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Abstract

In this study, a new sample preparation strategy termed ultrasonic-assisted dispersive magnetic ionic liquid/magnetic solid
wire microextraction (UA-DMIL/MSW-ME) has been developed for simultaneous determination of fifteen nitrotoluene com-
pounds (NTCs) in the soil and water samples. The extraction was performed by dispersing a magnetic ionic liquid (MIL) into
the sample solution using ultrasonic irradiation. After completing the extraction, by stopping the sonication, a neodymium
wire (NW) was placed inside the sample solution allowing the MIL containing the pre-concentrated analytes to cover the
surface of NW with a thin layer due to the magnetic forces. Afterward, the MIL-coated NW was subjected to a homemade
syringe and directly injected into a gas chromatography—mass spectrometry (GC-MS) instrument for thermal desorption of
analytes; then, quantitative measurements were taken. The central composite design was applied to explore some parameters
influencing the extraction efficiency. Ultimately, under the optimized conditions, the proposed method was successfully
implemented to analyze NTCs in the real samples (coastal and forestal soils, river water, and industrial wastewater) and
acceptable results were obtained. The resultant calibration curves were linear over the concentration range of 0.07-80 pg/L
(R*>0.993). The estimated limits of detection and quantification were lower than 0.07 pg/L, and the enrichment factors were
between 3538 and 3817. The wire-to-wire and single-wire reproducibility values were found to be lower than 5.8% (n=6).
The intra- and inter-day repeatability varied below 5.5% (n=6), and the relative recoveries were calculated between 91-110
and 89-108% for soil and water samples, respectively.
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Introduction 2014). This group of compounds is classified among the

explosive materials that enter the environment via activities

Nitrotoluene compounds (NTCs) include a group of highly
toxic ecological contaminants that are capable of persisting
in environment (Ebrahimzadeh et al. 2009; Mohsen et al.
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of military facilities and ammunition factories. Moreover,
these compounds are used in several industrial and chemi-
cal manufacturing applications (Ebrahimzadeh et al. 2007).
Therefore, the probability of NTCs migrating into aqueous
systems has been increased by the discharging industrial
wastewater into rivers and ground waters, and the dump-
ing of ammunition in marine supplies (Costa dos Reis
et al. 2017; Lordel-Madeleine et al. 2013). Nitrotoluenes
are very important in both environmental and forensic sci-
ence (Cortada et al. 2011; Gaurav et al. 2009). Hence, pre-
concentration and determination of slight amounts of these
compounds are significant from two aspects: First, the devel-
opment of detection systems and measurement of explosives
to prevent illegal activities and, second, reduction in the
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concerns about human health risk through elimination of
these compounds from the living environment and aqueous
systems (Fernandez et al. 2014; Roushani and Shahdost-fard
2018; Sener et al. 2017).

Sample preparation has probably been the focus of
researches during many years in the environmental analytical
chemistry area because analytical apparatuses cannot deal
with complex samples directly (Safavi et al. 2018). There-
fore, developing rapid, highly sensitive, simple, low-cost,
and green sample pre-treatment methods has been favored
in analytical chemistry. The objective of this step is to refine
and concentrate desired analytes from intricate matrices
(Shahraki et al. 2018). Yet, customary techniques such as
liquid-liquid extraction (LLE) and solid-phase extraction
(SPE) might have involved some drawbacks (Es’haghi et al.
2011; Sarafraz-Yazdi and Amiri 2010). In the previous dec-
ades, researchers have tried to develop novel miniaturized
and economical sample preparation methods (Es’haghi et al.
2010; Farrokhzadeh and Razmi 2018; Guerra et al. 2017).
Among microextraction methods presently developed,
magnetic-based approaches (Nazari et al. 2016; Yamini and
Safari 2018) have been favored because of the magnetic fea-
tures of the extractant that let their easy and quick recovery
through an external magnetic field (Lu et al. 2018). In recent
years, the development of magnetic ionic liquids (MILs)
paved the way for a new wave of researches to create inno-
vative devices and develop products and analytical processes
(Clark et al. 2016; Fernandez et al. 2018; Trujillo-Rodriguez
et al. 2016; Zhang et al. 2015). These products integrate the
general features of ionic liquids (ILs) with magnetic features
linked to the incorporation of a paramagnetic component
in the cation or anion of the IL structure (Del Sesto et al.
2008; Krieger et al. 2010), such as a strong response to the
magnet (Santos et al. 2014a). Besides, MILs have some
of exclusive physicochemical features of ILs, such as low
vapor pressure at room temperature, ecologically friendly
behavior, and impressive solvation capabilities for both polar
and nonpolar compounds (Sintra et al. 2017; Zhang et al.
2015). Lately, (Benedé et al. 2018; Chisvert et al. 2017)
developed a hybrid microextraction method using a MIL
as the extractant. The procedure is based on the dispersion
of a paramagnetic extractant (a MIL in this particular case)
in the sample solution by a neodymium-core magnetic stir
bar at high stirring rates during extraction process and sub-
sequent analysis of magnetically retrieved extractant on the
surface of stir bar using thermo-desorption system joined to
a GC-MS instrument. In this study, a thin neodymium wire
(NW) was replaced with the neodymium core and ultrasonic
agitation was used instead of magnetic stirring. Hence, by
applying a simple homemade syringe and a reproducible
fragment of the neodymium string (as a separate magnetic
needle), the procedure was further miniaturized and its car-
ryover effects were completely eliminated. Moreover, the
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thermo-desorption system was totally removed using a smart
strategy based on the invention of an efficient device. After
extraction, the NW was withdrawn by a plastic forceps and
put into the needle of a homemade syringe and then inserted
into the GC-MS injector for desorption and analysis. The
key originality of this work is to develop an effective ana-
lytical technique for trace determination of fifteen NTCs in
the real soil and water samples by applying a smart strategy
based on a homemade device. A multivariate investigation
with a minimum number of trials was employed for optimiz-
ing and evaluating the effect of each variable factor, as well
as their interactions, on the relative peak area of target ana-
lytes to that of the internal standard (I.S) using the central
composite design (CCD).

Experimental
Chemicals and standard solutions

Target analytes including 2-nitrotoluene (2-NT), 3-nitro-
toluene (3-NT), 4-nitrotoluene (4-NT), 2,6-dinitrotoluene
(2,6-DNT), 2,4-dinitrotoluene (2,4-DNT), 3,5-dinitrotoluene
(3,5-DNT), 2,5-dinitrotoluene (2,5-DNT), 2,3-dinitrotolu-
ene (2,3-DNT), 3,4-dinitrotoluene (3,4-DNT), 2,4,6-trini-
trotoluene (2,4,6-TNT), 2,4,5-trinitrotoluene (2,4,5-TNT)
and 3,4,5-trinitrotoluene (3,4,5-TNT), 2,3,4-trinitrotoluene
(2,3,4-TNT), 2,3,5-trinitrotoluene (2,3,5-TNT), 2,3,6-trini-
trotoluene (2,3,6-TNT), and nitrobenzene (NB) as I.S were
kindly donated by Zarrin Shahr ammunition industries
(Esfahan, Iran) and used as standards. Table S1 in “Elec-
tronic Supplementary Material” shows the chemical struc-
ture and relevant information of target analytes. Ultra-pure
deionized water was used in all experiments for preparation
of aqueous solutions and was obtained from Ghazi Company
(Tabriz, Iran).

To synthesize trihexyl(tetradecyl)phosphonium tretra-
chlorocobalt ([P6’6y6’14]§r[C0C14]2_), trihexyl(tetradecyl)
phosphonium tretrachloroferrate ([P6!6q6,14]+[FeC14]_),
trihexyl(tetradecyl)phosphonium tretrachloromanganese
([Pg6.6.14]3IMnCl,]*") and trihexyl(tetradecyl) phosphonium
hexachlorogadolinium ([Pg ¢ ¢ JF[GACI¢*7) MILs, the rea-
gents trihexyl(tetradecyl)phosphonium chloride, cobalt (II)
chloride, iron (III) chloride, manganese (II) chloride, and
gadolinium (III) chloride hexahydrate were purchased from
Sigma-Aldrich (Louis, USA) and used with no refinement.
All other reagents and solvents were analytical grade and
obtained from Merck (Darmstadt, Germany) and, unless
otherwise stated, they were applied with no extra drying or
purification.

The stock standard solution of desired NTCs was pre-
pared in the mixture of methanol and acetonitrile (1:1) at
a concentration of 1000 mg/L. Working solutions were
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prepared by proper dilution of the stock solution in deion-
ized water and kept in the dark at 4°C.

Instrumentation

All analyses were carried out on an Agilent 7890 N gas
chromatograph coupled to a 5975C single quadrupole inert
mass selective detector (Agilent Technologies, California,
USA). The separation of extracted compounds was carried
out on an HP-5 MS capillary column (30 m X 0.25 mm i.d.,
and 0.25 pm film thickness) containing 5% phenyl-meth-
ylpolysiloxane phase (Agilent Technologies, California,
USA). Helium (99.999%, Allentown, Pennsylvania, USA)
was employed as carrier gas at a constant flow rate of 2 mL/
min (with the overall output pressure of 50 psi), and it was
further purified by passing through a gas purifier (Hewl-
ett Packard, California, USA) containing a molecular sieve
(with pore diameter of 5 angstrom) and an oxygen-adsorbing
gas purifier. The column oven was initially held at 80°C for
1 min, and the temperature was then increased to 230°C
at a rate of 15°C/min and held for 4 min (total run time of
15 min for one analysis). The injection port was electroni-
cally adjusted to 200°C and operated in splitless mode with
the purge flow closed for 5 min by applying a commercial
liner packed with ultra-inert glass wool. The MS conditions
were operated as follows: ion source temperature 230°C;
transfer line (auxiliary) temperature 230°C; MS analyzer
(quadrupole) temperature 150°C; electron multiplier auto-
matically adjusted at — 1100 V; the MS was operated in elec-
tron impact ionization mode at 70 eV energy. To achieve
the highest possible sensitivity, the analytes’ quantification
was performed at the selected ion monitoring (SIM) acquisi-
tion mode. The MS system was regularly adjusted in SIM
mode, and each NTC was quantified based on relative peak
area by applying one target and six qualifier ions. The ions
were chosen considering abundance compared to the risk of
matrix interferences, and the SIM dwell time was 100 ms.
Complete SIM parameters (characteristic and quantitative
ions) and retention times for all NTCs are listed in Table S1.
Agilent Chemstation (E.02) software was used for instru-
mental operations, chromatographic data acquisition, and
peak integration processing under the Windows 7 operating
system (Microsoft).

An ultrasonic processor (UP50H, 50 W, 30 kHz) with a
titanium cylindrical sonotrode (7 mm o.d.; 80 mm length)
from Dr. Hielscher (Teltow, Germany) was applied as the
sonic probe for the sonication of sample solutions for avoid-
ing that MIL remains in the vial inhibiting dispersion.

The NW (0.45 mm diameter X 2 cm length) from Azar-
Electrode (Urmia, West Azerbaijan, Iran) was used as mag-
netic retriever of MIL.

A homemade syringe (GC injection device) with a mag-
netic hollow tip (as a fiber holder, 0.75 mm o.d.) was made

in cooperation with Azar-Electrode (see Fig. S1 in the sup-
plementary file).

Synthesis of MiLs

[Po.6.6.1413[CoCI 177, [P 6614l "[FeClyl,
[P 6.6.1413[MnCL,]*~ and [Pg ¢ ¢ 4]3[GdCl,]*~ MILs were
prepared according to the previous technique (Del Sesto
et al. 2008; Santos et al. 2014b). In brief, cobalt (IT) chloride
(11.45 g, 0.5 equiv.), iron (IIT) chloride (26.02 g, 1 equiv.),
manganese (II) chloride (26.02 g, 0.5 equiv.), and gadolinium
(ITT) chloride hexahydrate (11.92 g, 0.3 equiv.) were added to
a solution of [Pg ¢ ¢ 4] (50 g, 0.096 mol) in dichloromethane
and stirring was applied to the solution at room tempera-
ture for 24 h. Subsequently, two layers were formed, and the
aqueous phase was discarded. The organic phase was dehy-
drated over MgSO, and filtered. Stirring was applied to MIL
under vacuum (< 1 mmHg) at 60°C overnight to remove the
solvent. Ultimately, [Py ¢ | J3[CoC1, 1%, [Pg 6614 [FeCl,]™,
[Py 66,143 IMnC1,]*", and [Pg ¢ 6 1,]3[GdCls]*~ were obtained
as blue, brown, green, and colorless viscous oils, in the
respective order.

Sample preparation
River and industrial wastewater samples

The industrial wastewater sample was taken from a canal
stream carrying water discharged from the neighboring fac-
tories mostly pesticides and polymer industries in Shiraz
Industrial Park (Fars, Iran), and river water sample was taken
from the Sepidrood River (Gilan Province, Iran) in Septem-
ber 2018. Both samples were collected and transported to
laboratory using Pyrex brown glass containers.

Since industrial wastewaters contain high concentration
of dispersed solids, the samples were preliminarily filtered
with a 0.2-um membrane filter (Chromafil® syringe filters,
Xtra CA-20/25) from Macherey—Nagel (Diiren, Germany).
River water samples were put directly to analysis without
any purification or dilution. Both samples were spiked at the
suitable concentration and kept in the dark at 4°C until study.

Forestal and coastal soil samples

Coastal soil samples were collected from the Caspian Sea
at local seashore near Rudsar beach (Gilan Province, Iran),
and forestal soil samples were collected from the Golestan
Forest (Golestan Province, Iran). Both samples were taken
between 0 and 50 cm deep on the ground in different areas
(5 kg of each sample).

Prior to application, soils were homogenized, sieved
(1-mm mesh), and air-dried at room temperature. 1 g of
soil was weighed in a 15-mL falcon test tube and spiked at
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the favorite concentration. After adding a portion of 10 mL
MeOH and ACN (1:1) to the intended test tube, handshak-
ing was applied to the sample vigorously for 2 min. Then,
the leaching process was assisted by an ultrasonic bath with
a frequency of 40 kHz (SONICA 2200 S3, Milano, Italy)
for 1 h. Afterward, 21 ml deionized water was applied to
dilute the sonicated sample, which was filtered through a
0.20-pm Chromafil® Xtra CA-20/25 filter. Ultimately, the
samples were taken in brown flasks and kept in the dark at
4°C until study.

The extraction of non-spiked samples was also carried
out in parallel to examine the presence of analytes in the
blank samples.

Extraction procedure

The ionic strength of deionized water or previously pre-
pared real samples (see section Sample preparation) spiked
with NTCs (50 pg/L for water samples and 50 ng/g for soil
samples) and .S (100 pg/L for water samples and 100 ng/g
for soil samples) was adjusted to an appropriate amount
(NaCl, 2.4% (w/v)). A 31-mL aliquot of aforementioned
solution was introduced in a 50-mL glass vial. Then, 8 pL.
of [Pg 66 1413[GACl]*~ MIL was added to the sample and
the solution was sonicated inside a water bath (with a tem-
perature of 29°C) for 1 min. Consequently, after inserting
the titanium cylindrical sonotrode directly into the solu-
tion, the mixture was thoroughly homogenized to form a
cloudy state. Once the extraction was finished, the ultrasonic
processor was stopped, and then, a 2-cm NW (0.45 mm
diameter) was placed inside the vial. Subsequently,
[Ps66.1 JFIGACI,>~ (7+1 pL) containing target analytes
was collected onto the surface of NW due to its magnetic
capability. Then, a plastic forceps was applied to remove
[Péy(,’()’14]§r[GdC16]3_-coated NW, which was put into the
homemade syringe for performing GC-MS analysis (Fig. 1).

Data handling and statistical processing

Chemometrics methodology based on experimental design
enables simultaneous investigation of the variable experi-
mental factors, reducing analysis time and materials con-
sumption. This tactic is more efficient than customary opti-
mization method based on the variation in one factor at a
time (Fernandez et al. 2016). To optimize the parameters
affecting the new procedure termed ultrasonic-assisted dis-
persive magnetic ionic liquid/magnetic solid wire microex-
traction (UA-DMIL/MSW-ME), response surface method-
ology (RSM) was employed using Stat-Ease Design-Expert
(trial version 7.0.0) software (Stat-Ease Inc., Minneapolis,
Minnesota, USA). The most common design in RSM is
CCD, which is used to fit the results with quadratic (sec-
ond-order) polynomial models. This statistical optimization
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Fig.1 Schematic image of the UA-DMIL/MSW-ME procedure
extraction procedure by dispersion of [P JHIGACI >~ MIL in the
sample solution using the ultrasonic irradiation (a); magnetic retrieval
of [Pa,ﬁ,s,m];[GdCls]S_ MIL containing target NTCs by Introducing
a NW into the sample solution (top view) (b); installation of MIL-
coated NW on the syringe tip using a plastic forceps (c) assembled
syringe and close image of NW along with oily droplets of MIL on its
surface (d); protecting the MIL-coated NW by pulling it into the cas-
ing hollow needle using plunger (e); injecting the syringe into a GC—
MS analysis system. The numbers (1-6) indicate the order of steps in
the proposed method

strategy was first proposed by Box and Wilson and combines
two-level full or fractional factorial points, axial points, and
one or more central points at the center of the experimental
domain which have been replicated to calculate an accu-
rate and independent estimation of the pure experimental
error (Ranjbari and Hadjmohammadi 2015). In this study,
the CCD was selected as the most appropriate experimen-
tal design, because this tactic is very powerful to explain
the second-order interactions. In other words, the CCD can
introduce five levels of variations for one factor by apply-
ing the axial points which are situated at the certain dis-
tances from the center of the experimental region. Hence,
the parameters are capable of fitting to a quadratic equation
(to investigate the linear effects of parameters along with
the interactions between parameters) through the proper
determination of axial and central points by considering the
rotatability and orthogonality of the design.

Results and discussion

Generally, it is difficult to determine the NTCs in real sam-
ples directly because of their low concentrations and coexist-
ing interferences (Babaee and Beiraghi 2010; Lordel et al.
2010). Thus, a refinement and/or pre-concentration pro-
cess is needed before analysis. Herein, the new UA-DMIL/
MSW-ME technique was developed for the extraction and
pre-concentration of fifteen NTCs from natural soil and
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water samples. To achieve the optimum conditions, types
of MIL (non-numerical factor) were primarily studied using
traditional (one variable at a time) methodology. Moreover,
the desorption parameters of GC (desorption time and tem-
perature) were individually studied to evaluate the chroma-
tographic responses of each NTC.

Preliminary experiments

The results of preliminary experiments revealed that the pH
of sample solution did not affect the extraction efficiency
significantly (see Fig. S2) since the NTCs are not all ion-
izable compounds in aqueous solution (Guan et al. 2007).
Therefore, the extraction was carried out in neutral solution.

Based on the preliminary tests, it was found that the
maximum amount of MIL which can be attached onto the
surface of the NW is about 14 +2 pL due to its limited sur-
face area. Hence, the MIL volume above 14 pL was not
examined. Larger wires were not used in order to not outstrip
the dimension limitations of the homemade syringe and GC
inlet. Besides, the similar supplementary experiments indi-
cated that in the absence of MIL, the NW has no adsorp-
tion performance for target NTCs which are hydrophobic
compounds.

Selection of the MIL type

The first step in the optimization procedure was choosing a
suitable MIL as the extractant. The physicochemical prop-
erties of MIL control the emulsion conditions and conse-
quently the extraction efficiency. The primary necessities
of an adequate MIL for the extraction technique are water

immiscibility, high extraction ability of target compounds,
and desirable capability to form a stable two-phase system
in the presence of an intense agitation when it is intro-
duced to an aqueous solution. In addition, it must be rela-
tively nonvolatile to prevent potential solvent loss during
extraction (Yang et al. 2016). Most importantly, it should
be magnetic enough to be retrieved by a magnet (Benedé
et al. 2018). In addition, the MIL ought to have some essen-
tial conditions, such as low level of toxicity and having
no interferences with the peaks of analytes during direct
injection into the chromatographic system (Chisvert et al.
2017; Clark et al. 2016). The injection port of GC works
mostly at high temperatures; hence, the MIL should have
high boiling point and thermal stability. Thus, by consider-
ing these factors, four MILs with different magnetic suscep-
tibilities including [Pg g ¢ 14]3[CoCl,1*", [Py 66,141 [FeCl,]™,
[Pg6.6.1413[MnC1,1*", and [Pg g 4]3[GACl]°" were
investigated for the extraction of target NTCs. As shown
in Fig. 2, the relative peak area of NTCs indicates that
[Ps66.1 JJ3[GdCI¢]*~ achieved the best extraction efficien-
cies, and it had no interferences with target peaks in the
obtained chromatograms. Moreover, MILs are capable of
electrostatic forces (through dipole—dipole interactions
with nitro groups of NTCs) (Mattarozzi et al. 2011) and
van der Waals interactions with NTCs (Zarei et al. 2018)
concurrently. Besides, functionalizing MILs with long ali-
phatic chains for imparting hydrophobic character paves the
way for their usage in aqueous systems for effective extrac-
tion and pre-concentration of lipophilic organics (Deng
et al. 2011). Furthermore, when combining the [Py ¢4 141"
cation with anions comprising different metal components
(in this case, Co (II), Fe(II), Gd(III) and Mn(II)), MILs

Fig. 2 Effect of the MIL type on 0.8 3 — [Pg.6.6.14 2[COCL,]>

the relative peak area of target ] " ~

NTCs after UA-DMIL/MSW- 0.7 = [Ps,6,6,14] "[FeClq]

ME. Extraction conditions ] [Ps,6,6,14]"2[MnCl4]*
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with a wide range of magnetic susceptibilities were gener-
ated (Del Sesto et al. 2008). Those products that contain
Fe(III) and Mn(II) had similar magnetic susceptibilities
(4.29 and 4.23 emu K/mol, respectively), while Co (II)-
based MIL showed lower susceptibility values (2.10 emu
K/mol). Noticeably, higher magnetic susceptibilities were
observed for [Pg ¢ JF[GACI(]* (6.51 emu K/mol), which
is the expected outcome of trivalent-ion lanthanide metal in
comparison with transition metals. The incorporation of Gd
ion into MIL offers the advantage of a metal ion that has a
significantly greater effective magnetic moment () than
any known transition metal (Clark et al. 2016; Mallick et al.
2008). So, in the case of [Pg ¢, JFIGACI]*, the retrieval
of MIL containing extracted NTCs from sample solution
onto the surface of NW is more efficient than three other
MILs. Therefore, [P6,6,6’14]§[GdC16]3_ was selected as the
most appropriate MIL for the subsequent studies.

Optimization of the desorption parameters in GC injector

The influence of desorption temperature was explored in
the range from 180 to 230°C for 5 min. Higher tempera-
tures were not examined to prevent [Pg ¢ ¢ 413 [GdClg]*~ MIL
from going into the GC apparatus and damaging the col-
umn because of the restricted thermal stability of this MIL
(Del Sesto et al. 2005). The analytical response (relative
peak area) was significantly enhanced for all target NTCs
as desorption temperature raised up to 200°C, and it was
reduced as the desorption temperature elevated from 200 to
230°C (see Fig. S3). The likely reason for these findings is
that NTCs are not by nature thermally stable and could be
decomposed during desorption process (Guan et al. 2007).
Thus, the desorption temperature of 200°C was set as the
optimum value.

In order to investigate the influence of desorption time,
various desorption times were examined to confirm the total
desorption of analytes, 1, 3, 5, 7 and 10 min. An evident
increase among the signals obtained could be seen between
1 and 5 min (see Fig. S4). It was revealed that 5 min des-
orption time (at 200°C) was enough and no carryover was
detected. After 5 min, desorption time did not contribute
to any improvement in the relative peak area of target ana-
lytes. Blank tests showed that no NTCs remained on the NW
after 5 min desorption. Therefore, 5 min desorption time
and 200°C desorption temperature were set as the optimum
conditions for further tests.

In order to evaluate the carryover effects of
[P 6.6.14][GACI]>~ MIL, the same MIL-coated NW was
exposed to a second desorption in the GC inlet and the meas-
ured relative amounts of analytes detected in the two steps
were compared to each other. The results demonstrated that
no analyte carryover was detected in the second analysis.
The possible reason is that the MIL covers the NW with an
ultra-thin layer due to its slight amounts. Since the extract-
ant has no analyte carryover after desorption of NTCs in
the GC inlet, it can be deduced that the MIL attached onto
the NW surface could be reused in the subsequent experi-
ments owning to the lack of background contamination.
However, the reusability of [P6’6’6714]§3[GdCI6]3‘ MIL is
limited in comparison with solid-phase extractants due to
its very minor dissolution in the aqueous samples. In order
to recover the [P6,6,6,14]3+[GdC16]3_ MIL, the MIL-coated
NW was soaked in an appropriate solvent (e.g., methanol,
acetonitrile, acetone and ethanol) and sonicated for 5 min
to elute the extractant from the NW surface, and then, the
solvent was removed under vacuum.

Multivariate optimization

The most effective parameters on the performance of UA-
DMIL/MSW-ME method, including sample volume, salt
amount, extraction temperature, MIL quantity, and extrac-
tion time, were studied at five levels using the CCD. Since
these analytes have a similar tendency to differ in relative
peak area, sum of relative peak area (SRPA) of considered
NTCs was applied to investigate the effect of five variables
to attain a compromise between the responses of all NTCs.
According to a five-variable CCD, totally 32 experimen-
tal runs (26 experiments plus six replications at the central
point) were carried out in a randomized mode to reduce the
influence of unknown (uncontrollable) variables that might
show bias. The values of relative peak area (obtained from
each NTC) in three replicate experiments were averaged for
each run, and SRPA of fifteen NTCs was assumed as the
GC-MS responses for evaluating the extraction effective-
ness of target analytes. Table S2 represents the main vari-
ables, their symbols, levels, and design matrix as well as
the response of each experiment. The experimental domain
for each factor was defined by considering the preliminary
experiments and operative limits. The results of the experi-
mental data were fitted to a second-order model with multi-
ple regressions, and the following polynomial equation was
generated including quadratic effects, linear effects, and
interaction effects of variables in terms of coded values:

R =+44.47+0.53A —0.17B — 0.3C — 1.18D + 0.026E—0.16A2 — 0.056B>
+0.059C* — 0.38D? + 0.041E% — 0.2AB — 0.019AC — 0.15AD — 0.26AE 6]
+0.14BC + 0.15BD — 0.11BE — 0.18CD — 0.039CE — 0.29DE
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where R is the SRPA for NTCs as a function of sample vol-
ume (A), salt amount (B), extraction temperature (C), MIL
quantity (D), and extraction time (E). To assess the fitness,
the significance of each variable, and interaction terms of
this quadratic polynomial model, the obtained data were
analyzed by analysis of variance (ANOVA). The quality of
equation that has been written as a model was shown by the
determination coefficient (R?) of the regression equation.
R? is an estimation of the fraction of overall variation in the
data based on the model (as a measure of the global fit of the
model) that should be at least 0.80 for an admissible agree-
ment between the experimental data and predicted model
(Ranjbari and Hadjmohammadi 2015). The obtained R>
(0.992) shows an acceptable fit of the quadratic model with
a high capability for variation in response (see Fig. S5). The
ANOVA summary revealed that the model was significant,
with an F-value of 70.52 and p value less than 0.0001. A p
value less than 0.05 in the ANOVA table (Table S3) shows
the statistical significance of an effect at 95% confidence

7.20
5.30

3.40

sum of relative peak area (SRPA)
sum of relative peak area (SRPA)

sum of relative peak area (SRPA)
sum of relative peak area (SRPA)

sum of relative peak area (SRPA)

11.50
8.00

e e
4”1;30 o

7 Ui,

Fig.3 Response surface plots of SRPA versus sample volume—ionic
strength (a); sample volume—[Pé,m14]§[GdC16]3_ MIL volume
(b); sample volume—extraction time (c); ionic strength—extraction

50 8.0
1.00 6.0

level; therefore, the lack-of-fit (LOF) p value of 0.2306 sug-
gests that the LOF in this model is insignificantly linked to
the pure error. A large F-value and small p value for each
term in the model indicate the term’s significant effect on
the extraction performance (Yang et al. 2016).

As Table S3 shows, it was verified that the parame-
ters of A, B, C, and D had significant linear effects on
the response. The interactive effects of AB, AD, AE, BC,
BD, CD, and DE were also significant. The values of
SRPA were mapped versus different combinations of two
experimental variables in 3D response surface plots (using
trial version of Stat-Ease Design-Expert 7.0.0 software)
for visualizing the curvatures of interactions between the
five examined variables and the relevance between the
responses and experimental levels of factors (Fig. 3a—g).
In line with Fig. 3a—c, the SRPA reached to the maxi-
mum when the sample volume was about at the 31 mL.
Based on the preliminary experiments, when the sample
volume was more than 35 mL, the observed decrease in

sum of relative peak area (SRPA)

sum of relative peak area (SRPA)

temperature (d); ionic strength—[P“,ﬁ’14]§[GdC16]3’ MIL volume
(e); extraction temperature—[PM’@H];'[GdC16]3_ MIL volume (f);
[Pss6.6.1 4]§[GdC16]3_ MIL volume—extraction time (g)
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the response is most possibly due to the intense disper-
sion of [P6’6’6714]§[GdC16]3_ in the solution, which prevents
its complete retrieval onto the surface of NW. Besides,
for the sample volumes less than 15 mL, the droplet size
of [P6,6’6,14]§“[GdC16]3' was large and these phenomena
exhibited a detrimental effect on the extraction efficiency.
According to Figs. 3a, d and e, the maximum responses
were obtained at a salt amount of 2.4% (w/v). The extrac-
tion efficiency was boosted with increasing salt concen-
tration up to 2.4%, and then, it was reduced with further
increasing the salt concentration. The results can be proba-
bly explained by the two concurrently occurring processes.
At the beginning, the salting-out effect was involved sig-
nificantly, but by increasing the salt concentration, salt
ions were able to interact with polar sections of analytes
and there was a possibility to participate in electrostatic
interactions making the polar molecules to precipitate
(Hatami et al. 2013). This process could block the ana-
lytes to be extracted into the [P6’6,6,14]3+[GdC16]3_. Based
on Figs. 3d and f, the maximum SRPAs were achieved at
an extraction temperature of 29°C, because mass trans-
fer rates of analytes were improved with increasing sam-
ple temperature up to 29°C. Temperature is a controlling
parameter for dispersing extractant in the solution, facili-
tating the migration of NTCs into the [Pg 4 ¢ 14]13[GdCl,]*".
Higher temperatures (more than 29°C) had a significant
negative effect on the SRPA, due to the further dissolu-
tion of [P6,6,6,14]§[GdC16]3_ in the solution, and also a
decrease in distribution coefficients of target analytes
(because of an increase in the solubility of NTCs which
decreases the migration rates). The tortuous surfaces in
Fig. 3b, e—g indicate that the extractant quantity has the
largest influence on the SRPA and a negative effect upon
the extraction. These absolute maximums were obtained
when [P6,6,6,14]§[GdC16]3_ volume was about at 8 uL.. By
increasing its quantity, the SRPAs were decreased due
to the further dilution of NTCs in the extractant phase.
The volumes of [Pg g 14]7[GdCl¢]*~ less than 6 pL were
not tested owning to lack of extractant phase. However,
the extractant quantity should be as small as possible to
achieve the highest SRPA and minimize the contamina-
tion of environment; also it must be sufficient that efficient
recovery for NTCs is obtainable in subsequent analysis.
According to Fig. 3c, g, the SRPA reached to the maxi-
mum in all intervals. Thus, prolonging the extraction time
would only extend the overall extraction time. As indicated
in Table S3, the extraction time has no significant linear
effect on the response (p value =0.5214) and this extrac-
tion method is time independent. It was revealed that after
the dispersion of [P6!6’6514]§F[GdC16]3_ in the solution by
ultrasonic irradiation, the surface area between the fine
droplets of [P6,6’6,14]§[GdC16]3_ and sample solution is infi-
nitely and essentially large; thus, the analyte transfer from

@ Springer

aqueous phase to [P6’6,6’14]§[GdC16]3_ is fast. The opti-
mal extraction was carried out within 1 min, while longer
extraction times did not enhance SRPA or only somewhat
improved it. Ultimately, according to the response sur-
face plots and desirability functions, the optimal extraction
conditions for UA-DMIL/MSW-ME method were fixed at
31 mL sample volume, 2.4% (w/v) NaCl concentration,
29°C extraction temperature, 8 uL of [Py ¢ ¢ JIIGACI ),
and 1 min extraction time.

Quantitative analysis and method validation

For evaluating the analytical performance of the UA-DMIL/
MSW-ME method, the figures of merit, including the coef-
ficient of determination (R?), dynamic linear ranges (DLRs),
limits of detection (LODs) and quantification (LOQs),
enrichment factors (EFs), and relative standard deviations
(RSDs), were investigated under the optimum conditions
to determine NTCs (Table 1). The linearity was evaluated
in pure water by nine concentration levels in the range of
0.01-100 pg/L for each analyte and 100 pg/L of 1.S. For
each concentration, six replicate extractions were performed
with determination. The peaks’ area of each analyte were
corrected versus I.S (A4,/A;, where A, is the peak area of
desired NTCs and A; is that of the 1.S), and the calibration
curves were drawn by plotting the average corrected areas
as a function of the standard concentrations. Wide DLRs
with the coefficient of determination higher than 0.993, were
obtained for all target analytes. The LOD (3S,/m) and LOQ
(10Sy/m) values of target analytes (where m is the slope
of calibration graph after pre-concentration and S, is the
standard deviation of blank) were calculated in the range of
0.003-0.021 pg/L and 0.009-0.070 pg/L, respectively. The
EFs, which were defined as the ratio of final concentration
of NTCs in the [Py ¢ ¢ 14]3[GdCl]*~ (7+ 1 pL), collected on
the NW surface, to their concentration in the original solu-
tion, were calculated in the range of 3538-3817. The method
repeatability was expressed as RSD for each analyte and
assessed through the analysis of six consecutive replicates
of aqueous standards containing the desired NTCs at three
different concentrations (0.5, 5, and 50 pg/L of target NTCs
and 100 pg/L of L.S) in the same day (intraday) and six dif-
ferent days (inter-day). The RSD values were found to be
in the range of 4.03-4.90% and 4.60-5.50% for intra- and
inter-day assays, in the respective order (Table 1). Moreover,
the method reproducibility was represented as RSD for each
analyte and assessed through the analysis of six consecu-
tive replicates of aqueous standards containing the desired
NTCs at three different concentrations (0.5, 5, and 50 pg/L
of target NTCs and 100 pg/L of I.S) by the same wire (single
wire) and six different wires (wire to wire). The RSD val-
ues obtained from each analyte proved that the application
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Table 2 Application and validity of the developed UA-DMIL/MSW-ME method in terms of precision and accuracy (matrix effect) for simulta-
neous determination of fifteen NTCs in river water and industrial wastewater samples

Analytes  Added? Water samples
(/L) River water” Industrial wastewater®
Inter-day Intraday Inter-day Intraday
Found®+ SD RR°+RSD Found+SD RR +RSD Found+SD RR +RSD Found+SD RR +RSD
(ng/L) (%) (ng/L) (%) (ng/L) (%) (ng/L) (%)
2-NT 0 <LODf - <LOD - <LOD - <LOD -
5 52+0.1 1040+19 49+02 98.0+4.1 48=+0.1 96.0+2.1 53+03 106.0 = 5.7
50 48.7+2.3 974 +4.7 49.1+£20 982+41 51.8+25 103.6 +4.8 50.6 +1.7 101.2+3.4
3-NT 0 <LOD - <LOD - <LOD - <LOD -
5 53+02 106.0 +3.8 54+03 108.0+56 52+03 104.0 +58 4.7+0.2 94.0 +4.2
50 479 +£2.2 95.8 +4.6 489+18 97.8+37 483+21 96.6 +43 499+20 998+4.0
4-NT 0 <LOD - <LOD - 18209 - 177 £ 0.8 -
5 45+0.1 90.0 +2.2 4.7+0.2 940+42 231+07 980+30 228+0.6 102.0 + 2.6
50 50.7+2.2 1014 +£43 50115 1002 +3.0 67.6+32 988+47 685+28 101.6 + 4.1
2,6-DNT 0 <LOD - <LOD - 21.8 £ 1.1 - 224+09 -
5 54+03 108.0+5.6 5.1+03 1020+59 263+05 900+19 27.7+0.6 106.0 +2.2
50 524 +£2.5 1048 £48 513+1.6 102.6 £3.1 722 +3.5 1008 £4.8 72.1+27 994 +3.7
2,5-DNT 0 <LOD - <LOD - <LOD - <LOD -
5 49+0.1 98.0 +2.0 52+0.1 1040+£19 54+03 108.0+56 52+0.3 104.0 +5.8
50 46.5+23 93.0 +4.9 472+18 944+38 529+1.6 1058 £3.0 513+1.2 102.6 +2.3
2,3-DNT 0 <LOD - <LOD - <LOD - <LOD -
5 4.6 +0.2 92.0+4.3 5.0+0.1 100.0 £2.0 4.6+0.2 920+43 45+02 90.0 +4.4
50 484 +19 96.8 +3.9 48.1+1.3 962 +2.7 478 +2.1 956 +44 485+1.6 97.0x33
24-DNT O <LOD - <LOD - 225+1.0 - 232+09 -
5 52+03 104.0+58 45+02 900+44 279+07 108.0+£25 27.7+1.3 90.0 +5.5
50 46.6 +2.2 932 +4.7 474+14 948+29 709+17 968+24 728+1.5 99.2 +2.1
3,5-DNT O <LOD - <LOD - 46.5+23 - 46.1 +1.8 -
5 52+0.1 1040+19 49+02 98.0 +4.1 51.8 +3.0 106.0 £5.8 513+2.7 104.0 +5.3
50 525 +2.1 1050 £4.0 51712 103.4+23 979+44 1028 +4.5 97.0+3.6 101.8 + 3.7
34-DNT O <LOD - <LOD - <LOD - <LOD -
5 4.6 +0.2 92.0+4.3 4.7+0.1 94.0 +2.1 53+03 106.0 £57 49+0.2 98.0 +4.1
50 489 +2.0 97.8 +4.1 492+17 984+34 467+19 934+4.1 471 +1.3 942 +2.8
2,3,6-TNT 0 <LOD - <LOD - <LOD - <LOD -
5 49+0.1 98.0 +2.0 54+02 108.0+3.7 5.0+0.1 100.0 £2.0 45+0.2 90.0 +4.4
50 516+ 19 103.2+3.7 505b 1.1 101.0+£22 52.1+1.6 1042 +3.1 502+1.0 100.4 +£2.0
24,6-TNT 0 <LOD - <LOD - <LOD - <LOD -
5 53+03 1060 +5.7 5.1+0.3 1020+59 4.6+0.2 920+43 54+03 108.0 +5.6
50 469 +2.3 93.8+4.9 482+22 964+46 53.0+24 106.0 £4.5 525+2.1 105.0 +4.0
2,3,5-TNT 0 <LOD - <LOD - <LOD - <LOD -
5 54+03 108.0+56 5.0=+0.1 100.0 2.0 4.7+0.1 940+21 48+02 96.0 +4.2
50 51.8+2.5 103.6 +4.8 504+ 1.3 100.8 +2.6 473+15 946+32 477+08 954+17
2,4,5-TNT O <LOD - <LOD - <LOD - <LOD -
5 4.6+02 920+43 52+03 1040 +£58 5.0+0.2 100.0 +4.0 45+0.1 90.0 +2.2
50 46.1 £ 1.8 922 +39 49.1+09 982+18 464+22 928+47 488+07 976x14
2,34 TNT O <LOD - <LOD - 252+09 - 24.9+0.7 -
5 48+0.1 96.0 +2.1 48+0.1 96.0+2.1 30112 98.0+40 30.2=+09 106.0 £ 3.0
50 504 £2.1 1008 +42 499+12 998+24 753+33 1002 +44 741+14 984+x19
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Table 2 (continued)
Analytes  Added® Water samples
(ne/L) River water” Industrial wastewater®
Inter-day Intraday Inter-day Intraday
Found!+ SD RR°+RSD Found+SD RR+RSD Found+SD RR+RSD Found+SD RR +RSD
(ng/L) (%) (ng/L) (%) (ng/L) (%) (ng/L) (%)
345-TNT 0 <LOD - <LOD - <LOD - <LOD -
5 50£02 1000 +4.0 49+0.2 980+41 48+0.1 96.0+21 52+03 104.0 +5.8
50 445+22 89.0 +4.9 460+09 920+19 50.8+20 101.6+24 51.3+0.8 102.6 + 1.6

#The number of replicate experiments with determination was six (n=06)

5The spiked value of each NTC to the samples 0 (originally analyzed), 5, and 50 pg/L (added amount), 100 pg/L of .S was added to all samples

“Sepidrood River (Gilan, Iran) in September 2018

dCollected from a canal stream in Shiraz Industrial Park (Fars, Iran); in the case of 4-NT; 2,6-DNT; 2,4-DNT; 3,5-DNT; and 2,3,4-TNT, the
original concentrations (primary amounts) in the non-spiked samples are expressed in bolditalics

“Mean value of the final concentration for each NTC that was found by six replicate (independent) experiments with determinations

"Mean value of relative recovery (RR). RR = 100X (C; — C)IC,, where C;is the total amount of detected analyte, C, is the primary amount of

analyte, and C, is the added amount of analyte

°Below method detection limit

a 1
(5]
g 40000 >
S =
£ 3000 | =
< 20000 -

10000 -

0

9 10 11 12 13 14 15
Time (min)

b
£ 40000 _
k| 2]
<%30000 =
20000 Moa o8,
10000 h ey m™n
, L L

10 11 12 13 14 15
Time (min)

Fig.4 Typical GC-MS chromatograms (SIM acquisition mode) of
non-spiked (a) and spiked (b) pure water (1) and industrial waste-
water (2) samples (spiking level 50 pg/L of each NTC), subjected to
the UA-DMIL/MSW-ME method under optimized conditions. In all

of NW was reproducible. The results are summarized in
Table 1.

The determination of NTCs in soil samples was also car-
ried out by the standard addition method using eight incre-
mental levels of spiked concentrations (10-250 ng/g).
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cases, 100 pg/L of I.S was added to the samples. Peaks identification
2-NT (a); 3-NT (b); 4-NT (c); 2,6-DNT (d); 2,4-DNT (e); 3,5-DNT
); 2,5-DNT (g); 2,3-DNT (h); 3,4-DNT (i); 2,4,6-TNT (j); 2,4,5-
TNT (k); 3,4,5-TNT (1); 2,3,4-TNT (m); 2,3,5-TNT (n); 2,3,6-TNT (o)

Application of the proposed method for the analysis
of real samples

For evaluating the applicability of the proposed method,
two natural water (river water and industrial wastewater)
and soil (forestal and coastal soil) samples were selected
and analyzed under the optimized conditions. Accord-
ingly, 4-NT, 2,6-DNT, 2,4-DNT, 3,5-DNT and 2,3,4-TNT
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were determined in the non-spiked industrial wastewater
samples (17.7-46.5 pg/L). Meanwhile, only 3,4-DNT and
2,4,6-TNT were determined in the non-spiked coastal soil
samples (16.6-35.3 ng/g), whereas no NTC was found in the
non-spiked forestal soil and river water samples. To inves-
tigate the matrix effects, the relative recovery (RR) studies
were performed on the real samples. The relative recovery
for each species was determined by making a comparison
between the amounts of analyte added to the real sample and
the concentration left following the procedure. Therefore,
the non-spiked (a) and spiked (b) real samples with NTCs (5
and 50 pg/L for water samples; 5 and 50 ng/g for soil sam-
ples) were prepared and analyzed with six intra- and inter-
day replications by implementing the UA-DMIL/MSW-ME
method. I.S was added to the spiked and non-spiked samples
at the concentration of 100 pg/L and 100 ng/g for water
and soil samples, respectively. The relative recovery and
RSD values of target NTCs are listed in Table 2 (water sam-
ples) and Table S4 (soil samples). The average results of six
intra- and inter-day replications analysis indicated that the
obtained relative recovery values ranged from 91 to 110%
and 89 to 108% with the RSD values less than 5.9% for soil
and water samples, respectively, showing a good accuracy
with respect to the intricacy of the matrices investigated.
The chromatograms (SIM acquisition mode, Fig. 4) obtained
from non-spiked (a) and spiked (b) pure water (1) and indus-
trial wastewater (2) samples, subjected to the proposed
method, depict clean separations and good chromatographic
behaviors with little sample matrices. Other chromatograms
related to the river water and forestal and coastal soil sam-
ples are shown in Figs. S6, S7, and S8.

A comparative study between the suggested method and
other sample pre-treatment methods in which the same
NTCs were determined was performed to assess the sug-
gested method comprehensively (Table 3). As shown, the
analytical performance of UA-DMIL/MSW-ME method is
generally similar to other reported microextraction methods
in the literature.

Conclusion

In the current paper, for the first time, a novel microextrac-
tion procedure, namely UA-DMIL/MSW-ME, has been suc-
cessfully developed for the simultaneous pre-concentration
of fifteen NTCs in the soil and water samples followed by
GC-MS-SIM determination. A multivariate optimization
approach based on CCD was applied for optimizing the
parameters affecting the microextraction technique. The pro-
posed method proved to be a highly feasible technique for
environmental analysis considering the reduced consump-
tion of extractant, short extraction times, great sensitivity
with low LODs, high EFs, desirable precisions and accuracy,

little matrix interferences, and good figures of merit com-
pared to other microextraction techniques.
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