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For the first time, an in situ stir bar dispersive liquid-liquid microextraction approach has been developed and
coupled with headspace gas chromatography-mass spectrometry for the determination of a group of organic
pollutants. The method exploits a new generation of magnetic ionic liquids (MILs) that contain paramagnetic
cations based on Ni?* or Co®* metal centers coordinated with either N-butylimidazole or N-octylimidazole
ligands and chloride anions. The reactants are added to an aqueous solution containing a high field neodymium
rod magnet, followed by the addition of the bis[(trifluoromethyl)sulfonyl]imide anion that promotes a me-
tathesis reaction for the in situ generation of a hydrophobic MIL. Concurrently, a high stirring rate is maintained
to exceed the magnetic field of the rod magnet and disperse the generated MIL in the sample solution. When
stirring is stopped, the MIL coats the rod magnet due to its paramagnetic nature, facilitating the MIL transfer and
subsequent desorption and analysis. Under optimum conditions, the method required a 2.5-18% (w/v) aqueous
solution of sodium chloride, 10 mL of sample, 20 or 30 mg of MIL, the addition of a small volume of dispersive
solvent, and stirring for 5-7.5 min, depending on the MIL. The method provided limits of detection (LODs) down
to 10 ug L™ %, adequate reproducibility (with relative standard deviation values lower than 10% for a spiked level
of 80pugL™"), and relative recoveries between 72.5% and 102%. Furthermore, the method was successfully

applied in the analysis of tap and mineral water.

1. Introduction

The introduction of magnetic-assisted procedures in the field of
sample preparation has significantly impacted analytical chemistry [1].
These methods generally exploit extraction materials with para-
magnetic properties, allowing for their manipulation using external
magnetic fields. Among the different microextraction techniques that
have utilized magnetic separation, stir bar sorptive dispersive micro-
extraction (SBSDME) [2,3] and stir bar dispersive liquid microextrac-
tion (SBDLME) [4,5] are of particular interest. Both techniques combine
the advantages of stir bar sorptive extraction (SBSE) [6] with either
solid-phase microextraction (SPME) [7] or dispersive liquid-liquid mi-
croextraction (DLLME) [8,9], respectively. These microextraction pro-
cedures involve the addition of extraction material to an aqueous so-
lution containing a high field neodymium-rod magnet. A high stirring
rate is set during the extraction to exceed the magnetic field of the rod
magnet and disperse the extraction material within the sample solution.
Stirring is then stopped, resulting in the magnetic material coating the
rod magnet due its paramagnetic properties, facilitating its transfer to
downstream analytical instrumentation. The main difference between

these two techniques is the nature of the extraction material; that is, a
solid sorbent is typically used in the case of SBSDME and a liquid sol-
vent is used for SBDLME. For example, cobalt-ferrite magnetic nano-
particles have been used in SBSDME [2,3] whereas SBDLME has been
demonstrated using magnetic ionic liquids (MILs) as extraction solvents
[4,5].

MILs are a unique subclass of ionic liquids (ILs) that are specifically
designed to contain a paramagnetic component in either the cation or
anion [10,11]. MILs retain some properties of ILs, including low vapor
pressure at room temperature and impressive solvation capabilities for
a wide variety of analytes, from polar to non-polar compounds. These
features makes MILs excellent solvents in sample preparation [12].

The MILs previously applied in SBDLME were based on phospho-
nium cation and anions consisting of metal centers coordinated with the
hexafluoroaceylacetonate ligand [4,5]. This generation of MILs possess
low viscosity (299-928 cP at 23.7 °C [13]), high chemical stability and
high magnetic susceptibility (2.8-9.7 pg), and are advantageous over
tetrachloroferrate(Ill)  ([FeCl,;]) and bromotrichloroferrate(III)
([FeBrCls])-based MILs, which exhibit hydrolysis when exposed to
aqueous solutions [4,5,14-17]. Recently, a new generation of MILs
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Table 1
Optimum extraction conditions obtained for the in situ SBDLLME-HS-GC-MS method with different MILs.
Parameter® MIL
[Ni(C4IM),* ] 2[CI]

[Ni(CsIM),**12[CI] [Co(CsIM),>*12[CI']

NaCl content 18% (w/v)
pH 2

Amount of MIL 20mg
Type of dispersive solvent

Volume of dispersive solvent 600 uL
Extraction time 5min
HS temperature” 150°C
HS time 20 min
HS vial volume 6 mL

Tetrahydrofuran: Acetone (50:50%, v/v)

4.6% (w/v) 2.5% (w/v)

2 2

30mg 20 mg
Tetrahydrofuran Tetrahydrofuran
400 pL 600 uL

7.5 min 5min

175°C 140°C

10 min 10 min

6 mL 6 mL

@ The following parameters were fixed during the optimization of all MILs: sample volume, 10 mL; MIL:[Li " ] [NTf,] molar ratio, and the stirring rate, 1150 rpm.
> The loop and the transfer line in the HS system were maintained 15 °C and 25 °C higher than the sampling temperature, respectively.

containing paramagnetic cations has been introduced [18]. In parti-
cular, these MILs are based on cations containing a paramagnetic metal
center (i.e. Ni?*, Co?™ or Mn?") coordinated with four N-alkylimida-
zole ligands. The MILs possess low viscosity (680-2501 cP at 21.7 °C
[18]) and have a lower tendency to stick on glass. Another important
advantage of these MILs is the possibility to easily tune the MIL che-
mical structure by either changing the metal center or the N-alkylimi-
dazole ligand. These small modifications can result in dramatic changes
for some important features of the MIL, including chemical stability,
solubility, viscosity, and thermal stability. In addition, hydrophobic
MILs based on these paramagnetic cations can be generated in situ
during the microextraction procedure, resulting in their use for in situ
DLLME studies [19].

In this study, we report for the first time an in situ stir bar dispersive
liquid-liquid microextraction (SBDLLME) method using three different
MILs containing Ni** or Co®>* metal centers coordinated with N-bu-
tylimidazole or N-octylimidazole ligands as extraction solvents. The
dispersion of the MIL was achieved by (1) using a small volume of or-
ganic solvent, (2) applying high stirring rates during the extraction, and
(3) performing metathesis reaction between the MIL initially in the
chloride-form to generate the bis[(trifluoromethyl)sulfonyllimide
([NTfy])-based compound, in situ generating a hydrophobic MIL that
can be subsequently collected by the rod magnet used as stir bar. The
microextraction method was combined with headspace gas chromato-
graphy mass spectrometry (HS-GC-MS) for the determination of a group
of organic pollutants in water samples.

2. Materials and methods
2.1. Chemicals, reagents, materials and samples

A group of 7 organic pollutants was determined in this study.
Naphthalene (Nap, 99%), acenaphthene (Ace, analytical standard), and
fluorene (Fl, analytical standard) were purchased from Supelco
(Bellefonte, PA, USA). The analytes 1-chloro-4-nitrobenzene (CNB,
99%), biphenyl (Bip, 99.5%), and 5-bromoacenaphthene (BAce, ana-
lytical standard) were obtained from Sigma-Aldrich (St. Louis, MO,
USA), and 3-tert-butylphenol (tBP, 99%) was purchased from Alfa
Aesar (Tewksbury, MA, USA).

Individual stock solutions were prepared in acetonitrile at
5000mgL~'. An intermediate stock solution containing all analytes
was prepared in acetonitrile at a concentration of 150 mgL~! by di-
lution of the individual stock solutions. Standard working solutions
were prepared by dilution of the intermediate stock solution in ultra-
pure water resulting in final concentrations between 2.0 and
1000 pg L~ 1. Ultrapure water (18.2 MQ2 cm) was obtained from a Milli-
Q water purification system (Millipore, Bedford, MA, USA).

The reagents N-butylimidazole (98%), NiCl, (98%) and CoCl,"6H,0
(98%) were purchased from Sigma-Aldrich. N-octylimidazole (98%)

was purchased from IoLiTec Inc (Tuscaloosa, AL, USA).

The following three MILs were used as extraction solvents: tetra-
butylimidazolenickelate(II) chloride (INi(C4IM),2T12[Cl]), tetra-
octylimidazolenickelate(II) chloride ([Ni(CgIM),2"12[CI]), and tetra-
octylimidazolecobaltate(II) chloride ([Co(CgIM) 42 12[CI']). The MILs
were dissolved in water or an appropriate organic solvent, depending
on the experiment.

Acetonitrile, methanol, acetone, and tetrahydrofuran (HPLC grade)
were obtained from Sigma-Aldrich. Sodium chloride, sodium hydro-
xide, hydrochloric acid and tetrahydrofuran (certified ACS reagents)
were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Lithium bis
[(trifluoromethyl)sulfonyl]imide ([Li*]J[NTf,]) was purchased from
SynQuest Laboratories (Alachua, FL, USA). An aqueous solution of
[Li*][NTfy] (400 mg L™1) was used during the in situ SBDLLME pro-
cedure.

2.2. Instrumentation

A 7890B GC from Agilent Technologies (Santa Clara, CA, USA)
hyphenated with a 5977A MS detector (single quadrupole) and a 7697A
HS sampler unit was used for all analyses. The HS sampler was operated
in fill mode (flow to pressure, 50 psi). No stirring was performed during
HS sampling. The remaining HS sampler conditions are detailed in
Table 1. The GC separation was carried out in a HP-5ms ultra inert
capillary column from Agilent Technologies (30mL x 0.250 mm I.D.
X 0.25 pum of film thickness). Ultrapure helium was used as carrier gas
at a flow rate of 1 mL min~'. The inlet was maintained at 290 °C with a
5:1 split ratio. The following temperature program was employed: in-
itial temperature of 90 °C; the temperature was increased at 4 °C min ~?
up to 206 °C; followed by an increase at 20 °Cmin~* to 290 °C, and held
for 2min. The transfer line from the GC to the MS was maintained at
250 °C. The MS was operated in electron ionization (EI) mode at 70 eV
using 230 °C and 150 °C as the source and quadrupole temperatures,
respectively. Data was acquired using single ion monitoring (SIM). All
analytes were identified by considering their retention time, the pre-
sence of two characteristic ions of each analyte (termed as quantifier
and qualifier ions), and their ratio. For quantitative purposes, the peak
area of the quantifier ion was used. Table S1 of the Supplementary
Material (SM) shows the segment program utilized in the MS, the re-
tention time, and the two ions considered for each analyte.

2.3. Procedures

2.3.1. Synthesis of magnetic ionic liquids

The MILs were synthesized according to a previously reported
method, with some modifications [18]. The [Ni(C,IM),2"12[Cl] MIL
was prepared by reacting 4.0 mmol of NiCl, with 16 mmol of N-buty-
limidazole overnight at room temperature in water.

The [Ni(CgIM)42*12[Cl'] and [Co(CgIM),2*]12[Cl] MILs were
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prepared by reacting 4.0 mmol of NiCl, (or CoCl,) with 16 mmol of N-
octylimidazole overnight at 100 °C. The reaction mixture was then
dissolved in 10 mL of methanol and refluxed for 24h at 60 °C. For
preparation of MILs containing N-octylimidazole ligands, both the hy-
drated NiCl, and CoCl, salts were dried in a vacuum oven for 4 days at
50 °C. The composition of the obtained MILs was found to be consistent
with the [M(C,IM)42*12[Cl] form (with M = Ni or Co, and n = 4 or 8)
based on elemental analysis [18].

2.3.2. In situ stir-bar dispersive liquid-liquid microextraction procedure

A sample volume of 8.2-9.8 mL (or aqueous standard solution)
containing 0-22% (w/v) NaCl was placed in a 20 mL vial and the pH
was adjusted to 2-8 with 0.5M HCI or 0.5M NaOH. A NdFeB rod
magnet (3.2-6.4mm diameter X 12.7 mm length, axially or diame-
trically magnetized) from K&J Magnetics, Inc. (Pipersville, PA, USA)
was introduced in the extraction vial. The stirring rate was set to
600 rpm and 20-60 mg of MIL and 200-800 mL of dispersive solvent
(acetone, acetonitrile or tetrahydrofuran) was subsequently added to
the vial. A volume between 21.5 and 129 uL of the ion-exchange re-
agent ([Li*][NTf,], 400 mg L~ 1) was then added to achieve a 1:2 MIL:
[Li"][NTf,] molar ratio, and the stirring rate was increased to
1150 rpm for 5-25 min. The total volume was 10 mL in all experiments.
During stirring, the MIL (in the [NTf;]-form generated from the me-
tathesis reaction) was dispersed within the extraction vial. When the
stirring was stopped, the hydrophobic MIL immediately settled to the
bottom of the vial and was collected onto the NdFeB rod magnet.
Finally, the MIL-coated rod magnet was transferred using plastic
tweezers to a 10 mL HS vial or a modified HS vial of 6 mL, and subjected
to HS sampling at 100-200 °C for 10-40 min. The optimum conditions
used for each MIL are detailed in Table 1. A video of the procedure has
also been included within the SM.

Modified HS vials containing a 6 mL HS volume were designed ac-
cording to previously reported methods [15,20]. 10 mL HS glass vials
(Agilent Technologies) were filled with 10.8 g of glass beads (3 mm
diameter), and a flat bottom glass insert was placed inside the vial. The
vial was sealed with a crimped silver aluminum cap containing a
polytetrafluoroethylene (PTFE)/silicone septum (Agilent Technolo-
gies).

3. Results and discussion

3.1. Selection of magnetic ionic liquids and optimization of headspace
sampling

Three different MILs were used as extraction solvents in this ap-
proach, including [Ni(C4IM),>*]12[ClT, [Ni(CgIM),>*12[CI] and [Co
(CgIM)42T12[CI']. These MILs were selected in order to study the effect
of both different metal centers (Ni®* or Co®>*) and N-alkylimidazole
ligands (C4IM or CgIM) on the extraction efficiency of the method.

In a recently reported method, the [Ni(C4IM)42+]2[NTf2'] MIL was
applied in in situ DLLME and directly combined with reversed-phase
high performance liquid chromatography (RP-HPLC) using a mobile
phase composed of acetonitrile and formic acid (pH 3) [19]. In this
approach, the MIL eluted at the beginning of the elution program.
However, the presence of longer alkyl chains substituents within the N-
alkylimidazole ligand (e.g. Cg) and the use of Co®™ centers instead of
Ni?* caused an increase in the hydrophobicity of the MIL in both the
[CI]- or [NTf,]-forms, preventing their direct injection in HPLC.
Considering the volatile or semi-volatile nature of the studied analytes,
this approach involved an extra thermal desorption step from the
analyte-enriched MIL-coated rod magnet. This step was carried out
using a HS sampler directly connected to a GC-MS, which can be ben-
eficial in cases where complete automation of the procedure is desired.
The main aim of this step was to achieve adequate back-extraction of
the analytes without any volatilization or decomposition of the MIL,
thereby ensuring complete GC-MS compatibility. Therefore, 20 mg of
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each MIL in the [NTf5]-form was directly added to a 10 mL HS vial and
subjected to HS-GC-MS using HS sampling temperatures ranging be-
tween 100 and 225 °C. The GC-MS was operated in scan mode and ions
were registered in the 40-900 m/z range. A detail explanation of the
extraction conditions is shown in Table S2 of the SM. At lower HS
sampling temperatures, no peaks originating from MIL degradation
were observed in the chromatograms. When the [Ni(C4IM),2*]12[NTf,]
MIL was analyzed, a degradation peak was observed when 175 °C or
higher HS sampling temperatures was used. The peak was identified as
N-butylimidazole using the 2014 NIST/EPA/NIH mass spectral library.
Thus, a maximum operating HS temperature of 150 °C was selected for
this MIL. Fig. S1 of the SM shows representative examples of the ob-
tained chromatograms for this MIL at different HS sampling tempera-
tures. Similarly, 200 °C and 140 °C were selected for the [Ni(CgIM)42 ]
2[NTf,] and [Co(CgIM)42+12[NTf,] MILs, respectively.

Once the maximum operating HS sampling temperatures were de-
fined, the most important parameters influencing HS sampling were
optimized, including the HS temperature, time and volume. No stirring
was performed during HS sampling to prevent rupture of the vials in the
sampler due to the impact of the rod magnet with the vial walls. The
extraction conditions utilized for the optimization of the HS parameters
were the following: for all MILs, 10 mL of sample, 1:2 MIL:[Li* ][NTf,]
molar ratio, and stirring (1150 rpm, 5min) was used. A concentration
of 20% (w/v) of NaCl, 40 mg of MIL and 600 pL of acetone was em-
ployed when the [Ni(C4IM)42*12[Cl'] MIL was used; 4.6% (w/v) of
NacCl, 30 mg of MIL and 800 pL of acetonitrile when the [Ni(CgIM)42 ]
2[CI'] MIL was used; and 2.5% (w/v) of NaCl, 30 mg of MIL and 600 pL
of tetrahydrofuran when the [Ni(CgIM),2+]2[Cl"] MIL was employed.

3.1.1. Headspace sampling temperature

The effect of HS sampling temperature was studied from 100 °C to
the maximum operating temperature of each MIL (see Table S2 of the
SM). Fig. S2 of the SM shows the obtained results. Temperatures of
150°C, 175 °C, and 140 °C were selected for the [Ni(C,IM),2*12[Cl],
[Ni(CgIM)4>+12[CI'], and [Co(CgIM),>*12[Cl]] MILs, respectively. In
the case of the [Ni(C4IM),2%]2[Cl] and [Co(CgIM),2*]12[Cl"] MILs,
lower HS temperatures than the selected values provided little to no
desorption of the analytes. However, the [Ni(CgIM),2"12[CI'] MIL ex-
hibited different behavior; in this case, the extraction efficiency was
observed to increase from 150 to 175 °C and then decreased at higher
temperatures. This decrease was likely due to a shift of the partition
coefficients of the analytes from the MIL to the HS at elevated tem-
peratures, and is in agreement with previously reported methods
[20,21].

3.1.2. Headspace sampling time

The HS time plays an important role in the HS sampling step.
Shorter times may not be sufficient for adequate desorption of analytes
from the MIL-coated rod magnet, whereas longer sampling times may
cause re-absorption of the analytes in the MIL. In this approach, the HS
time was studied in the range between 10 and 40 min. The results are
presented in Fig. S3 of the SM. When the [Ni(C4IM),2T12[Cl'] MIL was
used, the maximum extraction efficiency was achieved in 20 min. HS
times lower or higher than this value caused a decrease in the extrac-
tion efficiency, likely due to the aforementioned reasons. Different
behavior was observed using the [Ni(CgIM)42*12[Cl"] MIL. In this case,
increasing the HS time decreased the extraction efficiency for all ana-
lytes. The same behavior was observed for CNB and tBP when the [Co
(CgIM)42*]2[Cl"] MIL was used. For the remaining analytes, there was
no significant change in the extraction efficiency. Based on these re-
sults, the selected optimum HS times were 20min for the [Ni
(C4IM)42*]12[CI'T MIL and 10 min for the [Ni(CgIM)42*12[Cl'] and [Co
(CsIM)42*]2[Cl"] MILs.

3.1.3. Influence of headspace volume
The HS volume is directly related to the preconcentration of the
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method and, therefore, it affects the extraction efficiency. Lower HS
volumes provide higher extraction efficiency, as demonstrated in pre-
viously reported methods [15,20,22]. The effect of this parameter was
studied by performing experiments at HS volumes of 6 and 10 mL. For
experiments using 10 mL, the MIL-coated rod magnet was directly in-
troduced into the smallest commercially available HS vials with a
10 mL capacity. To reduce the HS volume to 6 mL, the 10 mL vials were
filled with glass beads and a glass insert was added, as shown in
Fig. 1(B). The developed vials had space for placing the MIL-coated rod
magnet, and they were big enough to prevent contamination of the HS
sample probe. When these modified HS vials were used, an increase in
the extraction efficiency was observed for all analytes and MILs (see
Fig. 1(A)), with the exception of tBP and BAce with the Ni-based MILs.
In these cases, either no change or a slight decrease in the extraction
efficiency was observed. An optimum HS volume of 6 mL was selected
for all MILs.

3.2. Optimization of in situ stir bar dispersive liquid-liquid microextraction
procedure

The in situ SBDLLME procedure was optimized for the three studied
MILs. The studied parameters included the type of rod magnet, amount
of MIL, ionic strength and pH, type and volume of dispersive solvent, and
stirring time. Table 1 shows the selected optimum parameters obtained
for each MIL. A sample volume of 10 mL was fixed in all cases to achieve
adequate preconcentration. A 1:2 MIL to [NTf,] molar ratio was selected
as optimum according to the results obtained in a previously reported
method using similar MILs for in situ DLLME [19]. The final stirring step
was fixed to the maximum speed of the magnetic stirrer (1150 rpm) to
exceed the magnetic field of the rod magnet and disperse the in situ
generated hydrophobic MIL within the sample solution.

3.2.1. Influence of rod magnet used as stir bar during the microextraction
procedure
The characteristics of rod magnets used as stir bars are very

(iii) [Co(CgIM),>*]2[CI]
M 10 mL HS vial
6 mL modified HS vial
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Fig. 1. (A) Effect of the HS sampling volume on the in situ
r SBDLLME method using the (i) [Ni(C4IM)42+]2[Cl'], (ii)

[Ni(CgIM)42"12[CI'], and (iii) [Co(CgIM)42*12[CI] MILs.
I Experimental conditions (n = 3): For all experiments: 10 mL
sample volume, 500 ug L~ ! as spiked level, pH 2, 1:2 MIL:
[LiT][NTf, ] molar ratio, and 6-10 mL HS vials. Specific
extraction conditions: (i) 18% (w/v) NaCl, 20 mg of MIL,
600 pL of tetrahydrofuran: acetone (50:50, v/v), stirring
(1150 rpm, 5min); and HS sampling (150 °C, 20 min); (ii)
4.6% (w/v) of NaCl, 30mg of MIL, 400 uL of tetra-
hydrofuran, stirring (1150 rpm, 7.5 min), and HS sampling
(175°C, 10 min); and (iii) 2.5% (w/v) of NaCl, 20 mg of
MIL, 600uL of tetrahydrofuran, stirring (1150 rpm,
5min), and HS sampling (140 °C, 10 min). (B) Scheme of
commercial HS vials of 10mL and the developed 6 mL
modified vials.

BAce

important in the in situ SBDLLE procedure. In particular, the size and
magnetization of the magnet affect the separation step, which can di-
rectly influence the extraction efficiency and reproducibility. For that
reason, experiments were performed using three different sizes of
NdFeB rod magnets (small, 3.2 mm of diameter (D); medium, 4.8 mm D;
and large, 6.4 mm D). The influence of magnetization direction of the
magnet was also considered by studying both axially and diametrically
magnetized magnets. Axial magnets are those magnetized along their
geometric axis whereas diametrical magnets are magnetized across
their diameter. Fig. S4 of the SM shows a scheme of these two types of
magnets, and the results obtained after performing these experiments
with the [Ni(C4IM)42*]2[Cl"] MIL. In general, no significant differences
in the extraction efficiency were observed using these studied magnets.
Slightly lower extraction efficiency was achieved using small axially
magnets for Nap, Fl, and BAce, and using medium diametrically or large
axially magnetized magnets for CNB and tBP. However, important op-
erational differences were observed depending on the magnet. These
differences affected the reproducibility, extraction time, and the sub-
sequent compatibility of the procedure with HS-GC-MS, especially with
regard to the magnetization direction. It was observed that magnet
collection using tweezers was easier and faster with axially magnetized
magnets as the majority of the MIL coated the tips of the magnet (see
Fig. S4(B)). Therefore, medium axially magnetized magnets were se-
lected for subsequent experiments.

3.2.2. Mass of MIL

The effect of amount of MIL was studied in the range between 20
and 60 mg for each MIL, as shown in Fig. 2. In the case of the [Ni
(C4IM)42+]2[CI] MIL, the highest extraction efficiencies were achieved
in the majority of cases using 20 mg of MIL. The use of higher amounts
of MIL generally reduced the extraction efficiency. In these cases, larger
volumes of MIL were generated during the microextraction procedure,
decreasing the preconcentration factor. The exceptions were Nap and
tBP for which the highest normalized peak areas were obtained using
30mg. An amount of 20 mg of [Ni(C4IM)42¥12[Cl'] was selected as
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Fig. 2. Effect of the amount of MIL in the in situ SBDLLME method using (A) [Ni(C4IM)42+]2[Cl'], (B) [Ni(CSIM)42+]2[Cl'], and (C) [Co(CSIM)42+]2[Cl'].

Experimental conditions (n = 3): For all experiments: 10 mL sample volume, 500 ug L~

L as spiked level, pH 2, 20-60 mg of MIL, 1:2 MIL:[Li " ][NTf,] molar ratio, and

stirring (1150 rpm, 5 min). Specific extraction conditions: (A) 20% (w/v) NaCl and 600 pL of acetone; (B) 4.6% (w/v) of NaCl and 800 pL of acetonitrile; and (C) 2.5%

(w/v) of NaCl, and 600 uL of tetrahydrofuran.

optimum.

Experiments regarding the use of the [Ni(CsIM)42+]2[Cl’] MIL
(Fig. 2(B)) revealed that a higher amount of MIL was required: namely,
40 mg for CNB and tBP and 30 mg for the remaining analytes. Lower
amounts of MIL provided lower extraction efficiency due to saturation
of the MIL. Similar behavior was observed for the [Co(CgIM),42*12[CI']
MIL (Fig. 2(C)), for which 30 mg was required to achieve the highest
extraction efficiency in the case of CNB and tBP, and 20 mg for the
remaining analytes. In view of these results, 30 mg and 20 mg were
selected as optimum values for the [Ni(CgIM),2"12[CI] and [Co
(CgIM)42*12[CI'] MILs, respectively.

3.2.3. NaCl content and pH of aqueous solution
Increasing the ionic strength has two different effects in the in situ
SBDLLME procedure. On one hand, it can decrease the solubility of the

424

MIL in both the [CI]- and the [NTf,]-form, directly affecting the mi-
crodroplet volume that coats the rod magnet after extraction. In addi-
tion, it can promote faster partitioning of the analytes to the in situ
generated MIL due to the salting out effect [4]. For that reason, the
effect of ionic strength was studied by the addition of NaCl at different
concentrations ranging from 0% to 22% (w/v), depending on the MIL,
and using the optimum amount of each MIL (see Section 3.2.2). The
obtained results are shown in Fig. S5 of the SM. In the case of the [Ni
(C4IM)42+12[Cl'] MIL, 10% (w/v) NaCl was required to obtain re-
producible results using the optimum amount of MIL (20 mg). The ex-
traction efficiency was observed to increase from 10% to 18% (w/v)
due to the salting out effect, and then decreased when higher con-
centrations were used, likely due to a decrease of the MIL solubility,
which generated higher microdroplet volumes. For that reason, 18%
(w/v) NaCl was selected as optimum. The effect of the NaCl content
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using the [Ni(CgIM),>*]12[Cl7] and [Co(CgIM)4>*]12[Cl"] MILs was dif-
ferent due to the higher hydrophobicity of these MILs. A minimum
value of 2.5% (w/v) NaCl was required to obtain reproducible results
with the [Ni(CgIM),2*12[CI'] MIL, while experiments with the [Co
(CgIM)42*12[Cl] MIL in ultrapure water were possible using the op-
timum MIL amounts. Values higher than 7.5% (w/v) were avoided as
they resulted in partial insolubilization of the MIL in the [Cl']-form,
which significantly increased the required time for performing the
metathesis reaction and reduced the extraction efficiency. For the [Ni
(CgIM)42*12[C1] MIL, the maximum extraction efficiency was obtained
using 4.6% (w/v) NaCl (with the exception of NaP) whereas 2.5% (w/v)
NaCl provided better results using the [Co(CgIM) 42 12[Cl] MIL (with
the exception of tBP).

The influence of sample pH was studied for the [Ni(C4IM),2F12[Cl]
MIL in the range between 2 and 8. The sample pH was adjusted by
adding HCI or NaOH, depending on the experiments. The results, pre-
sented in Fig. S6 of the SM, showed a slight increase in extraction ef-
ficiency at pH 2 for Bip, Ace, Fl, and BAce. These results are related to
the stability of the metal complexes of the MIL cation [23,24]. Lower
pH values increased the stability of the complexes, whereas basic pH
values may have resulted in the formation of hydroxylated complexes
with the Ni** cations, causing a decrease in the extraction efficiency
[19]. In view of these results, pH 2 was selected as optimum for all
MILs.

3.2.4. Dispersive solvent type and volume

The addition of a dispersive solvent was found to be beneficial for
the dispersion and formation of hydrophobic MIL during the metathesis
reaction [19]. Furthermore, in the case of MILs containing CgIM as li-
gands, the dispersive solvent also increased the solubility of the initial
extraction material in the [Cl]-form. For these reasons, the effect that
different solvents including acetonitrile, acetone, and tetrahydrofuran
(THF) exert in the extraction efficiency was studied. In addition, dif-
ferent dispersive solvent mixtures containing THF and acetone, or THF
and acetonitrile (depending on the MIL) were also considered. Fig. 3
shows the obtained results for the [Ni(C4IM),2"]12[Cl7 MIL. In this
case, the maximum extraction efficiency was achieved using a mixture
of THF: acetone (50:50, v/v) for Bip, Ace, Fl, and BAce; THF: acetone
(75:25, v/v) for Nap and CNB; and acetone for tBP. A dispersive solvent
mixture composed of THF: acetone (50:50, v/v) was selected as the
optimum solvent for this MIL. Tetrahydrofuran was selected for the
remaining MILs according to the obtained results, as shown in Fig. S7 of
the SM.

The effect of dispersive solvent volume was also studied in the range
between 200 and 800 pL, as shown in Fig. S8 of the SM. The behavior of
all MILs was similar regarding the dispersive solvent volume as the
extraction efficiency was observed to increase with the dispersive sol-
vent volume until reaching a maximum, and then decreased at higher
volumes. These results can be attributed to the fact that small dispersive
solvent volumes did not properly disperse the MIL in the sample,
whereas higher volumes could partially dissolve the hydrophobic MIL.
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The maximum extraction efficiency using the [Ni(C4IM)42*12[Cl"] MIL
was achieved by employing 400 uL for Nap, CNB and tBP, and 600 puL
for the remaining analytes. Similarly, 400 and 600 pL. were generally
required when the [Ni(CgIM)42"12[Cl'] and [Co(CgIM)42*]12[Cl] MILs,
respectively, were employed. The optimum selected values were 400 pL
for the [Ni(CgIM),2"12[Cl] MIL, and 600 uL for the remaining MILs.

3.2.5. Influence of stirring time

The stirring step using the rod magnet at high speed (1150 rpm) is a
parameter of major importance in this procedure as it can affect the
metathesis reaction and the dispersion of the generated hydrophobic
MIL. The influence of stirring time was studied in the range between 5
and 25 min, depending on the MIL. The obtained results are presented
in Fig. S9 of the SM. Experiments for all MILs revealed that, in general,
shorter stirring times provided higher extraction efficiency. In these
cases, the stirring accelerated the metathesis reaction, promoting fast
mass transfer of the analytes to the in situ generated MIL. Longer ex-
traction times provide either no change or a slight decrease in the ex-
traction efficiency, depending on the analyte and MIL, likely due to
stability issues of the MIL at long extraction times [23,24]. Based on
these results, 5 min was selected as optimum for the [Ni(C,IM)42T12[Cl
1 and [Co(CgIM),2+]2[Cl'] MILs and 7.5min for the [Ni(CgIM)42"]
2[CI'] MIL.

3.3. Analytical performance

Once the method was optimized, it was validated by developing the
corresponding calibration curves. Tables S3, S4 and S5 of the SM in-
clude several of the analytical figures of merits obtained after per-
forming these experiments. Furthermore, Table 2 shows the linear
ranges, limits of detection (LODs), reproducibility, and relative re-
covery (RR).

Wide linearity varying from 15 to 50 ugL™! to 800-1000 pgL ™!
was achieved, depending on the analyte and the MIL (see Table 2). The
narrowest linear ranges were achieved using the [Co(CgIM) 42T 12[Cl]
MIL.

The calibration slopes of the analytes are shown in Fig. 4. These
values are directly related with the sensitivity of the method. The ca-
libration  slopes ranged between (1.08 * 0.04)10°> and
(30.1 + 0.7)10> for the [Ni(CiM),>*12[Cl] MIL, from
(1.6 = 0.1)10% and (49 = 2)10? for the [Ni(CgIM),2"12[ClT MIL,
and from (0.21 * 0.01)10* and (32.3 * 0.9)10® for the [Co
(CgIM)42*12[CI'] MIL. The sensitivity was the lowest for BAce, tBP, and
CNB, depending on the MIL, and maximum for Nap in the case of all
MILs. Comparing the results with all MILs, the highest calibration
slopes were obtained with the [Ni(CgIM),2*]2[Cl'] MIL (with the ex-
ception of CNB), with calibration slopes between 1.3 and 2.6 and
1.5-20 times higher than the [Ni(C4IM),2"12[Cl] and [Co(CgIM)42*]
2[CI’] MILs, respectively. If the MILs containing Ni?* metal centers are
compared, the obtained results indicated that the presence of long alkyl
chains within the ligands of the MIL cation was beneficial for the

Fig. 3. Effect of dispersive solvent type in the in situ
SBDLLME method using the [Ni(CgIM)42*12[ClT MIL.
Experimental conditions (n = 3): 10mL sample volume,
500 ug L~ " as spiked level, pH 2, 18% (w/v) NaCl, 20 mg
of MIL, 600 uL of acetonitrile, acetone, tetrahydrofuran
(THF), or mixtures as dispersive solvent, 1:2 MIL:[Li "]
[NTf,] molar ratio and stirring (1150 rpm, 5 min).
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Table 2

Analytical performance of the developed in situ SBDLLME method using different MILs.
Analyte [Ni(C,IM),>+]12[Cl] [Ni(CgIM),**]12[CI] [Co(CgIM)>12[CI]

Linear range LOD® RSD" (%) RR‘ (%) Linear range LOD? RSD" (%) RR‘ (%) Linear range LOD? RSD" (%) RR® (%)
(rgL™h) (ngL™h) (gL™h) (ngL™h) (ngL™h) (rgL™

Nap 15-1000 4.8 12 96.7 15-1000 4.0 1.8 77.5 15-800 7.0 6.7 78.8
CNB 30-800 11 15 104 50-1000 10 10 88.0 15-800 7.0 5.6 70.0
tBP 45-800 15 7.0 75.2 15-1000 6.4 0.5 96.8 25-800 30 6.9 108
Bip 15-1000 5.6 3.1 109 50-800 3.0 6.8 72.5 15-800 5.9 6.0 80.6
Ace 15-1000 5.0 4.3 102 15-1000 2.0 6.9 90.0 15-800 7.5 3.4 76.3
Fl 15-800 5.6 2.3 107 15-800 3.4 9.4 103 15-800 6.8 5.5 72.1
BAce 15-1000 5.5 4.1 73.7 15-800 5.0 10 81.4 15-800 20 4.4 90.8

2 Limit of detection, calculated as 3 times the signal-to-noise ratio.
b Relative standard deviation (spiked level of 80 ug L~ n=23).
© Relative recovery (spiked level of 80 ugL™1).

extraction of this group of analytes, likely due to additional hydro-
phobic interactions between the alkyl chains of the ligands and the
analytes. The results proved that the metal center of the MIL also played
arole in the extraction of the target analytes. Therefore, the presence of
the Ni** metal center in the MIL cation provided higher calibration
slopes, likely because the dispersion of these MILs was more effective
due to their lower tendency to stick on the glass surface.

LODs and LOQs were determined as the concentration corre-
sponding to three and ten times the signal-to-noise ratio, respectively,
and were experimentally confirmed. Low LODs were achieved in this
method, ranging between 4.8 and 15 pg L™~ ! for the [Ni(C4IM),>*]2[CI
1 MIL, 2.0-10ugL™! for the [Ni(CgIM),>*]2[CI] MIL, and
5.9-30 ug L™ for the [Co(CgIM),2"12[CI'] MIL (see Table 2).

The reproducibility was estimated as the relative standard deviation
(RSD) for a spiked level of 80 ug L~! (n = 3). The RSD ranged between
2.3% and 10%, 0.5-10%, and 3.4-6.9% for the [Ni(C,IM),>*12[CI],
[Ni(CgIM)4>*]12[CI], and [Co(CgIM)4>*]12[Cl’] MILs, respectively.

The RR values, expressed as a percentage, were calculated as the
ratio from the predicted concentration obtained using the calibration
curves of the entire method (Tables S3, S4 and S5 of the SM) and the
spiked concentration. The RR values ranged between 73.7% and 109%
for the [Ni(C,IM),2"]12[ClT MIL, 72.5-102% for the [Ni(CgIM),2"]
2[CI'] MIL, and 70.0-108% for the [Co(CgIM)4>*]12[CI"] MIL.

The developed method was compared with other reported methods
of the literature [4,5,14,15,25,26], as Table S6 of the SM shows. Pre-
viously reported DLLME, single drop microextraction (SDME) and
SBDLME methods utilized hydrophobic MILs as extraction solvents
[4,5,14,25,26]. In comparison, the hydrophobic MILs used in this ap-
proach are generated in situ during the microextraction procedure,
which was shown to improve the extraction efficiency in previous
studies [19,27-29]. In these cases, the metathesis reaction maximized

the interface between phases and accelerated the mass transfer of
analytes into the extraction solvent. In addition, the proposed method
provides enormous advantages for its combination with HS-GC-MS.
Thus, previous generations of MILs generally generate higher MIL
background in the GC-MS due to decomposition of the MIL anion
during the HS sampling step [15]. For comparison purposes, Fig. S10 of
the SM shows a comparison of the background provided by the previous
generations of MILs used in SBDLME and the [Ni(CgIM)42 T 12[NTf,]
MIL used in this application. As an additional advantage, the in situ
SBDLLME method can be easily automated [30].

3.4. Analysis of real samples

The method was applied for the analysis of water samples, including
tap and mineral water. No analytes were detected in the samples using
any of the studied MILs. For that reason, spiked samples were analyzed
to examine any matrix effects that these samples exert in the determi-
nation of the analytes. Table 3 shows the obtained results regarding the
reproducibility and the RR using a spiked level of 80pugL~! (n = 3).
RSD values lower than 16% were obtained for both tap and mineral
water. Furthermore, acceptable RR values were obtained for the ma-
jority of the analytes, except for tBP in tap water using the [Ni
(C4IM)42*]2[CI"] MIL; CNB in tap water and mineral water and tBP in
mineral water using the [Ni(CgIM),2*12[Cl'] MIL; and tBP and Ace in
tap water employing the [Co(CgIM),2T12[CI'] MIL. In these cases, the
matrix effect was significant, indicating that matrix matched calibration
or standard addition is required for quantification of analytes.

4. Conclusions

A new generation of MILs containing paramagnetic cations able to

400 200
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Fig. 4. Calibration slopes obtained during the validation of the entire in situ SBDLLME-HS-GC-MS method using different MILs.
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Table 3

Analysis of real samples using the in situ SBDLLME method with different MILs.
Analyte [Ni(C4IM),212[CI] [Ni(CgIM),>"]12[CI] [Co(CgIM),>*12[Cl']

Tap water Mineral water Tap water Mineral water Tap water Mineral water
RSD* (%) RR"(%) RSD"(%) RR"(%) RSD°(%) RR"(%) RSD°(%) RR"(%) RSD"(%) RR"(%) RSD"(%) RR’ (%)

Nap 8.5 95.7 13 88.8 3.4 98.0 7.5 83.8 2.2 93.0 2.1 96.5
CNB 9.2 104 4.0 115 10 52.0° 12 59.6° 9.6 95.1 7.8 100
tBP 16 7.87¢ 17 86.9 12 75.0 14 56.3¢ 7.8 43.3¢ 7.7 102
Bip 4.0 112 2.2 101 5.4 88.6 6.3 112 10 91.7 7.4 94.6
Ace 10 75.8 3.8 100 13 94.2 13 96.2 4.2 44.2¢ 4.0 106
Fl 3.4 106 1.8 91.9 3.3 101 7.6 118 6.5 90.4 5.0 89.9
BAce 1.1 92.2 6.9 110 8.0 96.7 9.4 94.9 14 96.2 16 103

*Spiked level of 80 ugL ™', n = 3.
@ Relative standard deviation.
b Relative recovery.
¢ Matrix effect was significant for the specific analyte and MIL.

perform in situ metathesis reaction during the microextraction proce-
dure was developed. The MILs selected in this study were specifically
designed to contain different metal centers (Ni%* or Co?*") and N-al-
kylimidazole ligands (C4IM or CgIM), and were successfully applied for
in situ SBDLLME in combination with HS-GC-MS.

The thermal stability of the [NTfy]-based MILs was studied by HS-
GC-MS, with the [Ni(CgIM)42*]2[NTf,] MIL being the most thermally
stable compound. The obtained results indicated that the coordination
between Ni** and the nitrogen atoms of the N-alkylimidazole ligands is
stronger than the corresponding Co®*-N coordination, but also re-
vealed that long alkyl chains substituents in the ligand can increase the
thermal stability of the MILs.

Optimization studies of the in situ SBDLLME method revealed that
the extraction behavior of the MILs containing N-octylimidazole was
similar, indicating that the type of ligand in the MIL structure plays an
important role in the optimum extraction conditions required for the
method.

The in situ SBDLLME method was successfully validated for each of
the studied MILs, with LODs lower than 15, 10, and 30 ug L~ for the
[Ni(C,IM),2¥12[CI], [Ni(CgIM),2*12[Cl7], and [Co(CgIM),2*12[Cl]
MILs, respectively, and RSD lower than 10% obtained in all cases. The
best extraction performance was achieved using the [Ni(CgIM),2*]2[Cl
1 MIL, likely due to its capability in promoting additional hydrophobic
interactions with analytes, and also due to the nature of the Ni>* metal
center.

The method was successfully applied for the analysis of water
samples including both tap and mineral water, with RSD values lower
than 17% obtained in all cases, and acceptable RR values for the ma-
jority of the analytes. Ongoing work is focused on automating the mi-
croextraction procedure as well as the analysis of different types of
samples.
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