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a b  s t  r a  c t

Three  crosslinked  polymeric  ionic  liquid  (PIL) sorbent coatings  were  used in headspace  solid-phase

microextraction  for  the  determination  of a group of ultraviolet  filters.  The developed  crosslinked  PIL-

based  materials include two  polycations  and  a  double confined  PIL. The  method, in  combination with

gas chromatography-mass  spectrometry,  is simple, solvent  free,  and  does  not require  of any  derivati-

zation  step. After proper  optimization of the  methodologies  with  each  developed  fiber, the  analytical

performance was compared with  a  commercial  polyacrylate  fiber. A  study  of the  normalized  cal-

ibration  slopes,  obtained  by  dividing  the  calibration  slope  of  each  analyte  by the  coating volume,

revealed  that the  crosslinked fibers can  be  used as  alternatives  to  commercial  fibers  for  the  determi-

nation  of the  selected  group  of compounds.  In  particular, the  coating  nature of the  PIL containing  the

1-vinylbenzyl-3-hexadecylimidazolium  bis[(trifluoromethyl)sulfonyl]imide  IL as  monomer  and  the  1,12-

di(3-vinylbenzylimidazolium)dodecane  bis[(trifluoromethyl)sulfonyl]imide  IL  as crosslinker is the  most

suitable  for  the  extraction  of the  selected  compounds  despite  their coating volume,  being  3.6  times lower

than  the  commercial  polyacrylate fiber.  For this  fiber, wide linear  ranges,  correlation  coefficients  higher

than  0.990, limits of detection ranging  from 2.8  ng  L−1 to  26  ng L−1 and relative standard deviations  rang-

ing  from 2.5  to 15%  were  achieved.  Finally,  all proposed  PIL-based  fibers were  applied  towards the  analysis

of tap water,  pool  water  and lake  water, with  the majority  of the  ultraviolet  filters being  detected  and

quantified  in the  last two  types  of samples.

©  2018  Elsevier B.V.  All  rights  reserved.

1. Introduction

Contaminants of emerging concern (CECs) or emerging contam-

inants include a  group of chemicals and other substances widely

used since the mid-1990s that pose potential cause of risk in human

health. They often have no regulatory standards and have recently

been detected in the environmental media [1]. Thus, some of these

pollutants are new candidates for future legislation, depending on

their eco-toxicity and occurrence, especially in aquatic media [1].

The term CECs includes persistent organic pollutants such as poly-

brominated diphenyl ethers [2],  endocrine disrupting chemicals

like some synthetic estrogens or alkylphenols [3],  and pharma-

ceuticals and personal care products (PPCPs) [4]. This last group

of compounds comprises a wide variety of prescribed drugs and

other compounds used as ingredients in  everyday products such as

soaps, cosmetics, lotions, fragrances, and sunscreens [4].
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Ultraviolet (UV) filters are a group of PPCPs that include both

inorganic and organic substances used in  everyday products to pro-

tect the skin against UV radiation [5].  In particular, organic UV filters

like some benzophenones, salicylates, cinnamates and aminoben-

zoates can be hydrosolubles and can also be absorbed in  the skin

where they can cause immune system disruption [6]. Furthermore,

their extensive use, improper disposal and inefficient treatment of

urban wastewater contribute to  their presence in  the aquatic envi-

ronment [4]. Thus, the development of monitoring methods for  UV

filters in waters is of vital importance.

Solid-phase microextraction (SPME) is a powerful extraction

and preconcentration technique for the extraction of  volatile and

semi-volatile compounds [7]. The technique is based on the mass

transfer of analytes from the sample to a  small volume of  sorbent

material, normally coated on a  solid support. Proper success of

SPME is linked to the nature of the sorbent coating of  the fiber,

among others [7]. However, the commercially-available sorbent

materials are  not adequate for some applications because they are

either not  selective, or  their extraction efficiency for certain com-

pounds is limited. For  that reason, the development of alternative
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sorbent materials for SPME is  a  field of interest in analytical chem-

istry [8].

Polymeric ionic liquids (PILs) are  a  group of new materials

suitable for their use as SPME sorbent coatings [9]. PILs are poly-

mers generated from the polymerization of an ionic liquid (IL)

monomer [10]. Thus, PILs possess most of the unique character-

istics of ILs, including low to negligible vapor pressure at room

temperature, high chemical and electrochemical stability, and the

ability of promote different interactions with analytes. In com-

parison with ILs, PILs have higher thermal stability and viscosity,

making them highly useful materials in high temperature appli-

cations [10]. There are different possibilities for the development

of PILs, which include polycations, polyanions and polyzwitterions

that can be distinguished based on the ionic nature of the cationic,

anionic or zwitterionic polymer backbone, respectively [11]. Fur-

thermore, double confined PILs in  which both cationic and anionic

moieties are co-polymerized have been reported [12]. Other strate-

gies for increasing the stability of the PIL while also increasing

their surface area utilizes crosslinked PILs synthesized by  the co-

polymerization of two different ILs: a  monocationic IL acting as

monomer and a dicationic IL as crosslinker [13].

PILs and crosslinked PILs of the polycationic type have been used

in SPME for the determination of different types of CECs, including

estrogens [14,15],  bisphenol A [14,16],  alkylphenols [16,17], and

pharmaceuticals [15]. However, there is only one recent study that

applied double confined PILs for the determination of UV filters

[18].  This work utilized direct immersion (DI)-SPME in combi-

nation with high performance liquid chromatography and diode

array detection (HPLC-DAD), which resulted in high sorbent coating

stability for the analysis of samples possessing high salt con-

tent. Other studies also describe DI-SPME-HPLC-UV methods for

the determination of UV filters using metal nanoparticles- [19,20]

or dodecyltrimethoxysilane-based sorbent coatings [21]. How-

ever, the use of gas  chromatography-mass spectrometry (GC–MS)

allows for increased sensitivity of the methodology, which is

required for determining UV filters since they are  generally present

in aqueous samples at the nanogram per liter level  [4]. Some

studies reported DI-SPME-GC–MS methods [22,23], or headspace

(HS)-SPME-GC–MS methods [24] with commercial fibers for the

determination of these compounds. Particularly, the DI-SPME

reported methods required the use of derivatization steps, which

sometimes are not in accordance with the Green Analytical Chem-

istry (GAC) [25].

With all of the aforementioned considerations, the main objec-

tive of this work was to expand the use of PILs for the determination

of a group of CECs such as organic UV filters. With these purposes,

different crosslinked PIL-based sorbent coatings have been pro-

duced and examined using HS-SPME, including two  polycations

and a double confined PIL. The extraction efficiency of the PIL-

based materials was compared with commercially-available SPME

fibers for the determination of this group of analytes. The proposed

methodologies, in combination with GC–MS, were also applied for

the analysis of real samples, including tap water, pool water and

lake  water.

2. Experimental

2.1. Chemicals, reagents, materials and samples

The group of determined UV filters includes three salicylates,

2-ethylhexyl salicylate (ES, ≥99.0%), homosalate (HS, pharma-

ceutical secondary standard) and benzyl-salicylate (BS, ≥99.0%);

a benzophenone derivative, benzophenone-3 (BP3, 98.0%); two

aminobenzoates, methyl anthranilate (MA, 98%) and ethyl-

hexyl dimethyl PABA or 2-ethylhexyl-4-(dimethylamino)benzoate

(EHPABA, 98.0%); and three cinnamates, etocrylene (Eto, 98.0%), 2-

ethylhexyl 4-methoxycinnamate (2EHMC, 98.0%) and octocrylene

(OCR, ≥98.0%). All UV filters were purchased from Sigma-Aldrich

(St. Louis, MO,  USA). Table SM-1 of the Supplementary material

(SM) shows the structures and some important physicochemical

properties of the analytes. Individual stock solutions of the analytes

were prepared in acetone (99.0%, Sigma-Aldrich) at 2000 mg L−1.

Intermediate solutions containing all analytes were prepared in

acetone by dilution of the individual stock solution to 150 mg L−1,

1.00 mg L−1, 0.20 mg  L−1 or 0.01 mg L−1. Finally, working solutions

were prepared by spiking an appropriate amount of an interme-

diate solution into the sample or ultrapure water containing 25%

(w/v) sodium chloride (≥99.5%, purchased from Fisher Scientific,

FairLawn, NJ, USA). The organic content of the working solution was

0.1% and 1.6% for optimization and validation experiments, respec-

tively. Ultrapure water (18.2 M�  cm)  was obtained from a Milli-Q

water purification system (Millipore, Bedford, MA,  USA).

Elastic nitinol wires (external diameter of 127 �m) were

acquired from Nitinol Devices & Components (Fremont, CA, USA)

and were used as solid supports in the preparation of the SPME

fibers. Blank SPME assembly (24 Ga) were provided by Millipore

Sigma (Bellefonte, PA, USA).

The commercial polyacrylate (PA, 85 �m of film thick-

ness), polydimethylsiloxane (PDMS, 100 �m of film thick-

ness), carboxen-polydimethylsiloxane (CAR-PDMS, 75 �m of

film thickness), and divinylbenzyl/carboxen-polydimethylsiloxane

(DVB/CAR-PDMS, 50/30 �m of film thickness) SPME fibers were

obtained from Millipore Sigma.

Tap water, pool water and lake water were sampled and col-

lected in Ames (IA, USA). The samples were stored in the dark using

plastic bottles at 4 ◦C before use for a  period of time lower than 1

month. Lake water was  filtered using a  0.45 �m sterile syringe filter

purchased from Corning Incorporated (Corning, Germany). Before

analysis, NaCl was  added up to  a  concentration of 25% (w/v).

2.2. Instrumentation

Analyses were carried out using a  7890B GC from Agilent Tech-

nologies (Santa Clara, CA, USA) equipped with a  5977A MS detector

(single quadrupole) and a HP–5 ms  ultra inert capillary column

from Agilent Technologies (30 m L × 0.250 mm  I.D. ×  0.25 �m of

film thickness). Ultrapure helium was  used as carrier gas at a  flow

rate of 1 mL  min−1. The inlet was  operated in splitless mode, with an

inlet temperature of 290 ◦C  for PA and CAR-PDMS, 270 ◦C for PDMS

and DVB/CAR-PDMS, and 250 ◦C for the PIL fibers. For the GC oven,

the following temperature program was used: initially 100 ◦C  dur-

ing 1 min, then the temperature was increased at 25 ◦C min−1 up

to 290 ◦C, and held for 5 min. The transfer line from the GC to the

MS was kept at 250 ◦C.  The MS  was  operated in  electron ionization

(EI) mode at 70 eV, employing gain factor mode and using 230 ◦C

and 150 ◦C as the source and quadrupole temperatures, respec-

tively. Data was  acquired in single ion monitoring (SIM) mode. For

the identification of the analytes, three identification points were

considered: the retention time, the presence of two of the charac-

teristics ions of each analyte (denoted as quantifier and qualifier

ions), and their ratio. The peak area corresponding to the quantifier

ion was used for quantitative purposes. The retention time, quanti-

fier and qualifier ions of each UV filters, and the segment program

utilized in the MS  are shown in  Table SM-2 of the SM.

2.3. Procedures

2.3.1. Preparation of the PIL-based SPME fibers

Three different PIL-based SPME fibers were developed in this

study, denoted as PIL 1, PIL 2  and PIL 3. All fibers were crosslinked

PILs, with PIL 1 and PIL 2 as polycations, and PIL 3  as a  double con-
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Table 1

Composition dimensions and volume of the PIL-based SPME fibers utilized in this study.

PIL fiber IL monomer IL crosslinker Length (cm) Film thicknessa (�m) Volumeb (�L)

PIL 1 [VBC16IM+][NTf2
−]c [(VBIM)2C12

2+] 2[NTf2
−]d 1.3 ∼23  0.142

PIL  2 [VC16IM+][NTf2
−]e [(VIM)2C12

2+] 2[NTf2
−]f 1.3 ∼81  0.685

PIL  3 [VC10IM+][SS−]g [(VBIM)2C12
2+] 2[SS−]h 1.3 ∼27  0.172

a Estimated from Scanning Electron Microscopy (SEM) images.
b Calculated using the following expression:Volume = �

(

R2 −  r2
)

L, being r  the inner radio of the solid support (63.5 �m), R the total radio (63.5 �m +  coating film thickness)

and  L the coating length.
c 1-Vinylbenzyl-3-hexadecylimidazolium bis[(trifluoromethyl)sulfonyl]imide.
d 1,12-Di(3-vinylbenzylimidazolium)dodecane bis[(trifluoromethyl)sulfonyl]imide.
e 1-Vinyl-3-hexadecylimidazolium bis[(trifluoromethyl)sulfonyl]imide.
f 1,12-Di(3-vinylimidazolium)dodecane bis[(trifluoromethyl)sulfonyl]imide.
g 1-Vinyl-3-decylimidazolium p-styrene sulfonate.
h 1,12-Di(3-vinylbenzylimidazolium)dodecane p-styrene sulfonate.

fined PIL. The preparation of the PIL-based fibers was  carried out in

three steps: (1) synthesis of the different monomers and crosslink-

ers, (2) derivatization of the nitinol wires and their assembly in

the Millipore Sigma holder, and (3) on fiber UV co-polymerization

of the IL monomer and IL  crosslinker. Table 1 shows the compo-

sition (monomer and crosslinker), dimensions and volume of the

developed PIL-based fibers.

All IL monomers and crosslinkers were synthesized using pre-

viously published methods [26–29]. Procedure SM-1 of the SM

briefly describes the synthesis of all ILs.  After synthesis, all ILs were

characterized using 1H NMR  and MS  [15–18].  The derivatization

of the nitinol wires was  also carried out according to  published

methods [30]. The derivatization consisted of a treatment with

hydrogen peroxide to  create active hydroxyl moieties (Ti OH)

on the surface of the material, and a  subsequent treatment with

vinyltrimethoxysilane to create free vinyl groups on the surface of

the nitinol. After derivatization, the nitinol wires were glued onto

a commercial SPME assembly.

Finally, the co-polymerization was performed by  mixing the IL

monomer and crosslinker (50%, w/w, respect to the monomer),

and the radical initiator (DAROCUR 1173, 3%, w/w, respect to  the

monomer), following described procedures [13]. The mixture was

placed onto the surface of 1.3  cm of the derivatized nitinol and the

fibers were exposed to UV irradiation (360 nm)  during 2 h using

a RPR-100 UV reactor with a  spinning carousel purchased from

Southern New England Ultraviolet Company (Bradford, CT, USA).

The free vinyl groups on  the surface of the derivatized nitinol acted

as active points to  chemically attach the PIL to the solid support.

The fibers were then conditioned in  the GC injector at 250 ◦C  dur-

ing 1 h. The film thickness of the coatings was estimated from SEM

images.

2.3.2. Headspace solid-phase microextraction procedure

10 mL  of sample (or aqueous standard solution) containing

0–25% (w/v) NaCl was placed in  a  20 mL  headspace vial (Restek,

Bellefonte, PA, USA). A stir bar (1 cm length × 0.5 cm diameter, from

Fisher Scientific) was added and the vial was sealed using a  poly-

tetrafluoroethylene (PTFE) crimp cap (Agilent Technologies). The

vial was placed on a  Corning PC-420D magnetic stirring hotplate

(Corning, NY, USA), and the HS-SPME procedure was performed

by exposing the fiber to the headspace of the solution, during

20–100 min  at 25–100 ◦C,  and fixing the stirring rate to  600 rpm.

After extraction, thermal desorption was performed in the GC injec-

tor during 2–10 min  at 290 ◦C, 270 ◦C  or 250 ◦C  based on the SPME

fiber (see Section 2.2).

Under optimum conditions, HS-SPME is  performed using 25%

(w/v) of NaCl and 100 ◦C during 30 min  when PIL 3  was  used or

during 40 min  when the remaining fibers were employed. The des-

orption conditions were 2 min  for PA and PIL 2,  and 6 min  for PIL 1

and PIL 3  using the desorption temperatures mentioned in Section

2.2.

Analyte carry over was evaluated for all fibers. With this purpose,

after the analysis of spiked aqueous standard solution samples at

optimum conditions, an extra desorption of each fiber in the GC

injector was  performed for 10 min.

Blank analysis of ultrapure water was carried out once per work-

ing day during optimization, between each extraction level during

recovery experiments, and between each extraction with real sam-

ples.

3. Results and discussion

3.1. Screening of commercial SPME fibers

Different commercial SPME fibers were studied for the deter-

mination of the UV filters, including PA, PDMS, CAR-PDMS and

DVB/CAR-PDMS. Fig. 1 shows the extraction efficiency of all fibers,

expressed as chromatographic peak areas for each UV filter. Extrac-

tions were performed using 25% (w/v) NaCl at 70 ◦C, 600 rpm for

20 min, followed by thermal desorption for 6 min. From the results,

it is clear that PA, PDMS and DVB/CAR-PDMS are the most suit-

able fibers for the extraction of the group of selected UV filters

while CAR-PDMS poorly extracted the majority of analytes. Anal-

ysis of variance (ANOVA) was performed for the three best SPME

fibers. The results indicated that no significant differences were

observed using any of the fibers tested for ES,  HS and MA.  Other

reported SPME studies for the determination of similar analytes

also concluded that the type of commercial fiber have no signif-

icant influence in the extraction [22]. Furthermore, PA was more

suitable for EHPABA, 2EHMC and OCR. As the sensitivity of  these

analytes is  lower compared to the rest, PA  was selected as the opti-

mum  commercial fiber. Thus, the extraction performance of  the

studied PIL-based fibers was compared to the PA  fiber.

3.2. Optimization of the HS-SPME procedure

The HS-SPME procedure was  optimized for PA and the three

PIL-based fibers (Table 1)  using a factor-by-factor approach. The

studied parameters were the NaCl content, the extraction time

and temperature, and the desorption time. The other parameters,

including sample volume, sampling stirring, the desorption tem-

perature were fixed.

The sample volume was fixed to 10 mL  to ensure an adequate

preconcentration in the SPME fiber. Furthermore, a  high stirring

rate (600 rpm) was fixed for all experiments to guarantee an ade-

quate diffusion of the analytes to the headspace. Stir rates higher

than 600 rpm  were avoided because they created turbulence in  the

vial, causing the presence of small droplets on the surface of  the

fiber. Regarding the desorption temperature, a  value 10 ◦C less than
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Fig. 1. Extraction efficiency, expressed as chromatographic peak area of UV filters, obtained in the HS-SPME-GC–MS method. Experimental conditions (n  = 3): 10 mL of

aqueous  samples containing UV filters at 100 �g L−1 ,  25% (w/v) NaCl, HS-SPME extraction (20 min, 70 ◦C, 600 rpm), desorption (6 min, 290 ◦C  for PA and CAR-PDMS, and

270 ◦C for PDMS and DVB/CAR-PDMS), and GC–MS.

the maximum admissible temperature of each studied commercial

fiber was selected (290 ◦C or 270 ◦C depending on the fiber, see

Section 2.2). For PIL-based SPME fibers, 250 ◦C  was selected fol-

lowing previously reported methods using similar PILs [13,17]. The

objective was to quantitatively desorb the UV filters in the least

time possible with no-observed carry over, while also preventing

decomposition of the coating.

3.2.1. Influence of NaCl content

Previous HS-SPME studies reported that the addition of a  salt

can improve the extraction efficiency due to  the salting out effect

[24,31]. This effect is related to the fact that the addition of a  salt

(as NaCl) to the aqueous sample increases the ionic strength of

the aqueous phase, decreasing the solubility of the analytes and

increasing their mass transfer to  the gas phase. Thus, the influence

of the NaCl was evaluated by  performing experiments where the

NaCl content was varied between 0 and 25% (w/v). Fig. SM-1 of the

SM shows the results for all fibers. Extractions were performed at

70 ◦C,  600 rpm for 20 min, followed by  thermal desorption for 6 min.

As expected, the highest extraction efficiencies were achieved using

25% (w/v) NaCl with any of the fibers tested. Therefore, 25% (w/v)

NaCl was selected as optimum for all fibers. In addition, the results

demonstrated that the enhancement in  extraction efficiency is

sharper for PIL-based fibers than for the PA  fiber. The exception

was PIL 3, for which EHPABA and 2EHMC achieved the maximum

extraction efficiency using 15% (w/v) NaCl.

3.2.2. Influence of extraction temperature

The extraction temperature is a  key factor in HS-SPME. On  one

hand, an increase in  the extraction temperature enhances the mass

transfer of analytes from the aqueous sample to the headspace.

However, the overall partition coefficient of analytes between the

sample and the fiber also decreases due to  the extraction process

generally being exothermic [7]. For that  reason, the influence of

extraction temperature in the extraction efficiency of UV filters was

studied for all fibers by performing experiments with temperatures

between 25 and 100 ◦C using 25% (w/v) NaCl, 600 rpm for 20 min,

followed by thermal desorption for 6 min. Fig. 2 shows the obtained

results for PIL 1 as a representative example, while the results for

the remaining fibers are presented in Fig.  SM-2 of the SM.

The behavior of both PA  and PIL-based fibers was similar. In

general, the extraction efficiency increased with temperature up to

70 ◦C for two  of the salicylates (ES and HS) due to an increase in the

mass transfer of the analytes to the headspace. However, increasing

Fig. 2. Influence of the extraction temperature in the HS-SPME-GC–MS method obtained for PIL 1 as a  representative example of all the studied fibers. Experimental conditions

(n  = 3): 10 mL of aqueous samples containing UV filters at 100 �g L−1 ,  25% (w/v) NaCl, HS-SPME extraction (20 min, 25–100 ◦C, 600 rpm), desorption (6 min, 250 ◦C), and GC–MS.
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Fig. 3. Extraction time profiles obtained for the HS-SPME-GC–MS method using (A) PIL 2, and (B) PIL 3 as representative fibers. Experimental conditions (n = 3): 10 mL  of

aqueous  samples containing UV filters at 100 �g  L−1 ,  25% (w/v) NaCl, HS-SPME extraction (20–100 min, 100 ◦C, 600 rpm), desorption (6 min, 290 ◦C), and GC–MS.

the extraction temperature from 70 ◦C  to 100 ◦C caused a  decrease

in the extraction efficiency for those analytes, probably due to these

analytes preferring to  reside in the gas phase rather in the sor-

bent coating. This effect was observed for both analytes when PA

was used, and for ES using PIL 1 and PIL 3. In the remaining cases

involving the studied UV filters and all SPME fibers, heating the

extraction vial always have a positive effect on the extraction effi-

ciency. The increase of the extraction efficiency is more pronounced

from 70 ◦C to 100 ◦C, and for the most hydrophobic compounds

(EHPABA, 2EHMC and OCR). With all these considerations, 100 ◦C

was selected as the optimum extraction temperature for all tested

fibers.

3.2.3. Influence of extraction time

The extraction time is  another important factor to consider in

SPME. As SPME is a  multiphase equilibration process, the maximum

extraction efficiency is  achieved working under equilibrium condi-

tions. However, for analytes with low Henry’s law constants, the

time needed to reach equilibrium is higher. In these cases, extrac-

tion times lower than the equilibrium time are selected if at those

conditions the sensitivity of the method is  adequate. Considering

the importance of this parameter, the extraction time was stud-

ied for PA and all PIL-based fibers in the range between 20 and

100 min. Fig. 3 shows the extraction time profiles obtained for UV

filters using PIL 2  and PIL 3  as representative examples. The results

obtained for the remaining fibers are presented in  Fig. SM-3 of the

SM.

Different trends were observed for the analytes. From Fig.  3, it is

clear that for the majority of the analytes, and especially the most

hydrophobic, the extraction efficiency increases up  to  and reaches

a maximum and then levels off. However, for the salicylates (ES, HS

and BS), the extraction efficiency increases up to  a maximum and

then slightly decreases, probably because these compounds suffer

desorption from the fiber into the HS at longer extraction times.

In these cases, the continued stirring can caused an increase in  the

vial temperature at longer extraction times, causing the desorption

processes.

Regarding the commercial PA fiber, 20 min  was the equilibrium

time for ES, HS, and BS, while longer equilibration times (between

20 and 40 min) were required for BP3, MA,  EHPABA, 2EHMC, and

Eto, and 60 min  required for OCR. For PIL 1, 40 min  was the equili-

bration time for the majority of analytes, with the exception of  BS

and OCR for which 20 min  and 60 min, respectively, were needed

to achieve equilibrum. When PIL 2  was used (Fig. 3), 20 min  was

required to reach equilibrium for ES, HS and BS, 60 min  for BP3,

50 min  for OCR, and 40 min  for the remaining analytes. Consider-

ing PIL 3 (Fig. 3), 20 min  was required for MA, EHPABA, 2EHMC and

Eto, and 30 min  for ES, HS, BS and BP3. Furthermore, OCR did not

achieved equilibration in the time  range studied when PIL 3 was

tested. With all these considerations, 40 min was  selected as the

optimum extraction time for PA, PIL 1  and PIL 2, and 30 min  for PIL

3.

3.2.4. Influence of desorption time

An adequate desorption time in  the GC inlet is  required to quan-

titatively desorb all analytes and to avoid the carry over effect.

Thus, the influence of the desorption time  was studied in the range

between 2 and 10 min. Fig. SM-4 of the SM shows the desorption

time profiles for all fibers. The results indicated that 2 min  was ade-

quate for the quantitative desorption of analytes using PA and PIL

2, while 6 min  was required for PIL 1 and PIL 3. No significant carry

over was  observed under these conditions.

3.3. Analytical performance of the developed HS-SPME methods

After the proper optimization of the HS-SPME methods using

different fibers, they were validated by the development of external

calibration curves of UV filters. The analytical performance of  the

methods was  evaluated in  terms of the linearity ranges, correlation

coefficient (R), sensitivities, limits of detection (LODs), and limit of
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Table  2

Analytical figures of merit obtained for UV filters when HS-SPME-GC–MS extractions are performed using different SPME fibers.

Analyte Working range (ng L−1) (Calibration slope ± SDa) 10−3 LODb (ng L−1)

PA PIL 1 PIL 2 PIL 3  PA  PIL 1 PIL 2 PIL 3  PA PIL 1 PIL 2 PIL 3

ES 10–1200 10–1200 20–1200 50–510 15.7 ± 0.7 8.1 ± 0.2 16.8 ± 0.4 0.52 ± 0.01 5.7 3.4 5.2 28

HS  10–1200 40–1200 40–1200 100–3000 16.7 ± 0.6 9.5 ± 0.2 18.4 ± 0.3 0.61 ± 0.01 1.2 13 12  33

BS  1–50 1–50 10–60 200–5000 23  ± 7 2.8 ± 0.9 8.9 ± 2 0.50 ± 0.02 1.1 7.7 6.9 55

BP3  10–1000 50–1200 40–1200 50–5000 1.1 ± 0.1 0.64 ± 0.02 0.99 ± 0.02 0.075 ± 0.003 3.3 17 12  12

MA  10–1000 10–1200 40–1200 100–5000 30 ± 1  20.5 ± 0.4  30.1 ± 0.5 1.8 ± 0.03 5.0 2.8 4.0  27

Eto  10–1000 50–1200 30–1000 200–6000 0.30 ± 0.01 0.29 ± 0.01 0.42 ± 0.01 0.029 ± 0.001 41 21 14  47

EHPABA  10–900 10–1300 50–1300 50–6000 21  ± 1 13.1 ± 0.3 16.0 ± 0.4 1.67 ± 0.04 4.2 2.5 5.0  17

2EHMC  10–600 20–1000 40–1200 50–6000 20 ± 1  13.2 ± 0.5 16.6 ± 0.6 2.6 ± 0.1 4.5 5.4 13  9.2

OCR  200–800 90–1000 150–1200 100–6000 0.43 ± 0.05 0.28 ± 0.01 0.19 ± 0.01 0.054 ± 0.002 70 26 46  29

a Standard deviation of the  slope.
b Limit of detection, calculated as the concentration corresponding to 3  times the signal-to-noise ratio.

Table 3

Relative standard deviation (RSD) and relative recovery (RR) obtained for UV filters when HS-SPME-GC–MS extractions are  performed using different SPME fibers.

Analytes Spiked level 1 Spiked level 2

PAa PIL 1b PIL 2b PIL 3c PAd PIL 1e PIL 2e PIL 3f

RSD (%) RR (%) RSD (%) RR (%)  RSD (%)  RR (%) RSD (%)  RR  (%) RSD (%)  RR (%) RSD (%) RR (%) RSD (%) RR (%)  RSD (%)  RR (%)

ES 11 91.3 10 82.4 4.6 101 4.5 108 5.2 106 3.3  110 7.3 102 12 96.7

HS  4.3 90.0 5.1 82.9 4.2 91.6 2.9 92.1 8.3 99.3 6.6  114 6.6 99.5 11 94.9

BS  15 120 8.0 82.2 8.7 111 12 91.9 1.5 80.7 9.6  79.7 12 95.2 13 102

BP3  8.4 94.6 3.4 103 10 81.1 5.5 106 1.8 80.9 10 75.3 4.4 103 4.0 118

MA  6.7 109 3.9 82.1 2.0 102 1.3 113 13  77.3 3.9  94.3 12 87.2 9.8 109

Eto  6.1 93.4 2.5 78.6 11 86.9 8.3 96.2 5.0 96.1 14  90.1 8.2 108 6.4 100

EHPABA 6.5 103 11 84.1 6.1 107 2.7 113 12  84.5 9.5  86.8 11 87.2 3.2 113

2EHMC  10 105 7.2 75.6 9.7 101 6.8 108 13  79.8 6.9  85.7 8.9 85.8 5.1 120

OCR  17 103 15 113 15 119 10 110 16  85.1 17  63.5 4.8 106 13 116

a 8 ng L−1 for BS, 160 ng L−1 for the rest of analytes.
b 8 ng L−1 for BS, 200 ng L−1 for the rest of analytes.
c 0.8 �g L−1 for BS, 1 �g L−1 for the rest of analytes.
d 30 ng L−1 for BS, 300 ng L−1 for EHPABA, and 600 ng L−1 for the rest of analytes.
e 25 ng L−1 for BS, 500 ng L−1 for the rest of analytes.
f 2.5 �g L−1 for all analytes.

quantifications (LOQs). All  these parameters are  included in Tables

SM-3-6 of the SM.

The calibration curves presented wide linear ranges for all UV

filters using all fibers. Table 2 shows the working ranges for each

UV  filter and each SPME fiber. The R  values ranged from 0.990 to

0.995 when PA was utilized, from 0.990 to  0.999 for PIL 1  and PIL

2, and from 0.994 to 0.999 for PIL 3.

Table 2 also includes the sensitivity of the method using each

SPME fiber, expressed as the calibration slopes. The values ranged

from (0.30 ± 0.01)·10−3 to (30 ± 1)·10−3 when PA  was used, from

(0.28 ± 0.01)·10−3 to (20.5 ± 0.4)·10−3 when PIL 1  was  employed,

from (0.19 ± 0.01)·10−3 to (30.1 ± 0.5)·10−3 using PIL 2, and from

(0.029 ± 0.001)·10−3 to (2.6 ±  0.1)·10−3 using PIL 3. It is  important

to highlight that the calibration slopes obtained for PIL 1  and PIL

2 are comparable to those obtained for the commercial PA  fiber.

Thus, PA presents similar sensitivity to  PIL 1  in the case of Eto, and

to  PIL 2 for ES, HS, BP3 and MA.  Furthermore, the sensitivity of PIL

2 is 1.5 times higher than the sensitivity of PA for the extraction of

Eto (Table 2).

The LODs and LOQs were determined as the concentration cor-

responding to three or ten times the signal-to-noise ratio of blank

samples, respectively. Table 2 also includes the LOD values that

were verified by performing extractions at the obtained LOD lev-

els. The LODs ranged from 1.1 ng L−1 to 70 ng L−1 using PA, from

2.8 ng L−1 to 26 ng L−1 using PIL 1, between 4.0  ng L−1 and 46 ng L−1

for PIL 2, and between 9.2 ng L−1 to 47 ng L−1 using PIL 3. It  is  impor-

tant to again highlight that results obtained for the PIL-based fibers,

especially for PIL 1 and PIL 2, are  comparable with those obtained

for the commercial PA  fiber.

The results regarding the reproducibility and the accuracy of  the

method with each fiber are presented in Table 3.  The reproducibility

was estimated as the relative standard deviation (RSD) obtained

after performing intra-day experiments (n  = 3) at two spiked levels

of UV filters. For the lower spiked level, the RSD ranged from 4.3 to

17% for PA, from 2.5 to 15% for PIL 1, from 4.2 to  15% for PIL 2, and

from 1.3 to  10% for PIL 3. The accuracy of the methodologies was

estimated as relative recovery (RR). The RRs were calculated as the

ratio of the predicted concentration obtained using the calibration

curves of the entire method and the spiked concentration for each

UV filter. The same spiked levels used in  the reproducibility studies

were used for recovery. For the low spiked level, the RRs ranged

from 90.0 to 120% using PA, from 78.6 to 113% for PIL 1,  from 81.1

to  119% for  PIL 2, and from 91.9 to 113% for PIL 3.

Finally, the developed methods were compared with other

methodologies reported in the literature that use GC–MS for the

determination of UV filters (Table SM-7 of the SM). There are

few methods that utilize SPME-GC–MS [22–24]. These methods

reported similar analytical performance than the current method-

ology in terms of linearity range, LODs, reproducibility and relative

recovery. However, the reported DI-SPME-GC–MS methods require

derivatization of the analytes [22,23]. Some methods integrate

the derivatization with other analytical processes which definitely

aids in the simplification of the methodology [23].  Other studies

used microextraction techniques such as dispersive liquid–liquid

microextraction (DLLME) [32]  or ultrasound-assisted emulsifica-

tion microextraction (UAEME) [33].  SPME is as simple as these

techniques, but it is important to highlight the reusability of

the extraction material (the PIL-based SPME fiber) in comparison

with liquid-phase microextraction procedures. Thus, the proposed
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Fig. 4. Normalized calibration slopes (ratio of the calibration slope of the HS-SPME-GC–MS and the volume coating of the  SPME fiber) obtained for UV filters using  different

SPME  fibers.

methods using PIL-based SPME fibers represent a faster, simpler

and environmentally friendlier alternative method for the deter-

mination of UV filters.

3.4. Comparison of the extraction efficiency of the fibers under

optimum HS-SPME conditions

A comparison of the analytical figures of merit previously dis-

cussed is Section 3.3 serves to  demonstrate the suitability of the

developed PIL-based fibers for the determination of the selected

group of UV filters. The results in Tables 2 and 3 also confirms

that the extraction performance of the fibers is comparable to  the

commercial PA fiber. However, the established comparison takes

into consideration all the factors affecting the HS-SPME extraction,

including the nature of the sorbent coating and the volume of coat-

ing (that is proportional to the length and film thickness of the

coating). Previously published works reported the use of normal-

ized calibration slopes as a  tool to compare the extraction efficiency

of the fibers by only considering their nature [17,31,34]. In  those

reported studies, all coatings had the same length (1 cm). Thus,

the normalized calibration slopes were calculated by dividing each

calibration slope by the film coating. In this particular case, the

developed PIL-based fibers have a  different length and film thick-

ness (see Table 1)  than the commercial PA fiber. For that reason,

normalization has been carried out by dividing each calibration

slope by their coating volume. The obtained results for all tested

fibers, including PIL-based fibers and PA, are  presented in  Fig. 4.

PIL 2 has a similar coating volume than the commercial PA fiber

(0.685 �L for PIL 2  versus 0.520 �L for PA) while the other PIL-based

fibers (PIL 1 and PIL 3) have a significantly low volume (Table 1). It

is  important to highlight that these results only serve as an estima-

tion to compare the extraction efficiency of all studied fibers, while

the best approach to  study the influence of the coating nature is  by

comparing the partition coefficient that analytes undergo between

the aqueous solution to each SPME fiber.

From Fig. 4, it  is clear that the coating nature of PIL 1  is  the most

suitable for the extraction of the selected group of compounds, with

the exception of BS for which the PA  coating is more beneficial.

Thus, normalized calibration slopes for PIL 1  were between 1.9 and

3.5 times higher than for PA, excluding BS. The results also demon-

strated that PIL 1 is  especially beneficial for the extraction of Eto.

Furthermore, the normalized calibration slopes for PIL 2 and PA  are

comparable, which indicates that the affinity of UV filters for those

polymeric materials is  similar. The obtained results demonstrate

that PIL 1 and PIL 2 can be used as alternatives to commercial fibers

for the determination of the selected group of UV filters.

The lowest normalized calibration slopes were achieved for PIL

3.  These results are also in accordance with the obtained LODs of

the developed methods (Table 2). PIL 3 had been recently used

in a  DI-SPME method in combination with high performance liq-

uid chromatography with diode array detection (HPLC-DAD) [18].

The presence of the polymerizable p-styrene sulfonate anion in the

structure of both monomer and crosslinker improved the stabil-

ity of the fiber when samples possessing high salt content were

extracted by DI-SPME. In HS-SPME, the fiber is exposed to the

headspace created in  the extraction vial and, consequently, the

salinity of the sample does not affect the stability of the fiber. How-

ever, in  this application, the presence of the p-styrene sulfonate

anion can promote a  different polymer architecture with respect

to the polycationic coatings PIL 1  and PIL 2, which can change the

morphology and/or surface area of the final polymer, affecting in

the extraction efficiency. Furthermore, the presence of long alkyl

chains in the structure of the cation of the IL monomers of  PIL 1

and PIL 2  explains the improvement in the extraction efficiency

with respect to  PIL 3. On the other hand, if PIL 1  and PIL 2  are only

compared, the presence of benzyl groups in both the monomer and

crosslinker of PIL 1  can promote �-� interactions with the aro-

matic rings of UV filters, explaining the increase in the normalized

calibration slopes. This behavior was previously observed with sim-

ilar PIL-based fibers for the extraction of other types of aromatic

compounds [17].

3.5. Analysis of real samples

To test the applicability of the developed PIL-based fibers, differ-

ent water samples were analyzed, including tap water, pool water

and lake water.

None of the studied UV filters were detected in  tap water. Thus,

the possible matrix effect that this sample could exert in the devel-

oped methodologies was  studied through the analysis of  spiked tap

water. Fig.  5 shows a representative chromatogram obtained after

the analysis of spiked tap water samples using PIL 1, being the most

suitable fiber for the determination of the selected group of UV fil-

ters. The matrix effect was evaluated in  terms of reproducibility

and RR, and using the spiked level 1 used in  Table 3 for extractions

performed using aqueous standard solutions. For spiked tap water

samples, the RSDs were acceptable, ranging from 3.5 to 15% using

PA, 5.5–12% when PIL 1  was employed, 1.6–13% using PIL 2,  and

2.6–8.3% when PIL 3  was  used. The RRs ranged from 73.3 to  109%

using PA, from 72.0 to 118% using PIL 1, from 72.7 to 122% using PIL

2, and from 72.5 to 111% when PIL 3  was used. Table SM-8 shows

the obtained values for each UV filter. These results are compara-
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Fig. 5.  Representative chromatogram obtained after  the analysis of spiked tap water using PIL 1.

ble with those obtained using aqueous standard solutions (Table 3).

Thus, it can be concluded that there is no significant matrix effect

for tap water.

Regarding the analysis of pool water and lake  water, Table 4

shows the obtained results obtained for PA, PIL 1  and PIL 2. BS,

BP3, Eto and EHPABA were not detected in  any of the analyzed

samples. The remaining analytes were present in the samples at

concentrations close to  the LOQ of the methods, which implies that

matrix matched calibrations and/or standard addition calibrations

are required in order to confirm the absence of matrix effect in

pool and river water. However, the results obtained between fibers

are comparable, and these analytes were previously determined in

other pool and river waters via HS-SPME-GC–MS using the PA  fiber

[24].  It is important to  mention that some organic UV filters have

been identified as potential endocrine disrupting compounds [6].

Thereby, toxicological studies concluded that cinnamate deriva-

tives such as 2EHMC and OCR, detected in  the analyzed samples, can

cause disrupting effects towards estrogen receptors [35] and thy-

roid hormone receptors [36], among others. Thus, the monitoring

of these compounds in water is of vital importance.

4. Conclusions

Three different crosslinked PIL sorbent coatings were success-

fully applied in  a  HS-SPME-GC–MS method for the determination

of organic UV filters, including three salicylates, a  benzophenone

derivative, two aminobenzoates, and three cinnamates.

After proper optimization of the methodology with each fiber,

the extraction performance of the developed PIL-based SPME fibers

was extensively compared with the commercial PA  fiber, which was

the most suitable fiber for the extraction of the group of selected

UV filters. The results indicated that the analytical performance of

the PIL fibers and PA were comparable in terms of linearity range,

correlation coefficients, LOD, reproducibility and RR, especially for

PIL 1  and PIL 2. A detailed comparison between the different sor-

bent coatings was established by the estimation of the normalized
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Table 4

Analysis of pool water and lake water using the HS-SPME-GC–MS methods with different SPME fibers.

Analyte Found concentration (errora) (ng  L−1)

Pool water Lake water

PA PIL 1 PIL 2 PA PIL 1 PIL 2

ES 31 (2) 34  (15) 18 (7) 23  (9) 34 (19) 31 (18)

HS  32 (1) >LOD b 17 (8) 42  (17) >LOD 27 (13)

MA  11 (3) 12 (3) >LOD 7 (2) 12 (5) >LOD

2EHMC 20 (3) 81  (12) >LOD 31  (5) 35 (12) 32 (4)

OCR  >LOD >LOD >LOD n.d.c n.d. n.d.

*  BS, BP3, Eto and EHPABA were not  detected in any of the analyzed samples.
a Error associated to  the  determination.
b Detected but non-quantified.
c Not detected.

calibration slopes, indicating that the nature of the PIL 1  sorbent

coating is the most suitable for the extraction of the selected group

of UV filters. Normalized calibration slopes between 1.9 and 3.5

times higher than for PA were obtained, with the exception of BS.

These results were explained due to  the presence of benzyl groups

in both the monomer and crosslinker of PIL 1,  which can promote

�-� interactions with the aromatic rings of UV filters. Finally, the

proposed methods were applied towards the analysis of tap water,

pool water and lake water, with ES, HS, MA,  and 2EHMC being

determined in pool and lake water.
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