−1 and gave a high level of linearity for all target analytes with
correlation coefficients (r) between 0.9924 and 0.9967. The three
aliquots of effluent wastewater samples were spiked at 4 �g L−1

with all target compounds. The results obtained are summarized
in Table 8. Recovery values are ranged between 71 and 79% and
it can be seen now that reference value is included into the found
concentration ± expanded uncertainty intervals, and therefore no
systematic error is presented.

4.  Conclusions

A  new, simple, rapid, inexpensive, sensitive and efficient DUSA-
DLLME method has been introduced for extraction of five NEs from
aqueous samples. Ultrasonic probe is directly introduced into the
sample increasing the efficiency of energy transmission.

The new sample preparation method has been optimized with
a non-common DOE approach (D-optimal design). This optimiza-

tion approach significantly reduces the number of experiments and
introduces experimental conditions that are not able to study with
classical experimental designs.
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