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ABSTRACT

Functionalized ionic liquids containing the tris(pentafluoroethyl)trifluorophosphate (FAP) anion were
used as extraction solvents in dispersive liquid-liquid microextraction (DLLME) for the extrac-
tion of 14 emerging contaminants from water samples. The extraction efficiencies and selectivities
were compared to those of an in situ IL DLLME method which uses an in situ metathesis reac-
tion to exchange 1-butyl-3-methylimidazolium chloride (BMIM-CI) to 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide (BMIM-NTf,). Compounds containing tertiary amine functionality
were extracted with high selectivity and sensitivity by the 1-(6-amino-hexyl)-1-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate (HNH; MPL-FAP) IL compared to other FAP-based ILs and the
BMIM-NTf; IL. On the other hand, polar or acidic compounds without amine groups exhibited higher
enrichment factors using the BMIM-NTf;, IL. The detection limits for the studied analytes varied from 0.1
to 55.1 pg/L using the traditional IL DLLME method with the HNH, MPL-FAP IL as extraction solvent, and
from 0.1 to 55.8 pg/L using in situ IL DLLME method with BMIM-CI + LiNTf, as extraction solvent. A 93-
fold decrease in the detection limit of caffeine was observed when using the HNH, MPL-FAP IL compared
to that obtained using in situ IL DLLME method. Real water samples including tap water and creek water

were analyzed with both IL DLLME methods and yielded recoveries ranging from 91% to 110%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, emerging contaminants, also called contaminants of
emerging concern (CECs), have attracted increasing attention from
both the general public and the government agencies including the
United States Environmental Protection Agency (EPA) [1-3]. CECs
are pollutants not currently included in routine monitoring pro-
grams but are likely the candidates of future regulation because
of their potential threat to human health and the environment.
CECs include a variety of compounds, such as pharmaceuticals and
personal care products (PPCPs), endocrine-disrupting chemicals
(EDCs), persistent organic pollutants (POPs), nanomaterials, etc. [1].
Among these compounds, PPCPs and EDCs have received consider-
able attention due to their wide usage and relative high toxicity
[2-6]. PPCPs include a wide range of human prescribed drugs such
as antidepressants, anti-inflammatory drugs, consumer products
including fragrances, sunscreen, household cleaning products, as
well as veterinary medicines such as antimicrobials and antibiotics.
The escalation of antibiotic resistance has been a big concern due
to the increasing release of antibiotics in the environment [7]. EDCs
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include naturally occurring or synthetic estrogens and androgens
as well as some organic compounds such as alkylphenols that can
modulate normal hormonal functions in aquatic organisms. It was
reported that the steroid hormones of fish were affected by EDCs
in environmental water even at very low concentration levels [8].

The low concentration of CECs in environmental water makes
them difficult to be directly determined by chromatographic meth-
ods such as high performance liquid chromatography (HPLC) or gas
chromatography (GC). Various sample preparation techniques have
been applied to preconcentrate CECs from water before subjecting
them to HPLC or GC. Among those, liquid-liquid extraction (LLE)
and solid phase extraction (SPE) are the most widely used [9-12].
Recently, various microextraction methods have been developed
which simplify the extraction procedure, save time and labor,
as well as greatly reduce the amount of organic solvent used.
Solid-phase microextraction (SPME) is a solvent free, simple, and
convenient method which combines extraction, preconcentration,
and sample introduction in one step [13]. The determination of
pharmaceutical residues in environmental water or wastewater
utilizing SPME coupled with HPLC or GC have been previously
reported [14,15]. Stir-bar sorptive extraction (SBSE) is consid-
ered as an alternative microextraction method and consists of
an increased acceptor phase compared to SPME. SBSE-GC-MS
was successfully applied to analyze 46 acidic and polar organic
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pollutants in water samples [16]. Other microextraction tech-
niques widely used for the extraction of pharmaceutical drugs
from liquid matrices include single drop microextraction (SDME)
[17], dispersive liquid-liquid microextraction (DLLME) [18], and
hollow-fiber liquid phase microextraction (HF-LPME) [19]. Among
all of these microextraction techniques, DLLME is considered
to be the most rapid while exhibiting relatively high extrac-
tion efficiency. This technique is based on the formation of a
cloudy solution after quickly adding a mixture of a hydropho-
bic extraction solvent and a dispersive solvent to the aqueous
sample solution [20]. The turbid solutions result in a large con-
tact area between the extraction solvent and sample solution,
which dramatically reduces the extraction time while enhancing
the extraction efficiency. This efficient and convenient method has
been used to extract and analyze various pharmaceuticals includ-
ing antibiotics [21], anti-inflammatory drugs [ 18], and psychotropic
drugs [22].

Ionicliquids (ILs) are a class of non-molecular ionic solvents with
low melting points resulting from combinations of organic cations
and various anions. ILs have many unique properties including wide
viscosity ranges, almost no measurable vapor pressure, high ther-
mal stability, and a multitude of varying solvation interactions.
These paramount properties make them useful in various sam-
ple preparation techniques including LLE [23,24], SPME [25-27],
HF-LPME [28,29], SDME [30,31], and DLLME [32-37]. The selec-
tivity and sensitivity of IL-based microextraction techniques can
be controlled and improved by introducing desired functional
groups into the structure of ILs. Recently, a group of ILs containing
the tris(perfluoroalkyl)trifluorophosphate anion (FAP~) have been
developed. Their unique properties including excellent hydrolytic,
thermal, and electrochemical stabilities offer great application
in various fields of science and engineering [38-41]. Our group
has shown that FAP-based ILs are ideal extraction solvents for
direct immersion-SDME due to their strong hydrophobic nature
[31].

IL-based DLLME has received much attention recently [32-37].
Three types of IL-based DLLME are widely used. The firstis based on
traditional DLLME and involves a small amount of organic solvent
that plays the role as the dispersive solvent [32,33]. A hydropho-
bic IL is often used as the extraction solvent and is dissolved in the
dispersive solvent before being added to the sample solution. The
extraction process is initiated by the formation of a cloudy solution.
The analyte enriched IL phase is then sedimented by centrifugation.
The determination of the analytes is performed by dissolving the
analyte enriched IL phase into a small amount of organic solvent
followed by injection into HPLC. Another approach of IL DLLME
utilizes ultrasound or heat to disperse the IL phase [34-36]. The
analyte enriched IL is sedimented by rapidly cooling the solution
with ice water followed by centrifugation. More recently, our group
introduced an IL DLLME method that involves an in situ metathesis
reaction (in situ IL DLLME) [37]. In this approach, a hydrophilic IL
is dissolved completely in the aqueous sample solution to promote
interaction between the IL and analytes. An ion-exchange reagent
is then introduced to carry out the in situ metathesis reaction. A
turbid solution with fine IL microdroplets is formed and produces
a hydrophobic IL. This phase separates from the aqueous sample
and can be directly analyzed by HPLC. A significant advantage of
this method lies in that the metathesis reaction and extraction are
accomplished in one step making it very rapid and amendable to
high-throughput analysis.

In this study, FAP-based ILs with a variety of functional groups
were utilized as extraction solvents for DLLME in the analysis of
pharmaceutical compounds including analgesics, antipyretics, car-
bonic anhydrase inhibitors, stimulants, sulfonamide antibiotics,
anticonvulsants, antilipemics, and anti-inflammatory drugs, as well
as endocrine disruptors and disinfectants. The effects of different IL

functional groups on the extraction of emerging contaminants were
investigated in an attempt to identify unique functional groups
that can be imparted to the IL in order to increase extraction effi-
ciency and selectivity. Extractions using FAP-based ILs were also
compared to those performed by the in situ IL DLLME method
involving the metathesis reaction of 1-butyl-3-methylimidazolium
chloride (BMIM-Cl) to form the 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide (BMIM-NTf,) extraction sol-
vent. Extraction conditions including varying sample pH, type and
volume of dispersive solvent as well as the addition of salt were
also examined.

2. Experimental
2.1. Reagents

The FAP-based ILs used as extraction solvents in this study
were:  1-(6-amino-hexyl)-1-methylpyrrolidinium  tris(penta-
fluoroethyl)trifluorophosphate (HNH;MPL-FAP), 1-ethoxycarbo-
nylmethyl-1-methylpyrrolidinium  tris(pentafluoroethyl)trifluo-
rophosphate  (ECMMPL-FAP), methoxyethyl-dimethyl-ethyl-
ammonium tris(pentafluoroethyl)trifluorophosphate (MOEDEA-
FAP), 1-methoxyethyl-3-methylimidazolium tris(pentafluoro-
ethyl)trifluorophosphate  (MOEMIM-FAP), 1-methoxyethyl-1-
methylmorpholinium  tris(pentafluoroethyl)trifluorophosphate
(MOEMMO-FAP), 1-methoxyethyl-1-methylpyrrolidinium tris
(pentafluoroethyl)trifluorophosphate (MOEMPL-FAP), 1-metho-
xypropyl-1-methylpiperidinum tris(pentafluoroethyl)trifluoro-
phosphate (MOPMPP-FAP), and 1-butyl-3-methylpyrrolidium
tris(pentafluoroethyl)trifluorophosphate  (BMPL-FAP).  These
ILs were supplied by Merck KGaA (Darmstadt, Germany). The
structures of the evaluated ILs are shown in Fig. 1. The two
other ILs used in this study were 1-butyl-3-methylimidazolium
chloride (BMIM-CI) and 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl] imide (BMIM-NTf,), which were
synthesized according to previous work [37]. Sodium chloride,
HPLC-grade methanol, acetone, and acetonitrile were supplied
by Fisher Scientific (Fair Lawn, NJ, USA). 1-Methylimidazole,
1-chlorobutane, dodecylamine, sodium dodecyl sulfate (SDS), and
acetic acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Lithium bis[(trifluoromethane)sulfonyl]imide (LiNTf,) was
purchased from SynQuest Labs, Inc. (Alachua, FL, USA).

The analytes examined in this study included acetaminophen
(AMP), acetazolamide (AZM), caffeine (CAF), sulfisomidine (SID),
sulfamethoxypyridazine (SMPZ), sulfamethoxazole (SMZO), sul-
famethazine (SMZI), carbamazepine (CMZ), bisphenol-A (BP-A),
naproxen (NX), 17a-ethynylestradiol (17EE), ibuprofen (IB), gem-
fibrozil (GFZ), irgasan (IRG), 5-(4-formylphenyl)pyrimidine (FPP),
biphenyl-4-carboxaldehyde (BPCA), and biphenyl (BiPh). These
analytes were obtained from Sigma-Aldrich. The structures, clas-
sifications, and properties of the studied analytes are shown in
Table 1. These pure compounds were dissolved in acetonitrile of
HPLC grade to prepare stock standard solutions with concentra-
tions ranging from 1000 to 10,000mgL-!. These stock standard
solutions were stored at 4°C and used in the preparation of two
stock mixture solutions. The first stock mixture solution was pre-
pared in acetonitrile and contained 100 mgL-! of SID, SMPZ, FPP,
BPCA, and BiPh, as well as 500mgL-! of AZM. The second stock
mixture solution contained 60 mgL-! of AMP, 302mgL~! of CAF,
15mgL-1 of SMZI, 20mg L1 of SMZO, 10 mgL~! of CMZ, 81 mgL~!
of BP-A, 42mgL-! of NX, 60mgL-! of 17EE, 207mgL-! of IB,
102mgL-! of GFZ, and 67mgL-! of IRG in acetonitrile. These
solutions were used in the daily preparation of aqueous working
standard solutions with deionized water (18.2 M2 cm) obtained
from a Milli-Q water purification system (Millipore, Bedford, MA,
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Table 1
Structure and properties of studied analytes.
Name Structure Classification LogP LogD? (pH=3) pKa
H
N
Acetaminophen (AMF) /O/ \H/ Analgesic, antipyretic 0.49 [42] 0.47 9.38 [43]
[¢]
HO
I
H | NH>
N S S/
Acetazolamide (AZM) \( >/ \\ Carbonic anhydrase inhibitor —0.26 [44]-0.26 6.50 [44]
\ /o
N—N
N N\Ko
Caffeine (CAF) < | Stimulant —0.08 [45]-0.63 0.522
N
/N ~
[¢]
N)\N
¢} 0o
y W | N
Sulfisomidine (SID) s\ = Sulfonamide antibiotic —0.35[46]-1.16 7.40 [46]
N
H
HoN
o o N
N Xy
\N
Sulfamethoxypyridazine (SMPZ) H Sulfonamide antibiotic 0.32[47] 0.13 6.70 [47]
/ 0/
HoN
N
(o] [e] |
A A\ A -
Sulfamethazine (SMZI) s\ N Sulfonamide antibiotic 0.89 [47] 0.27 7.59[47]
[ ]/ N N
H
HoN
(0]
N
0 o} \
N\ /
Sulfamethoxazole (SMZO) \H Sulfonamide antibiotic 0.90 [47] 0.64 5.70 [47]
HoN
Carbamazepine (CMZ) m Anticonvulsant 2.50[48] 1.87 14.00 [49]
O)\ NH,
Bisphenol A (BP-A) HOHOH Endocrine disruptor 3.64[50] 3.64 9.73 [51]
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Table 1 (Continued )
Name Structure Classification Log P LogD? (pH=3) pKa,
; OH
Naproxen (NX) OO Analgesic, anti-inflammatory 3.18[52] 2.87 4.20 [52]
(0]
\O
17a-Ethynylestradiol (17EE) Sex hormone 4.15[53] 4.11 10.21 [53]
OH
Ibuprofen (IB) Analgesic 3.97 [54] 3.49 4.91 [54]
(0]
O\/\><KO
Gemfibrozil (GFZ) Antilipemic 4,77 [55] 4.29 4.45 [55]
OH
OH Cl
o
Irgasan (IRG) Antimicrobial, disinfectant 4.80[56] 5.34 7.90 [56]
Cl Cl
/\ i
5-(4-Formylphenyl)pyrimidine (FPP) < - 0.942 0.93 0.58?2
N H
[¢]
Biphenyl-4-carboxaldehyde (BPCA) - 3.38?2 3.38 -
H
Biphenyl (BiPh) - 4.06 [57] 4.09 -

2 Values were obtained from SciFinder and calculated using Advanced Chemistry Development Software.

USA). The total acetonitrile content in the daily aqueous solution
was kept at a constant value of 2% (v/v).

2.2. Instrumentation

High-performance liquid chromatographic analysis was car-
ried out using a LC-20A liquid chromatograph (Shimadzu, Japan)
with two LC-20AT pumps, a SPD-20 UV/VIS detector, and a DGU-
20A3 degasser. All separations were performed using a C;g column
(250 x 4.6 mm i.d., 5-pm particle size) from Alltech (Deerfield,
IL, USA) with a guard column (Kromasil™ Cg, 5-pm parti-
cle size) from Supelco (Bellefonte, PA, USA). Data acquisition

and processing were accomplished with Shimadzu LC solution
software.

All separations were performed utilizing acetonitrile and water
as mobile phases with the addition of 0.1% acetic acid (v/v) and a
flow rate of 1.0mLmin~!. For the separation of AZM, SID, SMPZ,
FPP, BPCA and BiPh, the separation gradient started with 20%
acetonitrile, held for 5min, and then gradually increased to 50%
over 5min. A quick linear increase to 100% over 5min was then
employed. Acetonitrile was maintained at 100% for 10 min to elute
FPP, BPCA, BiPh, and all remaining IL. For the separation of the
other 11 compounds, the gradient was initiated at 40% acetonitrile
and gradually increased to 70% in 45min. For all compounds
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Fig. 1. Structures of studied FAP-based ILs. (a) 1-Ethoxycarbonylmethyl-1-
methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate, (b) 1-(6-amino-
hexyl)-1-methylpyrrolidinium  tris(pentafluoroethyl)trifluorophosphate,  (c)
1-methoxyethyl-dimethyl-ethylammonium tris(pentafluoroethyl)trifluorophos-
phate, (d) 1-methoxypropyl-1-methylpiperidinium tris(pentafluoroethyl)trifluoro-
phosphate, (e) 1-methoxyethyl-1-methylpyrrolidium tris(pentafluoroethyl)
trifluorophosphate, (f) 1-methoxyethyl-3-methylimidazolium tris(pentafluo-
roethyl)trifluorophosphate, (g) 1-methoxyethyl-1-methylmorpholinium tris
(pentafluoroethyl)trifluorophosphate, (h) 1-butyl-3-methylpyrrolidium tris
(pentafluoroethyl)trifluorophosphate.

evaluated in this study, UV detection was accomplished at
254 nm.

Extractions were performed using a 15-mL polypropylene con-
ical tube from Becton Dickinson Labware (Franklin Lakes, NJ, USA).
Shaking for all extractions was performed using a mixer from Barn-
stead/Thermolyne (Dubuque, IA, USA). Centrifugation at 3400 rpm
was accomplished using a model 228 centrifuge from Fisher Scien-
tific.

2.3. Extraction procedures

2.3.1. Traditional IL DLLME procedure

Traditional IL DLLME was employed when the FAP-based and
BMIM-NTf, ILs were utilized as extraction solvents. First, 30 L of
the FAP-based IL or 75 L of BMIM-NTf, was added and dissolved
into 0.5 mL of the methanol dispersive solvent. The IL-methanol
solution was added to a 15 mL conical centrifuge tube filled with
10 mL deionized water spiked previously with analytes. A turbid
solution was formed. After shaking for 30 s, the turbid solution was
centrifuged for 5 min at a rate of 3400 rpm. The upper aqueous solu-
tion was removed with a pipette and 9 wL of the analyte enriched IL

residue was withdrawn into a syringe and injected into HPLC. The
syringe was then rinsed with acetonitrile multiple times to remove
any residual analytes and IL.

2.3.2. Insitu IL DLLME procedures

The procedures of in situ IL DLLME method were described pre-
viously [37]. Briefly, 40 p.L of BMIM-CI (as a supercooled liquid) was
added to the sample solution followed by gentle shaking to com-
pletely disperse and dissolve the IL into the aqueous solution. An
aqueous LiNTf, solution (LiNTf,/BMIM-CI (n/n): 1/1) was added to
the tube resulting in the formation of a turbid solution. After shak-
ing for 30 s, the turbid solution was centrifuged for 5 min at a rate of
3400 rpm. The upper aqueous solution was removed with a pipette
and 9 pL of the IL residue enriched with analytes was withdrawn
into a syringe and injected into HPLC.

2.4. Water samples

Two water samples, namely tap water and creek water, were
examined in this study. Laboratory tap water was taken from a
water tap after continual flow for 10 min. Creek water was collected
from the Ottawa River in Toledo, OH according to Ground Water
Rule (GWR) sample collection and transport reference guidelines
provided by the U.S. Environmental Protection Agency. These sam-
ples were filtered through Nylon membrane syringe filters with
a pore size of 0.45 wm (Fisher Scientific, Fair Lawn, NJ, USA) and
stored in the refrigerator.

3. Results and discussion
3.1. Comparison of extraction method and solvent

The extraction efficiencies of 14 emerging contaminants using
the traditional IL DLLME method with seven FAP-based ILs were
compared. The results were also compared with the in situ ILDLLME
using BMIM-NTTf; (i.e., BMIM-CI + LiNTf, ) as the extraction solvent.
To quantitatively assess and compare the extraction performance of
all examined ILs, the enrichment factors for the studied CECs were
determined and are presented in Table 2. The enrichment factor is
defined as the ratio of the analyte concentration in the extraction
solvent and the initial analyte concentration in the aqueous sam-
ple solution. This can be calculated by comparing the peak areas
obtained after injecting the same volume of extraction solvent in
which analytes were preconcentrated to that of the sample matrix.

Inaprevious study, the in situ IL DLLME method exhibited higher
extraction efficiency compared to traditional IL DLLME when using
the same IL as the extraction solvent [37]. The same trend was
observed in this study. As shown in Table 2, the enrichment fac-
tors for all the studied analytes (except AMP) using the in situ IL
DLLME method were higher than those of the traditional IL DLLME
method when employing the BMIM-NTf;, IL.

The enrichment factors of various pharmaceuticals using seven
FAP-based ILs as extraction solvents are listed in Table 2. The data
for some analytes are not shown due to the fact that they were
partially overlapped with the IL peaks or could not be detected.
Interestingly, for AMP, AZM, CAF, SID, SMPZ, SMZI, SMZ0, and CMZ,
a dramatic increase in the enrichment factors was observed using
the HNH, MPL-FAP IL extraction solvent compared to the other FAP-
based ILs. However, for IB, GFZ, and IRG, the enrichment factors
obtained using the HNH,MPL-FAP IL were similar to the other six
FAP-based ILs. The possible reason for this enhancement is related
to the structures and properties of the analytes and ILs. The log-
arithm of the partition coefficient (P) and distribution coefficient
(D) between the organic phase (1-octanol) and water for all studied
analytes are provided in Table 1. The partition coefficient is defined
as the ratio of concentrations of the un-ionized compound between
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Table 2

Comparison of enrichment factors for emerging contaminants using in situ IL DLLME and traditional IL DLLME.

Analytes Enrichment factor

Insitu ILDLLME?  Traditional IL DLLME®

BMIM-Cl +LiNTf,  BMIM-NTf, HNH,MPL-FAP ECMMPL-FAP MOEDEA-FAP MOEMIM-FAP MOEMMO-FAP MOEMPL-FAP MOPMPP-FAP
AMP 1.8 1.8 2.0 0.1 0.1 0.3 0.1 0.1 0.2
AZM 0.91 0.78 0.81 - - - 0.14 - 0.13
CAF 13 1.2 113.8 4.0 2.5 3.9 4.3 2.3 2.4
SID 16.6 14.5 64.9 3.1 2.4 4.8 5.8 3.0 6.6
SMPZ 27.2 238 76.9 47 34 6.9 9.7 41 9.0
SMZI 20.3 - 110.3 5.2 3.9 8.8 7.0 6.5 -
SMzO 1121 87.7 59.5 114 9.4 17.5 17.6 12.1 29.9
CcMZ 134.0 86.9 296.5 92.0 71.9 95.1 109.9 90.2 1222
BP-A 239.8 134.8 31.8 17.5 - - - - -
NX 359.6 225.8 181.5 143.8 - - - - -
17EE 193.0 713 - - - - - - -
IB 268.5 189.6 194.0 126.9 113.6 167.8 156.9 152.7 234.2
GFZ 292.9 188.9 2333 202.5 169.9 227.2 2325 203.2 242.5
IRG 452.1 414.3 361.6 362.2 287.2 404.5 389.1 372.6 439.4
BiPh¢ 114.7 106.2 115.0 110.8 115.0 116.6 113.6 112.7 116.2
FPP© 23.6 18.8 318.6 16.2 11.7 19.7 20.7 11.8 13.7
BPCA® 451.5 210.0 379.3 339.0 369.0 376.4 329.3 357.6 383.0

2 Conditions: BMIM-CI volume, 40 p.L; LiNTf,/BMIM-CI (n/n): 1/1; sample volume: 10 mL; sedimented phase volume: ~13 wL; injection volume: 9 pL; extraction time:

0.5 min; centrifuge time: 5 min.

b Conditions: extraction IL volume: 75 p.L for BMIM-NTf,; 30 pL for all the FAP-based IL; dispersive solvent: 0.5 mL methanol; sample volume: 10 mL; sedimented phase
volume: ~13 pL; injection volume: 9 pL; extraction time: 0.5 min; centrifuge time: 5 min.
¢ Compounds used for selectivity studies. Not included in CECs. (—) Data not obtained due to analyte partial overlap with IL peak or not detected.

the two phases while the distribution coefficient is the ratio of the
sum of the concentrations of all forms of the compound, includ-
ing ionized and un-ionized forms, between the two phases. The
equations used to calculate log P and log D are given by Egs. (1) and

(2):

[solute],ctanol
1og Poctjwat = log ioni M
oct/wa [SOlute]‘l,lvr:toeT-lZEd form
[solute]yctanol
10g Dyctjwat = log — octano _ (2)
oct/wa [solute]‘ljvnalg;lzed form T [solute]i,f’,gééfd form

In a typical extraction process, the higher the values of an ana-
lyte’s log P and log D, the greater the amount of analyte that should
partition into the organic phase (i.e., the FAP-based IL phase). This
was true for compounds IB, GFZ, and IRG using the studied FAP-
based ILs as extraction solvents. Higher enrichment factors were
obtained for these three compounds due to their relatively high
log P and log D values. For AZM, CAF, SID, SMPZ, SMZI, and SMZO,
much lower enrichment factors were obtained using the ECMMPL-
FAP, MOEDEA-FAP, MOEMIM-FAP, MOEMMO-FAP, MOEMPL-FAP,
and MOPMPP-FAP IL extraction solvents, which is consistent with
the lower logP and logD values of these six analytes. However,
an exception was observed for these six compounds when using
the HNH, MPL-FAP IL extraction solvent. An approximate 2-50-fold
increase in enrichment factors was observed using HNH, MPL-FAP
compared to the other FAP-based ILs. This enhancement appears
to be due to the presence of tertiary amines within the structure of
these analytes which are capable of interacting with the primary
amine functional group in the HNH,; MPL-FAP IL. This interaction
promoted the partitioning of these analytes into the HNH,MPL-
FAP IL phase and much lower enrichment factors resulted for ILs
lacking such functional groups. This argument is further supported
by additional experimental data presented in Section 3.2.

The extraction performance of the studied CECs using the FAP-
based ILs were compared with the BMIM-NTTf;, IL. With exception of
the HNH, MPL-FAP IL, higher extraction efficiencies were obtained
for nearly all analytes (except CAF) using BMIM-NTTf, IL compared
to the remaining six FAP-based ILs. This behavior may be attributed
to the apparent lower hydrophobicity of the BMIM-NTf, IL (to

obtain same amount of sedimented IL phase, only 30 L of the FAP-
based IL was needed while a total BMIM-NTf, volume of 75 L was
required using the traditional IL DLLME method). Therefore, par-
titioning of more polar analytes may be preferred by BMIM-NTf,
IL compared to the FAP-based IL. The hydrogen bond basicities of
NTf,-based IL are generally higher than their FAP-based analogues
[41]; therefore, the NTf,-based ILs would be expected to interact
more strongly with acidic compounds. This explains why higher
extraction efficiencies were obtained for acidic compounds using
the BMIM-NTf; IL. For example, a 7.7-fold and 13-fold increase in
enrichment factors for BP-A were obtained when using the BMIM-
NTf; IL as the extraction solvent in traditional IL DLLME and in situ
ILDLLME, respectively, compared to the ECMMPL-FAP IL. A compar-
ison between the BMIM-NTf, and HNH, MPL-FAP ILs revealed that
higher enrichment factors were obtained for analytes containing
tertiary amines when HNH, MPL-FAP IL was used as extraction sol-
vent. For polar compounds lacking amines such as IRG, GFZ, IB, and
BP-A, the extraction efficiencies were higher using the BMIM-NTf,
IL.

3.2. Effect of amino functionality on extraction selectivities

As described in Section 3.1, higher enrichment factors were
obtained for analytes containing tertiary amines utilizing the
HNH,;MPL-FAP IL extraction solvent. To further investigate this
behavior, two sets of experiments were performed. The first
experiment involved the extraction of three selected analytes, FPP,
BPCA, and BiPh, utilizing all of the studied FAP-based ILs as well
as the BMIM-NTf, extraction solvent. FPP contains two tertiary
amines within its molecular structure where BPCA and BiPh both
lack such functionality. As expected, the enrichment factor for FPP
using the HNH,MPL-FAP IL was significantly higher than other
FAP-based ILs, while the enrichment factors for BiPh and BPCA
were largely unchanged (see Table 2).

A further investigation into this behavior involved the addi-
tion of surfactants into the extraction system. Dodecylamine, a
surfactant containing a primary amine moiety, was added to the
extraction system containing four selected analytes, namely, SID,
SMPZ, FPP, and BPCA. The addition of dodecylamine was performed
prior to the addition of the extraction IL. The concentration of
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Fig. 2. Effect of added surfactant (a) dodecylamine and (b) SDS on the extraction performance of studied analytes (x) SID, (0) SMPZ, (a) FPP, (O) BPCA using traditional IL
DLLME; extraction solvent, 30 wL BMPL-FAP; dispersive solvent: 0.5 mL MeOH; sample volume: 10 mL; injection volume: 9 pL; extraction time: 0.5 min; centrifuge time:

5 min.

dodecylamine was in the range of 0.4-2.0mgmL-! which was
much higher thanits critical micelle concentration (0.81 mmol L—1).
The analyte-micelle complex was then extracted by the BMPL-FAP
IL. As shown in Fig. 2a, with increasing concentration of dodecy-
lamine in the sample solution, a dramatic increase in the extraction
efficiency of SID, SMPZ, and FPP was observed. This is due to the
fact that the interaction between the primary amine in dodecy-
lamine and the tertiary amines of the three analytes promoted
the partitioning of the analyte-micelle complex into the IL phase.
However, BPCA, which lacks a tertiary amine, experienced a slight
decrease in extraction efficiency with increasing concentration of
dodecylamine. To further confirm the findings, sodium dodecyl
sulfate (SDS), which has the similar structure to dodecylamine
except that it lacks the primary amine group, was applied under
the same conditions. The concentration of SDS was varied from 3.0
to 12.0mgmL~! which is approximately 1.3-5.0-fold higher than
its CMC (8.2 mmol L-1). As shown in Fig. 2b, a decrease in the extrac-
tion efficiency was observed for all of the studied four analytes with
an increasing SDS concentration. Clearly, highly selective extrac-
tions can be performed for analytes containing tertiary amines by
simply employing an IL extraction solvent containing a primary
amine.

3.3. Optimization of extraction conditions

3.3.1. Sample pH effect

The effects of pH on the extraction efficiency are dependent on
the specific properties of the studied analytes. Typically, higher
extraction efficiency can be obtained when analytes are in their
un-ionized forms [32]. In this study, the pH effect was examined
by varying the pH from 2.6 to 6.5 using in situ IL DLLME. For NX, IB,
SMZO0, and GFZ, a decrease in extraction efficiency was observed
when the pH value was increased, as shown in Fig. 3a. The pK;, of
NX, IB, SMZO, and GFZ are 4.20, 4.91, 5.70, and 4.45, respectively,
which are all in the studied pH range. An increase in pH resulted
in these analytes to go from their un-ionized form to ionized form
producing adramatic drop in the extraction efficiencies. On the con-
trary, for IRG, BP-A, CMZ, SMZI, AMP, CAF, and 17EE, which possess
pK; values outside of the range from 2.6 to 6.5, the charged form
of the molecule remained unchanged (either ionic or un-ionized).
No obvious changes in the extraction efficiencies were observed
for these compounds (see Fig. 3b). Therefore, to obtain the high-
est extraction efficiency, low pH values were preferred for most of

the studied analytes. However, at pH 2.6, the volume of the sed-
imented IL phase decreased which made it difficult to withdraw
9 L of the IL for injection into HPLC. Thus, pH 3.0 was selected for
the subsequent studies.

3.3.2. Effect of IL volume and dispersive solvent

The effect of sample volume, extraction time and centrifugation
time on the extraction efficiency with in situ IL DLLME has been
thoroughly studied previously [37].In this study, an extraction time
of 0.5 min was selected followed by a centrifugation time of 5.0 min.
The sample volume was maintained at 10.0 mL for all extractions.
The volume of the IL extraction solvent was optimized to insure
approximately 13 L of the sedimented IL phase. It should be noted
that to obtain the same amount of sedimented IL phase, only 30 pL
of the FAP-based IL was needed while a total BMIM-NTf, volume
of 75 pL was required using the traditional IL DLLME method. This
is due to the high hydrophobicity and hydrolytic stabilities of the
FAP-based ILs which allowed them to be used in the sampling of
large volumes of aqueous solutions without loss of the extraction
phase.

Using the traditional IL DLLME method, the effect of methanol
and acetone (as dispersive solvents) on the extraction efficiency
was studied using BMIM-NTf, and HNH, MPL-FAP ILs. The results
revealed that the BMIM-NTf, IL produced higher extraction effi-
ciencies for nearly all analytes using acetone. However, the opposite
trend was observed when using the HNH,MPL-FAP IL, which
favored methanol as the dispersive solvent. Furthermore, the high
intensity of the acetone peak completely overlapped the peak of
CAF making integration very difficult. Therefore, methanol was
selected as the dispersive solvent for all studies involving tra-
ditional IL DLLME. The volume of methanol on the extraction
efficiency was also studied for the HNH, MPL-FAP IL. As shown in
Fig. 4, when the volume of dispersive solvent was increased from
0.5mL to 1.5 mL, the extraction efficiencies decreased for all of the
studied analytes. Therefore, 0.5 mL methanol was selected as the
dispersive solvent volume for subsequent studies.

3.3.3. Effect of added salt

The effect of added salt on the extraction efficiency of selected
CECs using the HNH, MPL-FAP IL in traditional IL DLLME and BMIM-
Cl+LiNTf, IL with in situ IL DLLME method were studied and
compared.
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Fig. 5a shows the effect of added salt on the extraction efficiency
using the HNH, MPL-FAP IL with traditional IL DLLME method. It can
be observed that with an increase of the salt content, the extraction
efficiency of most analytes increased, including NX, IB, SMZI, SMZO,
AMP, and BP-A. A 2.7-fold improvement in extraction efficiency for
AMP was observed when 25% (w/v) of NaCl was added. However,
for CAF, IRG, and CMZ, the variation in the extraction efficiency
was relatively small (Fig. 5b). A slight decrease in the extraction
efficiency was observed for GFZ with an increase in the salt content.

Fig. 6 shows the effect of added salt on the extraction efficiency
of selected analytes using the in situ IL DLLME method. With an
increase in the salt content, the extraction efficiency of SMZO, AMP,
and CAF increased (Fig. 6a). However, for other analytes, the extrac-
tion efficiencies decreased with the addition of salt (Fig. 6b). This
was presumably due to the fact that the addition of salt affected
the ionic strength of the sample solution, possibly influencing the
metathesis reaction and the amount of BMIM-NTTf;, IL formed [37].

In order to perform a quantitative study under optimized con-
ditions for most of the analytes, calibration curves were obtained
using 25% NaCl (w/v) added to the sample solution and HNH, MPL-
FAP IL as the extraction solvent in the traditional IL DLLME method.
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Fig. 5. Effect of added salt on the extraction performance of studied analytes (a) (®) NX, (A) IB, (x) SMZI, (a) SMZO, (+) AMP, (—) BP-A and (b) () CAF, () IRG, (x) CMZ, (m)
GFZ using traditional IL DLLME, extraction solvent: 30 wL HNH,MPL-FAP; dispersive solvent: 0.5 mL MeOH; sample volume: 10 mL; injection volume: 9 iL; extraction time:

0.5 min; centrifuge time: 5 min.
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Fig. 6. Effect of added salt on the extraction performance of studied analytes (a) (0) SMZO, (A) AMP, (®) CAF and (b) (o) NX, (O) IRG, (¢) CMZ, (O) IB, (W) BP-A, (—) GFZ, (x)
17EE using in situ IL DLLME. BMIM-CI volume: 40 p.L; LiNTf,/BMIM-CI (n/n): 1/1; sample volume: 10 mL; injection volume: 8 wL; extraction time: 0.5 min; centrifuge time:

5min.

However, for in situ IL DLLME with BMIM-CI + LiNTf, as extraction
solvent, no salt was added.

3.4. Analytical performance

The analytical performance in terms of calibration linearity,
standard deviation of regression line, linear range, limit of detection
(LOD), and reproducibility were studied for both the traditional IL
DLLME and in situ IL DLLME methods. The reproducibilities of the
in situ IL DLLME and traditional IL DLLME were determined by five
repeated extractions resulting in relative standard deviation (RSD)
values ranging from 1.9% to 6.1% and 1.5% to 5.8%, respectively.
Calibration curves of each analyte were constructed in deionized
water (in situ IL DLLME) or 25% NaCl (w/v) solution (traditional IL
DLLME) with 10 concentration levels. The figures of merit of the
calibration curves using the two extraction methods are listed in
Tables 3 and 4. The obtained correlation coefficients (R) varied
from 0.994 to 0.999 for traditional IL DLLME and 0.997 to 0.999 for
in situ IL DLLME method. The small errors of the slope indicate the
exceptional linearity for both extraction methods.

The LODs were calculated based on three times the stan-
dard deviation of the obtained peak area at the lowest sample

concentration divided by the slope of the calibration curve. The
obtained LOD for the 17 studied analytes varied from 0.1 to
55.1 pg/Lfor traditional ILDLLME using HNH, MPL-FAP IL as extrac-
tion solvent, and from 0.1 to 55.8 pg/L for in situ IL DLLME
using BMIM-Cl + LiNTf, as extraction solvent. The LOD of IB using
HNH,MPL-FAP IL as extraction solvent was relatively high due to
overlap with the FAP-based IL. Slightly lower LODs were obtained
for GFZ and BP-A using the in situ IL DLLME with BMIM-CI + LiNTf,
as extraction solvent. However, a significant decrease in LODs was
observed for analytes containing tertiary amine functional groups
when using the HNH,MPL-FAP IL with traditional IL DLLME. The
LODs of CAF and AMP were two orders of magnitude lower when
using the HNH, MPL-FAP IL as extraction solvent compared to in situ
IL DLLME.

3.5. Applications to real water samples

Real water samples including tap water and creek water were
examined to validate the applicability and matrix effects for the
extraction of CECs using the two IL DLLME methods. Table 5 shows
the concentration and recovery of 17 studied analytes spiked
into the real water samples. No analytes were detected by blank

Table 3
Figures of merit of the calibration curves and limit of detection by traditional IL DLLME method using HNH, MPL-FAP as extraction solvent?.

Analytes Slope + error Syxb Linear range (pngL') Linearity (R) LOD (pgL-1)
AMP 440.7 + 4.6 5730 0.3-1115.7 0.999 03
AZM 12.5 +£ 0.2 2217 50.4-15000 0.999 36.6
CAF 1731.9 £+ 28,5 181,934 0.6-5636.4 0.999 0.6
SID 1954.6 + 25.8 49,224 0.98-1981.2 0.999 0.1
SMPZ 24733 £ 21.1 39,438 0.97-1943.9 0.999 03
SFZI 3513.6 £ 52.2 15,540 1.4-284.7 0.999 1.5
SFZO 2954.0 + 35.8 15,086 0.1-379.6 0.999 0.1
Mz 8923.0 + 149.1 21,352 0.1-142.4 0.999 0.1
BP-A 468 + 1.4 1363 22.8-1138.9 0.998 135
NX 5256.8 + 48.5 28,896 0.8-592.7 0.999 0.5
17EE - - - - -
1B 268.2 + 4.0 10,740 58.1-2905.4 0.999 55.1
GFZ 326.2 + 14.5 12,338 9.5-949.1 0.994 7.6
IRG 1888.5 + 17.2 16,129 1.2-932.7 0.999 1.1
BiPh 8231.3 £ 256.1 182,118 0.47-700.9 0.997 0.2
FPP 5818.7 +£ 97.8 186,176 0.48-1925.2 0.999 04
BPCA 3545.0 + 40.5 178,454 0.50-3926.6 0.999 0.4

2 Conditions: HNH,MPL-FAP volume: 30 pL; dispersive solvent: 0.5 mL methanol; sample volume: 10 mL; salt content: 25% NaCl; sedimented phase volume: ~13 pL;

injection volume: 9 pL; extraction time: 0.5 min; centrifuge time: 5 min.
b Standard deviation of regression.
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Table 4
Figures of merit of the calibration curves and limit of detection by in situ IL DLLME method?.
Analytes Slope + error Sy Linear range (ngL~!) Linearity (R) LOD (pngl™1)
AMP 778 £ 1.1 877 11.3-848.4 0.999 11.2
AZM 12.5 £ 0.2 3372 51.1-15349.5 0.999 50.2
CAF 18.8 £ 03 1857 57.1-5714.4 0.999 55.8
SID 362.1 £35 10,437 5.0-3013.0 0.999 34
AMPZ 661.0 £ 9.3 27,000 4.9-2956.2 0.999 14
SFZI 4782 £ 11.2 3138 4.3-288.7 0.998 43
SFZO 2523.0 + 244 7155 1.0-288.7 0.999 0.8
cMZ 2751.1 £ 53.6 10,036 2.9-192.5 0.998 29
BP-A 5323 + 15.6 23,357 15.4-1539.5 0.997 14.7
NX 3879.8 £ 51.4 32,435 0.4-600.9 0.999 0.5
17EE 199.7 £ 4.3 3757 2.8-854.2 0.998 1.8
1B 2639 + 4.4 13,456 2.0-2945.6 0.999 2.0
GFZ 3849 £ 7.2 10,493 4.8-1443.3 0.999 44
IRG 1677.5 + 28.1 27,127 0.6-945.6 0.999 1.0
BiPh 17336.0 + 180.4 74,364 0.95-473.7 0.999 0.1
FPP 717.8 £ 185 55,272 0.97-2927.8 0.998 1.0
BPCA 5779.5 + 48.0 92,218 1.01-2027.6 0.999 0.5

2 Conditions: BMIM-CI volume: 40 pL; LiNTf,/BMIM-CI (n/n): 1/1; sample volume: 10 mL; sedimented phase volume: ~13 pL; injection volume: 9 pL; extraction time:

0.5 min; centrifuge time: 5 min.
b Standard deviation of regression.

Table 5
Recoveries of real water samples spiked with 17 analytes determined by in situ IL
DLLME and traditional IL DLLME methods.

Analytes Concentration Recovery + error?
(ngl™h)
In situ IL DLLMEP Traditional IL DLLME®
Tap water Creek water  Tap water Creek water

AMP 28.6 96 +7 95+ 4 99 + 7 97 + 6
AZM 256.0 102+6 104+7 92+10 99+4
CAF 1414 93+1 1075 94+2 100 +3
SID 50.2 98 + 7 98 +4 104+6 103+8
SMPZ 49.3 104 £ 2 93 +2 104 + 4 98 +9
SFZI 7.2 103+2 103 +4 101 +£5 110+6
SFZO 9.6 101 £6 91+9 95+ 5 98 +5
CMZ 4.9 105+3 109 +4 91+ 2 96 + 4
BP-A 38.5 96 + 1 94+ 4 104+4 101+3
NX 19.6 99 + 1 98 +2 96+1 100+1
17EE 27.5 100+4 101 +£1 - -

IB 98.7 102 +£6 99+ 2 102+6 101+3
GFZ 47.6 98+3 102+2 100 + 3 93+5
IRG 315 97 +2 104+3 100 £+ 3 95+ 1
BiPh 474 98+2 106+2 110+£6 108 +7
FPP 48.8 106 + 8 95+3 9245 92+6
BPCA 50.7 95+ 7 91+7 108 £4 106 +3

2 Results obtained by 3 replicate extractions.

b Conditions: BMIM-Cl volume: 40 p.L; LiNTf,/BMIM-CI (n/n): 1/1; sample volume:
10 mL; sedimented phase volume: ~13 pL; injection volume: 9 pL; extraction time:
0.5 min; centrifuge time: 5 min.

¢ Conditions: HNH,MPL-FAP volume: 30 p.L; dispersive solvent: 0.5 mL methanol;
sample volume: 10 mL; salt content: 25% NaCl; sedimented phase volume: ~13 pL;
injection volume: 9 pL; extraction time: 0.5 min; centrifuge time: 5 min.

extraction of the water samples. Recoveries ranged from 93 to
106% and 91 to 107% for tap water and creek water, respectively,
using in situ IL DLLME method, and 91 to 110% and 92 to 110%
using traditional IL DLLME with the HNH, MPL-FAP IL as extraction
solvent. The results indicate that matrix complexity had little effect
on the recovery for most analytes using both IL DLLME methods.

4. Conclusions

Seven functionalized FAP-based ILs have been applied for the
extraction of 14 emerging contaminants using traditional IL DLLME
technique. For compounds containing tertiary amine functional
group within their molecular structure, an approximately 2-50-
fold enhancement in the enrichment factors were observed using
HNH;MPL-FAP as extraction phase compared to the other FAP-

based ILs. The extraction performance of the FAP-based ILs were
also compared to those of using BMIM-NTf, IL with traditional IL
DLLME and in situ IL DLLME method. For polar or acidic compounds
without amine groups, highest enrichment factors were obtained
with BMIM-NTTf; IL as the extraction solvent compared to all FAP-
based ILs. However, the amount of FAP-based ILs required for the
extraction was much less than the NTf,-based IL, due to their high
hydrophobicity and hydrolytic stabilities.

Quantitative studies were performed using both in situ IL DLLME
and traditional IL DLLME methods. The LODs for all studied ana-
lytes varied from 0.1 to 55.1 p.g/L when using traditional IL DLLME
with HNH, MPL-FAP IL as extraction solvent, and ranged from 0.1 to
55.8 pg/L using in situ IL DLLME with BMIM-CI + LiNTf, as extrac-
tion solvent. A 93-fold decrease in the detection limit was observed
for CAF using the HNH, MPL-FAP as extraction solvent compared to
using BMIM-CI + LiNTf, IL with in situ IL DLLME. Recoveries of stud-
ied analytes spiked in real water samples were studied. The results
showed that the extraction performance of the two IL DLLME meth-
ods was not significantly affected by the real water sample matrices.

The obtained results indicate that the applied two IL DLLME
methods are fast, robust, sensitive, and can be used to selectively
screen specific compounds from large volumes of sample matrix.
The selectivity and sensitivity of the method can be effectively
tuned and modulated by employing functional groups in the struc-
tural design of the ILs.
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